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New nanostructures and functional materials are built through the self-assembly
of guanosine. Both the size and regiochemistry of these noncovalent structures are
controlled. Lipophilic G-quadruplexes are further stabilized through covalent capture
techniques. These new nanostructures demonstrate the ability to bind cations and
transport monovalent cation through phospholipid membranes.

Diffusion NMR is demonstrated as a valuable technique in characterizing the size



of lipophilic G-quadruplexes. Control over the size of self-assembled G-quadruplexes is
demonstrated through modifying the guanosine nucleosides and the cation concentration.
The solution structure of [G 8];s * 4K" * 4pic” is determined to be a hexadecamer using
diffusion NMR. Additionally, G 24 is also shown to form a hexadecamer G-quadruplex,
which has an octameric intermediate structure. Two different octamers, a singly and
doubly charged octamer, formed by G 29 are elucidated by diffusion NMR. The
information gained from the diffusion NMR technique allowed for a better understanding
of the self-assembly processes, especially regarding the roles of cation, anion and solvent.

The use of a kinetically controlled exchange reaction to effect regioselective
modification of a hydrogen-bonded assembly is discussed. The pseudo-regioselective
exchange of isotopically labeled G 35-d into [G 8-h]s * 4K~ » 4pic” is demonstrated.
Both the bound anion and cation can control the exchange of ligand into the different
layers of a synthetic G-quadruplex. This regioselective exchange process allows for
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periphery generates a unimolecular G-quadruplex 61. This unimolecular G-quadruplex
61 shows exceptional stability in nonpolar and polar solvents, even without the presence
of cations. Furthermore, this unimolecular G-quadruplex transports monovalent cation
across phospholipid membranes. The design of transmembrane transporters is of
particular interest for their potential as new ion sensors, catalysts and anti-microbial

agents.
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REXAAECAIMETS ..o e e e et a e e e e e e e e e e eaaeaaeaaaes

Figure 4.20. CD spectra of a) unimolecular G-quadruplex 61 (0.011 mM) (red
line) and b) precursor G-quadruplex 60 in CH,Cl, using a 1.0 cm
path length quartz cuvette. The positive CD band centered at 280

nm is characteristic of stacked G-quartets within a chiral G-

QUAATUPLEX ...ttt

Figure 4.21. The '"H NMR spectrum of G 66 at 400 MHz in DMSO-dg. ......ccvvenenne.

Figure 4.22. CD spectrum of G-quadruplex 70 (0.15 mM) in CH,Cl; using a 1.0
cm path length quartz cuvette. The positive CD band centered at 285

nm is characteristic of stacked G-quartets within a chiral G-

QUAATUPLEX ...ttt

Figure 4.23. 'H NMR spectrum (CD,Cl,) of G-quadruplex 70, [G 66];5.4K" «
4BPh,. The designations inner and outer refer to the inner and outer

layers that provide 2 sets of signals observed for this D4-symmetric

REXAAECAIMNIET ..o e et e e e e e e e e e e e e aaeaaeaaaes

Figure 4.24. A region of the 400 MHz 'H NMR spectra (DMSO-d¢) of
unimolecular G-quadruplex 61 a) 10 minutes and b) one week after

dissolving into DMSO-ds. The spectra shows what appears to be the

hydrogen bonded signals for the N1H and N2HA signals (¥)..................

Figure 4.25. Selected N1H region of the 400 MHz 'H NMR spectra (DMF-d;) of
a) unimolecular G-quadruplex 61 at 9 °C, b) 7 °C, ¢) 21 °C, and d)
noncovalent G-quadruplex 60 at 21 “C. The percentage of folded to
unfolded structures are also shown. The 'H NMR spectra were
generated by heating the sample up to 100 °C for 4 h, cooling down
to the desired temperature, and waiting until the sample comes to
equilibrium. Folded-unfolded ratios are ballpark numbers, since it

takes a significant amount of time for the sample to come to

completion at Iow temMpPeratures. ..........occueevveeriieeniieniienie e

XX1

..140

..143

...145



Figure 4.26. Selected N1H region of the 400 MHz 'H NMR spectra (DMF-d;) of
unimolecular G-quadruplex 61 at 103 °C after a) 30 min, b) 90 min,

ANA €) 220 MIN .eeiiiiiieeiie ettt e e e e et e e s be e e ebeeesabeeenaseeeaneeans

Figure 4.27. Selected N1H region of the 400 MHz 'H NMR spectra (DMF-d;) of
unimolecular G-quadruplex 61 at a) 21 °C, b) at 21 °C with 4 equiv.
[2.2.2]cryptand 21, ¢) b at 10 °C, d) after annealing (100 °C) b, ¢) at -

43 °C, and f) schematic showing a possible intermediate after the

addition of [2.2.2]cryptand 21 .........cocoieiiiiiiieeee e

Figure 4.28. Selected N1H region of the 'H NMR spectra (CD,Cl,) of a)
unimolecular G-quadruplex 61 and b) with 16 eq [2.2.2]cryptand 21.
Additional **Na NMR spectra of ¢) unimolecular G-quadruplex 61

and d) with 16 eq [2.2.2]cryptand 21 ........cccoevieiiiiiiiiiieee e

Figure 4.29. G-quartet a) with bound M cation and b) without cation......................

Figure 4.30. CD spectra of a) noncovalent G-quadruplex 60 (0.011 mM) (green
line) and b) with 3 equiv. [2.2.2]cryptand 21 (red line) in CH,Cl,

using a 1.0 cm path length quartz cuvette...........occeevieiiiniiiiienieeee

Figure 4.31. CD spectra of a) unimolecular G-quadruplex 61 (0.011 mM) (green
line) and b) with 160 equiv. [2.2.2]cryptand 21 (red line) in CH,Cl,

using a 1.0 cm path length quartz cuvette...........cocceriieriiiiiiniiiiee

Figure 4.32. CD spectra of unimolecular G-quadruplex 61 (0.05 mM) in 10 mM
sodium phosphate (pH 6.4) with a) and without b) EYPC liposomes

(TO0 DM, .ttt e e e tee e e e e e sareeessbeeeaseeesseeensneeens

Figure 4.33. Transport of Na™ as determined in a pH gradient assay. EYPC
liposomes (100 nm) containing HPTS dye (0.1 mM) in 100 mM
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solution at t = 40 s established a pH gradient of about 1 pH unit. Att
= 430 s the liposomes were destroyed with Triton-X detergent.
Measurement of the fluorescence of the trianionic and tetraanionic
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Figure 6.1. a) Schematic of G-quadruplex with a focus on the sugar moiety. b)
Selected region of 'H-'H NOESY spectrum at 400 MHz of G-
quadruplex TIPS-G 45]¢ * 2Ba’" « 4DNP". The signal for inner CHj3
has NOE’s to both the inner and outer H1' signals, while the outer
CHs; only has an NOE to the inner HI'. Since the CHj3 is too far to
have an NOE with the intermolecular H1' signal, crystal structures
show that it is close enough between layers to have an intramolecular
NOE. ettt ettt sttt 169

Figure 6.2. Selected region of 2D COSY spectrum of sample of G-quadruplex
[G 5105 * Ba® "DINP ... 173
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Chapter 1. The G-Quadruplex in Nanostructures and

Biomaterials

A great deal of the material in this chapter will be published in reference 1:

» Kaucher, M. S.; Harrell Jr., W. A.; Davis, J. T. "Chapter 10: The G-Quartet in
Supramolecular Chemistry and Nanoscience" Quadruplex Nucleic Acids, Neidle,
S.; Balasubramanian, S. (Ed.), Royal Society of Chemistry, Cambridge, U.K.,
2007, in press.

1.1 Introduction

Molecular self-assembly is a powerful method to build noncovalent structures
from smaller building blocks.”* For example, the bottom-up approach using self-
assembly is increasingly being used to build nanotubes.”® In recent years, self-assembly
has focused on the development of functional materials.”'' This thesis, “Lipophilic G-
Quadruplexes: Structural Studies, Post-Assembly Modification, and Covalent Capture”
describes how function, cation transport, was installed into self-assembled structures

through structural studies and manipulation of noncovalent structures.

1.2 Thesis Organization

This thesis is organized into six chapters. The initial goal of this research was to
develop synthetic ion channels built using G-quadruplex (stacked G-quartets) scaffolds
that function in membranes (Figure 1.1). The design of synthetic pores, channels and
transmembrane transporters has been of particular interest for their potential as new ion
sensors, catalysts and anti-microbial agents.'””> Chapter 1 discusses how the G-quartet

motif has been utilized for the synthesis of new nanostructures and biomaterials.'



Strategies to build functional materials utilizing both lipophilic and DNA G-quadruplexes
are discussed. This background provides an understanding for the significance of the
techniques, strategies, and successes of the research described in this thesis. The
structural studies presented in Chapter 2 gives insight into the process of self-assembly
in solution. This insight helps us gain some control of the size of these lipophilic G-
quadruplexes. Chapter 3 describes the regioselective exchange of ligands into the G-
quadruplex, a process that promises to yield functionalized scaffolds. Chapter 4
discusses how synthetic ion transporters based on G-quadruplex scaffolds were built
through covalently trapping these hydrogen bonded structures. Chapter 5 describes
future directions. Finally, Chapter 6 contains the experimental protocols used for the

research described in Chapters 2-4.

a) b) Ton
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Figure 1.1. a) G-quartet contains four hydrogen bonded guanine bases and b) ion channel

embedded in a phospholipid membrane.

1.3 Guanine is a Building Block for Diverse Assemblies
Nucleobases are well known for their ability to form complementary hydrogen

bonds with their base pairs (Figure 1.2). These hydrogen bonds, on the Watson-Crick



edge, are essential in holding DNA duplexes together.” Although all nucleobases can
form additional hydrogen bonds through their Hoogsteen edges, guanine is well-known

for its ability to self-associate.'*

NH; 0 NH, NH, o
N X N ~ X
oy frr. L Cn
N N) N N)\NHz N/KO N/J\O N/J\O
R R R R R

adenine (A) 1 guanine (G) 2 cytosine (C) 3 thymine (T) 4 uracil (U) 5

Figure 1.2. Natural nucleobases.

Guanine 2 contains both a Watson-Crick edge and a Hoogsteen edge (Figure
1.3).”  Moreover, the Watson-Crick edge has two hydrogen bond donors 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 of self-
associated guanine (Figure 1.4). Not including dimers, there are two long polymeric or

14-16 The first structure is a ribbon with an overall

ribbon structures that guanine can form.
dipole (Figure 1.4a), while the other ribbon has no dipole (Figure 1.4b). Although
ribbons with no dipoles are favored, ribbons with dipoles are observed particularly when
R is a large group. Figure 1.4c shows a third self-assembled structure that guanine can
form: a cyclic self-assembled structure. This cyclic structure, the G-quartet, is typically
favored in the presence of cations, since cations stabilize the electrostatically negative
regions of the central oxygens of the G-quartet. The sugar moiety typically associated
with the guanine base also has a large impact on the structure formed by guanine

o 15,17,18
derivatives. > "
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Figure 1.4. Self-assembled structures of guanine: a) ribbon with a dipole, b) ribbon with

no dipole, and c) cyclic tetramer (G-quartet).



1.4 Guanosine Forms Self-Assembled Cyclic Structures — G-Quartets

The G-quartet was first identified in 1962 as the basic building block for
formation of hydrogels by 5'-GMP 6."° Gellert and colleagues used fiber diffraction data
to propose that a square planar G-quartet was formed by eight intermolecular hydrogen
bonds between the Hoogsteen and Watson-Crick edges of neighboring nucleobases
(Figure 1.4c). Shortly after, polyguanylic acid was also found to form multistranded
helical coils.”® It was also observed that hydrogels were not formed at basic pH. The
smaller G-quartet assemblies in basic conditions could be studied by NMR
spectroscopy.”’ It was later shown that alkali metals (Na* and K") stabilized these G-
quartets. Coordination to the four inward directed carbonyl oxygens by alkali metal ions
enabled the G-quartets to be stacked into G-quadruplexes. Pinnavaia and colleagues
found that 5-GMP 6 forms diastereomeric Gg-K' octamers by sandwiching two G-
quartets with eight inward directed carbonyl oxygens coordinated to a central cation.*”
More recently, Wu and colleagues used a combination of data from diffusion NMR and
dynamic light scattering measurements to determine the size of nanostructures formed by
sodium 5'-GMP 6 at pH 8 (Figure 1.5).>> Wu’s group identified two major species in
solution: stacked 5'-GMP monomers and stacked G-quartets. For 5'-GMP concentrations
in the 18-34 wt % range, the structures had an average length between 8 and 30 nm,
corresponding to a cylinder composed of 24-87 stacked G-quartets. The impressive
length of G-quadruplexes formed from 5'-GMP 6 in water underscores the highly
cooperative participation of hydrogen bond, ion-dipole, and n—m stacking interactions

inherent to these G-quartet based assemblies.
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Figure 1.5. Depiction of the G-quadruplex cylinder formed by the self-assembly of 5'-
GMP 6.7
1.5 G-rich DNA and RNA Regions Form G-quadruplex Structures

Both DNA and RNA have been found to fold into G-quadruplex structures.
These tertiary structures of the folded DNA and RNA molecules can be either
unimolecular, bimolecular, or a tetraplex (Figure 1.6).***” The biological importance of
these DNA and RNA G-quadruplex structures have come under increased attention, in

particular with regard to telomeric DNA and nucleic acid aptamers.***’

a) b) c) 3 d) ¥ o3 33

TN ~ | bt

Figure 1.6. Examples of nucleic acid G-quadruplexes: a) unimolecular, b) edgewise loop
bimolecular, ¢) diagonal loop bimolecular, and d) parallel tetraplex. Gray rectangles

represent G-quartets, while the lines represent the phosphate backbone.



Telomeric DNA is a G-rich region at the end of DNA strands. In healthy cells,

24,28-32
h.™

telomeric DNA slowly decays, which eventually leads to cell deat In tumorous

cells, telomeric DNA is extended through the action of the telomerase enzyme, thus
allowing the tumorous cell life to be prolonged.”> Telomeres are single-stranded DNA
substrates for telomerase enzymes.**?’ Since these G-rich ends of DNA can form G-
quadruplexes and stop telomerase from extending the DNA, G-quadruplex stabilizing

34-41

molecules are potentially valuable anticancer drugs. These telomerase inhibitors

recognize the face, edge, loop, or groove of the G-quadruplex (Figure 1.7).>**

Edge

N

Loop 5

3I

Figure 1.7. Examples of binding sites that are targeted by telomerase inhibitors.

Furthermore DNA and RNA aptamers are nucleic acid species that fold into
tertiary structures that can bind to specific targets such as small molecules.*” One of the
more studied G-rich aptamers is the thrombin binding aptamer. The thrombin binding
aptamer (TBA) is a 15-residue DNA oligonucleotide with the sequence d(5'-
GGTTGGTGTGGTTGG-3") that binds with high affinity and selectivity to the protease
thrombin.* Nanomolar concentrations of this DNA aptamer can inhibit formation of the

fibrin clots that result from thrombin activation. Shortly after its discovery, the groups of



Bolton and Feigon used NMR spectroscopy to determine TBA’s solution structure in the
presence of K".*** The single-stranded d (5-GGTTGGTGTGGTTGG-3') can form a
unimolecular G-quadruplex that is shaped like a chair, with two stacked G-quartets
connected by two TT loops and a central 3-base TGT loop (Figure 1.8). Potassium
cation is essential for the templation and stabilization of the chair-type G-quadruplex by
TBA, and both solution NMR spectroscopy and mass spectrometry have shown that the
TBA G-quadruplex has a pronounced selectivity for coordination of K™ over Na”.**** An
x-ray crystal structure of a thrombin-TBA complex confirmed TBA’s chair-like structure
and suggested that this G-quadruplex DNA bound to the fibrinogen exosite, an anion
binding location distinct from the protease’s active site.*” Later experiments have shown
that thrombin has 2 distinct binding epitopes that recognize different G-quadruplex
ligands.*® By using thrombin mutants, competitive binding assays and chemical cross-
linking, Tasset and colleagues confirmed that the 15-mer TBA binds to the fibrinogen
exosite, whereas another 29-mer oligonucleotide, one that folds into a different G-
quadruplex topology, binds tightly to thrombin’s heparin-binding exosite. A number of
thrombin biosensors have been developed based on the simultaneous use of these 2
distinct G-quadruplex recognition sites. Although the TBA aptamer originally gained
notoriety for its potential as a therapeutic anti-thrombolytic agent, this oligonucleotide
has also been important in the supramolecular chemistry of G-quadruplexes. As
described in more detailed below, the TBA sequence has served as the primary model for

the development of a range of sensors and nanomachines.



Figure 1.8. Schematic of the thrombin binding aptamer (TBA).

1.6 Self-Assembly of Lipophilic Guanosine Analogs.

1.6.1 Guanosine Self-Assemble in Nonpolar Solvents

In 1990, Guschlbauer suggested that water was an indispensable solvent for
guanosine self-assembly and that self-assembly in nonpolar solvents would give rise to
poorly organized structures.'> Due to the poor solubility of guanosine, it was not until the
ribose hydroxyl groups were modified with protecting groups that it was recognized that
lipophilic guanosine nucleosides could self-associate into discrete assemblies in organic
solvents. Five years after Guschlbauer’s review, Gottarelli and his colleagues reported the
first guanosine assembly in nonpolar solvents. This lipophilic guanosine (3', 5'-
didecanoyl-2'-dG 7) extracted K" picrate from water into chlorinated organic solvents to
give a discrete and highly stable [dG 7]s * K octamer.®” A G-quartet stacked polymer,
[dG 7], » nK', formed in hydrocarbon solvents gave hexagonal packed liquid crystals.
Similar to the situation in water, the K™ cation was absolutely essential for templation and

stability of the G-quartets (Figure 1.9).
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Figure 1.9. Lipophilic [dG 7]s * K" octamer formed by extraction of K' picrate from
water into CHCls. The gray wedges represent dG 7, while the black sphere represents
K49

It was also observed that hydrogen bonded ribbons were formed by dG 7 in the
absence of K" Through changing either the sugar substituents or the solvent, Gottarelli
et. al. modulated the specific hydrogen-bonding pattern (obtaining either a ribbon
structure with dipole or no dipole shown in Figure 1.4a and b). These ordered ribbons
were shown to have some potential applications in the molecular electronics field. In
particular, Gottarelli and colleagues made an organic semiconductor using dG 7.
Asymmetric /-V curves, characteristic of molecular rectifiers, were attributed to the
dipole that is inherent to the supramolecular structure of ribbon A (Figure 1.4a).”"!

As mentioned previously, hydrogen-bonded G ribbons can be converted to
stacked cyclic G-quartets through the addition of a templating cation. The Davis and
Gottarelli groups collaborated to solve the NMR structure of [dG 7] g * KI in CDC13.52
Interestingly, this discrete octamer [dG 7]s * KI existed as a single supramolecular
diastereomer with K™ sandwiched between an all-anti G-quartet and an all-syn G-quartet.
Shortly after, Fettinger and coworkers solved a x-ray crystal structure to definitively

prove that larger lipophilic G-quadruplexes are formed in high diastereoselectivity, even
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from nonpolar organic solvents.®> The lipophilic G-quadruplex, [G 8];6 * 3K " Cs™ « 4pic”
, 1s a complex composed of 24 total components: four stacked G-quartets, four cations
and four anions. The monomeric guanosine, 5'-silyl-2',3'-isopropylidene G 8, extracted
K" picrate from water into CH,Cl, to form lipophilic G-quadruplexes (Figure 1.10). This
G-quadruplex is constructed of a pair of head-to-tail [G 8]s octamers. Each octamer uses
8 carbonyl oxygens to coordinate sandwiched K" ions. A third K* ion holds the two [G
8]z octamers together and a solvated Cs' ion caps the structure. The solvated capping
cation is loosely bound to the G-quadruplex. The 4 hydrogen bonded G-quartets within
[G 8]16 * 3K « Cs" « 4pic all show n-stacking separations of 3.3-3.4 A. Furthermore, the
four picrate anions hydrogen bond to the exposed N2 amino groups and extend from the
two central G-quartets to form an anionic belt wrapped around the G-quadruplexes
periphery. Clearly, this G-quaduplex showed function by extracting alkali metals from
water into organic solvents.

It was noted early on that this G-quadruplex structure resembled an ion channel
with its cations aligned within the central cavity and a lipophilic exterior. These stable
lipophilic G-quadruplex structures, held together by numerous non-covalent interactions,
can be used either as biomimetic models for DNA G-quadruplex structures or for the

development of functional supramolecular systems, including synthetic ion channels.'*
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Figure 1.10. Crystal structure shows that the cation-templated self-assembly of 16
equivalents of G 8 gives a lipophilic G-quadruplex [G 8];s * 3K'/Cs" * 4pic’. This G-
quadruplex is prepared quantitatively by extracting salts from water with a CHCl;

solution of G 8.7

Using solid state NMR spectroscopy, Wu and colleagues used **Na and **’K NMR
to identify these specific channel cations.”**® This solid-state NMR work was essential,
since these lipophilic G-quadruplexes could then be reliably used as a model for the 5'-
GMP G-quadruplex. The 5'-GMP G-quadruplex’s G-quartet-bound and phosphate-bound
cations were subsequently identified. This model is likewise useful for identifying
cations in DNA G-quadruplexes.

Moreover, G-quadruplexes containing divalent cations such as Pb>", Ba*" or Sr**
are both thermodynamically and kinetically more stable than are the corresponding G-
quadruplex assemblies that contain monovalent Na* or K*.>° This enhancement in
stability in the presence of the divalent cations over monovalent cations is most likely due
to the stronger ion-dipole interactions between the bound cations and the coordinating

carbonyl oxygens. The cooperative enhancement of the strength of the G-quartet’s
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hydrogen bonds from the bound divalent cations may also further stabilize these G-
quadruplexes. It was also observed that not only the cations, but the anions stabilize
these lipophilic G-quadruplex.””® Chapter 3 takes advantage of these stabilizing forces
by cation and anion in achieving the post-assembly modification of these non-covalent

structures.

1.6.2 Enantiomeric Self-Association of Lipophilic Nucleosides.

The bound cation can also influence the supramolecular stereochemistry of the
noncovalent structure. A series of diastereomers can be formed by the optically active G
8. For G 8, the cation’s identity (Ba®" vs. K") has a significant influence on the level of
diastercoselectivity in the self-association process.”  G-quadruplexes formed with
monovalent cations, K', and a racemic mixture of (D, L)-G 8 are a mixture of
heterochiral diastereomers, as determined by 'H NMR spectroscopy. However, divalent
Ba”>" when mixed with (D, L)-G (8) gave homochiral G-quadruplexes (Figure 1.11). The
almost complete enantiomeric self-recognition from this cation-dependent
diastereoselectivity was suggested to be caused by the enhanced enthalpy inherent to the
divalent cation-oxygen interaction that might help overcome the unfavorable entropy

associated with enantiomeric self-sorting.
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Homochiral G-Quadruplexes

+ Other Heterochiral G-Quadruplexes

Figure 1.11. G 8 undergoes cation dependant enantiomeric self-association. Racemic (D,
L)-G 8 self-assembles in the presence of Ba®" to give homochiral G-quadruplexes [(D)-G
8]16 * 2Ba’" « 4pic” and [(L)-G 8]i¢ * 2Ba”" « 4pic. Addition of K™ to G 8 gave a
diastereomeric mixture of heterochiral assemblies.” The green wedges represent (L)-G 8,
while the red wedges represent (D)-G 8. The blue and gray spheres represent Ba*" and

K" respectively.

Since the anion binding groove of the G-quadruplex is chiral, these lipophilic G-
quadruplexes might be useful as chiral resolving agents or as enantioselective catalysts.
Gottarelli and colleagues reported that G-quartet structures formed from dG 9 are
modestly enantioselective in their ability to extract chiral anions from water into organic
solvents. Specifically, dG 9 was shown to extract K™ N-dinitrophenyl- (L)-tryptophan salt
from water into CDCls with a 3:1 enantioselectivity over the (D)-Trp enantiomer. This
modest enantioselectivity suggests that there must be significant interactions between

anions and the chiral G-quadruplex.®”’
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1.6.3 “Empty” G-Quartets.

Although cations are usually essential for the templation of G-quartets, there have
been examples of G-quartets formed in the absence of cations. Generally, guanosine
analogs form hydrogen-bonded dimers or ribbons. Sessler and colleagues solved a
crystal structure of G 10 that revealed an “empty” G-quartet. G 10 was shown to self-
assemble into a G-quartet even without the assistance of a templating cation.®!
Attachment of sterically bulky groups, a dimethylaniline unit, to the C8 position of the
guanine ring gave a conformationally constrained nucleoside that prefers to adopt a syn
glycosidic bond conformer in both the solid state and solution. This syn conformation
prevents the nucleoside from any hydrogen-bonded ribbon formation and thus favors
formation of the macrocyclic G-quartet (Figure 1.12). This study showed how control
over the monomer can have profound impacts in the self-assembly of guanosine

analogous.
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Figure 1.12. Conformationally constrained G 10 forms a G-quartet without presence of a

templating cation.’'

Shortly after, Kotch and colleagues showed that a calixarene-guanosine analog
forms a hydrogen-bonded dimer (cG 11), ¢ (H,O) , in wet CDCls, with water presumably
taking the cation’s place within the center G-quartet cavity (Figure 1.13).°* In dry CDCls,
poorly aggregated structures were observed. This finding was consistent with a
prediction, made by Gellert and colleagues in 1962 that an “empty” G-quartet might

contain a cavity that could bind water molecules."
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Figure 1.13. A schematic representation of [cG 11], * MX ¢ (H,0), that shows the anion

and cation binding sites.”

More recently, Besenbacher and colleagues showed that guanine 12 can form a
kinetically stable “empty” G-quartet on a gold surface (Figure 1.14).° Using AFM they
found that the empty G-quartet was not the thermodynamic minimum, as annealing the
deposited G-quartet network led to rearrangement into a hydrogen-bonded ribbon. In this
case, the available N9-H and the neighboring N3 positions of guanine 12 seem crucial for
stabilizing the network of connected G-quartets. The Besenbacher paper is the first
demonstration that guanine itself forms cyclic quartets, as other G-quartets have always

involved N9-substituted G nucleobases.
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a) An empty G-quartet formed by guanine 12. b) A hydrogen bound

network of empty G-quartets. Each G-quartet can form up to eight additional hydrogen

bonds with neighboring G-quartets (arrows).*

1.6.4 Increasing the Number of Hydrogen Bonds in a G-quartet.

Recently, Rivera and coworkers reported another way to stabilize G-quartet units

by using 8-aryl-dG analogs such as dG 13.°* By adding a hydrogen bond acceptor to the

C8 position, an additional hydrogen bond was forced between the exocyclic N2 amino

hydrogen and the carbonyl of the hydrogen bond acceptor (Figure 1.15).
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Figure 1.15. A G-quartet formed from dG 13, a modified nucleobase with an expanded
Hoogsteen hydrogen bonding face. Note the additional hydrogen bonds, depicted by
arrows, thought to be a reason for increased stability.**

The G-quadruplex [dG 13];¢ * 3K showed an increased stability when compared
with assemblies from the unsubstituted G derivatives as proven by variable temperature
and dilution NMR experiments. Rivera proposed that the stability of the 8-aryl-dG analog
13 was due to a combination of factors. Again, the C8 substitution forces the derivative
into the syn conformation, therefore precluding formation of hydrogen bonded ribbon
structures. Additionally, the four additional aromatic rings attached to C8 provide larger
surface for n-m interactions between the stacked G-quartets. And lastly, the C8 substituent
in dG 13 enables four additional hydrogen bonds per G-quartet, as depicted by the arrows

in Figure 1.15.

1.6.5 The G-Quartet and Dynamic Covalent Chemistry.
Dynamic covalent chemistry (DCC) is now a major synthesis strategy in

supramolecular chemistry, enabling amplification of select compounds from a dynamic
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combinatorial library (DCL) of equilibrating compounds.®>®°

In this approach, building
blocks that form reversible covalent bonds are used to build a DCL. Stabilization of a
library member upon addition of a template results in a new equilibrium. The end result,
in accord with Le Chatelier’s principle, is amplification of stabilized products in the
mixture.

This DCC strategy has been used to produce new ligands that bind to G-
quadruplexes. Previous studies have shown that i) acridone ligands (A) stack on the
terminal tetrad of a G-quadruplex and that ii) certain peptides (P) interact with the

67-70 .
779 Balasubramanian and

grooves formed by the DNA backbone of the tetraplex.
colleagues used a disulfide exchange reaction, carried out in the presence of glutathione
disulfide and a G-quadruplex template, to identify new G-quadruplex interactive ligands
that combine both the acridone and peptide recognition motifs.”' Disulfide exchange
under aqueous conditions is popular for DCC applications, as the reaction is relatively
rapid at pH > 7 but not under acidic conditions (pH < 5). Thus, disulfide exchange can be
carried out under reversible conditions at moderate pH but then the reaction can be acid
quenched to determine product composition. Using the deoxyoligonucleotide 5'-
biotin(GTTAGG)s, that contains the human telomeric sequence as a template,
Balasubramanian’s team demonstrated that there was a 400 % increase in the formation
of the heterodimeric disulfide AssP, a compound containing both the acridone (from A 14)
and peptide (from P 15) domains, when compared to control experiments carried out in
the absence of a G-quadruplex (Figure 1.16). In addition, the authors made the surprising

discovery that the peptide dimer PssP was formed in 5-fold greater amount in the

presence of the G-quadruplex template. Quantitative binding studies using surface
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plasmon resonance showed that the complexes formed by these new ligands and the
human telomere G-quadruplex have dissociation constants of Kq= 30 and 22.5 uM for
AssP and PssP, values that are far lower than the dissociation constant for the AssA-DNA
complex (K4 > 2.5 mM). This same research group also used disulfide exchange to
identify pyrrole-amide dimers formed with modest amplification in the presence of a G-
quadruplex template.”” These two studies established that DCC could provide new G-
quadruplex ligands, a potentially important endeavor in the search for effective

telomerase inhibitors.

AssP
S
<> SH g
A 14
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Figure 1.16. The AssP disulfide product is selectively amplified in the presence of a
G-quadruplex template.”’

In addition to the discovery of new ligands that interact with tetraplex structures,
the DCC concept has also been used by the Balasubramanian and Lehn groups to form

new G-quadruplex structures, each with its own unique properties.”””> Thus,
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Balasubramanian and colleagues reported that a G-rich PNA, modified to allow for
covalent bond formation between strands, underwent “self-templation” to form a
bimolecular G-quadruplex.”* In this study, they showed that formation of a non-covalent
PNA G-quadruplex preceded covalent bond formation. The authors first demonstrated
that an equimolar mixture of PNA-peptide strands, namely Lys-TGGG-GlyGlyCys-SH
(Gs) and Lys-TTTT-GlyGlyCys-SH (Ts) gave a 1:2:1 statistical mixture of the 3 possible
disulfides GssG, GssT and TssT when oxidized with sodium perborate (Figure 1.17). In
contrast, the slower air oxidation of a mixture of the same 2 PNA strands gave a 2:1:2
ratio of GssG, GssT and TssT indicating that GssG was somehow stabilized under these
oxidation conditions. Mass spectrometry and UV melting experiments indicated that the
GssG dimer formed a bimolecular G-quadruplex (GgssG),, presumably a bimolecular
hairpin structure wherein the Gly-Cys-Cys-Gly tetrapeptide forms the loop regions. Other
measurements indicated that the Gs PNA strands were preorganized into a G-quadruplex
prior to formation of the disulfide bond that gave the GssG product. Significantly,
formation of the GssG disulfide bond depended on the cation template, being most

effective with K, the cation that best stabilizes a G-quadruplex.

Lys Lys Lys Lys
Lys-TTTT-Gly-Gly-Cys-SH T T G T
T T G T
(Ts) T T G T
® ¥ F T & T
Lys-TGGG-Gly-Gly-Cys-SH Gly Gly Gly Gly
Gly Gly Gly Gly
(Ggy) Clys Crvs Cys Cys
S S S—sS

[GSSGIZ' TSST GSST

Figure 1.17. Oxidation of the PNA strands Tsy and Gsy provides disulfides. In the
presence of K', GssG is amplified. The structure depicted for (GssG), represents just one

possible orientation of a bimolecular G-quadruplex.”
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Lehn and Sreenivasachary have recently described a G-quartet based system
wherein component selection from a DCL is driven by the product’s physical
properties.”” They first showed that guanosine hydrazide 16 formed viscous, thermally
reversible gels at moderate pH in the presence of Na” and K. These gels arose from the
stacking and crosslinking of cation stabilized G-quartets. The 5'-hydrazide group in G-
quartet gels formed by G 16 was then reacted with various aldehydes to form
acylhydrazone bonds, allowing the authors to study the effects of sidechain modification
on gel properties. While addition of some aldehydes destroyed the hydrogels, other
aldehydes (including 17) formed acylhydrazone gels that were even stronger than the
parent gel from hydrazide G 16. These findings prompted the authors to explore whether
the stability of the gel phase might drive component selection in a DCL (Figure 1.18). A
dynamic mixture composed of 4 acylhydrazones, from reaction of aldehydes 17 and 18
with hydrazides G 16 and serine 19, was generated under conditions where the 5'-
acylhydrazones could equilibrate by undergoing reversible bond cleavage and
reformation. The resulting product distribution, measured by "H NMR, was sensitive to
temperature. At 80 °C, well above the gel transition temperature, the solution distribution
of products was statistical, indicating that the 4 acylhydrazones (A-D) were of similar
stability. Between 25-55 °C acylhydrazone B, in its gel-state, and C in solution were
significantly favored over acylhydrazones A and D. In this case, self-assembly of
hydrazide G 16 was driven by selection of the components that gave the most stable
hydrogels. The stability of G-quartet hydrogel B altered the dynamic equilibrium of
acylhydrazones and directed reaction of the hydrazide G 16 with aldehyde 18. Lehn

I3

explained that “...(t)he process amounts to gelation-driven self-organization with
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component selection and amplification...based on G-quartet formation and reversible
covalent connections.” This DCC approach may well have broad applications in

medicinal chemistry and material science.
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Figure 1.18. The stability of G-quartet hydrogel B altered the dynamic equilibrium of
acylhydrazones and directed reaction of the G hydrazide 16 with aldehyde 18."

Ghoussoub and Lehn have recently described another dynamic sol-gel
interconversion process, in this case triggered by the reversible binding and release of K"
by a G-quartet hydrogel.”” Supramolecular hydrogels formed by the ditopic monomer G-
G 20 were readily converted to soluble (G-G) , polymers upon addition of [2.2.2]-
cryptand 21, an ionophore able to extract the stabilizing K* from the G-quartet hydrogel.
The gel state could be regenerated upon expelling K™ from the [K™ 2.2.2]-cryptate
complex by protonating the [2.2.2]cryptand’s bridgehead nitrogen atoms to give [2H"
2.2.2] 21. In this way, gel-sol interconversion was effected over multiple cycles by
simply controlling the equilibrium of the bound K’ between the G-quartet and the
[2.2.2]cryptand, a ligand whose cation binding properties can be modulated by the

solution pH (Figure 1.19).
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Figure 1.19. a) Structure of G-G 20 and schematic of the reversible formation of
polymeric G-quartet based hydrogels. Changing pH in the presence of [2.2.2]cryptand 21
modulated the sol-gel equilibrium. b) Representation of the modulation of the gel-sol
status induced by the sequence of triggering agents.”

1.7 Biosensors and Nanostructures Based on DNA G-Quadruplex Structures.

1.7.1 Potassium lon Sensors.

As described earlier, TBA, a 15-mer oligonucleotide, folds into stable G-
quadruplexes under well-defined conditions. TBA has been exploited to develop optical
and electronic sensors, for analytes ranging from K ion to proteins to nucleic acids based
on this facet. The use of the TBA sequence as the basis for a biosensor is nicely
demonstrated in a recent study by Takenaka’s group.”® They used a modified TBA as a
fluorescent indicator for detecting K in water. Attachment of pyrene groups to the 5' and
3'-ends of the DNA gave a probe coined “PSO-py” for potassium sensing
oligonucleotide-pyrene. This PSO-py is a promising sensor for the real-time detection of
K" in biological and environmental samples. One challenge in developing an optical K"
sensor is achieving selectivity in the presence of high Na’ concentrations. Another
challenge is to obtain a fast response that allows for real-time monitoring of the cation.
PSO-py used the excimer formation from m-stacked pyrenes to signal K™ binding. In the

absence of K', PSO-py is primarily unfolded and provides little excimer emission. In the
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presence of K', the 5' and 3' ends of the folded DNA stack pyrenes in a face-to-face
geometry to give a new excimer band (Figure 1.20). Importantly, the presence of other
cations gave little interference as only K’ binds with high-affinity to the TBA G-
quadruplex. The fluorescence spectrum of PSO-py in the absence of K™ showed a weak
monomer emission at 390 nm. Addition of K™ gave a strong excimer band at 480 nm,
accompanied by quenching of monomer emission. Changes in excimer fluorescence
indicated that the K™ and Na" complexes of PSO-py had dissociation constants (K4) of
7.33 and 272 mM, respectively. This K'/Na" selectivity coefficient of 37 for PSO-py is
higher than for many other previous K" sensors. Independent CD measurements of PSO-
py, in the presence and absence of K', confirmed that the excimer fluorescence
corresponded to a structural shift from a random coil to a chair-like G-quadruplex. The
dynamics of the fluorescence response for the PSO-py/K" system also showed a short
response time (within seconds) upon variation in ion concentration. Moreover, this
dynamic excimer fluorescence was both reversible and reproducible. The PSO-py
oligonucleotide, well suited for real-time monitoring of K™ in water, is representative of a
range of bioprobes that have been rationally designed by using knowledge of G-

quadruplex structure and properties.
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Figure 1.20. Chemical structure of the PSO-py and the expected G-quadruplex induced

by K' binding. Pyrene excimer emission occurs in the presence of K'. Reprinted with
permission from John Wiley & Sons, Inc.”

The PSO-py oligonucleotide, which uses excimer emission as an optical signal, is
actually a second-generation sensor. Takenaka’s prototype, described in 2002, was a
modified DNA oligonucleotide that underwent efficient fluorescence resonance energy
transfer (FRET) upon folding into an intramolecular G-quadruplex.”” This original PSO
with the sequence d (5-GGGTTAGGGTTAGGGTTAGGG-3") had a 6-
carboxyfluorescein donor group attached to its 5'- end and a rhodamine acceptor linked to
the 3'-terminus. When folded into a G-quadruplex, the 2 chromophores are located close
enough together to undergo efficient energy transfer (Figure 1.21). Importantly, G-
quadruplex formation by this PSO, as measured by FRET, was again highly selective for

K" over Na".
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Figure 1.21. Chemical structure of the PSO and the expected G-quadruplex induced by
K" binding. In this case FRET occurs in the presence of K. Reprinted with permission

from the American Chemical Society.”’

Ho and Leclerc described another interesting method for the optical detection of
K", based on formation of colored complexes between a cationic polythiophene and
negatively charged DNA (Figure 1.22).”%” Because of changes in the conformation of
its conjugated backbone, this flexible polymer senses different DNA topologies. Ho and
Leclerc showed that this polythiophene distinguishes the single-stranded and G-
quadruplex forms of TBA, enabling the polymer to be used as a selective probe for K,
since that specific ion is required for folding TBA. This simple “staining” method for
detection of the TBA G-quadruplex (or for any species that templates or stabilizes G-

quadruplex structure) 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 sensitive (femtomolar range) measurement of the thrombin protein and for the highly
enantioselective detection of L-adenosine.”® Leclerc’s biosensor strategy should also be
ideal for identification of small molecules that bind to the G-quadruplex, thus providing a

new method for screening potential anti-telomerase drugs.

FPaolymer 1

Figure 1.22. An optical K' sensor based on a complex formed between G-quadruplex
DNA and a conjugated cationic polymer. Reprinted with permission from John Wiley &

78
Sons, Inc.

Wang and co-workers recently developed a related polymer-based assay for K

detection that benefits from the sensitivity that is available from the FRET process. In
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their case, energy transfer was observed from a cationic conjugated polymer to a TBA
oligonucleotide labeled at its 5'-end with a fluorescein acceptor. Notably, they observed a
significant increase in emission at 518 nm for the polymer-labeled TBA complex only
when in the presence of relatively low concentrations of K. The magnitude of the FRET
signal, which has a 1/t° dependence on the distance between donor and acceptor, was
attributed to the stronger electrostatic interactions that hold the cationic polymer closer to
the compact and charge-dense G-quadruplex form of the TBA (Figure 1.23). In this way,
K" ion was readily detected in water at low concentrations, even when other monovalent

. . . 80
and divalent cations were present in excess.
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Figure 1.23. Schematic representation of an optical K™ sensor based on G-quadruplex-
polymer interactions that lead to FRET. Reprinted with permission from the American
Chemical Society.*
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1.7.2 G-Quadruplexes as Optical Sensors for Proteins.

In 1998, Hieftje and colleagues described the first example of a protein sensor
formed by the TBA sequence.!’ They prepared a DNA conjugate that had the TBA
labeled at its 5'-end with fluorescein and modified at its 3'-end by an amino siloxane
linker, enabling covalent attachment of the oligonucleotide to a glass surface (Figure
1.24). Once the modified DNA had been tethered to glass they used evanescent-wave-
induced detection of fluorescence anisotropy to detect the specific binding of thrombin in
solution to the immobilized TBA ligand. The resulting protein-DNA complex, being
much larger than the DNA probe showed a significant change in its rotational diffusion
rate, as detected by the change in fluorescence anisotropy. The change in fluorescence
anisotropy was specific to both the TBA and the protein analyte. Thus, scrambled DNA
sequences that don’t form G-quadruplexes did not show any enhanced fluorescence
anisotropy. Likewise, serine proteases other than thrombin did not bind to the
fluorescein-labeled TBA. This TBA biosensor was sensitive and rapid, as it could detect
as little as 0.7 amol of thrombin over a dynamic range of 3 orders of magnitude (from

nanomolar to micromolar) in less than 10 minutes.
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Figure 1.24. A fluorescein modified DNA oligonucleotide that functions as biosensor

for thrombin.®!

Lee and Walt used a related strategy to build a thrombin biosensor by covalent
attachment of the TBA sequence to silica microspheres.*> They then used a fiber optic
device to detect the binding of fluorescein-labeled thrombin to these glass beads. They
also developed a more practical assay that involved the competitive binding and
displacement of fluorescein-labeled thrombin by unlabeled protein. Despite the need for
specialized equipment this paper described an assay for thrombin in solution that was
highly selective, rapid and reproducible.

In 2001 Stanton and colleagues described the use of “aptamer beacons” for the
direct detection of thrombin binding.®> They chemically synthesized an oligonucleotide
that contained the TBA sequence embedded within a longer DNA strand that was
designed to form a stem-loop structure in the absence of thrombin. This DNA
oligonucleotide contained a fluorescein chromophore at its 5'-end and a quencher group
at its 3'-end. Thus, when the oligonucleotide was in its stem-loop conformation the 5'-
fluorescein was quenched by the nearby 3'-DABCYL unit. Addition of thrombin shifted
the DNA’s conformational equilibrium from the stem-loop structure to a folded G-

quadruplex, causing an increase in the chromophore-quencher distance and a
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fluorescence enhancement (Figure 1.25). The authors stressed that this method for
thrombin detection could, in principle, be applied to other nucleic acid aptamers by
simply embedding the protein binding sequence within an unproductive stem-loop
structure that contained juxtaposed fluorescent label and quencher. Binding of the target
protein should shift the conformational equilibrium and stabilize the aptamer’s structure,
resulting in fluorescence enhancement as the fluorophore-quencher separation changes.
They envisioned using this strategy to make biosensors for proteomics applications using

high-throughput, automated selection techniques.
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Figure 1.25. A protein biosensor based on the “aptamer beacon” strategy. Thrombin
shifts the DNA’s conformational equilibrium to G-quadruplex and produces an increase
in fluorescence as the donor-quencher groups get farther apart, compared to the stem-

loop structure. Reprinted with permission from Elsevier.*

Tan and colleagues also used the aptamer beacon strategy to develop real time

- . 84,85
sensing of thrombin.™

In addition to using fluorescence quenching, they also used both
FRET and excimer strategies that allowed for significant fluorescence enhancement upon

formation of a DNA-thrombin complex. Their aptamer beacon design involved labeling
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the 5'-end of a 15-mer with an energy acceptor, 6-FAM, and the 3'-end with a coumarin
group as an energy donor. (Figure 1.26) This modified 15-mer tended to favor a random
coil conformation in low salt and the absence of thrombin, whereas the equilibrium was
shifted to the folded TBA G-quadruplex in the presence of thrombin. This conformational
change resulted in a significant enhancement in the fluorescence signal for 6-FAM as the
chromophores came closer together in the folded state. These assays were highly

sensitive giving a detection limit of 112 + 9 pM for thrombin.
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Figure 1.26. Structure of a) acceptor-donor TBA and b) schematic showing FRET upon
binding of thrombin to TBA.**

In 2003, Nutiu and Li described a strategy for the preparation of fluorescent
sensors based on their use of so-called “Structure-Switching Signaling Aptamers”.**%
These DNA aptamers work by undergoing a major structural change from duplex DNA
to 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 the other short strand contains a quencher. In

the absence of the thrombin target the aptamer strand binds to the short oligonucleotide
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containing the quencher, bringing it into proximity to the fluorophore and causing
maximum quenching. Upon addition of the thrombin protein, the aptamer sequence
releases the short oligonucleotide containing the bound quencher, resulting in a strong

fluorescence enhancement. (Figure 1.27)
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Figure 1.27. The Structure-Switching Signaling Aptamer. A DNA duplex composed of
three strands of DNA places a fluorophore (F) close to a quencher group (Q). Upon
addition of thrombin, the QDNA piece is released, and the fluorescence increases.

Reprinted with permission from John Wiley & Sons, Inc.*’

In 2005, Heyduk and Heyduk took advantage of the fact that thrombin has 2
different DNA binding epitopes to facilitate the simultaneous co-association of 2
different aptamers.®® Each aptamer was outfitted with a flexible linker region and a DNA
sequence that would allow DNA duplex formation and enable simultaneous FRET
enhancement. In the absence of the thrombin analyte the 2 DNA strands don’t associate
because the complementary binding region is too short. However, when both sequences
are bound to thrombin the increased entropy favors duplex formation and subsequent

FRET enhancement (Figure 1.28).
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leads to fluorescence quenching.

Willner and colleagues used thrombin’s 2 binding epitopes to design an
ingenuous method for the optical detection of thrombin.* Willner’s group used gold
nanoparticles functionalized with thiolated aptamers to enable the amplified detection of

9091 Reaction of the

thrombin both in solution and on glass surfaces (Figure 1.29).
functionalized Au nanoparticles with thrombin in solution led to significant aggregation,
since thrombin’s two binding epitopes enabled crosslinking of the Au nanoparticles.
Addition of thrombin 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 HAuCly and NADH. This
catalytic growth of the nanoparticles was monitored by the gold’s increased plasmon

absorbance at 530 nm. Furthermore, the enlarged nanoparticles showed a red-shifted

absorbance at 650 nm that was proposed to originate from a coupled plasmon exciton due
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to contacts between 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 thrombin was 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 HAuCly, CTAB, 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 the presence of the interparticle absorbance band

at 650 nm.
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Figure 1.29. Amplified detection of thrombin based on enlargement of Au

nanoparticles.”
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1.7.3 G-Quadruplexes in the Electrochemical Detection of Proteins.

In the past few years a new direction in TBA-based 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 response times, low costs, easy fabrication, and the possibility for
miniaturization. Ikebukoru and colleagues were the first to report on a TBA based
electrochemical sensor.”” Like others, they took advantage of thrombin’s two separate
binding sites. Fabrication of the device involved immobilizing a thiolated TBA sequence
onto a gold electrode. A second oligonucleotide that can fold into a G-quadruplex
structure was covalently modified at its 3'-end with the enzyme glucose dehydrogenase
(GDH). Addition of thrombin to 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 current (Figure
1.30). No current was detected in 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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Figure 1.30. Electrochemical detection of thrombin through the coupled oxidation of
glucose by glucose dehydrogenase.’
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In the last year a flurry of papers from the groups of Hianik, Plaxco, Lee and
O’Sullivan have appeared describing a variety of approaches for the electrochemical

detection of thrombin.”>’

Plaxco and colleagues used a 5'-thiolated DNA
oligonucleotide containing both the TBA sequence and an electrochemically active group
(methylene blue) attached to the 3'-end of the DNA.”*  This modified DNA
oligonucleotide was attached via its thiol tether to the gold electrode. In the absence of
thrombin the DNA adopts a conformation such that the electroactive methylene blue label
can bind to the gold surface and enable electron transfer with the electrode. However,
binding of thrombin by the folded TBA sequence results in a conformational change that
turns off electron transfer between the 3'-methylene blue label and the gold electrode.
Presumably the aptamer’s conformational change significantly increases the electron-
tunneling distance between the electrode and the electroactive label. This particular
sensor, used to measure thrombin in blood serum, demonstrated excellent dynamic range
of 10-700 nM and outstanding sensitivity, such that thrombin at 10-100 nM
concentrations could be measured from blood plasma (Figure 1.31a).

Radi and O’Sullivan recently described a similar approach wherein they attached
a thiolated TBA sequence containing a redox-active ferrocene group to a gold electrode.’’
A bifunctional 15-base TBA derivative with a ferrocene group and a thiol at its respective
5" and 3' termini was prepared. After anchoring this electroactive aptamer to a gold
electrode the rest of the gold surface was coated with 2-mercaptoethanol to form a mixed

monolayer. Cyclic voltammetry (CV), differential pulse voltammetry (DPV), and

electrochemical impedance spectroscopy (EIS) were used to characterize this DNA-
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modified electrode. The modified electrode gave a voltammetric signal due to the redox
reaction of the TBA’s ferrocene group. The increase in signal intensity upon binding
thrombin to the TBA sensor was attributed to a conformational transition from random
coil to the folded G-quadruplex (Figure 1.31b). In this “signal-on” system, which

“ the authors noted an increased

contrasts to Plaxco’s “signal-oft” system,9
electrochemical signal upon binding thrombin. They suggested that the short length of
their DNA tether resulted in a conformational change that brings the ferrocene label
closer to the electrode surface and increases electron transfer. This “signal-on”
electrochemical biosensor was used for the detection of thrombin without the need for
any special reagents. The sensor had nanomolar detection limit for its target and showed

little interference from nonspecific proteins. The aptasensor could be easily regenerated

and reused 25 times without any loss in detection sensitivity.”
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Figure 1.31. Electrochemical biosensors for the detection of thrombin a) “signal-off

system” described for a 35mer oligonucleotide containing the TBA sequence and b)

: 4
“signal-on” system.”*"”’

40



1.7.4 Biosensors for Nucleic Acids.

98-100
Fan and

DNA can also be optically detected using TBA-thrombin interactions.
colleagues used an electrochemical version of the “molecular beacon” approach to detect
DNA hybridization by measuring the electrochemical signal that accompanied a
conformational change in the sensor.'” Their strategy involved attaching a ferrocene tag
to a thiolated TBA sequence within a stem-loop DNA structure, followed by subsequent
attachment of the labeled DNA to a gold electrode. Hybridization of this sensor with a
complementary DNA sequence then triggered a conformational change in this surface-
confined TBA sensor, which led to a corresponding change in the electron tunneling
distance between the Au electrode and the ferrocene label. Using cyclic voltammetry,
target DNA concentrations as low as 10 pM could be measured using this sensor.

In an elegant approach toward DNA detection, Willner and colleagues introduced
the use of “catalytic beacons”.”” Their method is illustrated in Figure 1.32. The
thrombin protein was covalently modified with an oligonucleotide containing the TBA
sequence.” In the absence of a complementary DNA strand the appended TBA sequence
folds into a G-quadruplex and blocks the enzyme’s active site. Addition of a
complementary DNA strand unfolds the G-quadruplex, resulting in substrate access to the

thrombin’s active site. Hydrolysis of a fluorophore labeled peptide then results in a

readily detectable optical signal.
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Figure 1.32. Optical detection of DNA by catalytic activation of thrombin upon

dissociation of an intramolecular thrombin-TBA complex.”

1.7.5 The Use of G-Quadruplexes in Building Nanomachines.
The TBA sequence has also been used as the basis for single molecule systems

01103 14 and Tan first

that have been coined “nanomachines” or nanomotors.
demonstrated that conformational switching of a DNA oligonucleotide between its
duplex and its folded G-quadruplex forms resulted in a flexing motion.'”" They used
FRET to follow this shrinking and expansion motion in real time. In a similar fashion,
Alberti and Mergny reported that the conformational equilibrium between DNA duplex
and quadruplex defines a nanomolecular machine.'” Thus, the conformational states of a
21-mer DNA oligonucleotide, modified with 5'-fluorescein donor and 3'-rhodamine

acceptor groups, could be readily detected by using FRET techniques. Switching between

the folded unimolecular G-quadruplex and a duplex conformation caused a 5-6 nm
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displacement along the length of the oligonucleotide. This nanomachine could be cycled
between its closed G-quadruplex state and open duplex state by sequential addition of
other DNA strands, a so-called "C-fuel" and a "G-fuel". The “C-fuel” unfolded the
unimolecular G-quadruplex to generate a duplex, while the “G-fuel” strand was used to

liberate the labeled 21-mer so that it could refold into a G-quadruplex structure.

TAAGTTCATCy

ATT

5! ‘i' \3
~ TAAGTTCATCTCGGTTGGTGTG G T

Figure 1.33. A DNA-based nanomachine that binds and releases thrombin. Binding of
DNA strand Q to TBA-protein complex release thrombin, and addition of complementary
DNA strand R removes Q and shifts equilibrium back to the TBA-thrombin complex.

Reprinted with permission from John Wiley & Sons, Inc.'”

Simmel and coworkers recently described a nanomachine that can bind and

release thrombin as it undergoes conformational switching (Figure 1.33).'% In this DNA-
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based machine, the TBA sequence was fused to another DNA sequence that can partially
bind another DNA sequence (Q). Upon addition of the Q DNA to the TBA-thrombin
complex, the G-quadruplex region unfolds and releases the bound thrombin protein.
Addition of another DNA strand (R) that is complementary to Q, frees up the TBA
sequence and allows it to refold. Thus, this nanomachine represents a new way to control

the reversible binding of thrombin in solution.

1.7.6 New G-Quadruplex Structures from Synthetic DNA Analogs.

Polymers other than canonical DNA and RNA oligonucleotides can also form G-
quadruplexes. The ability to alter the polymer backbone may result in G-quadruplexes
with a variety of potential applications in supramolecular chemistry, biotechnology and
nanotechnology. In addition, studies on nucleic acid analogs may lead to insights into the
structural factors that control fundamental issues about the thermodynamics and kinetics
of the G-quadruplex motif in the parent DNA and RNA nucleic acids.

For example, locked nucleic acids (LNA) have conformationally constrained
ribose units that are fixed in a C3’-endo conformation by a methylene bridge between the
2'-0 and 4'-C atoms (Figure 1.34).'*'% This RNA-like C3 -endo sugar pucker reduces
backbone flexibility and helps drive the attached nucleobase to adopt an anti
conformation about the glycosidic bond. Dominick and Jarstfer recently showed that
replacement of individual dG residues with LNA nucleotides in the Oxy28 telomeric
sequence d (G4T4G4T4G4T4Gs) dramatically alter the topology of the resulting G-

6

quadruplex.'®®  Oligonucleotides with four G-rich tracts can adopt either parallel or

antiparallel intramolecular G-quadruplexes. For example, the human telomeric sequence
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d (AGGG(TTAGGG);) forms a unimolecular propeller structure whose phosphate
backbone sections are all parallel to one another. On the other hand, the Oxy28 sequence
forms an antiparallel crossover basket, with the G residues alternating in a syn-anti-syn-
anti fashion along the individual G4 tracts. Because 3'-endo nucleotides prefer to adopt
an anti glycosidic bond, the authors postulated that incorporation of LNA residues into

Oxy28 might drive the formation of a parallel G-quadruplex.
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Figure 1.34. Structures of DNA and LNA showing a) DNA in the C2’-endo
104,105

conformation and b) LNA locked into the C3 -endo conformation.
Dominick and Jarstfer inserted LNA into specific positions of the Oxy28
sequence and used CD spectroscopy to determine both the folding topology and

106
In all cases,

thermodynamic stability of a family of modified oligonucleotides.
substitution of an LNA residue led to G-quadruplexes that were destabilized relative to
the parent Oxy28 sequence. However, in some cases, even single nucleotide changes
shifted the G-quadruplex from an antiparallel to a parallel propeller structure in the
presence of K* (Figure 1.35). This remarkable finding drives home the point that even

single internal modifications within the oligonucleotide backbone can dramatically

influence the structure of the resulting G-quadruplex.
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3t

Figure 1.35. Schematic showing a) antiparallel DNA G-quadruplex and b) parallel DNA
G-quadruplex. Substitution of a single DNA monomer with a LNA analog results in

conformational switching between the two structures. Reprinted with permission from the
106

American Chemical Society.

In another informative study, Mayol and colleagues demonstrated the significant
impact that LNA can have on both the thermodynamics and kinetics of G-quadruplex
folding.'”” They used '"H NMR and CD measurements to characterize a well-defined G-
quadruplex [tgggt]s with three stacked G-quartets. Like the analogous d[TGGGT]4, this
LNA G-quadruplex formed a symmetric structure with all 4 strands parallel to one
another. The LNA G-quadruplex [tgggt]s was more stable, with a higher melting
temperature, than the corresponding DNA and RNA quadruplexes. Importantly, these CD
melting and annealing measurements also revealed that the LNA strands had a much
faster association rate than do DNA and RNA at micromolar concentrations. Mayol’s
study indicates that the significant preorganization of the LNA backbone, coupled with
the stabilization of anti-glycosidic bonds, provides an entropy gain that leads to faster
kinetics for G-quadruplex formation.'®®

Peptide nucleic acids (PNA), nucleobase oligomers wherein the anionic phosphate

backbone is replaced by neutral N- (2-aminoethyl) glycine linkages, also form a variety
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of G-quadruplex structures. Both DNA and RNA G-quadruplexes can be invaded by a
homologous PNA strand to give hybrid PNA,-DNA, G-quadruplexes.'™''"  Armitage
and colleagues showed that the PNA H-G4T4G4-Lys-NH, hybridizes with its homologous
DNA d (G4T4Gy) to give a G-quadruplex consisting of 2 strands of DNA and 2 strands of
PNA. FRET measurements using labeled polymers indicated that strands were organized
such that the 2 DNA strands are parallel with each other and the 5’ ends of the DNA
point in the same direction as the N-termini of the PNA strands (Figure 1.36). Of the 2
possible structures envisioned for such a PNA,-DNA, hybrid Armitage favored the
“alternating” structure (A) over the “adjacent” structure (B) for two reasons: electrostatic
repulsion would be minimized by separating the 2 anionic DNA strands and FRET
experiments indicated that the donor and acceptor were closer to one another when both
the PNA and DNA strands were labeled. Armitage also made some important
observations about G-quadruplex kinetics in comparing the CD melting profiles for this
hybrid PNA,-DNA, G-quadruplex with that for the hairpin dimer formed by the
homologous DNA. The DNA hairpin dimer showed significant hysteresis upon cooling,
indicating that the rate of association of 2 strands to make the hairpin dimer is relatively
slow. In contrast, the hybrid PNA,-DNA, showed little hysteresis in the melting and
annealing process, indicating that the kinetics for strand association are much faster for
the 4-stranded PNA G-quadruplex. Armitage suggested that this faster hybridization
kinetics was due to the lack of negative charges along the PNA backbone and, possibly,
due to electrostatic attraction of the PNA’s positively charged N-terminus with the
anionic DNA. Armitage concluded his paper by noting that, in principle, PNA; G-

quadruplexes should be possible.
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Figure 1.36. Possible structures of hybrid 1:1 PNA,-DNA, quadruplexes (bold = DNA,

gray =PNA) where the PNA strands are (A) diagonally opposite or (B) adjacent to each

other. Reprinted with permission from the American Chemical Society.'"

Shortly after Armitage’s paper on hybrid PNA,-DNA, G-quadruplexes,
Balasubramanian and colleagues reported formation of intermolecular G-quadruplexes
composed solely of 4 PNA strands.'"' Based on the combined ESI-MS, UV and CD data
they identified a 4-stranded PNA quadruplex (Lys-TGs-NH;); that aligned in an
antiparallel fashion. This PNA sequence, which contains only 1 chiral center at its
terminal Lys residue, exhibited an induced CD spectrum characteristic for stacked G-
quartet chromophores, with a negative CD band at 270 nm and a positive band at 288 nm.
UV melting experiments revealed that this particular PNA G-quadruplex was not nearly
as stable, nor as cooperative in its formation, as the corresponding DNA quadruplex
(TG3)4. Subsequent to Balasubramanian’s report, Armitage and colleagues showed that
another PNA sequence also form intermolecular G-quadruplexes. Thus, depending on the
conditions, the PNA (H-G4T4G4-Lys-NH,) forms either a 4-stranded quadruplex or a two-

stranded hairpin dimer (Figure 1.37).''? Unlike the (Lys-TG3-NH2); G-quadruplex
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studied by Balasubramanian, this (H-G4T4G4-Lys-NH;) 4 PNA quadruplex was stabilized
by the presence of Na” and K. Since their backbones are neutral, Armitage noted that a

PNA G-quadruplex might be an excellent candidate for transporting cations across cell

membranes.
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Figure 1.37. Possible G-Quadruplex structures formed by PNA. Reprinted with
112

permission from the American Chemical Society.

Most recently, Giancola and colleagues reported on the thermodynamic and
kinetic properties of G-quadruplexes formed from chimeras 5'-tGGGT-3' and 5-TGGG-
3'-t, sequences that contain a single PNA residue at the ends of a DNA sequence.'"”
Using CD spectroscopy and calorimetry, they found that these chimeric PNA-DNA
quadruplexes were thermodynamically more stable than the corresponding DNA G-
quadruplex. Furthermore, the kinetics of quadruplex formation, as measured by melting
and annealing experiments, indicated a reaction order of 4.0 in strand concentration. Both
chimeric G-quadruplexes assembled more slowly than the corresponding DNA, as the
rate constants at 20 °C were (3.0 + 0.2 x 10") for [5-TGGGGT-3"]; and (2.1 + 0.2 x 10")
for the chimeras. Giancola et al. also identified a kinetically stable intermediate,

suggested to be a dimer during the process of G-quadruplex formation. Their data agreed

49



with a mechanism for G-quadruplex formation, first put forth by Wyatt for DNA,'*
wherein single and double strand species are in an equilibrium favoring single strand, and
the step going from dimer to quadruplex is rate limiting. Such a mechanism is consistent
with the 4™-order dependence of the association rate on single-strand concentration, but
does not require the unlikely event of a four-body collision. Studies on such nucleic acid
analogs, showing that incorporation of a single PNA residue into a DNA strand can
influence biophysical properties, may well help guide the design of new biopolymer
conjugates with improved molecular recognition properties.

Finally, it is important to recognize that folded oligonucleotides can also be
functional. For example, Sen's group has described a series of DNA oligonucleotide
aptamers that are catalysts.'”'?’  Aptamers, selected with a transition state analog N-
methylmesoporphyrin, catalyzed the Cu®" and Zn*" metallation of porphyrins.'"> This
catalytic DNA, which requires K* for its activity, may either bind the porphyrins by
external stacking or by intercalation between G-quartets. Li and Sen concluded that these
DNA chelatases used substrate binding energy to distort the porphyrin's planar
conformation, making the porphyrin more basic and easier to metallate.''® They
suggested that the G-quartet is sufficiently rigid to enable this substrate distortion. Sen's
group also identified G-quadruplex DNA aptamers with peroxidase activity.'"*'"* Their
DNA-hemin complexes had enhanced peroxidase activity, when compared to the heme
cofactor alone. Again, they concluded that the folded DNA activates the bound heme and
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enhances peroxidase activity. ~ Willner’s group used this hemin binding aptamer as the

basis for the clever development of a DNA sensor.”

Most recently Sen and Cinnapen used in vitro selection to discover a DNA
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aptamer that can catalyze the photoreactivation of thymine-thymine cyclobutane dimers
in DNA.' Thus, a 42-mer nucleotide repaired a thymine-thymine dimer substrate with
305 nm light, showing an efficiency that rivaled that of the native photolyase enzyme. A
G-quadruplex unit, formed by specific guanine bases within this 42-mer deoxyribozyme,
was proposed to function as a light-harvesting antenna, with photoreactivation of the
thymine-thymine dimer proceeding via electron donation from a excited guanine base
within the G-quadruplex. These studies by Sen underscore the potential for using G-

quadruplexes to function as catalysts.

1.8 Summary of the G-Quadruplex as a Scaffold in Nanostructures and
Biomaterials

This chapter has described some of the supramolecular structures that have been
built using guanine self-assembly. These synthetic G-quartet systems, in addition to
providing models for understanding assembly in DNA and RNA, also have potential
impact on sensor development, materials science, and nanoscience. Both the lipophilic
G-quadruplexes, synthetic, and natural G-quadruplexes can be useful motifs to build new
structures and biomaterials. The use of guanine self-assembly to form self-assembled
ionophores, dynamic liquid crystals, hydrogels, noncovalent polymers, nanomachines,
biosensors, therapeutic aptamer and catalysts highlight the many functions that can arise
from G-quadruplexes. An additional function that can arise from G-quadruplexes,

synthetic ion channels, is highlighted in Chapter 4 of this thesis.

51



Chapter 2. Pulsed Field Gradient NMR Helps Determine the

Solution Structure of Lipophilic G-Quadruplexes.
The majority of this chapter has been published in reference 121:

e Kaucher, M. S.; Lam, Y. F.; Pieraccini, S.; Gottarelli, G.; Davis, J. T. "Using
diffusion NMR to characterize guanosine self-association: Insights into structure
and mechanism." Chem.-Eur. J. 2004, 11, 164-173.

2.1 Introduction.

The initial goal of the research in this chapter was to characterize the structures of
different noncovalent structures built through guanosine self-assembly. Characterization
of supramolecular structures is often difficult and a continuous challenge in the field.
Even with the advancement of nanoscale synthesis of functional material that has had a

large degree of success in supramolecular chemistry,”*'*

solid-state structures through
crystallization of these structures is often difficult or not possible. Furthermore, packing
forces may give solid-state structures that are not well-populated or present in solution.
Mass spectrometry,'* analytical ultracentrifugation,'**'*® dynamic light scattering,'”’ gel
permeation chromatography, and vapor pressure osmometry have been used to determine
sizes of supramolecular complexes. Unfortunately, these techniques don’t provide the
atomic resolution offered by NMR spectroscopy. On the other hand, standard NMR
techniques are excellent at determining molecular composition, but defining the sizes of
high-symmetry complexes can be difficult or not possible.

Pulsed field gradient (PFG) NMR, a method for measuring diffusion rates,

provides information about the sizes of molecules in solution.'**'** PEG-NMR, used to

133-135 136,137 138-142

study self-association of natural products, peptides, and proteins, is also
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an emerging technique in supramolecular chemistry. Diffusion NMR has been used to
define the aggregation state of ion pairs and other organometallic assemblies,” 14 a5
well as determine the sizes of dendrimers, supramolecular polymers and nanoparticles.'’
150 Further detail on these experiments will be discussed in this chapter.

The Cohen group have been pioneers in utilizing diffusion NMR in combinatorial
and supramolecular chemistry.””' Cohen and colleagues used diffusion NMR in host-

guest chemistry, with detailed studies of macrocyclic complexes.”' ">

Recently, this
technique has been used to investigate issues of structure and mechanism in molecular
self-assembly. Hydrogen-bonded rosettes, calixarene-nucleoside conjugates and stacked
bisphenylenes have been sized using diffusion NMR.*"**!" Solvation's key role in

158-160

stabilizing resorcinarene capsules has been revealed through this technique. In

addition to structural characterization, diffusion NMR can also provide insight into
dynamic processes that occur during self-assembly.'®'*

The following sections describe how this PFG-NMR technique was utilized to
characterize lipophilic guanosine derivatives. '*'*' As previously mentioned, guanosine
derivatives organize in the presence of alkali and alkaline earth cations to give hydrogen
bonded G-quartets (Scheme 2.1).">'*2!** These G-quartets undergo further association
by stacking into columns known as G-quadruplexes. The number of stacked G-quartets is
often difficult to deduce from NMR and CD in the solution state. A better understanding
of assembly-disassembly pathways, including identification of stable intermediates, is
critical for learning how to construct and manipulate these synthetic G-quadruplexes.

Below, three examples where the use of diffusion NMR to characterize structure also

helps illuminate factors that control guanosine self-assembly are described.'*'
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2.2 PFG-NMR Theory

PFG NMR spectroscopy is a powerful technique for measuring diffusion
coefficients in solution. Translational diffusion is the thermally random movement of
molecules. The net distance traveled from where the molecule starts to where it ends is
measured, the path the molecule travels is irrelevant. Figure 2.1 shows a molecule
diffusing in two dimensions. Many variables can affect molecular diffusion such as the
molecule’s hydrodynamic properties, temperature, concentration, chemical exchange,
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reactions, restricted motion, and solvent viscosity.
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Figure 2.1. Translational motion of a molecule in two dimensions.

From the Stokes-Einstein equation and equations for the hydrodynamic frictional
coefficients, the diffusion coefficient can be estimated from the size of the molecule. The
Stokes-Einstein equation relates the diffusion coefficient to the hydrodynamic frictional
coefficient, which is a function of the shape and size of the molecule (Equation 2.1),
where k is the Boltzmann constant and T is the temperature in Kelvin. Using the
hydrodynamic frictional coefficient for a sphere (Equation 2.2), the diffusion coefficient
of a sphere is a function of the radius (Equation 2.3), where 7 is the solvent viscosity and

R is the radius of the sphere. In this simplified approach, if two different diffusion
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coefficients of different spheres were measured in the same environment, the ratio of
these diffusion coefficients would be inversely related to the radii of the spheres

(Equation 2.4).'%

k-T

D= —
f

Equation 2.1. Diffusion coefficient related to the hydrodynamic frictional coefficient.

f=6nnR

Equation 2.2. Hydrodynamic frictional coefficient for a sphere.

k-T
D=——
6-mt-n-R

Equation 2.3. Diffusion coefficient related to the radius of a sphere.

kKT )
D, (6-n-n-Ra) Ry,
E:W:E
6'7T'T]'Rb)

Equation 2.4. Ratio of two diffusion coefficients related to a sphere.

Since the radius of a sphere is a function of its volume, the hydrodynamic radius
can be estimated from a given volume (Equation 2.5). For shapes and geometries other
than spheres, there are other equations for the hydrodynamic frictional coefficient. These

equations and subsequent theories are well developed and mathematically derived.'®*'®’
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Using Equation 2.5, the relationship of a monomer to a dimer can be calculated by
assuming that the dimer is a sphere of twice the volume. Relating the volume (v) to the
radius of a monomer is calculated in Figure 2.2. Similarly, calculating the radius of a
dimer that is twice the volume of a monomer is shown in Figure 2.3. Using these two
radii, the ratio of diffusion coefficient of a dimer to the diffusion coefficient of a

monomer should be equal to 0.794 (Figure 2.4).

4
V= —-n-R3

Equation 2.5. Volume of a sphere, where R equals the radius.

3

3
n '(Rmonomer) Rmonomer =

W |

‘T '(Rdimer) ’

2.v=

w |

Figure 2.3. Calculation of the radius of a dimer that is twice the volume of its monomer.
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Figure 2.4. The ratio of the diffusion coefficients of a dimer to monomer.

The hydrodynamic radius is a function of both the size of the molecule and its
solvation sphere(s). The solvation spheres observed are time averaged spheres.'® In
aqueous medium, the hydration spheres are complex and often difficult to predict

accurately.'®'"!

This is typically true for hydrogen bonding solvents, where solvent-
solute interactions are strong. Fortunately, the solvation spheres in organic solvents are
less of a problem due to the apolar nature of the solvents.

As mentioned before, there are several techniques for measuring diffusion
coefficients but PFG-NMR has advantages of requiring low concentrations and being

128 PFG-NMR utilizes a gradient field to measure the diffusion coefficients

noninvasive.
of molecules in an NMR tube. When a magnetic gradient field is applied to a sample, a
magnetic field is generated in the z-axis of the NMR tube (Figure 2.5a). This magnetic
gradient field is linear, so molecules on the bottom of the NMR tube feel the effects

stronger than do the molecules at the top of the NMR tube.""

The magnetic gradient
field phase shifts the peaks in the NMR spectrum to a different frequency due to them
being in different environments of the gradient field. This first magnetic gradient field

pulse dephases the NMR spectrum by making it nonhomogenous. After a period of time

(A), a second magnetic gradient field is applied in the opposite direction, which should
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165 Under the correct

rephase the system if the molecules are not diffusing (Figure 2.5a).
conditions, the molecules should diffuse to another position in the NMR tube over time A
(Figure 2.5¢). When the molecules diffuse to a different position in the NMR tube, they
will be in a different environment, and consequently the rephasing will not yield a
coherent signal. This scrambling of signals leads to the diminishing of peak intensities in

the NMR spectrum, which can be plotted as a function of the diffusion coefficient.'”
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Figure 2.5. a) STE-PFG pulse sequence.'® See text for more information. The effect of
signal intensity from the PFG NMR experiment b) without and ¢) with diffusion. The 90°
rf pulse magnetically rotates the spins from the z-axis to the x-y axis. After application
of a linear magnetic field gradient, the spins are phase shifted depending on the strength
of the gradient. Following a 180° refocusing pulse, another magnetic field gradient is
applied to shift the spins back into phase.'*
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The stimulated echo (STE) PEG sequence is shown in Figure 2.5a.'® This
sequence has the standard 90°- t —180°- t —acquire pulse sequence with the two gradient
pulses inserted. The first 90° pulse causes the nuclei to align on the y-axis, after which a
gradient is applied for specific duration (8) and gradient strength (g). This gradient has
the effect of dephasing the spectrum as previously mentioned. After time t, a 180° pulse
is delivered to refocus the net nuclear magnetic moment. After this refocusing pulse,
another gradient is delivered in the opposite direction to rephase the spectrum. Finally,
after another time period of t, the spectrum is acquired. Following this sequence, the
dephasing of the spectrum can be affected by the gradient strength (g), gradient duration
(8), and the mixing time (A) between the two opposite gradients.'®

The NMR signal intensity is also a function of the diffusion coefficient as seen in
Equation 2.6, where vy is the gyromagnetic ratio of the nucleus being studied. In theory,
only two NMR spectra are needed to yield the diffusion coefficient, which would be an
NMR spectrum without a gradient pulse and an NMR spectrum at a certain g, 6, and A.
Stejskal-Tanner plots of the normalized signal intensity (In(I/Iy)) as a function of the
gradient (Equation 2.7) are often used to calculate the diffusion coefficient from the
slope of the line. Furthermore, this plot is used to evaluate if there is any exchange or
other species overlapping with the signal. If there is one species, there is a single ordered
exponential decay observed, while two different sized species would yield a second
ordered exponential decay and so forth. In the standard pulse sequence, once the 6 and A
are optimized, these values are kept constant, while the gradient strength is varied. In
theory and in practice, changing one of these variables, while keeping the other two

173,174
constant, produces the same results. ">
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{(— D)-(2:m -g-6)2-(A—%ﬂ

I=1Iye

Equation 2.6. Intensity related to the diffusion coefficient and the gradient pulse.

1) 5 )
In I_O) = —D-(Z-n-y-g-S)z-(A — 3)

Equation 2.7. Normalized intensity as a function of the diffusion coefficient and gradient
pulse.

PFG-NMR is diverse in that a number of nuclei may be use to measure the
diffusion coefficient. Nuclei such as IH, 13C, ISN, 31P, and '°F have been used to measure

. . . 138,175
diffusion coefficients. ™

These nuclei are chosen depending on their resolution,
abundance, and relaxation times, which affect the time and accuracy of the PFG-NMR
experiment.

In PFG-NMR experiments, the diffusion coefficient is calculated from well
resolved peaks to ensure accurate measurement of diffusion coefficients. Furthermore,
the area, as opposed to the peak intensity, is used to give more accurate measurement of
diffusion coefficients. In terms of hardware setup, certain steps are needed to ensure
accurate measurements of diffusion coefficients. First, the stability of the NMR
spectrometer is critical. Vibrations may create fluctuations in the NMR, which can cause
the diffusion coefficients to be unstable. Also, spinning causes similar disturbances,

creating inaccurate measurements of the diffusion coefficient. Temperature control over

the system is critical, since temperature plays a key role in the measurement of diffusion
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coefficients. The flow rate of nitrogen to cool the sample must be done at an optimal
flow rate to cool the sample sufficiently, while not causing the sample to fluctuate.
Along the same lines, convection currents caused by large volumes of solvent cause
fluctuations in the sample. To limit these currents, Shigemi tubes are used to keep the
solvent height of the NMR tube to 1 cm (Figure 2.6)."”'"® Furthermore, the sample
height is kept at 1 cm so that it is in the radio frequency of the coils and so that the z-axis
is linear to the volume occupied by the sample.'” At this height, the sample will respond
linearly to the power applied.'” In addition, when comparing two samples, it is critical
to keep the temperature and concentrations the same. The use of an internal standard in
these experiments helps ensure that these conditions are identical. It is imperative that
the gradient hardware and probe are calibrated for these experiments. Typically, nuclei
that have a reasonable relaxation time are used for practical reasons concerning the length

of the experiment.

tube N

plug

magnetic
suceptibility
similar
to
solvent

/ N 1 cm I -— sample

Figure 2.6. Shigemi tubes: plug, tube, and plug and tube assembled.
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The following diffusion experiments were carried out with a Bruker DRX-500

180

spectrometer, using the STE Pulse Gradient sequence in FT mode. " To improve

homogeneity, a “13 interval pulse sequence” was used with two pairs of bipolar

. 139,181
gradients. "

This pulse sequence is similar in theory and principles as the ST-pulse
sequence explained earlier. All samples for the diffusion measurements were prepared in
Shigemi tubes and the temperature was actively controlled at 21.0 = 0.1 °C. Diffusion

coefficients were derived using integration of the desired peaks to a single exponential

decay, using the “Simfit (Bruker XWINNMR v3.1)” software.

2.3 Diffusion NMR Confirms Hexadecamer in Solution.

Previous studies by former group member Scott Forman and Dr. James Fettinger
showed X-ray crystallography evidence that 5-TBDMS-2',3'-isopropylidene G 8 forms
an ordered pseudo Ds-symmetric hexadecamer composed of four stacked G-quartets
(Scheme 2.1).* This G-quadruplex 22, with empirical formula [G 8];s-4 K4 pic’, is
stabilized by four co-axial cations and by four picrate anions. The anions use hydrogen
bonds to clamp together the “inner” two G-quartets. Similar solid-state structures for
[G 8]16-2M2+-4pic' were obtained with the divalent cations Ba®" and Sr*'.>%!%2
Electrospray mass spectrometry of these complexes showed significant amounts of
[G 8]i6-2 M>" in the gas phase. Furthermore, NMR mixing experiments in CD,Cl,
suggested that the G-quadruplex was a hexadecamer through indirect solution state
evidence monitored by 'H NMR spectrometry, where homodimers [G 8] * 2Ba”" * 4Pic”
and [G 8] ° 2Sr*" « 4Pic’ formed a statistical mixture of the homodimers and
heterodimer [G 8];6 * Ba>" » Sr*" » 4Pic” (Scheme 2.2).® My goal was to get stronger

evidence that the G-quadruplex is a hexadecamer in solution.
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Scheme 2.2. Mixing of homodimers to yield a 2:1:1 mixture of heterodimer and the two
homodimers. Red spheres are Ba®", blue spheres are Sr*', green wedges are G 8, and

brown blocks are picrate; front picrate not shown for clarity.>®
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Because of the extensive characterization in the solid, gas, and solution phases, it
was reasoned that G 8 and its K™ G-quadruplex 22 would provide an excellent test for
using diffusion NMR to characterize guanosine self-association in solution. The goal was
to determine whether the hexadecamer [G 8],5-4 K™-4 pic” could be reliably identified in
an equilibrium mixture that also contained “monomeric” G 8. Such identification is
essential for understanding the factors that control the thermodynamics and kinetics of
guanosine self-assembly.

The G-quadruplex 22 shows only aggregated complex in its 'H NMR spectrum
when it is dissolved in nonpolar solvents such as CD,Cl; (¢, = 9.1), while it shows what
resembles monomer in polar solvents such as DMSO-ds (¢, = 45.0). In intermediate
polarity solvents such as CD;CN (e, = 38.8), the 'H NMR spectrum of the dissolved G-
quadruplex appears to be an equilibrium mixture of aggregated complex and monomer G
8. This equilibrium in CD3CN can be shifted to the “monomeric” guanosine G 8 or
aggregated G-quadruplex 22 by varying the temperature (Figure 2.7). When crystalline
[G 8]i6-4 K4 pic’ 22 is dissolved in CDs;CN at rt, three sets of '"H NMR signals are
observed (Figure 2.9). These separate signals, in slow exchange on the NMR chemical
shift time-scale, were distinguished using 2D COSY and NOESY experiments.” One set
of the NMR signals was assigned to “monomeric” G 8, with the understanding that these
signals also contained time-averaged contributions from higher oligomers (mostly dimers)
that are in fast exchange with monomer."®*'® The other two sets of '"H NMR signals,
always present in a 1:1 ratio, arise from the distinct “outer” and “inner” G-quartets that

make up the pseudo D4-symmetric [G 8];¢ hexadecamer 22.
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Figure 2.7. Variable temperature 'H NMR spectra of [G 8];¢ * 4K * 4pic (0.059 mM)
dissolved in CD3;CN. Signals for monomer G 8 (red) predominate at high temperatures,
whereas signals for the hexadecameric complex [G 8] * 4K" * 4pic” (blue) predominate

at low temperatures. The picrate peak is shown in green.

Since these two species are well resolved by 'H NMR, PFG-NMR can be used on
the same sample to obtain diffusion coefficients for the “monomeric” G 8 and its
complex with K'Pic. Diffusion NMR studies were done at 21 °C using a solution
prepared by dissolving crystalline [G 8];6-4 K™ + 4 pic” in CD3;CN (0.059 mM). These
conditions provide an equilibrium mixture of 94 % monomer G 8 and 6 % G-quadruplex
22 as determined by NMR spectroscopy. The lipophilic adenosine A 23 was used as an
internal standard (6 eq) to size the two guanosine species. Adenosine 23 is of similar size
as G 8 but is not known to self-associate in CD3;CN or interact noticeably with either G 8
or G-quadruplex 22 under these conditions.

An approximate Djgmer/Dmonomer ratio from available crystal structure data was
calculated from the crystal structures of the respective structures. The molecular volume

for [G 8]16-4 K4 pic” is 12,140 A® and the molecular volume for G 8 is estimated to be
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586 A’. The molecular volume for [G 8]is-4 K'-4 pic’ was taken from its crystal
structure.”> While the crystal structure of monomeric G 8 has not be elucidated, the
crystal structure of an isomer, 5'-TBDMS-2',3'-isopropylidene isoguanosinguanosine, has
been solved.'®® The molecular volume for this isomeric isoG was used as an estimate for
the molecular volume of G 8. Assuming that both compounds are spherical, these
volumes provide average hydrodynamic radii of 14.26 A for [G 8];6-4 K4 pic  and 5.19
A for G 8, values that predict a theoretical D¢ mer/Dg g ratio of 0.36.'%7

The influence of increasing magnetic field gradient strength (g) on the intensity of
aromatic signals for the sample containing G 8, A 23 and G-quadruplex 22 is shown in
Figure 2.8a-c. The corresponding Stejskal-Tanner plots obtained from average values for
eight separate diffusion NMR measurements are shown in Figure 2.8d. Analysis of H8
peak intensities gave diffusion coefficients of Dy = 13.60 + 0.30x10™° m*s™ for A 23 (5
8.21 ppm) and D = 12.00 + 0.20x10™"° m” s for G 8 (Table 2.1). The G-quadruplex 22
(6 6.99 ppm for H8 of the “inner” G-quartet) has a much slower diffusion coefficient in
CD;CN (Ds = 4.70 + 0.10x10™" m*s™) than A 23 or G 8. The experimental ratio of
diffusion coefficients for G-quadruplex 22 and A 23 (Ds (G 22)/Ds (A 23) = 0.35) agree
well with the theoretical Digmer/Dmonomer ratio of 0.36, indicating that hexadecamer

[G 8]16* 4 K" * 4 pic is indeed the structure observed by NMR spectroscopy.
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Table 2.1. Diffusion Coefficients for G 8 Hexadecamer/Monomer System. !

Dy(G 8) Dy(22) Dy(A 23) Ratio Ratio Ratio
Ds(22)  Dy(22) Dy (8)

10 2 10 2 10 mY
(07 mls) (0T mos) (0TS =) 8y D23  DL(23)

CD;CN™' 1230+ 0.20 4.85+0.10 0.39

CD;CNI 12.00£0.20 4.70+0.10 13.60 +0.30 0.39
1.98+0.03

0.35 0.88

DMSO-d¢ ¥ 1.90 +0.03

[a] The diffusion coefficients reported in Table 2.1 are the mean + standard deviation of 8 separate

measurements at 21°C. [b] [G 8], * 4K » 4Pic” 22 dissolved in CD;CN. [c] [G 8];¢ * 4K « 4Pic” 22 and A
23 dissolved in CD;CN. [d] G 8 and A 23 dissolved in DMSO-d.

a) b) - B
S 0.00
—— e
—_— -1.00 G-quadruplex 22
/-
-2.00 -
-3.00 -
-4.00 :
0.00 0.20 0.40 0.60
2-7-y-g-8) -(A-2)/10° . -5,
3 m-

8.00 6.60 7.00

Figure 2.8. Stack plot of '"H NMR spectra for a mixture of G 8, G-quadruplex 22 and
A 23. Signals for a) A 23 HS8, b) G8 HS, and c¢) G-quadruplex 22 “inner” H8 with
increasing gradient strength in CD3;CN at 21 °C. d) Stejskal-Tanner plot of G 8, [G 8];¢

4 K"« 4 pic 22 and A 23 in CD;CN at 21 °C.
The slower diffusion of G 8, relative to A 23, is likely due to significant

dimerization of G 8 in CDsCN."®'® To test this hypothesis, diffusion NMR experiments

were conducted on G 8/A 23 mixtures in DMSO-dg, a solvent that completely denatures
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G-quadruplex 22. Indeed, G 8 and A 23 have much closer diffusion coefficients in
DMSO-ds (Ds (G 8)/Ds (A 23) = 0.96) than in CD3CN (D5 (G 8)/Ds (A 23) = 0.88),
consistent with significant inhibition of G-G dimerization by DMSO-d¢ (Table 2,1). The
observation that the Dy (G 8)/Ds (A 23) ratio was not uniform in DMSO-ds is not
surprising given that guanosine can form hydrogen-bonded dimers even in this
competitive solvent.'"™ Another possible explanation for the decrease in Ds values for G
8, relative to A 23, would be chemical exchange of “free” G 8 with the G4 hexadecamer
22 during the course of the diffusion NMR experiment. However, 2D-EXSY experiments
in CD;CN at room temperature using a mixing time of t, = 99.8 ms (the same value as
the gradient separation time, A, in the diffusion NMR experiments) showed no cross-
peaks indicative of such monomer-hexadecamer exchange under these conditions.
However, closer inspection of these diffusion coefficients revealed that not all the
signals on the Gj¢ hexadecamer are equal. The guanosine peaks for the outer layers
showed slightly faster diffusion coefficients than the peaks for inner G-quartet layers,
indicating that there might be slow exchange occurring that is not observed in the 2D-
EXSY experiment. The monomer would be more likely to exchange into the outer layers
because the inner layers are more robust due to stabilization from the chelating picrate

anions (see Chapter 3 for more details).

2.4 Evidence for Cooperativity

Characterization of the hexadecamer [G 8]16-4K+-4pic' by diffusion NMR
confirms an important feature of the cation-templated self-association of G 8. Namely,

hexadecamer 22 is part of an equilibrium with “monomeric” G 8, and its formation is
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likely to occur via a cooperative nucleation-elongation mechanism.'™"'*°  Other than
signals for “monomeric” G 8 and hexadecamer 22, no NMR evidence for any other
kinetically stable intermediates in CDs;CN solution are observed. Additionally, the
monomer/hexadecamer ratio in CD3CN varies significantly with temperature (Figure
2.9). At -40 °C, only NMR signals for hexadecamer 22 are observed. As the temperature
increases, more G 8 is formed by dissociation from the G-quadruplex. At 60 °C, only G 8
is present. Stronger evidence for a cooperative equilibrium was obtained from CD
spectroscopy. G-quadruplex 22, with its stacked G-quartets, has a characteristic CD
absorbance centered at 248 nm.”>"”! Figure 2.10 shows temperature dependent CD data
for a solution of [G 8],c-4 K4 pic” in CD3CN. The sigmoidal melting curve (with T;, =
25 °C) is characteristic of a cooperative equilibrium. Specifically, Scatchard and Hill

192,193

plots have been applied to measure cooperativity in self-assembly, although they are

applicable only to particular cases where monovalent ligands bind to multivalent

94

receptors.'” In this case, the self-assembly of multivalent ligands (guanosine units)

interact with not only multivalent receptors (cations) but themselves. While more

- : - . 189,190
experiments are needed to confirm the nucleation-elongation mechanism, = and the

195

presence of positive cooperativity, =~ the NMR and CD data clearly indicate that growth

of the [G 8];6 hexadecamer is coupled to the K™ templated formation of G-quartets.'”®

69



CD [mdeg] at 248 nm

Wavelength (nm)

T°C

Figure 2.9. a) Variable temperature CD spectra of [G 8];6-4 K » 4 pic’ 22 in CD3CN. b)

Plot of CD absorbance at 248 nm as a function of temperature.

2.5 PFG-NMR Shows Octameric Intermediate.

Although no intermediates were detected in the pathway from monomer to

hexadecamer with silyl protected G 8 units, different derivatives do show the formation

of kinetically stable intermediate. Guanosine 24, 5'-(3,5-bis(methoxy)benzoyl)-2',3'-

isopropylideneguanosine, was synthesized through the acylation of commercially

available 2'3'-isopropylideneguanosine with 3,5-dimethoxybenzoic acid chloride in

pyridine (Scheme 2.3). The "H NMR in DMSO-dg is shown in Figure 2.10.
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Scheme 2.3. Synthesis of G 24.
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Figure 2.10. The 400 MHz 'H NMR spectra of G 24 in DMSO-ds at rt.

Upon addition of K, G 24 forms octamer 27 as an intermediate structure. Upon
further addition of K', hexadecamer 28 is formed. This first intermediate, a Gg-K*
octamer, was readily distinguished from the larger G;¢ hexadecamer through PFG-NMR.
The ratio of the octamer-hexadecamer equilibrium is a function of the K cation

concentration in solution (Scheme 2.4).

0
Meb_{o ({N i ,EH e " 1
— o o NN, Q Q / f
MeO w et ol e————_ Q e
O _.0 water wash
HC CH, octamer 27 hexadecamer 28
G24 [G 24)K"DNP [G 24 ],,4K 4 DNP

Scheme 2.4. Formation of [G 24]s * K"« DNP 27 and [G 24];6 * 4 K™ « 4 DNP" 28.
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The "H NMR spectra indicate that G 24 can form different structures in non-polar
solvents CD,Cl, and CDCl; as a function of the K concentration and experimental
conditions (Figure 2.11). Liquid-liquid extraction of K'DNP" (DNP: 2,6-dinitrophenolate)
(1.2 equiv) from water with G 24 (10 mM) in CD,Cl, provided a single set of 'H NMR
signals and a G 24/DNP ratio of 8:1, consistent with formation of a C-symmetric
octamer 27 (Figure 2.11a). This was later to be determined as octamer 27 by PFG-NMR.
Under different conditions, a new complex was generated when G 24 was used for solid-
liquid extractions of K'DNP" (Figure 2.11b). In solid-liquid extractions, the two sets of
'H NMR signals in a 1:1 ratio, the 4:1 G 24/DNP ratio, and the appearance of signals for
the hydrogen-bonded N2 amino protons between 8 9.5-9.8 ppm suggested formation of a
pseudo D4-symmetric hexadecamer 28 with empirical formula [G 24];s 4 K™+ 4 DNP'.
Since the different complexes, octamer 27 and hexadecamer 28, exchange slowly on the
NMR chemical shift timescale in CD,Cl, (Figure 2.11c), diffusion NMR was used on

this sample to compare the relative sizes of the two species.
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Figure 2.11. "H NMR spectra in CD,CL, at 21 °C of complexes formed by extraction of
K(DNP) with G 24. a) Octamer 27, [G24]z * K' » DNP, formed in liquid-liquid
extraction; b) hexadecamer 28, [G 24];s * 4K + 4(2,6-DNP)’, formed in solid-liquid

extraction; ¢) mixture of octamer 27 and hexadecamer 28.

Figure 2.12, shows the CD spectra of octamer 27 and hexadecamer 28 in CH,Cl,
at rt. Although both CD spectra have positive to negative Cotton bands centered around
280, the relative intensities of these peaks are different. The hexadecamer has a much
larger negative CD band around 300 nm. Moreover, the octamer has an extra positive
CD band at 320 nm. While these bands may be useful in identifying more detailed

191

structural features, ~ the CD spectra are unassigned and are often difficult to predict.
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Figure 2.12. CD spectra of a) octamer 27, [G 24]s * K' « DNP", and b) hexadecamer 28,
[G 24]16 * 4K » 4(2,6-DNP)". The samples were at concentrations of 0.15 mM in G 24 in
CH,CL.

The Stejskal-Tanner plots from the diffusion NMR experiments in CDCl; are
shown in Figure 2.13. These plots show that there is no exchange between the two
species during the mixing times of the PFG-NMR experiment, since they both have
single exponential decays. Analysis of amide NH peaks at 6 11.74 ppm and at & 12.28
ppm provided diffusion coefficients of D = 2.45 + 0.02x10"° m* s™ for the species with
two sets of signals (Figure 2.11b) and D = 3.13 + 0.02x10™"" m? s™" for the species with
the single set of signals (Figure 2.11a) shown in Table 2.2. This experimental ratio of
0.78 agrees well with the theoretical Djg mer/Ds mer ratio of 0.79 and supports the proposal
that the complex formed by liquid-liquid extraction is octamer 27with formula [G 24]g
K" « DNP’, whereas the species formed in the solid-liquid extraction is hexadecamer 28,

[G 24]16*4 K"+ 4 DNP".
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Figure 2.13. Stejskal-Tanner plot of octamer 27 and hexadecamer 28. Diffusion
coefficients for octamer 27 [G 24]s « K™ » DNP™ and hexadecamer 28 [G 24]¢ * 4K «
4DNP" in CDCl; at 21 °C.

Table 2.2. Diffusion Coefficients for G 24 Octamer/Hexadecamer System.

Dy(G 27) Dy(28) Ratio
D.(28
(10" m%/s) (10" m%/s) Ds(28)
Dy (27)
CD,Cl, 3.13+0.02 2.45+0.02 0.78

[a] The diffusion coefficients reported in Table 2.2 are the mean + standard deviation of 8 separate

measurements at 21°C

These results and characterization from PFG-NMR studies allowed for some insights
into the cation-templated self-assembly of G 24 in CD,Cl,. First, the Cy-symmetric Gg-
octamer 27 is an intermediate in formation of the pseudo Ds-symmetric G6-hexadecamer
28. Second, the K™ concentration controls this octamer-hexadecamer equilibrium (Figure
2.14). Under solid-liquid extraction conditions used to generate [G 24];¢ * 4 K™ » 4 DNP"
28, sufficient K cation is brought into solution to link together two [G 24]s * K’

octamers (Scheme 2.3). However, this bridging K™ cation must be held less tightly by
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hexadecamer 28 than are the cations stabilizing the C4-symmetric [G 24]s « K™ octamers.
This conclusion was supported by an experiment wherein washing a CD,Cl, solution of
hexadecamer 28 with water resulted in complete formation of octamer [G 24]g » K »
DNP" 27. Likewise, addition of solid K'DNP" to a CD,Cl, solution of octamer 27 gave
quantitative conversion to hexadecamer 28. The hexadecamer can be built or
disassembled through washing to give a unit that is half its size and be built back by
adding more cation. This is similar to the gel “off” — “on” experiments by Lehn in which
cations were removed to make gels and added to change the gels back to liquids (see
Figure 1.19).” This K'-dependent switching of the equilibrium between octamer 27 and
hexadecamer 28 is also similar to NMR solution studies on the human telomere sequence
d(T,AG3), a G-rich DNA that forms a G-quadruplex monomer at 50 mM K' cation
concentration and a dimer of co-axial G-quadruplexes at 300 mM K’ cation

concentration.'”’

liquicHiquid stir with solicHiquid
Monomer extraction Octamer excess salt Hexadecamer  extracton  Monomer
»- — = -
24 stir with 27 stir with water 28 stir with " 24
1.2:8 salt/monomer or excess sa

more monomer

Figure 2.14. Formation of octamer 27 and hexadecamer 28 starting with monomer 24.

This octamer intermediate 27 is seen primarily in nonpolar solvents. In more
polar solvents, such as CD;CN, only hexadecamer and monomer are observed.
Furthermore, different cations or anions affect the stability of this intermediate. The
octamer is generally not seen in Na" complexes as well as complexes with non-chelating

anions such as BPhy'.
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2.6 Investigations on Different Octamer Species

Previous work by Silvia Pieraccini from the Gottarelli group in Bologna concluded
that 5'-O-acetyl-2',3'-O-isopropylidene-guanosine (29) formed a tetramer in the presence
of saturated Na(picrate) in CDCl3, and formed an octamer after washing with water based
on 'H NMR spectroscopy.'®® Speculatively, the size of this intermediate was assumed to
be a tetramer or polymeric species, so diffusion NMR was utilized to discriminate

between different possible structures with identical component ratios.

0
N
NH
0 < 1L
% N™>NT T NH,
01 o
g
o<
G 29

Solid-liquid extraction of Na' picrate into CDCl; by 5'-O-acetyl-2'3"-O-
isopropylidene G 29 gave a complex with a single set of NMR signals and a G 29/picrate
molar ratio of 4:1 (Figure 2.15a). Since one Na' cation is extracted for each picrate
anion, this data indicates formation of a complex with an empirical formula of [G 29]4,-
(n)Na' » n(pic). As depicted in Scheme 2.5, the structures that are consistent with this
formula are an isolated Cj;-symmetric G-quartet, [G 29]4-Na"-pic” 30, a pseudo-Dy-
symmetric octamer with two bound Na" cations, [G 29]s * 2 Na" « 2 pic” 31, and polymer,
([G 29]4 * Na" » pic), 32. In theory, the doubly charged octamer [G 29]g » 2 Na" « 2 pic’

31 might be expected to give two sets of NMR signals, but if the “capping” Na" ion is in
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fast exchange then only a single set of "H NMR signals would be observed. Additionally,
depending on how the G-quartets are stacked, the symmetry of the octamer can be
broken. The first two possible structures, a single Na'-filled G-quartet and a doubly
charged octamer, have been previously identified in the gas phase."”?! Neither a
doubly charged octamer or a singly charged G-quartet has been reported in solution to
date. However, polymeric stacked G-quartets of 87 stacked G-quartets were recently

reported by the Wu group.”*

a)

NH1 Picrate
8.0 3.8

octamer 31
(G 29],,:nNa*npic |

b) /

8.0
2.1
octamer 33
(G 29],Napic (W
G L AN AR bl bl MR Al LRALY RALLY RAAL) ALY LLALE ML AL LA RALAS LEk
120 1.0 100 9.0 8.0 7.0 6.0 5.0
-— &/ ppm

Figure 2.15. '"H NMR spectra in CDCl; at 21 °C of complexes formed by extraction of
Na picrate with G 29. a) A species of empirical formula [G 29]4, * nNa" * n(pic)” formed
by solid-liquid extraction; b) octamer [G 29]z » Na’ « (pic) 33 formed by washing

solution in part a) with water. The identity of the peak with an X is unknown.
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Scheme 2.5. Self-assembly of G 29 and Na' picrate. Tetramer 30, octamer 31, and
polymer 32 are potential structures for [G 29]4,-(n)Na"n(pic)".

Washing the CDCl; solution of this unknown complex of formula [G 29]4,(n)Na"
* n(pic)” with water generated a new species (Figure 2.15b). The NMR spectrum was
consistent with the Dy-symmetric octamer [G 29]g * Na' » pic” 33, namely a single set of
peaks, a G 29/picrate molar ratio of 8:1, and a significant change in only the N1 amide
chemical shift (AS = 0.50 ppm). Chemical shifts (other than NH1) for [G 29]g * 2 Na" «
2 pic” 31, [G 29]4,-(n)Na" » n(pic) 32, and [G 29]s * Na" » pic’ 33 would be expected to be
similar. Diffusion NMR was able to identify these ambiguous structures.

As shown in Figure 2.16, both the octamer [G 29]z * Na' « pic’ 33 and the
unknown complex generated by solid-liquid extraction, [G 29]4, * (n)Na' « n(pic), had
similar CD spectra in CD,Cl,, with a degenerate negative exciton couplet centered at 280

nm. This CD signature, corresponding to the long-axis polarized transition of the G
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chromophore, is diagnostic of an assembly with at least two chiral G-quartets rotated with
respect to one another.'”’ While this data rules out the isolated G-quartet [G 29]4 » Na*
pic” 30 as a structural possibility for [G 29]4, * (n)Na" * n(pic), the octamer [G 29]s
2 Na" 2 pic” 31 and polymeric ([G 29]4 * Na" » pic’), 32 can not be distinguished by CD
spectroscopy. Again, diffusion NMR proved to be valuable in distinguishing between

these structures.

300 7 a
o 1 ; b
] b
o W
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- ) \_ y ,,"'
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Figure 2.16. CD spectra of a) complex of formula [G 29]4, * (n)Na' « n(pic) and b)
[G 29]s * Na' » pic’ 33. Both samples were at concentrations of 0.34 mM in G 29 in

CH,Cl,.

Although [G 29]g * Na’ « pic” 33 showed two distinct broad N2 amino proton
signals for the hydrogen bonding and exocyclic N2H protons at & 9.8 and & 6.3 ppm
respectively, [G 29]g » 2 Na' « 2 pic” 31 showed no signals for these protons (presumably
because they are coalesced due to being in fast exchange). Lowering the temperature to -

4 °C allowed for the N2 amino proton signals to be observed and assigned (Figure 2.17).
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Figure 2.17. Lowering the temperature to -4 °C allows for the sharpening of the N2H
signals in [G 29]s * 2 Na" « 2 pic’ 31. These N2H signals are indicated by asterisks.

Since octamer [G 29]g * Na' » pic” 33 and the [G 29]4, * (n)Na" « n(pic) complex
are in fast chemical shift exchange in CD,Cl,, individual diffusion coefficients for the
two different complexes can not be determined from the same NMR experiment (unlike
G 29 where the two species were in slow exchange). Instead, A 23 was used as an
internal standard in separate diffusion NMR experiments, with solvent, temperature and
concentration held constant. The Stejskal-Tanner plots revealed Deypi/Da 23 values of 0.49
for the octamer [G 29]z * Na' » pic’ 33 and 0.47 for the [G 29]4, * (n)Na" * n(pic)
complex (Table 2.3). These plots revealed that both were single exponential decays, so
there was only one species for each signal. Both of these experimental diffusion

coefficients agree well with the theoretical Dg mer/Dmonomer Value of 0.50, indicating that
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the self-assembled species generated by solid-liquid extraction of Na' picrate with G 29
must be an octamer bound to two equivalents of Na' picrate, namely [G 29]s « 2 Na" »

2 pic” 31.

Table 2.3. Diffusion Coefficients for G 29 Octamer/Octamer System.!”

D(G29)  Dyanion)  DyA 23) Ratio Ratio
D.(29 D, (ani
100 m%s)  (100ms) (1000 mys) 252D Dy (anion)
D,(23) D,(23)
33 406+0.10 588+005 862008 047 0.68
Pic
31 4194005 654+004 860008  0.49 0.76
Pic
34 3304007 872+0.10 8624008  0.38 1.01
BPh,

[a] The diffusion coefficients reported in Table 2.3 are the mean + standard deviation of 8 separate

measurements at 21 °C.

The diffusion NMR results were supported by electrospray mass spectrometry
(ESI-MS) of samples sprayed from solutions of CDCIl; and analyzed by Silvia Pieraccini
at the University of Bologna. Thus, samples generated by the solid-liquid extraction of
sodium picrate with G 29 gave the doubly charged octamer ([G 29]s * 2 Na)* (m/z 1484)
as the strongest signal in the mass spectrum. A much smaller peak for ([G 29];6 * 3 Na)*
(m/z 1972) was sometimes observed at low cone voltages. (40 eV). In contrast, liquid-
liquid extraction of sodium picrate with G 29 led to formation of the singly charged ion

([G 29]s » Na)" (m/z 2945) as the major species (Figure 2.18).200201
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Figure 2.18. a) ESI-MS spectrum of G 29 in CHCl; after solid-liquid extraction of Na'-

picrate. b) ESI-MS spectrum of the same solution after washing with water.

As depicted in Figure 2.19, the octamer [G 29]s * 2 Na" » 2 pic” 31 is stable under
the solid-liquid conditions because the coordination sphere of the “capping” Na" in 31 is
completed by a picrate anion, thus inhibiting growth of structures such as hexadecamer
[G29]i6 * 4Na' » 4 pic’ under these conditions. The picrate anion is well known to
function as a bidendate ligand for metal cations in crown ethers, serving to inhibit

: . 203,204
formation of sandwich complexes.”****

This proposal is supported by the observation
that picrate's NMR signal is shifted far upfield (A5 = 0.29 ppm) in [G 29]s * 2 Na" « 2 pic’
31, relative to octamer [G 29]s * Na' « pic” 33, presumably due to shielding of the bound

picrate anion by the nearby G-quartet (Figure 2.15). Similar upfield shifts of the picrate
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NMR signal, caused by anion-m interactions, have been noted in crown ether chemistry.
The “capping” and “free” picrate anions appear to be in a time averaged fast exchange, so
the diffusion coefficient of the picrate should be intermediate between the values for the
“capping” picrate anion and the picrate anion on [G 29] * Na' » pic’ 33. Furthermore, the
calculated diffusion coefficient for this “capping” picrate in [G 29]g * 2 Na" » 2 pic 31
(Ds = 5.88 + 0.05x10"° m?s™) is much lower than picrate's diffusion coefficient in
[G29]s * Na™ « pic’ 33 (Ds = 6.54 + 0.04x10™"° m*s™), also consistent with intimate
coordination of this “capping” anion with the guanosine octamer. Because of the fast
exchange of the two picrate anions in [G 29]s » 2 Na" « 2 pic” 31, the observed diffusion
coefficient represents an average value. In estimating the diffusion coefficient for the
“capping” picrate in 31 the other anion is assumed to have the diffusion coefficient of the
picrate in [G 29]s » Na' » pic” 33.

To test the hypothesis that a “capping” picrate anion stabilizes the octamer
[G29]s » 2 Na“ « 2 pic’ 31, similar solid-liquid extractions were conducted in CD,Cl,
with NaPhyB, a salt containing the poorly coordinating tetraphenylborate anion (Figure
2.19). Indeed, the NMR signal pattern (2 sets of signals in a 1:1 ratio) and integration (a
G 29:Phy4B ratio of 4:1) were consistent with formation of hexadecamer [G 29]¢ * 4 Na' o
4 PhyB" 34. The diffusion coefficient for this complex 34 (Ds = 3.30 + 0.07 x 10" m? s'l),
with A 23 as an internal standard, was also consistent with generation of a hexadecamer
(D16 mer/ Dmonomer = 0.38, see Table 2.3). Additionally, the diffusion coefficient of the
anion, BPhy, had a much faster diffusion coefficient than the picrate anions (Ds = 8.72 +
0.10 x 10" m?s™). These experiments indicate that the counter-anion can dramatically

- - 58,60,182
influence the course of guanosine self-assembly.””"
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Figure 2.19. Addition of capping anions leads to octamer 31, while addition of

noncapping anion salts leads to hexadecamer 34.

2.7 Conclusion

Utilizing PFG-NMR, the solution size structure of several lipophilic G-
quadruplexes and their intermediates were characterized. These experiments led to
important insights into the self-assembly of lipophilic G-quadruplexes. More specifically,
the solution-state structure of the [G8]is * 4K' < 4pic, G-quadruplex 22, was
determined to be a hexadecamer, which is useful knowledge for controlling post-
modification of the self-assembled structure (see Chapter 3). It is important to know the
size of the structure since it allows us to be sure that the hexadecamer has discrete inner
and outer G-quartet layers that may vary in their accessibility for manipulation.
Additionally, knowing that the G-quadruplex 22 is a hexadecamer provides information
that it is roughly the size of known ion channels that span phospholipid membranes.”®’
These experiments unequivocally characterize the solution size of these lipophilic G-
quadruplexes. Furthermore, the self-assembly process of G 8 into G-quadruplex 22 was

determined to be a two-state mechanism with no visible NMR intermediates in CD;CN.

85



Although both the “free” monomer and hexadecamer are observed at room temperature
under the right conditions, shifting of this equilibrium is observed upon changes in
temperature and concentration.  This shifting of the equilibrium along with the
knowledge that is a cooperative two-state equilibrium process also allows us to rationally
manipulate the G-quadruplex.

Altering the ligand structure from G 8 to G 24 and the solvent from CD;CN to
CD,Cl, allowed us to identify a discrete octameric intermediate in G-quadruplex
formation. Again, the size of this octamer intermediate was confirmed from a series of
diffusion NMR experiments.

Furthermore, diffusion NMR was used to distinguish between possible structures of
identical sub-unit stoichiometry. The identity of the [G 29]s * 2 Na" » 2 pic’ 31 doubly
charged octamer identity gave insights into how discrete intermediates can be stabilized
by the “capping” anion. Self-assembly of G 29 was shown to be dependant on the anion,
cation, and solvent and was confirmed by ESI-MS.

This diffusion NMR technique enabled us to better understand the self-assembly
processes of G analogs, especially regarding the roles of cation, anion and solvent. The
knowledge and insight gained from these experiments allowed for further manipulation

of the pre-assembled G-quadruplex.
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Chapter 3. Regioselective Ligand Exchange.

The majority of this chapter has been published in reference 206:

e Davis, J. T.; Kaucher, M. S.; Kotch, F. W.; Iezzi, M. A.; Clover, B. C.; Mullaugh,
K. M. "Kinetic control in noncovalent synthesis: Regioselective ligand exchange
into a hydrogen bonded assembly." Org. Lett. 2004, 6, 4265-4268.

Some of the experimental work described in this chapter was performed by Maura A.

lezza and Bryna C. Clover, both undergraduates, working under my supervision.

3.1 Introduction

The initial goal of the research in this chapter was to construct amphiphilic G-
quadruplexes. G-quadruplexes were functionalized through a regioselective exchange
process described in this chapter.’*® Highly functionalized G-quadruplexes may be

6,207-215

critical for gaining function for uses as nanotubes and wires, gelators,”

79,80,83 216-218

biosensors, or synthetic ion channels. Amphiphilic G-quadruplexes, which
contained hydrophilic groups on the exterior and hydrophobic groups on the interior,
might help align G-quadruplexes in phospholipid bilayers, allowing these G-
quadruplexes to be potentially useful as synthetic ion channels.

Kinetically controlled covalent synthesis has been one of the great successes of
the last 50 years in natural product synthesis. Covalent synthesis has yielded complex
molecules with functional diversity and stereochemistry that can be achieved through
kinetically controlled reactions. Until recently, there has not been the same level of
success in non-covalent synthesis.***'**" Since self-assembly relies on the spontaneous

formation of molecular assemblies, multiple structures are often obtained with similar

energy levels. Even though this is valuable for building structures with diversity,

87



creating discrete structures is often difficult.”®' Crystal engineering, equilibrium shifting
and the use of molecular chaperones have been some of the methods that have
accomplished building non-covalent structures with defined composition and
stereochemistry.>**7 Similarly, post-modification of non-covalent structures can lead to

238241 There have been very few examples of

discrete structures that are kinetically stable.
kinetically stable hydrogen bonded systems. Coordination and mechanically locked
systems have been typically used to kinetically stabilize noncovalent systems since they

22247 The regioselective ligand

rely on much stronger bonds than hydrogen bonds.
exchange that is reported in this chapter provides a method to create kinetically stable
hydrogen-bonded structures. Formation of the noncovalent structures followed by
subunit exchange into more labile regions of the noncovalent structure allows for the
possibility of noncovalent structure to be formed that are highly diverse and
functionalized.**® As a proof of concept, regioselective exchange of isotopically labeled

ligands (G 8-h and G 35-d), where G 35-d is a guanosine derivative deuterated at the C8

position, was first demonstrated (Scheme 3.1).

G 8-h R=H
G 35-d R=D

Scheme 3.1. Regioselective ligand exchange into G-quadruplex with isotopically labeled
ligands.
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3.2 Isotopomer Formation.

In Scheme 3.1, the spheres represent cations and the blocks represent anions. The
green and blue wedges represent nondeuterated H8 8-h and deuterated *H8 35-d
guanosine respectively. In this section, the regioselective pseudo self-exchange of G 35-
d with G 8-h subunits in the G-quadruplex is described. Since both the cation and anion
can control the stability of the G-quadruplex, both ions show influences on this
regioselective exchange process of isotopically labeled subunits. This demonstration of
the regioselective exchange process produces some of the largest non-covalent
isotopomers yet reported. Additionally, this process demonstrates control over post-
assembly modification that can be applied in general to non-covalent synthesis.

Deuterated G 35-d, 2',3'-O-isopropylidene-5'-t-butyldimethylsilyl-8-d-guanosine,
was synthesized through H8/D8 exchange by refluxing G 3.2 in D,O (Scheme 3.2).2*
This exchange was followed by routine modification of the ribose in G 3.3 to give G 3.1-
d. The 'H NMR spectra of G 35-d was similar to G 8-h except for the diminished HS8
signal intensity. The '"H NMR spectrum shown in Figure 3.1 indicated less than 2 % of
any residual 'H intensity at the H8 position. Formation of the 98 % deuterated G-
quadruplex [G 35-d];¢ * 2Ba’" « 4DNP" was achieved in a similar manner to that of the
unlabeled G-quadruplex [G 8-h];s * 2Ba’" « 4DNP” (Figure 3.2). The NMR spectra of
these two G-quadruplexes are identical except for the diminished H8 signals intensities in
the deuterated G-quadruplex. The G-quadruplex "H NMR spectra were assigned by a
series of COSY, NOESY, HMBC, and HSQC 2D NMR experiments, similar to those

previously reported by the Davis group.’®*

89



o) o]
N N
NH NH
< L g
HO N™ “N” "NH, D,0 HO N™ "N "NH,
o) o]
reflux
OH OH 92 % OH OH
G 25 G 36
p-TSOH acetone
Me()><)Me 86 %
o) o]

5 _</N 7N TBDMS-CI D—QNIKNH
| PN - PN
+S|— N™ >N "NH, imidazole HO N™ “N” "NH,

| io?l CH,Cl, ioﬁ
o><o 61 % o><o
G 35-d G37
Scheme 3.2. Synthesis of G 35-d.
(= H1' H5' s |
-
o H2! 212
o—¢ N iy 7
| A
—si—os NTEONTNH,
l o CH,
3 1
o__0 CH,
Pes
G 35-d NH2
NHI
T T T T I T T T T I T T T T I 1
ppm 10.0 5.0 0.0

Figure 3.1. 400 MHz '"H NMR spectrum of G 35-d in CD,Cl, at rt. The asterisk

indicates the C8 residual 'H signal.
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Figure 3.2. 400 MHz 'H NMR spectra in CD,Cl, at rt of nondeuterated G-quadruplex
[G 8-h]y6 * 2Ba”" « 4DNP" (top) and deuterated G-quadruplex [G 35-d];s * 2Ba”" « 4ADNP
(bottom). The asterisks indicates the C8 residual 'H signal. Signals labeled with “a”
indicate “outer” layer 'H signals, while signals labeled with “b” indicate “inner” layer 'H

signals.

3.2.1 Subunit Exchange into the Outer Layer.
Figure 3.3a shows the "H NMR spectrum immediately after mixing [G 8-h];¢

2Ba*" + 4DNP” with G 35-d in CD,Cl,. Since the C8 position of G 35-d is deuterated,
only the protons of the G-quadruplex are visible in the '"H NMR spectrum. Figure 3.3b

shows the "H NMR spectrum after 4 days of mixing. While the peak intensity for the H8
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outer G-quartet layer diminishes, the “free” G 8-h HS peak increases with no noticeable
changes in the peak intensity of the inner G-quartet layer. The “free” guanosine is
defined as unassembled ligand, where it may be a mixture of oligomers, dimers, and
mainly monomer in nonpolar solvents.'*'*

Conversely, Figure 3.3¢ shows the '"H NMR spectrum immediately after mixing
of [G 35-d];¢ » 2Ba*" » 4DNP” with G 8-h in CD,Cl,. Since the C8 positions of [G 35-
d]i6 * 2Ba*" « 4ADNP" are deuterated, only the protons of the G 8-h are visible in the 'H
NMR spectrum. Figure 3.3d shows the 'H NMR spectrum after 4 days of mixing. This
spectrum shows that only the peak intensity of the “outer” G-quartet layer increases,

indicating that the ligand exchange process is regioselective for the outer G-quadruplex

layers of [G 3.1];6 * 2Ba*" « 4ADNP" under these conditions.

a) Inner C)
"Fres"
+ o ‘_jk o
-
b) d)
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"Free®
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Ippm 7.75 7.50 7.25 ;pm 7.758 T:Sﬂ 7.25

Figure 3.3. HS region of 400 MHz '"H NMR spectra in CD,Cl,. a) solution of [8-h]s *
2Ba’" « 4DNP” (0.39 mM) and G 35-d (6.2 mM) immediately after mixing; b) the sample
in a) after 4 days at room temp; c) solution of G 8-h (6.2 mM) and [35-d];s * 2Ba’" »
4DNP" (0.39 mM) immediately after mixing; (d) the sample in c) after 4 days at rt.

Control experiments were run where a 50-50 % mixture of deuterated and non-
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deuterated ligands were mixed with K'Pic’, leading to the formation of a G-quadruplex
with a 50-50 % mixture of deuterated ligand in both the outer and inner layers. The 50-
50 % mixture of deuterated and nondeuterated guanosine in both layers clearly shows
that this self-assembly process is under thermodynamic control since there is no driving

force for the labeled or unlabeled ligands to segregate into a specific layer (Figure 3.4).

*
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Figure 3.4. Control experiment shows 50-50 % mixture of deuterated G 35-d and
nondeuterated guanosine G 8-h in both the inner and outer layers of the hexadecameric
G-quadruplex formed by extraction of Ba> DNP". The '"H NMR spectrum shows that the
'H signal intensities of the inner and outer HS signals, indicated by *’s, are diminished by
50 %.

In theory, isotopomers could be made through exchange of G 35-d with [G 8-/];6
« 2Ba’" « 4DNP" quadruplex or by exchange of G 8- with [G 35-d]; * 2Ba’" « 4DNP
quadruplex to give its isomer in CD,Cl,. An incorporation of G 8-h (95 %) was observed

for the regioselective exchange process with [G 8-h];s » 2Ba”” « 4DNP” when 160
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equivalents of the exchanging ligand was used. The statistical distribution of this
exchange process should be 95 % since 160 labeled units are exchanged into the outer

layer of the G-quadruplex, which contains 8 unlabeled units in the outer layer

160__ 0.95].
160 +38

3.2.2 Stabilization of the Inner G-Quartet Layer by the Anion.

DNA G-quadruplexes can be stabilized through the binding of small molecules.
As mentioned before, this area is of particular importance for telomerase inhibitors.
Similar to telomerase inhibitors, the anion of lipophilic G-quadruplex can affect the
stability of the self-assembled structure. Crystal structures and NMR spectroscopy studies
have shown that the lipophilic G-quadruplex is stabilized by the bound anion.**® The
anion, picrate 38, hydrogen bonds to the G-quadruplex surface. More specifically, this
nucleobase-anion hydrogen bond is formed between the exocyclic N2 amino protons of
the G-quadruplex inner layer and the oxygens of the nitro groups and phenolate oxygen
of the anion (Scheme 3.3). This additional stability of the inner layers over the outer
layers of the G-quadruplex can be exploited since ligands in the outer layers should be
more labile towards exchange. The hexadecameric G-quadruplex can be seen as a dimer
of octamers, where the two octamers are held together by anions. The stability of these
inner layers can be controlled by the basicity of the anion. Picric acid 38 (Pic) has a pK,
of 0.38, while 2,6-dinitrophonol 39 (DNP) has a pK, of 3.96.°*%% On this notion, the
DNP anion was reasoned to stabilize the inner layer more than the picrate anion since

DNP is a stronger base.
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Scheme 3.3. Model of anions binding to exocyclic N2 amino protons of the inner layer.
This anion-nucleobase hydrogen bond helps stabilize the inner layers of the G-
quadruplex. Sugars and other anions are omitted for clarity.

Figure 3.5a shows how the strongly bound DNP anion 39 in ([G 8-h];¢ * 2Ba®"
4DNP") stabilizes the G-quadruplex, such that only ligands within the “outer” G-quartet
layer are exchanged with G 35-d, while the “inner” G-quartet remains unchanged. The
graphs in Figure 3.5 show how the HS signal intensity changes over time for the “free,”
“inner,” and “outer” ligands. Conversely, Figure 3.5b shows how the relatively weaker
bound Pic anion 38 in ([G 8-h];¢ * 2Ba’" « 4Pic) doesn’t stabilize the G-quadruplex as
both the “outer” and “inner” G-quartet layers decrease in signal intensity. With strongly
binding anions, regioselective ligand exchange into the outer G-quartet layer was
accomplished. However, weakly binding anions (Pic”) or noncoordinating ions (such as
BPhy") do not stabilize the G-quadruplex’s inner layers enough to allow for regioselective
subunit exchange. This study demonstrates the importance of the anion in stabilizing the
inner G-quartet layers so that the regioselective ligand exchange process of G 35-d into
the outer G-quartet layers is maintained. Additionally, the anion has similarities to
telomerase inhibitors that stabilize G-quadruplexes through binding to the exposed G-

quartet edges.***!
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Figure 3.5. Integration of the H8 NMR signal for the “inner” G-quartet in the
exchange of 16 equiv of G 35-d (6.2 mM) with a) [G 8-h];s * 2Ba’" » 4DNP” and b) [G 8-
h]is * 2Ba”" « 4Pic”. Exchange was done at room temp in CD,Cl,.

3.2.3 Stabilization of the Inner Layer G-Quartet by the Cation.

The cation is essential for the stabilization of DNA G-quadruplexes.”” The trend
for DNA G-quadruplexes to bind monovalent cations was found to be K" > Rb" > Na" >>
Li', Cs'. 2124 Furthermore, these G-quadruplexes are more stable with divalent cations,
such as Ba*", Ca**, Pb*", and Sr*", than with monovalent cations.****>?%° This is not
surprising since higher charged species have stronger ion-dipole interactions.

Likewise, the lipophilic G-quadruplex ([G 8-h];¢ * 2Ba’" « 4DNP") is cation
dependent and shows similar cation selectivity as its DNA counterpart,’®>182261-263
Since specific cations should stabilize the G-quadruplex better, the regioselective ligand
exchange process should also be affected by the cation that is present in the G-quadruplex
([G 8-h]is * nM™ + 4DNP’). As mentioned before, divalent cations stabilize G-
quadruplexes better than monovalent cations. Although divalent cations stabilize the G-
quadruplex ([G 8-h];s * 2Ba*" « 4DNP") more than monovalent cations ([G 8-h];s * 4K »

4DNP), regioselective exchange of isotopically labeled ligands into the outer layers is

only regioselective with monovalent cations in polar solvents.
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When using a more polar 50-50 % CD3;CN-CD,Cl, solvent system, the anions do
not coordinate nearly as well to the G-quadruplex as they do in nonpolar solvents such as
CH,Cl,. So in more polar solvents, such as 50-50 % CD3;CN-CD,Cl,, the anions are not
hydrogen bonded to the G-quadruplex and do not have an effect on the regioselective
ligand exchange process. Additionally, the ligand exchange reaction is much faster in
hydrogen-bond disrupting solvent since it weakens the hydrogen-bonds of the G-
quadruplex. Figure 3.6a shows the exchange of G 35-d with the divalent barium
complex ([G 8-h]¢ * 2Ba’" « 4DNP"), where both the “outer” and “inner” layers decrease
at similar rates. In contrast, the exchange process of G 35-d with the monovalent
potassium complex ([G 8-h];s * 4K" » 4DNP") shows the “outer” layer decreasing at a

much faster rate than the “inner” layer (Figure 3.6b).
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Figure 3.6. NMR integration of H8 signals in exchange of 16 equiv of G 35-d (6.2 mM)
with a) [G 8-h]¢ * 2Ba’" « 4DNP” and b) [G 8-h]¢ * 4K" « 4DNP". Reactions were done
at rt in 50-50 % CD;CN-CD,Cl,. Depictions show different cation occupancy of the G-

quadruplexes.

To rule out the possibility that the anion governed the regioselectivity of the
ligand exchange process, 'H VI-NMR was used to calculate the exchange rates of the

“free” anion and “bound” anion through Equation 3.1.
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rate = 2w*Av

Equation 3.1. Exchange rate at coalescence

In order to calculate the exchange of the DNP anion for these systems, an equal
amount of free DNP was added to the (G 8-h),s G-quadruplex. To help solvate the DNP
salts, [2.2.2]cryptand 21, was added to sequester the excess M"". The stack plots shown
in Figure 3.7 show both the monovalent and divalent G-quadruplexes contain DNP
anions that are in fast exchange with “free” DNP anions. The signals of the DNP anions
coalesced at -52°C for the Ba®" G-quadruplex ([G 8-h];s * 2Ba*" « 4DNP) (Figure 3.7a),
while the signals coalesced at -8°C for the K™ G-quadruplex ([G 8-h];¢ * 4K" « 4DNP")

(Figure 3.7b).
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Figure 3.7. a) [G 8-h]js * 2Ba”" « 4DNP™ with 2mM cryptate and 2mM Ba®"(DNP"), at
various temperatures in 1:1 CD,Cl,-CD3CN. b) [G 8-h];6 4K" « 4DNP" with 4mM
cryptate and 4 mM K'(DNP") at various temperatures in 1:1 CD,Cl,-CD3;CN. Asterisks
signify protons related to “free” and complexed DNP anion as they coalesce.
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The coalescence points for the DNP anion signals of the respective Ba*" or K" G-
quadruplexes were used to calculate the exchange rates. These exchange rates were
calculated to be 588 s and 687 s for the “free” and “bound” DNP anions of the Ba®" or
K" G-quadruplexes, respectively. These exchange rates equate to free energies of

activation for the anions of the Ba" and K" G-quadruplexes of AG« = 12.0 kcal/mol and

10.0 kcal/mol, respectively. The exchange rates show that the Ba*" G-quadruplex binds
the DNP™ anion tighter than does the K* G-quadruplex. These results rule out the
possibility that the ligand exchange process with the Ba’" G-quadruplex was not
regioselective because it wasn’t binding its anions as strongly as the K™ G-quadruplex.
These results suggest that even when the anions are stripped from the G-
quadruplex, monovalent cations stabilize the hexadecamer through their bridging cation
between the two octamers and doesn’t allow for the hexadecamer to fall apart.(Scheme
3.4). G-quadruplexes with divalent cations have no bridging cation to stabilize the
hexadecamer once the anions fall of, so they break into octamers. Ligand exchange into
the “inner” or “outer” layers is not regioselective in these octamers since they do not
contain discrete inner and outer regions. These results demonstrate the importance of
monovalent cations in stabilizing the hexadecameric G-quadruplex from breaking apart

into octamers in more polar solvents.
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Scheme 3.4. In more polar solvents, weaker binding anions allow for the hexadecamer to
break into octamers for a) divalent cation G-quadruplexes, while b) monovalent cations
stabilize the hexadecameric G-quadruplex with their “bridging” cations.

3.2.4 Destabilization of the Outer G-quartet Layer by Small Molecules

Destabilizing the outer G-quartet layer allows for faster exchange into the outer
G-quartet layer. Small molecules were shown to have a profound impact on the half-life
of the regioselective ligand exchange process. Since the G-quadruplex might be
weakened through additional hydrogen-bonding molecules, small molecules with
complementary hydrogen bond edges may impact the regioselective subunit exchange
process of these G-quadruplexes. A series of compounds 40-44 were tested for their
influence on the ligand exchange process: acetic acid 40, 2-aminopyridine 41, 2-
hydroxypyridine 42, formamide 43, and 5'-#-butyldimethyl-2',3'-O-isopropylidine-uridine
44. Additionally, a higher amount of guanosine may be enough to autocatalyze the
264267 [

regioselective exchange process since it can form additional hydrogen bonds.

was hypothesized that rate accelerations can be achieved through weakening the G-
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quartet hydrogen-bonds through hydrogen bonding with its exocyclic N2 hydrogen and

N3 nitrogen (Figure 3.8).
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Figure 3.8. a) Tautomerization of 2-hydroxypyridine 42. b) Weakening of the G-quartet
through hydrogen bonding of guanine and hydroxypyridine 42.

The experiments were conducted by mixing [8-h];s * 2Ba’" « 4DNP (0.39 mM),
G 1-d (6.2 mM), and small molecule (6.2 mM) and taking 'H NMR spectra at different
time intervals. Of the molecules tested, 2-hydroxypyridine 42 had a profound impact on
the time it took for ligand exchange process to be completed, allowing for completion of
the reaction in 40 h instead of over 200 h for the regioselective exchange of G 35-d into

the [G 8-h]is » 2Ba’" « 4DNP- complex in CDCIl; (Figure 3.9). In general, molecules
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with amide functionalities appeared to have an impact on the half-life of the reaction.
Thus, uridine 44 and formamide 40, also showed marked decreases in the half-life of the
exchange process, while amidine functionalities, 2-aminopyridine 41, showed no change
in the reaction time. Acetic acid 40 led to decomposition of the G-quadruplex. The protic
nature of acetic acid resulted in protonation of the guanosine’s N2 and N7 amines,

thereby disrupting the hydrogen-bonded G-quadruplex.*®®
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Figure 3.9. Reaction progress for the regioselective ligand exchange process with small
molecule catalysts: 41-44. [G 8-h];s * 2Ba*" « 4DNP" (0.39 mM), G 35-d (6.2 mM), and

small molecule (6.2 mM) at time intervals after mixing as a function of the outer H8
signal intensity. No significant decay in the H8 outer layer was observed for these

experiments.

Half-lives of these exchange reactions were determined by the time it took the
outer H8 signal intensity to reach 0.67, since the reaction was complete at an outer HS

signal intensity of 0.33. The outer H8 signal intensity was complete at 0.33 since 16 G
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35-d were used to exchange into the outer layer that contains 8 G 8-h. The calculated
half-life of regioselective pseudo-exchange of G 35-d into [G 8-h];s * 2Ba*" « 4DNP” was
55 h. The half-life using 2-hydroxypyridine 42 was reduced to 9 h. This marked rate
increase is most likely due to the complementary hydrogen bonding sites of the amide to
the exposed hydrogen bonding sites of the guanosine in the G-quartet. Formamide 43
and uridine 44 had half-lives of 25 and 23 hours respectively. This catalyzed reaction
showed no appreciable loss in regioselectivity (less than 5 %) with the exception of
formamide (11 %). Addition of these compounds shows no noticeable '"H NMR peak
shifts of the complex or monomer indicating that no new structures were formed.

These results indicate that the amide functionality weakens the hydrogen-bonding
of the G-quadruplex’s outer layers, allowing for an increase in the subunit exchange rate.
Additionally, acidic protons may lead to loss in regioselectivity or decomposition of the
G-quadruplex. Furthermore, these results show that the addition of uridine may weaken
hydrogen bonds of the G-quartets through binding to the exposed face of the G-quartet,
although there is evidence that nucleobases form additional hydrogen bonds to the G-

quartet exposed face that stabilize RNA G-quadruplexes.*®’

3.3 Regioselective Exchange of Different Subunits.

After demonstrating the regioselective exchange of isotopically labeled subunits
exchange of diverse subunits was performed (Scheme 3.5). A sterically bulkier substrate,
2',3'-O-isopropylidene-5'-triisopropylsilyl-guanosine (TIPS-G 45), was used in this
exchange process. The TIPS protecting group is widely used because it is bulkier than

the TBS protecting group with a cone angle of 160° vs. 139° for TBS.*”® Additionally, it
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was hypothesized that the isopropyl groups on TIPS might interdigitate with each other,

stabilizing the structure similar to that seen for leucine zipper proteins.271
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Scheme 3.5. Regioselective exchange of TIPS-G 45 into [/BDMS-G 8] * 2Ba®" «
4DNP".

TIPS-G 3.9 was synthesized via routine modification of the ribose with
triisopropylsilylchloride and gave a similar '"H NMR as /BDMS-G 8 (Figure 3.10).
Additionally, the formation of the TIPS G-quadruplex [TIPS-G 3.9];6 * 2Ba*" « 4DNP-
was achieved in a similar manner to that of the TBDMS G-quadruplex [fBDMS-G 8] *
2Ba’" « 4DNP". The 'H NMR spectra between [{BDMS-G 8] * 2Ba’" « 4DNP" and

[(BDMS-G 8] * 2Ba”" « 4DNP” were essentially identical with the exception of the silyl
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region (Figure 3.11). The G-quadruplex, [fBDMS-G 8];s * 2Ba*" « 4DNP", also showed
slight upfield shifts of the inner H2'i and outer exocyclic N2Ha, protons and a downfield
shift for the inner H3'i proton. Additionally, the inner H5'o protons were resolved in the
TIPS-G 45 G-quadruplex indicating small structural changes in the inner G-quartet layers.
The G-quadruplex 'H NMR spectra were assigned by a series of COSY, NOESY, HMBC,

and HSQC 2D NMR experiments, similar to those previously reported by the Davis
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Figure 3.10. 400 MHz "H NMR spectrum of TIPS-G 45 in CD,Cl, at rt.
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Figure 3.11. 400 MHz 'H NMR spectrum in CD,Cl, at rt of a) [{BDMS-G 8];¢ * 2Ba”*" «
4DNP” and b) [TIPS-G 45],¢ * 2Ba’" « 4DNP".

The regioselective exchange of 16 equiv. of TIPS-G 45 into [TBDMS-G 8];6 *
2Ba’" ¢ 4DNP" in CD,Cl, proved to behave similarly to the isotopically labeled
experiments with incorporation only into the outer layer. The reaction progress was
measured by tracking the integration of the SiCH; protons of tBDMS-G 8 (Figure 3.12).
The reaction appeared to be complete in 12 h with about 80 % incorporation of TIPS-G
45 into the outer layer (Figure 3.13). This is a much higher ratio than the statistical ratio

of 67 % incorporation indicating a preference for TIPS-G 45 to be on the outer layer of

the mixed G-quadruplex over fBDMS-G 8.
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Figure 3.12. 400 MHz 'H NMR integration of the SiCH; proton signals in exchange of
16 equiv of TIPS-G 45 (6.4 mM) with [{BDMS-G 8] * 2Ba’" « 4DNP at rt in CD,Cl.
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Figure 3.13. NMR integration of the SiCHj; proton signals in exchange of 16 equiv of
TIPS-G 45 (6.4 mM) with [/BDMS-G 8], * 2Ba*" « 4DNP" at rt in CD,Cl,.

Control experiments where 50-50 % BDMS-G 8 to TIPS-G 45 were stirred with

Ba(DNP); in CDCl; led to results where the fBDMS-G 8 was primarily in the inner
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layer, while TIPS-G 45 was primarily in the outer layer. Indeed, the ratio of inner to

outer layers for IBDMS-G 8 was 67 % inner and 33 % outer layer. *”*

3.3.1 Amphiphilic G-Quadruplex Formation

Amphiphilic G-quadruplexes are of great interest because they would help align
and embed these structures inside of phospholipid membranes. This alignment of the G-
quadruplex would help facilitate an ion flow across the phospholipid membrane.
Unfortunately, the manipulation of G-quadruplexes to form amphiphilic G-quadruplexes
such as that shown in Scheme 3.6 were unsuccessful. Failures to exchange in
hydrophilic ligands, such as 5'-GMP or guanosine, into the outer layers were coupled by
the poor solubility of these ligands, destruction of the G-quadruplex and formation of
nonordered structures. Additionally, little or no regioselective ligand exchange was

observed under various solvent conditions.
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Scheme 3.6. Proposed synthesis of amphiphilic G-quadruplexes through ligand

exchange.
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3.4 Conclusion

In conclusion, these studies show that regioselective ligand exchange can be
controlled by both the cation and anion that help stabilize the noncovalent structure. By
kinetically stabilizing the assembly via stronger ion-ligand interactions, certain regions of
this hydrogen-bonded assembly are made resistant to the subsequent subunit exchange
reaction. From a synthetic perspective, these experiments demonstrate that noncovalent
interactions can be used to stabilize specific regions of large assemblies, allowing for
subsequent substitution reactions at other locations to be precisely controlled. This proof
of principle was demonstrated using isotopically labeled subunits. More specifically, G-
quadruplexes with monovalent cations and strong binding anions allow for optimal
regioselectivity in this exchange process. This process can be catalyzed by the addition
of small molecules that can bind to the outer edge of the G-quadruplex. However,
regioselectively incorporating diverse functionality into these hydrogen bonded structures
depends on the stability of individual subunits to form stable noncovalent structures. If
the G-quadruplex that is formed from its ligands is unstable, the ligand exchange process
occurs into both the inner and outer layers indiscriminately. With optimal choice of
ligands, subunit exchange can be accomplished in these systems. However, none of these
G-quadruplex structures were stable inside of phospholipid membranes, leading to the
assumption that a covalent unimolecular G-quadruplex was essential to remain intact

inside of phospholipid membranes.
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Chapter 4. Covalent Capture Leads To Synthetic Na’

Transmembrane Transporters.

The majority of this chapter has been published in references 273 and 274:

e [Kaucher, M. S.; Harrell, W. A.; Davis, J. T. "A Unimolecular G-quadruplex that
Functions as a Synthetic Transmembrane Na' Transporter." J. Am. Chem. Soc.
2006, 128, 38-39.

e Kaucher, M. S.; Davis, J. T “N2, C8-Disubstituted Guanosine Derivatives Can
Form G-Quartets™ Tett. Lett., 2006, 47, 6381-6384.

4.1 Introduction

The initial goal of the research in this chapter was to prepare synthetic cation
channels through the covalent capture of lipophilic G-quadruplexes. Despite the
thermodynamic stability of non-covalent lipophilic G-quadruplexes ([G 8] * 4K * 4Pic”
), individual guanosine subunits are in dynamic equilibrium between “monomer” and

hexadecamer when lipophilic G-quadruplexes are dissolved in solution.'*!

Furthermore,
attempts to incorporate non-covalent lipophilic G-quadruplexes ([G 8];s * 4K" * 4Pic))
into phospholipid membranes showed little promise, since the G-quadruplex presumably
falls apart into monomers under these polar solvent conditions (Scheme 4.1). To
circumvent problems posed by such kinetic instability, post modification of the
preassembled G-quadruplex through covalent bonds was employed. It was reasoned that

such post-assembly modification might provide a unimolecular G-quadruplex that would

be kinetically stable and functional within hydrophobic phospholipid membranes.
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a) b)

Scheme 4.1. Lipophilic G-quadruplex incorporated into a phospholipid bilayer in a)
idealized and b) proposed conditions. Noncovalent lipophilic G-quadruplexes do not
preserve their structure in the demanding conditions of phospholipid bilayers in aqueous
solutions.
4.1.1 The G-quartet Motif as a Scaffold for Transmembrane Transporters.

We, %% and others,''"''**"* have proposed that the G-quartet may well serve as
a scaffold for building synthetic transmembrane ion channels (Scheme 4.2). Synthetic
ion channels are open pores where inorganic compounds can move across the membrane,
while synthetic pores are defined as pores where organic compounds can move across the
membrane.'”  Furthermore, carriers are defined as compounds that can ferry other
molecules across the transmembrane,”’® so these carriers are constantly moving across the
transmembrane unlike pores and channels, which are stationary. The design of synthetic

pores, channels and transmembrane transporters has been of particular interest because

they may provide new ion sensors, catalysts and anti-microbial agents."?
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The G-quartet has been proposed as a scaffold for building synthetic ion channels
because it is cyclic in nature, and cations can bind to the central cavity (Figure 4.1a).
Additionally, G-quartets stack to form channel like structures, where the cations align in
the middle of the tubular structure (Figure 4.1b).> This structure is reminiscent of the
crystal structure of the potassium channel from Streptomyces lividans solved by the

MacKinnon group.277
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Figure 4.1. a) G-quartet and b) Crystal structure of lipophilic G-quadruplex [G]is * 4K *
with its front partially stripped away for clarity.”> The yellow spheres correspond to the
cations that align the central region of the G-quadruplex.

Additionally, work done in the Feigon group showed that cations flow through
DNA G-quadruplexes.””> Feigon studied the DNA Oxy-1.5 bimolecular quadruplex
complexed with '°N labeled NH,", using "°N heteronuclear NMR spectroscopy. These
experiments identified three bound NH," in the G-quadruplex: two symmetric NH;" in
the outer binding sites and one central NH4™ (Figure 4.2). Additionally, it was shown
that these NH, " cations flowed through the central axis. The outer NH," in Figure 4.2

was in exchange with bulk NH4" and the central NH4', while the central NH,;" was in

exchange with only the outer NH,".
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Figure 4.2. Representation of the a) Oxy-1.5 bimolecular quadruplex with bound NH,".
The blue and red spheres represent outer and inner NH4" respectively, while the green
spheres represent solvated NH,". The gray squares represent G-quartets and the lines
represent the DNA backbone. b) Solvated NH," replaces the outer NH," causing a flow
mechanism of the cations through the G-quadruplexes.**

Matile and coworkers attempted to build synthetic ion channels based on the
guanine base.””> This was the first attempt to utilize the G-quartet structure as a synthetic
ion channel. Initial attempts focused on attaching guanine onto rigid rod structures
(Figure 4.3a). The Matile group had previously shown that rigid rod structures 46 with
appended peptides showed the ability to act as channels and pores.*'®*”® Matile proposed
that rigid rod structures with appended guanine units would self-assemble in
phospholipid membranes and transport cations. The control guanine dimers, G 47,
showed poor solubility even with the attachment of long alkyl chains to the N2 position
(G 48) (Figure 4.3b). The solubility was independent on the alkyl chain, and the
solubility of these guanine dimers were roughly 500-times lower than that of the
lipophilic guanosine monomers. The assumption was that the ribose unit is critical to

form soluble lipophilic G-quartets.””
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Figure 4.3. a) Rigid rod motif. b) Guanine dimer.?”

Initial attempts to utilize G-quartets as a motif to build synthetic ion channels by
the Davis group utilized a calixarene scaffold as a covalent linker to form G-quartets
(Figure 4.4).%* This scaffold, a 1,3-alternative-calix[4]arene, was hypothesized to hold
four guanosine units, two in each direction, to form nanotubular structures.”®® Substituted
1,3-alternative-calix[4]arenes were previously shown to transport ions across
membranes.””” The ¢G 11 derivative formed both dimeric structures®* and nanotubes®®®

through the formation of G-quartets depending on the conditions. This dimeric structure

was comprised of distinct anion and cation binding sites. While more experiments are
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needed to prove if this structure indeed transports cations, the lengthy synthesis, 12

overall steps, of ¢cG 11 remains a daunting task for this compound ever to be used as a

scaffold to construct derivatives to function as synthetic ion channels.®**%
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Figure 4.4. Structure, dimer, and binding sites of cG 11.9

More recently, after the publishing of the findings in this chapter, the Matile and
Kato groups reported a synthetic ion channel formed by the self-association of lipophilic
folate dendrimers (Figure 4.5).* Folic acid, similar in structure to the guanine base,
forms folic acid tetramers that resemble G-quartets. This report showed that the
hydrogen-bonded rosette structures, (49)s, could function as K channels in planar
bilayers.””>**'%¢  Although self-assembly in membranes has recently been reported,”’
there have been very few other examples of hydrogen bonded assemblies that form stable

structures in bilayer membranes.
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Figure 4.5. Folate derivative 49 and tetramer 50 of the folate dendrimers.

Finally, the Armitage and Balasubramanian groups have been independently
working on lipophilic guanosine structures with covalent backbones. Both groups are
exploiting peptide nucleic acids (PNA) as nonpolar backbones. These backbones, unlike
DNA backbones, are uncharged and nonpolar. Work is ongoing in these groups to

produce PNA G-quadruplex structures that might function as synthetic ion channels.!'"!12

4.2 Covalent Capture Strategies.

As mentioned before, post-assembly modification through covalent capture of
hydrogen-bonded assemblies was proposed to help stabilize the G-quadruplex in
phospholipid bilayers. Covalent capture strategies have been successfully applied to

various hydrogen bonded assemblies. This strategy is analogous to templated synthesis,

288,289 0

such as the formation of crown ethers.”’
Ghadiri coined the term “covalent capture” to describe the post-modification of

self-assembled structures so as to covalently lock the systems. Ghadiri showed that
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291,292

functionalized cyclic peptides formed nanotubes and dimers. Self-assembly of

these cyclic peptides, followed by covalent capture by either olefin metathesis or
disulfide bond formation trapped this assembly to give a single, stable structure.”"**
The Reinhoudt group also employed this technique for the capture of hydrogen bonded

assemblies comprised of three calixarene units held together by 144 hydrogen bonds.***

A 123 membered macrocycle was formed through ring closing metathesis (RCM).*”
This covalent capture technique has also been the general strategy to synthesize

catenanes and rotaxanes.2%’297

Catenanes, interlocked rings, would almost statistically
never occur without this technique.298 Similarly, rotaxanes, dumbbells interlocked with

rings, are also synthesized using this technique.””

4.2.1 Covalent Capture of Self-Assembled G-quadruplexes.

The general strategy for the covalent capture of self-assembled G-quadruplexes is
shown in Scheme 4.3. Guanosine with appended olefin units, or other reactive groups,
could be used to preassemble the G-quadruplex through the addition of M". This G-

quadruplex precursor could then be captured through olefin metathesis.
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Scheme 4.3. Schematic of the covalent capture of lipophilic G-quadruplexes.

4.3 Attempts to Covalently Capture a G-quartet.
Modification of the guanine building block has typically been on the sugar unit or
on the nucleobase's N9 position.””® Recent studies have described G-quadruplexes made

61,64,300-303
o In some cases, the

from G derivatives substituted at their N2 or C8 positions.
N2 or C8 substituents stabilized the G-quadruplex relative to the unmodified
derivative.***"'*? As outlined in Scheme 4.3, it was reasoned that modification at both
N2 and C8 (G 51) would lead to a G-quartet that might then be cross-linked to give a

238,295,304
“covalent” macrocycle.” ™"
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As outlined in Scheme 4.4, the aim was to use olefin metathesis to cross-link N2,
C8-disubstituted G units within an individual G-quartet 52. A “covalent” G-quartet such

as 53 should be stable and functional in water. The cation binding properties of a
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“covalent” G-quartet such as 53 could be different relative to its hydrogen-bonded
precursor G 51. In this section, two key steps are described in achieving the goal of
preparing a “covalent” G-quartet 53; 1) synthesis of N2, C8-disubstituted G 51 and 2)
cation-templated formation of an assembly, [G 51]s. Ba** « 2DNP" containing hydrogen
bonded G-quartets. This is the first example, to the author’s knowledge, of a G-quartet
functionalized at both its N2 and C8 positions. It should also be noted that Wu and
colleagues reported the first lipophilic G-quadruplex formation of N2 substituted

guanosine during the publication of this work.*"’
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R S
G-quartet 52 G-quartet 53

Scheme 4.4. Design scheme for covalent capture of G 51 through formation of G-quartet
52 and cross metathesis to yield G-quartet 53. NOEs between H16a and H10 for G-
quartet 52 are shown, see text for details.

Crystal structures of the G 51 derivative, 2',3'-O-isopropylidene-5'-t-
butyldimethylsilyl-guanosine, showed that the C8 and N2 protons are 3.76 A apart.
Molecular models using showed that a five alkyl carbon chain would give a good fit with
the crystal structure (Figure 4.6). Molecular modeling was performed via HyperChem

7.5 for Windows, from Hypercube, Inc., with the Amber 99 force field.
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Figure 4.6. Dimer of a C8 substituted guanine unit with an N2 substituted guanine unit.

The necessary precursor G 51 was synthesized in 4 steps from 8-bromo-2',3'-
isopropylidene G 54 (Scheme 4.5).**° The 5'-OH of G 54 was first protected with a -
BDMS group (G 4.10). Reductive amination of 4-pentenal with the N2 amine of G 55

397 The second alkene

gave G 56, and introduced the first alkene unit into the nucleobase.
group was added to the C8 position via Stille coupling; cross-coupling of G 56 with
vinyl-tri-n-butyltin afforded the target compound G 51.° The 'H NMR spectrum was
similar to its nondialkenyl analogue (2',3'-O-isopropylidene-5'-t-butyldimethylsilyl-

guanosine), with the addition of the alkene chains on the N2 and C8 positions (Figure

4.7).
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Scheme 4.5. Synthesis of N2, C8-disubstituted G 51.
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Figure 4.7. The '"H NMR spectrum of G 51 in DMSO-de.

Next, G 51 was shown to form stable G-quartets. The N2, C8-disubstituted G 51
extracted Ba(DNP), and K(DNP) salts from water into CDCls, as determined by NMR,
ESI-MS and UV-vis data. Integration of 'H NMR signals indicated formation of an

octamer with formula [G 51]s * Ba™ « 2DNP".>%?%3% NMR spectra also showed that the
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N2 amino proton in [G 51] « Ba™ 2DNP” moved far downfield relative to uncomplexed

G 51 (Ad = 3.40 ppm), consistent with its involvement in a hydrogen bond (Figure 4.8b).

Stronger support for a G-quartet came from NOEs between the C10 hydrogens and the

Cl16a olefinic hydrogen (Figure 4.8c). These C10-Cl16a NOEs are a firm indication of a

G-quartet since the C10 substituent (on the N2 sidechain) and C16 (attached to C8) are

too far apart for intramolecular NOEs. These NOEs can only arise from intermolecular

interactions; models show that H10 and H16 are within 3-5 A in a G-quartet. NOEs

between N2H and a C16 hydrogen were also consistent with G-quartet formation by G
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Figure 4.8. a) '"H NMR spectrum of G 51 in CDCl, b) after extraction of Ba(DNP),,
from water into CDCl; and c) selected region of 2D NOESY spectrum of sample from b)
showing NOEs between H 10 to H16a.

122



The size of the complex formed by G 51 and Ba™ was assessed by diffusion
NMR."! Pulse field gradient (PFG) experiments revealed that the complex generated by
salt extraction with G 51 had a diffusion coefficient (Ds) of 6.36 x 10™'° m2/s, a value
much lower than that for the internal standard, monomeric 5'---BDMS-2', 3’-
isopropylidene adenosine A 23 (D = 13.3 10" m2/s). The ratio of these 2 diffusion
coefficients confirmed formation of octamer [G 51]s « Ba™.'*! Mass spectrometric
analysis of the complex showed a major peak (m/z = 2195.6) for [(G 51)s.Ba]™ (Figure
4.9). The signal for [(G 51)4 * Na]" (m/z=2149.2) is likely due to cation exchange during
sample preparation and analysis. In marked contrast, ESI-MS analysis of uncomplexed G
51 showed only peaks for the molecular ion [G 51 + H]" and for a dimer [(G 51), + H]".

The NMR and MS data all indicate that the N2, C8 disubstituted G 51 can form stable G-

quartets in the presence of a cation template.
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Figure 4.9. ESI-MS of [G 51]s * Ba™ « 2DNP" formed by liquid-solid extraction of
Ba(DNP), with G 51 in CHCls.
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Having demonstrated formation of octamer [(G 51)s » Ba]™ attention was focused
on covalently linking neighbors within an individual G-quartet. Attempts to effect olefin
cross metathesis on [(G 51)g ¢ Ba]+2, using either Grubb’s Ist or 2nd generation catalysts,
have so far been unsuccesful.*'® This lack of cross metathesis for [(G 51)s.Ba]"* may be
due to a) an improper relative orientation for the N2 and C8 alkene groups within G-
quartet 3 or b) the fact that the C8 vinyl group on the purine may be too electron

3 Another issue that should be considered, even when metathesis conditions

deficient.
are defined for this system, is that these Gg octamers are formed by n-stacked quartets,
which creates the potential to generate cross-links between G-quartet layers. Such cross-
links would preclude the goal to generate an isolated covalently linked G-quartet.

In attempting to alleviate the problem of the electron deficiency of the C8 vinyl
group, G 57 was chosen as a target by extending the olefin on the C8 position of the
guanosine. It was reasoned that this allyl-G 57 would alleviate some of these geometric
and electronic problems. The procedure for the attempted synthesis of G 57 was similar
to the procedure of G 51 with the exception of using allyltributyltin in the Stille coupling.

Unfortunately, the only product observed was the frans-alkene G 58, while no G 57 was

observed (Scheme 4.6).
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Scheme 4.6. Stille coupling of G 56 to yield G 58 through isomerization of the allylic
bond.

The 'H NMR clearly showed the formation of G 58 through this method. The
presence of the CHj3 group, as well as only two olefinic protons was clear evidence of the
isomerization of the C8 allylic group. Furthermore, the *J coupling constant of the
H15/H16 proton indicated that the double bond was trans (Figure 4.10). This
isomerization is most likely due to the formation of the extended conjugated system.

Similar to G 51, G 58 formed G-quartets but did not undergo olefin metathesis.
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Figure 4.10. Selected 'H NMR region of G 58 showing that H16 and H15 that are trans
to each other.

In conclusion, a synthetic route to prepare G analogs substituted at both N2 and
C8 positions is reported. Importantly, the N2, C8 disubstituted G 51 forms stable G-
quartets in the presence of templating cations. The next challenge will be to identify G
analogs and crosslinking strategy (olefin metathesis, disulfide or hydrazone bonds) that
will enable covalent capture of an individual G-quartet.

4.4 Covalent Capture Yields a Unimolecular G-Quadruplex.

Covalent capture of the lipophilic G-quadruplex was ultimately successful with
alkene groups located on the periphery of the G-quadruplex (Scheme 4.7).*’* This
strategy utilized 5'-(3,5-bis(allyloxy)benzoyl)-2',3'-isopropylidene G 59 to build
lipophilic G-quadruplexes. After preassembling G-quadruplex 60, cross metathesis

formed unimolecular G-quadruplex 61. G 59 was outfitted with two meta-substituted
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allyl ethers, with the notion that such a pattern would allow for olefin metathesis both
within an individual G-quartet and between layers. Also, the 3,5-diallyl ethers would be

unlikely to undergo intramolecular cyclization to give a strained cyclophane.
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G-quadruplex 60 G-quadruplex 61

Scheme 4.7. Schematic showing G 59 (gray wedges) extracting K* (blue spheres) to
form G-quadruplex 60. Following G-quadruplex formation, cross metathesis yields
unimolecular G-quadruplex 61.

The precursor, 5'-(3,5-bis(allyloxy)benzoyl)-2',3'-isopropylidene G 59 was
prepared in two steps from guanosine (Scheme 4.8b). The acid chloride, 4.20, was
synthesized in three steps from the corresponding methyl-3,5-dihydroxy benzoate 4.17.
Alkylation, followed by hydrolysis of the ester bond gave the corresponding acid 4.19.%"
Refluxing the benzoic acid 4.19 with thionyl chloride yielded the desired acid chloride

4.20 (Scheme 4.8a). Routine isopropylidene protection, followed by acylation with 3,5-

diallyloxybenzoic acid chloride (4.20) yielded G 59 (Figure 4.11).
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Scheme 4.8. Synthesis of G 59.
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Figure 4.11. The '"H NMR spectrum of G 59 at 400 MHz in DMSO-d.

4.4.1 Formation of Noncovalent G-quadruplex Formation 60

Solid-liquid extraction of potassium 2,6-dinitrophenolate (K DNP’) by G 59 in

CH,Cl, gave quantitative formation of the G-quadruplex 60 as determined by CD and

NMR spectroscopy. G-quadruplex 60 had the characteristic positive CD band, centered at

280 nm, for a structure with stacked G-quartets (Figure 4.12).>>'! No CD band was

observed without the presence of M.

129



50 -

-40 - A (nm)
Figure 4.12. CD spectrum of G-quadruplex 60 (0.171 mM) in CH,Cl, using a 1.0 cm

path length quartz cuvette. The positive CD band centered at 280 nm is characteristic of
stacked G-quartets within a chiral G-quadruplex.'®!

The two sets of '"H NMR signals in a 1:1 ratio, the 4:1 ratio of NMR signals for G

59 and DNP anion, and signals for hydrogen-bonded N1 amide protons (5 11.83 and
11.70) and N2 amino protons (6 9.72 and 9.56) were characteristic of a D4-symmetric

hexadecamer 2 of formula [G 59];¢ * 4K™ « 4DNP" (Figure 4.13).

130



Outer layer —\ -

Inner layer

CI
Inner layer

Quter layer

G-quadruplex 60
[G 59 ],,°4K**4DNP-

NI1H u
Outer Inner N2H,
Outer h‘k
Inner L
L . B O S Sy B B B T L B S S B LN e S S L B N O |
12 11 10 9 8 g 6 3 4 3 2 1

6 ppm

Figure 4.13. '"H NMR spectrum (CD,Cl,) of G-quadruplex 60, [G 59];5.4K" « 4DNP".
The designations inner and outer refer to the inner and outer layers that provide 2 sets of
signals observed for this D4-symmetric hexadecamer.

Pulsed-field gradient NMR experiments in CD,Cl, confirmed that the non-
covalent G-quadruplex 60 was indeed a hexadecameric G-quadruplex.'?"">' The [G];¢ G-
quadruplex, 60, was much larger than the adenosine standard A 23. The diffusion
coefficients (Table 4.1) showed that G-quadruplex 60 moved much slower than A 23.
Thus, the ratio of the experimental diffusion coefficients (Ds(A 23)/Ds[G]is 60) = 0.33
was close to the value expected for a hexadecamer (0.35). Stejskal-Tanner plots of G-
quadruplex 60 and A 23 showed that the decays were single exponential, indicating that

there was no measurable exchange in the diffusion measurement (Figure 4.14).
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Table 4.1. Diffusion Coefficients for G-quadruplex 60.!

D,(60) Dy(A 23) Ratio
D (60
(10" m%/s) (10" m%s) D,(60)
D, (23)
CD,Cl, 5.57+0.05 16.8+0.2 0.33

[a] The diffusion coefficients reported in Table 4.1 are the mean + standard deviation of 4 separate

measurements at 21 °C.
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Figure 4.14. Diffusion NMR data for non-covalent G-quadruplex 60. Stejskal-Tanner
plot of G-quadruplex 60 and A 23 in CD,Cl, at 21.8 °C."*!

4.4.2 Olefin Metathesis Yields Unimolecular G-Quadruplex 61
Olefin metathesis of the self-assembled G-quadruplex 60 (8 mM), using Grubb’s
second-generation catalyst, (H,IMes)(PCy;)(Cl;)Ru=CHPh (10 mol % per alkene

310 was complete within 48 hours in CH,Cl, at 35 ° C. Metathesis was monitored by

unit),
tracking the disappearance of the 'H NMR signals for the terminal olefins in G-
quadruplex 60 and the appearance of new signals for the secondary olefins (cis/trans mix)

within the metathesis product 61 (Figure 4.15). The crude product showed small amounts

of insoluble precipitate while the "H NMR showed complete loss of the H13' signal. After
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silica gel purification, the unimolecular G-quadruplex was obtained in 57 % yield.
Importantly, no olefin metathesis was observed when “monomeric” G 59 (130 mM) was

treated with Grubb’s catalyst under similar conditions.
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Figure 4.15. A region of the 400 '"H NMR spectra (DMSO-ds) with a) precursor G 59
and b) purified unimolecular G-quadruplex 61. The arrow and dotted lines show where
the H12' peak shifts and the disappearance of the H13' signals. The H12' peak at 5.71
ppm is due to a cis/trans mixture.

The structure of the metathesis product 61 was confirmed using mass

spectrometry, diffusion NMR and CD spectroscopy. ESI-MS showed a parent peak at

m/z = 2766.3 consistent for a triply charged species of formula CsgaHa0oNgoOi2s © 3K+
and molecular weight of 8299 amu (Figure 4.16). This parent peak, [(G 59)¢.3K]", is
the captured hexadecameric G-quadruplex with its anions and one cation stripped away.

It is worth noting the labile “capping” cation is often not present in MS experiments with
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the G-quadruplexes studied by the Davis group. Similarly, the anions were not shown to
bind tightly to the precursor 60 or the unimolecular G-quadruplex 61, which was
confirmed in these studies. Additionally, the polar nature of the solvent in this
experiment (1:2 H,O-CH3CN) typically destroys noncovalent G-quadruplexes.
Noncovalent G-quadruplex 60, under identical conditions, shows only peaks for [G + H]"

and its dimer [G, + H]".
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Figure 4.16. ESI-MS of G-quadruplex 61 in 1:2 H,O-CH;CN showing the triply charged

ion for [G 61 « 4K]™ at m/z 2766.3.

Other ESI-MS experiments also showed that 61 readily underwent Na /K cation
exchange, providing the first hint that this unimolecular G-quadruplex could mediate ion
exchange. Figure 4.17 shows how washing with a solution of K* yields a [G 61].3K" G-
quadruplex, while washing again with a solution of Na™ switches the structure back to the

[G 61].3Na’ G-quadruplex.

134



b)

a)

(G)+2Na*.K*
2755.5

(G)«3K*
766.3

s
> (G)-Na*+2K*
) 2761.0
Na*
2750 2770 2750 2770
m/z m/z

Figure 4.17. ESI-MS of unimolecular G-quadruplex 61 in 1:2 H,O-CH;CN a) after
purification by flash chromatography and b) after washing with K(DNP). This change in
the ESI-MS shows the ability to exchange cations in G-quadruplex 61 from Na' to K.
Pulsed-field gradient NMR experiments in the competitive solvent DMSO-ds
confirmed that metathesis product [G];¢ 61 was much larger than both the precursor G 59
and adenosine standard A 23. Thus, the ratio of the experimental diffusion coefficients
(Ds(A 23)/Dg[G]i6 61) = 0.40 was close to the value expected for a hexadecamer (0.37)
(Table 4.2)."*' Stejskal-Tanner plots of G-quadruplex 61 and A 23 showed that the

decays were single exponential, indicating that there was no measurable exchange in the

diffusion measurement (Figure 4.18).
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Table 4.2. Diffusion Coefficients for G-quadruplex 61.!

Dy(61) Dy(A 23) Ratio
D (61
(10" m%s) (10" m%s) D, (61)
D, (23)
DMSO-dg 1.49 +£0.02 3.73+£0.01 0.40

[a] The diffusion coefficients reported in Table 4.2 are the mean + standard deviation of 4 separate

measurements at 21 °C.

Figure 4.18. Diffusion NMR data for a unimolecular G-quadruplex 61. Stejskal-Tanner
plot of G 59, G-quadruplex 61 and A 23 in hydrogen bonding disrupting solvent, DMSO-
deat21.8°C."!

Finally, the metathesis product [G];s 61 gave characteristic 'H NMR signals (2
NH amide signals at 6 11.76 and 11.64), that were similar but somewhat broader than that
of the unmetathesized precursor G 60 (Figure 4.19). The CD spectra of unimolecular G-
quadruplex 61 and precursor G-quadruplex 60 in CD,Cl, for a lipophilic G-quadruplex
are shown in Figure 4.19. The CD spectrum of unimolecular G-quadruplex 61 (Apax =

260 nm) is characteristic for G-quadruplex formation and is similar to that of its precursor

G-quadruplex 60.
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Figure 4.19. A region of the 400 MHz 'H NMR spectra (CD,Cl,) of a) precursor G-
quadruplex 60 and b) unimolecular G-quadruplex 61. The spectra show the hydrogen
bonded signals for the N1H and N2HA inner and outer sets of signals observed for the
two D4-symmetric hexadecamers.
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Figure 4.20. CD spectra of a) unimolecular G-quadruplex 61 (0.011 mM) and b)
precursor G-quadruplex 60 in CH,Cl, using a 1.0 cm path length quartz cuvette. The
positive CD band centered at 280 nm is characteristic of stacked G-quartets within a

chiral G-quadruplex.'”’!
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4.4.3 Extending the Linker Arms on the Noncovalent G-Quadruplex Does Not
Produce a Unimolecular G-quadruplex.

Dialkenyl guanosine, 5'-(3,5-bis(but-3-enyloxy)benzoyl)-2',3'-isopropylidene G
66, was also investigated for the covalent capture of its corresponding G-quadruplex.
Such a unimolecular G-quadruplex with its two extra methylene bridges may a) have
different selectivity than G 59, b) have more “breathing” room to allow for larger cations

to flow through the G-quadruplex and c) have different stability properties.

The derivative, 5'-(3,5-bis(but-3-enyloxy)benzoyl)-2',3'-isopropylidene G 66 was
prepared in two steps from guanosine (Scheme 4.8b). The acid chloride, 69, was
synthesized in three steps from the corresponding methyl-3,5-dihydroxy benzoate 62.
Alkylation under Mitsunobu etherification conditions, followed by hydrolysis of the ester
bond gave the corresponding acid 68 as previously reported.’’® Tt should be noted that
the synthesis of the acid 68 was completed by Tanya Weerakkody, an undergraduate,
under my supervision. Refluxing the benzoic acid 68 with thionyl chloride yielded the
desired acid chloride 69 (Scheme 4.8a). Routine isopropylidene protection, followed by

acylation with 3,5-diallyloxybenzoic acid chloride (69) yielded G 66 (Figure 4.21).
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Scheme 4.9. Synthesis of G 66.
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Figure 4.21. The '"H NMR spectrum of G 66 at 400 MHz in DMSO-dg.

Solid-liquid extraction of potassium tetraphenylborate (K'BPhy) by G 66 in
CH,Cl, gave quantitative formation of the G-quadruplex 70 as determined by CD and
NMR spectroscopy. G-quadruplex 70 had the characteristic negative to positive CD band,
centered at 285 nm, for a structure with stacked G-quartets (Figure 4.22).>*'! No CD
band was observed without the presence of M". This CD spectrum of G-quadruplex 70
was notably different than the CD spectrum of allyloxy G-quadruplex 60, with the

negative band more intense than the positive band.
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Figure 4.22. CD spectrum of G-quadruplex 70 (0.15 mM) in CH,Cl, using a 1.0 cm path
length quartz cuvette. The positive CD band centered at 285 nm is characteristic of
stacked G-quartets within a chiral G-quadruplex.'”’

Formation of the hexadecameric G-quadruplex was also confirmed by 'H NMR

spectroscopy. The two sets of "H NMR signals in a 1:1 ratio, the 4:1 ratio (3.8:1) of NMR

signals for G 66 and BPh4 anion, and signals for hydrogen-bonded N1 amide protons (5

11.75 and 11.72) and N2 amino protons (6 10.14 and 9.90) were characteristic of a Dy4-

symmetric hexadecamer 70 of formula [G 66];s « 4K « BPh, (Figure 4.23). Unlike the
allyloxy G-quadruplex 60, the N1 proton signals for inner and outer layers, although
resolved, were only 0.03 ppm apart for the longer-arm G-quadruplex 70. Additionally,
the N2 hydrogen bonding protons for the inner and outer layers were much further
downfield (Ad = 0.4 ppm) in the longer-arm G-quadruplex 70 than the allyloxy G-
quadruplex 60. It should be noted that solid-liquid extractions with with K'DNP" led to a
mixture of octamer and hexadecamer, although the hexadecamer G-quadruplex 'H NMR

appeared to be identical, with the exception of the anion signals, to G-quadruplex 70.
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Figure 4.23. '"H NMR spectrum (CD,Cl,) of G-quadruplex 70, [G 66];5.4K" « 4BPhy..
The designations a and b refer to the inner and outer layers that provide 2 sets of signals
observed for this D4-symmetric hexadecamer.

Unfortunately, olefin metathesis of the self-assembled G-quadruplex 70 (8 mM),
using Grubb’s second-generation catalyst, (H2IMes)(PCy3)(Cl,)Ru=CHPh (10 mol % per
alkene unit),’'® produced only a black solid (polymer) in CH,Cl, at 35 ° C. This black
solid was not soluble in DMSO-d¢ or other solvents tested, while the reaction solution
only showed catalyst. The longer arms in G-quadruplex 70 must be long enough to link

two G-quadruplexes, eventually enough G-quadruplexes are tied together and the

polymer crashes out of solution.
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4.4.4 Unimolecular G-Quadruplex 61 is More Stable than the Noncovalent G-
Quadruplex 60.

Investigations on unimolecular G-quadruplex 61 showed that it was much more
stable than its noncovalent counterpart 60. Immediately after dissolving unimolecular G-
quadruplex 61 into DMSO-ds, the "H NMR spectrum shows evidence that the structure is
still organized into a G-quadruplex (Figure 4.24a). Noncovalent G-quadruplexes, such
as precursor G-quadruplex 60, fall apart in the polar solvent conditions of DMSO into
“monomer.” This '"H NMR spectrum shows the hydrogen bonded, although broadened,
region of the N1H and N2H,4 signals along with “unfolded” G-quadruplex in roughly a
1:1 ratio. Upon heating, these peaks disappear. Figure 4.24b shows the 'H NMR
spectrum of unimolecular G-quadruplex 61 after about one week as it is completely
“unfolded” G-quadruplex. This shows that the unimolecular G-quadruplex is a

kinetically stable structure that slowly unfolds, even in very polar solvent conditions

(Scheme 4.10).
a) " NIH "
N _A_ .
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Figure 4.24. A region of the 400 MHz 'H NMR spectra (DMSO-d;) of unimolecular G-
quadruplex 61 a) 10 minutes and b) one week after dissolving into DMSO-ds. The

spectra shows what appears to be the additional hydrogen bonded signals for the N1H
and N2HA signals (*).
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Scheme 4.10. Equilibrium between structured unimolecular G-quadruplex 61 (left) and
“unfolded” unimolecular G-quadruplex 61 (right).

Additional evidence for this increased stability came from melting studies in
DMF-d;. DMF-d;, a hydrogen bond competing solvent, is still polar enough to partially
unfold unimolecular G-quadruplex 61 at rt and has a much lower melting point (-6 “C)
than DMSO-ds (18.5 °C). At rt, the sample is mainly folded (61 % folded), after
annealing at 100 °C. At higher temperatures (92 °C), the sample is mainly unfolded (19

% folded) after annealing at 100 °C (Figure 4.25).
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Figure 4.25. Selected N1H region of the 400 MHz 'H NMR spectra (DMF-d,) of a)
unimolecular G-quadruplex 61 at 92 °C, b) 70 °C, ¢) 21 °C, and d) noncovalent G-
quadruplex 60 at 21 °C. The percentage of folded to unfolded structures are also shown.
The 'H NMR spectra were generated by heating the sample up to 100 °C for 4 h, cooling
down to the desired temperature, and waiting until the sample comes to equilibrium.
Folded-unfolded ratios are ballpark numbers, since it takes a significant amount of time
for the sample to come to equilibrium at low temperatures.

It should be noted that the sample takes a significant amount of time to come to
equilibrium. After 30 minutes at 103 °C, the "H NMR spectrum of unimolecular G-
quadruplex 61 is still significantly folded (41 %). After 220 min, the sample had come to
equilibrium at 7 % folded (Figure 4.26). At lower temperatures, the sample takes
significantly more time, weeks, to come to equilibrium between folded and unfolded
species. Due to this kinetic stability, measuring the ratio of folded to unfolded at lower

temperatures proved to be a daunting task. The slow kinetics of the unimolecular G-

quadruplex 61 are associated with both the unfolding and unfolding processes.
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Figure 4.26. Selected N1H region of the 400 MHz 'H NMR spectra (DMF-d;) of
unimolecular G-quadruplex 61 at 103 °C after a) 30 min, b) 90 min, and ¢) 220 min.

To shift this equilibrium, [2.2.2]cryptand 21, a Na' scavenger, was used to
remove metal from the G-quadruplex. An “empty” G-quadruplex should be substantially
less stable than the Na" filled unimolecular G-quadruplex 61 because of the C6 oxygens
being in close proximately without a stabilizing cation. Figure 4.27a shows a region of
the 400 MHz "H NMR spectrum (DMF-d;) of unimolecular G-quadruplex 61 at rt. After
addition of [2.2.2]cryptand 21 (Figure 4.27b), the folded structures becomes less ordered
as multiple new peaks arise that are downfield to the “unfolded” structure. Heating the
sample to 100 °C completely unfolds the structure (Figure 4.27c). Afer annealing the
sample, a new N1H signal arises downfield to the “unfolded” peak at rt (Figure 4.27d).
Cooling the sample further to -43 °C (Figure 4.27e) results in the growth of the new

“folded” signal (34 % new signal).
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Figure 4.27. Selected N1H region of the 400 MHz 'H NMR spectra (DMF-d;) of
unimolecular G-quadruplex 61 at a) 21 °C, b) at 21 °C with 4 equiv. [2.2.2]cryptand 21,
c) b at 103 °C, d) after annealing (100 °C) b, e) at -43 °C, and f) schematic showing a
possible intermediate after the addition of [2.2.2]cryptand 21.

This single set of signals could be an isolated tetramer or a symmetric octamer. It

was previously shown that symmetric octameric G-quadruplexes give a single set of
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3

signals in this region downfield to the “unfolded” peaks. Figure 4.27f shows a
possible structure of the intermediate observed in the spectra shown in Figure 4.27d and
e. The possible structure in Figure 4.27f shows an isolated G-quartet with the rest of the
structure “unfolded.” Further investigation into this intermediate is needed to fully

characterize it.

Upon addition of [2.2.2]cryptand 21 to unimolecular G-quadruplex 61 in a more
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nonpolar solvent (CD,Cl,) (Scheme 4.11), the unimolecular G-quadruplex 61 appears to
remain folded (Figure 4.28a and b). The N1H signals show a significant downfield shift
(Ad = 0.5 ppm) after the addition of [2.2.2]cryptand 21. This downfield shift of the N1H
signals is likely due to the removal of the Na' cations from the unimolecular G-
quadruplex 61. After removing these cations, the hydrogen bonds between the N1
protons and the C6 oxygens should be stronger, since the bound M" pull electron density
from the oxygens (Figure 4.29). This stronger hydrogen bond should shift the N1
protons further downfield.  Furthermore, *Na NMR spectra showed that the
[2.2.2]cryptand extracted Na" from the unimolecular G-quadruplex 61. The unimolecular
G-quadruplex [G 61] « 3Na" doesn’t show any signals for bound Na" (Figure 4.28¢).
This is most likely due to the fact that the bound Na" in 61 are in intermediate exchange
in the NMR chemical shift timescale. Upon addition of [2.2.2]cryptand 21 to

unimolecular G-quadruplex 61, a »Na signal arises for the [2.2.2]cryptate » Na" complex.
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Scheme 4.11. Schematic showing removal of cation in nonpolar solvent. Proposed
structure of cation “free” unimolecular G-quadruplex in nonpolar solvents.
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Figure 4.28. Selected N1H region of the 'H NMR spectra (CD,Cl,) of a) unimolecular
G-quadruplex 61 and b) with 16 eq [2.2.2]cryptand 21. Additional *Na NMR spectra of
¢) unimolecular G-quadruplex 61 and d) with 16 eq [2.2.2]cryptand 21.
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Figure 4.29. G-quartet a) with bound M" cation and b) without cation.

To gain more insight about the stability of the unimolecular G-quadruplex 61, CD
spectroscopy was again used to study the solution structure. As mentioned before the
noncovalent G-quadruplex 60 is CD active. Upon addition of 3 equiv of [2.2.2]cryptand
21 to noncovalent G-quadruplex 60 in CH,Cl,, no CD signal is observed (Figure 4.30).
On the other hand, even with the addition of 160 equiv of [2.2.2]cryptand 21,
unimolecular G-quadruplex 61 is still CD active (Figure 4.31). With the exception of a
slight shift in the CD spectrum, the two CD spectra of unimolecular G-quadruplex 61

with and without [2.2.2]cryptand are similar.
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Figure 4.30. CD spectra of a) noncovalent G-quadruplex 60 (0.011 mM) (green line)
and b) with 3 equiv. [2.2.2]cryptand 21 (red line) in CH,Cl, using a 1.0 cm path length
quartz cuvette.
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Figure 4.31. CD spectra of a) unimolecular G-quadruplex 61 (0.011 mM) (green line)
and b) with 160 equiv. [2.2.2]cryptand 21 (red line) in CH,Cl, using a 1.0 cm path length
quartz cuvette.
These studies show the remarkable stability of the unimolecular G-quadruplex 60.
These studies show that the unimolecular G-quadruplex slowly unfolds and folds even in

polar solvents. The addition of [2.2.2]cryptand appears to remove the M". We,* and

others,”’ have previous reported stable G-quartets without the presence of cations.
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Furthermore, different intermediates are observed depending on the polarity of the
solvent. In more polar solvents, DMF-d;, a new intermediate is observed while in more

nonpolar solvents, CD,Cl,, a cation “free” G-quadruplex is proposed.

4.45 Unimolecular G-quadruplex 61 is a Transmembrane Na" Transporter

The studies presented in this section used egg yolk phosphatidylcholine (EYPC)
liposomes. A liposome is a spherical lipid bilayer that acts as a cell model. The
liposome contains an aqueous intravesicular compartment. Both the intravesicular and
extravesicular solution can be altered differently for specific assays.

The unimolecular G-quadruplex 61 showed remarkable stability in EYPC
liposomes. Unimolecular G-quadruplex 61 gave the diagnostic CD spectrum for a G-
quadruplex when added to an aqueous solution of EYPC liposomes (Figure 4.32),
indicating that unimolecular G-quadruplex 61 can fold into this secondary structure
within the phospholipid bilayer.”® As with other noncovalent lipophilic G-quadruplexes,
noncovalent G-quadruplex 60 showed no CD activity under these conditions. In contrast,
no active CD bands were observed for unimolecular G-quadruplex 61 when it was added
to a solution of 10 mM sodium phosphate that did not contain liposomes, indicating that

G-quadruplex 61 is either unstructured or insoluble in aqueous solution.

151



20 7 a) With Liposomes

(0.25 mol%)

b) Without Liposomes

P
2

0 \.V L] L} ha I I L}
270 ZQM 310 330 350

5 A (nm)

Figure 4.32. CD spectra of unimolecular G-quadruplex 61 (0.05 mM) in 10 mM sodium
phosphate (pH 6.4) with a) and without b) EYPC liposomes (100 nm).

Having shown that unimolecular G-quadruplex 61 forms a G-quadruplex in
phospholipid liposomes; its ability to function as a transmembrane ion transporter was
evaluated. Initial studies used a standard base-pulse assay to indirectly measure Na"

. 216,314
transport across liposomal membranes.”'®”

Liposomes (100 nm) containing the pH-
sensitive dye (71), HPTS, were suspended in a solution of 75 mM Na,SO4, 10 mM
sodium phosphate (pH=6.0). As shown in Figure 4.33, addition of exogeneous base led
to a rapid increase in the internal pH of these liposomes when they were in the presence
of unimolecular G-quadruplex 61 (1 mol %). In sharp contrast, no pH change occurred
when either G 59 or the non-covalent assembly [G 59];¢ * 4K "4DNP was added to the
HPTS-loaded liposomes. The pH increase mediated by unimolecular G-quadruplex 61 is
consistent with Na' influx across the phospholipid bilayer. Gramicidin was a positive

control in these experiments. Gramicidin, a linear pentadecapeptide, forms elongated

dimers that span phospholipid membranes. These dimers are potent cation channels that
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are selective for monovalent cations.
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Figure 4.33. Transport of Na' as determined in a pH gradient assay. EYPC liposomes
(100 nm) containing HPTS dye 71 (0.1 mM) in 100 mM NaCl, 10 mM sodium phosphate
(pH 6.1) were suspended in 100 mM NaCl, 10 mM sodium phosphate (pH 6.1). The
compounds, G 59, G-quadruplex 61 or gramicidin, were added at t = 0 s as DMSO
solutions to give a 1:100 ligand to lipid ratio. The addition of NaOH solution at t =40 s
established a pH gradient of about 1 pH unit. At t =430 s the liposomes were destroyed
with Triton-X detergent. Measurement of the fluorescence of the trianionic and
tetraanionic forms of HPTS dye 71 allowed determination of the liposomal pH.

Direct evidence for transmembrane cation transport down a Na' gradient, as
facilitated by unimolecular G-quadruplex 61, was obtained from **Na NMR experiments.
EYPC liposomes (200 nm) containing 130 mM LiCl in 10 mM lithium phosphate
(pH=6.4) were suspended in a solution containing 100 mM NaCl, 10 mM sodium
phosphate (pH = 6.4). Addition of the NMR shift reagent, Dy(PPPi),”, caused the “outer”

»Na peak to move upfield to & —7.00, distinguishing it from any “internal” **Na at § 0.24.

After incubation of the LiCl-filled liposomes with the metathesis product unimolecular
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G-quadruplex 61 (0.1 mol %) for 10 minutes, “Na NMR analysis showed that

equilibrium had been achieved between the internal and external Na" populations (Figure

4.34). Importantly, under the same conditions no Na transport was mediated by the
precursor G 59 or the non-covalent assembly 60 [G 59]s * 4K * 4DNP" (1 mol %).

Again, gramicidin served as a positive control in these Na™ transport experiments.

; In OUL
b)
@& o
d)

ppm 0  -10
Figure 4.34. A series of “Na NMR spectra 10 min after addition of a) metathesis
product 61, b) G 59, ¢) DMSO blank and d) gramicidin to a solution of EYPC liposomes
(200 nm) that initially contained 100 mM LiCl, 10 mM lithium phosphate suspended in

an extravesicular buffer containing 100 mM NaCl, 10 mM sodium phosphate. Transport
of Na" across the bilayer is indicated by a *Na NMR peak at § 0.24 ppm.

4.4.6 Unimolecular G-quadruplex Transports Li* and K™ Across EYPC Liposomes.
Initial studies on the selectivity of the unimolecular G-quadruplex 61 showed that
it is not Na" specific. HPTS base-pulse assays, similar to the Na" studies, showed that
unimolecular G-quadruplex also transports Li* and K*. Figure 4.35 shows the HPTS
base-pulse assays with Li" and Figure 4.36 shows the HPTS base-pulse assays with K.

These studies suggest that unimolecular G-quadruplex 61 transports all three monovalent
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cations. Although recent calculations have predicted that smaller monovalent cations
move through DNA G-quadruplexes with lower activation barriers as compared to larger

cations, further studies are needed to confirm this selectivity.*'®
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Figure 4.35. Transport of Li" as determined in a pH gradient assay. EYPC liposomes
(100 nm) containing HPTS dye (0.1 mM) in 100 mM LiCl, 10 mM lithium phosphate
(pH 6.5) were suspended in 100 mM LiCl, 10 mM lithium phosphate (pH 6.5). The
compounds, G 59, G-quadruplex 61 or gramicidin, were added at t = 0 s as DMSO
solutions to give a 1:100 ligand to lipid ratio. The addition of LiOH solution at t =40 s
established a pH gradient of about 1 pH unit. Att =430 s the liposomes were destroyed
with Triton-X detergent. Measurement of the fluorescence of the trianionic and
tetraanionic forms of HPTS dye allowed determination of the liposomal pH.
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Figure 4.36. Transport of K™ as determined in a pH gradient assay. EYPC liposomes
(100 nm) containing HPTS dye (0.1 mM) in 100 mM KCI, 10 mM potsium phosphate
(pH 6.4) were suspended in 100 mM KCI, 10 mM potassium phosphate (pH 6.4). The
compounds, G 59, G-quadruplex 61 or gramicidin, were added at t = 0 s as DMSO
solutions to give a 1:100 ligand to lipid ratio. The addition of KOH solution at t = 40 s
established a pH gradient of about 1 pH unit. Att =430 s the liposomes were destroyed
with Triton-X detergent. Measurement of the fluorescence of the trianionic and
tetraanionic forms of HPTS dye allowed determination of the liposomal pH.

4.5 Conclusion

In conclusion, it was shown that N2-C8-guanosine derivatives 51 can form G-
quartets. These G-quartets have the substituents on the N2 and C8 positions in close
proximity, which could be used to covalently capture the G-quartet. This strategy that
combines non-covalent synthesis and covalent capture to prepare a functional
supramolecular assembly, unimolecular G-quadruplex 61, in just a two steps from a
guanosine derivative is described. This unimolecular G-quadruplex is remarkably stable
when compared with its noncovalent G-quadruplex 60. The unimolecular G-quadruplex
61 apparently folds into a conformation that allows it to bind and transport Na' ions
across phospholipid bilayer membranes. Additionally, this unimolecular G-quadruplex 61

is selective for monovalent cations. Further studies could elucidate the order of
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selectivity of these transporters. Additionally, further studies are needed to show if this

unimolecular G-quadruplex is indeed an ion channel.
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Chapter 5. Future Directions

Diffusion NMR was demonstrated as a valuable technique in characterizing the
size of lipophilic G-quadruplexes (Chapter 2). The solution structure of [G 8] * 4K *
4pic’ is determined to be a hexadecamer using diffusion NMR. Additionally, G 24 is also
shown to form a hexadecamer G-quadruplex, which has an octameric intermediate
structure. Two different octamers, a singly and doubly charged octamer, formed by G 29
are elucidated by diffusion NMR. The information gained from the diffusion NMR
technique allowed for a better understanding of the self-assembly processes, especially
regarding the roles of cation, anion and solvent.

Chapter 3 utilized demonstrated pseudo-regioselective exchange of isotopically
labeled G 35-d into [G 8-h]¢ * 4K o 4pic” is demonstrated. Both the bound anion and
cation can control the exchange of ligand into the different layers of a synthetic G-
quadruplex.

The covalent capture of lipophilic G-quadruplex 60 with reactive groups on the
periphery generated a unimolecular G-quadruplex 61 (Chapter 4). This unimolecular G-
quadruplex 61 shows exceptional stability in nonpolar and polar solvents, even without
the presence of cations. Furthermore, this unimolecular G-quadruplex transports
monovalent cation across phospholipid membranes.

The research discussed in this thesis has a significant bearing on the application of
the G-quadruplex as a nanostructure and biomaterial. The characterization and
manipulation of the lipophilic G-quadruplexes can be broadly applied to the self-
assembled G-quadruplex structures discussed in the introduction. Furthermore, the

functionalization of discrete regions of G-quadruplexes has not been fully exploited. To
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date, most G-quadruplex biomaterials have relied on the TBA scaffold. Due to the
unimolecular G-quadruplex’s (61) enhanced stability over noncovalent structures, the
unimolecular G-quadruplex 61 would be an ideal candidate as a cation sensor.

Covalent capture of a single G-quartet, similar to that of G 51, is of great interest.
Alternative strategies include 1,3-dipolar cycloaddition 72, disulfide 73 or hydrazone
bonds 74. These alternative strategies may be more successful in covalently capturing a

single G-quartet.
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Both lipophilic guanosine and isoguanosine, a guanosine isomer, are selective in
removing radioactive **°Ra*".?*'*!"  Covalent capture techniques with isoguanosine 75
may lead to covalently captured pentamers or decamers. Radioactive **°Ra*" can cause
cancer and other problems through replacing Ca®" in the bone. Although both of these
noncovalent structures of guanosine and isoguanosine are selective for Ra®’, the
noncovalent structures form unorganized structures in the presence of other hydrogen
bonding species.’®’ One way to alleviate this obstacle is to use the covalent capture
approach described in this thesis to build unimolecular structures. These structures are
more stable and should still form stable organized structures even in the presence of other

hydrogen bonding species, thus extracting Ra*"
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Further manipulation of the unimolecular G-quadruplex 61 may lead to materials
with diverse properties. For example, hydrogenation of the double bond may yield a less
rigid unimolecular G-quadruplex that would have different cation selectivity.
Additionally, regioselective exchange of more polar guanosine ligands into the outer
layers, followed by covalent capture may lead to more amphiphilic structures.
Furthermore, transesterification with methanol of the benzoate ester in G-quadruplex 61
may lead to a large 144-membered macrocycle.

The unfolding and folding properties of the unimolecular G-quadruplex 61 need
to be explored further. In particular, the intermediate that arises in polar solvents in the
absence of cations needs to be further characterized.

The ion selectivity properties of G-quadruplex 61 need to be carefully studied.
Channel conductance studies are needed to verify that G-quadruplex 61 clearly functions
as an ion channel.”® Studies on liposomes comprised of phospholipids of different sizes
and charges may allow for better insight into the mechanism of transport.**

Lastly, the binding properties of unimolecular G-quadruplex 61 with both 5’GMP
and small G-rich DNA strands in DMF are of particular interest. Interactions between
these two species could be monitored through diffusion NMR. Compounds that bind G-

rich DNA strands, such as telomeres, are of increased interest as drug targets.”**' Studies
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on both unimolecular G-quadruplex 61 and more hydrophilic derivatives may lead to

promising results in this area.

161



Chapter 6. Experimental and References.

6.1 General Experimental

All "H NMR spectra were recorded on a Bruker DRX-400, a Bruker Avance 400
instrument operating at 400.13 MHz, or on a Bruker DRX-500 operating at 500.13 MHz.
The >C NMR spectra were recorded on a Bruker DRX-400 and Bruker Avance 400
instrument operating at 100.61 MHz. Chemical shifts are reported in ppm relative to the
residual protonated solvent peak. Variable temperature 'H NMR experiments were
controlled to + 0.1 °C and calibrated with methanol at low temperatures and ethylene
glycol at high temperature. All NMR spectra were recorded at 20-25 °C (room
temperature) unless otherwise specified. Two dimensional 'H-'H COSY ('H-'H three-
bond coupling), 'H-'H NOESY (‘H-'H through space magnetization transfer), 'H-">C
HSQC ('H-"C one-bond coupling) and 'H-"*C HMQC ('H-"*C multibond coupling)
experiments were run using previously published standard protocols.”® Fast atom
bombardment (FAB) mass spectra were recorded on a JEOL SX-102A magnetic sector
mass spectrometer. ESI-MS experiments, except when noted, were recorded on a JEOL
AccuTOF CS. All fluorimetric experiments were carried out on an Hitachi F4500
fluorescence spectrophotometer. The pH of solutions was monitored with a Fisher
Scientific AR25 dual channel pH/ion meter. Circular dichroism (CD) spectra were
recorded on a JASCO-810 spectropolarimeter with a 1.0 cm and 1.0 mm path length
quartz cuvette. Variable temperature CD experiments were controlled by an attached
PFDA425S Peltier system with a 1.0 cm and 1.0 mm path length quartz cuvette. Deuterated
solvents were purchased from Cambridge Isotope Laboratories. Chromatography was

performed using 60-200 mesh silica purchased from Baker and 40-120 p Sephadex G-10
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purchased from Pharmacia Fine Chemicals. Thin layer chromatography was performed
on Kieselgel 60 F254 and Uniplate™ Silica Gel GF silica-coated glass plates and
visualized by UV or by staining with I, or an aqueous solution of ceric ammonium
molybdate (CAM). All chemicals and solvents were purchased from Sigma, Fluka,

53,318 . 318 59,182 .
8,”°"" adenosine 23,” " G-quadruplex 22, guanosine

Aldrich, or Acros. Guanosine
29,°" 3,5-(allyloxy)benzoic acid 64,12 3,5-(butz-3-enyloxy)benzoic acid 68,°"° and the

potassium and sodium phenolates™ were prepared following published methods. All

solvents were dried and distilled following standard procedures.

6.2 Synthesis

2',3'-O-1sopropylidene-5'-0-(3,5-bis(methoxy)benzoyl)-guanosine (G 24): 3,5-
Dimethoxy benzoyl chloride (465 mg, 1.5 mmol) was added to a solution of 2°,3-O-
isopropylidene guanosine 25 (500 mg, 1 mmol) and 4-dimethylaminopyridine (5 mg) in
distilled pyridine (7.5 mL). The resulting solution was stirred at rt under a N, atmosphere
for 4 h. The solvent was evaporated under reduced pressure. The remaining white solid
was dissolved in CH,Cl, (40 mL) and washed with 0.1 N HCI1 (10 mL), sat NaHCO; (10
mL), and H,O (2x10 mL). After removal of the solvent, trituration with Et,O gave G 24
as a white powder (630 mg, 84 %). 'H NMR (400 MHz, DMSO-d): &= 10.84 (s, 1 H,
NH1), 7.82 (s, 1 H, H8), 7.00, (d, 1 H, J=2.3 Hz, H8"), 6.76 (t, 1 H, J/=2.3 Hz, H10"), 6.61
(brs, 2 H, NH,), 6.05 (d, 1 H, J=1.5 Hz, H1"), 5.26 (dd, 1 H, J=6.0, 1.5 Hz, H2"), 5.24
(dd, 1 H, J=6.0, 2.5 Hz, H3"), 4.37-4.51 (m, 2 H, H5"), 4.41 (brs, 1 H, H4"), 3.77 (brs,
6 H, OCHs), 1.52 (s, 3 H, CH3), 1.32 (s, 3 H, CH3); °C NMR (100 MHz, DMSO-de): &=

165.1, 160.5, 156.9, 153.9, 150.4, 136.0, 131.3, 117.0, 113.3, 106.9, 105.2, 88.5, 84.3,

163



83.9, 81.2, 65.0, 55.5, 27.0, 25.3; HRMS (FAB): m/z: calcd for C,,H,s0gNsLi: 494.186,

found 494.186 [M+Li]".

Octamer [G 24]g-K*-DNP™ (27): A solution of G 24 (5.0 mg, 10.3 mmol) in CH,Cl, (1
mL) was added to a solution of K 2,6-DNP in water (2 mL, 0.65 mM). The resulting
biphasic mixture was stirred at rt for 12 h. The organic layer was then separated and
concentrated. "H NMR (400 MHz, CD,Cl,): &= 12.23 (s, 8 H, NH1), 7.88 (d, 2 H, J=8.1
Hz, mDNP), 7.21 (s, 8 H, H8), 7.17 (d, 16 H, J=2.3 Hz, H8"), 6.65 (t, 8 H, J=2.3 Hz,
H10%), 5.90 (s, 8 H, H1"), 5.90 (t, 1 H, J=8.1 Hz, pDNP), 5.62 (dd, 8 H, J=6.3, 2.9 Hz,
H3"), 5.24 (d, 8 H, J=6.3 Hz, H2'), 4.88 (dd, 8 H, J=14.1, 8.5 Hz, H5'4), 4.80-4.74 (m,

16 H, H4", H5'p), 3.80 (s, 48 H, OCH3), 1.68 (s, 24 H, CHs), 1.44 (s, 24 H, CH3).

Hexadecamer [G 24]i5-4 K*-4 DNP™ (28): A K 2,6-DNP solution in water (1 mL,
10.3 mM) was added to a solution of G 24 (5.0 mg, 10.3 mmol) in CH,Cl, (1 mL). The
resulting biphasic mixture was stirred at rt for 12 h. The organic layer was then separated
and concentrated. The designations a (outer G-quartet) and b (inner G-quartet) in the 'H
NMR data refer to the two sets of signals for the hexadecamer. '"H NMR (400 MHz,
CD,Cl,): &= 11.76 (s, 8 H, NH1a), 11.70 (s, 8 H, NH1b), 9.72 (s, 8 H, NH;4a), 9.56 (brs,
8 H, NHzab), 7.86 (d, 8 H, J/=7.6 Hz, mDNP), 7.17 (s, 8 H, H8b), 6.97 (s, 8 H, H8a), 6.94
(s, 8 H, NHagb), 6.81 (d, 16 H, J=2.2 Hz, H8'D), 6.80 (d, 16 H, J=2.2 Hz, H8a), 6.55 (t,
8 H, J=2.0 Hz, H10"a), 6.33 (br s, 8 H, NHypa), 6.26 (t, J=2.0 Hz, H10'b), 5.95 (dd, 8 H,
J=5.9, 3.5 Hz, H2'b), 5.90 (t, 4 H, J=7.6 Hz, pDNP), 5.85 (s, 8 H, H1'b), 5.74 (dd, 8 H,

J=6.3, 2.4 Hz, H3'b), 5.53 (d, 8 H, J=3.5 Hz, Hl'a), 5.33 (brs, 8 H, H2'b), 5.23 (d, 8 H,
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J=5.9 Hz, H3'a), 5.04 (t, 8 H, J/=10.2 Hz, H5'zb), 4.79-4.68 (m, 16 H, H4'a, H4'b), 4.54
(dd, 8 H, J=11.0, 8.4 Hz, H5'sa), 4.34 (m, 8 H, H5'gb), 4.17 (dd, 8 H, J=11.0, 4.1 Hz, H5"
Ba), 3.74 (s, 48 H, OCH3a), 3.38 (s, 48 H, OCH3b), 1.77 (s, 24 H, CHza), 1.65 (s, 24 H,

CHsb), 1.50 (s, 24 H, CHsa), 1.43 (s, 24 H, CHsb).

Octamer [G 29]s-2 Na'-2 pic™ (31): Na'Pic” (2.0 mg, 8.0 mmol) was added to a solution
of G 29 (5.0 mg, 13.7 mmol) in CH,ClI; (1 mL). The resulting suspension was stirred at rt
for 12 h. After centrifuging, the organic layer was decanted and concentrated. '"H NMR
(400 MHz, CDCl3): &= 11.86 (s, 4 H, NH1), 8.58 (s, 2 H, picrate), 7.12 (s, 4 H, HS), 5.86
(s, 4 H, H1"), 5.39 (dd, 4 H, J=5.4, 3.4 Hz, H3"), 5.25 (d, 4 H, J=5.4 Hz, H2'"), 4.63 (dd,
4 H, J=10.8, 5.9 Hz, H5's), 4.58 (ddd, 4 H, J=6.9, 5.9, 3.4 Hz, H4"), 4.41 (dd, 4 H,

J=10.8, 6.9 Hz, H5'5), 2.23 (s, 12 H, Ac), 1.62 (s, 12 H, CH3), 1.42 (s, 12 H, CH3).

Octamer [G 29]s-Na'-pic™ (33): A Na'Pic™ solution in water (2 mL, 0.6 mM) was added
to a solution of G 29 (5.0 mg, 13.7 mmol) in CH,Cl, (1 mL). The biphasic mixture was
stirred at rt for 12 h. The organic layer was then separated and concentrated. 'H NMR
(400 MHz, CDCls): &= 12.38 (s, 8 H, NH1), 9.66 (s, 8 H, NH;4), 8.85 (s, 2 H, picrate),
7.10 (s, 8 H, HS8), 6.21 (s, 8 H, NH»g), 5.85 (s, 8 H, H1"), 5.25 (dd, 8 H, J=5.9, 3.4 Hz,
H3"), 5.25 (d, 8 H, J=5.9 Hz, H2'), 4.64 (dd, 8 H, J=10.3, 5.9 Hz, H5'4), 4.58 (ddd, 8 H,
J=6.9, 5.9, 3.4 Hz, H4"), 4.42 (dd, 8 H, J=10.3, 6.9 Hz, H5'), 2.21 (s, 24 H, Ac), 1.61 (s,

24 H, CHs), 1.38 (s, 24 H, CH;).

[8-°H]guanosine G 36. A suspension of guanosine (5.0 g) in 100 mL of 99.9% D,0 was
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refluxed under N, for 15 h. The product, which separated as a crystalline solid upon
cooling, was collected and washed with water to give 4.61 g (92%) of [8-*H]guanosine
36. The intensity of the HS singlet at § 7.85 in the '"H NMR spectrum was reduced to 2 %

of that of the H1' singlet at d 5.66, corresponding to 98 % deuterium incorporation at C8.

2',3'-O-isopropylidene-5'-t-butyl-dimethylsilyl-[8-?H]guanosine G 35-d. To a
suspension of [8-’H] guanosine 36 (1.00 g, 3.53 mmol) in acetone (100 mL) was added p-
TsOH-H,O (1.34 g, 7.06 mmol) and 2,2-dimethoxypropane (4.42 g, 42.4 mmol). The
resulting solution was stirred for 3 h at rt. Triethylamine (1.07 g, 10.6 mmol) was added
to neutralize the solution. A precipitate formed, and the solvent was removed in vacuo.
To a suspension of the residue and imidazole (0.41 g, 6.0 mmol) in CH,Cl, (40 ml) was
added #-butyl dimethylsilyl chloride (0.91 g, 6.0 mmol). The reaction mixture was stirred
for 20 h, after which time TLC analysis indicated the reaction was complete. The reaction
mixture was washed with 0.1 N HCI, sat NaHCO; and sat NaCl and concentrated in
vacuo. Crystallization from isopropanol gave G 35-d as a white solid (0.803 g, 52 %). It
was important to be cautious in the recrystallization process since vigorous heating in
isopropanol leads to the reprotonation of the C8 position. '"H NMR (400 MHz, CD,Cl,,):
0 12.08, (s, IH, NH1), 6.58 (s, 2H, N2), 5.99 (d, 1H, H1',J =2.0 Hz), 5.15 (dd, 1H, H2',J
=2.2, 6.0 Hz), 4.91 (dd, 1H, H3’, J =2.7, 6.0 Hz), 4.33 (m, 1H, H4', J=2.7 Hz, 10.0 Hz),
3.78 (m, 2H, H5', H5", J= 6.0, 10.0 Hz, 6.0 Hz), 1.38 (s, 3H, CH3), 1.28 (s, 3H, CH3),

0.89 (s, 9H, #-Bu), 0.01 (s, 3H, Si (CHs)), 0.00 (s, 3H, Si (CH;)).

Hexadecamer of the Deuterated G-quadruplex [G 35-d];s * 2Ba®" « 4DNP. A
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suspension of G 35-d (100 mg, 229 pumol) in 5 mL of CHCI; was stirred with a solution
BaDNP; solution in water (5 mL, 6 mM) at rt for 5 h. The organic layer was separated
and dried under vacuum. The residue was dissolved in 1 mL of CHCI; and 4 mL of
CH;CN. The resulting clear solution was allowed to evaporate slowly at rt in a N»-filled
desiccator. Yellow, needle-like crystals of [G 35-d];s  2Ba*" « 4DNP™ formed after 2
days. The '"H NMR spectrum for this deuterated complex was identical to that for the
isotopomer [G 8-h]; * 2Ba*" « 4DNP",*® except that the HS signals were reduced to < 3 %
relative intensity, indicating that the complex was > 97 % deuterated. The a (outside
layer) and b (inside layer) designations refer to the 2 sets of signals observed for this Dy4-
symmetric hexadecamer. 'H NMR (400 MHz, CD,Cl,): & 11.32 (s, 1H, NH1,), 11.01 (s,
1H, NH1p), 9.65 (s, 1H, N2 Ha,), 8.72 (s, 1H, N2 Hap), 8.11 (s, 1H, N2 Hpp), 8.10 (d, 2H,
DNP anion m-H, J = 8.1 Hz), 6.48 (s, 1H, H1',), 6.25 (t, 1H, anion p-H, ] = 8.1 Hz), 6.17
(d, 1H, H2',, J = 6.0 Hz), 5.85 (s, 1H, N2 Hg,), 5.83 (t, 1H, H2",, ] = 4.0 Hz), 5.56 (d, 1H,
H1',, J=3.7 Hz), 4.80 (d, 1H, H3',, ] = 6.0 Hz), 4.28-4.16 (m, 4H, H4', H5"), 3.64 (d, 1H,
H3', J = 6.4 Hz), 3.62 (d, 1H, H5", J = 9.3 Hz), 3.19-3.11 (m, 2H, HS"), 1.58 (s, 3H,
CHa,), 1.56 (s, 3H, CH3p), 1.53 (s, 3H, CHsp), 1.27 (s, 3H, CHs,), 0.87 (s, 9H, Si-tBu,),
0.55 (s, 9H, Si-Buy), 0.17 (s, 3H, Si-CH3,), 0.15 (s, 3H, Si-CH3p), -0.34 (s, 3H, Si-CHsy),

-0.37 (s, 3H, Si-CHay).

2',3'-O-isopropylidene-5'-triisopropylsilyl-guanosine G 45. To a suspension of the
2'3'-O-isopropylidene-guanosine 25 (2.68 g, 8.58mmol) and imidazole (1.0 g, 14.5
mmol) in DMF (150 ml) was added triisopropylsilyl chloride (2.10 g, 10.9 mmol). The

reaction mixture was stirred for 20 h, after which time TLC analysis indicated the
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reaction was complete. The reaction mixture was concentrated and the residue was
redisolved in CH,Cl,. The solution was washed with 0.1 N HCI, sat NaHCO; and sat
NaCl and concentrated in vacuo. Crystallization from isopropanol gave TIPS-G 45 as a
white solid (1.16 g, 28 %). 'H NMR (400 MHz, DMSO-de): 8 10.68 (s, 1H, NH1), 7.81
(s, IH, HS8), 6.52 (s, 2H, N2), 5.98 (d, 1H, H1', J = 1.8 Hz), 5.23 (dd, 1H, H2", J = 1.8, 6.0
Hz), 5.02 (dd, 1H, H3’,J =3.5, 6.0 Hz), 4.11 (m, 1H, H4"), 3.78 (d, 1H, HS5', J= 2.5 Hz),
3.76 (d, 1H, H5", J= 1.5 Hz), 1.50 (s, 3H, CH3), 1.30 (s, 3H, CH3), 0.94 (m, 21H, iPr-Si).
0= 156.6, 153.6, 150.4, 135.8, 116.8, 112.9, 88.2, 87.3, 83.6, 80.8, 63.8, 28.9, 25.2, 17.6,

17.6, 11.2. ESI-MS: m/z: calcd for C»,H3305N5Si: 480.2462, found 480.2491 [M+H]+.

Hexadecamer of the G-quadruplex [TIPS-G 45];s » 2Ba”" « 4DNP". A suspension of
TIPS-G 45 (100 mg, 208 umol) in 5 mL of CH,Cl, was stirred with a solution BaDNP,
solution in water (5 mL, 6 mM) at rt for 24 h. The organic layer was separated and dried
under vacuum. The residue was dissolved in 1 mL of CH,Cl, and 4 mL of CH3CN. The
resulting yellow solution was allowed to evaporate slowly at rt in a N,-filled desiccator.
Yellow, needle-like crystals of [G 45];6 © 2Ba’" « 4DNP" formed after 2 days. The a
(outside layer) and b (inside layer) designations refer to the 2 sets of signals observed for
this Ds-symmetric hexadecamer. '"H NMR (400 MHz, CD,Cly)*: 6 11.24 (s, 1H, NH1,),
10.96 (s, 1H, NH1y,), 9.57 (s, 1H, N2 Ha,), 8.64 (s, 1H, N2 Hap), 8.12 (s, 1H, N2 Hgy),
8.10 (d, 2H, DNP anion m-H, J = 8.5 Hz), 7.83 (s, 1H, H8,), 7.07 (s, 1H, H8}), 6.59 (s,
1H, H1',), 6.20 (t, 1H, anion p-H, J = 8.5 Hz), 6.11 (d, 1H, H2',, ] = 5.5 Hz), 5.70 (t, 1H,
H2',J=4.3 Hz), 5.50 (d, 1H, H1%, J = 1.8 Hz), 5.44 (s, 1H, N2 Hg,), 4.82 (d, 1H, H3',,J

= 4.9 Hz), 4.26-4.17 (m, 3H, H4',, H5", H5"), 4.10 (t, 1H, H4'%, J = 11.6 Hz), 3.82 (d,
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1H, H3", J = 11.6 Hz), 3.21 (dd, 1H, H5',, J = 7.3, 9.7 Hz), 3.10 (dd, 1H, H5",, J = 6.0,
9.7 Hz), 1.60 (s, 3H, CH3,), 1.56 (s, 3H, CHsy), 1.50 (s, 3H, CH3,), 1.31 (s, 3H, CHsy),
1.10 (s, 21H, iPr-Si,), 0.74 (s, 21H, iPr-Siy), 0.17 (s, 3H, Si-CHs,), 0.15 (s, 3H, Si-CHsp),
-0.34 (s, 3H, Si-CHap), -0.37 (s, 3H, Si-CHz,).

* The two different layers, a and b, were distinguished by COSY, HMBC, and HSQC 2D
NMR experiments. Layer a and layer b were distinguished to be outer and inner layers

respectively by 2D NOESY experiments shown in Figure 6.1.
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Figure 6.1. a) Schematic of G-quadruplex with a focus on the sugar moiety. b) Selected
region of "H-'"H NOESY spectrum at 400 MHz of G-quadruplex TIPS-G 45];¢ » 2Ba”" »
4DNP". The signal for inner CH; has NOE’s to both the inner and outer H1' signals,
while the outer CHj; only has an NOE to the inner H1'>

8-bromo-2',3'-O-isopropylidene-5'- t-BDMS-guanosine 55. To a solution of G 54 (2.4

g, 6.0 mmol) and imidazole (0.61 g, 8.0 mmol) in DMF (100 mL) was added ¢-
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butyldimethylsilylchloride (1.4 g, 9.0 mmol). The reaction mixture was stirred at rt under
N, for 8 h. The mixture was poured into water (1 L) and filtered to yield 0.57 mg (73 %)
of a white precipitate. 'H NMR (400 MHz, DMSO-dg) & 10.86 (s, 1 H, N1 H), 6.65 (br s,
2 H, N2 H2),5.89 (d, 1 H, HI', ] = 0.59 Hz), 5.47 (dd, 1 H, H2', J = 6.26, 0.59 Hz), 5.13
(dd, 1 H, H3',J = 6.26, 3.52 Hz), 4.07 (ddd, 1 H, H4', ] = 5.48, 3.52, 2.54 Hz), 3.69 (d, 1
H, H5'a, J = 5.48 Hz), 3.65 (d, 1 H, H5'd, J = 2.54 Hz), 1.49 (s, 3 H, CH3), 1.31 (s, 3 H,
CHs), 0.75 (s, 9 H, Si-t-butyl), -0.14 (s, 3 H, Si-CH3), -0.16 (s, 3 H, Si-CH;); °C NMR
(125.77 MHz, DMSO-de): 6= 155.4, 153.6, 151.3, 150.5, 112.9, 88.3, 86.9, 82.9, 80.9,
63.4, 26.9, 25.6, 25.3, 17.9, -5.6, -5.7. ESI-MS, calcd for CjoH3;BrNsOsSi [M+H]":

516.1278, found: 516.1273.

N2-(4-pentenyl)-8-bromo-2',3'-O-isopropylidene-5'-t-BDMS-guanosine  56. This
reaction was conducted similarly to previously known transformations as described by

Sako et.al>”’

To a solution of 55 (4 g, 7.8 mmol) and 4-pentanal (2.5 mL, 31 mmol) in
1:1 H,O-MeOH (300 mL) was added sodium cyanoborohydride (2.9 g, 46.5 mmol). The
reaction mixture was stirred at 50 °C under N, for 8 h (Reaction beyond this period gave
N2 dialkylation). After removal of the solvent, 200 mL of H,O was added and the pH
was adjusted to 7.0. After extraction with CH,Cl,, the organic layer was washed with sat.
NaHCO;3, 0.1 N HCI, and water. Following evaporation of the solvent, the resulting
brown solid was purified by flash chromatography (2 % MeOH in CH,Cl,) to give 3.0 g
(67 %) of a white solid. 'H NMR (400 MHz, DMSO-ds) 6 10.77 (s, 1 H, N1 H), 6.65 (br

s, 1 H,N2H), 5.91 (d, 1 H, HI', J=1.17 Hz), 5.81 (ddt, | H, H13, J = 17.22, 10.37, 6.65

Hz), 5.68 (dd, 1 H, H2', ] = 6.26, 1.17 Hz), 5.03 (dq, 1 H, H14a, J = 17.22, 1.96 Hz), 4.96
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(dg, 1 H, H14b, J = 10.33, 2.15 Hz), 4.96 (dd, 1 H, H3', ] = 6.65, 3.33 Hz), 4.07 (dt, 1 H,
H4', T = 6.65, 3.33 Hz), 3.62 (d, 2 H, H5', J = 6.65 Hz), 3.19 (m, 2 H, H10), 2.07 (m, 2 H,
H12), 1.64 (p, 2 H, H11, ] = 7.24 Hz) 1.51 (s, 3 H, CHs), 1.30 (s, 3 H, CH3), 0.76 (s, 9 H,
Si--butyl), -0.11 (s, 3 H, Si-CHs), -0.14 (s, 3 H, Si-CH;); °C NMR (125.77 MHz,
DMSO-dg): 6= 155.5, 151.8, 149.1, 148.2, 138.7, 114.6, 113.0, 112.7, 87.0, 86.8, 82.7,
80.8, 63.5, 52.9, 31.0, 27.0, 26.0 25.8, 25.3, 18.0, -5.5, -5.6. ESI-MS, calcd for

C>4H3oBrNsO5Si [M+H]": 584.1904, found: 584.2024.

N2-(4-pentenyl)-8-vinyl-2',3'-O-isopropylidene-5'- t-BDMS guanosine 51.  This

reaction was conducted as described by Sessler.**’

To a solution of 56 (1 g, 7.8 mmol)
and vinyltributyltin (1.25 mL, 4.3 mmol) in freshly distilled toluene (30 mL, 3 freeze-
pump thaw cycles) was added tetrakis(triphenyl-phosphine)palladium(0) (0.32 g, 0.27
mmol). The mixture was stirred at reflux under N, for 24 h. The solvent was removed
and the residue redissolved in CH,Cl,. The organic layer was washed with sat. NaHCOs,
0.1 N HCI, and water. Following evaporation of the solvent, the resulting solid was
purified by flash chromatography (1:2:98 NEt;-MeOH-CH,Cl,) to give 0.35 g (38 %) of
a white solid. "H NMR (400 MHz, DMSO-d¢) 6 10.85 (br s, 1 H, N1 H), 6.87 (dd, 1 H,
H15,J=17.02, 11.15 Hz), 6.76 (br s, 1 H, N2H), 6.14 (dd, 1 H, H16a, J = 17.02, 1.76),
6.08 (d, 1 H, H1',J =1.96 Hz), 5.80 (ddt, 1 H, H13,J = 17.22, 10.37, 6.65 Hz), 5.60 (dd,
1 H, H2', J = 6.26, 1.96 Hz), 5.46 (dd, 1 H, H16b, J = 11.15, 1.76 Hz), 5.02 (dq, 2 H,
Hl4a, J = 17.22, 1.76 Hz), 4.96 (m, 1 H, H14b, H3'), 4.08 (dt, 1 H, H4', J = 6.06, 3.52
Hz), 3.62 (d, 2 H, H5', J = 6.06 Hz), 3.21 (m, 2 H, H10), 2.06 (m, 2 H, H12), 1.62 (p, 2 H,

H11,J=7.24 Hz) 1.51 (s, 3 H, CH;), 1.30 (s, 3 H, CHs), 0.78 (s, 9 H, Si-t-butyl), -0.09
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(s, 3 H, Si-CH3), -0.11 (s, 3 H, Si-CHs; °C NMR (125.77 MHz, DMSO-de): $=156.6,
152.2, 150.6, 144.0, 137.7, 123.7, 120.0, 115.2, 115.1, 113.0, 88.0, 86.7, 82.4, 81.0, 62.8,
30.5, 27.8, 26.7, 25.6, 25.4, 24.9, 17.8, -5.6, -5.8. ESI-MS, calcd for CysH4NsOsSi

[M+H]": 532.2955, found: 532.3411.

G-quadruplex [G 51]s * Ba* *DNP". To a solution of G 51 (100 mg, 0.19 mmol) in
CH,Cl; (20 mL) was added barium 2,6-dinitrophenolate, Ba* (DNP"),, (50.35 mg, 0.10
mmol). The resulting mixture was stirred at rt for 24 h. After centrifuging, the organic
layer was separated and concentrated to give an orange solid. 'H NMR (400 MHz,
CDClz)*: 6=12.27 (s, 8 H, NH1), 10.27 (s, 8 H, NH4), 8.01 (d, 4H, DNP anion m-H, J =
8.1 Hz), 6.77 (dd, 8 H, , J/=17.2, 11.4 Hz, H15), 6.40 (d, 8 H, J=17.2 Hz, H16a), 6.05 (d,
8 H, J=2 Hz, H1"), 5.78 (m, 10 H, H13, DNP anion p-H), 5.54 (d, 8 H, J=9.95 Hz, H16b),
5.54 (m, 8 H, H2'"), 4.98 (dd, 24 H, H14, H3"), 4.19 (dt, 8 H, J=5.2, 3.3 Hz, H4'), 3.71 (m,
16 H, H5'4), 3.38 (m, 16 H, H10), 2.12 (dt, 16 H, J=7.5, 6.6 Hz, H12), 1.75 (p, 16 H,
J=7.5 Hz, H11), 1.58 (s, 24 H, CH3), 1.35 (s, 24 H, CH3), 0.84 (s, 72 H, Si-tBu), -0.02 (s,
48 H, Si-CH3).

* The COSY shown in Figure 6.2 was used to identify the proton signals for the NOE

experiment.
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Figure 6.2. Selected region of 2D COSY spectrum of sample of G-quadruplex [G 51]s *
Ba*""DNP".
N?-(4-pentenyl)-8-(1-(E)-propenyl)-2’,3’-O-isopropylidene-5’-t-butyldimethylsilyl-
guanosine 58. To a solution of 56 (1 g, 1.7 mmol) and allyltributyltin (1.35 mL, 4.3
mmol) in freshly distilled toluene (30 mL, 3 freeze-pump thaw cycles) was added
tetrakis(triphenyl-phosphine)palladium(0) (0.32 g, 0.27 mmol). The resulting solution
was stirred at reflux under a N, atmosphere for 24 h. The solvent was subsequently
removed and the residue was redissolved in CH,Cl,. The organic layer was washed with
sat. NaHCOs3, 0.1 N HCI, and water. Following evaporation of the solvent, the resulting
solid was purified by flash chromatography (1:2:98 NEt;-MeOH-CH,Cl,) to give a white

precipitate 58 (170 mg, 18 %). 'H NMR (ds-DMSO) & 10.85 (br s, 1H, N1H), 6.65 (dd,
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1H, H16, J = 15.26, 6.46 Hz), 6.55 (dd, 1H, H15, T = 15.26, 1.17), 6.53 (br s, 1H, N2H),
6.04 (d, 1H, H1", ] = 0.98 Hz), 5.81 (ddt, 1H, H13, ] = 17.22, 10.37, 6.65 Hz), 5.68 (dd,
1H, H2’, ] = 6.26, 0.98 Hz), 5.03 (dq, 1H, H14a, J = 17.22, 1.76 Hz), 4.96 (m, 2H, H14b,
H3%), 4.06 (dt, 1H, H4’, J = 6.06, 3.52 Hz), 3.58 (d, 2H, HS’, J = 6.06 Hz), 3.20 (m, 2H,
H10), 2.07 (m, 2H, H12), 1.89 (dd, 3H, H17, ] = 6.46, 1.17 Hz) 1.65 (m, 2H, H11) 1.50
(s, 3H, CH3), 1.30 (s, 3H, CH3), 0.77 (s, 9H, Si-¢-butyl), -0.10 (s, 3H, Si-CH3), -0.13 (s,

3H, Si-CH3); HRMS, caled for Co7H4sNsOsSi [M+H]': 546.3112, found: 546.3126.

3,5-bis(allyloxy) benzoic acid chloride 65. Thionyl chloride (10.93 ml, 56.3 mmol) was
added to a solution of 3,5-bis(allyloxy) benzoic acid 64°'* (1.10 g, 4.7 mmol) in distilled
toluene and the resulting mixture was refluxed for 2.5 h. The solvent was evaporated
under reduced pressure to give a green solid, which was immediately used without

purification.

2',3'-isopropylidene-5'-(3,5-bis(allyloxy)benzoyl)- guanosine (G 59). To a solution of
2',3'-O-isopropylidene guanosine™® (970 mg, 3.0 mmol) and 4-dimethylaminopyridine (10
mg) in distilled pyridine (15 mL) was added 3,5-bis(allyloxy) benzoyl acid chloride 65
(1.10 g, 4.35 mmol). The resulting solution was stirred at rt under a N, atmosphere for 4
h. The solvent was evaporated under reduced pressure. The remaining white solid was
dissolved in CH,Cl, (100 mL) and washed with 0.1 N HCI (10 mL), sat NaHCO; (3 x 10
mL), and H,O (3 x 10 mL). After removal of the solvent, trituration with i-Pr,O gave a
solid that was purified by flash chromatography (5 % MeOH in CH,Cl,) to give G 59

(1.05 g, 72%). 'H NMR (400 MHz, DMSO-de): & 10.79 (s, 1H, N1H), 7.82 (s, 1H, HS),
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7.02 (d, 2H, H8', ] = 2.3 Hz), 6.81 (1, 1H, H10", ] = 2.3 Hz), 6.59 (br s, 2H,NH,), 6.05 (s,
1H, HI"), 6.01 (ddt, 2H, H12',J = 17.3, 10.5, 5.0), 5.38 (ddd, 2H, H13',J = 17.3, 3.4, 1.0
Hz), 5.25 (m, 1H, H3", 5.25 (m, 1H, H2"), 5.25 (ddd, 2H, HI3", J = 10.5, 3.4, 1.5 Hz),
4.59 (ddd, 4H, HI1', J = 5.0, 1.5, 1.0 Hz), 4.42 (m, 2H, H5"), 4.40 (m, 1H, H4"), 1.52 (s,
3H, CHs), 1.32 (s, 3H, CH;); *C NMR (100 MHz, DMSO-de): 5 165.0, 159.3, 156.7,
153.8, 150.4, 136.1, 133.4, 131.2, 117.7, 117.0, 113.3, 107.8, 106.6, 88.5, 84.3, 83.9, 81.2,
68.5, 65.0, 27.0, 25.3; HRMS (FAB) [M+H]" caled for CosH3NsOs 540.2094, found

540.2069.

G-quadruplex 60 [G 59]16-4K"-4DNP": To a solution of G 59 (200 mg, 0.37 mmol) in
CH,Cl, (20 mL) was added potassium 2,6-dinitrophenolate (K'DNP’) (40 mg, 0.18
mmol). The resulting mixture was stirred at rt for 24 h. After centrifuging, the organic
layer was separated and concentrated to give an orange solid. The a (outside layer) and b
(inside layer) designations refer to the 2 sets of signals observed for this Ds-symmetric
hexadecamer. '"H NMR (400 MHz, CD,Cl,): 6 11.87 (s, 8H, NH1,), 11.75 (s, 8H, NH1,),
9.77 (s, 8H, N2 Haa), 9.62 (br s, 8H, N2 Hayp), 7.97 (br s, 8H, DNP anion m-H), 7.25 (br
s, 8H, N2 Hgy), 7.21 (s, 8H, H8), 7.03 (br s, 8H, HS8,), 7.00 (d, 16H, HS",, J = 2.0 Hz),
6.90 (d, 16H, H8',, J = 2.0 Hz), 6.62 (t, 8H, H10', J = 2.0 Hz), 6.41 (t, 8H, H10',, J = 2.0
Hz), 6.50 (dq, 8H, H12',, ] = 5.0, 17.3 Hz), 5.96-5.81 (m, 36H, H12",, H2",, H1'",, H3"}, p-
DNP), 5.53 (d, 8H, H1'a, J = 3.0 Hz), 5.45-5.29 (m, 32H, H2',, H3',, H13"), 5.07 (t, 8H,
H5'ab, J = 7.8 Hz), 4.76 (m, 8H, H4',) 4.62-4.42 (m, 24H, H5'5,, H11',), 4.15 (dd, 8H,
HS5'sp, J = 5.5, 12.8 Hz), 4.0 (dd, 4H, H5's, J = 4.3, 11.3 Hz), 1.78 (s, 3H, CH3,), 1.69 (s,

3H, CHsp), 1.54 (s, 3H, CHap), 1.50 (br s, 3H, CHs,).
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Unimolecular G-quadruplex 61. To a solution of precursor G-quadruplex 60 (80 mg,
0.0068 mmol) in distilled, degassed CH,Cl, (90 mL) was added Grubb’s second-
generation catalyst ((HoIMes)(PCys3)(Cl,)Ru=CHPh) (9.3 mg, 0.011 mmol, 5 mol% per

alkene).>"

The resulting solution was stirred at 35 °C under a N, atmosphere for 48 h.
The resulting solution was then washed with 0.1 N HCI (10 mL), sat NaHCOs (3 x 10
mL), and H,O (3 x 10 mL). After removal of the solvent, the black solid was purified by
flash chromatography (5 % MeOH in CH,Cl,) to give G-quadruplex 61 as an off-white
solid (32 mg, 57%). 'H NMR (400 MHz, DMSO-d): 810.78 (br s, 1H, N1H), 7.81 (s,
1H, HR), 6.88 (d, 2H, H8', J = 1.6 Hz), 6.65 (t, 1H, H10', J = 1.6 Hz), 6.60 (br s, 2H,
NH,), 6.05 (d, 1H, HI', J = 1.6 Hz), 5.71 (br s, 2H, H12"), 5.26 (dd, 1H, H2',J = 1.6, 6.3
Hz), 5.22 (dd, 1H, H3',J = 3.0, 6.3 Hz), 4.73 (br s, 1H, H11"), 4.45-4.33 (m, 3H, H4', HS',

H5"), 1.52 (s, 3H, CHj), 1.32 (s, 3H, CH;); ESI-MS [M+3K]3+ caled for

C384H400K3N800123 2766.5, found. 2766.3.

3,5-bis(but-3-enyloxy) benzoic acid chloride 69. Thionyl chloride (10.93 ml, 56.3
mmol) was added to a solution of 3,5-bis(buz-3-enyloxy) benzoic acid 68°"% (1.23 g, 4.7
mmol) in distilled toluene and the resulting mixture was refluxed for 2.5 h. The solvent
was evaporated under reduced pressure to give a green solid, which was immediately

used without purification.

2'.3'-isopropylidene-5'-(3,5-bis(but-3-enyloxy)benzoyl)- guanosine (G 66). To a

solution of 2'3'-O-isopropylidene guanosine™ (970 mg, 3.0 mmol) and 4-
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dimethylaminopyridine (10 mg) in distilled pyridine (15 mL) was added 3,5-bis(buz-3-
enyloxy) benzoyl acid chloride 69 (1.22 g, 4.35 mmol). The resulting solution was stirred
at rt under a N, atmosphere for 4 h. The solvent was evaporated under reduced pressure.
The remaining white solid was dissolved in CH,Cl, (100 mL) and washed with 0.1 N
HCI (10 mL), sat NaHCOs (3 x 10 mL), and H,O (3 x 10 mL). After removal of the
solvent, trituration with i-Pr,O gave a solid that was purified by flash chromatography (5
% MeOH in CH,Cl,) to give G 66 (1.60 g, 94%). 'H NMR (400 MHz, DMSO-dq): &
10.69 (s, 1H, N1H), 7.82 (s, 1H, HS), 6.99 (d, 2H, H8', J = 2.3 Hz), 6.76 (t, 1H, H10",J =
2.3 Hz), 6.55 (br s, 2H, N2H), 6.05 (s, 1H, H1"), 5.87 (ddt, 2H, H13',J = 17.4, 10.6, 6.6),
5.24 (m, 2H, H2', H3"), 5.15 (dq, 2H, H14',J = 17.4, 1.7 Hz), 5.07 (dq, 2H, H14", J = 10.6,
2.0 Hz), 4.44 (m, 3H, H4',H5"), 4.03 (t, 4H, H11', J = 6.6 Hz), 2.46 (m, 4H, H12"), 1.52 (s,
3H, CH3), 1.32 (s, 3H, CH3); ">C NMR (125.77 MHz, DMSO-de): & 165.5, 159.6, 156.6
153.6, 150.3, 136.0, 134.7, 131.1, 117.0, 116.9, 113.2, 107.5, 106.0, 88.4, 84.3, 83.8, 81.2,
70.0, 64.9, 26.9 25.3; HRMS (FAB) [M+H]" calcd for CysH34NsOg 568.2407, found

568.2388.

G-quadruplex 28 [G 66]15-4K™-4DNP™: To a solution of G 66 (213 mg, 0.37 mmol) in
CH,Cl, (20 mL) was added potassium 2,6-dinitrophenolate (Na'BPhy) (65 mg, 0.19
mmol). The resulting mixture was stirred at rt for 24 h. After centrifuging, the organic
layer was separated and concentrated to give a white solid. The '"H NMR spectrum was

consistent with G-quadruplex formation.
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6.3 ESI-MS Experiments on G 29.

Electrospray mass spectra were recorded with a ZMD Micromass single quadrupole mass
spectrometer, operating at m/z 4000. A Hamilton syringe driven by a Harvard pump was
used for direct injection of the sample at a rate of 10 L min™'; a capillary voltage of 3.2
kV and a cone voltage of 40 V were applied, and a desolvation temperature of 120 °C
was used. The charge of the species observed was deduced directly from the spacing of
the isotope peaks, apart from the less resolved m/z 2945 signal. The space between the
principal peak and the minor adjacent peak at 2961 corresponds to the mass difference
between K™ and Na’, indicating a monocharged species. Sample a) was prepared by a
solid-liquid extraction experiment: a 5 mM chloroform solution of G 29 (2 mL, 0.01
mmol) was stirred overnight in the presence of sodium picrate (4 mg, 16 mmol), and the
organic layer was then decanted. Sample b) was obtained by washing twice 1 mL of
sample a with an equal amount of water: the organic phase was then recovered and

injected into the mass spectrometer.

6.4 PFG-NMR Experiments.
Diffusion experiments were carried out with a Bruker DRX-500 spectrometer, using the

Stimulated Echo Pulse Gradient sequence in FT mode.'®

To improve homogeneity a “13
interval pulse sequence” was used with two pairs of bipolar gradients.'®" All samples for
the diffusion measurements were prepared in Shigemi tubes (Shigemi, Inc., Allison Park,
PA) and the temperature was actively controlled at 21.0 + 0.5 °C. Diffusion coefficients

were derived using integration of the desired peaks to a single exponential decay, using

the “Simfit (Bruker XWINNMR v3.1)” software. The diffusion coefficients reported are
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the mean + standard deviation at least 4 separate measurements.

Hexadecamer 22 and adenosine 23 in CD;CN: Experiments consisted of 24 points with
gradient strengths (g) ranging from 0.687-30.91 G cm™'. All experiments comprised 256
scans with a pulse delay of 4 s and 6 value of 2.8 ms, A value of 99.8 ms, and y value of
4258 Hz per G. Quadruplex 22 and A 23 were at concentrations of 0.059 and 0.16 mM,

respectively.

Guanosine 8 and adenosine 23 in DMSO-ds: Experiments consisted of 24 points with
gradient strengths (g) ranging from 0.687-30.91 G cm™. All experiments comprised 64
scans with a pulse delay of 4 s and d value of 4.6 ms, A value of 199.8 ms, and y value of

4258 Hz per G. Both G 8 and A 23 were at concentrations of 10.0 mM.

Octamer 27 and hexadecamer 28 in CDCl3: Experiments consisted of 32 points with
gradient strengths (g) ranging from 3.420-61.560 G cm™. All experiments comprised 256
scans with a pulse delay of 4 s and 6 value of 2.6 ms, A value of 59.9 ms, and y value of
4258 Hz per G. Octamer 27 and hexadecamer 28 were at concentrations of 0.64 and 0.32

mM, respectively.

Octamer 31, octamer 33 and adenosine 23 in CDCl3: Experiments consisted of 24 points
with gradient strengths (g) ranging from 0.687-30.91 G cm™. All experiments comprised
128 scans with a pulse delay of 4 s and 6 value of 2.6 ms, A value of 59.8 ms, and y value

of 4258 Hz per G. Octamers (31 and 33) and monomer 23 were at concentrations of 1.7
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and 6.4 mM, respectively.

Hexadecamer 34 and adenosine 23 in CDCl3: Experiments consisted of 24 points with
gradient strengths (g) ranging from 0.687-30.91 G cm™'. All experiments comprised 128
scans with a pulse delay of 4 s and 6 value of 2.6 ms, A value of 59.8 ms, and y value of
4258 Hz per G. Hexadecamer 34 and monomer 23 were at concentrations of 0.52 and 4.0

mM, respectively.

G-quadruplex [G 51]s * Ba’" and adenosine 23. Experiments consisted of measuring 24
points with gradient strengths (g) ranging from 3.420-61.560 G cm™. All experiments
comprised 256 scans with a pulse delay of 4 s and o value of 2.6 ms, A value of 130 ms,
and y value of 4258 Hz per G. The complex [G 51]g + Ba*" and the internal standard 5'- ¢-
BDMS-2',3'-isopropylidene A 23 were present at concentrations of 2.0 mM and 1.1 mM,

respectively.

Hexadecamer 60 and adenosine 23 in CD,Cl,: Experiments consisted of 24 points with
gradient strengths (g) ranging from 0.687-30.91 G cm™. All experiments comprised 128
scans with a pulse delay of 4 s and 6 value of 2.6 ms, A value of 59.8 ms, and y value of
4258 Hz per G. Hexadecamer 60 and monomer 23 were at concentrations of 0.52 and 4.0

mM, respectively.

G-quadruplex 61 and adenosine 23 in DMSO-ds: Experiments consisted of 24 points with

gradient strengths (g) ranging from 0.687-30.91 G cm™. All experiments comprised 64
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scans with a pulse delay of 4 s and y value of 4.6 ms,  value of 199.8 ms, and A value of

4258 Hz per G. Both G 61 and A 23 were at concentrations of 10.0 mM.

6.5 Determination of DNP Anion Exchange Rates.

A solution of [G 8-h]is « 4K « 4DNP” (I mM), Ba(DNP), (2 mM), and 2 mM
[2.2.2]cryptand, to solubilize Ba(DNP),, was prepared in 50:50% CD,Cl,-CD;CN. The
coalescence point of the [G 8-h];s + 4K « 4DNP" quadruplex was measured by observing
signals for the “free” anion (7.83 ppm) and bound anion (8.11 ppm) coalesce at -8 °C.
Using the difference in the frequencies of the “free” anion and the complexed anion, the
coalescence rate was calculated to be 588 s™' by the equation exchange rate = 21t x Av.
The activation energy (AGI) was calculated to be 12.0 kcal/mol using this equation. A
solution of [G 8-h]is * 4Ba’” « 4DNP (I mM), Ba(DNP), (I mM), and | mM
[2.2.2]cryptand (used to solubilize Ba(DNP),) was prepared in 50:50% CD,Cl,-CD3;CN.
The coalescence point of the [G 8-h]js * 2Ba®" « 4DNP™ quadruplex was measured by
observing signals for the “free” anion (7.83 ppm) and bound anion (8.11 ppm) coalesce at
- 52 °C. Using this difference in the frequencies of the “free” anion and the bound anion,
the exchange rate at coalescence was calculated to be 687 s'. The AG* rate was

calculated to be 10.0 kcal/mol.

6.6 Liposome Preparation. Liposomes were prepared by previously published
methods.”” High pressure extrusion was performed on the Avanti'™ mini-extruder with
a 0.1 um or 0.2 um polycarbonate membrane. EYPC was purchased from Avanti Polar

Lipids. Egg yolk L-a- phosphatidylcholine (EYPC ethanol solution, 70 pL, 92 umol)
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was dissolved in CHCI; (3 mL), the solution was slowly evaporated under reduced
pressure followed by drying under high vacuum for 2 h. The resulting thin lipid film was
hydrated in 1.4 mL of 10 mM phosphate buffer for 1 h. During hydration, the suspension
was submitted to 5 freeze-thaw cycles. The large multilamellar liposome suspension (1.0
mL) was submitted to high-pressure extrusion at rt (21 extrusions) through a 0.1 pm
polycarbonate membrane afforded a suspension of large unicellular vesicles (LUVs) with
an average diameter of 100 nm unless noted. The following LUV suspension was 65 mM

lipid.

6.7 HPTS Assay.””’

HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid) is a pH sensitive dye that can be
monitored by fluorescence. HPTS-loaded vesicles (100 pL of the stock solution), filled
with a saline phosphate buffer (10 mM sodium phosphate, pH 6.4, 75 mM Na,SO,) were
suspended in 1.9 mL of an corresponding phosphate sulfate buffer and placed into a
fluorimetric cell. The emission of HPTS at 510 nm was monitored with excitation
wavelengths at 403 and 460 nm simultaneously. During the experiment, 4 pL of a 2.5
mM DMSO solution of the compound of interest was added (through an injection port),
followed by injection of 20 puL of 0.5 M aqueous NaOH. Addition of the M"OH resulted
in a pH increase of approximately 1 pH unit in the extravesicular buffer. Maximal
possible changes in dye emission were obtained at the end of each experiment by lysis of
the liposomes with detergent (40 pL of 5% aqueous Triton X100). The final transport
trace was obtained as a ratio of the emission intensities monitored at 460 and 403 nm and

normalized to 100% of transport. Li" and K' experiments were run similarly with the
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exception of the respective alkali metal replacing Na'.

6.8 DMF-d; Folding-Unfolding Experiments on Unimolecular G-quadruplex 61.

Unimolecular G-quadruplex 61 « 4Na” « 4BPh,” (0.5 mM) was dissolved into DMF-ds.
'"H NMR spectra were taking at temperatures indicated. Annealing was performed
through heating the sample in the NMR spectrometer to 103 °C for 0.5 h and cooling
down to the desired temperature. Equilibrium studies were performed by maintaining the
sample at a given temperature and obtaining 'H NMR spectra every 0.5 h until the sample
had reached equilibrium. Equilibrium was determined through the measurement of the

integration for the peaks of “folded” and unfolded” G-quadruplex.

6.9%°Na NMR Experiments.*'

Lithium filled vesicles were prepared by previously published methods.”” High
pressure extrusion was performed on the Avanti'" mini-extruder with a 0.5 pm
polycarbonate membrane. EYPC was purchased from Avanti Polar Lipids. Egg yolk L-
a- phosphatidylcholine (EYPC ethanol solution, 140 pL, 184 pmol) was dissolved in
CHCI; (3 mL), the solution was slowly evaporated under reduced pressure followed by
drying under high vacuum for 2 h. The resulting thin lipid film was hydrated in 1.4 mL of
10 mM phosphate buffer (10 mM lithium phosphate, pH 6.4, 130 mM LiCl) for 1 h.
During hydration, the suspension was submitted to 5 freeze-thaw cycles. The large
multilamellar liposome suspension (1.0 mL) was submitted to high-pressure extrusion at
rt (21 extrusions) through a 0.5 um polycarbonate membrane afforded a suspension of

large unicellular vesicles (LUVs) with an average diameter of 500 nm. This liposome
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suspension contained Li" on the inside and outside of the liposomes.

Lithium filled vesicles (250 pL of the stock solution) containing phosphate buffer
(10 mM lithium phosphate, pH 6.4, 130 mM LiCl) were suspended in 250 puL of
phosphate buffer (10 mM sodium phosphate, pH 6.4, 100 mM NaCl, 30 mM NasPPPj).
To this solution was added 2 pL of 1 M DyCl; (enough to shift extravescullar >*Na peak
upfield by ~10 ppm). After monitoring vesicles by *Na NMR, 25-50 uL of compound
(2.5 mM in DMSO) was added to the vesicles and the subsequent » Na NMR was taken
10 minutes later (508 scans). Spectra taken at t=15 min and t=60 min were identical to

t=10 min, ensuring that equilibrium had been achieved.
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