LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH | TRINITY COLLEGE LIBRARY DUBLIN
Ollscoil Atha Cliath | The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin
Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other IPR
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal
conventions. Where specific permission to use material is required, this is identified and such
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, | accept that Trinity College Dublin bears no legal responsibility for the
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific
use constraints, details of which may not be explicitly described. It is the responsibility of potential and
actual users to be aware of such constraints and to abide by them. By making use of material from a
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms &
Conditions. Please read them carefully.

| have read and | understand the following statement: All material supplied via a Digitised Thesis from
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for
your research use or for educational purposes in electronic or print form providing the copyright owners
are acknowledged using the normal conventions. You must obtain permission for any other use.
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has
been supplied on the understanding that it is copyright material and that no quotation from the thesis
may be published without proper acknowledgement.



Synthesis and Evaluation of
Dinuclear Cyclen-Based Lanthanide Complexes

for the Hydrolysis of Phosphodiester Bonds

Doireann A. Moore, B.Sc. (NUI)

April 2010

University of Dublin
Trinity College

Based on research carried out under the direction of
Prof. Thorfinnur Gunnlaugsson

A thesis submitted to the School of Chemistry,
University of Dublin, Trinity College, for the degree of
Doctor of Philosophy



TRINITY COLLEGE
2 7 AUG 2010

LIBRARY DUBLIN

S lele;




Declaration

This thesis is submitted for the degree of Doctor of Philosophy
to the University of Dublin, Trinity College and has not been
submitted before for any degree or examination to this or any
other university. Other than where acknowledged, all work
described herein is original and carried out by the author alone.
Permission is granted so that the Library may lend or copy this
thesis upon request. This permission covers only single copies
made for study purposes, subject to normal conditions of

acknowledgment.



‘*w‘* 4
i

et
T2 Lt

1y
| .E .‘,\” }
1 J’{"l";&“‘.‘ruru‘”

,UQE

\:‘-qi

‘,.\ iy
a i a1l }
P2 ARG T
vl A g e P
R N Rty S B e 1
L) : ; i 4 J,‘E‘- "'1 {!l-,“p. 0 i T;H'}}'sﬂ'?,_,— et
i . #ﬂ,, it m Gt
‘ i
u||||ll_\|...1..._| 0 Sl R
‘ bl T
‘ e sl
‘ i e
y 12 I ]
s .-w,‘ﬁm’.: Sl T A G 'w.u.:.
0 e AvT. ""I |j‘H.‘nﬂ_'h iz e S ettt
.\, ‘I : Ju - 1 : b n"‘|.'vr |“\ 3
::”. "k.wu- AP e
L £ R TS A ok
AT ‘j £y
y IR TR
L | I '1”'**"“;”" ;. ki
‘ ! ’ ! / Tl
! iy ‘ 4'icﬁl:l;ul_}m' i = '-‘.' o :
: ] ‘ o 3|H"i—’l IR S S |E'”L"»" R ) s T
T8 L ‘ U:J""' ol 44 '.’f’t.i“'.'h"nl’ ey "'l J'..‘ ‘| el LE
: ,.,,4‘_1” M ]
t 1 r*h G" ot : R : J_“ ‘ Ml: l‘-pu H || mlulll \f \‘
7 -

_U e

'”Juitl AL [ f' Al

‘Hr

o N o e R
0 " N Ll w-
i . ‘ . I ol e J ELEL e
T e o f e V-
i e iy, o
[ o (=
I |
: il B R SN, et
] bt t sl ‘
'\"Iv 5 y 1 e :‘III I, f mh
el iy . '-' L8
' I‘ 5 .
! o« Fx
4 ' I I¥: ¥ L
iy e o
[ )
il [
o
)
i
¢
: L ¥ s i
1 h ' ] 2
!
'3 i) /
{Ia= et 2
| N §
f ¥
4

“ = riatt ¥ &
[ i 1} i J ] A
i | | . i \_‘
e e P
ILE e Fay 0
[ s ! ; ;
.,I._.il‘ \ SRS i i =
3! T Htabviy Go N
! i [ L R \
- ¥ . l 1§
|< ; It p ‘ f ) g ‘I
: R iy gyl i
L Y 4 : ‘V‘ ) ?
:



For my family, and my friends.






Abstract

This thesis, entitled, “Synthesis and Evaluation of Cyclen-based Lanthanide
Complexes for the Hydrolysis of Phosphodiester Bonds” is composed of five Chapters. In
the first Chapter the structural importance of phosphodiester bonds in Nature and their
cleavage by ribonucleases is introduced. The manipulation of the hydrolysis of such
phosphodiester bonds using an artificial ribonuclease mimic for the development of a novel
genetic therapy is outlined. The use of metal ions by ribonucleases, ribozymes, and
artificial nucleases is examined and this is followed by a detailed discussion of recent
advancements in the literature of metal based ribonuclease mimics, with a particular focus
on the lanthanide metal ions. Finally, an overview of the work in this area by the
Gunnlaugsson group is given and the work detailed in this thesis is briefly outlined.

Chapter Two gives a detailed description of the synthesis and characterisation of
nine cyclen-based ligands, and their Eu(IIl) and La(III) complexes, including the attempted
synthesis of a trinuclear complex. The dinuclear complexes were bridged by either a 2,5-
dimethylpyridine, or a para- or meta-xylyl spacer moiety and all ligands were
functionalised with either acetamide or alkylamine acetamide pendant donor arms. All
novel compounds were fully analysed using NMR, HRMS, LR., m.p. and elemental
analysis, and the crystal structures of one ligand and two complexes are analysed.

In Chapter Three, the water soluble ligands synthesised in Chapter Two were
potentiometrically titrated and their protonation constants were determined and assigned
using HYPERQUAD. It was found that the pK, values determined for the macrocyclic ring
varied slightly as a function of the different pendant donor arms and the spacer moiety. It
was attempted to determine the protonation constants of the pre-formed complexes using
potentiometry, however, analysis of the data suggested that there were inherent problems
in the titrations, such as precipitation and a possible dissociation of the complex, which
prevented accurate pK, values from being determined.

Chapter Four details an in depth kinetic analysis of the complexes synthesised in
Chapter Two for the hydrolysis of the phosphodiester bond of the model RNA compound
HPNP. All investigations were carried out in 100% H,O, buffered with HEPES, at 37 °C.
It was found that in general, Eu(Ill) complexes gave rise to higher rates of hydrolysis of
the HPNP than their corresponding La(IIl) complexes. Comparison of the acetamide
functionalised dinuclear Eu(Ill) complexes to their analogous mononuclear complexes
revealed that they were most likely functioning in a cooperative manner. The

potentiometric data suggested that the deprotonation of a metal bound water molecule on at



least one of the Eu(Ill) ions was essential for the hydrolysis of HPNP. Analysis of the
alkylamine acetamide functionalised Eu(IIl) complexes, in particular the para-isomer,
revealed both to be highly active towards the hydrolysis of HPNP. The para isomer was
found to hydrolyse HPNP with a first order rate constant of 6.32 x 107 s at pH 7.4, in
buffered solution at 37 °C. Such a rate enhancement was the largest reported to date for a
cyclen-based lanthanide complex in the physiological pH range. Furthermore, this was an
18-fold enhancement over the analogous mononuclear complex, a clear indication that the
complex was functioning via a cooperative mechanism. Further analysis of this complex
revealed it to be functioning catalytically and turnover of the complex was observed by *'P
NMR analysis. It was concluded that the alkylamine acetamide arms, in conjunction with
the favourable structure of the complex allowed it to function catalytically, with the
pendant donor arms contributing to general acid-base catalysis of the phosphodiester bond
of HPNP. The analysis of both the acetamide and alkylamine acetamide functionalised
complexes revealed that the orientation of the spacer moiety was crucial to the overall
activity of the complexes, with the para-isomer giving rise to more efficient hydrolysis, in
general. Finally, a detailed discussion of the possible mechanisms of action of these
complexes for the hydrolysis of the phosphodiester HPNP will be presented.

All physical and synthetic procedures used in Chapters Two to Four are detailed in
Chapter Five. References are given in Chapter Six, and the Appendices A.1 to A.3 detail
crystallographic details, and experimental data pertaining to Chapters Two to Four.
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Chapter 1: Introduction

1.1 Introduction
Phosphodiester bonds are a major component of the nucleic acids, deoxyribonucleic

acid, DNA and ribonucleic acid, RNA."? The nucleic acids can be hydrolysed by
ribonucleases and ribozymes, which are highly efficient enzymes within the body.’ Since
the 1980’s there has been a focus on the design and synthesis of a metal based complex
capable of acting as a ribonuclease mimic for the purpose of artificially hydrolysing RNA,
i.e. the synthesis of an artificial enzyme.>” Such an artificial enzyme could potentially
prevent the production of protein within the body that would otherwise lead to the
manifestation of disease.®” This chapter will introduce the concept of a ribonuclease mimic
and will discuss the mechanism of the hydrolysis reaction. The use of metal ions to
hydrolyse RNA will also be discussed. This will be followed by an overview of the recent
literature in the area of transition metal based ribonuclease mimics and a more detailed
discussion of lanthanide metal based ribonuclease mimics. Progress made in this field by
the Gunnlaugsson group will also be discussed, as it forms the basis for later work in this

thesis.

1.2 The Nucleic Acids and RNA
There are two different forms of nucleic acids, RNA and DNA. The genetic

material that encodes for our bodies is stored in DNA."'" Both exist as polymeric chains
linked together via phosphodiester bonds (see Section 1.3) connecting the 3’ carbon of one
ribose unit to the 5° carbon of the next, as shown in Figure 1.1."" This is referred to as the
‘sugar-phosphate backbone’ of DNA.'

As aforementioned, both DNA and RNA are polymeric chains, DNA exists as a
double stranded helix (formed from two corresponding polymeric chains), with alternating
large (major) and small (minor) grooves, whereas RNA exists as a single stranded chain.
The other structural difference between the two polymers is the presence of a hydroxyl
group in the 2’ position on the ribose sugar of the RNA unit. This means that the RNA
polymer is more susceptible to hydrolysis, which is the main objective of this thesis."?

The monomers that make up the DNA and RNA polymers are referred to as
nucleotides, and are distinguished by the types of bases they contain. Those with two rings
are purines and those with a single ring, pyrimidines.'® The purines include adenine (A)
and guanine (G) and the pyrimidines include thymine (T), cytosine (C) and uracil (U). In
RNA the nucleotide thymine is replaced by uracil (U). The structures of the bases are

shown in Figure 1.2.
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Phospho-
diester
linkage
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Figure 1.1: RNA and DNA. Note the presence of the 2'-hydroxy group on the ribose of RNA."
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Figure 1.2: The nucleotides Guanine (G), Cytosine (C), Adenine (A), Thymine (T), and Uracil (U).

The sequence of the nucleotides is a code for the human body (of which A, G, C
and T are the letters). It is in this nucleotide sequence that the genetic information is stored.
The sequence of the different nucleotides encodes for different amino acids which in turn
encode proteins, from which the human body is built. Proteins are synthesised from DNA
in two steps; transcription and translation,'® see Figure 1.3. During transcription, the DNA
is copied, and a complementary strand is synthesised, with uracil replacing thymine, as
outlined above. When this new strand of base pairs is separated from the DNA, the strand
becomes known as messenger RNA (mRNA) and transcription ends. During translation,
the mRNA is incorporated into a structure known as a ribosome and is processed into

proteins, as the sequence of the base pairs is “read” and “decoded”.
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Figure 1.3: Simplified schematic of transcription and translation."

Knowledge of the replication process and an understanding of the genetic code,
along with the completion of the mapping of the human genome, have presented the
opportunity for genetic manipulation. The ability to selectively cleave mRNA allows for
the control of abnormal production of harmful proteins. This has lead to the development of
a field of science interested in the development of novel therapeutics, capable of targeting
the mRNA directly, with the aim of preventing the synthesis of proteins via the hydrolytic
cleavage of the phosphodiester bonds of the mRNA.'?

The structural integrity of the phosphodiester bonds, which constitutes the backbone

of the nucleic acids and can facilitate their hydrolysis, is discussed in the next section.

1.3 Phosphodiester bonds
In 1987, Westheimer published a paper in Science entitled, “Why Nature Chose

Phosphates 73 In this publication he stated the following, “Synthetic organic chemists,
however, preferentially use other groups for linking hydroxyl, carboxyl, and amino groups,
and for activating them for reaction. Why were phosphates, and almost no other groups,
selected by evolution for biochemical transformations?”; which lead him to his original
question, “Why did nature choose phosphates?”. He notes that although phosphates are
extremely good leaving groups, it is more likely that chlorides, or tosylates would be used
in a chemistry laboratory. Consequently, Westheimer proposed several prerequisites for the
functional group that would be capable of linking the genetic code. The linker must be:

e Trivalent

¢ Charged

e Negative
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He proposed that the linker must be at least divalent in order to connect one
nucleotide to the next. However, studies have also shown that to retain the polymer within
the cell membrane, the linkage must be ionised and hence, to facilitate this, the linker must
be trivalent. Further to this, the linker must be charged, to activate it towards chemical
reactions, and this charge must be negative. The linker was to be severed by hydrolysis,
and so, the link must be negative to hinder nucleophilic attack, a positive charge would
only serve to destabilise the genetic material. As such, nature utilised the phosphate diester,
which undergoes exceedingly low rates of hydrolysis in the absence of a catalyst, and rapid
hydrolysis in the presence of a catalyst. Because of this, the half life of DNA has been
estimated to be approximately 200 million years, while the RNA, the information carrier, is
not so stable, it’s half life is estimated to be closer to 100 years. This anomaly arises from a
structural difference between DNA and RNA, i.e. the presence of the 2’-hydroxy group on
RNA, as discussed above, and thus results in a dramatically shorter half-life time.

Generally it is thought that the RNA is hydrolysed in a two-step mechanism. The
first step is a cleavage-transesterification reaction, in which the 2’-oxyanion
nucleophilically attacks the phosphorous centre forming a marginally stable dianionic
phosphorane intermediate (which has a pentacoordinate trigonal bipyramidal structure).
The second step is a hydrolysis reaction, which results in the cleavage of the 5 P—O bond
to give the 5’ oxyanion leaving group and the product, a 2’,3’-cyclic phosphodiester. This
molecule can then undergo further hydrolysis to give either a 2’ or a 3’ nucleoside mono

phosphate, as shown in Scheme 165 N

0 JH 0 /o a0
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Scheme 1.1: Hydrolysis of RNA by transesterification.

The background autohydrolysis of RNA is quite slow, however, it is possible to
accelerate this reaction using either acid or base catalysis, both of which proceed via an Sy2
mechanism, wherein the 2’-oxyanion attacks the phosphorous atom, Scheme 12 es

these, the alkaline conditions favour specific base catalysis. Under such conditions, the 2’-
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hydroxyl group is deprotonated by hydroxide to form the nucleophilic 2’-oxyanion, which
attacks the phosphorous atom to form the pentacoordinate intermediate and the reaction
proceeds in a similar manner to that depicted in Scheme 1.1. However, under general acid-
base catalysis conditions, prior or simultaneous protonation of the phosphodiester by a
nucleophilic attack, along with the nucleophilic attack on the phosphate by the 2’-oxyanion
results in a monoanionic phosphorane intermediate. The intermediate can then react further
(by cleavage) to give the same product as shown in Scheme 1.1, or the compound can
undergo pseudorotation of the phosphorous bond in the transition state, resulting in the
cleavage of the 2° C—O bond, as opposed to the 5° P—O bond.'® This results in the

migration of the phosphodiester from the 3’ position to the 2’ position, as is shown in

Scheme 1.2.
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Scheme 1.2: Base promoted hydrolysis of RNA.

An effective enzyme has the capability to manipulate the energy of the transition
state, thus lowering the energy of the reaction. Enzymes do this by:
¢ Bringing the reactants within close proximity to each other.
¢ Providing functional groups for acid-base catalysis.
¢ Inducing bond strain.
¢ Providing an attacking group.

There are two different classes of enzymes capable of cleaving RNA. These are
ribonucleases and ribozymes, which will be discussed in the next section. Both are capable
of cleaving both DNA and RNA, however, this discussion will mostly focus on the
hydrolysis of RNA, as the aim of this project is to prevent the production of proteins by the
hydrlysis of the phosphodiester bonds of the mRNA, as discussed in Section 1.2.
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1.4 Ribonucleases
Ribonucleases are enzymes which catalyse the hydrolysis of RNA by cleavage of

the P—O bond attached to the 5’ ribose carbon. They belong to a class of enzymes known
as hydrolases.” A wide variety of ribonucleases have been isolated and studied and some
crystal structures of their active sites and mutated active sites have been solved.” These
systems have active sites at which the functional groups of the amino acids and/or the
Lewis acidity of metal ions are used to facilitate the hydrolysis of the phosphodiester
bonds.*® A selection of ribonucleases that hydrolyse the ester through active site
cooperation of metal ions and basic functional amino acid side chains are listed in Table
1.1." As an example of metal-ion mediated DNA and RNA hydrolysis by ribonucleases,
staphylococcal nuclease and purple acid phosphatase are discussed in further detail in this

section.

Table 1.1: Hydrolases which utilise metal ions at their active site."

Enzyme Metal Functional group (role)
- 2 Arg-guanidinium (acid)
Staphylococcal Nuclease 2
Glu-carboxylate (base)
B Lys-ammonium (acid)r
Nuclease S1 Zn~"
Glu-carboxylate (nucleophile)
Urease 2 Ni** [ T,)Ts-amrﬁonium (acid)
| v DitE e e . . Arg-gensidintum (aeid) i)
Alkaline Phosphatase 27Zn" '
Ser-alcohol (nucleophile)
Purple Acid Phosphatase Fe’'+Zn**  His-imidazolium (acid)
Protein Phosphatase ~ Fe’*+2Zn**  His-imidazolium (dcid)

1.4.1 Staphylococcal Nuclease
Staphylococcal nuclease is a digestive enzyme that is not sequence specific, i.e. it

hydrolyses phosphodiester bonds at random. However, the enzyme catalyses the hydrolysis
of phosphodiester bonds in DNA at the 5° phosphate bond to produce 3’ phospho-
mononucleosides, giving rise to a 10'°-fold acceleration of DNA hydrolysis.'’

The structure of the active site has been determined by X-ray crystallography,'
which shows that the active site has a specific requirement for a single calcium ion.
Replacement studies have shown that a wide variety of metal ions, with the exception of
Sr(II), renders the ribonuclease inactive.'” Hence, the role of Ca(ll) is essential to the
activity of the enzyme. The mechanism is centred around the Ca(Il) ion where the

phosphodiester group is coordinated to the Ca(Il) ion as well as being hydrogen bonded to

6
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one of the Arg-guanidinium residues of the active site, which most likely activates the
phosphodiester unit towards hydrolysis and is achieved by nucleophilic attack on the
phosphorous atom, most likely by a metal bound hydroxide ion. The active site and
reaction mechanism is shown in Scheme 1.3. The presence of a second Arg-guanidinium

residue stabilises the resulting intermediate.

/ H \ HNH
HN(__NH o
- Pa! NH
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Schel]l;e 1.3: Mechanism for the hydrolysis of a phosphodiester by Staphylococcal nuclease, promoted by
Ca**.

While staphylococcal nuclease is an efficient phosphatase, it only contains a single
metal ion within it’s active site. However, many other enzymes have been identified for
such purposes, where two metal ions, operating in a synergistic, or a cooperative manner,

can carry out such hydrolysis. The next section deals with examples of such systems.

1.4.2 Purple Acid Phosphatase

The class of ribonucleases called Purple acid phosphatases are one of the best
studied families of ribonucleases.’”** These enzymes were originally isolated from porcine
uterine fluid, however, they are now known to be present in a large variety of mammalian
tissues. These enzymes catalyse the hydrolysis of phosphate monoesters, through the use of
two metal ions at the active site, one which is always an Fe(IIl) ion, while the second is a
divalent metal ion, commonly Zn(II) or Fe(Il). The two metal ions are bridged by an
oxygen atom from an aspartate residue and a hydroxide ion, while a single water molecule
has been determined to be bound to each of the metal ions. As inferred from the name, this
ribonuclease functions best at acidic pH, which is attributed to the deprotonation of an iron
bound water molecule, forming the active nucleophile. During the reaction, the
configuration at the phosphorous atom is inverted, suggesting that the phosphoryl group is
transferred directly to water, giving credence to the idea that a metal bound hydroxide
attacks the phosphate monoester to form a trigonal bi-pyramidal transition state. In contrast

the divalent metal ion is thought to stabilise the transition state of the reaction, in

7
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o . . . . . 2 . . .
collaboration with basic residues such as His,p, and H15295.5 2% The reaction at the active site

is depicted in Scheme 1.4.

Aspiss Aspies 3
ASPIJS “\ ,"' HlS;zJ A§p| 35 “‘ ;;" Hi§123
Hlqus ~ | o, HlS375 ~ | .

F (111)‘<3~r«1(11)—ms2,;6 (m)‘0~ M(ID—His)ss

Tyr Tyr67 | i RS N

I67 /‘\ﬁ) AanOl HO “O /0 AanOl
> ~
g P. R
\ x 07% \\?’
Hi5202H+ l'{ HIH+ HiSm2H+ # O. e i
H* 5296 H* Mt i
Hissos Hisgs

Scheme 1.4: Mechanism for the hydrolysis of a phosphatemonoester by Purple Acid Phospatase.’

The two enzymes discussed above employed metal ions at their active sites,
however, ribonucleases are not the only enzymes capable of cleaving phosphodiester
bonds. Ribozymes, which are catalytic RNA, are also capable of such hydrolysis,”> and
which can also utilise metal ions to facilitate cleavage, and these types of structures will be

discussed in the next section.

1.5 Ribozymes
Ribozymes are strands of RNA which can catalyse the cleavage or ligation of the

RNA backbone by transesterification or hydrolysis of the phosphate groups.” All enzymes
were thought to be protein based until the 1980’s when the catalytic nature of the RNA
section of ribozymes was realised.”> In 1989 Cech and Altman were jointly awarded the
Nobel Prize in chemistry for their research into the activity of ribozymes.”* Ribozymes
were known to be composed of two parts, one protein and the other RNA in nature.
Experiments which took each component alone and assessed the hydrolytic activity gave
rise to the realisation that it was the RNA and not the protein that was catalytic.”
Ribozymes are sequence specific, hence they only cleave RNA at specific locations
which is achieved by employing base-pairing and tertiary interactions to align with the
cleavage site. Several ribozymes for which the reaction mechanism is known, use divalent
metal ions to promote the hydrolysis.'**® These include the Hepatitis Delta Virus (HDV)
ribozyme,”’ the hairpin ribozyme,”® and the hammerhead ribozymf:.29 All three catalyse
site-specific cleavage of RNA, using a variety of divalent metal ions including Mg(II),
Mn(II) and Ca(Il), to produce RNA strands with 2’,3’-cyclic phosphate and 5’-hydroxyl
termini.'* The HDV ribozyme will be discussed in the next section, as an example of a

ribozyme which utilises metal ions to achieve phosphodiester hydrolysis.
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1.5.1 The Hepatitis Delta Virus Ribozyme
The hepatitis delta virus is a small satellite RNA virus, 85 nucleotides in length, that

infects Hepatitis B patients, which increases the severity of their symptoms and can lead to
liver cirrhosis.*® The HDV ribozyme is one of the fastest naturally occurring self-cleaving
RNAs, with a first-order cleavage rate of ~1 sec™'.” This rate is approximately 100 times
faster than that of other known ribozymes. While the divalent metal cation found in HDV is
not necessary for the correct folding of the ribozyme, (as was proven through
crystallisations in the presence of high concentrations of EDTA),” a direct correlation
between the presence of the metal ions and the ribozyme activity has been established.

The cavity of the active site has a plasticity which renders it non-specific to metal
ions. It functions equally well with a variety of divalent metal ions, including Mg(Il),
Ca(II), Mn(II), Sr(II), Ba(II) and Co(II).3 134 1t also functions in the presence of monovalent
metal ions, such as Na(I) and K(I), however much higher concentrations are required (= 4
M). Previous research has suggested that each metal activates the cytidine at position 75
(C75) which serves as a general base in the hydrolytic process, activating the 2’-hydroxyl
nucleophile. Next, a hydrated divalent metal cation serves as a general acid, stabilizing the
5’-oxygen leaving group, as is shown in Scheme 1.5.> Mutation studies on cytidine 75,

which is located close to the 5° hydroxyl leaving group, have shown that when this cytidine

residue is knocked out, the ribozyme becomes inactive proving that the cytidine is essential
27,36

to the activity of the ribozyme.

Scheme 1.5: Mechanism for the hydrolysis of RNA by the HDV ribozyme.*

As discussed previously, crystal structures have revealed that many ribozymes and
ribonucleases have one or more metal atoms at their active site which catalyse phosphoryl
transfer reactions. By analysing their mechanisms of hydrolysis, along with those of
synthetic analogues, roles for the metal ions have been established, and these will be

discussed in the next section.
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1.6 Role of Metal lons in Phosphodiester Hydrolysis
Enzymes catalyse the hydrolysis of phosphodiester bonds in DNA and RNA on a

time scale in the order of milliseconds and faster through the direct action of one or more
metal ion centres.'? It has been shown that the presence of metal ions can enhance the rate

d,>'”*7 through two different modes of

of hydrolysis by “activating” the phosphodiester bon
activation: a) by direct activation, also referred to as ‘inner-sphere’ and b) by indirect
activation, also referred to as ‘outer-sphere’, depicted in Figure 1.4. Direct activation
modes include A) Lewis acid activation, B) Nucleophile activation and C) Leaving
group activation, while indirect activation modes include D) Intramolecular general

base catalysis, E) Intramolecular general acid catalysis and F) Electrostatic

interactions.
(@) ©
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Figure 1.4: Direct (A. Lewis acid, B. nucleophile and C. Leaving Group activation) and Indirect (D. General
base and E. General acid catalysis) modes of activation of phosphodiesters towards hydrolysis.***

In order to achieve a rate of hydrolysis similar to that of naturally occurring
enzymes, these modes of activation must be mimicked. The following three sections will

discuss the direct modes of activation in detail.

1.6.1 Lewis Acid Activation (A)

Metal ions play an important role in Lewis acid activation, as their positive charge
stabilises the phosphorous backbone of the phosphodiester allowing the 2’ hydroxyl group
to cleave the phosphodiester.’’ This occurs by the coordination of the metal ion to the
phosphoryl oxygen, as depicted in Figure 1.4, (A). Such coordination leads to the
electrostatic Lewis acid activation of the substrate which decreases the charge repulsion of
the nucleophile. This increases the electrophilicity of the phosphorous group, resulting in
intramolecular cleavage by the 2’ hydroxyl group. The stronger the Lewis acid, the lower
the pK, of the metal bound water molecules, and as such, the rate of phosphodiester
hydrolysis can be increased. Lewis acid activation often occurs in the presence of other

mechanisms, and it can be difficult to distinguish one from the other.***
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1.6.2 Nucleophile Activation (B)

Nucleophile activation is generally achieved via the coordination of a hydroxide ion
to a metal atom as shown in Figure 1.4, (B). Such coordination affects the pK, of both the
hydroxide and the metal, by increasing the Lewis acidity of the metal ion. The hydroxide
ion can coordinate to one or more metal ions but it is more nucleophilic when coordinated
to a single metal ion. However, the presence of a second metal ion can aid in the generation
of a nucleophilic oxide by lowering the pK, of the bridging hydroxide.*' The pK, of a non-
bound water molecule is 13.77 at 25 °C, in 0.1 M KC1# However, when it is bound to a
metal, the pK, is lowered due to the Lewis acid nature of the metal ion, and hence the water
molecule is more easily deprotonated, forming a metal-hydroxide. Although a metal
hydroxide is not as good a nucleophile as the hydroxide ion, it is a considerably better
nucleophile than water. Metal-bound hydroxides have lower pK, values than that of water.
The pK, of the metal bound water molecule varies with the metal ion, for example, a water
molecule bound to a Ca(Il) ion has a pK, of 12.7, but when bound to Be(II) the pK, of the
water molecule falls to 5.7.*> This mechanism is usually observed for phosphodiesters
possessing good leaving groups, and it has been shown that nucleophile activation is more
important for DNA hydrolysis, than for RNA hydrolysis, as the latter already possesses a
very effective nucleophile, i.e. the terminal 2’-hydroxyl group. However, a metal activated
nucleophile can also act as an intramolecular general base and hence assist in
nucleophilically attacking the 2’-hydroxyl group activating it towards hydrolysis of the
phosphodiester.

1.6.3 Leaving Group Activation (C)

Leaving group activation is the coordination of the oxygen of a leaving group to a
metal ion, which is depicted in Figure 1.4 (C). This is not often the case, due to steric
hindrances, which can make it difficult for such coordination to occur, however, it can
greatly accelerate the rate of hydrolysis. The pK, of the leaving group alcohol can greatly
affect the rate of hydrolysis. Metal ion coordination will result in a change in the pKj, of the
alcohol, and thus can result in a rate acceleration of up to six orders of magnitude. This
mode of activation has been suggested to be partially responsible for the fast hydrolysis by
alkaline phosphatase, where the Mg(II) metal ion at the active site coordinates to the

leaving group oxygen.*>!

1.6.4 Double Lewis Acid Activation

As mentioned in Section 1.6.1, it is often the case that more than one mode of

activation can be employed to achieve enhanced rates of hydrolysis, for example the

11



Chapter 1: Introduction

combining of Lewis acid activation and nucleophile activation, efc. For the hydrolysis of
phosphate diesters, Lewis acid activation alone has been shown to give a rate acceleration
of up to 50-fold.* However, when combined with nucleophile activation, the rate of
acceleration was significantly faster, and was increased to about 10'° fold over the
background reaction at pH 7. This was an impressive enhancement, which clearly indicated
a cooperative effect of the two modes of activation. Such a cooperative effect has also been
observed by the employment of two metal ions. Double Lewis acid activation, shown in
Figure 1.5, is often seen in nature where nucleases utilise two metal ions to facilitate
hydrolysis.“‘37’44 This is achieved by:

¢ One metal ion binding to the incoming nucleophile.

¢ A second metal ion binding to the leaving group.

¢ Both metal ions binding to the phosphate diester.

Mn+

\ -1/2

(A) ( ﬁ (B) ( :<|>
L o
©oH ©oH

Figure 1.5: (A) Single Lewis Acid activation. (B) Double Lewis acid activation.
1.6.5 Indirect Activation (D, E, F)

Indirect activation modes include both general acid and base catalysis as well as
electrostatic interactions, as shown in Figure 1.4, (D, E). When enzymes do not use metal
ions to promote hydrolysis, they will use amino acid residues as either acids or bases to
achieve hydrolysis.*' Ribonuclease A (RNase A) catalyses the hydrolysis of phosphodiester
bonds using two histidine residues, which act as an acid and a base and there are no metal
ions involved.'® However, as the focus of this thesis is on metal based ribonuclease mimics,
metal free activation modes will not be discussed any further.

This section has discussed the different modes of metal ion induced activation for
phosphodiester hydrolysis. The following section will detail how the activity of potential

ribonuclease mimics is measured.

1.7 Use of RNA Model Compounds

Potential ribonuclease mimics would ideally be tested on RNA to assess their
hydrolytic efficiency. However, RNA is expensive, difficult to work with and it is difficult
to accurately quantify the results. For these reasons, it is usual that potential compounds are
initially tested on model RNA compounds, which closely resemble the structure of RNA.°

12



Chapter 1: Introduction

There are a wide variety of such model compounds. One of the most widely used is 2-
hydroxy-p-nitrophenylphosphate (HPNP), 1. It is a structurally simple phosphodiester that
has a hydroxyl group similar to the 2’-hydroxyl group present in RNA. HPNP is a chiral,
activated RNA analogue, meaning it is more reactive than RNA itself as it possesses a good
leaving group, the p-nitrophenolate, as shown in Scheme 1.6. The major advantage of
HPNP over other model RNA compounds is that the hydrolysis can be monitored via UV-
Vis absorption spectroscopy, as HPNP absorbs at 290 nm while the leaving group, p-
nitrophenolate, absorbs at 400 nm, Scheme 1.6. This monitoring allows for the
quantification of the efficiency of the ribonuclease mimics through the determination of the
rate of hydrolysis by fitting the absorption curve to first order kinetics, which will be

discussed in further detail in Section 1.9.
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Scheme 1.6: Hydrolysis of HPNP by transesterification, showing the absorption wavelengths of the starting
material and the product.

Two dinucleotides which have also been used to evaluate the efficiency of potential
ribonuclease mimics are uridylyl-(3'-5")-uridine UpU, 2, and adenyl-(3’-5’)-adenosine
phosphate (ApA), 3.* Dinucleotides are structurally more closely related to RNA than
HPNP, however, a drawback of using dinucleotides is that their hydrolysis can only be
monitored by high pressure-liquid chromatography (HPLC). Other model compounds
which can be used to evaluate phosphodiester hydrolysis lack a hydroxyl group and as such
more closely resemble DNA in structure. These include bis(p-nitrophenyl) phosphate
(BNPP), and ethyl-p-nitrophenyl phosphate (ENPP), amongst others.”® In addition to a
wide variety of substrates used to analyse the efficiency of ribonuclease mimics, different
buffers, temperature and pH are also employed, and as such caution should be used when

comparing data from different research groups for the hydrolysis of phosphodiester bonds.
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This section has focused on the use of model compounds to assess the effectiveness
of potential ribonuclease mimics. The following section will give a brief overview of the

mathematics used to assess the speed and efficiency of such complexes.

1.8 Enzyme Kinetics
Enzyme kinetics refers to the study of reaction rates altered by the presence of a

catalyst. A catalyst increases the rate of a reaction without being consumed by the reaction,
i.e. it is regenerated.'® Almost every metabolic process in the human body is catalysed by
an enzyme which enables the reaction to occur on a much smaller timescale than would be
otherwise possible.'® Reactions catalysed by enzymes reach a saturation point when all the
enzyme active sites are bound to a substrate, and the amount of enzyme-substrate ([ES])
complex is the same as the total amount of enzyme. As such, enzyme-catalysed reactions
do not generate the same curves as can be measured by simpler chemical kinetics (which
are discussed in detail in Section 1.9).

To accurately describe such reactions, Michaelis-Menten kinetics are used which
were first proposed by Victor Henri in 1903.*” However, a new interpretation was proposed
in 1913 by Lenor Michaelis and Maud Menton.'® They proposed that the enzyme (catalyst)
and substrate (reactant) are in fast equilibrium with their complex, which then dissociates
to yield product and free enzyme. A reaction which obeys Michaelis-Menton Kkinetics is
one in which the reaction proceeds rapidly initially, and then reaches saturation early, and
displays a hyperbolic curve.*’

When hydrolysing phosphodiester bonds, ideally the reactions should obey
Michaelis-Menton kinetics, similar to that observed using true enzymes, however this is not
always the case. To enable the rate of the reaction to be determined, chemical kinetics are

used, and these are discussed in the next section.
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1.9 Chemica| Kinetics!04748
The rate of a reaction is dependant on various factors, the concentration of the

reactants, temperature, pH, physical state of the reactants, and the presence or absence of a
catalyst.'’ The rate of change can be measured and expressed as a mathematical equation
known as the rate law. There are two forms of the rate law for chemical kinetics;
¢ Differential rate law: which relates the rate of a reaction to the concentration of
various species in solution.*®
¢ Integrated rate law: which is proportional to the rates of change in concentration
of the reactants and products.*®
The progression of a reaction can be expressed as the ‘order’ of the reaction. The
different order reactions can be expressed in different rate laws and in graphs.*® It is
common to refer to these parameters in publications detailing the development of potential
ribonuclease mimics and as such they are outlined here. The next section details the

different reaction orders and their rate laws commonly used.

1.9.1 Zero Order Reaction
A reaction that is zero order is one in which the rate of the reaction is independent
of the concentration of the reactants. When all the reactants are used, the reaction will cease

abruptly. The rate law for such a reaction is as follows:

r=k Equation 1.1
Integration gives:
[A] =[A], ks Equation 1.2

Hence, plotting [A] vs time, t, will give a slope of -k.

1.9.2 First Order Reaction
A first order reaction is one in which the rate is directly proportional to the concentration of
one of the reactants. The rate law is written as:

r=k[A] Equation 1.3
And integrating gives:

[a]=]A],e™ Equation 1.4

Hence, plotting In[A] vs t will give a slope -k for a first order reaction.
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1.9.3 Second Order Reaction
A second order rate constant is dependant upon the concentration of one second
order reactant, or the concentration of two first order reactants (where A = B). The rate law

is written as:

r=k[AJ Equation 1.5

o i k[A][B] Equation 1.6
The integrated rate law for r = k[A]2 is written as:
[A]

[A] - Y ktE Al Equation 1.7

Hence, plotting 1/[A] vs t will give a positive slope, k, if the reaction is second order.

1.9.4 Pseudo Order Kinetics

Pseudo order kinetics are recorded when one reactant is in such an excess, that the
concentration does not change appreciably during the course of the reaction. From this, the
reaction rate dependence on the other reactant can be determined as the pseudo-order of the

reaction.

1.9.5 Half life of a Reaction
The half life, 11, of a substance is the time it takes for half of the reactant to be
consumed. The rate of the reaction is proportional to the rate constant, thus the larger the

rate constant, the shorter the half life. From Equation 7 the integrated rate law can be

written as:
In [A] =—kt Equation 1.8
[Al,
att="% kt,,=1n —LA—‘]—-— Equation 1.9
172[A],
In2 )
ot o oy Equation 1.10
t1/2

Having detailed how phosphodiester bonds can be hydrolysed, and the use of metal
ions in doing so, along with a brief discussion of the mathematics used to evaluate such

complexes, the next section details the current state of such commercial products.
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1.10 Genetic Therapy

As mentioned previously, the synthesis of a ribonuclease or a ribozyme mimic has
great potential as a future genetic therapeutic agent. A ribonuclease mimic could
specifically target mRNA for hydrolysis, preventing the translation of mRNA to
proteins.g’3 Rk, many genetic diseases arise from the presence of abnormal proteins
in the body, this possible therapy is particularly appealing.“g'5 ! Protein directed therapy
has been used with some success, however, the development of drugs to target the active
site on proteins is a lengthy process, and if the active site is unknown, it can be unreliable.*
The completion of the mapping of the human genome has offered new targets for genetic
therapy.”’ & By targeting the mRNA of a specific protein, for which the genetic code is
known, the protein can be targeted in an easier manner.® The development of anti-sense
therapy™ is instrumental to the success of this therapy, as it is more than likely through

antisense genetics that a specific protein would be targeted.”*™*

(A)

mRNA-Catalyst

Target mRNA Complex

mbdienn

Catalyst

(D)
Spacer Arm

DNA Probe >\ (B)

© bt

mRNA Fragments

Figure 1.6: Outline of proposed catalytic cycle of a ribonuclease mimic.® The first step involves the binding
of the target mRNA with the catalyst (A). This is followed by the cleavage of the mRNA in a site-specific
manner (B) and finally the fragments of the mRNA are released (C), and the ribonuclease mimic is ready for
another catalytic cycle (D).

Synthetically this could be achieved by tethering an artificial ribonuclease with an
antisense oligonucleotide, specific to the genetic sequence for the target protein. Upon
formation of the antisense duplex, the artificial nuclease could hydrolyse the targeted
mRNA, thus inhibiting translation to protein, as outlined in Figure 1.6,6‘8’54'56 and discussed
previously in Section 1.2. The artificial ribonuclease would then be released from the

fragments of the mRNA, ready to begin a new catalytic cycle.
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There is already one drug commercially available which makes use of such
antisense technology to prevent the translation of mRNA. The drug is commercially known
as Vitravene® and treats cytomegalovirus (CMV) in people with AIDS. It was developed
by a company called ISIS® Pharmaceuticals, in conjunction with Norvartis Ophthalmics.
ISIS® Pharmaceuticals, in conjunction with a number of industry partners, have a range of
other drugs utilising the same technology in various stages of development, including one
in Phase three clinical trials and several in stage two.”’

The following section discusses the requirements for the design of a metal-based

synthetic ribonuclease mimic.

1.11 Design of Synthetic Ribonuclease Mimics
The design of a compound that can efficiently catalyse biological reactions, with

rate accelerations equalling those of natural enzymes, can be difficult to achieve. A fully
functional ribonuclease mimic consists of two parts: the catalytic moiety and the antisense
moiety.8’54‘58 The catalytic moiety is responsible for the cleavage of the phosphodiester
bond and the antisense moiety ensures that the phosphodiester bond cleavage is targeted.
To date, a lot of research has primarily focused on the development of the catalytic moiety,
with the intention of later tethering it to an antisense oligonucleotide to ensure specificity.

As outlined in Section 1.6, the rate of phosphodiester hydrolysis can be increased
by the coordination of metal ions. Hence, the search for a synthetic ribonuclease mimic has
largely been metal based.”®*****" Although many mononuclear complexes have been
developed and studied,®® there has been a large variety of multinuclear complexes
synthesised.®*®” This is in an attempt to bring about double Lewis acid activation, as
discussed in Section 1.6.4. Synthetic metal based ribonuclease mimics can be divided into
two categories, 1) transition metal based complexes and 2) lanthanide metal based
complexes.

As research into the development of an artificial ribonuclease continues, ligand
design has shown itself to be increasingly important. It is not only the choice of metal ion,
but the chelating ligand, that affects the rate of phosphodiester hydrolysis. Such properties
include:

e Metal ion centres.
¢ Basic co-factors.
¢ Metal bound water molecules.

e Hydrophobic binding pocket.

\
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When devising new systems as potential ribonuclease mimics, chemists take these
factors into account, and ligand design is orientated to accommodate all potential co
factors.®®* " The family of aza-crowns, which includes tri-aza-cyclononane (TACN) and
tetraazacyclododecane (cyclen), have been widely used as the basis for the synthesis of
such ligands.”'” Both are capable of encapsulating metal ions to form kinetically and
thermodynamically stable complexes, and both can be functionalised with a wide variety of
different chemical groups.76’77 As such, both structures have been investigated for their
ability to hydrolyse phosphodiester bonds when coordinated to different metal ions and
different co-factors.

The next section focuses on the development of metal based complexes based on
transition metal ions, and will be followed by a more detailed discussion of the use of

lanthanide metal ion based complexes.

1.12 Transition Metal-Based Ribonuclease Mimics
Transition metal based compounds for the hydrolysis of phosphodiester bonds have

been synthesised for many years now.****"7®™ Transition metal ions are often used for
synthetic ribonuclease mimics due to the fact that natural ribonucleases utilise them.'” The
most commonly used metals are Zn(II), Co(II), Ni(Il) and Cu(Il). These metal ions have
well established inorganic coordination chemistry properties which make them ideal
candidates for use in ribonuclease mimics, including;so

e High natural abundance of the metals.

e Availability of appropriate hydration states.

¢ Fast ligand exchange rates.

* Redox inertness.

¢ High charge density.

As discussed in Section 1.4, many nucleases utilise metal ions, either as single
metal ions, in pairs or greater numbers of metal ions. In the early 1990’s a wide variety of
complexes were synthesised and tested for the hydrolysis of phosphodiester
bonds,4'22’6‘"‘78‘81'83 including mono, di and tri-nuclear species. Over the last number of years
divalent and trivalent species have dominated the literature, owing to the cooperative rate
enhancements achieved by using two or more metal ions. 207867758488 A g aforementioned, a
cooperative effect is one in which the presence of a second metal ion not only doubles the
rate, but increases it manifold. The variety of metal ions being used has also changed

considerably, Zn(Il) is one of the main metal ions being investigated at present in the
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literature, as Zn(II) has shown itself to give superior rate enhancements, as compared to
other metal ions such as Ni(II) or Cu(II).

Williams and co-workers, in collaboration with the Rivas group have published a
number of studies in the past few years assessing the ability of mono and dinuclear Zn(II)
complexes of the pyridine based ligands, 4 and 5.°*”%%° In 2005, a highly reactive
mononuclear Zn(II) complex for phosphodiester cleavage was reported.87 At the time, the
second order rate constant of 7.9 + 0.1 x10> M s", for X = NH,, 4, for the hydrolysis of
HPNP, in buffer at 25 °C, was the highest known in the literature.

To further enhance the rate of phosphodiester hydrolysis, hydrogen bond donors
were introduced to the ligand, by the addition of a hydroxyl group to the above mono
system, in place of one of the pyridinyl groups, 6.*° This was based on research by the
Rivas group which indicated that the strength of hydrogen bonding to metal-bound ligands
could contribute to changes in the redox behaviour of metal centres,70 which would in turn
affect the rate of hydrolysis. A dinuclear system, based on the above mononuclear ligand,
incorporating a bridging hydroxyl group was also synthesised, 7. It was found that the
presence of the hydrogen bond donor groups activated the mononuclear complex, which
was more effective than the dinuclear complex, for the hydrolysis of the phosphodiester,
HPNP. Further studies of the dinuclear complex, 7, indicated that it was capable of
hydrolyzing HPNP with a first order rate constant of 0.017 + 0.001 s™.*° This remains one

of the fastest known rate enhancements for a zinc complex known to date.
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Morrow and co-workers have published several structurally different Zn(II) systems
in recent times to achieve enhanced rates of phosphodiester hydrolysis.®"*' In 2006, a
study of the TACN based dinuclear Zn(II) complex 1,3-bis(1,4,7-triazacyclonon-1-yl)-2-

hydroxypropane, 8, was published.67 This complex had been previously studied in the
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presence of HPNP, and had been found to be moderately active with a second order rate
constant of 4.1 x 10° M s™'. This was attributed to the cooperative effect of the dinuclear
species, as the second order rate constant was considerably higher than that of an analogous
mononuclear complex. This new study analysed the dinuclear complex for its ability to
hydrolysis uridine-3'-4-nitrophenyl phosphate (UpPNP) and UpU, 2, and also to determine
it’s affinity for different substrates. They found a correlation between the number of uracil
groups in the phosphate monoanion substrate and the binding affinity of the complex.
Binding such as this has been observed previously for analogous Zn(II) complexes by

Kimura, in which a Zn(II) complex was bound to the N-3 of the pyrimidine ring.%

In 2007 Morrow and co-workers published a mononuclear macrocyclic Zn(II)
complex, appended with either an acridine, 9, or methyl group, 10.°' The structure of the
ligand was almost identical to that of cyclen, the polyaza crown which Morrow had used
previously, however, a single nitrogen on the cyclen structure was replaced by an oxygen
atom. Acridine was used as it is a known DNA intercalator. RNA intercalators, however,
are mediated by bulged structures which open up the major groove enabling insertion

between the base pairs.
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Results showed that the catalytic properties of the two complexes were similar to
that of the parent complex, 11, on which they were modelled. All the experiments were
carried out at 25 °C in buffered solution. Plotting the first order rate constants, for the

cleavage of HPNP as a function of Zn(II) concentration, gave a linear plot indicating a first
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order dependence on catalyst concentration. Compound 9, which bears the acridine moiety,
was found to hydrolyse the phosphodiester efficiently with a pseudo first order rate
constant of 6.3 x10° s™'. However, compound 10 was less reactive giving rise to a slightly
reduced pseudo first order rate constant of 2.2 x10° s, Similarly, the acridine bearing
complex 9 gave rise to a much higher second order rate constant for the hydrolysis of
HPNP, of 7.0 x 10° M™! s", as compared to 10, which had a second order rate constant of
2.3x 103 M s'l, at pH 7.0. This was a three fold increase in the rate constant, and was also
higher than that of the parent complex, which has a second order rate constant of 3.3 x 107
M s, This enhanced rate constant was attributed to a stronger interaction of the species
Zn(OH)H,0 with the anionic phosphorane transition state. This is possibly due to a higher
positive charge on the complex, arising from protonation at the acridine amine, leading the
authors to conclude that the presence of such groups served to enhance phosphodiester
hydrolysis.®’

Lonnberg and co-workers have also investigated the ability of Zn(II)-TACN
complexes for phosphodiester hydrolysis.”> A family of five dinuclear and one trinuclear
complexes incorporating 1,5,9-triazacyclododecan-3-yloxy ligands, bridged by aromatic
linkers, was recently synthesised, 12-17.%% By functionalizing the macrocyclic frame at the
carbon C-3, and not at a nitrogen atom, it was hoped to increase the binding of the
azacrowns to nucleic acids. They were tested for their ability to effectively hydrolyse the
dinucleosides UpU, UpA, ApU and ApA, using HPLC analysis, in the hope of giving a
more detailed picture of the compounds’ ability to hydrolyse RNA and also to determine if
the compounds displayed any base selectivity for cleavage. As previously mentioned,

Zn(II) chelates have been shown to bind tightly to the deprotonated N-3 atom of uracil and
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Kinetic data was collected over a narrow pH range of 5.8 - 7.2, and at 90 °C. This
temperature is very high as compared to other experimental conditions in the literature,
which tend to monitor the hydrolysis at either 37 °C (body temperature) or at 25 °C (room
temperature).””> There is also the possibility that at such a high temperature solvent could
evaporate resulting in a reduction in the total volume of the experimental solution, causing
a potential increase in the solution concentration. It was found that all complexes exhibited
rates of hydrolysis two orders of magnitude greater than that observed for a parent
mononuclear Zn(II)-TACN complex, when tested against ApU and UpA. No such
acceleration was observed for UpU and ApA.

The trinuclear complex, 17, showed accelerated rates of cleavage for all uracil
containing substrates, however, cleavage of ApA remained low. The ortho linked complex,
12, gave rise to the largest rate enhancements out of all the dinuclear complexes tested for
all substrates, with the exception of UpU, in which case the para linked complex, 14, gave
rise to marginally faster rates of hydrolysis. Under the reaction conditions for this
experiment, the mononuclear Zn(II) [12]aneN3; hydrolysed UpU with a first order rate
constant of 2.6 x 10” s, Only the observed rate constant recorded for the trinuclear ligand
surpassed this effectively, giving rise to a rate constant of 1.58 x 107 s™. Poor cleavage
rates by the dinuclear complexes, and the mononuclear complex, as compared to the
trinuclear complex was hypothesised to arise from the Zn(II)-aquo ion, which binds the
catalytically active metal ion only to the scissile monoanionic phosphodiester linkage.

Lonnberg hypothesised that the trinuclear complex, 17, underwent a high-affinity
pre-equilibrium binding to the substrate in which the complex orientated itself so that two
of the Zn(II)-azacrowns chelated the complex to the base moieties of UpU while the third
Zn(Il)-azacrown participated as an intracomplex catalyst in the cleavage of the
phosphodiester linkage, and that it was the presence of the three metal ions that lead to
enhanced rates of hydrolysis.”?

In 2008 Ko6nig and co-workers published a family of cyclen based Zn(II), Ni(Il) and
Cu(II) complexes which were studied for the hydrolysis phosphodiester bonds,”* using a
family of mixed mono- and dinuclear complexes, 18-23. The bridging groups for the
dinuclear ligands were triazines and pyridines of various lengths. The complexes were
tested against bis-nitrophenyl phosphate (BNPP), a model compound more similar to DNA
than RNA in structure, as discussed in Section 1.8.

The Cu(Il) and Ni(IT) complexes were found to be essentially inactive, having no
significant effect on the rate of hydrolysis, however, the same was not true for the Zn(II)

complexes. Rate constants obtained for the Zn(II) complexes were compared to those
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obtained for a parent Zn([12]aneN4) complex, and it was found that all the mononuclear
complexes demonstrated higher rates of hydrolysis.”> Compound 18, which incorporated a
triazine based moiety, resulted in a rate increase of up to six-fold on the parent complex.
However, overall the rate constants still fell in the same range as that of the parent
complex, 10° M" s™'. The di- and trinuclear complexes all gave rise to enhanced rates of
hydrolysis, as compared to the mononuclear complexes. They also displayed a dependence
on spacer length, 22, the complex with the largest spacer, was found to be the slowest of
the dinuclear complexes tested, while the complexes possessing the smaller spacers gave
rise to rate constants that were one to two orders of magnitude greater than those observed
for 22.

Potentiometric titrations of the trinuclear species determined that the monohydroxy
species, Zn,-L-(OH,)(OH’) was the catalytically active species between the pH window of
7-8. It was also shown that 21, the triazine spaced complex, behaved in a similar manner.
However, complex 22, which gave rise to the slowest rate of phosphodiester hydrolysis of
all the multi-nuclear species, had both the mono and dihydroxy species present at pH 7 to 9
and this was most likely responsible for the slower rate of hydrolysis, due to the dihydroxy

species inhibiting the hydrolysis.
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In summary, over the last number of years there has been a variety of transition
metal based complexes synthesised for the hydrolysis of phosphodiester bonds based on the
azacrowns TACN and cyclen in particular. However, the majority of work has focused on
the use of Zn(Il) as the metal ion of choice, as previous publications have repeatedly
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demonstrated that it is the most efficient transition metal ion for hydrolysis. Research has
also shown, that in general di- and trinuclear complexes give rise to enhanced rates of
hydrolysis as compared to analogous mononuclear complexes, as a result of the cooperative
action of the metal ions.”” However, the rate enhancement is also found to be dependant
upon the spacer length and rigidity between the two coordinating ligands.

In addition to these reports based on transition metal ions, the use of lanthanide
complexes for phosphodiester hydrolysis has been effective in the past and the next section
will detail the properties of the lanthanide ions which make them suitable for
phosphodiester hydrolysis, and will detail examples of such complexes from the recent

literature.

1.13 Properties of the Lanthanide Metal lons

Lanthanide ions have several physical properties which make them the ideal metal
candidates for artificial ribonucleases.’® The lanthanide metal ions:
e Are hard Lewis acids.
e Have high charge densities.
e Have no accessible redox chemistry.
e (Can adopt flexible geometries.

The hard Lewis acid nature of the lanthanides is similar to that of Ca(II), Mg(II) and
Zn(11),”” and hence these can activate the P—O bond of the phosphodiester for cleavage,
and can also activate the water nucleophile, as discussed in Section 1.6. The Lewis acidity
of a metal ion is correlated to the metal’s ionization potential. This can lower the pK, of a
metal bound water nucleophile resulting in a mechanism that enables the ‘fine-tuning’ of
the pK, values of the complex.*?

Despite their many properties which make lanthanide metal ions very useful in the
design of potential drugs, they do have a few disadvantages.”’ Primarily, they are toxic to
the human body. Free lanthanide ions can displace Ca(Il) ions at the active sites of proteins,
rendering them inactive. As such they must be complexed by a ligand to form both
kinetically and thermodynamically stable complexes, which will prevent the dissociation of
the complex and the dispersion of free lanthanide ions within the human body. When
complexed as such, the lanthanide ions are safe for in vivo use. One such complex which
has been commercialised is the cyclen based gadolinium complex, DOTArem®, an MRI
contrast agent.”*®

Due to the high coordination numbers of the lanthanide ions, of between eight and

ten, the encapsulating ligand must have sufficient coordination sites to complex the metal
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ion.”® The synthesis of a ligand which can satisfy the high coordination environment of the
lanthanide ion is not trivial. The ligand must coordinate to the lanthanide ion, rendering the
complex stable, however, must not bind it too tightly, as this has been shown to inhibit the

hydrolytic activity of the metal.”

1.13.1 Lanthanide Metal-Based Ribonuclease Mimics

Although lanthanide ions were been reported to hydrolyse phosphate bonds

%97 it was not until a study by Breslow and co-workers, in 1991,50 which

rapidly,
highlighted the hydrolytic ability of lanthanide ions, as compared to transition metal ions,
that the idea of incorporating lanthanide ions into artificial ribonucleases came about.

In the early 1990’s several groups had moderate success applying lanthanide metal
ions to phosphodiester hydrolysis.’ #9899 This work has been reviewed in detail in the theses
of Dr.’s Mulready,loo Harte'” and Fanning,'02 within the Gunnlaugsson group. As such,
after a brief introduction to lanthanide mediated phosphodiester hydrolysis, this section will
only focus on developments within the field since 2006.

A study by Chang and co-workers in 2005 investigated the effects of the variable
factors of macrocyclic lanthanide complexes on phosphodiester hydrolysis.'” Such
variables included pH, metal ionic radii, number of coordinated water molecules, charge
and concentration. The ligands investigated were chosen to vary the coordination
environment of the lanthanide ions and included the cyclen based ligands, DO2A (six-
coordinate), 24, K21DA (seven coordinate), 25, and the acyclic ligands, EDDA (four
coordinate), 26, and HEDTA (six coordinate), 27. The lanthanide metal ions investigated
were Yb(III), Eu(IIl) and La(IIT) and the phosphodiester substrate used was the DNA

analogue BNPP.
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Plots of the observed first order rate constants, ke, vs pH showed that as pH
increases, so too did the rate of phosphodiester hydrolysis for all of the complexes. The
largest rate enhancement was observed for the complex based on Eu(24)* and the curve
displayed a jump in the rate of hydrolysis at pH 8.1 as the complex was converted to the
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reactive hydroxo species, Eu(24)(H,0),(OH). The rate constants derived from hydrolysis
by Eu(24)" were about 1.4-10 times greater than those of La(24)" in the pH range of 6.8-
10.6 and this was attributed to the greater charge density of the Eu(Ill) complex. It had
been expected that the Yb(III) complex would form a better nucleophile than the other,
larger lanthanide complexes. However, when complexed to 24, the hydrolysis rates of the
Yb(III) complex were found to be the lowest. A similar trend was observed by
Gunnlaugsson et. al when studying a variety of metal ions complexed to a ligand.63 This
may be as a result of fewer coordinated inner sphere water molecules, or possibly as a
result of inactive dimer formation. The idea that a larger number of inner-sphere water
molecules can lead to the promotion of phosphodiester hydrolysis was originally proposed
by Morrow et al”® Results showed that La(TCMC)3+, which included two inner-sphere
coordinated water molecules, promoted the rapid cleavage of RNA oligomers, however,
similar complexes bearing only one inner-sphere coordinated water molecule did not.

The Eu(Ill) complexes for all of the ligands were analysed and at low pH the
complexes showed a trend, where an increased rate of hydrolysis could be correlated to the
increasing number of inner-sphere coordinated water molecules, hence: Eu(26)" > Eu(24)"
>> Eu(25)". At higher pH ranges, Eu(24)" gave rise to rate constants 1300 times greater
than those of Eu(25)". The complex Eu(26)" could not be compared as it precipitated out of
solution. Such precipitation is often observed for lanthanide complexes at high pH and as
such this result is not uncommon. The results do strongly indicate that the number of
coordinated water molecules was crucial to the rate of phosphodiester hydrolysis. The
overall charge of the complex was investigated by comparison of the rate constants of the
complexes Eu(24)" and Eu(27), both of which have six donor ligands and three coordinated
water molecules, however, Eu(24)* has a positive charge and Eu(27) has a net charge of
zero. Eu(24)" gives rise to faster rates of BNPP hydrolysis, this is possibly due to the
positive charge of the complex effectively decreasing the negative charge of the
phosphodiester, whereas the neutral Eu(27) was not capable of this, and as such was not as
active. To summarise this investigation, a high charge density, a high number of inner
sphere coordinated water molecules and an overall positive charge on the complex were
confirmed as ideal properties for lanthanide metal ion based complexes for accelerated
rates of phosphodiester hydrolysis.

Significant effects on the rate of phosphodiester hydrolysis have also been
attributed to the role of solvent effects, on which several studies have been published
recently.'®'% Several Zn(I) complexes which were studied, and their hydrolysis rates

determined in aqueous solution, have also been studied by Brown and co-workers in less
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polar solvents such as MeOH and EtOH,]07 with the addition of methoxide ions, an active
base. This alone has the potential to accelerate the hydrolysis of the phosphodiester bond.

It has been proposed in the literature that the cavity at the active site of proteins and
ribonucleases has a lower water content, and thus a lower dielectric constant, than that
outside of the cavity.'”'” As such, Brown hypothesised that testing potential ribonuclease
mimics in a fully aqueous environment did not afford a true semblance to that of natural
ribonucleases. Upon testing 28 in less polar solvents, extraordinary increases in the rate of
hydrolysis were observed. When tested in MeOH, in the presence of methoxide ions by
Brown and co-workers, the second order rate constant for the methanolysis of HPNP by 28
was found to be 18.9 M s", which is a 1000-fold increase over the same reaction in
buffered aqueous solution. The increase in the rate constants was attributed to a dramatic
shift in the dielectric constant, D;, of the active site, from 78 in H,O to 31.5 in MeOH. This
increases the potential energy of the attraction for oppositely charged ions by a factor of
2.5, thus increasing the binding of the complex to the phosphodiester substrate. It is
postulated that the overall rate has the potential to be faster still, however, is limited by a

prior process, possibly a change in the mode of the complexes’ interaction with HPNP.

28

Yatsimirsky and co-workers studied the effect of solvent on lanthanide mediated
phosphodiester hydrolysis.'®''° Previous studies had found that the hydrolytic activity of
alkaline and alkaline earth metal ions was strongly increased in solvent systems containing
greater than 80% v/v DMSO, and as such the study was extended to include the lanthanide
metal ions.

The hydrolysis of HPNP and BNPP in 80% v/v DMSO was analysed and it was
found that the rate of hydrolysis by lanthanide metals did indeed increase, giving a 10> fold
increase on the rate of hydrolysis in buffered aqueous solution. In the DMSO solution, the
lanthanide metal ions predominantly formed mononuclear complexes of the form
M(OH).,S'n and a single dinuclear complex of the form Mz(OH)5+, where M = La(Ill),
Eu(IIT), Nd(IIT) and n = 1, 2 or 3. Also studied was the effect of the addition of different
concentrations of NaClOj4 to the hydrolysis reaction. The rate of hydrolysis decreased as

salt concentration increased. A similar inhibitory effect was observed with the use of TRIS
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buffer.''’ These studies not only highlighted the difference that the solvent environment
can induce in the rate of phosphodiester hydrolysis, but they also suggest that caution be
used when comparing rates of hydrolysis of different complexes, in different conditions.
Morrow et al. has recently published a wide variety of lanthanide complexes for
phosphodiester hydrolysis.'"'"''> However, only a few of these examples have achieved
rates similar to that observed for a dinuclear Zn(II) complex, 8, which was published in
2003, which gave rise to a second order rate constant of 2.5 x 10° M s for the hydrolysis
of HPNP.”' Lanthanides ideally should hydrolyse phosphodiesters more efficiently than
Zn(II), as they are known to interact with the dianionic transition state more efficiently,
leading to greater Lewis acid stabilization.”®”® However, to date this has not been achieved.
Previous lanthanide complexes from the Morrow group were based on the polyazacrown,
cyclen. It was hoped that by utilizing a ligand of greater structural integrity, but similar to
the structure of cyclen, that hydrolysis would be promoted to a greater extent.'"”
Potentiometric titrations showed that the monomeric species, 29, was formed at low
pH, between 4 and 6. At higher pH, dimerisation proceeds by the ionization of a metal
bound water molecule of [Eu(L)(OH,),]* (where L = ligand) to form [Eu(L)(OH)(OH,)],

30, which combined with a second molecule of the species to form the dimer.

0]
o _] 3+ _| 6+
: 00
iy e A e
“Es---3-OH £ BT TO RGN
i \\\/ . O\\ o \‘\ \‘OH H,O"/ N JO
N\_l: _/O/\OHz k/N\_<O e N\)
4 o o) o
29 30

Kinetic studies show that the dimer 30 was the most active species in solution and
that the activity of this system increased with concentration, and also with increasing pH.
Over the pH series investigated, there was a 300-fold increase in the rate of hydrolysis
going from pH 6.7 to pH 9.0. The apparent second order rate constants displayed a similar
trend, for both the monomer 29 and the dimer 30. The plot of the first order rate constant
against pH curves upwards from ~ pH 8, where the dimeric species begins to accumulate in
solution.

To deduce some mechanistic information, third order rate constants were also
calculated and from this, binding energies were derived. As compared to a previous

monomeric zinc system, studied by the Morrow group, there was only a slight difference in
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the stabilization of the transition state for specific-base-catalysed cleavage of HPNP by the
monomeric Eu(Ill) system in question, 29. A much larger difference was expected
considering that Eu(IlI) systems tend to hydrolyse HPNP to a greater extent than Zn(II)
systems. It was suggested that the reason for such poor stabilization was that the ligand
itself interacted too strongly with the Eu(IIl) ion, reducing its ability to interact with the
HPNP. The dimer did not, however, offer any great stabilization either. It was suggested
that the reason for this was that the two Eu(III) ions were not ideally positioned to give rise
to cooperative catalysis, and that perhaps the bridging alkoxide ion resulted in too large a
degree of flexibility to the system, and hence the two Eu(IIl) ions were inaccessible to the
phosphodiester substrate simultaneously. It was also noted that the ligand was septa
coordinate, and that when the dimer was formed, the bridging alkoxide left only one
unfilled coordination site free for interaction with the substrate and that this may have
severely hampered it’s activity. Morrow et al. also concluded that although lanthanides
were ideally much better metals for phosphodiester hydrolysis than current Zn(II)
complexes, appropriate ligand synthesis remains a real challenge for the synthetic
chemist.'”

In the 1990’s lanthanide hydroxo complexes were shown to effectively cleave
phosphodiester bonds by Chin,” Komiyama,”® Williams," and Hamilton."'® However,
several problems were encountered, including inactivity at low and physiological pH and
precipitation from solution. Yatsimirsky investigated the use of lanthanide hydroxo
complexes. However, 4-imidazolecarboxylic acid (4-ICA), 31, a stabilizing anion, was
added to the solution with the aim of achieving hydrolysis within the physiological pH

range, and preventing the precipitation of the hydroxo complexes from solution.'"”
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The complexes were of the form ML(OH)* or M,L,(OH)e.,, where M = La(IIl), n =
2; M = Pr(Ill), n = 2, 3; M = Nd(III), Eu(IIl), Dy(IIl), n = 1-3 and potentiometric titrations
revealed that the different lanthanide ions formed a variety of species in solution, of which
the dominant species were ML(OH"), M,L3(OH)3, M,L,(OH,) and M,L(OH)s. It was also
observed that there was an increase in the stability of the hydroxo complexes going across
the lanthanide series, from La(III) to Dy(III) which correlated with a decrease in the rate of

BNPP hydrolysis.
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Kinetic studies were carried out on all lanthanide complexes using three different
phosphodiester substrates, BNPP, HPNP and NPDPP (for structures see Section 1.7). The
first order rate constants for all three substrates, hydrolysed by different metal-hydroxo
complexes are shown in Table 1.2. In the case of hydrolysis by free hydroxide, HPNP was
10* times more reactive than BNPP, however, NPDPP was more reactive than HPNP. The
results for hydrolysis by the lanthanide metal-hydroxo species showed that the order of
reactivity was entirely reversed.

The authors suggested that the reason behind this change in reactivity could be
attributed to the complex-substrate interaction. They hypothesised that the terminal
hydroxide of HPNP may actually interfere in substrate binding, which negated the need for
the participation of the metal-bound hydroxide unlike BNPP hydrolysis, in which
participation by the metal bound hydroxide was essential. The addition of inhibitory
substrates, such as monophenyl phosphate (MPP) induced precipitation and diethyl
phosphate (DEP) gave rise to strong inhibitory effects. It was proposed that the most likely
mode of hydrolysis of HPNP was driven by the substitution of a bridging alkoxide group
with the NPDPP alkoxide group, thus the bridging alkoxide was deprotonated and
activated toward hydrolysis of the phosphodiester. These results demonstrated progress
from previous lanthanide hydroxo complexes for phosphodiester hydrolysis, and warrant

further investigation.

Table 1.2: Pseudo-first order rates of hydrolysis by lanthanide hydroxides recorded for different substrates
M s 17

Active Species HPNP BNPP NPDPP
Layl>(OH)4 41 +4 40+0.2 0.76 £ 0.07
Pr;L>(OH)4 n/a 2.19 £0.08 n/a

Nd,L,(OH)s 49+0.2 1.49 £0.06 0.27 £0.01
Eu,L>(OH)s n/a 0.84 £0.02 n/a

Dy,L,(OH)s 3.7%0.2 0.69 £ 0.02 0.45 £0.06

The hydrolysis of BNPP by lanthanide ions alone and in the presence of a-amino
acids (aa) was studied by Kremer and co-workers.!'® The amino acids stabilised lanthanide
hydroxide species in solution, in a similar manner to the use of ICA by Yatsimirsky et al. It
was found that the lanthanide metal ions combined with the amino acids to form the active

monomeric cationic species, [Ln(aa)3(OH)]2+ or [Ln(aa);(OH),]*. Hydrolysis of
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phosphodiester bonds occurred above pH 7 and displayed Michaelis-Menten type
saturation kinetics. Again, as found by Yatsimirsky er al.,'' at high pH lanthanide
hydroxides precipitated out of solution.

In summary, although the lanthanide metal ions have great potential as ribonuclease
mimics, designing a ligand which will form a stable complex at physiological pH, and give
rise to large rate enhancements in an aqueous environment remains a synthetic challenge. A
general trend can be observed, in which dinuclear complexes tend to give rise to greater
rates of hydrolysis than their analogous mononuclear complexes. The Gunnlaugsson group
has published a large body of work on lanthanide based complexes which have shown very
good rates of hydrolysis, and have progressed towards fine-tuning the ideal structure of the
ligand to encapsulate the lanthanide ion. The next section will detail some of the group’s

results to date.

1.14 Advancements Within the Gunnlaugsson Group
The Gunnlaugsson laboratory has been developing compounds with the goal of

phosphodiester hydrolysis over the last decade. The majority of the work has been based
around the use of lanthanide ions, using cyclen as a scaffold for the ligand. It forms highly
stable metal complexes and can be easily functionalised. Alkylation of the cyclen ring
system affords complexes with a wide variety of chemical properties. The Gunnlaugsson
group has synthesised and investigated a wide variety of functionalised cyclen ligands for
the hydrolysis of phosphodiesters, with considerable success.’>' "1 The Gunnlaugsson
group has also utilised cyclen for the synthesis of lanthanide complexes with a variety of

123,124 125,126 and

potential applications including anion sensing, supramolecular assemblies,
hydrogel development.'?” However, for the purpose of this introduction the focus will be on
it’s use as a phosphodiester hydrolase alone. The expertise within the lab in the synthesis of
such lanthanide-based cyclen complexes was applied to the synthesis of a family of
complexes for the hydrolysis of phosphodiester bonds. Initially a wide variety of
complexes with different coordinating arms were synthesised. As previously mentioned,
the pendant arms could act as co-factors, similar to amino acids in the body, and enhance
the rate of phosphodiester hydrolysis.

The first generation of complexes developed incorporated the amino acids, glycine,

63120 into cyclen complexes.

32.Ln,'"” and a glycine-alanine dipeptide, 33.Ln and 34.Ln,
This resulted in a considerable enhancement in the rate of phosphodiester hydrolysis, as
compared to the ‘uncatalysed’ reaction, and was significant in comparison to other results

at the time.
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The glycine based ligand was complexed to a large number of lanthanide metal
ions, such as Eu(IIl), La(Ill), Nd(III), Gd(IIT) and Yb(III) among others. The La(IIl) and
Eu(III) complexes were the most efficient giving rate constants kops of 1.14 % 10* and 4.14
x 107 s respectively. A trend was observed in which the larger lanthanide ions were more
potent than smaller ones. This was attributed to the presence of a second metal bound water

molecule on the larger lanthanide ions.

0]

0 e

NH NH

= R\ouwj

/\|

B /U\/N\]/\N

W vk WAL
4% By
@ 0 32.Ln O o 33.Ln=R =Me
/ = 34.Ln =R = CH,Ph

The optimum pH for hydrolysis for all complexes was found to be quite alkaline,
pH 8.5 for La(Ill), at which kg increased to 0.807 N bringing the relative rate
enhancement to 6725 over the background reaction. Two chiral GlyAla analogues were
developed, one in which the arms terminated with a methoxy group, the other with a benzyl
ester, with the intention of investigating the effect of extending the arms by creating a
deeper pocket and a more hydrophobic environment around the metal centre. The benzyl
ester complex was slower to hydrolyse HPNP, which was attributed to the binding pocket
being too deep, and as such, preventing the metal from adequately interacting with the
substrate. Neither complex gave any indication of chiral discrimination.

A family of complexes with various pyridine based arms were synthesised and
investigated.®” The chloroacetamide-pyridine arm was synthesised with the pyridine
nitrogen in the 2-, 3- and 4-position. Investigation of the hydrolysis by Eu(III) and La(III)
complexes of the ligands revealed that only the 3-pyridine complex, 35, was active towards
the hydrolysis of HPNP. At pH 7.4 the La(Ill) complex was again more active than the
Eu(IIl) for the hydrolysis of HPNP, with a rate constant kops of 5.28 x 10° s and a kyy of
1600. By comparison the Eu(III) complex gave a kg of 649. Again, at a more alkaline pH
the rate of hydrolysis recorded by the La(IlI) complex increased to give a k¢ of 4800. From
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these results it was revealed how sensitive the efficiency of the complexes is to minor
structural changes. These can affect the hydrolytic activity of the complex, possibly by
modulating the complexes affinity for the substrate, it’s ability to bind the substrate or by
modifying any transition states and leaving groups. The degree of hydrogen bonding can
also influence the hydrolysis, as can the presence of groups which promote acid/base
hydrolysis. This information was very relevant for the rational design of future complexes.
Such rational design was evident in a family of alkyl amine based ligands which were

synthesised, with the alkyl chain varying from n = 2 to n = 5.'*

Investigation of these
systems showed that n = 2 was the optimum chain length for the most efficient hydrolysis
of HPNP, 36.Ln. A pH-rate profile revealed that the optimum pH for hydrolysis had been
shifted to the physiological pH range, with the maximum rate of hydrolysis occurring at pH
7.4, with a rate constant kops of 2.06 X 10* s'. This corresponded to a relative rate
enhancement of 7775. Furthermore, detailed potentiometric titrations on the ligand and the
complex showed that at pH 7.4, the terminal amines were the main species in solution,

indicating that they were mainly responsible for the hydrolysis of HPNP.
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Although the investigation focused on octadentate complexes, preliminary studies
were carried out on the corresponding heptadentate Eu(IIl) and La(IIl) complexes, with an
n = 2 chain length.m2

reduced from 2.06 x 10* s for the octadentate La(IIl) complex to 1.36 x 10™ s™. The

The results were very promising, with the half life at pH 7.4 being

Eu(III) complex showed a more pronounced change in the rate of hydrolysis, with the half
life dropping from 5.25 x 10* s for the octadentate complex, to 1.56 x 10-4 s for the
heptadentate complex. This dramatic increase in the rate of hydrolysis, especially
concerning the Eu(IIl) complex, was attributed not only to the presence of the terminal

amines, as found previously, but also to the presence of a second water bound molecule on
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the Eu(III) metal ion, the hydroxyl group having been previously shown to play an active
role in phosphodiester hydrolysis, as outlined in Section 1.6.

Whilst a family of mononuclear complexes were being developed, a family of
dinuclear complexes were also synthesised with the aim of achieving enhanced rates of
hydrolysis through the cooperative effect of two metal ions, as discussed in Section 1.6.
Initially, for all of the dinuclear complexes synthesised, both metal ions were
octacoordinate, where each metal centre possessed one or two metal bound water
molecules, 37.Ln,.'* These structures did not give rise to the anticipated fast rate of
hydrolysis of HPNP and as a result of this work, a family of dinuclear complexes in which
each metal ion was heptacoordinate, such as 38.Ln,, were synthesised and these were
found to display extremely fast rates of hydrolysis of HPNP,'”' the Eu(Ill) complex
hydrolysed HPNP, at pH 7.4 with a rate constant, ks of 4.11 x 10* s, This corresponded
to a half life of 1.31 x 10™* s, which was one of the fastest rates of hydrolysis of HPNP by
lanthanide ions at the time and displayed the anticipated cooperative effect of the two metal
ions. The second order rate constant recorded for this complex was 2.82 + 0.22 M s
This is compared to Morrows best system at the time, a dinuclear zinc TACN complex
linked by an alkyl chain, which hydrolysed HPNP with a second order rate constant of 0.25
M 5™, The high efficiency of 38 was attributed to the cooperative action of the two metal

ions, and the presence of two metal bound water molecules per metal ion.
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This section has outlined the progress made within Gunnlaugsson laboratory in the
development of a potential artificial ribonuclease. The next and final section will detail the

work that is contained within this thesis.

1.15 Work Outlined in this Thesis
The objective of this PhD thesis was the synthesis of novel, heptacoordinate,

dinuclear, cyclen based lanthanide complexes for the hydrolysis of phosphodiester bonds.
The previous study of these complexes has determined that several features of the complex
are important for the efficient hydrolysis of phosphodiester bonds. These include:
¢ The lanthanide metal ion: In the past, larger lanthanide ions were thought to be
more efficient for the hydrolysis of phosphodiesters. However, recent studies have
shown that this is not always the case, and that lanthanide ions such as Eu(Ill) may
in fact be a better choice than La(III).
® The hydration number of the lanthanide metal ion: Studies have shown that
cyclen based lanthanide complexes are more efficient if the lanthanide ion
possesses two metal bound water molecules.
¢ Chemical nature of functional groups incorporated into the cyclen frame: The
chemical nature of the groups incorporated into the arms of the cyclen frame greatly
influence the efficiency of hydrolysis, as discussed in Sections 1.13 and 1.14. Fine-
tuning of these arms can result in general acid/base catalysis, improving the rate of
phosphodiester hydrolysis.
¢ Chemical nature of the spacer incorporated into the cyclen frame: As discussed
in Section 1.13, the structure of the spacer group used to connect the two cyclen
moieties has a large influence on the rate of phosphodiester hydrolysis, and so fine-

tuning of the spacer can result in dramatically different results.

The work detailed in this thesis focuses on the synthesis and in depth analysis of
several families of dinuclear cyclen based lanthanide complexes, for which the above
properties have been incorporated into the design strategy. The ability of these complexes
to hydrolyse phosphodiester bonds is evaluated, and a mechanism of action for such

complexes is proposed.

1.15.1 Objectives

Chapter two details the synthesis and characterisation of all ligands and complexes
synthesised. A series of dinuclear complexes were synthesised, and can be grouped into

several different families, Figure 1.7. Two dinuclear cyclen-based ligands were
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synthesised, incorporating either a pyridine- or a phenol-based spacer, 39 and 40,
respectively. Unfortunately, despite many attempts, the synthesis of the phenol-spaced
ligand, similar to that utilised by Morrow et al. as discussed in Section 1.12, was
unsuccessful. The synthesis and difficulties associated with it will be discussed. The
synthesis of the pyridine-spaced ligand was successful and the Eu(Ill) and La(III)
complexes were synthesised. The next family synthesised is based on a xylene-spacer for
the dinuclear complexes. The spacer was was varied to give both the para- 41, 42 and the
meta- 43, 44 substituted ligands. This family of complexes was also synthesised using both
the 2-acetamide arms and the alkylamine acetamide arms, to determine the effect of the

arm on the rate of hydrolysis.

R R
NH NH
> ey Lo
]T,:N\ OHz\\ |
(0] Ln?*
/ \
R- NH
Spacer =
39:R=H 40: R=H 41: R=H 43:R=H
42:R = (CHz)zNHz 44:R = (CHz)zNHz

Figure 1.7: Proposed synthetic targets for the design of dinuclear cyclen-based systems. In (A), the generic
structure for the dinuclear complexes is shown and (B) shows that spacers which were attempted to be
incorporated into the ligand structure.

A trinuclear ligand linked by a 1,3,5-methyl-benzene group was also designed and
synthesised, again utilising either the 2-acetamide arms, 45, or the alkyamine acetamide
arms, 46, Figure 1.8. Although the complex was synthesised, it was quite unstable and as

such only preliminary experiments were carried out on this structure.
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Figure 1.8: Proposed synthetic targets for the synthesis of trinuclear cyclen-based systems.

Finally, to facilitate some mechanistic studies, a family of analogous tri-arm-
mononuclear complexes was synthesised, incorporating R-groups which corresponded to
the spacers used in the dinuclear complexes, 47.L.n-49.Ln, Figure 1.9. The synthesis and
characterisation of these complexes is discussed.
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Figure 1.9: Proposed synthetic targets for the synthesis of mononuclear cyclen-based complexes.

Chapter three focuses on potentiometric experiments carried out on all ligands and
complexes to determine their protonation constants. This information was used to create an
understanding of the mechanism of action for the hydrolysis of phosphodiesters by
determining the species in solution at different pH.

Chapter four details an evaluation of the hydrolytic ability of all complexes
discussed in Chapter two. It also draws on results from Chapter three to propose a
mechanism of action for the different complexes.

Finally, all experimental details are recorded in Chapter five.
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Chapter 2: Synthesis and Characterisation

2.1 Introduction
The objective of this thesis was to achieve the synthesis of several families of

cyclen-based lanthanide complexes for the hydrolysis of phosphodiester bonds in
competitive media, as outlined in Section 1.11. Dinuclear complexes have the potential to
enhance the rate of phosphodiester hydrolysis through a cooperative action, as compared to
mononuclear ana]ogues.3'4"“’64'65‘129 Consequently, the main focus of this project was the
development of dinuclear spaced systems based on cyclen macrocycles. As noted in
Section 1.13, the lanthanide metal ions can be toxic to the human body, unless they are
complexed by a suitable ligand, such as a modified cyclen macrocyc]e.76 A wide variety of
such ligands exist, which have been shown to be capable of complexing lanthanide
ions.”*'*® As discussed in Chapter One, The ligand used must form kinetically and
thermodynamically stable complexes which will not dissociate in aqueous solution, or
other competitive media, at 37 °C at physiological pH. iy

One such ligand that has been established for use within the human body is
1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’"’-tetraacetic acid (DOTA), and it’s resulting
GD(III) complex, [Gd(DOTA)], 50, which is a commercially available MRI contrast

31 which is

agent.”**> The DOTA ligand is synthesised from the cyclen macrocycle,
commercially available and is easily functionalised by alkylating at the four nitrogen
centres of the ring. A wide variety of procedures have been developed which allow for the

132-137 and

selective mono-, di-, tri- and tetra-functionalisation of the cyclen macrocycle,
such functionalisation procedures were used to synthesise the cyclen-based complexes

which are discussed in this Chapter.

The next Section discusses the design of the ligands synthesised in this chapter. The
synthesis and characterisation of several families of dinuclear cyclen-based lanthanide
complexes are detailed. This is followed by a discussion of the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>