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Abstract

This thesis is an exploration into the binding of supramolecular triple helicates to nucleic
acids. Ultimately it is hoped that this study can be used to inform further research into

controlling this binding.

It begins with a review of biologically available nucleic acid structures and the common
characteristics of non-covalent binding drugs. This then follows with a focused review of
nucleic acid binding helicates. Chapter 2 introduces a relatively new area of research in
the group, namely the rotaxanation of bimetallic helicates. A thiol cleavable rotaxane
capping group is applied and then its cleavage is examined with various time dependent
methods, showing how helicate DNA binding can be switched off and on again using
rotaxanation. Chapters 3 and 4 focus on the binding of helicate enantiomers to nucleic
acids. Chapter 3 presents an NMR analysis of a ruthenium cylinder enantiomer to the
TAR (Trans Activation Response) RNA hairpin, providing insight into the mechanism and
location of binding as well as structural changes to the hairpin on binding. Chapter 4
delves into DNA three-way junction DNA with cylinders, with the aim to understand their
binding from the perspective of enantiospecificity. Together they present a picture of
the relationship between structure and nucleic acid binding, using enantiospecificity and

steric hindrance from macrocycles.
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CHAPTER 1 — INTRODUCTION
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2 Glossary
C—Cytosine

T —Thymine

U — Uracil

A — Adenine



G — Guanine

UTR — Untranslated Region

AUR — Upstream of AUG Region

SLB — Stem Loop B

3WIJ — Three-Way Junction

4W) — Four-Way Junction

G4 — Guanine Quadruplex

M — Left hand twist into helicate (AA)

P — Right hand twist into helicate (AA)

HMG — High Mobility Group



3 Introduction

3.1 Nucleic Acids

Nucleic acid (nucleinsduren) is a term coined by Richard Altmann in 1889, building upon
his colleague Friedrich Miescher’s discovery of a substance within the nuclei of cells
containing a high level of phosphorous.? Nucleic acids are formed from nucleotides
linked by a phosphate backbone which is where the acidity originates. Near to the

backbone, but also present in other positions, are stabilising cations.3
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Figure 3.1-1 Left. Crystal structure of B-DNA with water and Mg?* ions. PDB:1EN3.* Middle. Basic nucleic acid
structure and numbering. Showing the ribose/phosphate monomer, with the nucleobases. Exclusively DNA in
red, and RNA in blue. Right. Solution NMR structure of B-DNA, C (yellow), G (magenta), A (red), T (green).
PDB:2JYK.>

At the 3’ and 5’ positions ribose units link the phosphates to form the polymer. The sugar
differs between DNA and RNA. DNA nucleotides are formed from a 2-deoxy-D-ribose.®’
RNA nucleotides are formed from a D-ribose.®® Nucleobases bound to the ribose 1’

carbon complete the single stranded structure. The nucleobases fall into two groups of



heterocycles, pyrimidine (Cytosine C, Thymine T, Uracil U) and purine (Adenine A,

Guanine G). Where DNA uses T and RNA uses U. (Figure 3.1-1)

The most well-known form of duplex DNA is the helical B-DNA, reported in 1953,10-12
The bases, A-T and G-C are paired along a phosphate-sugar backbone in all three helical
DNAs. The bases are paired through hydrogen bonding between the imine and amine
group hydrogens and lone electron pairs. B-DNA experiences a right-handed turn,

forming two grooves in the helix.
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Figure 3.1-2 B-DNA crystal structure showing the two grooves, with a zinc finger protein bound to the major

groove. Red: DNA, Blue: Peptide, Yellow: Zinc. Using the crystal structure at PDB:1MEY.!3

They are the major and the minor grooves and are found on the inside and outside of
the base-pairs, walled by the phosphate sugar backbones on either side. The major
groove on the base inside of the helix is the larger of the two, consequently it is

commonly recognised by proteins such as the zinc finger moiety.'* (

Figure 3.1-2) B-DNA features 10.4 pairs per full turn of the helix under physiological

conditions.??
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A-DNA also experiences a right-hand turn but has a shorter and wider helix resulting
from a lack of stabilising water molecules around the phosphate backbone. It is
commonly a dehydrated from of DNA,® though some RNA-DNA hybrids can adopt a
similar structure.'” The ribose sugars also adopt an alternative C3’ endo conformation.
Protein binding is a route to A-DNA where the water can be stripped from the surface,

recent work suggests it may be an adaption to extreme environments.®1°

Different to the others, Z-DNA experiences a left-hand turn. Though it is not a simple
reversal of helicity, the backbone zigzags as the ribosides and phosphates alternate
between a diagonal shift and a step up. It is thinner and longer than B-DNA, with
approximately 12 base pairs per full turn, and is usually a higher energy state of DNA.
Due to the elongated structure, the phosphates on either strand are closer together
than in B-DNA. This resulting phosphate-phosphate anion repulsion contributes

significantly to the instability of the structure.?°
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Figure 3.1-3 A-DNA NMR solution structure showing Hoechst 33258 bound to the minor groove of a DNA
palindrome. Yellow: DNA, Blue: Hoechst 33258 ligand. PDB:1QSX.2!

A common nucleic acid stain is minor groove binder Hoechst 33258. Laying parallel to
the minor groove its benzimidazole is able to hydrogen-bond with the nucleobases.??72*
(Figure 3.1-3) Hoechst analogues have been used in a variety of applications, utilizing
their DNA binding properties with linkers to achieve more specific goals, such as the
inhibition of Escherichia coli RNA and DNA topoisomerase.?® Similar nucleobase
hydrogen bonds can be achieved in the TAR RNA minor groove using a library of
amiloride derivatives.?® By linking two units of binder Hoechst 33258 with a polyether
linker it has been demonstrated that the binding affinity to differently distanced AsTs
motifs was dependent on the length of the linker. This was shown to be capable of
binding across the three-way junction. Though distance limited cooperative binding in
this way is more valuable for sequence recognition.?” TACN conjugates take advantage
of various minor groove binders, including Hoechst, to position a metal complex near to

the phosphate, achieving DNA cleavage.?®?°
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Intercalators act to insert themselves between nucleic acid base pairs as a form of
binding. Like seen for the minor groove binders, intercalators have been used to direct

DNA cleavage using linked metal complexes.3-32

13



Figure 3.1-4 X-ray diffraction structures of DNA intercalators (green). Top. [Ru(bpy)2 (dppz)]2+. PDB: 4E1U.33
Middle. [Rh(Me2trien) (phi)]3+. PDB:454D.34 Bottom. [Rh(bpy)2 (chrysi)]3+. PDB:3GSK.35
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A series of rhodium complex intercalators using different ligands has been built, (Figure
3.1-4) with recent developments in a DNA mismatch targeting 5,6-
chrysenequinonediimine (chrysi) ligand.?® Linking a [Rh(chrysi)(phen)(PPO)]** complex
to a cyanine 3 dye provides a means to image these complexes in cells.3” A DNA
photosensitising 1,4,5,8-tetraazaphenanthren (TAP) ligand can be delivered on a
[Ru(TAP)2(dppz)]* complex, taking advantage of the dipyrido[3,2-a:2’,3’-c]phenazine

(dppz) intercalator.383?

Another interesting route of research is how the chirality of the threading molecule
affects the binding kinetics of a dinuclear intercalator. Rate constants were extracted

from NMR exchange peaks, through varied mixing times and temperatures.*°

3.1.1 Deviations From the Duplex

Many RNAs are single stranded, such as mRNA, tRNA and miRNA. Single stranded nucleic
acids are highly flexible and can adopt many structures. However often under certain
conditions one structure predominates with various functional elements. Hence by
transitioning to alternative conformers binding affinity for structurally specific ligands
can be altered. A good example of this is the 5 UTR of mosquito borne flaviviruses such
as Dengue virus or West Nile virus, which are capable of genome cyclization from a linear
to circular form.*! Stabilisation of the 5’-UAR flanking stem positioned below stem loop

B (SLB) has the effect of impairing cyclization and viral RNA replication.*?
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Figure 3.1-5 NMR solution structure of the West Nile virus SLB in its linear form. RNA in blue, bulges in yellow and

green, loop in red. PDB:6U79.%3

SLB contains a nucleotide sequence known as 5’UAR that has a complementary strand
in the 3’UTR. SLB differs between viruses, but in the linear form all are held in a stem-
loop conformation. For West Nile virus, the structure contains two one base bulges.*
Helices can form bulges when one or more non-complementary bases loop out from the
main helix.** The lower bulge base (green) can be seen stacked between the bases above
and below, whereas the upper bulge base (yellow) is looped out, interacting with the
backbone. Various biological processes require or induce DNA bulges;*¢ they are
commonly found in RNA sequences and are involved in DNA frameshift mutation.*”48
Interestingly frameshift mutations can be stabilised by small-molecule half-
intercalation, leading to the possibility that this can interfere with mismatch repair.*® At
the top, the loop (red) is a region of unpaired bases. In this case and in many others, the
loop bases experience greater freedom of movement compared to the duplex.*? (Figure

3.1-5)
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Figure 3.1-6 NMR solution structure of an RNA kissing loop with one strand in yellow and the other strand in purple.

Intermolecular hydrogen bonds are shown with yellow dashed lines. HIV-1 dimerization initiation site. PDB: 2D19.>°

Mobile bases in the free loops are in some cases able to base pair with other
complementary loop sequences, these are known as kissing loops. Kissing loops enable
distant regions of RNAs to be held in proximity. (Figure 3.1-6) Some attempts at
inhibiting the dimerization of HIV-1 have been made by targeting the dimerization
initiation site, though no “small-molecule” attempts have been found. Instead, these are
solutions designed to interact with the loop nucleotides using peptide nucleic acids and

amino glycosides.>™*
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Figure 3.1-7 NMR solution structure of the Dengue virus SLB in its linear form. Internal loop pink (adenine) and

orange (guanine). Loop in red. PDB:6W3M.*3
Another form of loop is the internal loop, similar to a bulge except the non-
complementary bases occur on both strands. In this case there are two A-A

Watson:Watson cis pairings, holding the loop semi-closed. This pairing is also seen in

PDB:2VQE Residues A16-A919. The Gs at the top and bottom of the internal loop are
looped out. (Figure 3.1-7)
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Figure 3.1-8 Helicates with the ability to bind to bulges and loops. Left uses various aromatic spacer units to bind

to TAR RNA bulges of varying composition.>> Right binds to DNA bulges of varying composition,>¢ as well as the
TAR bulge.57-5°

Bulges and internal loops are of particular interest for helicate binding. A three-
dimensional drug is aided by ready access to the helix grooves with proximal mobile

bases that can interact with the drug further. Recent molecular dynamics simulations

suggested that helicates might be capable of binding into the centre of bulges.>” Helicate
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binding is dependent on the bulge size and composition, suggesting a preference in the
flexibility and availability of the binding surfaces at the site for certain helicates.
Interesting pyrimidine preference has been found for both types of helicate.>>°® This

matches well with the binding seen for the TAR UCU bulge.>’~>° (Figure 3.1-8)

DMA-135

Figure 3.1-9 Left. Structure of DMA-135 bulge binding ligand. Right. NMR solution structure of DMA-135 bound to

the bulge of human enterovirus 71 5’UTR stem loop Il (residue 128-168). PDB:6XB7.%°

Screening multiple compounds against a target is a useful method to streamline
research. Fluorescence indicator displacement assays identified DMA-135 as a suitable
drug for the human enterovirus 71 stem loop Il. DMA-135 attenuates translation and
replication dependent on the 5’UTR. DMA-135 was then shown to bind to the bulge and

induce a significant conformational change.®® (Figure 3.1-9)
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3.1.2 Junctions

Nucleic acids can form junctions. Three-way junctions (3WJ) are one such junction that
connects three duplex sections of nucleic acid.®* There are many configurations and
applications of 3WJs, but all form at the convergence of three helices.®? Each corner of
the three-way junction has a branch point where the duplex splits. These branch points
are found as a transition between many motifs, such as bulges and hairpins as well as
the replication fork, and are associated with many neurodegenerative diseases such as

Huntington’s and myotonic dystrophy.®3

Figure 3.1-10 NMR solution three way junction structures. Left. Neurospora VS ribozyme.%* Right. PreQ,

riboswitch.®> Backbones are highlighted in orange and pink respectively.

3WIJs are commonly found in ribozymes, deoxyribozymes and riboswitches. (Figure

3.1-10) In the case of ribozymes and deoxyribozymes the nucleic acid and metals

20



cooperate to assume the correct conformation.®®%” The most common type nucleases,
function to cleave nucleic acids with the use of a metal cofactor.5®%° In the case of the
B. subtilis cobalamin riboswitch the conformation is specific to various cobalamin

cofactors with the exclusion of cyanocobalamin.”®

One method of binding to 3WIJs is with structures that present three sides, taking
advantage of the three branch points/cavity walls. This has been done using
calix[3]carbazoles,”* or azacryptands that position planar biphenyl systems into the
junction.”? Another solution to achieving this arrangement is to use bimetallic
helicates.”>~’> These have the advantage of a net positive charge to further interact with

the anionic phosphate groups.

Figure 3.1-11 Crystal structures of bimetallic helicate 3W!Js. Left. DNA 3WJ (CGTACG). PDB:2ET0.74 Right. RNA 3WJ
(CGUACG). PDB:4J1Y.7% Iron centers in purple, helicate ligands in yellow, nucleic acids in light blue with

heteroatoms highlighted.

The helicate rotatable phenyl groups are well positioned to form a stacking interaction

with the 3WIJ bases. The cylinder is able to stabilise the 3WJ by binding in the central

21



cavity. The 4,4’-methylene dianiline structure enables a precise fit to the centre of the
junction regardless of substitutions to the bridging CH2 with O and S,”” unlike other
larger cylinders that do not afford the same stabilization.”® For the 3WJ, the M
enantiomer has a greater stabilising effect, it is proposed that this is a result of the
similar helical nature of the complex to the twist at the junctions center.”> The same
cylinderis also able to bind and stabilise an RNA 3W/J to a similar degree as the DNA 3WJ,

both in solution and as a crystal.”® (Figure 3.1-11)

3.1.2.1 Holliday Junction
The four-way junction (4WJ) or Holliday junction, is a cruciform convergence of four
duplex helices. It is named after Robin Holliday, who proposed a mechanism for gene

recombination that uses the 4WJ,”?
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Figure 3.1-12 Left. Crystal structure of a DNA Holiday junction (blue with yellow highlighted backbone) bound to

monokaryotic chloroplast 1 HJ resolvase (red). PDB:61S8.8° Right. Cartoon of a Holiday junction.

They are found in nature as part of homologous recombination and repair mechanisms;
a 4WlJ is able to migrate up and down each of its strands by breaking and pairing bases

as it moves.82®2 (Figure 3.1-12)
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Figure 3.1-13 Top. Crystal structure of a closed form of 4WJ (blue DNA with yellow highlighted backbone, central
sodium ion in purple). PDB: 4EZ2.83, Bottom. Crystal structure where a 4WJ is complexed with Cre recombinase

which induces an opened form (DNA in yellow, CRE recombinase in blue). PDB: 3CRX.8*
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They exist in open and closed states and the positions of the four helices can align in a
planar formation or form a pseudo-tetrahedral structure. In order to facilitate branch
migration, the 4WJ is moved into the open state, this is done biologically using structures
such as Cre recombinase and RuvA, which is one of three proteins in the RuvABC

complex. (Figure 3.1-13)

4WJ DNA can be selectively recognised by high mobility group (HMG) protein 1.8>80
which has been shown to preferentially bind to cisplatin modified DNA.2” HMG-1 (High
Mobility Group protein 1) is a protein with two HMG-box binding domains connected by
a 16 base-pair oligonucleotide.®® Together they have a greater affinity for DNA, as well

as a greater ability to bend and supercoil DNA.#
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Figure 3.1-14 Crystal structure of a DNA holiday junction (yellow DNA with blue highlighted backbone), bound

with two bis-acridine molecules (yellow) indicated with black arrows. PDB:2GWA.*°

Synthetic 4WJ binders include the bis-acridine molecule, which binds across the centre
of the 4WJ. The two acridine moieties stack onto the bases in the junction crossover

region, the side chains fitting into the minor grooves of the junction.®® (Figure 3.1-14)

The interaction between a Fe(ll)sLs tetrahedron and unpaired DNA bases has been
explored, where the four ligands bound to octahedral iron centres are formed from a
trianiline centre with three pyridine groups. The tetrahedra are capable of binding to
single-stranded, double-stranded, 3WJ, and 4WJ DNA. Using the fluorescence quenching

properties of the tetrahedron, the distance from the binding site to the fluorescently

26



labelled DNA can be gauged. Though able to bind to the 4WJ, the structure showed
greater affinity for 3WJ structures.”!

3.1.2.2 Quadruplex
Quadruplex nucleic acids as the name suggests are formed from four interacting strands.

3.1.2.2.1 G-Quadruplex

H
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Figure 3.1-15 Left. Structure of a G-quartet/tetrad. Right. Solution structure of a DNA (blue with red highlighted
backbone) G-Quadruplex (green) form of HIV-1 LTR-IIl. PDB:6H1K.%?
The G-Quadruplex (G4) is a structural motif formed by stacked planar guanine quartets.

A guanine quartet consists of four guanine bases hydrogen bonded between their
27



Hoogsteen and Watson-Crick edges in an ouroboros like end-on-end arrangement.
Metal ions such as sodium or potassium stabilise the quartets, these are found in the
interstitial space between the planes.®® G4s are found in guanine rich sequences, such
as telomeric nucleic acids and telomerase RNA component.®* As well as in the RNA 5'-
UTRs of the human genome.?>®® They are present during normal cellular events,®>°’
such as transcription, replication, and translation.’® As well as a binding site during DNA
repair.”® In addition, G4s are found in the HIV-1 3’UTR,%%%01 gnd the 5’-UTR,19%193, G4s
are polymorphic, so can be formed from one (intermolecular) or multiple
(intramolecular) strands. There is no limitation on direction of the strand other than
what affects the spatial arrangement on the guanine bases. G4s, where all four guanine-
rich tracts face the same direction are called parallel, those where one is opposing the
other three are hybrid, and antiparallel is where equal numbers face each direction.1%

(Figure 3.1-15)
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Figure 3.1-16 A collection of G4 binding ligands bound to G4 structures. Where the ligands are orange, the DNA is

blue and potassium ions are in purple. Top-Left. Solution structure of a 1,8-bis(aminomethyl)anthracene ligand
bound to a guanine on the base of a DNA G4-duplex. PDB:6FC9.1%5 Top-Right. Solution structure of a NBTE
fluorescent probe bound to the top of a DNA Tel26 G4. PDB:6KFI.1% Bottom-left. Crystal structure of the top of an
RNA G4 bound to TMPyP4 porphyrin (two ligand arrangements overlayed). PDB:6JJ1.197 Bottom-Right. Crystal
structure of DNA G4 bound to acridine based BRACO19 ligand. PDB:3CE5.108

Initial research for G4 binding has been on small molecules, such as anthraquinones.
One of the first ligands to bind and stabilise G4 structures inhibiting telomerase was a
modified anthraquinone.!®® With further research into a neomycin-anthraquinone
conjugate giving a high binding affinity.'1° Another method has been to use porphyrins,

due to their similarities to the G4 in size, shape, and hydrophobicity.}*'1> Metal ions

29



can be coordinated to the centre to improve their G4 binding.!'3 The structure can also
be improved by adding hydrophilic groups to reduce self-aggregation and increase water
solubility.!'# Interestingly the porphyrin TmPyP4 has been shown to unfold a regulatory

all purine G4, increasing the rate of translation.'?>
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Figure 3.1-17 Top. Telomestatin structures. Telomestatin-a as a proposed improvement.11® Telomestatin-b as the
derivative used in the structure below. Bottom. Solution NMR structure of telomestatin-b derivative bound to a

human telomeric G4. DNA in blue with yellow highlighted backbone, telomestatin in orange. PDB:2MB3.117

Found in Streptomyces Anulatus a soil dwelling bacterium,'® telomestatin is a

telomerase inhibitor which gets its potency from binding to the G-quadruplex.'® A

31



series of molecular dynamics experiments on popular G4 binding agents concluded that
the addition of two ammonium groups that disrupt the backbone would aid in the
binding of the ligand to the G4.1'® This has similarities to another derivative shown to
bind to a human telomeric G4. In this study, they noted that it is beneficial to feature
flexible planar surfaces that can be angled to better interact with the tetrad, rather than

rigid planar surfaces.*'” (Figure 3.1-17)

N\ 7/ N\ 7
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Figure 3.1-18 Self-assembled Pt2L2 box that displayed activity against VM-1 melanoma.
Using a series of self-assembled Pt(ll)quadrangles to target G4 DNA showed interesting
inhibition of U20S osteosarcoma cells with the ligand above. On complexing into the Pt-
guadrangle an increase in inhibition is seen. Inhibition is also seen for the VM-1
melanoma cell line reported to be cisplatin resistant. Other sized ligands and complexes
showed different or lesser binding affinity for various G4 and duplex DNAs, showing the

importance of fine-tuning binding agent characteristics.?°

Mentioned above for use with 3Wls, azacryptands have recently been explored for use
with G4 structures, showing that the structure is capable of a dual targeting effect. These

can be modified for click chemistry, enabling their use for cellular imaging.'?!

The first molecule reported to selectively induce a parallel quadruplex from unfolded

DNA was a modified anthraquinone.'??> Generally, the running theme for these G4
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binding ligands is a heteropolyaromatic planar structure to stack onto the quartet,
sometimes with a flexible cationic chain to extend into the backbone.'?3-12> (Figure

3.1-16)

naptho-1,4-dione

dppz
phen

Figure 3.1-19 Left. Crystal structure of a DNA G4 bound to a A-[Ru(phen),(qdppz)]?* ligand. DNA in blue with
potassium ion in purple, complex in orange with a teal ruthenium center. PDB:70TB.12¢ Right. A-

[Ru(phen),(qdppz)]?* complex.

Similar principles can be achieved using metal complexes, with use of large planar dppz

ligands.?7128 A modified dppz ligand, qdppz is improved for G4 binding with the addition
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of a naptho-1,4-dione type moiety. The dione groups are suitably placed to interact with

the central G4 cation in a manner reminiscent of anthraquinone.?® (Figure 3.1-19)
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Figure 3.1-20 Top. Structures of the ligands used. Middle. NMR solution structure of DNA G4 (blue with backbone

highlighted in yellow) bound to DAOTA-M2 (orange). A tetrad guanine is angled out of plane into the central
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DAOTA-M2 alkoxy group shown with a black arrow. PDB:5LIG.12° Bottom. Crystal structure of DNA G4 (blue with

backbone highlighted in yellow) bound to a copper(ll)-salphen complex (orange). PDB:3QSC.130

The central cation can be part of the binding ligand. This is seen in the fluorescent
triangulenium ligands with a central carbocation,*317133 and can also be achieved using
a central metal ion, in the case of salphen ligands.'3413> This is confirmed when a low G4
binding affinity octahedral Pt(IV) salphen is reduced to remove two z-axis Cl, leaving a
square planar Pt(ll) complex with a higher G4 binding affinity.'3® Non-planar helicene
ligands can also be used to achieve higher selectivity than their DAOTA counterparts.3’

(Figure 3.1-20)

\\\\Le“ V 2+Fé{/ |
Figure 3.1-21 Modified cylinder found to have the highest chiral selectivity, with 5-methyl pyridine groups.!38
Chiral metallohelices are able to enantioselectively interact with telomeric G4 DNA,
inhibiting telomerase activity.'3® In addition, they have been applied to breast cancer
stem cells in vivo showing enantioselective activity against them, with the intended
target being telomeric G4s.14% Using a collection of similar helicates to those mentioned
before for junction binding, a helicate with a 5-methyl pyridine was shown to have the
greater chiral selectivity for G4 binding. The chiral enantiomers had significantly
different binding constants to D-DNA Vs L-DNA G4s. Other helicates with no or
differently positioned methyl groups showed strong binding, but lesser selectivity.!38

(Figure 3.1-21) Further research on how exactly this effect occurs could be interesting.
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3.1.2.2.2 i-motif

Figure 3.1-22 Left. Hemi-protonated cytosine-cytosine base pair. Right. NMR solution structure of an i-

motif/duplex sequence. Yellow = C, Green =T, Purple = G, Red = A. PDB:705E.14!

Believed to be mutually exclusive with respect to G4s,*? the i-motif is a nucleic acid
structure; formed from intermeshed, cross-linked, hemi-protonated cytosine bases.*?
(Figure 3.1-22) Accordingly, it is found in cytosine rich sequences of the DNA, such as
the telomeres.’* The i-motif is thought to modulate replication and promote
transcription.?* 147 Up until recently there had been no evidence for the i-motif in vivo
as no specific binding agent had been created. Using a method modelled on an earlier
study of the G-Quadruplex,'#® it was co-localised with the promoter regions of proto-
oncogenes showing its presence in regulatory regions.'*° The i-motif was shown to vary

in frequency with the cell cycle, increasing in prevalence in the G1/S boundary and
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decreasing in the early S phase; which is noted to be in contrast to the G-Quadruplex,

that occurs predominately during the S phase.

Figure 3.1-23 The G4 binding ligands tested with i-motif DNA. 1. Pyridostatin, 2. Phen-DC3, 3. RHPS4, 4. BRACO-

19, 5. Berberine, 6 Mitoxantrone. In red, the compounds that destabilise the i-motif.1>°

In 2018, a paper highlighted a common challenge in nucleic acid binding ligands. A
collection of common G4 binding ligands were applied to i-motif forming DNA, all
interacted and some of them (BRACO-19,>! Mitoxantrone,’>> and Phen-DC3,'>3)
destabilised the i-motif.**° (Figure 3.1-23) When the structures of these G4 binding
ligands are considered, it stands to reason heteropolyaromatic cations (except neutral

mitoxantrone) might interact with non-G4 DNA.
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The most interesting interaction however is the destabilisation of the i-motif by some of
these compounds, as these are G4 stabilising agents. Destabilising an i-motif that
promotes transcription at the same time as stabilising a G4 that inhibits transcription
could have a potentially synergistic effect on transcription inhibition.'>*> It is worth
considering that the alternative form for the BCL2 i-motif sequence is a hairpin structure,

which could be stabilised.t>6:157

A previously established intercalating complex*>® [Ru(phen)(dppz)]?* has been shown
to stabilise i-motif structures, with a preference for longer loop lengths.1>%160 Suggesting
that the complex may stabilise the structure through interactions with the loops. This
perhaps illustrates that i-motif targeting does not have to target the defining
characteristic of stacked cytosine base-pairs. But that there are often other targetable

or co-targetable features present on quadruplex nucleic acids such as stem loops.161162

3.1.3 Concluding nucleic acids

Generally, agents that target nucleic acids have similar binding mechanisms. The largest
portion of RNA binders use stacking interactions (34.8%), closely followed by hydrogen
bonding (34.4%). The rest made up of hydrophobicinteractions (17.8%) and other (13%).
This differs from protein binding which is dominated by hydrophobic interactions
(47.2%).183 It is important to recognise that most small molecule ligands were designed
by humans that are susceptible to bias. However, the analysis does match observations
made in this review and makes the conclusion that these characteristics can be used to

improve screening and scoring libraries of new ligands.
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3.2 Helicates and Similar Structures

Pd2* Pd2*

Figure 3.2-1 1-3. Various bimetallic triple helicates. 4. Heterotrimetallic cage. 5. Bimetallic quadruple helicate.

As mentioned before, helicates have promising therapeutic applicability. 2-pyridyl-1,2,3-
triazole based ligands with a linking 1,4-xylyl group used in a bi-metallic triple helicate
(2) are capable of a competitive ICso versus cisplatin in cancerous (A2780, HCT116, MDA-
MB-231) cells, with a low activity against non-cancerous (MRC5pd30) cells.164165
Bipyridine based helicates with longer 2,6-diethynylpyridine (3) and bis(4-
ethynylphenyl)methane (1) bridge ligands and a central cavity, unfortunately unable to

host cytotoxic guests, are capable of cytotoxicity on their own, though not to the same
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extent as 2.1%¢ A trimetallic cage (4) using similar ligands can be used to host cisplatin,
two molecules of 5-fluorouracil, or two molecules of 2,6-diaminoanthraquinone.®” A
bistriazole based complex (5), with hexyl groups is highly cytotoxic, though poorly
specific.'®® Suggesting that the mechanism of action is different to the triple helicate 2.

Later it was shown to act through membrane damage.®° (Figure 3.2-1)

Left hand Right hand
propeller propeller

Figure 3.2-2 Bidentate ligands at octahedral centers form either A or A enantiomers.

When defining triple helicates, it is important to consider there are multiple possible
enantiomers. Bidentate ligands arrange around an octahedral centre with either a right
hand/clockwise (A) or left hand/anticlockwise (A) arrangement. Bimetallic helicates
formed of two octahedral centres form either the AA (M enantiomer), AA (P

enantiomer), or AA (meso-cate). (Figure 3.2-2)

Figure 3.2-3 Bimetallic triple helicate, formed from 2-phenylpyridine based ligands, with different length linker

groups.

Helicates with various ligand linking group lengths can be prepared, with intriguing
length-controlled chirality. Ligands of even linker lengths were found to form both
helicate enantiomers. Odd linker lengths formed the mesocate. The Ir(lll) based

fluorescent complexes were used to image mitochondria and displayed promising
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photocytotoxicity. Where n=2-4, molecular docking using a B-DNA dodecamer predicts
binding to the major groove of the helix, with a preference for the mesocate n=3.
Further, these experiments show that the longer n=5 linker is able to minor groove bind,

owing to the increased flexibility.”° (Figure 3.2-3)

_ (| O e,
S S

Figure 3.2-4 Structure of a complex [Ru,L,]** with p53-selective HCT116 cytotoxicity. Top-left. Helicate form.
CCDC: 1566897. Top-Right. Mesocate form. CCDC: 1566894.17! Bottom. The ligand used.

Another nucleic acid targeting complex also shows variation between the helicate and
mesocate forms. In this case significant variation in selectivity for cytotoxicity, toward
the HCT116 colorectal cancer cells without p53 tumour suppressor gene, was seen for

the helicate form versus the mesocate.’?

A fascinating bipyridine based peptide triple helicate has been shown to bind with high
affinity to the DNA 3W)J and is capable of binding to DNA 3W!ls in cells. This was used as
a method for cellular 3WJ staining showing some colocalization with a synthetic

fluorescent replication foci targeting protein GFP-PCNAL2.172

Ag(l) and Cu(l) [M2L2] helicates prepared using quaterpyridine based ligands showed

difference in activity, with the Ag helicates showing greater cytotoxicity overall. It is
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proposed that this is due to redox properties of the metal ions. The complexes are
believed to be groove binding agents, though the slight increase of melting
temperatures suggests it may be weak. An experiment was conducted where the
complexes were incubated in a Hela cell extract before being either extracted into
chloroform or D;0 to demonstrate their stability. It would be interesting to quantify the

extracted complex to identify the proportion still bound to the cellular contents.'”3

o ©*h
5%%

Figure 3.2-5 A collection of ligands used for the creation of flexible helicates. With the basic symmetric flexicate

ligand structure at the top, and two asymmetric helicate ligands at the bottom.

Previously mentioned as a bulge binding agent, a series of helicates have been
developed with chirality originating from the ligand to create a “pre-programmed” chiral
helicate. These complexes exhibited DNA binding and antibiotic activity against MRSA
and E. coli.'”* These flexicates have an ability to condense/aggregate DNA, accumulate
in HCT116 p53** human colon carcinoma cellular nuclei, and inhibit transcription
enzymes.'’> Antibiotic activity of these complexes was suggested to occur partially by
interacting with DNA at the poles. A particular complex where the group Ar is a 1,3-

phenyl and octahedral centres are Fe(ll) shows a strong preference for G4 binding.1’®
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Developing asymmetric ligands allowed for the creation of helicates with no toxicity
toward MRSA or E. coli bacteria, but toxicity against MDA-MB-468 human breast

adenocarcinoma cells and high toxicity against HCT116 p53*/* cells.1”?

RuCy - [RuyLg]**
FeCy - [Fe,Lg]**
NiCy - [NipLg]**

Figure 3.2-6 Top-Left. Crystal structure of RuCy M enantiomer. CCDC: 636261.17¢ Top-Middle. Cystal structure of
FeCy M enantiomer. CCDC: 622770.17° Top-Right. Crystal structure of NiCy P enantiomer. CCDC: 722438.180

Bottom. Structure of the bimetallic triple helicate used in later chapters.

An inexpensive and simple to prepare bimetallic helicate experiences differential
binding of the M and P enantiomers to the major and minor groove of B-DNA,
respectively.’®9181 The racemic Fe(ll)2Ls complex (FeCy) is shown to have high
cytotoxicity causing arrest of cells in the Go/G1 phase.?”® The racemic Ru(ll);L3 complex
(RuCy) also shows cytotoxicity slightly greater than the FeCy.1’® The RuCy is also able to
inhibit DNA polymerase, blocking PCR at 1.5 uM.82 The P enantiomers of the FeCy and

Ni(ll)2Ls (NiCy) are able to selectively stabilize human telomeric DNA G4s with an
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interesting switch from parallel to hybrid form G4. Also interesting is an apparent

weakening of the complementary i-motif structure.®3

3.3 Concluding

Nucleic acids present a range of structural motifs with important, varying but nuanced
differences. Nucleic acid binding agents commonly interact, in order of frequency, with
stacking, hydrogen bonding or hydrophobic interactions. Many nucleic acid motifs have
structural similarities so binding agents often interact with various motifs, requiring fine
tuning to achieve specificity. Modifications include the addition of ammonium groups
for phosphate interactions, as seen with telomestatin G4 binding. Planar metal complex
ligands can be extended or adjusted to reposition polar regions of G4 binders over the
tetrad cations, seen with qdppz. Helicates present an interesting solution, presenting a
three-dimensional surface to interact at the boundaries of duplex and quadruplex
nucleic acids. Recent research has seen them applied to bulges of HIV-1 TAR and the

bulges and loops of SARS CoV-2 5’UTR.

Within this thesis is presented research into the binding of supramolecular helicates to
three-way junctions and bulge structures. Chapter 2 introduces a method for controlling
the binding of a helicate by rotaxanating it with cucurbit[10]uril, using removable
capping groups. In Chapter 3 the binding of a helicate with a HIV-1 TAR RNA bulge-stem-
loop structure is explored using NMR. Chapter 4 examines the binding of a helicate to

DNA three-way junctions using mostly NMR.
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CHAPTER 2 — ROTAXANATING CYLINDERS

1 Acknowledgements and related work

This work was done as part of a group effort to explore methods of rotaxanating
supramolecular cylinders. It began with the work of Dr. Lucia Cardo on pseudorotaxanes
and Catherine Hooper on capping rotaxanes with methyl pyridine resulting in the
publication, Rotaxanating Metallo-supramolecular Nano-cylinder Helicates to Switch
DNA Junction Binding, J. Am. Chem. Soc., 2020, 142, 20651-20660, which a small part of

this work contributed.!

The bulk of the chapter was conducted for part of a future joint first authorship
publication with Dr. Aditya Garai, on dinitrobenzene capped rotaxanes and their
controllable binding to DNA three-way junctions. This will include biological experiments
conducted by James Craig and Dr. Nik Hodges that are not included herein. Here,
presented as much as possible, is work conducted alone. With exceptions from Dr.
Aditya Garai where the experiments were too integral to the project and too entangled
with others. Thanks to Dr Aditya Garai, who conducted the synthesis of the 2-((2,4-
dinitrophenyl)thio)ethan-1-ol, L°N® with my assistance, DNB_cylinder (ligand method),
and assisted with the DNB aldehyde synthesis. He was essential for his positive attitude,
experience and to bounce ideas back and forth. Together a mass-spec experimental
protocol was developed on a low-resolution instrument to be used and later, using this

with the assistance of Dr. Chris Williams, Dr. Aditya conducted a series of high-resolution

59



mass spectrometry decapping repeats. These serve to better illustrate the effects seen
in UV-Vis and NMR and, as the higher resolution versions, are the ones chosen for this

thesis.

Finally, 1 wish to thank Hugo Williams for the acquisition of UV-Vis DNP stability

measurements, as well as Dr. Sarah Griffin and Prof. Neil Champness for crystallography.

60



2 Contents

CHAPTER 2 — ROTAXANATING CYLINDERS .......ccoottitmmuniiiiniiinnnnesiiiisiiinssssssisssiimmssmsssssssssssssssssssssssssssnes 59
1 ACKNOWLEDGEMENTS AND RELATED WORK .vvvvvtrerererersrerereseessessessessssesesesesesesssesesesesememmmmsemmmemmmmmmmmmmmm 59
2 CONTENTS teeeeeteeeeeserereseseresesasaseeesesesesesesesesesesesesesesesesesesesssesesesesesesesesesesesesesesesesesssseesseeseeeseseseseseeeens 61
3 GLOSSARY ...ttt iuettee sttt e s sttt e st e s sab et e s e b bt e e s b b e e e s b et e s e b bt e e s b et e e s b et e s e b E et et ba e e e s b et e s e nr e e e senna e e e sraeeeas 63
4 INTRODUCGTION ...ettuitettteeeetiee ettt eteteesssteeesanneesasaeesssnesssnnsesssnesssnneesssnnsesssneesssnessssnnsesssnneessnnesssnnns 64

N R (0] a2 b s 14 o Lo PP 64
41.1 Controlled DeliVEry MEthOdS .........ooccuiiiiiiiiecciee et ree e e stb e e e tr e e e e bae e eraeaeennns 67
4.1.2 USE OF GSH .ottt e s st e e et ba e e s abe e e s abte e e steeesbbeeenabaeeestaeeens 68

5 RESULTS AND DISCUSSION ....tttuuutuuttsuuusssusssssasssasassssssssssssssssssssssssssssssssssssssssssnssssnsssssnsssnsnssssnsssnsssnsnnnnns 68

5.1 Pseudorotaxanes GNd ROLAXANES ...........eeeueerueerieiiieeeiee et et ettt esee st esaeessieeesaee e 68

5.1.1 ASSEMIBIY .t e e b st eh e e bt e beesar e e nneeeneesnnes 71
5.1.1.1 Slippage formation of dinitrobenzene rotaxane through the synthesis of capped cylinder
74
5.1.1.2 Post-assembly alkylation of the 2-imidazole cylinder and its pseudorotaxane ................. 77
Lo 0 0 R OV - 1 B W ot {0 < TP UPUPRPPPPOE 85

5.2 D@CAPPING. ...ttt ettt e e e et et e e e et e e e e e nannnes 87
5.2.1 [T Yid oY o] aT=Ta o] KNSR SRRSO 90
5.2.2 Method Of REACLION. .....ccuiviiiiiiiiiiicitc e 91

5.2.2.1 NMR Decapping EXPEriMENTS ......ccoiiiiiiiiieiee ettt e e e e e e e e e s e e eeeeeas 91
5.2.2.1.1 1:6 DNB Rotaxane to Mercaptoethanol NMR EXperiment ........cccceevvveeviveeiniieeesniineennns 93
5.2.2.1.2 1:24 DNB Rotaxane to Mercaptoethanol NMR EXperiment ........c.cccecveevvveneeeceeneennennns 96
5.2.2.1.3 DNB Ligand Reaction with Mercaptoethanol...........ccccccuviiiiiiiiniiieciiiiecie e 100
5.2.2.1.4 1:20 DNB Cylinder to Mercaptoethanol NMR EXperiment ........cccccceeeuveneerieeeneeenueennne 104
5.2.2.1.5 NMR Decapping CONCIUSIONS ....cccuuiiiiiiiiiiiieeiiiee ettt e esiiee st e e sveeessbee e sareeesbaeesnneeaeens 106

5.2.3 Releasing an IMidazole CYlINEr .......eiiiiiiiiiecciee ettt st e e tae e e saaaeas 108
5.2.3.1 ACETONILIIE .ttt sb et s b et sbe e b e bt et e sbe e b e eneenre e 110
5.2.3.2 WAEET ciiiii e 114

61



5.2.3.3 Stability of the 2-imidazole CyliNer. .......coouieeireceereeceeee e 120

5.2.3.3.1  Stability iN IMECN ...oviiiiiieeceee et et e s ba e e et e e e s aae e e sabaeeesaaaaeeas 124

5.2.3.3.2  Stability of the PSEUdOrOtaXane.........ccceerueriieeiieieesieesee et see e e se et e s e e e 124

5.2.3.4 To Yield @ DNA 3WJ FOrmMINg SPECIES. ..cccviieeiiieeiiiee ettt et cree e s ire et eeavee e ssateeesaaaeas 128

5.3 CONCIUSIONS ...ttt ettt ettt et s e e s e sanee s 130

6 EXPERIMENTAL ..itttttitet ettt ettt e s e e s a s s e e e e s s s e b e s e e e e s sesbbaa s s e e e s s seanabaaeseessesannrns 132
6.1 Synthesis of 2-((2,4-dinitrophenyl)thio)ethan-1-01 ............cccccvuvevviesieesieesieesiiesieesiieeseeene 132
6.2 Synthesis of 1-(2,4-dinitrophenyl)-1H-imidazole-2-carbaldehyde...............ccccovvevvvvrivvenunnn. 132

6.3 Synthesis of (1E,1°E)-N,N'-(methylenebis(4,1-phenylene))bis(1-(1-(2,4-dinitrophenyl)-1H-

imidazol-2-YI)MEtAANIMINE) (LPVB) ..ottt s e st e e eeeaens 133
6.4 Synthesis of DNB capped nickel cylinder ([NizLPVB3]#).......cooueeeeereveeieeieeeeeieeeeeieveeenes 134
6.4.1 LIBANG FIISt.eeeiieeiieeeetee ettt ettt et et e bt s r e e b e st e b e sar e e hr e e neennneeneens 134

6.4.2 Post-assembly modification of 2-imidazole cylinder.........cccccovieeiiiiiciiiiccee e, 134

6.5 Post-assembly synthesis of DNB capped nickel rotaxane [Ni:LPV8; e CB[10]] 4DNP-............. 135
6.6 Data ACQUISItION AN ANQIYSIS ....ccoevveeeeeiiieeeeiee e ee et eeeee s see e e e tte e e st a e s arteaessseeasasaeas 135
6.6.1 NIMR SPECIIOSCOPY -evveeieieiiiiititeeeieiitt ettt e e s e sttt e e e s e abs bt et e e e s ssnbe e e e e e sesannnbeeeeeesennnrnnneeesas 135

6.6.2 (0N YRR o L=Tot {0 1Yol ] o1 AT O OO P U P RO UPTUPPPTP 136

7 REFERENCES ...ttt s 137
8 =10 o P 140
8.1 NIMR SPECLIOSCOPDY ...ttt e e e e ettt e e e e e ettt e e e e e e e ssseneeaeaanaas 140
8.1.1 DNB-aldehyde Assignment and COUPIING ......eiiviiiiiiiiii ittt e s e 140

8.1.2 [0\ |2 E 1T g o B Ty =g T 1= o U 140

8.2 UV-VIiS SPECLIOSCOPY ..t eeeeeeeee e ettt e e e s ettt e e e e s s st e e e e e sssssssteaaessssssssseneaesennnas 141
8.2.1 2-iMCY HYdrolySis PrOGUCTES ...ccocuviiiiiiieciiiie ettt ettt e e e s sbe e e stae e s s baeeessbaeesssaaesnnne 141

8.2.2 DINB ROTGXANE.....cuuiiiiiiiiiiiiici bbb 142
8.2.2.1 [N WALEE (e e 142

8222 TN ACELONILIIIE ... e 145

8.2.3 (] L2 @Y T Vo [T TP PRP 146
8.23.1 INWELEE i 146

62



8.2.3.2 (Lol o=Y o T 11 {1 LT PRSP P TOPPP 150
8.2.4 2-((2,4-dinitrophenyl)thio)ethan-1-0l.........cccoiiiiiiiiiiiiie e e 151

8.3 Rotaxane ISOtOPe PALLEIN...........cccoovviiiiiiiiiiiiiiiiiiiiiiieieieieteeeteeeetet ettt 152
3 Glossary
L%m — 2-imidazole carboxaldehyde based ligand
LPY — 2-pyridine carboxaldehyde based ligand
FeCy — Iron Cylinder. [Fe,LPY3]**
2imCy — 2-imidazole cylinder [Ni,L2M3]%*
DNB - 2,4-dinitrobenzene
LONB — 2,4-dinitrobenzene modified 2-imidazole ligand

DNB-rotaxane (sometimes shortened to DNB-RTXN) — DNB capped 2-imidazole cylinder

threaded through a cucurbit[10]uril macrocycle.
DNB-cylinder (sometimes shortened to DNB-Cyl) — DNB capped 2-imidazole cylinder

Slippage — A form of rotaxane synthesis where the completed axle is slipped inside the

macrocycle.

Post-assembly modification — Chemical alterations made to a formed supramolecular

structure. In this case a pseudo-rotaxane that is capped once formed.
3WJ — Three-way junction

S1—5CGGAACGGCACTCG, part of a DNA 3W/J

S2 — “CGAGTGCAGCGTGG, part of a DNA 3WJ
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S3 —5CCACGCTCGTTCCG, part of a DNA 3WJ

SNAr — Aromatic nucleophilic substitution

4 Introduction

4.1 Rotaxanation

The first reported instance of a rotaxane was in 1967, though the name was first
recorded two years later.3 Rotaxanes have grown steadily in popularity in the last
decade, as various approaches to their synthesis have become more widely
understood.? There are different methods, through capping, clipping, and slipping. Even

the mechanical contraction of a macrocycle on palladium coordination has been used.”

Figure 4.1-1 Generic dumbell illustration of a rotaxane, showing the thread in pink, the stoppers in blue, and the

macrocycle in orange.

The uniting design of a rotaxane is the assembly of a structure with a threading molecule

onto which stopper groups mechanically hold a threaded macrocycle. (

Figure 4.1-1) Photo-responsive rotaxanes are frequently used for molecular shuttling
and switching.® Another area of study is ion-recognition as a result of mechanically
constrained binding pockets.” Macrocycles also serve to protect rotaxanated
fluorophores from hydrolytic bleaching in vesicles.® One interesting use of rotaxanation,

is prevention of duplex DNA assembly. Achieved using a macrocycle threaded onto a
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modified DNA sequence, this also has the effect of inhibiting PCR amplification.’ Perhaps
this can be used as a method to create artificial mismatches or direct a structure to a
specific conformer. A well-established DNA binding agent is deliverable to cells using a

cisplatin derived rotaxane stopper.©

Figure 4.1-2 Left. Crystal structure of cucurbit[10]uril (CCDC no. 1507270). Excluding tetrachloro-cadmum(ii)

chloride.!! Right. Chemical structure of a cucurbit[10]uril.

As a macrocycle cucurbituril (CB) presents a hydrophobic cavity essential in the entropic
binding of a threading molecule.'? Whilst hydrophobic, the cavity has been shown to
hold high-energy water molecules that drive guest binding with their release.!3*> This
has been estimated at as many as 22 molecules for cucurbit[10]uril (CB[10]),'® though
the effect is lesser for structures larger than CB[7] as the water is able to form hydrogen
bonded networks more similar to bulk water.!” On either portal are rings of ketones,
which provide a highly polarized lipophobic area. This has been demonstrated to direct

cations into the portal,'®2 and has even been used for complexation.?! (Figure 4.1-2)
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Figure 4.1-3 Left. Crystal structure of a 2-picolyl capped nickel(ll) 2-imidazole cylinder [Ni,L%™;]4*. Co-crystallised
with benzene and ammonium hexafluorophosphate.! (CCDC no. 1989563) Right. Structures of pyridine and 2-

imidazole based ligands.

Using a cucurbit[10]uril we recently showed that a supramolecular helicate is an
excellent candidate for binding to the center of the macrocycle to a high degree of
affinity.! A pseudorotaxane assembled using a L? based ruthenium(ll) or iron(ll)
helicates is protected from decomposition. Building on this, a L?™ based nickel(ll)

helicate can be capped by alkylating with methyl pyridine to form a rotaxane. It was
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demonstrated that rotaxanation deactivated the DNA binding properties of the helicate,
whereas the 2-imidazole pseudorotaxane was still able to bind, albeit to a lesser extent

than the free helicate. (Figure 4.1-3)

4.1.1 Controlled Delivery Methods

Attempts at controlling the release of bioactive molecules typically use enzyme
cleavable covalent bonds, such as the cleavage of benzhydrocodone into
hydrocodone,?? or isavuconazonium into isavuconazole.?3?* Alternatively use of lipid
nanoparticles were recently used to deliver mRNA vaccines, releasing their payload on
protonation in the endosome.? Using a similar principle macrocycles have been
assembled into large cationic polyrotaxanes, that act to create nucleic acid aggregates.2®
These cargo-complexes are intended to deliver their payload intact for gene therapy.

Biocleavable macrocycles and stoppers have been developed to trigger their release.?”%®

Smaller scale, propeptides are shielded in a rotaxane, the stoppers cleavable by
galactosidase, triggering spontaneous release.?® Alternatively a galactosidase trigger on
a macrocycle triggers a sequence of reactions ending in the opening of the macrocycle

and release of a chemotherapy agent.3°

DNA binding can be controlled through rotaxanating with a bipyridine-based
macrocycle. The macrocycle is held mechanically using cleavable groups triggered
enzymatically or via photo-irradiation. On cleavage, the macrocycle de-threads and an

aryl ester connecting group hydrolyses, to release a G4 binding ligand.3!
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4.1.2 Use of GSH

Glutathione (GSH) is a tripeptide formed from glutamic acid, cysteine and glycine. Itis a
commonly found molecule within the body, protecting cells from oxidative stress.
Elevated presence is found in bone marrow, breast, ovarian, colon, larynx and lung
cancers.3233 With general cancer cell nucleus concentrations of GSH between 2-10
mM.3% Interestingly at the same time, blood glutathione concentration decreases during
certain chronic diseases.3> By cleaving a disulfide bond with GSH, drug release was
achieved from a mesoporous silica nanoparticle by removal of a mechanical blocking
rotaxane.3®3” Another small molecule photosensitizer has been shown to be activatable

on release by glutathione.38

5 Results and discussion

In this chapter, rotaxanation is explored further with the purpose of controlling the DNA
binding properties of the cylinders. It begins with investigation into the binding strength
of cylinders to CB[10] some of which was featured in publication.! Following this the
direction changes to the development of a rotaxane with removable capping groups.
The rest of the chapter then explores the removal of these capping groups to release an

active drug molecule.

5.1 Pseudorotaxanes and Rotaxanes

The following data on pseudorotaxanes comprises data acquired during the
development of a publication on rotaxanation of helicates already mentioned in the

introduction.!
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Figure 5.1-1 Structures of L? (left), memantine (middle), and dimethyl viologen (right).

To ascertain an estimation of binding strength of an iron cylinder (FeCy) bound to
CB[10], the iron pseudorotaxane [Fe,L?Y3]**-CB[10] is used in a series of titrations. These
are competition experiments using known cucurbituril binding agents memantine and

dimethyl viologen as the competitors.

H'im Pseudorotaxane

L sy ™ L) L J( ene

J(_A_A_J_A__J\ULJ__JUL_L__AM
MMMLJUM_JUU i
N D TN A WY AN
kacﬁ J}UUM

9 8 7 6 5 4 3 2 1
f1 (ppm)

Figure 5.1-2 NMR competition titration of iron(ll) pseudorotaxane [Fe,L"Y;-:CB[10]]Cl,; (1 mM) with memantine
hydrochloride, in D,0. Growing cylinder peaks highlighted orange, shrinking pseudorotaxane peaks from complex

highlited green, shrinking pseudorotaxane peaks from CB[10] highlighted blue. Published as part of.!

On addition of 10 equivalents of memantine to a solution of iron pseudorotaxane a

precipitate of (memantine),-CB[10] begins to form showing a reduction in the
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pseudorotaxane peaks (H’im and H’ci2), and the growth of NMR peaks corresponding to
free iron cylinder (Him and Hchz). All the peaks corresponding to these complexes,
including the CB[10], agree with the labelled peaks. By 50 equivalents the cylinder is
completely displaced from the CB[10]. This is evidenced by the complete loss of the
pseudorotaxane peaks corresponding to the cylinder, and the reduction with significant
broadening of the CB[10] peaks. Interestingly there is broadening of the iron cylinder
phenyls, likely as they’re interacting with the excess memantine in solution, though how

is uncertain.3?

Hiim s I’14Pslj_zla;ck:r()ota);apnhe CBMBW Jk cg10 CI:
" J\UULLJLL
BT AP | VW
ol L

9 8 7 6 5 4
f1 (ppm)

Figure 5.1-3 NMR competition titration of the iron(ll)pseudorotaxane [Fe,L"Y;-:CB[10]]Cl,; (1 mM) with dimethyl

viologen chloride in D,0. Dimethylviologen.CB[10] doublet shown with black arrow. At 1:500 equivalents, the
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<1% impurity in the dimethyl viologen becomes more dominant than the pseudo-rotaxane, and is the cause of

the new peaks seen here.

Another NMR titration using dimethyl viologen, showed no displacement up to 1:500
equivalents. In this experiment the small quantities of impurities in the dimethyl
viologen eventually obscured the pseudorotaxane, it appears that no free cylinder is
formed. However, on close inspection there is the beginnings of a characteristic
dimethylviologen-CB[10] doublet at approx. 7.45 ppm.*° There is a slight shift of peaks
downfield with respect to the H,O peak but this may result from short lived transient
interactions. (Figure 5.1-3) Viologens are known to bind to cucurbiturils, the positive
charge on the nitrogen well positioned for interactions with the portal.*>*! Recently a
viologen-phenylene-benzimidazole was shown to bind at a 3:2 ratio with CB[10].%?
Perhaps the larger cavity CB[10] is too great for 2:1 dimethylviologen/CB[10] to compete
with the cylinder. When forming 2:1 dimethyl viologen/CB[10] complexes it was found
that an inclusion complex of CB[10]-2methylviologen?*-dihydroxynapthalene was more

stable.*0

5.1.1 Assembly

methyl pyridine capped 2-imidazole cylinder

2-imidazole cylinder
& e S
WAAW oA N,NAWN
S/N N\z \ N._ N //

\‘}\li N N.l 3 \‘}\li NN 3

Figure 5.1-4 Structure of the 2-imidazole cylinder and the methyl pyridine capped 2-imidazole cylinder.

Developing upon pseudo-rotaxanes, it was possible to thread an imidazole cylinder and

alkylate a nitrogen with methyl pyridine. This was presented in a journal article forming
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a rotaxane that had inhibited DNA binding properties. As part of this work, using mass
spectroscopy it was shown that mixtures of degrees of capping demonstrated greater
activity than fully capped rotaxanes, a first foray into controlling the release of the
cylinder from CB[10].! (Figure 5.1-4) A limitation was the inability to trigger the release
of the 2-imidazole cylinder due to the stability of the methyl C-N bond. Were the
complex able to slip from the CB[10] under extreme conditions, the remaining caps
would reduce the effectiveness of the junction binding properties of the 2-imidazole
cylinder.! Therefore, it was decided to explore groups that could be removed with more
ease and triggered under specific circumstances. Ideally the capping group should be
bulky enough to restrict release, whilst accessible/labile enough to permit the trigger.
There are various methods for removable groups such as enzymatic cleavage, photo-

activation, and reductive cleavage.3'43
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2-imidazole cylinder

¢

cucurbit[10]uril
(CB[10])

Figure 5.1-5 lllustrating the potential retrosynthetic routes to the rotaxane. Capping, where the pseudo-rotaxane
is modified post-assembly; and slippage, where the synthesised capped cylinder is slipped inside the CB[10] to

form the rotaxane.

Dinitrobenzene was a simple choice for a first attempt. The highly electron withdrawing
nitro groups on 1-fluoro-2,4-dinitrobenzene allow for easy amination as seen with its
use as Sanger’s reagent.* The direct binding to the ring makes this moiety inflexible and
a rigid capping species. Moreover, with the time constraints of working during the

COVID-19 pandemic a simple design was needed.

Settling on dinitrobenzene for the first attempt at removable capping species, a
synthetic route needed to be designed. Not wishing to complicate the synthesis by
forming the cylinder core inside the rotaxane, there are two obvious routes to the final

product, either the capped cylinder is formed beforehand and then slipped inside under
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gentle warming conditions, or the pseudo-rotaxane is formed and the caps are applied

as post-assembly modification. (Figure 5.1-5)

5111

Slippage formation of dinitrobenzene rotaxane through the synthesis of

capped cylinder

¥ “ K,CO4, MeCN,
W/\O + argon, reflux
S — > ON
O,N N%O
F |
.

N

Figure 5.1-6 Scheme for the synthesis of 1-(2,4-dinitrophenyl)-1H-imidazole-2-carbaldehyde.

In order to synthesize the capped cylinder for the slippage method, first the aldehyde

needs to be synthesized. This is done using an equivalent quantity of 1-fluoro-2,4-

dinitrobenzene in the presence of potassium carbonate base. (Figure 5.1-6) The solvent

acetonitrile is chosen for its aprotic nature coupled with likely good solubility of the

product. The mixture is stirred under reflux until the starting material is consumed, then

filtered to remove potassium carbonate crystals. Following concentration, the product

is purified by silica gel flash column chromatography. It is important to isolate the

product from other aldehydes present, to prevent irremovable impurities at later stages.
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Figure 5.1-7 1H-NMR 400 MHz of DNB-aldehyde in acetonitrile-d3.

The isolated aldehyde has a clear set of coupled DNB peaks, with ortho coupling of 8.69
Hz between DNB5 and DNB6 and a meta coupling of 2.56 Hz between DNB3 and DNB5.
(Figure 5.1-7) Interestingly the Him resonance is split into a doublet. There is no other
peak split with the same 0.94 Hz constant, though COSY confirms this is a °J coupling

between Him and H4. (Appendix Figure 8.1-1)

O,N O,N NO
Q\Noz + _MeOH, Q\Noz OZNQ
N HeN NH2 N O O N
N \N N/
\ | ° \ jl/\ /\W /

2 N

Figure 5.1-8 Scheme for the synthesis of dinitrobenzene modified 2-imidazole ligand (LPNg).
Two equivalents of the aldehyde are then reacted with 4,4’-methylenedianiline in

methanol to yield the ligand as a yellow precipitate, which is filtered and washed with

cold ethanol. (Figure 5.1-8) Similar J coupling is seen for the ligand, including a 0.22 Hz
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>J Him and H4 coupling, though in this case it is more visible in the 1D spectrum. (Figure

8.1-2)

NO, O,N

O,N NO
Q\No2 O,N NO, OzN/Q
N N NiCl,, MeOH N N
e 0 A X

\ . \

NN 3

Figure 5.1-9 Scheme of the synthesis of dinitrobenzene modified cylinder from LPNE and nickel chloride in

methanol under reflux.

The ligand is then reacted in methanol under reflux with nickel chloride to form the

dinitrobenzene modified cylinder as the chloride salt. (Figure 5.1-9)

Previously it has been possible to assemble methyl pyridine capped rotaxanes through
slippage, so a similar procedure was attempted. A suspension of CB[10] (8.39 mg, 5.05
umol, 1 eq) and DNB cylinder (12.6 mg, 4.59 umol, 1.1 eq) in water (10 mL) was refluxed
for 30 minutes and a portion assessed with mass spectrometry. No rotaxane was
formed, so the reflux was continued for another 3 hours. Again, no rotaxane was
formed. One reason for this could be poor solubility of the DNB capped cylinder and
rotaxane in water as well as the insolubility of un-threaded CB[10]. Building on the
understanding that high energy water is trapped within the macrocycle,*® a suggested
driving force for the easy assembly of the pseudo-rotaxane is the greater entropy gained
on binding a water soluble threaded CB[10] compared to its crystalline structure.
Various attempts have been made to thread the CB[10] with complexes in non-aqueous
solvents but these were unsuccessful and adding aqueous solubilized 2-imidazole

cylinder or iron parent cylinder pseudo-rotaxane to an excess of methanol proved to be
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a suitable way of unthreading the CB[10]. It is likely that for the reaction the threading
agent needs to be solubilized first, it was assumed the heat from the reflux would be
enough to solubilize a portion of the suspension and so facilitate the steady threading
of the rotaxane. Another challenge is the comparable instability of the DNB cylinder to

2-imidazole cylinder in aqueous solution.

A repeat experiment would be wise to try dropping an acetonitrile solution of DNB
cylinder into a hot aqueous CB[10] suspension. This would have the combined effect of
the raised likelihood of macrocycle/thread encounter, as well as reducing the time the
cylinder spent in aqueous solution before threading. It is very apparent that the cylinder
body is protected within the CB[10] to hydrolysis in aqueous solution once threaded.

(Section 5.2.3.3)

5.1.1.2  Post-assembly alkylation of the 2-imidazole cylinder and its pseudorotaxane

An alternative route to the synthesis of the rotaxane is post-assembly modification. This
was less desirable than the slippage method, due to the potential for failure to fully cap
all available sites. It was first noticed that with the development of the methylpyridine
modified complexes, but at the time there was value in being able to study the effects
of different degrees of capping.! As such, when beginning the process of post-assembly
alkylation with 1-fluoro-2,4-dinitrobenzene it was not expected to achieve complete

capping the first try.
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Figure 5.1-10 Low resolution ESI-MS spectra taken at 0, 15, 30, 60, 120, 300 minute time points for a rotaxane
capping reaction. 2-imidazole cylinder (2.74 umol), CB[10] (3.01 umol) in water; followed by potassium carbonate
(24.6 umol), 1-fluoro-2,4-dinitrobenzene (16.7 umol), stirred at 60 °C. R in labels indicates that the pseudo-
rotaxane/rotaxane structure is threaded. Peaks reprentative of different degrees of capping for the rotaxane
product, [6/6]4+ (959 m/z), [5/6]4+ (918 m/z), [4/6]4+ (876 m/z), [3/6]4+ (834 m/z), [2/6]4+ (793 m/z), [1/6]4+
(751 m/z), [0/6]4+ (710 m/z), [6/6+Cl]3+ (1291 m/z), [5/6]3+ (1224 m/z), [4/6]3+ (1168 m/z), [3/6]3+ (1113 m/z),
[2/6]3+ (1057 m/z), [1/6]3+ (1002 m/z), [0/6]3+ (947 m/z).

To monitor the reaction a quick low resolution mass spectrum was effective, as the
variably capped rotaxane species gave a visible distribution that could be tracked. Initial
experiments with stoichiometric ratios failed to reach completion. The intensity of the

[6/6]* peak appears to decrease between 30 and 60 minutes at stoichiometric ratios.
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(Figure 5.1-10) This is due to a competing reaction decapping the cylinder consuming
the 2,4-dinitrobenzene. This is likely the hydrolysis product, 2,4-dinitrophenol which is
seen as a counterion as the phenolate. Excess 2,4-dinitrophenol can be washed from the

product with water.

NO, A NC NO,

(o]

H
e le e @ _
O T

N

Figure 5.1-11 Proposed mechanism for alkylation of 2-imidazole in the presence of carbonate base with a fluoro-

dinitrobenzene

The rate limiting step of the SNAr mechanism is the association of the aromatic species
with the nucleophile, the dissociation of the leaving group happening rapidly, meaning
the concentration of product was likely less important than reactants. (Figure 5.1-11) It

occurred that the caps needed to be applied much faster than they were removed.

The apparent decrease in higher numbers of caps could have been due to an energetic
barrier causing an increase in lower numbers of caps toward the end of reaction with no
actual degradation, however from the initial increase in caps to form a 4/6, 5/6, 6/6
capped dominant population and the almost symmetry of the distributions it seems that

there is no significant increase in energy required for the later caps.
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Figure 5.1-12 Mass spectrum of rotaxane synthesis product showing broad range of degrees of capped rotaxane.

Potassium carbonate (12 eq), 1-fluoro-2,4-dinitrobeznene (18 eq), 20 degC 16 hours.

To make sure the degradation couldcould not be mitigated by lower temperature or that
the reaction was not simply incomplete, repeats were conducted over longer reaction
times, including ones with a larger excess of capping agent. The result was a well-formed

distribution centered around 4/6 caps. (Figure 5.1-12)
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Figure 5.1-13 Mass spectra taken of the product of reacting nickel 2-imidazole cylinder (1 eq) with CB[10] (1.1 eq),

1-fluoro-2,4-dinitrobenzene (18.3 eq) and potassium carbonate (12.2 eq) in water at 80 °C for 50 minutes.

The most effective method found was to react the 2-imidazole cylinder with an excess
of over 18 equivalents in deionized and degassed water at 80 °C, the reaction was
complete after 50 minutes. (Figure 5.1-13) It is important to consider that the cylinder
has 6 available binding sites so 18 equivalents is not excessive, at 3 equivalents per

binding site.

The product is isolated as a bright orange precipitate. The synthesized rotaxane was
found to be soluble in acetonitrile and DMSO, and poorly/in soluble in methanol and
water. Later it was realized that the anion is the phenolate form of 2,4-dinitrophenol.
This has the potential to complicate things with another dinitro-aromatic species in

solution. However, for decapping purposes this is investigated later. (Section 5.2.1)
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Figure 5.1-14 Labelling of a DNB capped 2-imidazole cylinder cylinder, and cucurbit[10]uril. Labelling applies to

non-capped 2-imidazole cylinder too.

The assignment of the corresponding rotaxane NMR signals is complicated by its poor
solubility and paramagnetism from the Ni(ll). Numbering is shown in (Figure 5.1-14).
Though similarities from the 2-imidazole cylinder/pseudorotaxane and capped cylinder
help. In this case, the peaks shifted away from the “diamagnetic region”, are similar
between spectra. An effect known as pseudocontact shift, caused by dipolar coupling
between the magnetic moments of the nucleus and the unpaired electrons on the Ni(ll),
is seen. H5 and Him are pseudocontact shifted owing to their proximity to the Ni(ll), H4
so much that the peak is not visible. It is possible slight humps between 90-130 ppm
could be a H4 in the 2-imidazole cylinder and DNB rotaxane spectra, though a hump
appears at 200 ppm for the DNB cylinder. When viewing humps in the spectra, it is
important to be careful distinguishing from the distorted baseline resulting from loss of

the early FID. (Figure 5.1-15)
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Figure 5.1-15 1H-NMR spectra showing the larger contact and pseudocontact shifts, stacked. Top to bottom. DNB
cylinder in acetonitrile-d3 400 MHz, 2-imidazole cylinder in methanol-d4 500 MHz, 2-imidazole pseudorotaxane in
methanol-d4:D20 1:4 500 MHz, DNB rotaxane in acetonitrile-d3 400 MHz. 2-imidazole cylinder peaks are

assigned, and dotted lines show the peaks occurring in other spectra.
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Figure 5.1-16 1H-NMR spectra showing the pseudocontact and diamagnetic shifts, stacked. Top to bottom. DNB
cylinder in acetonitrile-d3 400 Mhz, 2-imidazole cylinder in methanol-d4 500 MHz, 2-imidazole pseudorotaxane in

methanol-d4:D20 1:4 500 MHz, DNB rotaxane in acetonitrile-d3 400 MHz.

Out of range for contact shifts, the cylinder DNB peaks appear closer to those of the
diamagnetic ligand. Though the peaks still experience pseudocontact shifts, and
broadening. The same is true for the rotaxane, though the peaks are significantly more
broadened, likely due to proximity of the CB[10]. The DNB also appears as two peaks,
though can be integrated to show that they are overlapped. CB[10] from the rotaxane
can be compared to the 2-imidazole pseudorotaxane, where the peaks are similar. Also

visible is the dinitrophenolate counterion (DNP").
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5.1.1.2.1 Crystal Structure

Attempts at crystallizing the methyl pyridine capped rotaxane were unsuccessful. This
included vapor diffusion of various solvent combinations using benzene, diethyl ether,
acetonitrile and dichlorobenzene into methanol solution with the chloride and
perchlorate counter ions. A small crystal was obtained from the iodide salt. This was
done by dissolving the chloride salt in water, to this a potassium iodide solution was
added precipitating the iodide salt. The mixture is then warmed, and water is steadily
added until the sample is fully dissolved. The solution is then slowly cooled to permit

crystallization. On analysis this was found to be cucurbit[10]uril alone.

Using the DNB rotaxane prepared through post-assembly modification as described in
this chapter again attempts were made unsuccessfully with vapor diffusion methods.
The sample was soluble in acetonitrile, so attempted crystallization was made through
the slow vapor diffusion of benzene, methanol, ethanol, diethyl ether dichlorobenzene
into a concentrated acetonitrile solution. These all resulted in precipitation, but no solid

product of reasonable quality for single crystal analysis was acquired.

Crystals were obtained through the slow evaporation of acetonitrile from a sample. The
complex was almost completely dissolved in acetonitrile, the undissolved remainder
was filtered through a cotton plug with the filtrate passed directly into a cleaned vial,
further acetonitrile of approximately 5% of the total volume was added. Onto the top of
the vial a parafilm lid was added with a hole pricked using a needle to permit diffusion

into the atmosphere. Crystal formation took approximately 2 months.
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Figure 5.1-17 Partial crystal structure of the DNB rotaxane.

The structure is incomplete, most obvious from the 10 DNP- present for the 4
[Ni2L3]-CB[10]** in the cell, leaving 4 F~ as likely anions. (Figure 5.1-17) Interestingly in

this unit cell all complexes are the M enantiomer, it is possible that in the crystal there
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are other P enantiomer containing unit cells. From preliminary testing, this seems to be

the case though cannot be fully confirmed at this stage.

5.2 Decapping

Before experiments using DNA, it is important to understand how the rotaxane behaves
in isolation; to identify the product of decapping reactions and a grasp on the rates at
different concentrations. Initially glutathione was used, though the mass spectra were

better simplified by using mercaptoethanol.

On incubating with mercaptoethanol (10 mM) at 37 °C, mass spectra of the solution at
time point T=0 min demonstrated a reduction in [R6/6]*" and [R5/6]** capped rotaxane
peaks, with a similar increase in the [R4,3,2/6]*" capped rotaxanes to show an apparent
shift in the center of the distribution to R4/6 caps. This continues in later time points
with the center of the distribution around R2/6 caps by T=60 mins. The apparent even
distribution on either side of [R4/6]*" capped rotaxane peak at T=0 min suggests no
preference for the mercaptoethanol to react with the capped species above R1/6 and
can be assumed to be similar for R1/6 too. It is harder to judge from the data the
proportions of cylinder to rotaxanes in solution given the substantial difference in size
and possible changes to ionizability resulting from the loss of the CB[10]. As the
rotaxanes lose caps to become fully decapped pseudo-rotaxane or partially capped the
cylinder is expected to be able to leave and bind to a competitor nucleic acid. In the
mass spectrum an auspicious release of cylinder from CB[10] is seen in the form of
[CO/6]%* and [C1/6]%* peaks at 1 hours. Adding iron parent cylinder to the mixture at 21

hours, a clear [FeCy pseudorotaxane]** peak forms showing that the CB[10] is still intact
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upon release. Considering the 3+ peaks, it is hard to compare between R6/6 and R5/6,
as the available imidazole nitrogen is useful for the localization of a negative charge. This
leaves the need for adducts to stabilize the R6/6, and as a result, there is [R5/6-H*]3*

representing the R5/6, and [R6/6+N0O2+H]3*, [R6/6+DNP]3* representing R6/6. (

Figure 5.2-1)
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Figure 5.2-1 Mass spectrum of DNB rotaxane in methanol. Taken alone and with 10 mM mercaptoethanol at T =0, 0.5, 1, and 4 hours and at 21 hours with added FeCy.
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5.2.1 Dinitrophenol
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Figure 5.2-2 UV-Vis spectra of DNP (40 pM) in water alone, or water with mercaptoethanol (10 mM). Samples are

measured and incubated at 37 °C at 0, 2 and 24 hours.

Incubating DNP over 24 hours, with mercaptoethanol has no changes to the UV-Vis
spectra. This shows that the DNP does not react with mercaptoethanol in water.
Considering the DNP acts as an acid with a pKa of 4.1,%¢ it is possible the reaction would
proceed faster in the presence of a base that can deprotonate the mercaptoethanol.
Though there should be no base present in the rotaxane samples to affect the
decapping, so it can be assumed that the DNP" is uninvolved with the decapping process.

(Figure 5.2-2)
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5.2.2 Method of Reaction.

Considering the history of researchers reacting nucleophiles with dinitrobenzene
moieties, it can be theorized that the decapping method would undergo a similar
nucleophilic aromatic substitution (SNAr) reaction through a Meisenheimer complex
intermediate to form the 2-((2,4-dinitrophenyl)thio)ethan-1-ol (DNB-SEtOH) product.

(Figure 5.2-3)

O,N o\ﬁ/oe O,N
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Figure 5.2-3 Proposed SNAr decapping reaction mechanism. The rate limiting step is the formation of the
Meisenheimer complex, oweing to its higher energy compared to the starting material and product. The loss of

the imidazole should be relatively fast as the aromaticity of the benzene is returned.

It is apparent from the mass spectrometry that the rotaxane reacts in a mixture of
mercaptoethanol, with a distribution that moves towards completely decapped
pseudorotaxane and 2-imidazole cylinder. However, to determine whether the
dominant reaction is the SNAr involving the thiol, as opposed to another nucleophile,

and whether the product is the expected DNB-SEtOH, further experiments were needed.

5.2.2.1 NMR Decapping Experiments
The expected product of decapping 2-((2,4-dinitrophenyl)thio)ethan-1-ol (DNB-SEtOH)

should be diamagnetic. It was synthesized from equivalent quantities of
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mercaptoethanol and 1-fluoro-2,4-dinitrobenzene using excess triethylamine base in
dry chloroform. On running the NMR in acetonitrile-d3, an apparent quartet is visible at
3.84 ppm, which was theorized to be a doublet of triplets. This was proven to be the
case with a repeat NMR in methanol-d4 where the alcohol was deuterated by the

solvent. (Figure 5.2-4)
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Figure 5.2-4 Top. NMR spectrum 400 MHz of 2-((2,4-dinitrophenyl)thio)ethan-1-ol in acetonitrile-d3. Bottom Left.
Numbering scheme used in NMR. Bottom Right. Stacked NMR 400 MHz in acetonitrile-d3 and methanol-d4 to

show the change in observed coupling on the CH2/9 nuclei resulting from exchange between H10 and D10.

For the NMR decapping experiment acetonitrile-ds proved to be the most suitable.

Attempts were made to develop a method of adding DMSO-de solubilized complex to
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D,0, but issues with precipitation prevented this, leaving acetonitrile as the best solvent

for most experiments.

5.2.2.1.1 1:6 DNB Rotaxane to Mercaptoethanol NMR Experiment

The DNB rotaxane was decapped under a ratio of 1:6 at 0.43 mM rotaxane to 2.56 mM
mercaptoethanol. Stoichiometric ratios of reactants, as there are 6 caps per rotaxane,
were of interest to lower the rate of reaction whilst still maintaining the possibility of
full decapping. Having a slower rate of reaction meant it was possible to increase the
number of scans per spectrum, so these are clearer than the 10 mM measurements
later. The experiment was designed with the intention to compare to UV-Vis data, so a
lower concentration was also beneficial for UV-Vis to minimize the overshadowing of

the other peaks with mercaptoethanol.
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Figure 5.2-5 A series of overlayed 400 MHz NMR spectra of, 1:6 rotaxane (0.43 mM) to mercaptoethanol (2.56
mM) in acetonitrile-D3. Showing the changes in diamagnetic peaks over time, with expansions showing the

growing DNB-SEtOH product.

Looking at the overlayed spectra, the only changing diamagnetic peaks are from the

DNB-SEtOH increasing and the mercaptoethanol decreasing, demonstrating no release
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of LPNB, L2m their respective aldehydes or 4,4’-methylenedianiline, confirming that the
process of release is entirely governed by decapping and that the resultant complexes

are produced intact. (Figure 5.2-5)

3.04 [ x
X
J X5 X
% XxxxX % x x
2.5 x N
X XX § %X xX
X X xxX“TgTEX
] x X xx %x
X
2.04
] x b3
A A
- AA A b1/2
AAD
90 88 86 84 82 80 78 ¥ '] a8 x b4
f1 (ppm) T | at s a2
A
YN a al
1.0+ ab s a3
A AA
1. sgpataday °
a paanbd akBag s ab
NI
A AAAA al
0.5 sabhaal
al |bjl/2 a2 b3 b4 s8%,4
4 & A
3
A ;
0.0
N sl kf\ N A
A
! ! ! ! ! : T T T T T T T T T T T T 1
4.0 3.5 f13.(oppm) 2.5 2.0 1.5 b 5 4 & & 10 1

t(h)

Figure 5.2-6 400 MHz NMR spectra of 1:6 rotaxane (0.43 mM) and mercaptoethanol (2.56 mM) in acetonitrile-D3.
Showing the decrease of mercaptoethanol peaks (b1 = OH, b2 = CH2, b3 = CH2, b4 = SH) and the increase of DNB-
SEtOH peaks (a1l = CH2, a2 = CH2, a3 = DNBH3, a5 = DNBH5, a6 = DNBH6). Concentration is set using the initial T=0
concentration of mercaptoethanol at 2.56 mM at peak b3. Concentrations are adjusted according to the number

of nuclei involved in a peak.

Mercaptoethanol peaks show a shallow exponential decay over 12 hours, the OH and
CH; are overlapped (b1/2). All three integrations seem to follow a similar curve, the 3
protons on b1/2 gives a smoother curve. At the same time the DNB-SEtOH peaks show
an exponential growth over a similar amount. DNB-SEtOH CH; (al) overlaps with a

broadening CB[10] peak so appears slightly too intense. Series for the CH; (a2) and
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DNBHS5 (a5) begin at t=0 below 0, this is a result of the baseline appearing marginally

above the spectrum. (Figure 5.2-6)
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Figure 5.2-7 400 MHz NMR spectra of 1:6 rotaxane (0.43 mM) and mercaptoethanol (2.56 mM) in acetonitrile-D3.
Showing the decrease of rotaxane peaks (CBa = CB[10]-Ha, 20H; CBb = CB[10]-Hb, 20H; CBc = CB[10]-Hc, 20H; DNB
= DNB-2H, 12 H; DNP = DNP-H, 4H). Concentration is set using the initial T=0 concentration of mercaptoethanol at
2.56 mM at peak b3 (Figure 5.2-6). Concentrations are adjusted according to the number of nuclei involved in a

peak.

The rotaxane peaks present a challenge, being paramagnetic they’re broadened leading
to them often overlapping with other peaks. A good example already mentioned is
CB[10]-Hb, which overlaps with a DNB-SEtOH peak. More significant is the DNB peak,
representing two of the three protons on the DNB ring. This is heavily broadened,
reducing the intensity of the observed peak. The DNP illustrates another challenge with
this dataset. The spectrum tends to drop below the baseline in regions of few peaks,

leading to integrations lower than the “real” values. For the DNP peak at 6.5 ppm, this
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follows the same trend as other DNP peaks, but ends at a negative integration due to
broadening below the baseline. At 9.5 ppm the DNB peak also experiences this, but to a
lesser extent. The broadening is likely a result of the increase in heterogeneity of capped

rotaxanes. (Figure 5.2-7)

5.2.2.1.2 1:24 DNB Rotaxane to Mercaptoethanol NMR Experiment
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Figure 5.2-8 A series of overlayed 400 MHz NMR spectra of, 1:24 rotaxane (0.41 mM) to mercaptoethanol (10
mM) in acetonitrile-D3. Showing the changes in diamagnetic peaks over time, with expansions showing the

growing DNB-SEtOH product.

Repeating the experiment with 0.41 mM rotaxane and 10 mM mercaptoethanol to give
a ratio of approx. 1:24 shows the reaction occurring at a greater rate. As a result, the
spectra need to be acquired faster, reducing the s/n ratio. However more dramatic
changes to the peaks should provide useful information. Like the 1:6 ratio, the same
diamagnetic DNB-SEtOH is the product of the reaction. There are also changes to the

CB[10] peaks, and the DNB appears to be rapidly consumed. (Figure 5.2-8)
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Figure 5.2-9 400 MHz 1H-NMR spectra of 1:24 rotaxane (0.41 mM) to mercaptoethanol (10 mM) in acetonitrile-
d3, showing the decrease in mercaptoethanol peaks (b2 = CH2, b3 = CH2, b4 = SH). Concentration is set using the
initial T=0 concentration of mercaptoethanol of 10 mM at peak b2. Concentrations are adjusted according to the

number of nuclei involved in a peak.

The mercaptoethanol peaks differ in this dataset, because the OH group is not visible,
whereas at 1:6 the OH peak was under a CHz. There is also a greater variability between
integrations, especially the SH peak, which appears lower. Possibly due to its proximity
to the acetonitrile and water peaks, or perhaps the SH is exchanging more rapidly in the
lowered pH caused by the SNAr reaction. All exponential decays appear similar except

for the offset. (Figure 5.2-9)
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Figure 5.2-10 400 MHz 1H-NMR spectra of 1:24 rotaxane (0.41 mM) to mercaptoethanol (10 mM) in acetonitrile-
d3. Showing the increase of DNB-SEtOH peaks (al = CH2, a2 = CH2, a3 = DNBH3, a5 = DNBH5, a6 = DNBH6).
Concentration is set using the initial T=0 concentration of mercaptoethanol of 10 mM at peak b2. (Figure 5.2-9)

Concentrations are adjusted according to the number of nuclei involved in a peak.

Again, the DNB-SEtOH forms as the diamagnetic product, more rapidly this time showing
a dependence for its formation on mercaptoethanol concentration which is
unsurprising. The CH2 in proximity to the OH (al) overlaps with a broadening CB[10]
peak, resulting in a rapid initial increase in integration as the resonances further overlap.
The peak then plateaus as the CB[10] peak reduces in intensity in the region integrated

countering the growth of the CH2 peak. (Figure 5.2-10)
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Figure 5.2-11 1H-NMR spectra of 1:24 rotaxane (0.41 mM) to mercaptoethanol (10 mM) in acetonitrile-d3.
Showing the decrease of rotaxane peaks (CBa = CB[10]-Ha, 20H; CBb = CB[10]-Hb, 20H; CBc = CB[10]-Hc, 20H; DNB
= DNB-2H, 12 H; DNP = DNP-H, 4H). Concentration is set using the initial T=0 concentration of mercaptoethanol of

10 mM at peak b2. (Figure 5.2-9) Concentrations are adjusted according to the number of nuclei involved in a

peak.

The rotaxane peaks all show an exponential decay, some shallower than others. The
variation is likely a combination of the broadness of the peaks and the limits of
integrating regions over large overlapping peaks. The CB[10] peaks show broadening
and de-shielding, which might occur from removal of electron dense DNB groups from
nearby. Again, the DNP seems to be consumed in the experiment, whether this is due
to a reaction with the mercaptoethanol, or another reaction is uncertain. Though the
UV-Vis experiment with these in isolation showed no change. (section 5.2.1) Given the

peaks seem to shift and broaden this would point to a change in the local environment
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for the DNP. One way this could occur would be changes to the rotaxane that render it

a non-uniform cation for the DNP". (Figure 5.2-11)

From the NMR data whilst decapping the rotaxane it is hard to determine whether it is
releasing a cylinder or not as all the rotaxane peaks appear to be decreasing. There is
also no apparent growth in capped cylinder, or 2-imidazole pseudorotaxane, though
these would not necessarily be the products of decapping. Perhaps the species formed
here are a mixture of partially decapped rotaxanes. The mixture of populations would
provide peaks too broad to visualize and a transition to these would appear as a
decrease in the regions integrated. This considered it is still important to rule out other

processes occurring.

5.2.2.1.3 DNB Ligand Reaction with Mercaptoethanol.

Reacting DNB ligand with mercaptoethanol was conducted inside the NMR tube,
measured using a series of timed experiments with automated shimming, tuning and
matching before each measurement. Measurements were taken every 20 minutes for

24 hours, then at 48 hours another measurement was taken.
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Figure 5.2-12 Time dependent 1H-NMR in chloroform-d, showing the mercaptoethanol peaks (left) and their

integrations vs time (right). DNB ligand (ca. 4 mM) with mercaptoethanol (10 mM) at 298K. Concentrations are

set to 10 mM with respect to mercaptoethanol region C at T=0.

Looking at the mercaptoethanol peaks, there are three distinct peaks. The integration

at T=0 between 2.65-2.79 ppm has been used to derive the integrated concentrations

for the rest of the experiment. The peak between 1.34-1.42 ppm is close to a broad

water peak resulting in greater variation between measurements and a slightly reduced

integration. These three peaks show an exponential decay over 24 hours, with some

reaction still occurring between 24 hours and 48 hours. Decreasing approximately 0.5

mM over 48 hours, it is apparent from the rapid initial reaction that the time between

mixing and first measurement could contain a significant portion of the reaction. (Figure

5.2-12)
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Figure 5.2-13 Time dependent 1H-NMR in chloroform-d, showing the ligand peaks (left) and their integrations vs
time (right). DNB ligand (ca. 4 mM) with mercaptoethanol (10 mM) at 298K. Concentration is set to the
integration of a mercaptoethanol CH2 peak at 10 mM. The region at 7.65 ppm is two or more peaks overlapped

resulting in a relatively unchanging integration, see arrow.

Considering the ligand peaks these are similar to the assigned ligand in DMSO. (Figure
8.1-2) All peaks follow the same exponential decay regardless of which part of the ligand.
The decrease over 48 hours, is in line with the mercaptoethanol, with a decrease of
approximately 0.5 mM. At 7.65 ppm is a set of peaks resulting from a decreasing DNB
peak, and a growing DNB peak from the product. When integrated the two changes are
cancelling each other out, and result in an overall relatively stable integration. Though
after 48 hours, there does appear to have been a slight decrease of approx. 1-2 mM.
This data and that from the mercaptoethanol shows that the two species are reacting at

a similar rate, likely with one another. (Figure 5.2-13)
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Figure 5.2-14 Time dependent 1H-NMR in chloroform-d, showing the product peaks (left and bottom) and their
integrations vs time (top right). DNB ligand (ca. 4 mM) with mercaptoethanol (10 mM) at 298K. Concentration is
set to the integration of a mercaptoethanol CH2 peak at 10 mM. Products are represented by crosses (DNB-

SEtOH), circles (2-imidazole ligand), triangles (aldehyde).

It is obvious that, like the mercaptoethanol the initial formation of the products has
occurred rapidly before the first measurement, as none begin at 0 mM. As mentioned
in the paragraph above, one of the DNB-SEtOH DNB peaks is obscured by a DNB-ligand
DNB peak, so is not included here. It and the rest are assigned with the aid of COSY and
are similar to the spectrum in acetonitrile-d3. Other DNB-SEtOH peaks are the CH2s from
the 2-(thio)ethan-1-ol group, which appear near to their respective free
mercaptoethanol peaks. Another product of the reaction is the decapped 2-imidazole
ligand which appears as an imine, a CH2 and two phenyl peaks, as well as an ambiguous
H4/5 peak that overlaps with a DNB-ligand phenyl peak. Oddly another product forms
as three coupled peaks, an aldehyde (CHO), with two imidazole (AH4/5) peaks. The
asymmetry of the imidazole suggests something could be bound to one N, but whether

it is just protonated is uncertain. That a ligand imine is being hydrolyzed, whether it is
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capped or uncapped is interesting, though a large water peak at 1.5 ppm could indicate

the cause. (Figure 5.2-14)

That this is not present in the rotaxane samples above suggests that the CB[10] is still
able to protect the imine after decapping, pointing to formation of decapped rotaxanes

tending toward pseudorotaxanes. (Sections 5.2.2.1.1 and 5.2.2.1.2)

5.2.2.1.4 1:20 DNB Cylinder to Mercaptoethanol NMR Experiment
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Figure 5.2-15 1H-NMR spectra of 1:20 cylinder (1.33 mM) to mercaptoethanol (26.6 mM) in acetonitrile-D3.
Showing the decrease of the mercaptoethanol peaks. Concentration is set using the initial T=0 concentration of
mercapteothanol of 26.6 mM at peak CH2 2.6 ppm. Concentrations are adjusted according to the number of

nuclei involved in a peak.

Reacting the DNB cylinder (1.33 mM) with mercaptoethanol (26.6 mM) at a ratio of 1:20
or 1:3.3 mercaptoethanol to DNB group, shows a decrease in the mercaptoethanol
peaks. The greater concentration of mercaptoethanol increases the signal to noise ratio,
compared to the rotaxane data above. Compared to the mercaptoethanol, the water
peak is also lesser in this sample reducing the effect of detector saturation. Again at a

higher mercaptoethanol concentration, the OH peak is absent. (Figure 5.2-15)
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Figure 5.2-16 1H-NMR spectra of 1:20 cylinder (1.33 mM) to mercaptoethanol (26.6 mM) in acetonitrile-D3.
Showing the decrease of the cylinder peaks (DNB2 = DNB-2H, 12H; DNB = DNB-H, 6H; DNP = DNP-H, 4H; CH2 = CH,,
2H; H5 = imidazole H5, 6H; Ph = HPha/b, 12H). Concentration is set using the initial T=0 concentration of
mercaptoethanol of 26.6 mM at peak CH2 2.6 ppm. (Figure 5.2-15) Concentrations are adjusted according to the

number of nuclei involved in a peak.

The cylinder DNB peaks are simpler to track versus the rotaxane as they are less broad.
All cylinder peaks appear to undergo a steady decrease over 24 hours. This is similar to
what is seen for the rotaxane experiments. It is likely this is a result of peak broadening
caused by a shift to a range of capped populations rather than a homogenous 6/6
capped sample. The peak at approx. -5 ppm for the phenyl a/b is particularly broadened
(Figure 5.2-16) Also present is a peak at 6 ppm, which interestingly changes by
broadening steadily over the experiment. However, in the measurement before the
addition of mercaptoethanol the peak is broader and has a lower integration than the
final measurement at T = 24 hours. This behavior is more akin to an exchangeable

proton. Within 1 ppm of what is expected for an ammonium peak, and within the range
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for an aniline or amide these could be possible. Given the sample is prepared using
ammonium hexafluorophosphate this could be the source, though the characteristic

52.4 Hz Yisnan coupling is not present this could be obscured by paramagnetic

broadening.
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Figure 5.2-17 1H-NMR spectra of 1:20 cylinder (1.33 mM) to mercaptoethanol (26.6 mM) in acetonitrile-D3.
Showing the increase of the DNB-SEtOH peaks (al = CH2, a2 = CH2, a3 = DNBH3, a5 = DNBH5, a6 = DNBH®6).
Concentration is set using the initial T=0 concentration of mercaptoethanol of 26.6 mM at peak CH2 2.6 ppm.

(Figure 5.2-15) Concentrations are adjusted according to the number of nuclei involved in a peak.

The DNB-SEtOH is not the only diamagnetic species present in this experiment, but by
the end of the reaction it is the strongest. The DNB-SEtOH is produced at a steady rate
and does not seem to be plateauing, suggesting this reaction will continue for more time
if allowed. (Figure 5.2-17) The other species present appear to be a slight DNB-ligand

impurity slowly hydrolyzing into methylene dianiline and the capped aldehyde.

5.2.2.1.5 NMR Decapping Conclusions
The presence of a water peak in all the NMR data acquired suggests its origin is the
mercaptoethanol used. The ligand when exposed to water readily hydrolyses, though

this does not seem to occur in the cylinder, and certainly does not occur in the rotaxane.
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When exposed to mercaptoethanol all derivatives with the DNB readily react to form
the DNB-SEtOH product pointing to a SNAr mechanism of reaction. However, there was
no clear formation of a pseudorotaxane or imidazole cylinder, so this needs to be
explored further. It is worth considering that whilst the intensities for the rotaxane and
capped cylinder peaks decreased there was no precipitate observed as would be

expected for CB[10], so a new CB[10] - Guest species has formed.
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5.2.3 Releasing an Imidazole Cylinder

Understanding from mass spectrometry, that it is possible to remove the caps from a
rotaxane and that from a population perspective it appears to occur in the form of a
shifting distribution eventually releasing a fully decapped 2-imidazole cylinder. From the
NMR the main diamagnetic product of the reaction is 2-((2,4-dinitrophenyl)thio)ethan-
1-ol, suggesting a SNAr mechanism and unobservable rates of other reactions. Using UV-
Vis spectroscopy this section will further explore the decapping process and understand

whether the rotaxane is decapped to release an intact imidazole cylinder.
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Figure 5.2-18 UV-Vis spectra of 10 uM DNB rotaxane in water and acetonitrile at 37 °C. Showing the location of

the peaks.

In water the peak, which would appear around 413 nm in acetonitrile, is broadened and
potentially blue shifted making it harder to interpret. The strong peak at 369 nm in
acetonitrile is blue shifted to 354 nm in water, a possible cause of the blueshift could be
polar solvent effect indicating a CT transition between a polar ground state and an

excited state. (Figure 5.2-18)
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5.2.3.1 Acetonitrile
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Figure 5.2-19 UV-Vis spectra in MeCN 37 °C. Solid lines. Rotaxane at 10 uM with 10mM mercaptoethanol in MeCN
taken at different time points over 10 hours. Dashed lines. 2-((2,4-dinitrophenyl)thio)ethan-1-ol in MeCN, DNB
rotaxane at 10 uM in MeCN, 2-imidazole cylinder at 10 uM in MeCN, DNB cylinder at 10 uM in MeCN. Full

dataseries at (

Figure 8.2-5)

As a result of the instability of the threaded pseudo-rotaxane in organic solvents, an
alternative comparison, the 2-imidazole cylinder, was used. A reaction of DNB rotaxane
at 10 uM with mercaptoethanol in acetonitrile produces a UV-Vis spectra that
transforms over 10 hours, to be attributable to a solution of DNB-SEtOH, 2-imidazole
cylinder pseudorotaxane, and a decreased quantity of DNB rotaxane. A decrease in peak

intensity at 369 nm and 413 nm represents consumption of DNB rotaxane, with an
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increase in peak intensity at 333 nm and 271 nm. (Figure 5.2-19) This is more apparent

when looking closely at the peak forming around 333 nm. (Figure 5.2-20)

Absorbance

- -

T=1.6 min T=16.6 min T=46.6 min T=61.6 min T=76.6 min T=91.6 min
T=106.6 min T=121.6 min T=151.6 min T=181.6 min T=211.6 min T=241.6 min
—— T=271.6 min—— T=301.6 min —— T=331.6 min T=361.6 min——T=391.6 min——T=421.6 min
—— T=451.6 min T=481.6 min T=511.6 min T=541.6 min T=571.6 min T=601.6 min
4+~ — - DNB-SEtOH- — - DNB rotaxane 2-im Cyl — — - DNB cylinder
T T T I T I T I T 1
310 320 330 340 350 360

Wavelength (nm)

Figure 5.2-20 UV-Vis spectra in MeCN at 37 °C showing the growth and shifting of a peak, as the rotaxane is
consumed and 2-imidazole cylinder pseudorotaxane and 2-((2,4-dinitrophenyl)thio)ethan-1-ol are producted.

Rotaxane at 10 uM with 10mM mercaptoethanol taken at different time points over 10 hours.

The rotaxane peak at 369 nm shows a shift toward 333 nm, resulting from the growth
of 2-imidazole cylinder, and 2-((2,4-dinitrophenyl)thio)ethan-1-ol peaks and a decrease
in the rotaxane peak at 369 nm that becomes more apparent toward later time points.
It is likely that a varied population of partially decapped rotaxane/cylinder would absorb

broadly across 300-350 nm.
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Figure 5.2-21 UV-Vis spectra in MeCN. Solid lines. DNB cylinder at 10 uM with 10 mM mercaptoethanol in MeCN,
taken at different time points. Dashed lines. 2-((2,4-dinitrophenyl)thio)ethan-1-ol in MeCN, DNB cylinder at 10
uM in MeCN, 2-imidazole cylinder at 10 uM in MeCN.

The same reaction was performed using 10 uM DNB cylinder with 10 mM
mercaptoethanol, and demonstrates a similar decrease in DNB cylinder, with a
subsequent increase in a peak representative of a combination of 2-imidazole cylinder

and 2-((2,4-dinitrophenyl)thio)ethan-1-ol. (Figure 5.2-21)
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Figure 5.2-22 Top. UV-Vis spectra in MeCN at 37 °C, DNB rotaxane at 10 uM with 60 uM mercaptoethanol taken
at different time points. Bottom. UV-Vis spectra in MeCN at 37 °C, DNB rotaxane at 10 uM with 5 mM
mercaptoethanol taken at different time points. Top and bottom. Dashed lines. 2-((2,4-dinitrophenyl)thio)ethan-

1-ol, DNB cylinder 10 uM, DNB rotaxane 10 uM, 2-imidazole cylinder 10 uM.

At 60 uM mercaptoethanol, the process is expectedly slower, the lesser
mercaptoethanol absorbance shows a bit more detail below 300nm. At 5 mM the
balance between mercaptoethanol absorption and reaction rate, better shows the

formation of the small peak at 271 nm from DNB-SEtOH. (Figure 5.2-22)
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5.2.3.2 Water
In water, the pseudorotaxane freely forms at room temperature, so is stable for UV-Vis

measurements. This is a better comparison for a decapped product complex.
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Figure 5.2-23 UV-Vis spectra in H20. Solid lines. DNB rotaxane at 10 uM with 10 mM mercaptoethanol, taken at
different time points. Dashed lines. 2-((2,4-dinitrophenyl)thio)ethan-1-ol, DNB cylinder 10 uM, DNB rotaxane 10

uM, 2-imidazole cylinder 10 uM.

Repeating the experiment in water, the shifted/broadened DNB rotaxane spectra makes
interpretation of the consumption of rotaxane less certain. However, there is a similar
increase in peaks in the frequency expected for increased concentrations of 2-imidazole

pseudorotaxane and DNB-SEtOH in solution. (Figure 5.2-23)
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Figure 5.2-24 UV-Vis spectra in H20. Solid lines. DNB rotaxane at 10 uM with 10 mM mercaptoethanol and 1 mM

1 1
300 350

sodium cacodylate, taken at different time points. Dashed lines. 2-((2,4-dinitrophenyl)thio)ethan-1-ol, DNB

cylinder 10 uM, DNB rotaxane 10 uM, 2-imidazole cylinder 10 uM.

Running the experiment in buffered water using 1 mM sodium cacodylate showed little
difference in outcome, though an apparent slightly faster rate of reaction. (Figure
5.2-24) Perhaps buffering the acidity of the mercaptoethanol had an effect of increasing
the rate of nucleophilic attack. In line with affecting the mercaptoethanol, the
absorption attributed to the mercaptoethanol appears to have either red shifted or has

intensified. Though this can not be confirmed as the signal saturated the detector at

lower wavelengths.
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Figure 5.2-25 Top. UV-Vis spectra in H,0 at 37 °C, DNB rotaxane at 10 uM with 5 mM mercaptoethanol taken at

different time points. Bottom. UV-Vis spectra in H,0 at 37 °C, DNB rotaxane at 10 uM with 100 mM
mercaptoethanol taken at different time points. Top and bottom. Dashed lines. 2-((2,4-dinitrophenyl)thio)ethan-
1-ol, DNB cylinder 10 uM, DNB rotaxane 10 uM, 2-imidazole cylinder 10 uM, 2-imidazole cylinder

pseudorotaxane.

Changing the concentration of mercaptoethanol to 5 mM reduces the overlap with the
mercaptoethanol peak, giving better visibility of the small peak around 273 nm from the
DNB-SEtOH, and shows the same though slower growth of the dominant DNB-SEtOH

and pseudorotaxane peaks. In contrast, changing the concentration to 100 mM has the

116



effect of obscuring the smaller DNB-SEtOH peak but increasing the rate of growth

observed in the dominant peaks. (Figure 5.2-25)
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Figure 5.2-26 UV-Vis spectra in H,0 at 37 °C. Dashed. DNB rotaxane at 10 uM with 5 mM mercaptoethanol time
point 1322 mins minus time point 2 mins then adjusted so the peak maximum equals 1 for comparison. Solid. 2-
((2,4-dinitrophenyl)thio)ethan-1-ol, DNB cylinder 10 uM, DNB rotaxane 10 uM, 2-imidazole cylinder

pseudorotaxane.

By subtracting initial time points from later ones, it is simpler to visualize the changes.
(Figure 5.2-26) It shows a large increase between the DNB-SEtOH and the
pseudorotaxane, importantly this highlights that the forming peak is a combination of
the two compounds. There is also a well-defined peak at 273 nm showing clearly the

change mentioned before that identifies the DNB-SEtOH.
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Figure 5.2-27 UV-Vis spectra in H,0 at 37 °C. DNB rotaxane at 10 uM at various time points.

Comparing the spectra of the rotaxane in water it is apparent that the decapping is
entirely a result of the thiol in solution. After 22 hours of incubation at 37 °C in water,
the appearance of the rotaxane UV-Vis spectra is unchanged. (Figure 5.2-27) The slight
difference between 0 and 20 minutes is caused by the acclimatization of the cuvette to

the temperature of the Peltier temperature controller.
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Figure 5.2-28 UV-Vis absorbance values at 333 nm for 10 uM rotaxane with 5 mM, 10 mM, and 100 mM
mercaptoethanol subtracted from 0 mM data values at their corresponding time point to yield a deviation from
the behavior expected for an aqueous solution. Values are finally zeroed to the initial time point to ignore

deviation in time between mixing and the first data aquisition.

Plotting the evolution over time of the absorbance at 333 nm as a deviation from the
value at 0 mM, shows a clear dependence on concentration. Though the difference
between 5 mM and 10 mM seems to be the same as 10 mM and 100 mM, showing a
non-linear dependence on mercaptoethanol concentration. That the increase seems to
be lesser at higher concentration suggests a fractional reaction order with respect to
mercaptoethanol. This is unsurprising and is evidence that there are multiple steps as

expected for the SNAr mechanism. (Section 5.2.2) The slight deviation of the plot at 100
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mM shows the presence of more than one contributing peak, with one likely shifting

causing the effect. (Figure 5.2-28)

5.2.3.3  Stability of the 2-imidazole Cylinder.
If the rotaxane is to be developed for use in biological systems, it is important to assess
the stability of the 2-imidazole cylinder once released. This was best done using UV-Vis

spectroscopy owing to the paramagnetic nature of these nickel complexes.

-f\@

%@ H “@ “”@

X

H/@ H
Figure 5.2-29 Generic immine hydrolysis mechanism.
A form of degradation observed with these complexes and ligands is hydrolysis of the
immine. (Figure 5.2-29) Hydrolysis prevents use of normal-phase silica gel
chromatography and most forms of HPLC to purify these immine based ligands and

complexes.
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Figure 5.2-30 Top. UV-Vis spectra taken at 37 °C. Solid lines: 2-imidazole cylinder 10 uM in H20 at various time
points. Dashed lines: Likely products of the 2-imidazole cylinder hydrolysis, 4,4’-methylenedianiline and 2-

imidazolecarboxaldehyde in H20. Bottom. Increase or decrease of absorbance at 320, 289, and 241 nm Vs time.

On incubating the 2-imidazole cylinder in water, the cylinder peak at 320 nm decreases
proportionally to the increase at 241 nm and 289 nm for the 4,4’-methylene dianiline
and 2-imidazolecarboxaldehyde respectively, creating an isosbestic point at 297 nm.
(Figure 5.2-30) From this, it is apparent the 2-imidazole cylinder is vulnerable to

hydrolysis in water.
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Figure 5.2-31 Top. UV-Vis spectra taken at 37 °C. Solid lines: 2-imidazole cylinder 10 uM with mercaptoethanol 10
mM in H,O0 at various time points. Dashed lines: Likely products of the 2-imidazole cylinder hydrolysis, 4,4’-
methylenedianiline and 2-imidazolecarboxaldehyde in H,0. Bottom. Increase or decrease of absorbance at 320,

289, and 241 nm Vs time.

Mercaptoethanol absorbs below about 230 nm, and at 10 mM it gives a strong peak.
This obscures the 4,4-methylenedianiline absorption, however because the
concentration of thiol remains the same throughout the experiment it is still possible to
measure the change in intensity at 241 nm to a reasonable degree of accuracy. (Figure

5.2-31) Looking at the two graphs, it is apparent that addition of mercaptoethanol has

little effect on the 2-imidazole cylinder.
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Figure 5.2-32 Intensity of an increasing or decreasing peak as a proportion of percentage, relative to the decrease

of the 2-imidaozle cylinder peak at 320 nm in their respestive spectra. Increases adjusted to begin from 0.

Plotting the values of absorption as a function of their intensity relative to the intensity
of the 2-imidazole cylinder at 320 nm, shows little difference between the two
experiments. The data was prepared in a way to show the decrease of the 2-imidazole
cylinder from its initial 100%, in comparison to the increase of the two organic products
adjusted so the increase in percentage is proportional in scale to the increase in
absorbance relative to the 2-imidazole cylinder. Looking at the decrease of the 2-
imidazole cylinders, there is a slight increase in the rate of hydrolysis in the presence of
10 mM mercaptoethanol. Perhaps this is a result of the mercaptoethanol acting as a

weak acid in solution, furthering the rate the immine is protonated. (Figure 5.2-32)
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Acquiring DNB-cylinder decapping data in water was complicated by its hydrolysis

through the same mechanism as seen for the 2-imidazole cylinder. (Figure 8.2-6)

Stability in MeCN

1.6 - — 5 — 155 a5
4 185 —— 455
215 ——485
—245 —— 519
—275 545
—305 579
— 8356 —— 604

365

. 395

0.0 , : :
200 400 500
Wavelength (nm)

— 150 420
180 —— 450,
210 —— 480
—240 —— 510
— 270 540
—300 570)
— 330 —— 600

360

390

0.0 : : : , : :
200 300 400 500

Wavelength (nm)

Figure 5.2-33 Top. 10 uM 2-imidazole cylinder in MeCN 37 °C. Bottom. 10 uM 2-imidazole cylinder with 10 mM

mercaptoethanol in MeCN 37 °C.

In acetonitrile there is little to no change in the UV-Vis spectrum when incubated with
and without mercaptoethanol. (Figure 5.2-33) This has implications that it might be

easier to assess the binding ability of the released cylinder if it is released in acetonitrile.

5.2.3.3.2  Stability of the Pseudorotaxane

To achieve concentrations strong enough to make stock solutions, the 2-imidazole
cylinder is assisted into water by dissolving in methanol first. The solution is then mixed
into a suspension of CB[10] which is subsequently dissolved as it forms an aqueous

solution of pseudo-rotaxane.
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Figure 5.2-34 UV-Vis spectrum in water taken at 37 °C of the 2-imidazole cylinder (dashed blue) and its CB[10]

pseudorotaxane (solid red).

Comparing the cylinder and pseudorotaxane, the UV-Vis spectra are very similar with a
slight red shift where the peak shifts from 320 nm for the 2-imidazole cylinder to 323
nm for the pseudorotaxane, and increased resolution of the shoulders around 300 nm

and 355 nm. (
Figure 5.2-34)

To assess whether the threading affected the hydrolysis of the immine the stability

under heating over time was examined.

125



10 °C
20 °C
30°C
40 °C
——50°C
60 °C
—— 70 °C
—80°C
—90°C
—— 100 °C
— - — return to 10 °C

Absorbance

T T T T T T T T | L L
200 250 300 350 400 450 500 550
Wavelength (nm)

Figure 5.2-35 UV-Vis spectrum of 2-imidazole cylinder pseudorotaxane in <5% merthanol/water. Variable

temperature increments of 10 °C from 10 °C to 100 °C returning to 10 °C.

As the temperature of an aqueous solution increases up to 100 °C there is a decrease in
absorbance at 323 nm as well as the 355 nm shoulder, though the shoulder at approx.
300 nm appears relatively unaffected and becomes more apparent. On returning the
solution to 10 °Cthere is very little change from the initial measurement. Perhaps a slight

formation of a peak at 241 nm discussed in the next section. (Figure 5.2-35)
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Figure 5.2-36 UV-Vis spectrum of 2-imidazole cylinder pseudorotaxane at 37 °C in <5% methanol/water. Taken at
time points from 0 to 94 minutes. Overlayed with similar timepoints from the cylinder in water at 37 °C. Both sets

of data are processed independently, and normalised to make the initial peak height 1.

Incubating the same solution of pseudorotaxane in aqueous solution at 37 °C shows no
change over 90 minutes. The cylinder in comparison shows much greater change over a
similar timeframe. (Figure 5.2-36) There is a marginal peak at 241 nm for 10 °C possibly
representative of a small portion of cylinder hydrolysis before its threading. The peak is
slightly increased on its return to 10 °C, suggesting either the slight unthreading and
subsequent hydrolysis of pseudorotaxane at higher temperatures, or the accelerated

hydrolysis of a non-threaded population. (Figure 5.2-35) But the lack of change in the
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time dependent experiment suggests that it is a small degree of un-threading at higher

temperatures causing this small change. (Figure 5.2-36)

Considering the improved stability resulting from the protection of the immine by the
CB[10], it is possible that further research could be done on separating cylinders using
HPLC. This is also relevant for the reverse where the cylinder can solubilize the CB[10]

to be separated post functionalization using chromatography.

5.2.3.4 ToYield a DNA 3WIJ Forming Species.

Decapping the rotaxane results in a mixture of partially capped rotaxanes and pseudo-
rotaxane. Selecting reliable decapping conditions, a solution of 10 mM mercaptoethanol
in acetonitrile, resulted in a product capable of forming a DNA 3WJ with 14mer DNA.

(Figure 5.2-37)

Figure 5.2-37 20% 37.5:1 PAGE image showing the effect of the uncapped rotaxane on 14mer 3WJ DNA
(S1+52+S3) in pH 7.05 TBA buffer. Lanes in order left to right: 1. 14mer, 2. 14mer + FeCy 1:1, 3-6. 14mer +
decapped rotaxane 1:0.2 (10 uM DNB_Rtxn incubated with 10 mM mercaptoethanol in MeCN at 37 °Cfor 3, 2, 1,

0 hours respectively. Then lyophilised and dissolved in 15% methanol/water to form a stock solution), 7. 14mer +
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DNB_Rtxn 1:1, 8. 14mer + 2imCy 1:1, 9. 14mer + DNB_Cyl 1:1. All samples are incubated with S1, S2 and S3 at 37
°C in 89 mM pH 7.05 tris boric acid buffer and 10 mM NaCl for 1 hour. Fluorescence imaged using SYBR Gold stain.

To prepare decapped samples the rotaxane was introduced to a solution of 10 mM
mercaptoethanol at 10 uM, intentionally comparable to the UV-Vis studies conducted
previously and resulting in a 1:167 ratio of caps to decappant. This enabled an
observable difference between different incubation times, with the rotaxane added to
vials at set time points and the whole batch cooled in liquid nitrogen and lyophilized
together. (Figure 5.2-38) The dry decapped product, now in the absence of

mercaptoethanol, was then dissolved in 15% methanol/water, to form a stock solution.

10 mM mercaptoethanol
/10 uM DNB rotaxane

3 hr 3hr 2hr 3hr 2hr 1hr 3hr 2hr 1hr O0hr

stock solutions

3hr 2hr 1hr 0hr
15% MeOH/H20

_ -196 °C — >
time > Lyophilisation

37 °C

Figure 5.2-38 lllustration of the experimental design, showing the preparation of decapped rotaxane stock

solutions.

Preparation of the gel samples begins with the addition of pH 7.05 10x buffer (890 mM
tris base, 890 mM boric acid and HCI) and 10x NaCl (100 mM). Followed by S1
(CGGAACGGCACTCG), S2 (CGAGTGCAGCGTGG) and S3 (CCACGCTCGTTCCG), a set of
14mer DNA oligos designed to form either SS-DNA or in the presence of a 3WJ forming
agent DNA 3WIJ (5 uM). Finally, the compound to be assessed is added (5 uM), and the
samples are incubated at 37 °C for 1 hour. After adding glycerol to 10%, the samples are
added to the polyacrylamide gel (20 %, 37.5:1, pH 7.05 TB buffer) and a potential of 140

Vis applied for 2 hours.
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The resulting gel shows that increasing incubation times of the DNB rotaxane with
mercaptoethanol results in greater formation of 3WJ. Considering the experimental
evidence reported in this chapter suggesting the formation of the 2-imidazole cylinder
pseudorotaxane, the agent being released to form the 3WJ is 2-imidazole cylinder. A
positive control was conducted with synthesized 2-imidazole cylinder, to demonstrate
the formation of 3WJ. Additionally, a control of FeCy was run and shows a negative band,
thought to be the result of FRET between the dye and the complex. Negative controls
were conducted with the DNB cylinder, and rotaxane as well as 14mer DNA alone. Time
point T=0 was included with mercaptoethanol to demonstrate no interference resulting

from the incubation and lyophilization sample preparation.

5.3 Conclusions

An assembly that can be reliably synthesized has been produced through post-assembly
modification. The synthesis makes use of the high binding strength of the uncapped
cylinder to the CB[10]. Once inside, the cylinder is protected from hydrolysis until its
release. The assembled rotaxane can then be activated by decapping in the presence of
a thiol. The reaction produces two products, the 2-imidazole pseudorotaxane and the
DNB-SEtOH. It has a similar release profile across NMR, mass spec and UV-Vis
spectroscopy, leading to the release of a DNA binding pseudorotaxane. Quantifying the
pseudorotaxane formation remained elusive. Though its formation is certain when
considering the presence in mass spectrometry it is apparent presence in UV-Vis and the

consistent decapping behavior of other DNB derivatives in NMR spectroscopy.
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The decapped complex has a preferential affinity for a DNA three-way junction (3WJ)
that rivals the CB[10], forming the 3WIJ structure in solution. This type of interplay
between DNA binding and threaded molecules has been seen when CB[7] has been used
to modulate ligand DNA interactions.*” Though in that case the affinity for the CB[7] was

used to reduce aggregation between a ligands on a DNA sequence.

By creating a stimuli responsive molecule with a product that functions through non-
covalent interactions has a dual effect. The thiol response creates an increased activity
at locations with higher concentrations, with potential targets among various cancers.
The non-covalent interactions avoid nucleic acid damage, an alternative to the common
DNA damage route used by platinum-based agents, leaving no genotoxicity. Combined
this has promise for use in cancer treatments with reduced damage to the surrounding

tissues.

It is worth considering though that this release mechanism can be improved upon. Poor
solubility made analysis challenging and would have clinical implications too. For release
there are other methods, such as light triggered or enzymatic cleavage that are worth

exploring.
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6 Experimental

6.1 Synthesis of 2-((2,4-dinitrophenyl)thio)ethan-1-ol

NO,

NO,
S

1

OH

Mercaptoethanol (5.2 mmol) in 20 mL of dry CHCl3 was slowly added to a solution of 1-
fluoro-2,4-dinitrobenzene (1 g, 5.2 mmol) in triethylamine (7 mL) at room temperature.
The reaction process was monitored by TLC. The mixture was extracted with HCI (1 M),
and then the organic layer was washed twice with water. The product was separated,
dried over magnesium sulfate (MgSQa.), filtered, and concentrated under vacuum. Crude
products were then recrystallized from CHCls, giving a bright yellow solid. Yield 783 mg
(65%). 'H NMR (400 MHz, CD3CN) & 8.90 (d, 1H, J = 2.6 Hz), 8.35 (dd, J = 9.1, 2.6 Hz, 1H),
7.80 (d, J = 9.1 Hz, 1H), 3.84(dt, J = 6.0 Hz, 2H), 3.27 (t, ) = 6.0 Hz, 2H), 3.10 (t, J = 5.8 Hz,

1H)
6.2 Synthesis of 1-(2,4-dinitrophenyl)-1H-imidazole-2-

carbaldehyde

NO,

NO,

N
O
2-imidazole carboxaldehyde (103 mg, 1.07 mmol) is added to an RBF and dissolved in

acetonitrile (20 mL), to this solution is added potassium carbonate (223 mg, 1.61 mmol),
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followed by 1-fluoro-2,4-dinitrobenzene (200 mg, 1.07 mmol) dropwise in a solution of
acetonitrile (20 mL). The mixture is stirred under reflux for 67 hours in an inert
atmosphere and monitored by TLC. The mixture is filtered through cotton to remove the
potassium carbonate. Followed by concentrating and separation by column
chromatography on silica eluting with 88% chloroform, 10% ethyl acetate, 2% methanol.
Yield (196 mg) 75%. *H NMR (400 MHz, Acetonitrile-ds) 6 9.68 (d, J = 0.9 Hz, 1H, CHO),
8.96 (dd, J = 2.6, 0.4 Hz, 1H, DNB-H), 8.64 (dd, J = 8.7, 2.6 Hz, 1H, DNB-H), 7.83 (dd, J =
8.7, 0.4 Hz, 1H, DNB-H), 7.54 (t, J = 1.0 Hz, 1H, Imm-H), 7.52 (d, J = 1.1 Hz, 1H, Imm-H).
1H). Mass spectrum (ESI): m/z = 263.04 (CLOH7N405)[M+H]*. CHN: C 45.95 %, H 2.25 %,

N 21.34 % (Predicted C 45.81 %, H 2.31 %, N 21.37 %).
6.3 Synthesis of (1E,1’E)-N,N'-(methylenebis(4,1-
phenylene))bis(1-(1-(2,4-dinitrophenyl)-1H-imidazol-2-

yl)methanimine) (LPN8)

O,N NO,
- -~
N N
o v

DNB aldehyde (50 mg, 0.19 mmol, 2.1 equivalents) and 4,4’ Methylene dianiline(18 mg,
0.09 mmol, 1 equivalent) were taken in a 25 ml round bottom flask in 15 ml ethanol and
stirred at room temperature over night to obtain the ligand as a yellow precipitate. The
precipitate was filtered and washed with cold ethanol and dried over vacuum. Yield (50

mg, 80%). *H NMR (400 MHz, DMSO-d6) & 8.92 (d, J = 2.6 Hz, 1H, DNB-Ha), 8.67 (dd, J =

133



8.7, 2.6 Hz, 1H, DNB-Hb), 8.47 (d, J = 0.6 Hz, 1H, Imine-H), 7.98 (d, J = 8.6 Hz, 1H, DNB-
Hc), 7.75 (dd, J = 1.2, 0.6 Hz, 1H, Imidazole-H), 7.47 (d, J = 1.2 Hz, 1H, Imidazole-H), 7.14
(d, ) = 8.4 Hz, 2H, Ph-2H), 6.93 (d, J = 8.4 Hz, 2H, Ph-2H), 3.86(s, 2H, CH,). 3C NMR (101

MHz, DMSO) 6 119.94, 128.51, 148.06, 131.09, 125.46, 131.04, 129.20, 121.04, 39.83

Mass spectrum (ESI): m/z = 687.3 (M+H*). CHN: C 57.87 %, H 3.34 %, N 20.67 %

(Predicted C57.73 %, H 3.23 %, N 20.40 %).

6.4 Synthesis of DNB capped nickel cylinder ([Ni,L°NB3]4*)

—

‘Ni2+ V 2o

6.4.1 Ligand first

A suspension of L°NB (20 mg, 0.029 mmol, 3 eq) in dry methanol (5 mL) is stirred under
argon, as a solution of NiCl,.6H,0 (4.62 mg, 0.019 mmol, 2 eq) in methanol (5 mL) is
added slowly. The mixture is heated at 50 °C for 1 hour after which the transparent
yellow solution is filtered. The filtrate is treated with excess methanolic ammonium
hexafluorophosphate. The resultant precipitate is filtered, washed with methanol, and
dried under vacuum to yield [Ni.L°PNB;] 4PFs (18 mg, 80%) Mass spectrum (ESI): m/z =

544.0949 ([M-4CI]**).

6.4.2 Post-assembly modification of 2-imidazole cylinder

To a solution of nickel 2-imidazole cylinder (14.5 mg, 8.236 umol) and 1-fluoro-2-4-

dinitrobenzene (48.9 mg, 0.263 mmol) in acetonitrile (5 mL) was added potassium
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carbonate (18.5 mg, 0.134 mmol). The mixture was stirred under reflux for 70 minutes.
On cooling, the precipitate was filtered to yield the product (20.6 mg, 7.08 umol, 86 %)
as the phenolate. Mass spectrum (ESI): m/z = 544.09 ([M-4DNP]**), 786.45 ([M-3DNP]3*),

1015.17 ([M-3DNP + ligand]3*), 1271.19 ([M-2DNP]?*), 715.63 ([M+L]*).

6.5 Post-assembly synthesis of DNB capped nickel rotaxane

[Ni,LPNB; o CB[10]] 4DNP-

A suspension of CB[10] (10 mg, 6.0 umol, 1.1 eq) is stirred in a degassed aqueous (10
mL) solution of [Ni,LZ™3]Cls (7.2 mg, 5.5 mol, 1 eq). The mixture is stirred under argon
for 10 minutes. To the mixture is added aqueous (5 mL) potassium carbonate (9.2 mg,
66.8 umol, 12 eq) followed by aqueous (5 mL) 1-fluoro-2,4-dinitrobenzene (18.6 mg, 100
umol, 18.3 eq), and the mixture is heated to 80 °C for 60 minutes. The yellow/orange
precipitate is filtered and washed with water, methanol, ether, and chloroform and
dried under high vacuum to yield [Ni,LPNB; ¢ CB[10]] 4DNP- (16.5 mg, 76% yield). Mass
spectrum (ESI): m/z = 959.4623 ([M-4DNP]*, Predicted = 959.4627). CHN: C 46.82 %, 3.1

%, N 22.75 % (Predicted C 48.09 %, H 3.04 %, N 23.90 %).

6.6 Data Acquisition and Analysis

6.6.1 NMR Spectroscopy

For timed kinetics experiments a solution of complex in acetonitrile-Ds was prepared
and preliminary 1D-'H-NMR spectra were acquired. Then a solution of rotaxane and
mercaptoethanol was prepared with a quick inversion to stir, the mixture was then

added to the carousel where the sample was automatically inserted and the instrument
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locked, tuned, and shimmed. The spectrum is run using a 30° pulse, with an acquisition
time of 3.7 s and a relaxation delay of 15 s. Attempts were made to keep the sample at
a set temperature within the spectrometer and use the spooler to sequence
measurements and repeats, though issues with the VTU rendered this unsuitable. The
room temperature was set to a stable 25 °C and the VTU spectrometer temperature
control was disabled, preventing the sample experiencing different temperatures inside

and outside of the spectrometer.

MestreNova was used to prepare figures for most NMR spectra, however for some
analysis Brucker Dynamics Center was used, with pre-processing done in Brucker
TopSpin. When using TopSpin, to ensure no bias the spectra are processed the same
way in batch. This is done with the “multicmd” command, where a set of spectra have
their phasing (phcO, phcl) set to the same value followed by an “abs” automatic baseline
correction. An individual dataset cannot be corrected to give a good baseline, the whole
series must be considered. This comes from a desire to preserve the fitting shape over

the origin, the intercept is independent of the slope and can be corrected if needed.

6.6.2 UV-Vis Spectroscopy

All UV-Vis experiments were performed using a Varian Cary 5000 spectrometer,
measurements were run in single beam mode and baseline correction was taken using
blank solvents. Measurements were taken using 1 cm pathlength quartz cuvettes and
were recorded between 200-800 nm. Timed experiments were conducted with
temperatures controlled using the Varian Cary Peltier temperature controller, often in

series with measurements staggered between cuvettes.
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8 Appendices

8.1 NMR Spectroscopy

8.1.1 DNB-aldehyde Assignment and Coupling
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1N 0 o
Him to H4 coupling 8.0
8.5 g
" 5
- e <] @ =
= 0 2 -9.0
~9.5
— ) 8
T T
9 8

Figure 8.1-1 1H,1H-COSY spectrum of DNB aldehyde in acetonitrile-d3. Showing coupling between DNB peaks as

well as interesting 5J coupling between Him and H4.

8.1.2 DNB-ligand assignment
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Figure 8.1-2 1H-NMR spectrum of DNB-ligand in DMSO-d6.

8.2 UV-Vis Spectroscopy

8.2.1 2-imCy Hydrolysis Products
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1.2 —— 4.,4"-methylenedianiline in H20
—— 2-imidazolecarboxaldehyde in H2O
— 2-imidazole ligand in MeOH
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Figure 8.2-1 UV-Vis spectrum of various potential products of the degradation of 2-imidazole cylinder normalised

to highest peak.

8.2.2 DNB Rotaxane

8.2.2.1 In Water
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Figure 8.2-2 10 uM DNB rotaxane and 10 mM GSH in H20 37 °C
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Figure 8.2-3 10 uM DNB rotaxane and 5 mM N-acetyl cysteine in H20 37 °C
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Figure 8.2-4 10 uM DNB rotaxane with 10 mM mercaptoethanol in 1 mM sodium cacodylate buffered H20 37 °C
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8.2.2.2
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Figure 8.2-5 Figure 3. UV-Vis spectra, showing the reaction of 10 uM DNB rotaxane and 10 mM mercaptoethanol

over 10 hours (600 minutes) in MeCN at 37°C.
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8.2.3 DNB Cylinder

8.2.3.1 In Water
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Figure 8.2-6 10 uM DNB cylinder in H20 37 °C
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Figure 8.2-7 10 uM DNB cylinder with 5 mM mercaptoethanol in H20 37 °C
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Figure 8.2-8 10 uM DNB cylinder with 10 mM mercaptoethanol in H20 37 °C
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Figure 8.2-9 10 uM DNB cylinder with 100 mM mercaptoethanol in H20 37 °C
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Figure 8.2-10 10 uM DNB cylinder in 1 mM sodium cacodylate buffered H20 37 °C
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Figure 8.2-11 10 uM DNB cylinder with 10 mM mercaptoethanol in 1 mM sodium cacodylate buffered H20 37 °C
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Figure 8.2-12 10 uM DNB cylinder with 10 mM GSH in H20 37 °C
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8.2.3.2
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Figure 8.2-13 10 uM DNB cylinder with 5 mM N-acetyl cysteine in H20 37 °C

In Acetonitrile
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Figure 8.2-14 10 uM DNB cylinder with 0.06 mM mercaptoethanol in MeCN 37 °C
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Figure 8.2-16 2-((2,4-dinitrophenyl)thio)ethan-1-ol in MeCN and H20. Normalized to peak at 350 nm.
8.3 Rotaxane Isotope Pattern
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Figure 8.3-1 High resolution isotope pattern for DNB-rotaxane.
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CHAPTER 3 — CYLINDER INTERACTIONS
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Glossary and Naming Convention

L — The ligand used. See Figure 3.1-1 bottom.

Ruthenium cylinder (RuCy) — [Ruz(L)s]** A polypyridyl bimetallic ruthenium(ll) helicate.

P enantiomer — (AA) Right-handed helicate.

M enantiomer — (AA) Left-handed helicate.

ADP-1 - A peptide containing the active region of the tat protein.!

(SFTTKALGISYGRKKRRQRRRPPQGSQTHQVSLSKQ)
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3.1 NMR Peak Labelling
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Figure 3.1-1 Top. NMR peak assignment naming convention. The example is a cylinder to RNA NOE. Bottom. The

1H-NMR chemical environments for the free cylinder illustrated on the ligand (L).

There are two molecules identified within the NMR, the complex and the RNA. The

complex is identified as RuCy_P meaning that it is the P enantiomer of the ruthenium

cylinder. The structure of the complex has 6-fold symmetry, which when broken needs

to be described. For NMR assignment these 6 regions are described using the letters R

(red), B (blue), T (teal), Y (yellow), P (purple), G (green). There are also different nuclei

within these regions: H3-6 (on the pyridine), Him (imine), HPha/b (phenyls), CH2 (CH.).

The RNA is identified first with the nucleotide (U40 — uracil number 40), then ‘ is used to

denote if the peak is part of the bound RNA or if absent the free RNA. Finally, the

nucleotide nuclei describes the position on the nucleotide (see Figure 4.1-1 for a

diagram of the nucleotide). (Figure 3.1-1)
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4 Introduction

4.1 RNA
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Figure 4.1-1 Molecular structure of RNA nucleotides, showing the numbering of the ribose 1’-5’, as well as purine

numbering 1-9 with guanine and pyrimidine numbering 1-6 with cytosine.

RNA is comprised of nucleotide units consisting of a nucleobase bound to the ribose C1’
forming a nucleoside, and a phosphate group at the 5’ carbon. These nucleobases are
purines such as adenine and guanine denoted by A and G respectively, or pyrimidines
such as uracil and cytosine denoted with U and C respectively. (Figure 4.1-1) AU and GC
form Watson-Crick type base pairs which stack onto other base pairs either side to
assemble into A-form RNA. RNA can form various motifs other than the A-form duplex.

These include hairpin loops, kissing loops, bulges and internal loops, and pseudoknots.?

4.2 TAR

The trans-activation response (TAR) element is a non-coding region of the HIV-1
untranslated region (UTR). When bound to the tat protein, the trans-activation of the
UTR by tat permits increased transcription of the viral RNA.>* TAR is a stem-bulge-loop
structure located from nucleotide position +1 to +59. HIV-1 is also able to release

microRNAs derived from the TAR element, which have been found to protect infected
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cells from apoptosis by downregulating certain genes.>® The structure is important for

dimerization, though does not do this through a kissing loop structure.’

O—0—O—C—0—C

Figure 4.2-1 Left. TAR RNA bulge region. PDB: 1ANR.2 Middle. Numbered HIV-1 TAR RNA sequence used in our

experiments, showing the lower stem, bulge, upper stem, and loop. Right. TAR RNA loop region. PDB: 1ANR.8

The sequence used is a shortened one beginning at the 3’ end with G17 and ending with
C45. It has been demonstrated to assemble correctly with an NMR solution structure,®
(Figure 4.2-1) and so was used in different experiments previously within the group.
During a study into the affinity of an iron(ll) cylinder for various DNA bulge sequences,’
it was shown that the two enantiomers inhibited the ADP-1-TAR interaction (ADP-1 is
the binding fragment of the tat protein). The cylinder binding at the bulge was supported
with RNase A footprinting.'? Later it was shown that racemic ruthenium(ll) and nickel(ll)
cylinders can also inhibit the ADP-1-TAR interaction and inhibit HIV-1 infection of 1G5
and TZM-bl cells, with the ruthenium cylinder the most potent (possibly due to the
complex’s stability).!? Looking at the interaction of cylinders with RNA structural
features, molecular dynamics simulations were used to further understand the binding

mechanism. These showed a cylinder migrating to and entering the bulge region to
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bind.*2 A dinuclear polypyridyl ruthenium complex has previously been shown to bind
around the TAR bulge, with NOEs to the C39H5 and U40H1’ in a manner consistent with
minor groove binding,'® however the binding of the cylinder is quite different entering

and residing within the bulge.!?

Unbound TAR is a dynamic structure able to adopt a range of conformers.'* The binding
of TAR to tat is structure specific, involving both the bulge and loop. The bulge is
important as it provides a few mobile nucleobases to bind, and also acts as a point of
flexibility between the lower and upper stem.? Tat and tat derived peptides have been
found to stabilise specific TAR conformers;®18 other binding ligands also seem to
capture these accessible states providing evidence for a conformational capture

model 15,19-21
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Figure 4.2-2 Bottom-left. Crystal structure of a TAR RNA binding peptide, with TAR (magenta) the base triple (red)
and the RRM TBP6.7 peptide (green). PDB: 6CMN.%2 The rest are from a solution NMR structure of a TAR RNA
binding peptide. Showing the major groove binding pocket (top-left) the closed bulge from the minor groove side

(top-right) and the U23-A27-U38 base-triple (bottom-right). PDB: 6D2U.23

Originally suggested to explain NOE contacts between an argininamide ligand and U23,

A22, and A27,%* many have reported indirect evidence indicating a U23-A27-U38 base
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triple structure in the bound form.2>2¢ Direct evidence was found for a HIV-2 TAR base
triple upon argininamide binding, in the form of 2J(N,N) scalar couplings.?’” The base
triple is reported to contribute to order in the structure,?® and has been observed in a
crystal structure of the TAR bound to a lab evolved protein.?? Finally in 2019, direct
evidence in solution was found in the form of a U23H3 peak at 14.16 ppm. This was

achieved using a desighed macrocyclic tat peptide mimic.?®> (Figure 4.2-2)

Figure 4.2-3 Crystal structure of the TAR loop in complex with Tat:AFF4:P-TEFb, showing the interactions between

cyclin T1 (green) and the TAR loop (red). PDB: 6CYT.2°

The loop is a very dynamic region required for the binding of the cyclin T1 subunit, an
essential part of the positive transcription elongation factor b that complexes with
tat.2>3% The structure is stabilised by a transient cross-loop Watson-Crick base pair
between C30 and G34, with G34 stacking onto G36.3! A35 loops in and out, taking the

place of G34 and stacking with G36 when facing in.3%33 (Figure 4.2-3)

The frequency of HIV-1 TAR publications decreased in the late 2000s, but it remains a
valuable target and has had a steady stream of publications in recent years. TAR is also
of interest for cylinder binding as a well-researched stem-bulge-loop to study bulge/loop

binding agents. This chapter aims to present the binding of a RuCy_P helicate to the TAR
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stem-loop, with the intention to identify the binding location and structural changes to
the TAR motif. This would provide insight into the mechanism for ADP-1 inhibition, as
well as provide information for future RNA target sites this complex may be applicable

for.

5 Results and discussion

5.1 Ruthenium Cylinder

The ruthenium cylinder was first synthesised and reported by Pascu et al. in 2007. At the
time the procedure was reported as challenging, requiring multiple alumina columns
with MeCN, H,0, and saturated KNOs solution at a ratio of 20:1:1 and yielding 1%.34 The
reaction has been attempted using microwave reactor synthesis, and purification on
silica gel or Sephadex C-50 resin to improved yield.3> The cylinder has been shown to

interact with DNA sequences, and has the ability to photocleave the DNA.3¢

Here the synthetic procedures tried previously are reviewed,>3”38 and further
investigations described that lead to a relatively simple method that reproducibly

provided pure ruthenium cylinder for the NMR experiments in this thesis.

5.1.1 Synthesis

5.1.1.1 Starting Materials
Both RuCls-xH;0 and cis-Ru(DMSO)4Cl; have been used as starting materials previously.
Ruthenium chloride is an attractive starting material because it can be purchased and

used without extra steps,3> whereas cis-Ru(DMSO0)4Cl, requires synthesising from the
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ruthenium chloride.324° It was found that whilst ruthenium trichloride could be used for

the synthesis, it was inconsistent with its results. Therefore cis-Ru(DMS0)4Cl, was used.

The temperamental nature of ruthenium trichloride results from its two known
allotropes, the black a-form, and the dark brown B-form. The B-form is converted into
the Ru(DMSO0)4Cly, so in their synthesis of the cis-Ru(DMSO)4Cl, Bratsos and Alessio first
reflux ruthenium trichloride in ethanol, filtering out insoluble black solid.® This was not
attempted, but may prove a way in future to maximise yields on ruthenium cylinder

when using RuClsz-xH;0.

Synthesising cis-dichloridotetrakis(dimethylsulfoxide)ruthenium(ll) from ruthenium
trichloride is a straightforward reflux in DMSO.%° The reaction yields yellow crystals that
can be aided in precipitation with acetone. Samples paler yellow in colour gave greater
yields of ruthenium cylinder, whilst deep yellow crystals less so. The deep yellow crystals
are likely a result of partial formation of the trans isomer, which was found to form

under the same conditions but at 70 °C.4!

5.1.1.2  Ruthenium Cylinder

There is value in a reaction that can be done rapidly in the microwave. However, once
set up, the standard reflux can be left with minimal interference. By contrast the
microwave reaction needed monitoring, as it was susceptible to overpressure due to
displaced water from the RuCls-xH;0 and ethylene glycol. Both routes were attempted,
for either method 3 equivalents of ligand was reacted with 2 equivalents of Ru. It was
found that the most human intensive part with either method was the purification which

could be done whilst the synthesis was repeated for multiple batches.
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The ruthenium cylinder is synthesised by reacting a 2:3 ratio of cis-Ru(DMSQ).Cl, and
parent ligand in dry and degassed ethylene glycol. The mixture is refluxed under argon
at 200 °C for 7 days, after which the solvent is removed under reduced pressure.
Previously NH4PFs has been used to isolate the complexes from the solvent,3* though
given unidentified ruthenium complexes are the main contaminant this step can be

avoided. If the PF¢ salt is required, the exchange can be conducted later.

5.1.1.3  Purification
The distilled solid is scraped from the flask walls and washed with DCM to remove
neutrally charged ruthenium and organic impurities. The washings are a deep red to

black colour. The solid is filtered off and kept.

A celite cellulose plug is prepared. It was found that using pipettes as mini columns was
the easiest way to do this, though in theory a wide carefully assembled plug in a fritted
funnel may have a similar effect. First a slurry of cellulose powder in milli-Q water was
dropped into the pipette. A pipette bulb is used to provide pressure to the excess water
and settle the bed. A clamp can be used to apply pressure to the bulb. The first layer of
cellulose is approx. 1.5 cm. Onto the cellulose a slurry of celite is carefully pipetted, and

the excess water again eluted to leave a bed of approx. 1 mm.

The solid mixture (ca. 100 mg) containing ruthenium cylinder is dissolved in milli-Q water
(12 mL) and a portion (ca. 0.5 mL) pipetted onto the surface of the celite. The complex is
then pushed onto the column. When washing with water the celite serves as a filter for
small insoluble particulates in the solution. The cellulose method of purification is

unknown, though it is known that it has the ability to interact with the cylinder, for it is
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used for chiral separation. Cellulose has a chiral molecular structure, though the
purification at this stage could also be influenced by the nanostructure, forming fibrils
with pores ranging from macro to nano. The cylinder is immobile on cellulose until 0.2
M NaCl solution is used to elute the complex, pointing to a molecular scale effect. The

eluted complex is lyophilised to an orange solid.

The cylinder is regularly desalted between purification steps as the excess sodium
chloride can affect the initial mobility of the cylinder when added to a column. This is

done crudely by triturating with methanol.

The cylinder is further purified using cation exchange resin in the form of CM C-50
Sephadex. The gel is first washed with milli-Q water, then eluted with increasing
concentrations of NaCl solution (0.05, 0.1, 0.15, 0.2, 0.3, 0.4 M), discarding 0 - 0.15 M
fractions. The complex is eluted by 0.2 - 0.3 M NaCl as an orange solution, leaving
brown/red impurities in the resin. The solution is then lyophilised and again crudely

desalted by triturating with methanol.

5.1.2 Epsilon

During the course of the NMR experiments described later in this chapter, it was realised
that the ruthenium cylinder samples were binding only half of the TAR RNA. This could
be explained by a lower concentration of ruthenium cylinder than expected. Which,
given the concentration was determined by UV-Vis could only be explained by an
incorrect extinction coefficient. These samples had the benefit of providing a dataset of

partially bound RNA. (Section 5.4)
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The easiest method for establishing an extinction coefficient is to dissolve a known mass
in @ known volume to a known molarity. A dilution series of UV-Vis spectra are then
acquired, and the absorbance is used. However, in preparing a ruthenium cylinder
sample, a lot of salts are present. NaCl is often observed when in high quantities
lightening the colour of the ruthenium cylinder, and at lower quantities can visually
deceive the observer to the size of a portion. It is possible to use the solubility of
[Ruz(L)s3]Cls in methanol or other protic solvents to separate salts, however methanol no
matter how dry still has solubility for NaCl, and as the salt becomes less soluble in a
solvent mixture,*? so does the complex. Other methods such as G-10 Sephadex can be
used for desalting, though again removing 100% of impurities is impossible. In addition
faith had been lost in measuring accurate mass, so finding an alternative method was

preferred.

A solution of ruthenium cylinder of unknown concentration, with a known concentration
of potassium acetate was prepared in D20 (0.185 mM). A *H-NMR spectrum was then

acquired using long relaxation delays of 15 ms.
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Figure 5.1-1 *H-NMR spectrum of ruthenium cylinder and potassium acetate (0.185 mM) in D20. D1 = 15 ms.

Black. The original spectrum. Purple. The fitted spectra.

The acquired dataset is phased, and the baseline corrected. Peaks are picked and regions
are selected for deconvolution. Multiplets are defined and the integration values are
taken. (Figure 5.1-1) Integrals are determined by a mixed Lorentzian-Gaussian equation.
This is because the theoretical NMR peak is Lorentzian, but field inhomogeneity and
weighting functions can vyield partial gaussian line-shapes. The deconvolution tool
determines the degree to which the peak is characterised by Gaussian or Lorentzian as

well as varying peak width, height, and shift to best fit the acquired data.
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Table 5.1.2-1 Ruthenium cylinder peaks and their integration. Whether they are included or excluded from the

calculation and various values calculated.

Peak (multiplicity) Frequency / ppm | integration (in/ex)clude (reason)

Him 8.89 ppm 2.00 In

H3 8.50 ppm 2.08 In

H4 8.32 ppm 1.97 In

H6 7.78 ppm 1.88 In

H5 7.73 ppm 1.56 In

Phb 7.02 ppm 5.02 Ex (Broad, excessively high
integration)

Pha 5.77 ppm 2.56 Ex (Strong proximal water peak,
excessively low integration)

CH2 4.03 ppm 1.29 Ex (Large overlap with ethylene,
strong proximal water peak)

Mean (Included) 1.90

Acetate (s) | 1.93 ppm 0.19 0.185 mM

(RuCy/6H)/(Acetate/3H) 4.99

RuCy concentration 0.925 mM

The peaks are integrated and a ratio of complex to acetate is used to determine the

concentration of the ruthenium cylinder in solution, taking into consideration the

number of nuclei for each compound. (
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Figure 5.1-2 UV-Vis spectra of portions of ruthenium cylinder (0.63 mM) taken from the NMR experiment in

water.

UV-Vis spectra are acquired, and the concentration is used to determine the extinction
coefficient at different frequencies. (Figure 5.1-2) Errors are calculated as a combination
of estimated experimental error, NMR S/N, NMR standard deviation, and UV-Vis
standard deviation. The NMR standard deviation contributes about 98% of the total
error, which is understandable considering the variation between values. Calculated

extinction coefficients and their respective error are as follows.

€486 = 23871 £ 2589, €449 = 18849 * 2045, €318 = 50019 £ 5420, €271 = 96982 + 10506.

Errors are large, ca. + 11%, so this value has limitations for more concentration

dependent experiments. However, determining the difference between 1:1 and 1:0.5 is
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within error, so these values can be used to determine the concentration of a RuCy
sample for use in this thesis. As expected from the TAR RNA data, the extinction

coefficient is greater than previously measured: 485 (16900),3* and 492 (7939).38

5.1.3 Enantiomers

5.1.3.1 Enantioseparation
Enantioseparation is required for applications with complex nucleic acid systems. Each
enantiomer has the potential for a different binding mechanism increasing the

complexity of an NMR spectrum.

A method for the separation of enantiomers was previously developed within the group
using the cellulose in filter paper as the stationary phase.* Since then, the method was

further refined to use cellulose powder column chromatography.
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Figure 5.1-3 Images of a cellulose enantioseparation column. Left. First band has travelled approx. 1.5 cm down

the column, the bands are beginning to separate. Right. After more time the bands have separated further.

First a cellulose slurry is prepared with 0.2 M NaCl solution. It is likely pore and particle
sizes vary between portions of cellulose powder as previously columns have been as
long as 25 cm in length.3> When longer columns were tried, the pressures required and
flow rates were prohibitive. It was found that a shorter column was more efficient and
easier to pump, and that good separation of the bands was achieved after approx. 5 cm.
Further, it was found that using a pipette as a disposable column was simpler and
sufficient pressure could be applied through the pipette bulb. Generally, pipette
columns of 7 cm were used. The racemic ruthenium cylinder is dissolved in 0.2 M NaCl
solution and added to the top of the column where it is carefully pushed onto the
column and followed up with a drop of 0.2 M NaCl solution to ensure none remains on
the glass. The ruthenium cylinder is eluted using 0.2 M NaCl solution, the first band M>P,

the second P>M. About 7 fractions are collected the head, body and tail of each band
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and another in between the bands. The fractions are analysed using circular dichroism

(CD) to sort into degrees of enantiopurity, then lyophilised.

Attempts were made at developing a chiral HPLC method. Phenomenex Lux Cellulose
and Amylose chiral HPLC columns were tried using 0.2 M NaCl solution as the eluent,
but these were unsuccessful as the complex was not observed eluting from the column.
The detector used was UV-Vis, perhaps this experiment could be repeated using a MS

detector.

5.1.3.2  Circular Dichroism (CD)

UV-Vis and CD spectra were acquired for each fraction.
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Figure 5.1-4 Top. CD spectra of fractions from an enantioseparation column, Bottom. CD spectra of fractions from

a further separation of fraction 2 from the spectra above. Wavelength Vs molar elipticity, calculated from
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elipticity in millidegrees and the concentration of the sample calculated from the absorbance spectrum (Figure

8.4-3).
As multiple batches of ruthenium cylinder enantiomers were prepared, a pattern
emerged where the P enantiomer consistently provided a stronger signal. When the
ruthenium cylinder passes through a cellulose column, the M enantiomer is the first
band, the P follows. Often the P enantiomer needs a further column to remove trace M
enantiomer from the tail of the first band. It was then theorised that the M enantiomer
was, like the P enantiomer, containing small portions of the opposing enantiomer. A
strong M fraction was columned again but resulted in little improvement to
enantiopurity. M_F2_F1 is not significantly lower in enantiopurity than M_F2_F2
showing that the entire M band is affected, and not just the front of the band. (Figure

5.1-4)

5.1.3.2.1 Finding the Purest Enantiomer.

Realising that there was a discrepancy between CD spectra for the M and P enantiomers
it was important to identify why. An experiment was devised using A-TRISPHAT, an
anionic chiral shift reagent, in the same manner as previously established.3>3744
However this time to determine the relationship between peak intensity and circular
dichroism and therefore in the process identify a target molar ellipticity for an
enantiopure sample. (Figure 5.1-5) Once 'H-NMR is acquired, the samples are
exchanged to the chloride salt using Dowex 1x8 Cl". These samples are then dissolved in

water, for UV-Vis and CD acquisition.
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Figure 5.1-5 A selection of ruthenium cylinder spectra of varying enantiopurity in Acetonitrile-d3. Showing the

CH2 peak in the presence of A-TRISPHAT.

The molar ellipticities at 445 nm and 507 nm were plotted vs the NMR peak integration
ratio (P-M) and linear fits were applied. The fits both pass through the axis at the same
point, illustrating that the CD spectra are the same for both enantiomer samples. (Figure
5.1-6) This issue is not present in the iron cylinder (see Chapter 4, Appendices, Figure
7.1-1) A few samples were measured in a different institution to reduce both
experimental bias and eliminate instrumental issues. The trend is the trend is the same,

the M enantiomer samples give a weaker molar ellipticity.

These showed the experimental technique and apparatus were appropriate. Finally,
samples were passed through multiple cellulose columns to prepare very enantiopure
samples, these are plotted with assumed ratios of 1 or -1 for P and M respectively. For
this data, the P enantiomers seem to fit with the linear trends for the NMR data,
clustering around the X=1,-1 intercepts. The M enantiomers however are consistently

below what would be expected for an enantiopure sample.
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Figure 5.1-6 A graph of molar elipticity (deg’cm2dmol) Vs NMR peak ratio (P-M, real or imagined). Datapoints for
two frequencies are plotted, 445 nm (red), and 507 (green). Squares show the real NMR molar elipticity
datapoints. Linear fits are plotted to only the NMR data, with an intercept of 0. Red and green, circles and
diamonds show assumed 100% enantiopure samples. Blue circles are datapoints acquired externally, with the
datapoints acquired before sending the samples as turquoise circles. Horizontal dashed bars show the expected

molar elipticity at a given frequency for an enantiopure sample.

It is likely that the cause of this discrepancy is some form of impurity in the sample. One
that is consistently present in multiple syntheses and enantioseparations. Identifying

the impurity would be a valuable step in understanding the preparation of this complex.

In order to travel at the same rate as the M enantiomer through a cellulose column an
impurity would likely be similar in structure to the M enantiomer. Further, as the
concentration is determined using the MLCT band of the UV-Vis spectrum the impurity

would need to have a similar absorption band to affect the determined concentration.
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Considering that the P enantiomer interacts with the cellulose more strongly as seen by
the slower rate, it would then follow that the M enantiomer interacts less with the
cellulose. A species similar in structure to the M enantiomer but unable to interact with
the chiral interface to the same degree as the P enantiomer, could potentially be a
mesocate structure. The mesocate has not been seen before in triple helicate cylinders
with these ligands, however it has been seen in other double and triple helicates.*>*’
The reason the mesocate has not been seen before in other research on the ruthenium
cylinder and other triple helicates could be that it simply has not been present. That the
same effect has been observed in multiple batches in this study starting with different

purchases of RuCls-xH;0 suggests it may have been.

Alternatively, it has not been noticed. Looking through previously published CD spectra,
they are reported in mdeg, a concentration dependent unit. It would therefore be simple
for this to go unnoticed.3> One reports the concentration of two samples as the same,
however in this case the M enantiomer sample has slightly greater ellipticity.3” In either

case, the quantity of data presented is not enough to draw conclusions.

It cannot be said for certain whether a mesocate has been observed here, but it does
seem promising enough to recommend further research. To purify the mesocate from
the M enantiomer it would be necessary to identify a stationary phase that can
differentiate the two. Given the P enantiomer is slowed by its interactions with the
cellulose in a column, it might be worth trying a different chiral polysaccharide. Perhaps

amylose or a modified cellulose.
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5.2 Free TAR

The free TAR was prepared via transcription with T7 polymerase. The procedure is
detailed in section 6.2. Initially it isimportant to verify the assembly of the TAR structure,
following this to develop an idea of conformation and a free TAR dataset to compare to

the bound TAR.

5.2.1 90/10 H,0 to D,0O Spectra

O OH
O:I:D—O o c
5 o A
O OH
o=p—0.
A

Figure 5.2-1 AU and GC base pairs, showing the exchangable imine and amine hydrogen bonding protons.

The hydrogen bonding between the bases serves to localise hydrogen atoms for
visualisation. These hydrogen nuclei are exchangeable and in a protic deuterated solvent
will not be visible. Using a solution of 9:1 H20/D20 we’re able to populate these nuclei

enough to visualise them. These are the imines and amines. (Figure 5.2-1)
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Figure 5.2-2 'H-NMR spectra of 1.5 mM TAR RNA in 90% H20. pH 7, 50 mM NaCl, 298K, 700 MHz.

Around 13 ppm, are the hydrogen bonded imine N-H1 and N-H3 peaks between the RNA
bases. These give an indication of the base-pairing in the stems. As these are
dissociative, their intensity is related to the stability of the hydrogen bond. Here we see
strong peaks for G36, G28, U38, G26 showing good assembly of the loop-stem-bulge
region, and G21, U42, G43, G18 for the bulge-stem-end. At 298K the G17 H1 hydrogen
bond is dissociating as the end frays, giving a weak signal. The absence of a U40 H3 points
to poor base-pairing at A22-U40, likely resulting in an opened bulge structure, and
contributing to flexibility between the helices. The assignment of these is explained in

the following paragraphs. (Figure 5.2-2)
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Figure 5.2-3 VT H-NMR spectra of 1.5 mM TAR RNA in 90% H20. pH 7, 50 mM NacCl. Showing the change in the

imino region over a range of temperatures between 278K and 323K, 600 MHz.

With increasing temperature, we see a greater degree of fraying, as well as a weakening
of the bonds near to bulges and loops, as the RNA tends toward single stranded at higher
temperatures. Using a variable temperature titration, we see the first bonds to
dissociate are the G17 at the end, and the G21 and U42 nearer the bulge. G21 and U42
are already weakened as a result of the poor A22-U40 pairing. Still visible are the G28,
G36, and U38 in a more protected location between the bulge and loop, as well as G43
between the bulge and the frayed end. With so few AU base pairs it is hard to compare

their relative stability to the generally more stable GC pair.*
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Figure 5.2-4 Top. 1H, *H-NOESY spectra of 1.5 mM TAR RNA in 90% H20. pH 7, 50 mM NacCl, 278K, 700 MHz. d8 =
350 ms. Showing the imino region, lines indicate the walk. Bottom. lllustration of free TAR showing the imine

walk.

Interconnectivity in the form of NOEs between imines can be used to glean more
structural information and following the sequence of NOE crosspeaks aids in their
assignment. Beginning with two imine-H at the base of the stem connecting G17-

C45N3 to G18-C44; we see the crosspeak G17H1-G18H1, following this sequence
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through G43H1-G18H1, G43H1-U42H3 and G21H1-U42H3 we arrive at the G21H1 at
the base of the bulge. As the RNA becomes more mobile at the fraying stem, we see
lesser intensity in the G17H1 and a weak G18H1-G17H1 NOE. Above the bulge at
G26H1 we can follow the G26H1-U38H3, G28H1-U38H3 and G36H1-G28H1 to G36H1
at the base of the loop. Longer range G36H1-U38H3 and G26H1-G28H1 are present,
perhaps as a result of strong stacking in the upper stem. This spectrum confirms the
identity of the imine peaks, and the correct assembly of the TAR structure. (Figure

5.2-4)
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Figure 5.2-5 Top left. Location of the NOEs illustrated, labelled a-d. Main. *H,*H-NOESY spectra of 1.5 mM TAR

RNA in 90% H20. pH 7, 50 mM NaCl, 278K, 700 MHz. Showing cross-peaks imine-amine (a.), amine-amine (b.),

amine-H5, (c.), H5-H6 (d.).

Identifying the H5-H6 peaks is important for assigning the D20 spectra, the CH5-H6 can

be assigned using the corresponding CH5-H41 peak. These are identified from the CH41-
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H42 peaks in a distinctive cluster at, 8.1-8.8 by 6.7-7.0 ppm which are in-turn identified
from the imine-H42 peaks. This process is unique to the cytosine, owing to the proximity
of the CH5 to the CH41 as uracil possesses carbonyl groups at the 4 position. (Figure

5.2-5)

5.2.2 100% D,0 Spectra

Transferring these non-exchangeable assignments across from 90:10 H20/D20 NOESY
to 100% D20 samples is then done. For some this is simple and, in this case, the C37H5-
H6, C44H5-H6, C19H5-H6 and C29H5-H6 at the top were isolated enough that these
could be assigned with certainty. The rest were assigned as part of the H8/6-H1’
sequential walk that followed and then confirmed by cross-referencing back to the 90%

water NOESY, and data from other experiments such as TOCSY/HSQC. (Figure 5.2-8)
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Figure 5.2-6 'H,'H-NOESY spectrum of 1.5 mM TAR RNA in D20 at 298K, 700 MHz. pH 7, 50 mM NaCl. H8/H6/H2 - H5/H1' peak region. NOESY TAR RNA intensity gradient orange-
turquoise overlayed with TOCSY TAR RNA 1.5 mM D20 in blue. Solid lines H1’-H8/6 sequential walk. The purple label indicates a potential cross-loop NOE.
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Beginning the sequential walk at the 3’ end, the G17H1’ has NOE’s to the G17 and
G18H8. Following the sequence through C19, A20, G21, A22, U23H1’-H6 to U23H1’-
C24H6 as there is no C24H1’-H6. This non-connectivity is unsurprising as the bulge is
highly flexible and reported as a site of mobility between the stems.14%° Slightly different
are reports that the sequential walk is interrupted at U25,%°° whereas here the loss of
connectivity begins at C24 and ends at U25. A lack of inter-base H5-H6 NOE peaks for
U23-C24 and C24-U25 suggest limited stacking between these bases. Considering the
mobility at the bulge, this is expected. U25H1’-H6 begins the next segment of the
sequence through G26, A27, G28 finishing at G28H1’-C29H6 at the beginning of the loop.
An NOE across the base pair with U38H1’-A27H2 demonstrates the stability of the upper
stem A-form. Resuming with G33H1’-H8 through G34 with both G33H1’-G34H8 and a
weak G34H1’-G33HS, followed by A35, G36, C37, U38, and C39 stopping with U38H1’-
C39H6 and no connectivity visible between C39 and U40. Given C39 and U40 are
unstacked, and the connecting atoms are the axis of mobility between stems, this lack

of NOEs is anticipated.

Also present is U31H1’-A35H2, potentially indicative of a cross loop pairing. Previously
reported is a C30-G34 base pair, it is possible we’d see this NOE if the A35 was stacked
between the G34 and G36 or if there is a triplex structure between the Hoogsteen edge
of the A35 and the sugar edges of the G34 and C30. This is not too unreasonable
considering the dynamic nature of the loop and that similar stacked conformations have
been seen as excited states.>* Though the G34H1’-G36HS points to a looped out A35.>?
Alternatively, it is possible there is a U31-A35 pairing, bringing the nuclei close enough

for the visible NOE, though this is less likely. (Figure 5.2-6)
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Further cross-loop interconnectivity is found with the G36H8-G33H8, shown in purple.
In the ground state G33 has been shown to move into proximity of the G34, which is
stacked onto the G36.33 This is a potential method through which these bases could
come into contact. The loop bases show connectivity across G36H8-A35H8, G34H8-
A35H8, G33H8-G34H8, G33H8-G32H8 with no connectivity between G32 and U31. This
suggests that the U31 is pointed out of the loop. The connectivity resumes with C30H6-
U31H6 and C29H6-30H6. Other than the G36H8-A35H2, there are no aromatic NOEs to
the A35H2, suggesting it is frequently out of alignment with the other bases. These two
bases demonstrating points of reduced stacking align with the possibility of a C30-G34

cross-loop pairing.

This region also helped with the assignment across the bulge, showing aromatic peaks
between U23H6-A22H8, U23H6-C24H6, C24H6-U25H6. These connectivity’s are also

indicative of base stacking in the bulge bases. (Figure 5.2-7)
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Figure 5.2-8 278K, 293K, 303K H, 'H-TOCSY overlay, 700 MHz. Arrows indicate the shift at higher temperatures.

Pyrimidine H5-H6 J coupling is visible using TOCSY. By varying temperatures whilst
looking at the H5-H6 coupling we can glean an idea of which bases are most affected by
the change. In this case the U23, and C24 are more shifted. The C29 appears to be less
visible at low temperatures, possibly due to weakened pairing at the top of the loop,

alternatively the peak could be affected by the nearby water. (Figure 5.2-8)
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Considering the continuity of the H1’-H8/6 sequential walk, the stem portions are A-
form and the locations where it is disrupted are expected, the bulge, loop, and end. The
unexpected U31H1’-A35H2 is acceptable considering the freedom of movement
available to the loop. The data for the free TAR RNA confirms the structure is assembled
correctly, closely matches the previously reported data,»®3%%° and provides a baseline

for bound TAR experiments.

5.3 Bound TAR

Binding the TAR RNA is theorised to be a conformational capture model, so it can be
expected to assemble a similar structure to other binding molecules. Samples are
prepared at a mixture of 1:1 cylinder:TAR and are annealed before measurement.

Further details are in section 6.3.

5.3.1 The Cylinder

The ruthenium cylinder has 3 symmetric ligands, resulting in 6 equivalent pyridyl and
aniline, and 3 equivalent CH2 groups. Unbound this results in a spectrum of 8 distinct

chemical environments.
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Figure 5.3-1 COSY (red), TOCSY (blue) overlay of ruthenium cylinder in D20, 298K, 500 MHz, showing a closeup of

the pyridine protons. Inset shows the full spectrum. Arrows label the cylinder peaks.

HPha and HPhb are broadened due to the rotatability of the phenyl groups. B is
broadened more-so. The H5, is at a higher frequency to the H6, identified through the
COSY crosspeak to H4. All peaks can be confirmed with NOESY, (*H,*3C)-HSQC, (*H,3C)-
HMBC. (Figure 8.4-1, Figure 8.4-2) Visible is the broadening of HPhb believed to be a

result of the free rotation experienced by the phenyl group. (Figure 5.3-1)
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Figure 5.3-2 3D illustration with metals not shown. The two and three fold symmetry of the cylinder, illustrated

by a side on and end on view respectively.

As mentioned above, the cylinder experiences a two-fold and three-fold symmetry as a
result of the three symmetric ligands, bound octahedrally to two metal centers. (Figure

5.3-2)

Opposite enantiomers will likely have a different response to their environment, and a
spectrum is greatly simplified by removing one. Therefore, before NMR experiments are

performed on bound TAR it is important to separate the enantiomers. (Section 5.1.3)
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Figure 5.3-3 *H.!H-COSY (blue) and *H,*H-TOCSY (green) overlay. Of 1:1 TAR RNA (0.49 mM) with RuCy_P (0.49
mM) in D,0. 50 mM NacCl, pH 7, 278K, 700 MHz. Showing cylinder pyridine J-coupled peaks. Sets of peaks are

indicated with coloured lines to differentiate unique pyridyl environments.

Despite being a pure sample of P enantiomer, on binding to TAR RNA, the pyridyl peaks
splitinto 6 distinct J-coupled sets traceable through COSY cross-peaks. (Figure 5.3-3) This
indicates the loss of both the two and three-fold symmetry. The value of this information
lies in how the cylinder comes to lose its symmetry. For instance, a nucleus in proximity
to a pyridine could be expected to break the symmetry, dependent on the movement of

the complex. A complex that can freely move around the RNA would be equally affected
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at all pyridines resulting in no difference between the resonances. If it were localised
but had no preference for orientation around the metal-metal axis as it rotated, we
would see two distinct populations corresponding to either end as the three pyridines
contributing to each end would be equivalent. In our case we see 6 distinct populations
for each pyridine peak, suggesting the cylinder binds in a specific way to the RNA. There
is no J coupling from the imine to pyridine protons, so they are not visible with

TOCSY/COSY.
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the cylinder pyridine and imine peaks. Peaks are colour coordinated as previously established in Figure 5.3-3. Straight lines indicate the J-coupling sequence H3-6, dashed lines
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By mapping the J coupled pyridine protons onto the NOESY the same pattern can be
traced. The imine protons can then be identified through NOEs to the H3, and other
nearby protons. Like the pyridines, the imines are also split into 6 distinct resonances,
with two groupings: Red, blue, teal (RBT) and yellow, purple, green (YPG). These are

linked through inter-ligand NOEs and constitute the two ends. (Figure 5.3-4)

G26'H8 U38'H6

H3/ Him mm
~ _ Ha
AN N N AN

A N~

Figure 5.3-5 Diagram of the cylinder ligand showing the NOE contacts from TAR RNA H6 visible in Figure 5.3-4.
Lines indicating the contacts are coloured dependent on the colours assigned during the cylinder assignment.

Positions of RNA are illustrative.

There are intermolecular NOEs present in this region of the H,'H-NOESY spectrum. They
are between the cylinder protons and the base H6 protons. Interestingly these seem to
follow a pattern where the bases at the bottom of the bulge seem to have more contacts
with the RBT end of the cylinder, and the top of the bulge seems to have contacts to the
YPG end. These are not exclusive however, as the U40’H6 and G26’H8 appear to have
contacts to both ends, perhaps indicating that one side of the cylinder is facing these
bases, with the red, blue and purple environments facing toward the bulge. This would
be possible with the cylinder placed either parallel to the minor groove, or within the
bulge perpendicular to the minor groove. If within the bulge, the blue would be at the
bottom of the bulge, the red at the top and at the other end of the helix the purple in
the middle. U23’H6 is flexible and being the only base with an NOE to the yellow H4 is

reasonable. This model however does not account for the lack of involvement of other
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parts of the cylinder with U40’H6 and G26’H8. Parallel to the helix in the minor groove,
the cylinder would be positioned with the RBT end at the bottom of the bulge, and the
YPG end at the top. The plane that can be drawn between the red, blue and purple
imines faces the bulge. For the yellow H4 to U23’H6 NOE, the base would likely be

looped over the cylinder. (Figure 5.3-5)

The bound phenyl peaks are no longer strong and broadened as seen in the unbound
cylinder spectrum. (Figure 5.3-1) The peaks are instead split into multiple weak
resonances. It is unknown whether the phenyl peaks are split further as a result of loss
of rotation, there would be 24 potential peaks if so. Though the phenyl rings are the
most flexible part of the cylinder and provide a tiltable pi system for face-to-face
stacking. This behaviour has been seen in a crystal structure of an RNA 3WJ formed
around a cylinder.”®> In NMR DNA 3WIJ experiments the bound cylinder experienced
phenyl splitting from reduced phenyl rotation, though the symmetry of the 3WI
maintained the three-fold symmetry.>* Some phenyl protons have weak NOEs to the

adjacent imine aiding in their assignment. (Figure 8.2-6, Figure 8.2-8)

5.3.2 TARand RuCy P

With the cylinder peaks showing high specificity, focusing now on the RNA, it is
important to gain an understanding of the location of the cylinder binding. As well as

the effects of cylinder binding on the TAR in and away from the immediate binding site.
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5.3.2.1 90% H20 Spectra
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Figure 5.3-6 1H-NMR spectrum of 1:1 TAR RNA (0.46 mM) and RuCy_P (0.46 mM) in 90% H20 showing the imine

peaks, 700 MHz.

The U40’H3 imine peak is present in the bound TAR. This was not present in the free TAR

and demonstrates that the A22’-U40’ base pair is stabilised by the cylinder binding. This

also hints at a stabilisation and loss of flexibility at the bulge. Also observable, is a

weakening of the G36’H1 at the top of the loop, and possibly G28’H1 too as a result of

the loss of stability from the C29’-G36’ pairing. (Figure 5.3-6)

198



140 135 130 125

T Y
Aif‘*j h N b
GasH1-H1/ }
1251 6 GZ‘B"W-HK'}\@ ' Li2s
’ ) /1 K ™\ i Pa I ’
(‘[f;\ GATHT-U42'H3 GA3HT-GTEHT {
G26'H1-U38'H3 G21H1-H1
G21'H1-U42'H G21'H1-G17'H1
0 b NV
N ) , \f’ v
G21'H1-U40'H3 G17'H1-H1
13.01 ! - r13.0
—_ Voo
€
Q
N G18'H1-G43'H1
: 0
) ‘ U42H3-G21H1 42 H3-GA3H1
13.5- i) N\p F13.5
G28'H1- ) - 4 ’
: ] (\:A
G28'H1-U38™Hg/ [V U42H3-H3
i /?-U38‘Hy ' 4 '
.‘:,‘ gvvj o
14.0- _ / U38'H3-H3 U38'H3-G28'H1 U38'H3-G26™H1 -14.0
F, pvd U40'H3-G21'H1
@ ¢ b Y04 e ‘
) ,
q\ "~ U40'H3-H3
K 4]
‘;'j " T T T T T T T T T T T T T T T T T T
14.0 135 13.0 125
1
Wy - "H (ppm)
C Weakened
/U23 \U\ c—u
G—G—C'®A—G—A G—A—G\C%¥ e
€*-c—G—U—C—U——C¥-U—C—G G
~a—g”

Figure 5.3-7 'H, *H-NOESY spectrum of 1:1 TAR RNA (0.46 mM) and RuCy_P (0.46 mM) in 90% H20 showing the

imino region, 700 MHz.

As in the 1D spectrum, the G36’H1 is weakened in intensity. It also has no crosspeak to
the G28'H1. Both point to a weakening of the C29’-G36’ base pair, possibly opening the
base of the loop with reduced stacking onto the G28-C37. In MD simulations the upper
stem is expected to uncoil on RuCy_P binding, this might coincide with changes in the

loop.*? (Figure 5.3-7)
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The G28'H1-U38’H3 crosspeaks are split into multiple resonances that are hard to
distinguish, with the U38’H3 showing greater variation. These different populations
together with their strong intensity in the 1D spectrum above indicate, not necessarily
weakening of the base pair, but a degree of uncertainty in the exact conformation
nearby. This could be a result of the cylinder binding close, or effects from the changes

to the base of the loop.

A crosspeak from U38 to an unknown resonance high enough frequency to be uracil,
hints to the potential for a small population forming a U23’-A27’-U38’ base triple,
though there is no other evidence to confirm this suggestion. As of the publishing of this
thesis there are no reports of directly observed NOEs confirming this structure for HIV-

1 TAR. This could be confirmed using 2"J(N,N) scalar couplings.t>?7

With a strong NOE to the U38’H3, G26’H1 is among the stronger peaks in the 1 and 2D
spectra, in comparison to the free TAR data where it is like the other peaks. This relative

strength points to an increased stability at the G26-C39 bond.

Across the bulge, U40’H3 is both strong and has a direct NOE to G21’H1, confirming it is
assignment. This demonstrates the strengthening of the A22’-U40’ base pair on addition
of the cylinder. This effect is seen in conjunction with the formation of the base-triple
on argininamide binding.*> Though this may not be a cooperative behaviour, and is not

evidence for base-triple formation in this structure.
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Figure 5.3-8 H,'H-NOESY spectrum of 1:1 TAR RNA (0.46 mM) and RuCy_P (0.46 mM) in 90% H20 showing the

imino-aromatic/amino cross peaks, 700 MHz. Colours of pyridine groups are detailed in section 3.1.

Direct NOE contacts are visible from the U40’'H3 and G26'H1 to cylinder peaks. The
U40’H3 at the bottom of the bulge has NOEs to the red H3 and Him, whereas the G26’H1
at the top of the bulge has an NOE to the purple Him, locating the cylinder contiguous
to the bulge. The red and purple pyridine/imine peaks are believed to be on opposing

ends of the cylinder, assigned from D20 bound cylinder spectra, though which ligand is
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unknown. (Figure 5.3-4) NOEs to different ends of the cylinder at the top and bottom of
the bulge could agree with this, though the cylinder is approx. 18 A lengthways and 7 A

across,3 so it is likely not aligned along the TAR lengthways.

Strong NOEs from the adenine H2 to the imine protons confirm their assignment in the
D20 spectra. The U40H3-A22H2 NOE, described as evidence for strengthening of the
basepair, is present and strong.! Also observed are other aromatic-imine peaks that can

be crossreferenced to the D0 spectra.

5.3.2.2 100% D,0 NOESY

The reason for reducing the temperature of the sample to 278K for the 90% H,O NOESY
is less mobility in the bases results in stronger hydrogen bonds, and therefore stronger
exchangeable peaks. Considering the D,O NOESY, the effect of reducing the
temperature to 278K in line with the 90% H>O NOESY is a strengthening in intensity for
the lower energy populations, and possibly better connectivity for the sequential walk.
(Figure 5.3-9) Confirming the H2 peaks, we can see coupling in the TOCSY spectra from

AH2 to the exchangeable UH3. Presumably as 3J coupling. (

Figure 8.2-2)
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Figure 5.3-9 'H,’H-NOESY spectrum of 1:1 TAR RNA (0.49 mM) with RuCy_P (0.49 mM), in 100% D20. 278K, 50 mM NacCl, pH 7. d8 = 250 ms, 700 MHz. Showing the H8/6/2-H1’/5

region as well as intermolecular NOEs from the cylinder to the RNA. On the left side of the spectra are pyridine and imine intermolecular NOEs and on the right are intermolecular

NOEs resulting from the phenyl protons. Lines describe the interconectivity of bases. Solid blue shows the G17’H1’ to U31’H6 sequential walk. Regions of poor connectivity, with

missing C19’H1’-H6 and C29’H1’-C30’H6 are indicated with dotted blue. The walk is continued from G34’H1’ to G36’H8 with solid red lines. A series of missing NOEs between

G34’H1’ and G36’H8 are shown with dotted lines, and the connectivity across G34’H1’ and G36’H8 is shown with red dashed lines. The two populations of C37’ and C37”, and the

surrounding sequential walk are shown in red dot-dash lines of two different lengths.

203



Beginning at the base of the stem, there is slight fraying seen as unobservable G17'H1’-
H8. This is unsurprising considering the trace G17'H1-H1 peak in the imino region.
(Figure 5.3-7) A similar behavior is true for C45’ on the opposing side, there are no
definite NOE peaks connecting C44’H1’ to C45’H6, though C45’H1’-H6 is strong. There is
then good connectivity until an indistinguishable C19’H1’-H6 likely buried under another
peak, resuming all the way to C24’H1’-H6. This is comparably more connectivity at the
base of the bulge than the free TAR, though this could be due to temperature so caution
must be exercised comparing to the 298K measurement in this thesis. Continuing the
opposing side of the sequence, a well resolved walk is obervable from C44’H6 to
U40’H1’. In line with good base-pairing in the lower stem G43’H1’-A20’H2 across the
strands is visible. Though the well shifted U25'H1’-G26’H8 is weak, a walk can be traced
from this around a very strong and also well shifted G26’H1’-A27’H8 around to C29'H6.
Differing from the free TAR, the loop appears to be less stacked, with poorer
connectivity between C29’ and C30’ with an absent C29’H1’-C30’H6 peak. There are
peaks for C30’H1’ to both the C30 and U31 H6’s. The walk is then absent until it resumes
with G34’H1’-H8. It is worth relating this and what is discussed next to the 90% water
sample where G36’H1 is weak and has no NOE contact to the G28’H1 pointing to poor

or transient pairing at the base of the loop.

There are two conformations visible for G36 and C37 denoted with (') and (). G34'H1’
has an NOE peak direct to G36’H8, which can be followed to C37’H1’-H8. C37'H1’-
C37"’H8 is also where the other population converges. G36” and C37”’ are characterised
by relatively strong G36"’H1’-H8 and G36"’H1’-C37"’H8 peaks due to either proximity of

the nuclei, or proportion of nuclei in this conformation. Considering the C37’H5-H6 peak
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is stronger than C37’H5-H6 this is likely a contributing factor, though if as suspected
G36” is facing into the loop both effects could be present. Expanding upon this
possibility, G34’ and A35’ both have connectivity to G36’ but not G36”. A peak for
G36"’H8-C37”-H5 is also present, resulting from close proximity of the bases suggesting

a degree of stacking.

Continuing the walk from C37’H1’, we can walk through U38’ to C39’H1’-H6. Absent is
C39’H1’-U40’H6, which is understandable as this is a point of flexibility between the
stems. In previous free TAR NMR structures, U38 and C39 stack at the top of the bulge,

and at the bottom U40 stacks onto C41.8

U40'HT"

H4 U40'H5

/
|| | s \ e U 23" H 1"

G26'H1"

U25'H1' m———— ) 25'H 5 C24'H5 =t C 24'H 1"

Figure 5.3-10 Diagrams of the cylinder ligand, showing the NOE contacts from TAR RNA H1’/H5. Left. The pyridine
and imine peaks. Right. The phenyl peaks. Lines indicating the contacts are coloured dependent on the colours

assigned during the cylinder assignment. Positions of RNA are illustrative.

The positions of the RNA were placed to maximise the visibility of connections and
simplify viewing only, however it does pose an interesting perspective and is reminiscent

of the conformation adopted on argininamide binding reported by J. Puglisi.?*
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Returning to the bulge, there are NOEs from the cylinder to the RNA. Let’s start from the
lower bases on the 5’ strand with C41’. The lowest NOE to the cylinder is C41’'H1” with
contacts to RuCy_P_R_Him, RuCy P _R _H3. The same two cylinder peaks also have
contacts to C41’H5. These are the same nuclei that have NOE peaks in the 90% H,0
sample to U40’H3. Moving up through U40'H1’ and H5, NOEs to red and blue pyridines,
but also G_Him are observed. This is the first contact to the other end of the cylinder for
this strand. Following this, there is U39’H5-RuCy_P_Y_H3, the only other pyridine NOE
to this strand. For the phenyl peaks, U40’H5 and 1’ both have blue and red contacts, but
the U40’H1’ also contacts a green phenyl. All this conforms to expectations for the base
of the complex interacting with the minor groove. At the top, G26’H1’, a paired base,
experiences NOEs exclusively to the blue pyridine/imine, this tells the observer that G26’
is interacting with the same end of the cylinder as its partner C39’. That the top and
bottom of the bulge are interacting with the same end of the cylinder on both strands
suggests that the cylinder might be inserted within the bulge, perhaps with the RBT end
facing the minor groove. Below G26’, U25’H1’ also interacts with the same end, though
T_Him and T_H3. Its base, the more mobile of the bulge,® has the NOEs U25’H5-
RuCy_P_P_H3, U25'H5-RuCy_P_B Him, and U25’H5-RuCy P_G_H4. G_H4, being the
proton with NOEs to the RNA furthest from the RBT end. C24’H1’ contacts T_Him and
P_Ph, relatively few contacts. C24’H1’-RuCy_P_T Him is a strong peak though, so
perhaps they are particularly close. C24’H5 comparatively has many contacts, mostly to
RBT pyridines, but there is one to G_Him. In addition, C24’H5 has contacts to phenyls on
both ends. Considering the NOEs to C24’H1’ and H5 it is likely that the C24’ sugar is near

to the middle of the cylinder, with the base stacking onto the cylinder phenyl, this is
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possible within either the minor groove or bulge insertion binding models. Finally, U23’
has NOE peaks to both ends, but more to the YPG end. It is also the only base other than
U25’ to interact with G_H4. Given U23’ is n+1 to A22, in the minor groove binding model
it will be aligned with the base pointing along the cylinder toward YPG, interacting along
the outside. (Figure 5.3-10)

| AN HN@N

/)
= 0
NH,

Figure 5.3-11 One of the ligands investigated in the study mentioned below.>>

Contrasting to previous publications, a small molecule that binds to the TAR bulge also
binds to the lower bulge region within the minor groove. TOCSY data shows the C41,
U40, C24, and U23 H5-H6 peaks shifting. C39 also shifts significantly on binding,
suggesting the ligand induces a conformational change. Where the results differ is in the
data presented in this chapter the bulge base U25 is also significantly affected, as well
as the minor groove interactions extending further up to U38. This is likely due to the
size and cylindrical structure of the helicate, providing a large surface for the bulge bases

to interact, capable of interacting in a larger region.> (Figure 5.3-11)

In support of the bulge insertion model is the prevalence of YPG NOEs to the bulge bases,
and the RBT NOEs to the paired bases. To expand on this, a cylinder within the bulge
perpendicular to the helix would have one end closer to the ribose protons in the minor
groove, and the other end closer to the bulge bases in the major groove. The base H5
protons would be closer to the cylinder in this model, matching the quantity and

intensity of these intermolecular NOEs. Contacts from the cylinder to U38" and C41’
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(expected to be further from the cylinder than U40’ and C39’,) would be understood
from the perspective that the helical turn of the stem means that the bases are stacked

with a slight overhang.
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Figure 5.3-12 'H,'H-NOESY spectrum of 1:1 TAR RNA (0.49 mM) with RuCy_P (0.49 mM), in 100% D20. 298K, 50 mM NacCl, pH 7. d8 = 250 ms, 700 MHz. Showing the H8/6/2-H1’/5
region as well as intermolecular NOEs from the cylinder to the RNA. On the left side of the spectra are pyridine and imine based NOEs and on the right are NOEs resulting from the
phenyl protons. Lines describe the interconectivity of bases. The walk between G17’H8 and A22’H1 is shown in solid red. The walk is continued in solid blue between G26’H8 and
G27’HY1’ with a dotted blue line showing the lack of NOE between U25’H1’ and G26’H8. U38’H1’ to C45’H1’ is shown in solid purple. The absence of G34’H1’-A35’H8 and A35’H1’-
G36’H8 are shown with dotted purple lines, and the NOE between G34’H1’ and G36’H8 is shown with a dashed purple. The two populations between G36’/G36’’ and C37’/C37” are

noted with longer/shorter dot-dash lines.
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Range and rate of motions increase with temperature. As a result, at 298K some NOEs
are weakened, and some are shifted. Though some are strengthened. Beginning at the
lower stem, we now have a strong sequential walk from G17'H1’-H8 to A22’H1’-H8, and
a sequential walk from C45’H1’-H6 to C39’H1’-H6. A visible C39’H1’-H6 and C39’H1’-
U40’H6 hint to a closing of the inter-helical angle, this is also seen in arginine and tat
bound TAR.?4°0 The bulge region has very little connectivity, with the exception of
U25’H1’-H6. The walk continues from G26'H1’-H8 to G28'H1’-H8 where the walk is
interruped. On the other strand, the walk is disrupted between C39" and U38&’,

continuing at C37'H1’-U38’H6.

Like in the 278K spectra, there are both C37'H6 and C37"’H6 present. The spectrum
differs though, for the 298K G36”H1’-H8 and G36’H1’-C37"’H6 are significantly
weakened. A conformer considered to be resulting from further weakening of the C29’-
G36’ pairing with likely quite significant motion from G36’. Simultaneously in
comparison to the 278K spectra, the G34’H1’-G36’H8 is similar in intensity. G34H1’-
G36’H8 confirms G34’ is stacked onto G36’ which identifies this as another comformer,
one where the G34’ is involved in a transient cross-loop pairing with C30’. The A35’, with
very weak peaks throughout the spectra, would be looped out, but transiently and able

to stack between G34’ and G36’.32

At the same time as these changes to the C29’-G36’ bond, a new peak emerges for
C30""H5-H6. To cause a shift in this peak, we’re likely seeing a change in the dynamics

within the loop. One option is, within the conformer where G34’ dynamically pairs with
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C30’, U31’ is able to stack on-top of C30’ in a short lived excited state, C30”.33 Being able
to form this excited state for long enough for a strong C30"’H5-H6 peak, would
potentially disrupt Cyclin T1 and tat binding to the loop.3° This could be the cause of the
broadening of the U31’H5-H6, best seen in the TOCSY spectrum. (Figure 5.3-13) Though

there is no C29’H5-C30"’H6 or vice-versa bond to point to base stacking.

Also present, though in reduced quantities are intermolecular NOEs to the cylinder. The
reduction is likely a result of increased mobility of the cylinder and more dynamic base
interactions. Seen here are C39’H5-RuCy_P_T_Him and C39’H5-RuCy_P_R_H4 at the top
of the bulge, U40’'H1’-RuCy_P_B_Him at the bottom of the bulge, and U23’H1’-
RuCy_P_P_Him. Again, like at 278K U40’ and C39’ are in contact with the RBT end, whilst
the bulge strand has contact with the YPG end. There were no intermolecular phenyl
NOEs at this temperature, this can be attributed to the same mobility that reduces the
guantity in peaks to the pyridine and imine. The free cylinder phenyls freely rotate
leading to broadened signals, this effect is likely continued in the bound complex. That
the 278K sample was able to visualise these peaks is indicative of the extent of the

interactions with the phenyls. (Figure 5.3-12)

5.3.2.3 TOCSY
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Figure 5.3-13 1H,'H-TOCSY spectrum overlay of Green. 1:1 TAR RNA (0.49 mM) with RuCy_P (0.49 mM) and
Orange. TAR RNA (1.5 mM) in D20. 50 mM NaCl, pH 7, 298K, 700 MHz. Showing the shifts of H5-H6 peaks marked
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with arrows. Green peaks appear broader than the orange as the spectra is zoomed in the vertical dimension.

Assignment in ( Figure 8.2-1)

The changes to the bulge region are stark when H5-H6 peaks are viewed. When
combined with RuCy_P, the lower stem peaks C44,C19,C45 are relatively unaffected.
Moving up toward the bulge U42 and C41 have slight shifts. U40,U23,C24,U25, U38, and
especially C39 are shifted more so. C29, slightly shifted at the top of the stem. At the
base of the loop, two populations are present for C37 and C30, likely due to two
potential structures around the loop junction, including a cross loop pairing between
C30, and G34.3! The potential for concerted dynamic motions swapping the G34, and
A35 in and out of the loop has been previously explored.3? The instability around the
loop in contrast to the bulge further nullifies the possibility that the cylinder is located
in the loop. U31 finally is largely unaffected by cylinder binding, though experiences a

“smeared” broadening effect. (Figure 5.3-13)

5.3.24 HSQC
HSQC was measured, however in this 1:1 ratio sample the spectra were weak and poorly
resolved. Measurements were attempted in 100% D,0 and 90% H,0 at 278K and 298K,

with no success.
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5.3.25 DOSY
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Figure 5.3-14 DOSY overlay 700 MHz. Red. Free_TAR RNA (D20, 1.5 mM TAR RNA, 50 mM Nacl, 298K), Blue.
Bound_TAR with RuCy_P (D20, 0.49 mM TAR RNA, 0.49 mM RuCy_P, 50 mM Nacl, 298K), Purple. RuCy_P (D20,
298K). Shown circled are cylinder peaks, corresponding to the Him, and H3 (arrows) as part of the TAR+RuCy_P

agglomeration. Dashed lines to illustrate populations.

A DOSY spectrum, of the TAR with RuCy_P mixture has similar diffusion coefficients to
the spectrum of the free TAR. Whilst the bound TAR is apparently diffusing slightly faster
than the free, given the similarity and overlap between the two populations it is
tempting to say that they are the same. However, given the many factors that can affect
the transport of the complex and TAR RNA in a tube, it cannot be said whether they are
the same or different. Though the RuCy P in comparison is certainly a unique
population. That the peaks attributable to the cylinder in the bound mixture, most
obviously Him and H3, are diffusing at a similar rate to the TAR and not the RuCy_P is
direct evidence for the association of the two assemblies. In other words, on binding to

TAR RNA the cylinder’s rate of diffusion is decreased. (Figure 5.3-14)
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5.4 1:0.5 ratio

A series of data was acquired at a ratio of 1:0.5 TAR:cylinder. They provide a good set of
data for a mixture of bound and unbound TAR in solution, with visible interconversion

in some cases.

5.4.1 'H-NMR

u38

u40' u3s' U4 G26'\
AN

14 13 12
Figure 5.4-1 Stack with 1D NMR in 90% H20 at 278K. Top. Free TAR RNA 600 MHz, Middle. 1:0.5 mixture of RNA

to ruthenium cylinder 700 MHz, Bottom. 1:1 mixture of RNA to ruthenium cylinder 700 MHz.

Comparing the mixture of 1:0.5 TAR RNA to cylinder, to the 1:1 and free TAR solutions,
many similarities can be seen. The imino region assignments can be mapped across with
little variation. Worth mentioning is the G36’ is slightly stronger in the mixture, perhaps
the rapid exchange with the free TAR structure has a stabilising effect. G18/G18’ and
U38/U38’ have unnoticeable shifts overlapping in the mixture, in contrast to the G28’

and G36’ which vary between 1:1 and 1:0.5 solutions. Perhaps this difference between
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the bulge and loop ends of the stem are a result of relative regions of structural stability
and instability respectively. In agreement is the presence of the U40’ on the bottom of
the bulge, that is present only in the bound form of both the 1:1 and 1:0.5 mixtures.
Looking at the imino region the 1:0.5 mixture seems to have two populations present,
the free TAR structure, and a structure with little deviation from the 1:1 mixture. (Figure

5.4-1)

u40' U38/U38' usp U42 G18/G18 G17  G21' 5y G26'G43 G43'

B AN A~ NI A

oK AN ,ﬂ\*w,ﬁ&,,ﬁuA»J\fu\“~__,,-**ﬂﬂdA\*¢ﬁ\w,/ﬂJ\ﬁ\wW,"_
308K DD W v S
S A JL_J\./\J\/VL,___,J\\./\JN\/\.__
e N NN\ N Y o G

323K

f1 (ppm)

Figure 5.4-2 Stack with 1D NMR in 90% H20, 700 Mhz. Variable temperature experiment between 278K and 323K.

On warming the mixture to 288K and 293K, there is some sharpening for the majority of
peaks, but little change otherwise. U40’ however shifts upfield under the U38/U38’
peak, at higher temperatures it appears again as the U38/U38’ decreases but U40’ gone
at 318K leaving the U38/U38’ as one of the peaks remaining at the final temperature of
323K. Increasing to 298K, G17 is almost indistinguishable from the baseline. The other

peaks are affected more gradually.
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Comparing the less stable unbound forms of G21/G26/U42 to the bound
G21’/G26’/U42’ which are present at 323K suggests that the cylinder bound structure
has a greater stability at higher temperatures. However, the similar intensity of
G28/G28’ at 323K points to equal presence of both bound and unbound forms in
solution. This demonstration that the ratio of bound/unbound is not dependent on
temperature shows that the mixture is not dominated by low affinity constants, but a
product of the ratio of cylinder to RNA. Perhaps the difference in intensity for the bound
form of the G21’/G26’/U42’ points to a region of structural stability around the bulge,
compared to the relatively unaffected G28’, closer to the loop. This is likely a result of

the presence of the cylinder near to the bulge.

G36’, which in the 1:1 cylinder to TAR spectra is noticeably weaker, (Figure 5.4-1) is seen
to sharpen on increased temperature and is present alongside G36 at 323K. (Figure
5.4-2) This might indicate that the effect causing the weakened hydrogen bonding in the
1:1 mixture is not a “normal fraying” effect. But is perhaps due to a distortion of the

bound structure that can be reduced by reducing cylinder interaction.
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Figure 5.4-3 1H,'H-NOESY spectrum of 1:0.5 TAR RNA (0.46 mM) with RuCy_P (0.22 mM) Black. free TAR, Green.

Bound TAR, Orange. Exchange peaks. 700 MHz.

Using the 90% H20 NOESY spectrum, the connectivity between base-pairs for two

distinct populations can be seen, the free and bound TAR indicated in black and green

respectively. Here is evidence for the identity of U40’'H3 with the G21'H1-U40’H3

crosspeak. Also shown, several exchange peaks visible between peaks with greater shift

differences corresponding to the same nuclei of differing populations. As well as a small

exchange peak at U42’H3-G21H1. These are indicated in orange. (Figure 5.4-3)
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Figure 5.4-4 'H, *H-NOESY spectrum showing the H8/6-H1' sequential walks, 700 MHz. In addition, various intermolecular NOEs. 1:0.5 TAR RNA (0.46 mM) with RuCy_P (0.22 mM).
Free TAR peaks and walk are in black, a section is indicated with dashed lines as A22H8 is likely buried under other peaks. Bound TAR peaks and walk are in green. Peaks and lines

that are the same for both populations are red. Regions of poor connectivity are indicated with dotted lines. Exchange peaks are in orange.
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As ascertained by the 90% H,0 NOESY spectra, in 100% D,0 it becomes apparent that a
1:0.5 mixture of TAR to RuCy_P forms both bound and free TAR conformers that
exchange in solution. Looking at the H8/6-H1’ sequential walk region, certain peaks are
the same for free and bound. These can be assumed to be unaffected by RuCy_P binding
and are shown in red for the figure. The walk can be traced from G17H1’-H8 to C19H1’-
A20H8, and on the opposing side C45H1’-H6 to C44H1’-H6. From A20H8 the bound and
unbound populations diverge. The unbound walk is unobserved for A22H8, but as it is
present in the free TAR samples, it is likely hidden under other peaks. This considered,
on the bulge strand there is a sequential walk to the bulge in both samples ending with
U23H1’-C24H6 and a link earlier for the bound sample with U23’H1’-H6. Perhaps this is
caused by the flipping out of C24’. On the opposing strand the two populations diverge
at G43H1’ and G43’H1’. The unbound conformer ending at C41H1’-H6 and the bound at
U42’H1’-H6, perhaps as a result of distortion from the cylinder binding. Through the axis
of the bulge at C39/U40 we see no connectivity for the free, but for the bound there is
a walk from U40’H1’-C41'H6 to U38’H1’-C39’H6 suggesting a reduction of the inter stem

angle and a closing of the gap between the A22’-U40’ and G26’-C39’ pairings.

There are exchange peaks for U23’H5-U23H6, U23H5-C24’H6, C24’H5-C24H6, U25’'H5-
U25H6, and U25’H1’-U25H6 pointing to a rapid transition between bound and unbound
in the bulge. Interestingly many, and those between the same nuclei, are bound-
unbound suggesting that the transition to unbound might be faster than the transition
to bound. Continuing the walk the bound population begins earlier at U25’'H1’-H6
following through a weak U25’H1’-G26’H8 all the way to C29’H1’-H6 at the base of the

loop. Unbound continues from G26H1’-H8 through to G28H1’-H8.
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There are other exchange peaks present, all are around the bulge area, many are
transitions from bound to unbound similar to the bulge bases. On the opposing strand
is U40’H5-U40H6 and C39’H5-C39H6. At the top of the bulge there are more exchange
peaks, with G26’"H1’-G26H8, G26’H1’-A27H8, G26H1’-G26'H8 and A27H1’-G26’H8 and
A27'H1’-A27HS8. In both directions A27H1’-G28’H8 and A27'H1’-G28H8 are present,
almost the furthest up the strand. On the opposing strand is U38’H5-U38H5, and the

closest to the loop C37H5-C37’H6.

For both populations the loop, as expected, has regions of poor connectivity. C30H5-H6
and U31H5-H6 are the same for both populations. For the bound TAR there are no
observed loop peaks. For the free TAR C30H1’-H6, C30H1’-U31H6, and G32H1’-H8 are
present. The walk resumes with G33H1’-G34H8 connected to G34H1’-H8, which is the
same for both populations indicated by the red label. As the two conformers are very
similar in this region, with little changes it can be assumed that the beginning of the loop
is affected little in a 1:0.5 solution. This can be extrapolated to say that the cylinder is
certainly interacting very little with the loop. Continuing with the walk at G34’, there are
again two conformers. G34’H1’-A35’H8 and G34H1’-A35H8 are both present, as are
A35’H1’-H8 and A35H1’-H8. However, there is only A35’'H1’-G36’H8, suggesting that the
A35’ is more frequently stacked between G34’ and G36’. For the bound and unbound
sample there is G34’H1’-G36'H8 and G34H1’-G36H8 suggesting that the A35 and A35’
are both mostly looped out. Unlike the TAR and RuCy_P 1:1 spectra, there is only one
bound G36’/C37’ conformer. With the TAR transitioning rapidly between bound and

unbound, alternative conformers are at very low concentrations.
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Looking at intermolecular NOEs there is only one weak peak to the phenyl U40’H5-
RuCy_P_T Ph. There are many more pyridine and imine peaks to U40" with weak
U40’H1’-RuCy_P_P_Him and U40’H1’-RuCy_P_R_H3; stronger U40’H1’-RuCy_P_T_Him,
U40’H1’-RuCy_P_R H4 and U40’H1’-RuCy_P_B_Him. Most to the bottom of the bulge
are the RBT end of the cylinder. At the top of the bulge C39’H5-RuCy_P_Y H3, and above
that medium strength peaks to U38'H5-RuCy P_T Him, U38'H5-RuCy P_B Him and
weak to U38’H5-RuCy_P_P_Him. It is unexpected for the U38’ to be in proximity to the
same protons as U40’, though not if the cylinder is inserted within the bulge with these
bases arranged around it. Alternatively, if the RNA exchange peaks are resulting from
the motion of the cylinder it would make sense that the cylinder could exchange on the
same timescale. Therefore, it would be possible that these peaks could originate from
chemical exchange. In the bulge a weak U25’H1’-RuCy_P_B_Him and a medium U23’H1’-

RuCy_P_P_Him are present too.
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Figure 5.4-5 H,'H-TOCSY spectrum of 1:0.5 TAR RNA (0.46 mM) with RuCy_P (0.22 mM), 700 MHz. Showing RNA
H5-H6 peaks. Black. Free TAR, Green. Bound TAR. Black dotted lines indicate exchange peaks.

A TOCSY spectrum of the mixture shows the two distinct sets of H5-H6 peaks. Some
bound form peaks are almost indistinguishable from the free TAR. These “immobile”
peaks include the C44, C19, and C45, showing little variation in the bottom of the stem.
U31 is only slightly shifted and needed to be cross referenced from the NOESY spectra,
indicating little variation at the top of the loop stem. C30 is an interesting case, similar
to the recently listed peaks it has little shift. However, there is a smaller population that
forms another peak labelled C30”, to differentiate from the others. This is discussed
further regarding the 1:1 NOESY spectra. (Section 5.3.2.2) But is interesting, as it is not
visible in the 1:0.5 NOESY. In stark contrast to the relatively immobile peaks at the ends
of the stems, the bulge bases U23, C24, and in particular U25 show large shifts. At the
top and bottom of the bulge U40 and C39 show a comparably strong shift. This
contributes further evidence pointing to the location of the cylinder near the bulge,
engaging U25, U40, and C39. Nearby bases, C41, U42 and U38 show smaller shifts similar

to that of C29, pointing to deviation radiating out from the bulge region along the stems.

Exchange peaks are also visible in the TOCSY for U23, C24, and U25 resulting from an
exchange between states in this region faster than the rest of the structure. Suggesting

the cylinder binding exchanges faster than the RNA conformers.
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Figure 5.4-6 H,'H-NOESY spectrum of 1:0.5 TAR RNA (0.46 mM) with RuCy_P (0.22 mM). Showing aromatic-

aromatic short range NOEs and exchange peaks. d8 = 50 ms, 700 MHz.

By reducing the mixing time, medium to long range NOEs have little time to evolve,

however exchange peaks that are a result of nuclei exchanging states between

excitation and response are visible. So, by doing NOESY with a mixing time of 50 ms, in

the region showing aromatic peaks the exchanging H2/H6/H8 peaks and short-range

NOEs are observed. (Figure 5.4-6) Notably the peaks visible here are those close to the

bulge, with the exception of a short-range NOE for G17'H8-G18’H8. Particularly strong
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are all four A22’-A22 and A22-A22’, H8 and H2 peaks at the base of the bulge. A27H8-
A27°H78, A27'H8-A27H8, G26H8-G26’H8, and G26’H8-G26H8 at the top of the bulge.
U25H6-U25’H6, U25'H6-U25H6, C24’H6-C24H6, C24H6-C24’H6 in the bulge.
Interestingly the weaker peak intensity of U23H6-U23’H6/U23’H6-U23H6 in comparison
to the other bulge exchange peaks matches the lower number of intermolecular NOEs
to U23’. Also interesting is there seems to be a trend where peaks from the bulge strand
have stronger exchange peaks, and peaks on the opposing strand have weaker exchange

peaks. Perhaps this is simply a result of the mobility at the bulge. (Figure 5.4-6)
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Figure 5.4-7 *H,'H-NOESY spectrum of 1:0.5 TAR RNA (0.46 mM) with RuCy_P (0.22 mM). Showing H1'/H5 short

range NOEs and exchange peaks. d8 = 50 ms, 700 MHz.

Most strong peaks in the H1’ region at this mixing time are the result of exchange,

though it is possible for H5 and H1’ to be close enough for NOE peaks. In this case, many

are exchange peaks resulting from nuclei in the bulge region. For instance, strong

C39H5-C39’H5, C39'H5-C39H5 and U40’H5-U40H5 peaks. For the loop nucleotides,

U25H5-U25’H5 alone could point to a discrepancy between the rate of transition

between bound and unbound U25. Interestingly as shown with the TOCSY, (Figure 5.4-5)

we again see a degree of mobility at the loop junction, with strong exchange peaks for

U31H5-C30’H5, C30’H5-U31H5. There are also strong short-range NOEs between

G34H1’-G36H1’ and G34’H1’-G36’HY’, indicating that G36 is stacked onto G34 in both

free and bound conformers. (Figure 5.4-7)
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Figure 5.4-8 1H,13C-HSQC of a 1:0.5 mixture of TAR to cylinder in D20, 700 MHz. Showing the two populations
present in solution at approximately equal intensitiy, the free TAR with black labels, and the bound TAR in green

with the ‘ suffix. Also present is a collection of cylinder peaks corresponding to the pyridine H6s.

1H-13C HSQC.

In 2006 Q. Zhang and co-workers developed an extended form of the TAR using NMR
invisible poly AU and GC segments with the intention of reducing tumbling,
demonstrating that there was little effect on the TAR NMR. On binding with
argininamide, the A22H2 experiences a large shift, visible in the HSQC.'* The HSQC
reported is very similar to the one seen on binding the cylinder here. A35 and A27 are
seemingly unaffected in the bound state, whereas A20 and to a much greater extent
A22 are shifted upfield. This pattern would be indicative of a species binding to the
bulge, with the bases further away affected to a lesser extent. It is interesting that again
there is behaviour similar to argininamide binding, though it could be simply a result of

a common binding site rather than common binding mode. (Figure 5.4-8)

In many HSQC spectra, cylinder peaks are weak or absent. This spectrum provided a
unique visible set of split peaks, labelled here as “cylinder H6”. H6 is visible here as it is

the most “protected” from interactions with the RNA. Often ligand binding is described
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from the perspective of an RNA binding site, at the 1:0.5 ratio it is worth considering the
perspective of the complex. Perhaps these peaks are uniquely visible in the 1:0.5 ratio

as there is an excess of TAR pushing the equilibrium toward bound state cylinder.

5.5 Conclusions

Using the ruthenium cylinder, whilst challenging to prepare, is notably easier than other
metal centers when applied to NMR. Once prepared a sample can be used without
concerns for racemisation, which is valuable for multiple long acquisitions. The cylinder
has been previously proven to inhibit tat binding, further research demonstrated the
inhibition of HIV-1 infection, and molecular dynamics derived a potential mechanism
ending in bulge binding. The results in this chapter show that the cylinder binds to the
bulge region. The splitting of the cylinder peaks points to a specific binding conformation
and multiple intermolecular NOEs affirms the location, though the specific orientation
of the cylinder is uncertain. Two possibilities are proposed, a bulge insertion model and
a minor groove binding model. For the minor groove binding model, intermolecular
NOEs in the region from C41’ to U38’ span a distance that matches a parallel orientation
of the cylinder to the minor groove. In this model the bulge is closed, with the bulge
bases looped over the top of the cylinder to interact with it further. Greater connectivity
through the bulge in the bound sample’s points to reduction in inter-helical angles in a
similar manner to argininamide or tat peptide. For a bulge insertion model, the large
range of intermolecular NOEs are explained through the consideration that the open
bulge has a high degree of interhelical flexibility allowing the top and bottom of the

bulge to be closer than stacked bases. However, there is a strengthening of sequential
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walk peaks between C39’ and U40’, that would indicate a closing of the bulge. This is a
significant difference between these two models that would determine whether the
cylinder is inserted within the bulge. NMR residue guided structural calculations may
give an indication of the RNA structure onto which the cylinder is bound. Looking at the
1:0.5 mixture we can see that the bound and free forms rapidly exchange, with exchange
peaks localised around the bulge. The bulge and its flexibility are essential for tat
binding, by locating the cylinder at the bulge it is highly likely this is the mode by which

it acts as an inhibitor.

Whilst more NMR experimentation can be done using the TAR and this cylinder, it seems
that this avenue of research is unnecessary for now as the question of binding location
has been answered. Though further measurements using °N labelled RNA such as NHN
scalar couplings across hydrogen bonds could potentially evidence dynamic pairings
across the loop, that is outside of the scope of this thesis. There are, however, other
cylinders for which this structure could be applicable and a suitable method to compare
them. In addition, there are many more RNA bulges that this cylinder may be
appropriate for binding to. In this future research there may be further value in using
residual dipolar couplings (RDCs) to learn about the effect of cylinder binding on
interhelical angles and mobility. Moving into other techniques it could be valuable to
design a modified TAR with bulge binding blocked, to test whether tat binding is still

inhibited. Though doing this without also blocking tat binding would be challenging.
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6 Experimental

6.1 Ruthenium Cylinder

6.1.1 Parent Ligand L

H,
Pha C
H3 Him
H4 NS 7
| AN N N AN

H6

In a 100 mL RBF, 4,4’-methylenedianiline (0.80 g, 4.02 mmol) is dissolved in ethanol (15

mL) with the assistance of sonication. Into this 2-pyridinecarboxaldehyde (0.85 g, 7.95

mmol) in ethanol (10 mL) is added, washed in with ethanol (10 mL). The mixture is stirred

for 24 hours. On completion the precipitate is filtered under vacuum and washed with

chilled ethanol. The precipitate is then re-crystallised from ethanol and again filtered.

The product is dried under high vacuum to yield a pale-yellow powder. (1.34 g, 3.56

mmol, 89% vyield).

'H NMR (400 MHz, Chloroform-d) & 8.74 (dd, J = 4.8, 1.6 Hz, 2H, H6), 8.66 (s, 2H, Him),

8.23 (dd, ) =7.9,1.2 Hz, 2H, H3), 7.84 (td, ) = 7.9, 7.5, 1.6 Hz, 2H, H4), 7.39 (ddd, J = 7.5,

4.8, 1.2 Hz, 2H, H5), 7.30 (m, 8H, HPha and HPhb), 4.08 (s, 2H, CHa).

Mass spectrum (TOS MS ES+): m/z 337.1766
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6.1.2 cis-Tetrakis(dimethylsulphoxide)dichlororuthenium(ll)

Ru(DMSO0)4Cl>

In a 25 mL RBF, RuCls-xH20 (1.00 g, 4.83 mmol) is dissolved in DMSO (10 mL) and heated
at 150 °C for 10 minutes. After cooling, half of the solvent is removed under reduced
pressure before chilled acetone (20 mL) is added. The precipitate is filtered, washed with
chilled acetone (25 mL) and dried overnight under high vacuum. The product is obtained

as a yellow solid (0.99 g, 42% yield).

6.13 Ruthenium Cylinder [Ruz(L)s]Cla

Dry ethylene glycol is bubbled with argon for 1 hour using vigorous stirring to degas.
Parent ligand (0.064 g, 0.170 mmol) and Ru(DMSO)4Cl, (0.055 g, 0.113 mmol) were
added to a 25 mL RBF, before the ethylene glycol (10 mL) was added. The mixture is
heated to 200 °C for 7 days with stirring. The mixture is then kept hot, and a condenser

is mounted horizontally with an argon flow and the solvent distilled until dry.

The solid is washed with copious DCM and scraping until the washings are no longer

discoloured to yield “crude ruthenium cylinder”.

6.1.3.1  Celite / Cellulose Plug Purification
A pipette is prepared vertically with a cotton plug in the neck. A suspension of cellulose

powder in milli-Q H,0 is dropped into the pipette. The eluent is pushed through using a
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pipette bulb, taking care not to run dry, until a bed of approx. 1.5 cm of cellulose remains
with 1 mm of water above. Onto this a suspension of celite in milli-Q H,O is pipetted,
again pushing the eluent through until this time a bed of 1 mm celite is created. The

eluent is then pushed through until the meniscus is in contact with the celite bed.

Crude ruthenium cylinder (ca. 100 mg) is dissolved minimal milli-Q H,0 (1 mL). An aliquot
(approx. 0.5 mL) is added onto the surface of the celite, and the eluent pushed through
taking care not to run dry. The plug is then washed through with milli-Q H,0 (2 mL), the
eluent discarded. The ruthenium cylinder is then eluted with 0.2 M NaCl solution,
yielding a bright orange solution. A fresh plug is prepared for each portion of the crude
ruthenium cylinder solution and the process is repeated. The collected portions are then
lyophilised to yield a mixture of NaCl and ruthenium cylinder powder. The mixture is
triturated with methanol and centrifuged keeping the supernatant which is then dried

as the partially desalted ruthenium cylinder.

6.1.3.1.1 To further purify as racemic

A gel bed is prepared by hydrating CM C-50 Sephadex resin in milli-Q water for several
hours before adding the slurry to a 1.5 cm diameter column, approx. 7 cm high. The gel
is then washed with milli-Q water using gravity. The complex is dissolved in milli-Q water
and added to a prepared gel bed. The solid ruthenium cylinder is then dissolved in milli-
Q H,0 and added to a prepared CM C-50 Sephadex column (approx. 12 cm?). The column
is washed with milli-Q H;0, then incrementally increasing the concentration of NaCl

solution added until the complex is eluted between 0.2 and 0.3 M NacCl.

233



The solution is then lyophilised, and the solid triturated with methanol. The mixture is

then centrifuged, and the supernatant kept and dried.

6.1.3.1.2 Alternatively, if enantiomers are required

The dried solid is dissolved in minimal milli-Q H,O. A pipette is mounted vertically with
a cotton plug in the neck. A suspension of cellulose in 0.2 M NaCl solution is dropped
into the pipette, the eluent pushed through using a pipette bulb taking care not to run
dry. The pipette is topped up with cellulose suspension until a column of approx. 8 cm
in length is formed. To the top of this the ruthenium cylinder concentrate (2 mm) is
carefully applied, pushing the cylinder into the column with a pipette bulb, followed by
a drop of 0.2 M NaCl solution pushed onto the column, and another drop again pushed
on. The loaded column is then eluted with 0.2 M NaCl. Commonly the bands are
overlapped so first the M is captured in fractions 1-3, the mixture in fraction 4, and the

P enantiomer captured in fractions 5-7.

The fractions are then analysed for enantiopurity using circular dichroism and

lyophilised.

6.1.3.2  Desalting

The solid is dissolved in milli-Q water before placing onto a prepared G10 Sephadex
column. The column is eluted with milli-Q water, discarding the water until orange
colouration. The lone orange band is then collected. The water lyophilised to yield the

desalted ruthenium cylinder [Ruz(L)3]4ClI.
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| 4 Cr

H NMR (500 MHz, Deuterium Oxide) & 8.89 (s, 1H, Him), 8.49 (d, J = 7.9 Hz, 1H, H3),
8.31(dd, ) =7,8,7.9Hz, 1H, H4), 7.78 (d, ) = 5.6 Hz, 1H, H6), 7.72 (dd, J = 7.8, 5.6 Hz, 1H,

H5), 7.03 (s, 2H, HPhb), 5.78 (d, J = 7.9 Hz, 2H, HPha), 4.04 (s, 1H, CH2).

13C NMR (126 MHz, Deuterium Oxide) & 169.84 (s, Cim), 130.67 (s, C3), 138.79 (s, C4),

152.71 (s, C6), 129.41 (s, C5), 129.93 (s, CPhb), 121.09 (s, CPha), 39.00 (s, CH>)
Mass spectrum (TOF MS El+): m/z = 333.08 [Ruz(L)3]**

UV-Vis (H20): (e / dm?® mol't cm™?) 486 (24000), 449 (19000), 318 (50000), 271 (97000)
6.2 TAR RNA Preparation

(GGCAGAUCUGAGCCUGGGAGCUCUCUGCC)

The sequence was prepared using a modified version of the procedure outlined within
the paper “The structural stabilization of the k three-way junction by Mg(ll) represents

the first step in the folding of a group Il intron.”>®

6.2.1 Synthesis

5 = 2’-0O-methyl Guanine
NTP equivalents: 10xG, 9xC, 4xA, 6xU

OT =5’ 55CAGAGAGCTCCCAGGCTCAGATCTGCC-TATAGTGAGTCGTATTAATTTC 3’
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TS =5 GAAATTAATACGACTCACTATAGG 3’

All reagents are carefully defrosted and kept chilled with ice. The parts were combined
in a 15 mL centrifuge tube in order: H20 (5880 pL), 5x TXN buffer (2000 puL, 200 mM Tris-
HCl pH 7.5, 200 mM DTT, 10 mM spermidine), GTP (229 mM, 301 pL, 69 umol), ATP (219
mM, 126 L, 27.6 umol), CTP (199 mM, 312 pL, 62.1 umol), UTP (153 mM, 271 uL, 41.4
umol), Triton X-100 (10%, 10 uL), MgCl, (1 M, 500 uL, 0.5 mmol), OT (100 uM, 50 uL, 5

nmol), TS (100 uM, 50 pL, 5 nmol), mixing between additions.

Finally, T7 polymerase (5’ -> 3 synthesis of RNA, on DNA downstream from promoter)
chilled in ice is added quickly to the mixture, which is then divided into 3 mL Eppendorf
tubes in (10 x 1 mL portions). T7 is manufactured in house and was kindly provided for

my use.

The portions are incubated in a thermomixer (37 °C, 300 rpm, 1 hour) forming a
precipitate of mainly magnesium pyrophosphate. On completion, the precipitate is span
down on a low powered centrifuge. The supernatant is combined into two robust 15 mL
centrifuge tubes, and ethanol is added to form a final ratio of 3:1 ethanol/water. Finally,
NaCl solution (5 M) is added to make a final concentration of 0.25 M. The mixture is left

at -20 °C overnight to precipitate.

6.2.2 Purification

The samples are centrifuged (9500 RCF, 30 min, 4 °C), and the supernatant is poured off.

The pellets are then dried under vacuum.
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A 20% denaturing poly acrylamide gel is prepared with TBE buffer. Due to its size
(approx. 30 x 45 cm), the gel is pre-heated by applying the running potential. The
samples are dissolved in TBE buffer, combined, and a loading dye is added. The mixture
is then carefully applied to the top of the gel. The gel is run at 10-20W until the loading
dye has moved sufficiently (for its distance recommendation as per the sequence
length.) On completion the gel is visualised under UV light, and the TAR band is cut out.

The gel pieces are frozen when not immediately extracted.

Extracting the RNA from the gel requires electroelution. The Whatman Elutrap is used.
A potential of 200V is applied across the apparatus to migrate the RNA through a filter

into a chamber where it is trapped between BT1 and BT2 membranes.

On completing the elution, the RNA is extracted in solution from a well between the
membranes, precipitated with 3:1 ethanol/water, and centrifuged to collect the RNA.
(9500 RCF, 30 min, 4 °C) The supernatant is poured away. To prep the Vivaspin 2 mL
centrifuge device it is washed twice with 70% ethanol solution (2 mL), followed by
ultrapure water (2 x 2 mL), pouring away the supernatants. The RNA is dissolved in
ultrapure water and added to the Vivaspin tubes where it is concentrated by
centrifugation (approx. 1000-4000 RCF, 30-60 minutes, 4 °C) and the supernatant is
poured away. The RNA is washed with KCI solution to displace the TRIS (2 x 2 mL, 1 M)
Followed by ultrapure water (4 x 2 mL); it is centrifuged as above after each addition.

The RNA is resuspended in ultrapure water, transferred to a centrifuge tube and frozen.

The RNA concentration is ascertained from UV-Vis using a calculated extinction

coefficient (255 = 268900 M-1cm™). Using this and the volume the molar yield of RNA is
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known. A small portion is taken for MALDI-MS [M+H*] = 9.53 kDa, and the solution is

then lyophilised.

6.3 NMR

RNA stock solutions prepared above are diluted to a final RNA concentration between
0.5 and 1.5 mM, at a final volume of 220 uL, with 50 mM NacCl at pH 7. The sample is
annealed at 95 °C for 5 minutes, followed by a slow cool to room temperature. For 100%
D20 samples, the 90/10 H,0/D,0 sample is lyophilised. The sample is then dissolved in

100% D20 of the same total volume as was removed. It is again annealed.

RNA is measured using 5 mm Shigemi tubes on either Brucker AV600 or AV700 with a
CP-TCI z-axis pulsed field gradient CryoProbe®. Spectra are initially processed using
Bruker TopSpin. Assignments and figures are made using Sparky.>” RNA and complex are
assigned separately, avoiding consideration for the implications of intermolecular NOEs

as much as possible until assignment was complete, this is to avoid bias.

DOSY spectra are processed using Bruker Dynamics center. Peaks are assigned as

manually selected regions for integration.

Other NMR measurements are conducted using either a Bruker AVANCE NEO 400 fitted
with a 5 mm BBFO SmartProbe or a Bruker AVANCE NEO 500 fitted with a 5 mm
nitrogen-cooled Prodigy BBFO CryoProbe®. Assignments and figures are made using

MestreNova.

Pulse programs used in this study are:

* 1H-NMR (zgesgp/zgpr)
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» 1H,IH-NOESY 90% H:0 (rs_noesywatg)

» 1H,13C-HSQC 100% D20 (hsqgcetgpsisp2.2/hsqcetgpsi/hsqcetgpsi2)
= !H,IH-TOCSY 100% D20 (mlevphpr.2/mlevesgpph)

» 1H,IH-NOESY 100% D,0 (noesyesgpph)

» 1H,1H-COSY 100% D0 (cosydfphpr/cosydfgpph19)

» !H-DOSY 100% D,0 Or 90% H,0 (ledbpgp2s/ledbpgp2s_es)

6.4 UV-Vis / Circular Dichroism Spectroscopy

UV-Vis spectroscopy is acquired using a Cary Varian 5000. Initial measurements are

between 200 and 800 nm.

CD spectroscopy is acquired using an Applied Photophysics Chirascan Plus

Spectrometer.
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8 Appendices

8.1 FreeTAR

8.1.1 HSQC
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Figure 8.1-1 1H,13C-HSQC of 1.5 mM TAR RNA in D20 at 298K, 700 MHz. pH 7, 50 mM NacCl. Showing the C8-
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Figure 8.1-2 1H,13C-HSQC of 1.5 mM TAR RNA in D20 at 298K, 700 MHz. pH 7, 50 mM NacCl. Showing the C2-H2

peaks.
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Figure 8.1-3 1H,13C-HSQC of 1.5 mM TAR RNA in D20 at 298K, 700 MHz. pH 7, 50 mM NaCl. Showing the C5-H5
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Figure 8.1-4 H,'H-TOCSY spectrum of 1.5 mM TAR RNA in D20 at 298K, 700 MHz. pH 7, 50 mM NaCl. Showing the
H5-H6 peaks.

8.2 Bound TAR 1:1

8.2.1 RNA
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Figure 8.2-1 H,'H-TOCSY spectrum of 1:1 TAR RNA (0.49 mM) with RuCy_P (0.49 mM) in D20, 700 MHz. 50 mM
NaCl, pH 7, 298K.
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Figure 8.2-3 H, 'H-NOESY spectrum of TAR RNA (0.49 mM) with RuCy_P (0.49 mM) in D20. 50 mM NaCl, pH 7,

298K, 700 MHz. Showing the intermolecular RuCy_P_CH2 to RNA peaks.
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Figure 8.2-5 H, 1H-NOESY spectrum of TAR RNA (0.49 mM) with RuCy_P (0.49 mM) in D20. 50 mM NaCl, pH 7,

278K, 700 MHz. Showing the intermolecular RNA to RuCy_P pyridine and imine peaks.
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Figure 8.2-6 *H, 'H-NOESY spectrum of TAR RNA (0.49 mM) with RuCy_P (0.49 mM) in D20. 50 mM NaCl, pH 7,

278K, 700 MHz. Left. Showing the intermolecular RuCy_P pyridine and imine to RNA peaks. Right. Showing the

intermolecular RNA to RuCy_P phenyl and imine peaks, as well as in intramolecular imine to phenyl peak.
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Figure 8.2-7 *H, 'H-NOESY spectrum of TAR RNA (0.49 mM) with RuCy_P (0.49 mM) in D20. 50 mM NaCl, pH 7,

278K, 700 MHz. Showing the intermolecular RuCy_P_CH2 to RNA peaks.

249



8.8 8.6 8.4 8.2

7 ——RuCy_P_P_Ph-P_Him ! . RuCy_P_B_Ph-Ud0He— |
{§ ——RuCy_P_R_Ph-R_Him RuCy_P_B_Ph-B_Him—" RuCy_P_R_Ph-Gag'Hg—" \3'\‘
= 70 -7.0
[o
5 I
=
I
L) 4
3 ] . i
70 /A22 H2-RuCy_P_R_H3 G28'Hg-A27HS 72
] r / |
| O'\AZZ'Ha»RuCy_P_H_Him Q
T T T T T T T T T T T ! ! !
8.8 8.6 8.4 8.2
1
Wy - 'H (ppm)

Figure 8.2-8 *H, 'H-NOESY spectrum of TAR RNA (0.49 mM) with RuCy_P (0.49 mM) in D20. 50 mM NaCl, pH 7,
278K, 700 MHz. Showing the intramolecular RuCy_P phenyl to imine and RNA inter-base peaks, as well as various

intermolecular peaks.

8.3 Bound TAR 1:0.5

8.4 Ruthenium Cylinder

8.4.1 'H,'H-NOESY

i BT SN N _
— CH2-HPha :

HPhb-Him

f1 (ppm)

T T T T T T T
9 . 7 6 5 4

H H'”\thﬂrj
HPhb
‘ O o M3
N ~
| AN N N | S
~N

N =~

250



Figure 8.4-1 *H,'H-NOESY spectrum at 500 MHz of ruthenium cylinder in D,O showing the assignment of HPhb
and HPha.
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Figure 8.4-2 Ruthenum cylinder 13C assignment in D,0, 500 MHz, using 'H,3C-HSQC (top) and *H,*3C-HMBC

(bottom).

8.4.3 UV-Vis Spectra Used for Figure 5.1-4.
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CHAPTER 4 — P ENANTIOMER WITH

THREE-WAY JUNCTION DNA
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3 Glossary

3WJ — Three-Way Junction.

12mer — A 12 nucleotide DNA sequence, °* TATGGTACCATA.
6mer — A 6 nucleotide DNA sequence, >*CGTACG.

RuCy — Ruthenium cylinder, [RuzL3]*".

FeCy — Iron cylinder, [Feals]**.

M — M enantiomer (AA)

P — P enantiomer (AA).

4 Introduction

Three-way junctions (3WJ) are found in nature connecting three helix sections for
various reasons. These include 5’UTRs, ribozymes,? and riboswitches.3 Replication forks

can be considered to have similar Y shaped junction structure to the 3WJ.%>
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Figure 5.1-1 Crystal structure of FeCy_M (Orange) bound to the center and arms of a 6mer 3WIJ (Blue). PDB:2ET0.°

Previously one research focus the Hannon group was engaged in, was the investigation
of DNA binding properties of supramolecular helicates with duplex DNA for the purpose
of triggering DNA coiling.”® Part of this involved investigating the mode of binding of the
cylinder to a 10mer palindromic DNA, concluding that a racemic iron helicate (FeCy) is a
major groove binder with four helicate populations present in the NMR experiment.® In
the following years the understanding of short DNA palindrome binding properties
expanded. A 6mer DNA sequence was found to form a 3WIJ structure present in crystal
form,® and in solution.'® The 3WIJ does not just form with palindromes, but with three
distinct 3WJ forming single stranded sequences, as well as 3WJs with unpaired

nucleotides.? (Figure 5.1-1) In addition an RNA 3WJ can form for crystallography.!?

The key publication for this chapter is the NMR of a DNA 3WJ bound to an FeCy M

enantiomer (FeCy_M). This was concluded with intermolecular cross-peaks in addition
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to comparing the chemical shifts of the DNA sequences, showing that the central bases
had greater shifts. The three-fold symmetry of the helicate and loss of two-fold

symmetry points to a position at the center of the 3WJ.1°

12mer 6mer
single stranded (ss) 5 TATGGTACCATA SceTACG
double stranded (ds) ¥ T ATGGTACCATA SceTACG
s ATACCATGGTAT s GCATGC
A
T T
A A
Three-Way Junction (3WJ) c T G
c G CGC
. A G : A
STATGGT T YceT " 7
L ATACCA _ A 'GCA _ A
3 T ¢ 3 T cC
G ¢ G @G
G A c 3
T T 5
A A
T 3

Figure 5.1-2 The DNA structures used within this chapter.

This chapter aims to use this established method to investigate whether the formation
and binding of the 3WI is enantiospecific and whether the results can be repeated using
the P enantiomer. The experiments detailed in this chapter use two DNA palindromes,
the same used previously.?® The 12mer (TATGGTACCATA) and the 6mer (CGTACG). They
are capable of forming single stranded (ss), double stranded (ds), and 3WIJ structures.

(Figure 5.1-2)

5 Results and Discussion

The synthesis of FeCy has been exhaustively examined since its initial publication.? The
enantiomers are separated using cellulose chromatography in the same style as
previously reported,'? using principles from a paper chromatography method.'* The

ruthenium cylinder (RuCy) preparation and enantioseparation is detailed in Chapter 3,
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so is not repeated in this chapter. NMR samples are prepared using ratios of cylinder to

3WIJ DNA, where 1 3WJ = 1.5 ds DNA = 3 ss DNA.
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Figure 5.1-1 *H,*H-NOESY spectrum of 1:1 FeCy_P (0.15 mM) to 12mer 3WJ (0.46 mM ss) in D,0, 50 mM NaCl,
298K, 600 MHz. Showing the region of aromatic DNA peaks, and cylinder pyridine and imine peaks. Literature
values (S’, S”’) are shown with dashed lines.1? Assignments are shown with red/teal (M) and blue (P) labels.

Literature values adjusted by 0.21 ppm to align S’Him and M_Him.

On mixing a 1:1 FeCy_P to 12mer 3WJ DNA (1:3 ss DNA) a collection of peaks emerges
corresponding to the cylinder pyridyl and imine protons. The sample has partially

racemised during preparation and acquisitions leading to a smaller population of M
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enantiomer. Like with these NMR experiments racemisation of the FeCy has been
observed in solution previously,'® and previously explored at depth in acetonitrile and
water.’> On binding the cylinder has split into two sets of resonances, as noted by L.
Cerasino et al.’® Adjusting the shifts reported previously aligns the S’ and S”” with the M
enantiomer’ and M enantiomer’ values respectively. In their publication they concluded
this was due to the cylinder rotating in the center of the 3WJ, with the ends pointing
into different sides of the central plane.° In this spectrum the major population is the
previously unexplored P enantiomer. This is seen forming a single set of peaks,
suggesting lower specificity versus the M enantiomer. Finally, a weak NOE contact is
seen for FeCy_P_Him-A12H2, pointing to interactions with the ends of the duplex.

(Figure 5.1-1)
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Figure 5.1-2 *H,'H-NOESY spectrum of 0.5:1 RuCy_P to 12mer 3WJ in D20, 50 mM Nacl, 298K, d8 = 350 ms, 700
MHz.

The RuCy, unlike the FeCy is less susceptible to racemisation so can be used to provide
a spectrum with the isolated P enantiomer. Again, like with the FeCy P, a 0.5:1 mixture
of RuCy_P produces a single set of peaks corresponding to the imine and phenyl protons.
There is also a crosspeak for RuCy_P_Him_A12H2 matching the interactions at the end
of the duplex seen for the FeCy_P. Together this indicates similarities in the binding of
the FeCy_P and RuCy_P showing less dependence on metal center versus helicity.

(Figure 5.1-2)
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Figure 5.1-3 Stacked *H-NMR spectrum showing the imino regions. Top. Free 12mer DNA, 600 MHz. Bottom. 0.5:1
RuCy_P to 12mer DNA (3WJ), 700 MHz.

Looking at the imino region of the *H-NMR spectra at a ratio of 0.5:1 RuCy_P to 3WI
12mer DNA, it is apparent that little change is made to the base-pairing. Though there
is a slight shift for G4 and T3 closer to the ends. Assignments are made using 'H,'H-
NOESY. (Figure 8.2-1) Interestingly there does not seem to be simultaneously a bound
and an unbound form present in solution, observable through the shift of the G4 peak.
This suggests that the binding is either a weak transient form, or a conformation in

solution making use of a ratio of 1:6 RuCy_P to ss DNA.

260



85 80

1 1 . . , 7|5
T3C6-H6
\J G5C8-HS8 ToC6 H6
ﬁ‘
Y G4C8-HS8
1401 “T11C6-H6| 140
A10C8-H8
@ @L .A7C8-H8
g o4 9
o J
; A2C8 Hg ¥ ¥ A12C8-H8 @ C8C6-H6 |
T ! coc6-H6
C
1451 145
8.5 8.0 7.5
8:5 ‘ ‘ ‘ . 810 7;5
A2C2-H2
155+ @O @ “.I @L\.ﬁ..---mcz -H2 |
A12C2-H2 v
A10C2-H2
&8s 80 75
0, - 'H (ppm)

Figure 5.1-4 1H,13C-HSQC spectrum overlay at 700 MHz of free (Orange) 12mer DNA (0.47 mM ss) and bound
(Blue) 1:0.5 3WJ 12mer DNA (0.42 mM ss) with RuCy_P (0.07 mM). Both in D20, 50 mM NaCl, 298K, pH 7.00
Showing the C-H2/6/8 peaks. Free peaks are labelled, with dotted lines to help where peaks are close. Bound
peaks are not labelled, but overlap with free except where their shift is shown with an arrow. Missing bound

GA4C8-H8 is circled.

1H,13C-HSQC data shows the peaks towards the ends of the duplex experiencing shifts
Using 0.5:1 RuCy_P to 3WJ DNA changes are seen in A12C8-H8, A2C2-H2, T11C6-H6 and
A12C2-H2 which is consistent with disruption to the ends of the duplex. Also seen are
slight shifts to A7C2-H2 and G5C8-H8 toward the center of the sequence. Most striking

is the loss of the G4C8-H8 suggesting mobility at this base. (Figure 5.1-4)
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Figure 5.1-5 *H,'H-NOESY spectrum of 1:0.5 12mer DNA (0.42 mM ss) with RuCy_P (0.07 mM) in D,0, 50 mM
NaCl, 298K, pH 7.00. d8 = 350 ms, 700 MHz. H1’-H8 sequential walk shown with blue. Intermolecular NOEs in

purple.

A mixture of 1:0.5 3WJ to RuCy_P produces a 'H,'H-NOESY spectrum with 1 set of DNA
peaks consistent with the imino region. Invisible with the intramolecular cylinder NOEs,
to the DNA, two populations of intermolecular NOEs are seen. These are labelled a and
b though there is no observed relation between H3a/b and H4a/b respectively. As
observed in the 'H,'3C-HSQC, the G4 appears to be disrupted with weakened NOEs. The
neighbouring T3 ribose experiences NOE contacts with T3H1’-RuCy_P_H3a suggesting
the cylinder is held deeper within the forked duplex. This would be permitted by fraying

up to base-pair T3-A10 which is seen in the imino region. (Figure 5.1-3) Also present are
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A12H1’ NOEsto RuCy_P_H3b/H4b/H4a. Interestingly T3H1’-A12H2 is present suggesting

that perhaps A12 is positioned pointing back toward the minor groove. (Figure 5.1-5)

There are limits to the information that can be gained using a 0.5:1 ratio of RuCy_P to
3W]J, it is possible the 3WJ might form at 1:1. This was attempted by slowly adding
RuCy_P in D20 to a solution of the 12mer/6mer DNA, however the samples prepared
repeatedly precipitated and could not be dissolved in a reasonable quantity of solvent.
L. Cerasino et al. achieved near 1:1 by adding the cylinder dissolved in methanol-d4 until
incipient precipitation. The samples were then lyophilised and dissolved in D,O. It is
possible the experiment conducted here could have achieved a similar result using the

same approach with methanol-d4.

Considering the FeCy_M binds to the center of the 3WJ,® whereas the FeCy P and
RuCy_P are not seen to do so in NMR. PAGE experiments were then conducted to see

whether smaller populations were present.

Figure 5.1-6 20% 37.5:1 PAGE image, ran in pH 7.05 TBA buffer, showing the effect of cylinders on 6mer and
12mer DNA. Lanes in order left to right: 1. 6mer+FeCy 1:1, 2. 6mer, 3-6. 6mer+RuCy_P (1:0.5, 1:1, 1:2, 1:4), 7-10.
6mer+RuCy_M (1:0.5, 1:1, 1:2, 1:4), 11-14. 12mer+RuCy_P (1:0.5, 1:1, 1:2, 1:4), 15-18. 12mer+RuCy_M (1:0.5, 1:1,

1:2, 1:4), 19. 12mer, 20. 12mer+FeCy 1:1. All samples are incubated at 37 °C in 89 mM pH 7.05 tris boric acid

buffer and 10 mM NacCl for 1 hour. Fluorescence imaged using SYBR Gold stain.

A PAGE experiment of ruthenium cylinder enantiomers with 6mer and 12mer DNA

shows no formation of 3WJ at a ratio of up to 1:4 3WIJ to cylinder. This is important
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because, in agreement with the NMR data, it shows that the RuCy does not induce the
three-way junction suggesting the metal center has an impact on the binding.
Interestingly beginning at 1:2 and obvious at 1:4, both enantiomers cause some
streaking of the 12mer DNA. The M enantiomer appears to be more effective in this,
creating a stronger streak in lanes 17 (1:2) and 18 (1:4) for the 12mer, and lanes 9 (1:2)
and 10 (1:4) for the 6mer. The P enantiomer does so for the 12mer, seen in lanes 13
(1:2) and 14 (1:4), but appears to have little effect with the 6mer. A streak suggests no
definitive structure, which would agree with the NMR analysis that shows poor binding
between the RuCy_P and DNA. However, the M enantiomer was expected to form the
3WIJ as seen from previous PAGE experiments with FeCy.® (Figure 5.1-6) To investigate
whether the 3WJ could be formed and visualised using this procedure, the experiment

was repeated using racemic FeCy at higher concentrations.

Figure 5.1-7 20% 37.5:1 PAGE image, ran in pH 7.05 TBA buffer, showing the effect of iron cylinder on 6mer and
12mer DNA. Lanes in order left to right: 1-4. 6mer+FeCy (1:2, 1:4, 1:8, 1:0), 4-8. 12mer+FeCy (1:2, 1:4, 1:8, 1:0). All
samples are incubated at 37 °C in 89 mM pH 7.05 tris boric acid buffer and 10 mM NaCl for 1 hour. Fluorescence

imaged using SYBR Gold stain. 3WIJ structure indicated with red rectangle.

Mixing at 1:4 DNA to FeCy, the 3WJ begins to form for both 6mer and 12mer. At 1:8 the
strongest 6mer band is the 3WJ. This is visible for the 12mer, though the bands are

slightly obscured by streaking. This shows the procedure can form the 3WJ in the same
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manner as previously shown using FeCy_M/P/racemic with the same sequence.
Interestingly, in this previous work, the FeCy_P formed the 3WJ. Though much weaker
than the FeCy_M or racemic, and the bulk of DNA in all cases was either in ss or ds

form.16

5.1 Conclusions

Whether a repeat using a ratio of 1:1 or even excess RuCy_P would produce NMR visible
3WIJ is uncertain. What is apparent is the P enantiomer does not induce the 3WJ as
readily as the FeCy_M.° For FeCy, the M enantiomer preferentially binds to the center
of the 3WJ, with the P enantiomer interacting with the ends of the three arms. This
shows the P enantiomer does not compete with the M for binding at the center and
likely only interacts transiently with the DNA. Interestingly this arrangement has been
seen before in crystal structures where it is referred to as “discontinuous three-way

junctions”.t’

Figure 5.1-1 Crustal structure portions showing the M and P enantiomers arranged around 3WJ forming 6mer

DNA. Left. Structure model showing the M and P enantiomers stacking onto the middle and end of the sequences

respectively. Center. Selected symmetry mates to show the formation of the 3WJ around the M enantiomer.
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Right. Selected symmetry mates to show the formation of discontinuous 3WJ around the P enantiomer.

PDB:311D.Y

The RuCy_P with 12mer 3WIJ at a ratio of 0.5:1 interacts exclusively with the ends of the
duplex DNA in an analogous manner to the FeCy_P, suggesting the failure to bind to a
3WIJ could be dependent on helicity. One way to satisfy the formation of one population
at a 0.5:1 3WIJ ratio is to consider that this corresponds to 1:6 single stranded or 1:3
double stranded implying that the 3WJ hasn’t formed. In a crystal structure featuring
the M and P enantiomer together. The P enantiomers were bound to the ends of the
duplex as a “matrix” holding the 3WIJs together. Its highly likely the RuCy_P is transiently
binding to the DNA, however its possible these discontinuous 3WJs could be present.
The effects of chirality will be important if these complexes or similar helicates are used

as drugs, whether they have differing targets or reduced effects.

6 Experimental

Ruthenium cylinder P enantiomer is prepared using the same method as presented in
Chapter 3. Racemic iron cylinder is prepared according to previously published

procedures.'?

6.1 Enantioseparation of Iron Cylinder

A slurry of cellulose powder in NaCl solution (0.2 M) is added to a column to generate a
cellulose bed (2 cm diameter, 10 cm height). Iron cylinder (0.1 g) is dissolved in minimum
NaCl solution (0.2 mM, ca. 2 mL), which is then added to the surface of the cellulose bed
to a depth of 0.5 cm. The column is then eluted under pressure with 0.2 NaCl solution.

Fractions are taken directly into dry ice chilled vials which are then lyophilised. The dried
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fractions are then desalted by triturating the cylinder with minimal methanol, leaving a
small portion of undissolved cylinder with the NaCl. The samples are centrifuged (7500
RCF) and the supernatant kept. The desalted complex is then dropped into excess chilled

diethyl ether and filtered, then dried under vacuum to yield the desalted fractions.

6.2 Enantiopurity of Fractions

The same cuvette, containing milli-Q water (1 cm), is used to measure a baseline for UV-
Vis absorption and circular dichroism. Portions (ca. 5 mg) are dissolved in milli-Q water
(1 mL) to create a stock solution, from which aliquots are taken and added into the
cuvette until the UV-Vis absorption reads between 0.2 and 0.8, this is used to calculate
the concentration using the extinction coefficient in H20 Amax 584 (16900 dm3mol-tcm™)
nm.’® The cuvette is then transferred to the CD spectrometer for a measurement
between 800-200 nm (3 repeats averaged, 0.3 s acquisition per 1 nm measurement, 25

°C).

6.3 NMR experiments

DNA sequences were sourced from Microsynth. DNA stock solutions prepared above are
diluted to a final single stranded concentration between 0.4 and 0.6 mM, at a final
volume of 220 pL, with 50 mM NaCl at pH 7. The sample is annealed at 95 °C for 5
minutes, followed by a slow cool to room temperature. For 100% D20 samples, the
90/10 H20/D20 sample is lyophilised. The sample is then dissolved in 100% D20 of the

same total volume as was removed. It is again annealed.
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DNA is measured using 5 mm Shigemi tubes on either Brucker AV600 or AV700 with a

CP-TCI z-axis pulsed field gradient CryoProbe®. Spectra are initially processed using

Bruker TopSpin. Assignments and figures are made using Sparky.

Pulse programs used in this study are:

6.4

'H-NMR (zgesgp/zgpr)

!H,'H-TOCSY 100% D,0 (mlevphpr.2)
'H,'H-NOESY 90% H.0 (rs_noesywatg)
1H,13C-HSQC 100% D, 0 (hsqcetgpsisp2.2)

1H,'H-NOESY 100% D0 (noesyesgpph)

PAGE experiments

DNA sequences were sourced from Merck. Preparation of the gel samples begins with

the addition of pH 7.05 10x buffer (890 mM tris base, 890 mM boric acid and HCI) and

10x NaCl (100 mM). Followed by 12mer (TATGGTACCATA) or 6mer (CGTACG) DNA.

Finally, the compound to be assessed is added (5 uM), and the samples are incubated at

37 °C for 1 hour. After adding glycerol to 10%, the samples are added to the

polyacrylamide gel (20 %, 37.5:1, pH 7.05 TB buffer) and a potential of 140 V is applied

for 2 hours.
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8 Appendices

8.1 Circular Dichroism of Iron Cylinder Enantiomers.
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Figure 8.1-1 Circular dichroism spectra of iron cylinder M (red) and P (blue) enantiomers in water. Data adjusted

from elipticity (mdeg) using molar extinction coefficient for iron cylinder.3 Peaks at Amax labelled.

8.2 1H,'H-NOESY Spectra of 12mer DNA with RuCy_P
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Figure 8.2-1 H,'H-NOESY spectra in 90% H,0 showing the imino regions. Left. Free 12mer DNA. Right. 0.5:1

RuCy_P to 3WJ 12mer DNA. 700 MHz.
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CHAPTER 5 — CONCLUSIONS AND

FUTURE WORK

1 Conclusions

In Chapter 2, a method to control the binding of a 2-imidazole based supramolecular
helicate was investigated. This was done through its rotaxanation with CB[10] using thiol
cleavable DNB groups to cap. An important part of this chapter has been the
development of a reliable method to cap the pseudorotaxane post-assembly. Previously
when using flexible methyl pyridine caps slipping the ready-made thread inside was
more suitable. The DNB is particularly suited to the post-assembly approach as the labile
1-fluoro position rapidly alkylates onto the imidazole. Once rotaxanated it is unable to
form the DNA 3WIJ. The rotaxane can then be decapped in a controlled manner with a
rate dependence on thiol concentration. On decapping, the rotaxane released a 3WJ
forming helicate. The main importance of this is the beginning of research into
removable rotaxane caps for supramolecular helicates. DNB has its limits as a capping
species, whilst glutathione is found at higher concentrations in certain cancer cells, there

are other thiols present in cells in the form of cysteine.

A ruthenium triple helicate presented in Chapter 3, specifically the P enantiomer has
been shown to bind to the HIV-1 TAR RNA hairpin and change the conformation. There

are two potential models for how the cylinder is bound at the bulge area, one is minor
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groove binding, the other is insertion within the bulge. Part of the minor groove binding
model is closing the bulge in a manner reminiscent of a coaxially aligned formation, and
reducing the interhelical angle such as seen with other stabilised conformations
including tat binding. Interestingly the conformational capture of this coaxially aligned
structure has been proposed as a mechanism for the binding of the tat protein. If this is
the case, then considering previous work demonstrating the inhibition of tat binding
using helicates, the cylinder acts not by capturing an inactive conformer of the TAR
hairpin. But works instead by competing for the binding of the tat protein. It’s possible
that normally the correct conformer can be captured by tat, but then the binding
requires further alterations to the structure induced by the initial binding. This could
then be inhibited by the cylinder, not by preventing the initial tat binding to the major
groove, but by engaging the bulge bases to an extent where the tat protein is not binding
appropriately. Effectively an indirect competition. For the bulge insertion model, the
bulge is held open with a greater interhelical angle. In this conformation the TAR bulge
bases would be engaged with the cylinder, preventing their use for tat binding. The
bulge unable to close would be incapable of forming the coaxially aligned TAR that is
common in bound forms. To understand the mechanism of cylinder TAR inhibition
further, it would be valuable to identify the structure at the bulge. Regardless of binding
mode this has promising potential as an anti-HIV drug as tat-TAR binding is critical for

the assembly of the transcription complex.

Chapter 4 focuses on the binding of ruthenium and iron helicate P enantiomers to DNA
3WIJs. The P enantiomer prefers to interact with the ends of the junction arms, on its

own, and in the presence of the M enantiomer. Interesting is its similarity to the TAR
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bulge binding, where it takes advantage of more flexible unpaired bases. Perhaps this
information can be used to direct the binding of the M enantiomer toward 3W)

structures.

2 Future Work

For Chapter 2, a valuable next direction to take this would be applying alternative
capping agents to the 2-imidazole pseudorotaxane. Enzyme triggered response could be
promising as many of the potential linking groups could aid solubility.! Perhaps a peptide
Gly-Phe-Leu-Gly or Val-Cit, cleavable by cathepsin B could be used as a capping group to
target a variety of cancers.? Though whether Val-Cit would need an additional bulky
group to properly cap the rotaxane, which could inhibit the cathepsin B, would need to
be determined. Considering how this translates to the work in Chapter 3, it’s hard to
envisage a triggered release using specifically HIV-1 encoded enzymes. An alternative
approach might be to attach a slow release group with a glycoprotein targeting
antibody, creating areas of higher cylinder concentrations around the HIV particles

whilst inhibiting their binding.3

To expand on the research in Chapter 3, it would be valuable to identify the structure of
the TAR that is adopted on cylinder binding. This could be done with NMR restraint
directed structural calculations, or the mobility of the stems could be ascertained with

RDCs.

A three base purine GAA bulge occurs in the 5’UTR of Kedougou Virus (KEDV) a mosquito
borne flavivirus.* This could prove an interesting target for the cylinders presented in

Chapter 3, though there is evidence of antibodies in the human population there has
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been no reported disease in humans.> However this presents an interesting comparison

to the pyrimidine UCU HIV-1 TAR bulge.

To expand further on the research presented in Chapter 4, it might be valuable to
explore the differential preference for various nucleic acid structures dependent on
cylinder enantiomer. For these experiments it would be better to use a different
technique to NMR, for the nickel(ll) cylinder would be a good alternative to the time-
consuming ruthenium cylinder synthesis. Using this the M enantiomer could be fully
investigated. With potentially enantiomeric direction toward various targets. In this
thread, further research is needed in the area of ruthenium cylinder enantiomers, to
identify the cause of the discrepancy in apparent enantiopurity. This would enable

reliable continuation of research into the RuCy_M enantiomer.
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Figure 2-1 Secondary structure of the BCL2 i-motif forming sequence, showing the hairpin form on the left and

the i-motif on the right.

A BCL2 promoter i-motif is the active form of the sequence, where their hairpin
conformation represses transcription.® Stabilisation of the hairpin through loop or bulge
binding could be achieved using the helicates presented in Chapters 3 and 4. This should

be investigable through CD titrations. (Figure 2-1)
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