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Abstract

Natural inspiration has led to the design and synthesis of a series of novel coiled coil peptides
with lanthanide binding sites and chromophores for energy capture and transfer. Their
structural and photophysical properties were studied and the complex with the most intense
lanthanide emission was explored further as a model system. The use of different
chromophores was desired to further expand the lanthanide sensitisation and redox behaviour
already exploited by tryptophan. Therefore, a computational methodology for predicting
emission spectra from molecular structure was developed. This was validated by comparing

the predictions with experimental results for a series of polyaromatic hydrocarbons.

Using the model peptide system a small library of coiled coils was prepared with different
chromophores in place of the tryptophan residue. This involved the synthesis of a novel non-
natural amino acid and the inclusion of this species in the previously designed sequence. The
resulting family of peptides were studied for both their structural and photophysical properties.
Throughout this work various novel chromophore to lanthanide interactions have been
discovered, expanding the field of energy transfer. This work has led the way for the

preparation of a small light harvesting module based upon a coiled coil framework.
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Chapter 1 — Introduction

1.1 INTRODUCTION

By 2012 the estimated world energy demand had reached 17 TW and this requirement will
continue to increase throughout the century as more of the world have access to developed
lifestyles.! This energy requirement needs to be met in order to continue our economic and
technological growth. There are typically two strategies to achieve this goal the first being to
directly increase energy supply and the second is to decrease energy demand by improving
device efficiency. While the former of these strategies has received a great deal of attention,
the question of enhancing efficiency tends to be left to the commercial developers.
Nevertheless, the pressing need for a reliable source of energy should itself generate research
and innovation in both sourcing and using energy efficiently. While fossil fuels have provided
a convenient and easy source of energy over the last 150 years, certain limitations of this
approach are now understood, as well as, the folly of wasting such a valuable resource by only
using it for combustion (c.f. synthetic precursors). Fossil fuels are a round-about route to access
solar energy, however, direct solar flux provides the earth with 175 PW, greater than 10,000
times humanities current annual requirements (Fig. 1). Indeed, solar energy is the most
abundant and readily available source of energy on earth. This has generated a great deal of
scientific interest to determine if it is possible to efficiently harvest solar energy directly,
without relying on the mechanisms used to generate fossil fuels or indeed renewable sources

such as wood and wind.

Considering photovoltaics or solar panels, it is often thought that electricity generation is the
primary goal of solar capture. To think this, is to stray from the original objective, which is to

provide energy whether it be chemical or electrical. This drives an interest in the
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?
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Figure 1: The present energy demand of humanity is around 17 TW and this is set to increase dramatically. The
energy from solar flux to earth is estimated to be 175,000 TW which is significantly greater than present
demand.!

‘photosynthesis’ of fuels and fine chemicals using light as the energetic source. Of course, the
ideal system would be able to carry out both functions, to generate electricity or chemical
potential dependent on requirements. It is interesting to note that a review by Oelgemoller et
al. has shown the breadth of research into the direct use of sunlight for chemical synthesis via
solar reactors.” While this is not a particularly versatile approach, it has tremendous potential
to reduce industrial energy demands from conventional sources for fine chemical production.
Before looking at the approach nature takes to harvest light, it is worth briefly considering

current approaches to solar harvesting.

1.2 CURRENT WORK AND LIMITATIONS

Current work in the area of light harvesting, for the most part, focuses on electricity generation.

This is achieved either by a form of photovoltaic cell which is based upon semiconductor

3
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technology, or a dye-sensitised cell which is a derivative of a photovoltaic that makes use of a
pigment to facilitate electron transfer to a semiconductor (Fig. 2).> Both these systems lead to
solid state devices with relatively long operational lifetimes ~25 years. Though recent studies
indicated that as long as the photovoltaic cell is cooled it could have both an extended working

lifetime and increased efficiencies.*

At present, photovoltaics are the most efficient and effective solution to the problem of
generating electricity from light.> Indeed, most of the efficiency problems can be hugely
improved by careful engineering of the overall system. For example a panel of approximately
20% efficiency, if incorporated with a water cooling system will also harvest thermal energy

raising efficiency whilst extending the life of the system.

Dye-sensitised solar cells are driving a new and possibly inexpensive interest in light
harvesting.® The tailoring of pigments to harvest light and generate a potential difference is
particularly exciting and mimics, in some part, what is achieved by nature. This is very useful
when considering applications that do not just require a potential difference for electricity
generation but where the charge separated state or photo-excited states could be used for
catalysis. A large amount of research in this area has been dedicated to the use of ruthenium
functionalised materials due to their high efficiencies, despite the obvious cost and availability
limitations which result in impractical systems. While both these systems have great potential
for electricity generation, the principles of a dye-sensitised solar cell are better suited for
chemical production. In order to design a light harvesting system, tailorable absorption profiles
for specific wavelengths of light will be required and water solubility will allow aqueous

catalysis for use of the harvested energy to synthesise fuels or fine-chemicals.
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Figure 2: A representation of the preparation of a photovoltaic and a dye-sensitised solar cell. The photovoltaic
makes use of a semiconductor to achieve charge separation, whereas a dye-sensitised solar cell utilises
pigments coated on the semiconducting surface to enhance the efficiency of charge separation. Fruit pulps have
been found to be relatively successful as the pigment layer.

1.3 NATURAL LIGHT HARVESTING COMPLEXES

Nature utilises complex protein structures to carry out specific functions with an elegant degree
of control and selectivity. It also claims the most experienced and knowledgeable pedigree
when considering light harvesting processes and photosynthesis. Interestingly, natural systems
only tend to absorb between 3-6% of available solar radiation, however, the subsequent transfer
and synthesis processes occur with efficiencies nearing unity.” These efficiencies are not just
intrinsically necessary for the host organism but for almost every other form of life on the
planet. To this end, it is worth focusing on a well characterised light harvesting apparatus, such
as that of Rhodoblastus acidophila (Fig. 3).® This will allow the elucidation of key features to

consider when designing a biologically inspired structure capable of harvesting light.
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The light harvesting complex is a protein architecture that supports various coenzyme species
which, due to its ingenious design, allows simultaneous multiphoton absorption and transfer to
a reaction centre. While some chemical processes can be induced by the absorption of a single
photon (usually of high energy), it is much more efficient to absorb multiple lower energy
photons and then make use of the stored energy. This is for two reasons, firstly because the
complex can make use of lower energy light (which is more abundant in solar radiation at sea
level) and secondly, because it avoids damaging over-excitation pathways which result in
photobleaching of the system. An example of the use of multiple photons is that every
photosynthetic generation of an oxygen molecule (O2) requires 8 photons (though there are
some mechanisms that suggest 6).° Therefore, a light harvesting complex must be capable of

both absorbing light efficiently and also holding onto the energy it has absorbed.

Considering the structure of the complex, it is immediately apparent that the system is highly
symmetric being made up of nine repeat units that interact to form the familiar cylindrical
shape of the scaffold (Fig. 4). This implies that the system can undergo self-assembly from
supramolecular interactions between relatively simple subunits. The symmetry also implies
that precise distances can be designed and replicated into a system by careful structuring of a
subunit. This precise control of distance and environment is particularly important when
placing chromophores into a structure, as their properties can be intrinsically manipulated to

form an absorbing energy surface quite removed from their native state.

Secondly, the subunit is made up of two a-helices interacting to form a coiled coil dimer (Fig.
5). This structure has two specific environments; an external hydrophobic face with high

membrane affinity for positioning in a chromatophore and a core with residues positioned to
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Figure 4: A cartoon representation for the crystal structure of the light harvesting complex from Rhodoblastus
acidophilus (PDB: 2FKW) both A) with and B) without the chlorophyll derivatives for clarity. The nine-fold
symmetry can be seen around the complex with a dimer repeat unit.

host various natural pigments. This internal environment has been well studied, with the
selective hosting of specific molecules being probed both experimentally and computationally.
Modelling by Noy et al. of the coordination of chlorins and haems onto these surfaces,'”
coupled with biological exclusion studies, have demonstrated that histidine residues are
particularly useful to stabilise chlorophylls within the structure.!! This has been further
confirmed by x-ray crystal structures of the photosystem in a membrane, illustrating
chlorophylls and related species (bacteriochlorophylls) within binding proximity to histidine
residues.'? The central Mg(Il) ion is coordinated towards the nitrogen lone pair of the histidine
imidazole ring. As each dimer binds three chlorophyll species, the symmetry of the whole light
harvesting complex indicates that there are 27 chlorophylls present. Thus the subunit both
positions and stabilises chromophores internally while also self-assembling into a complex

machine within a membrane.

Thirdly, to study in detail the chromophores within the complex would take a great deal of time
and has been the focus of many exceptional books and papers, yet it can be useful to note a few

8
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elementary features.'> While the focus has been on chlorophylls within the structure, there are
other chromophores present such as carotenoids which we will consider for their stabilising
effect. Carotenoids broaden the spectrum of light absorbed by the light harvesting complex and
their short excited-state lifetimes are stabilised by energy transfer to chlorophylls, reducing
losses due to solvent vibrations and thus increasing useful energy capture.'* This proximity is

also important for back transfer from chlorophylls as they can generate a reactive triplet which

Figure 5: The dimer unit (green) illustrating the position of the chlorophyll derivatives (pink) and a cartoon
depiction with both the head group and tail group interactions, A) side view, B) front view. C) The carotene
cofactors (vellow) and their interaction with the chlorophyll derivative (pink) both as cartoon from the crystal
structure (PDB: 2FKW) and cartoon schematic.

9
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can interact with molecular oxygen to generate singlet oxygen.'*!> The rapid quenching of this
triplet by locally situated carotenoids helps prevent the build-up of reactive singlet oxygen in
the photosystem. Thus, chlorophylls and carotenoids have a mutual interaction that enables
high turnover of desirable excited states due to enhanced spectral sensitivity, while retaining
protection against damaging over-excitation. The mutual behaviour of these chromophores and
the behaviour of the whole light harvesting complex is quite unique. When chromophores are
positioned correctly, close enough for orbital overlap, they cease to behave as a single entity
and can be considered as one vast species undergoing orbital mixing.'¢ Indeed, the closest idea
to this in contemporary work is that of band-gap theory. For simplicity, one can consider the
array of chromophores like a wire in which electronic excitation leads to simultaneous
excitation at the reaction centre. Designing chromophores to mimic this is both challenging
and interesting, as it moves away from the more traditional ideas of a single pigment

dominating colour and spectral properties.'’

Despite the elegance of the light harvesting complex architecture there are some fundamental
limitations for light harvesting processes. This is mostly due to the electron transfer mechanism
at the reaction centre with the chromophores arranged as a triad of species each carrying out a
specific operation (Fig. 6). The donor absorbs the photon and becomes excited, the acceptor
receives an electron via an electron transfer process resulting in charge separation, the stabiliser
undergoes electron transfer to the donor thus stabilising the charge separated state. It has been
found that the highest efficiency transfer occurs when the donor is situated as close to the
acceptor as possible.!® Spatial control in proteins allows this separation distance to be

modulated, consequently tuning the energy transfer rates.

10
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As previously discussed the light harvesting complex has a tailored design which optimises the
utility of ambient light at sea level (and below).!” One of the key problems for the development
of light harvesting materials is the inefficient use of the full spectrum present at sea level. This
can be overcome by synthetically incorporating metal centres and non-natural cofactors
(chromophores and amino acids) into a protein structure to develop light harvesting proteins
with enhanced energy capture and storage properties. To this end a versatile scaffold is
required. Chromophores have been attached to a wide range of structures such as polymers,°
gels,?! and large dendrimeric antenna complexes.?> However, in the case of polymers and gels
it is almost impossible to achieve a monodisperse and well defined morphological system.
Whereas with proteins it is common place, even essential, to have a purely monodisperse
species of defined length and composition.?? Perhaps one of the most appealing features of a
protein derived system is the availability of the required elements such as carbon, nitrogen,
oxygen and hydrogen for the main structure and metals such as magnesium, zinc, and iron for

the reaction centres, all of which are inexpensive and abundant.?*

Acceptor

Acceptor

©
| Acceptor l

©

Acceptor

Figure 6: The process of stabilising charge separation in the reaction centre. A) The donor absorbs a photon
and becomes excited, B) the donor undergoes electron transfer to the acceptor resulting in a charge separated
state. C) The stabiliser undergoes electron transfer to the positively charged donor resulting in greater
separation of the charges and thus D) stabilisation.’®

11
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The metal ions of interest in this thesis are the lanthanides. This is due to a number of key

features regarding their photophysics which will be discussed in detail.

1.4 PHOTOPHYSICS AND THE LANTHANIDES

Before considering the lanthanides and their appealing photophysical properties it is necessary
to discuss general photophysical principles (Fig. 7). The interaction of light with matter results
in a number of processes, which will be considered in turn. The process of absorption involves
the excitation of an electron in the molecule of interest from a low energy state to a higher
energy state. The energy difference between these two states can only be equal to, or less than,
the energy provided by the exciting photon. A couple of quantum mechanically derived
selection rules restricts the absorption event from a lower state to a higher energy state. The
first rule is that it is forbidden for an electron to alter spin state during a transition (AS = 0),
this is known as the spin rule. The second rule is that it is forbidden for an electronic transition
to result in redistribution of electrons within a given subshell such as p, d or f orbitals if the

species has a centre of symmetry (Al =+ 1), this is known as the Laporte rule.

A direct product of the forbidden nature of spin changes is that the most populated excited
states have the same spin state as the original ground state electron, these excited states are
known as singlets (2S + 1 = 1). It is possible to achieve states with inverted spin via intersystem
crossing from the singlet state, these excited states are known as triplets (2S + 1 = 3). These
excited states, both singlet and triplet, are unstable and will decay overtime by a number of

potential mechanisms. The mechanisms of decay can be grouped into radiative and non-

12
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Figure 7: A Jablonski diagram illustrating key photophysical phenomena. The ground state (Sy), first excited
singlet state (S;) and first excited triplet state (T;) are shown with vibrational levels. The radiative absorption
(A), fluorescence (F) and phosphorescence (P) processes are shown as solid lines. The non-radiative processes
of internal conversion (IC), intersystem crossing (ISC) and vibronic relaxation are shown as dashed lines.

radiative processes, with associated rates (kr and knr respectively). The radiative deexcitation
process is fluorescence for a singlet and phosphorescence for a triplet. The state transitions for
emission as fluorescence or phosphorescence are restricted by the same selection rules as
previously discussed. The non-radiative deexcitation processes are vibrational relaxation,
intersystem crossing and intermolecular quenching. The emission deexcitation can be
quantified by the lifetime of the state (t) or time it takes to decay by 1/e. This can be expressed
for experimentally observed fluorescence (T?bs) by considering the rates of vibronic relaxation
(kviv), fluorescence (kf), intersystem crossing (kisc) and quenching (kq). It is valuable to note the

difference between the fundamental and fluorescence lifetime (t¢) and experimentally observed

lifetime (see Equations 1 and 2).

1 1 .
TS = = Equation 1
kot ke k¥ kgt KiseF Kyib
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= — Equation 2

Another metric to consider with photophysical processes is the quantum yield which gives a
measure to the efficiency of each of these processes. The fluorescence quantum yield (®f) can
be expressed by considering the number of photons absorbed and the number of photons

emitted as fluorescence (see Equation 3).

Number of Photons Emitted

of =
Number of Photons Absorbed

Equation 3

This is a useful equation to consider the efficiency of the fluorescence process, however, it can
be more useful to consider the mechanisms that reduce the efficiency of fluorescence. This can
be expressed as a function of the rates of fluorescence (kt), quenching (kq), intersystem crossing
(kisc) and vibrational relaxation (kviv) to give the fluorescence quantum yield (see Equation 4).
It should be noted that this equation does not consider dipole-dipole energy transfer
mechanisms for simplicity, however, a term can be added to take this into account. These rates
(kn) are fundamentally linked to the previously discussed lifetimes (t4) by equation 5.
f ki

= — "t Equation 4
ke + kq+ kisc + kvib q

k, = — Equation 5

The lifetime of fluorescence emission is typically very short (1 ps — 100 ns) indicating that the
rate of fluorescence is very fast. Interestingly, the lifetime of phosphorescence emission is

14
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typically much longer (10 ps — 100 s) due to radiative transition being spin forbidden. Having
considered the basic fundamental principles of absorption and emission it is useful to apply

this to the lanthanides and their intrinsic features with regard to photophysical phenomena.

The absorption process for the lanthanides is due to 4f-4f transitions, however, these are
forbidden by the Laporte selection rule, that electrons cannot be redistributed within their
subshell of origin. The forbidden nature of these transitions result in very low molar absorption
coefficients (¢ < 10 M! em™) implying that it is hard to directly excite a lanthanide ion.?
Therefore lanthanides are often indirectly excited via energy transfer from locally situated
chromophores.?® This process is known as sensitisation and the chromophore is a sensitiser. A

Jablonski diagram can illustrate the general sensitisation of the visible emitting lanthanides;

Sl - _—
30+ x ‘~...|5c _
e 25+ ——— —
MU H—.'.-.-... * "'TT-
o frea, ....""--.. —
S 204 =, QR D =
o . ___ D, Fo/3
2 A = 3
E 15_. SDO o— 486 nm
wl
o 265 um 488 nm —§=
E 10 = —— 578 nm —
2 w—— ——
) — -T-
o
5= + 4+ == T
od S, = X X
52 7F0 1 7F6 H15.’2
Sensitiser Sm Eu Tb Dy

Figure 8: A Jablonski diagram with the ground state (Sy), first excited singlet state (S;) and first excited triplet
state (T) of a sensitiser are shown without vibrational levels for clarity. The visible emitting energy states for
samarium, europium, terbium and dysprosium are shown with a single transition indicated for each
lanthanide and the respective emission wavelength. The radiative absorption (4), fluorescence (F) and
phosphorescence (P) processes are shown as solid lines. The non-radiative processes of intersystem crossing
(ISC) and energy transfer (ET) are shown as dashed lines.
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samarium, europium, terbium and dysprosium (Fig. 8). The chromophore is excited resulting
in population of a singlet state. This state can decay via the processes previously discussed;
however, the mechanism of interest is intersystem crossing to generate an excited triplet state.?’
As with the singlet, this can decay via emission (phosphorescence), non-radiative relaxation or
energy transfer to the lanthanide of interest. If the decay is via energy transfer the result is a
successfully sensitised lanthanide in an excited state. The efficiency of sensitisation (Esens) can
be described by the product of the intersystem crossing quantum yield (®isc) and energy transfer

quantum yield (®gr) in equation 6.

Esens = Pisc X Pgr Equation 6

The efficiency of energy transfer is dependent on a number of key principles. The energy of
the triplet state must be greater than the desired lanthanide excited state. It has been found that
the triplet should be ideally 2500 — 3500 cm™' greater than the lanthanide state.?® If the energy
difference is less than 1850 cm™ then back transfer from the lanthanide excited state to the

sensitiser triplet can occur reducing the efficiency of the sensitising process.?’

The emission from lanthanide 4f-4f excited states is also forbidden, for the reasons previously
discussed, which leads to the long lifetimes of these states as long as quenching processes such
as solvent vibrations are minimised. The lanthanides have three classifications of emission
profile. Firstly, the non-emissive lanthanum, lutetium and gadolinium do not have available
4f-4f transitions due to their electronic structure or the transition energy is high resulting in UV
emission. Secondly, the visible emitting samarium, europium, terbium and dysprosium with

distinctive spectral lines in the visible spectrum. The energy states for the visible emitting
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lanthanides are shown in figure 8 with a main transition indicated. Finally, the remaining

lanthanides have emission in the near-infrared region.

The ability to sensitise lanthanide emission using another chromophore was first reported by
S. Weissman utilising a p-diketonate ligand to sensitise europium emission.?® This led to
further studies elucidating mechanisms of energy transfer,’® which has been followed by the

development of a wide range of small molecule lanthanide sensitising complexes. These
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Figure 9: A selection of polycarboxylate/polycarbamide coordination domains (1.1 — 1.3) and chromophores
(1.4 — 1.8) typically utilised for preparing lanthanide sensitising complexes. The sensitising chromophores are
derivatives of coumarin (1.4), benzaldehyde (1.5), biphenylaldehyde (1.6), carbostyril (1.7) and xanthone (1.8).
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complexes typically consisted of a chromophore connected to a coordination moiety, or as part
of a coordination sphere to ensure close proximity to the bound lanthanide ion. These
complexes, and the principles of sensitisation, have been extensively reviewed by Biinzli et al.
in multiple publications.?! Solution state visible emitting lanthanide complexes are of interest
due to their high energy states and the variety of chromophores utilised as sensitisers, therefore

a number will be considered here.

Table 1: The triplet energy for the chromophores 1.4 — 1.8.

Chromophore Triplet State Energy / cm

1.4 26040 33
1.5 25300 33
1.6 20800 33
1.7 23500 32
1.8 24800 34

The first type of complex involves separate coordination and sensitising domains (Fig. 9). The
lanthanides tend to form complexes with high coordination numbers (7 - 9) to hard ligands
such as oxygen and nitrogen. This has led to common coordination domains involving the use
of polycarboxylate/polycarbamide macrocycles (1.1 — 1.3), and related nitrogen chelators, with
appended oxygen donor ligands such carboxylic acid and the carboxylate of amides. These

1,> coumarin,*

ligands have been combined with various chromophores such as carbostyri
xanthone,** benzaldehyde,* and biphenylaldehyde groups (1.4 — 1.8).3° These chromophores
were all used to sensitise emission from both terbium and europium trications. A consideration
of their triplet state energy (see Table 1) demonstrates that they all have sufficient energy to
sensitise both the °Dy state of terbium (>20500 cm™) and the 3Dy state of europium (>17300

cm™!). This assumes reasonable intersystem crossing yields to generate the triplet state. It is

interesting to note that the triplet state energy for biphenylaldehyde at 20800 cm™ was only
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slightly greater than the Dy state of terbium at 20500 cm™'. This led to successful sensitisation;
however, the quantum yield for terbium emission was reported to be low due to back transfer
from the lanthanide to the sensitising chromophore.>® This small collection of chromophores
clearly demonstrates the importance of understanding the energetic profile, such as the triplet

energy, of desired sensitisers, in order to predict efficient energy transfer to lanthanides.
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Figure 10: A selection of lanthanide sensitising complexes with a cryptate (1.9), a phenanthroline derivative
(1.10), tripyridyl complex (1.11), a substituted hydroxyisophthalamide ligand (1.12), a crown ether
functionalised with naphthalene (1.13) and a nitrogen containing aromatic ligand (1.14). The chromophoric
components are coloured red and the binding components are coloured blue. The structure of these complexes
results in the chromophore also engaging in binding.
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The second type of complex is where the chromophore is directly involved in coordination to
the lanthanide, usually via heteroatoms such as oxygen and nitrogen in an aromatic system.
Preparation of cryptate complexes with pyridine ligands to encapsulate a europium trication,
led to a large number of similar species such as a phenanthroline derivative (Fig. 10).>¢ The
cryptate 1.9 was utilised to probe the photophysics of bound terbium and europium to elucidate
the mechanism of sensitisation.>’ The use of aromatic donor ligands has led to the preparation
of multiple complexes such as 1.11.3” This motif has been used to append functional groups to
alter the photophysics of the complex or provide sensing capabilities such as the addition of
anthracene for singlet oxygen detection.’® A good example of substituent effects on the
photophysics of a lanthanide can be seen in the work of Samuel et al. with p-substituted 2-
hydroxyisophthalamide ligands (1.12).* As with previously studied systems the energy of the
triplet state was altered by varying substituents. The quantum yield of sensitised terbium
emission was noted to increase as the energy of the chromophore triplet state increased. This
was thought to be due to a decrease in energy back transfer as the energy gap between the

terbium Dy state and sensitiser triplet state increased.

The use of crown ethers has also been explored with an interesting study exploring the eftect
of orientation of a naphthalene sensitiser to the bound terbium or europium ion.*’ This
demonstrated that the orientation between the chromophore and lanthanide ion is not trivial,
however, for simplicity in calculations this is often approximated by considering the degrees
of freedom for a tethered sensitiser.*! The structures considered here involved a single
lanthanide ion in a one-to-one ratio. However, there are a wide range of chromophoric
molecules that form complexes with multiple ligands. Indeed, early complexes made use of /-

diketone ligands which involved four monomers coordinating to a single lanthanide ion.* A
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nitrogen donating aromatic ligand, 1.14, was used to demonstrate the detrimental effects of
back transfer from a bound europium ion to the sensitiser resulting in a decrease in energy
transfer efficiency the more monomer was present.** Having considered the photophysics of

lanthanides it remains to discuss the use of protein as a building block in design.

1.5 PROTEIN DESIGN PRINCIPLES

Natural proteins have been used directly to construct systems, indeed, an interesting light
harvesting system was prepared that made use of a mutated or bioengineered light harvesting
complex for electricity generation (Fig. 11). Zhang et al. were successful in incorporating a
light harvesting system into a titanium dioxide nanotube and zinc oxide nanowire surface.**
This was achieved by mutating the photosystem to include an amino acid sequence that had
high affinity for zinc oxide,* allowing direct adhesion to the surface. Nanostructuring has led
to vastly improved efficiencies due to the increased surface area provided by a honeycomb
effect when using nanotubes. This approach has resulted in a system which markedly improved
features such as photocurrent density of up to 362 pA cm™? or 3.62 A m™ when exposed to

simulated sunlight. Previous studies using non-realistic conditions, such as intense
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Figure 11: A schematic demonstrating the use of a light harvesting complex from a biological system in a
biophotovoltaic system by being mounted on a semiconductor.
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monochromatic light tuned to the absorption maximum of the light harvesting complex, only
managed to achieve photocurrent density values of 0.3 pA cm™ and 0.1 pA cm?2.4® This
research has been further advanced by using graphene as a very thin conducting but transparent
surface which can potentially allow layers to be stacked,*’ creating a membrane type surface
with polyaniline stabilising the protein structure,*® and the use of visible-NIR functional
photosystems from purple bacteria to create low light active cells.** An indication of the
interest in this field is the publication of reviews into both the use of photosystems>® and natural
pigments®! for biophotovoltaic type systems. This has been successful for electricity
generation, however, re-engineering complexes for advanced chemical behaviour such as
catalysis would be challenging. It should also be noted that the field of bio-photovoltaics has
been hindered by two key problems, the difficulty in isolating biological systems without
denaturing proteins and the poor efficiencies of the resultant surfaces for light to electricity

conversion.>? Thus it may be more favourable to design a protein complex from the ground up.

Designing proteins from first principles allows the system to be purpose built, indeed, the
elegance of protein design has attracted a great deal of interest for multiple reasons. The first
of which must be the shear breadth of potential in this field. Nature itself is a testament to the
versatility of proteins and what can be achieved using a relatively small library of amino acids.

3 cofactor binding,>* catalytic activity,>

Researchers have used proteins for structure,’
functional materials and much more.’® All these applications rely upon a relatively small
number of motifs in the secondary structure made up predominantly of a-helices and B-sheets.
There are also regions of random coiling and loops, however, these are usually flexible and

disordered. Both the two main types of secondary structure, a-helices and B-sheets can be

designed by following certain established sets of rules.
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Sequence: NPGE EYEVKV NPGT RVEIQA KGPA
Structure: loop sheet loop sheet loop

Figure 12: Cartoon representation of a-helix and B) a solution NMR structure of a de novo designed f-sheet
protein (PDB: 6E5C). The sequence is for part of the p-sheet protein indicating the clear use of proline and
glycine residues for the loops and alternative hydrophobic and hydrophilic residues for the sheet domains.

a-Helices are characterised by hydrogen bonding along the backbone between an N-H and a
C=0 group of amino acids positioned between 3 or 4 residues apart.’’ The helical coiling is
right-handed due to geometric restraint of the left-handed amino acids.’® The main design
feature for a helix is a repeat of positive and negative polar residues around the helix to stabilise
the turn via salt bridging while also using helix inducing residues such as alanine (Fig. 12).%°
One of the first synthetic examples of this was the work by S. Marqusee and R. L. Baldwin to
synthesise a monomeric helix with glutamate and lysine residues stabilising alanine turns.®
There are certain residues such as glycine and proline, which are heavily disfavoured for

inducing helix formation and should be avoided in the design process.!

B-Sheets are characterised by lateral strands arranged adjacent to each other and again
furnished with stabilising hydrogen bonds.®?> Indeed, this stability is often the cause of
aggregation and particulate formation. There is very little literature on the specific design of -
sheets, possibly due to their tendency to aggregate and the greater variation in structural
possibilities of even the simplest unit.%> Nevertheless, work by Y. Yan and B. W. Erickson was
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successful in designing and synthesising a B-sheet dimer using solid phase peptide synthesis.**

The strategy adopted was to have a repeating unit of non-polar followed by polar residues for
the length of a strand, followed by a few residues to execute a turn (Fig. 12), these could be
combined to give the B-sheet component. Interestingly, large aromatic residues such as

phenylalanine, tyrosine, and tryptophan are very prevalent in the core of natural -sheets.

Both a-helices and B-sheets can be used and combined with loops and turns to create a huge
number of exquisitely controlled three dimensional structures with precise spatial positioning
such as B-hairpins, Greek keys, y loops, and helix-turn-helix domains to name a few (Fig. 13).
However, this report will focus on the extensively studied and well understood topology of
coiled coil structures which require only helix components, avoiding difficulties with B-sheet
domains. The use of coiled coils is also appealing because there are excellent rules to guide

their design and many examples to help inform new synthesis.

N(

Figure 13: Cartoon representations for a number of different protein structural motifs; A) p-hairpin (PDB:
2EVQ), B) Greek key of p-hydroxybenzoate hydroxylase (PDB: 1PHH), C) helix-turn-helix or a de novo
peptide (PDB: 1VRZ) and D) a coiled coil domain from a chicken cartilage matrix protein (PDB: 1405).
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1.6 COILED COILS AS STRUCTURAL BUILDING BLOCKS

Coiled coils are superhelical constructs of a-helices that weave together to optimise enthalpic
(e.g. salt bridging) and entropic (hydrophobic packing) effects. Indeed, coiled coils are the
spontaneous products of hydrophobic burying due to the hydrophobic residue, polar residue
repeated unit required for a helical turn. Therefore it can be quite challenging to design a helix
that will not supercoil in an aqueous environment. These constructs result in spatially well-
defined environments that have both a tailorable hydrophobic core and hydrophilic surface
(Fig. 14). The number of a-helices in a coiled coil can typically vary between two and up to
seven, this is due to the loss of hydrophobicity in greater than heptameric coiled coils as water
inclusion in the core destabilises the system.®> The two distinctive chemical environments of

the interior and exterior have the potential to make these structures an exciting multifunctional

Figure 14: The structures of a series of coiled coils from dimer to hexamer illustrating the increase in the core
hydrophobic cavity as more helices are incorporated. Hydrophobic (solid line) and hydrophilic (dashed line)
surfaces are shown.
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supramolecular building block.%® This has resulted in extensive study of the design principles
that can be used to tame this natural motif. Excellent reference material for the scope of these
systems has been provided by the work of Woolfson et al.,” demonstrating the versatility of
coiled coils for the protein engineer. Conveniently, biology has provided a plethora of natural
systems that make use of the precise structure of coiled coils, which aided in both the discovery
of the supercoiling phenomena and acted as a schoolmaster for uncovering many of the key
design principles. Thus, before discussing the rules for designing coiled coils from a linear

sequence, it is advantageous to understand the history of their discovery.

To uncover this story it is necessary to venture into the work of a titan in the field of structural
chemistry, L. Pauling. As a champion of the modelling approach to solve chemical problems
he led the discovery of the structure of a polypeptide to be a-helical.’” While the helix was
accepted rapidly, in part due to its elegance, it raised questions about the potential for
interaction between helices to form superstructures. The next step involves one of the famous
discoverers of the structure of DNA, F. Crick, who discussed ideas about the potential for
supercoiling to occur, indeed he coined the phrase coiled coil. Both L. Pauling and F. Crick
published independent mathematical proofs for the existence of a coiled coil structure in
1952.%8 However, it was not until 1983 that the first experimentally determined sequence of a
coiled coil was reported by Hanukoglu et al., a domain of keratin.®® Following this many coiled
coil domains were observed in natural systems but a single study was particularly important.
In 1993, Harbury et al., published a landmark paper illustrating that the oligomeric state of a
coiled coil could be designed by selecting certain core residues (Table 2).”" The bulkier the
side chain the higher the oligomeric state, for example valine residues lead to dimer formation

but isoleucine residues direct for trimer formation and the bulkiest leucine residues
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Table 2: The GCN4 peptide mutants utilised to observe the effect of hydrophobic core residues on the directing
on coiled coil oligomeric states.

Peptide Sequence Oligomeric State
GCN4-pl Ac-R MKQLEDK VEELLSK VYHLENE VARLKKL VGER-NH, Dimer
GCN4-pll Ac-R MKQIEDK IEEILSK IYHIENE IARIKKL IGER-NH, Trimer
GCN4-pLl Ac-R MKQIEDK LEEILSK LYHIENE LARIKKL LGER-NH, Tetramer

direct for tetramers. This really opened up the concept of purpose built coiled coils, leading to

many novel and bespoke systems being designed.

Considering the design principles the synthesis of coiled coil proteins has been made
particularly accessible by following a linear design strategy which utilises a heptameric residue
repeat unit (Fig. 15). The linear repeat unit would be —(T4-Ip-Ic-Ii-Ie~Ir-Ig)n- Where n is double
the number of desired turns in the coil and 7 is the specific amino acid residues.”! Hydrophobic
residues are placed at the core positions and hydrophilic residues are placed in the external

positions. For example, if one were to be constructing a trimer, hydrophobic residues such as

Figure 15: Top-down view of a schematic representation of the positions of linearly placed peptide residues
in a coiled coil sequence, both a dimer and trimer super-helix. The blue arrows indicate salt bridging
interactions and the shaded positions are involved in hydrophobic interactions within the core.
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isoleucine would be placed at positions a and d, as discussed previously these positions can be
used to take advantage of the hydrophobic effect to direct the oligomeric state. Hydrophilic or
helix inducing residues would be placed at positions b, ¢ and f. Salt bridging is often employed
at positions to encourage specific super helix formation, once again for a trimer this would be
at positions e and g. Structural design and synthesis of these systems have been extensively
studied by the Woolfson Group among others, and they have collated a very useful database of
coiled coils, their recent work has been expanding the potential oligomeric states available for

designed coiled coils to include both new hexamers and heptamers.’?

Synthetic coiled coil complexes have been designed, created and studied, from dimers to
hexamers. Indeed, much of the work in coiled coil research now focuses on the use of the
design principles to build functional systems, such as metal binding complexes.’* Databases of
these systems provide an invaluable resource when attempting to design a superhelix from
natural amino acids. The principles of metal coordination have been applied to allow
templating of coiled coil systems, taking a poorly folded system which upon inclusion of the
metal folds efficiently.” Often the ligands required to bind a metal are not hydrophobic,
therefore their placement has to be considered carefully in order to avoid excessive
destabilisation. Interestingly, the binding of metals into a coiled coil is an extensive field with
ligands being designed and placed for the binding of Pb(Il), Hg(Il), As(IIl), Bi(Ill), Zn(II),
Cd(II), Ni(II), Co(II), and the lanthanides to name a few.” This has been advanced by the
design of systems that use the metal to both template and carry out dynamic functions in the
system, just like a protein.”® This discussion will focus on coiled coil systems utilised for

energy transfer or light harvesting.
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Research conducted by Waters ef a/. has studied the energy transfer efficiencies between Ru(Il)
and Os(II) complexes mounted on a coiled coil scaffold.”” The coiled coil dimers
supramolecular structure was used to precisely position the donor/acceptor chromophores in
space to facilitate energy transfer (Fig. 16). The peptide a-helices were decorated with
bipyridyl ligands via click chemistry which in turn coordinated the desired metal ions.
Excitingly the donor Ru(Il) complex with light of wavelength 444 nm resulted in energy being
transferred to the acceptor Os(Il) complex. It was found that the closer the complexes were in
space, the more efficient the energy transfer. The use of ruthenium in coiled coils is well
established with a bimetallic coiled coil trimer that was capped at both ends with different
metals by careful selection of ligands for the binding sites and steric design of the alpha-helix.”®
At one end a non-natural bipyridyl ligand which binds a Ru(Il) ion as a trimer, while at the
other end histidine residues bind a Cu(Il) ion. While this is exciting because it utilises a
combination of natural and synthetic motifs, the inclusion of a Ru(II) ion has gained particular
interest because the metal complexes are known to have broad absorption profiles and hence

are useful for light harvesting.”

Figure 16: The peptide dimer systems used to position Ru(Il) and Os(1l) precisely in space and measure the
energy transfer between the two species.
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Various different chromophores have been coordinated to coiled coils and rather than using
compounds analogous to chlorophyll a great deal of work has been done using zinc substituted
chlorin and porphyrins. They have been shown to coordinate to a coiled coil tetramer through
histidine ligation.®° It was determined that the equivalence of histidines to bound zinc chlorins
was 1:1 implying that only a single histidine residue was required to tether the chromophore.
This was further confirmed by studies using pyridine as an axial ligand for another zinc
chlorophyll derivative which stabilised as a 5-coordinate species.®! Zinc chlorins have been
particularly favoured because they retain the high absorption and energy transfer properties

associated with chlorophylls, while being easier to handle and easier to coordinate.®?

Characteristic work by the Dutton group involves the construction of coiled coil maquettes,
made up of four a-helices, that play host to a multitude of cofactors (Fig. 17).% This species is
of particular interest due to its apparent versatility for functional design from electron transfer
between iron centred haems and zinc porphyrins, to zinc chlorophyll derivative pairs with
enhanced absorption and high energy transfer rates. Previous work in this area made use of a
magquette to bind four parallel haems which were shown to behave as pairs of interacting
species exhibiting redox behaviour typical of native haems.® This work has been advanced by
the specific inclusion of a number of structurally diverse haems, indicating the broad flexibility
of the binding sites.*® Zinc substituted chlorophylls have also been studied by Noy et al. and
bound in a tetrameric coiled coil that stabilises an interacting pair.®® This complex has been
shown to behave in a similar way to a protein stabilised chlorophyll pair, with dramatically
reduced molecular fluorescence and an increase in the relaxation kinetics in keeping with rapid

energy transfer between the pair.
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Figure 17: A schematic of the maquette with a tetramer coiled coil domain (green) and an internal cavity for
sequestering various chromophores (pink).

The use of porphyrins has been explored because they have an extended n-system analogous
to chlorophyll molecules and similarly broad/intense absorption profiles. Different metals such
as cobalt and zinc have been incorporated into the porphyrin binding site and then coordinated
to ligands in a coiled coil structure. The work of Ogawa et al. was to design a coiled coil dimer
to attach external cobalt centred porphyrins, however, this design instead formed a trimer but
also retained the capability of coordinating the metalloporphyrins.®” The external coordination
of the cobalt centred porphyrins was facilitated by pyridyl interactions. Two trimers were able
to coordinate to the opposite axial faces of the metal resulting in superstructure formation. This
was especially satisfying as it was possible to see the nanoscale effects by the resultant
macroscale materials, fibre formation of around 1mm in length. Alongside this work a coiled
coil dimer was used to construct macroscale materials when exposed to this same cobalt

complex.®®

While absorption of light and the transfer of energy are essential requirements of all light
harvesting systems, it is equally important that charge separation can occur. This is both to
make use of the harvested light and to prevent the system from photo-bleaching. Recent
research has been carried out to place a naphthoquinone moiety in close proximity to
chromophores in a coiled coil tetramer, creating a charge separation unit.** The
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naphthoquinone species was placed precisely in a coiled coil structure by including a non-
natural amino acid in the peptide sequence. Photoexcitation of a bound tetrapyrrole derivative
resulted in a long-lived triplet that was capable of reducing naphthoquinone to the anionic
semiquinone form. The charge separation was observed by a decrease in the lifetime of the
tetrapyrrole triplet state as it was quenched by the naphthoquinone species. Interestingly, this
effect was not observed when the naphthoquinone species had been reduced by ammonia prior

to excitation.

All the coiled coil examples so far discussed lack application and are, at best, proof of concept.
This last example is representative of a large number of catalytic systems attempting to mimic
hydrogenases. It should be noted that the peptide is not photosensitive in these systems as it
typically serves as a scaffold for the ferredoxin catalyst and is in solution with a sacrificial
photosensitive agent. A popular method to chemically store harvested solar energy is to split
water into hydrogen and oxygen. This has been achieved using hydrogenase active site mimics
that split water via a ferredoxin catalyst. A recent example has employed a single helix which
was functionalised with a non-natural dithiol amino acid residue that stabilised the diiron-
hexacarbonyl reaction centre of the hydrogenase mimic.”® When this was in aqueous solution
with both a photosensitizer such as tris(bipyridine)ruthenium(Il) and a sacrificial reducing
agent such as ascorbate it catalysed the splitting of the surrounding water molecules, when
excited with activating light. However, this system has a low turnover number typical of the
hydrogenase mimics at present, which would suggest that a commercial device is not on the
horizon. A review by Ghirlanda et al. has recorded the recent advances in hydrogenase mimics
and clearly shows the value of a coiled coil scaffold to position and replicate the protein

environment.’!
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1.7 SUMMARY

By observing natural systems, one concludes that the subunit design and selection of
chromophores are essential for the efficient capture and use of energy. This involves careful
structuring of both the steric and energetic environments to allow efficient packing of a
designed peptide while retaining photophysical properties. Exciting developments in protein
synthesis, especially the ease of solid phase synthesis, has driven research interest in attempting
to mimic natures precise structural and energetic control. This project proposes that systems
could be prepared that can harvest light to be used for both energy generation purposes and
potentially for catalytic applications. The ease of designing coiled coils with reliable results
implies that they are a sensible starting point in the design of a peptidic light harvesting module.
Indeed, it is also important to note that the solid phase synthesis regime does not limit our
designs to natural amino acids, but allows the use of interesting unnatural species with exotic

properties and chromophoric handles.

1.8 AIMS AND OBJECTIVES

The aim of this project is to explore the feasibility of using coiled coils to place chromophores
precisely allowing their photophysical characteristics to be studied. The considerations
regarding the exquisite precision that can be achieved with the use of amino acids as building
blocks informs the first objective of this project. This was to make use of the design principles
for coiled coil proteins to prepare a small library of peptide structures to position chromophores

and lanthanide ions precisely in space. The initial test structures will make use of tryptophan
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as a sensitising species for emission from terbium ions. These structures will need to be
characterised thoroughly to help understand their light harvesting potential. Secondly, the
potential of these new peptides to sensitise other visible emitting lanthanides such as samarium,
europium and dysprosium will be studied to evaluate their use as emissive tags and the

capability of the biologically relevant amino acid, tryptophan, to sensitise their emission.

Following the design and construction of a model system with natural amino acids, the use and
synthesis of non-natural amino acids functionalised with chromophores will be explored. This
will result in the preparation of a small library of peptides functionalised with different
sensitisers. These new peptides will be used to sensitise the visible emitting lanthanides. This
will develop a system for studying the interaction between localised chromophores and bound
lanthanide ions. Indeed, the behaviour of each of these systems will inform the future
development of rudimentary coiled coil light harvesting complexes that perform other

functions rather than simply reemitting the trapped energy.
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2.1 INTRODUCTION

The structural potential of peptides and more specifically coiled coils has been explored in
Chapter 1. The use of coiled coils as ligands has found a particular advantage over conventional
small molecule species, as they can offer a greater steric and environmental control, in much
the same way as enzymes. This has led to a great deal of research into metal ion binding using
coiled coil structures to create functional systems. Nevertheless, while at present there are no
commercial uses for coiled coil technologies, they have found extensive use as model systems
to study biological enzyme sites and binding domains. Several systems have been studied, such
as anhydrases, hydrogenases and copper enzymes (type 1 and 2) as enzymatic mimics.!? A
notable example has been the construction of a coiled coil, zinc binding, carbonic anhydrase
mimic which was utilised to study the turn-over mechanism.' Indeed, coiled coils have proven
to be excellent model systems for biological study in both metallated and non-metallated
states.® The use of metal ions within coiled coil systems has not just been limited to natural
mimics but has made use of biologically unavailable metals such as rhodium,* ruthenium,’
osmium,’ uranium,’® mercury and lead to name a few.” The field of metallated coiled coils has
been extensively reviewed by F. Yu et al. and M. Zastrow et al. and therefore will not be

considered in detail here.?

Natural systems make use of bound cofactors such as chromophores and metal ions to add
varied functionality and photophysical properties, allowing manipulation of photons within a
constrained system. This can also be achieved by using metal ions not traditionally available
to nature, such as the lanthanides. The appeal of these metal ions is primarily two-fold. Firstly,

the varied and well characterised photophysics of the lanthanides offers a range of potential
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functionality. This can be both for useful systems employing redox chemistry and energy
transfer as well as luminescence and lifetime analysis, which are frequently used in assays and
diagnostics.’ Secondly, the similar coordination chemistry across the lanthanides allows the
same binding site design to be used to coordinate much of the series. This will reduce the design
requirement while enabling the construction of a wide and varied range of systems by
exploiting a ‘plug-and-play’ type of approach. There are a few coiled coil systems that have

been used to bind lanthanides and they merit further consideration.

The first reported instance of lanthanides bound to coiled coils was an initial study on the
interaction of lanthanide trications with an acid rich coiled coil domain.'° The results reinforced
the idea that lanthanides preferentially bound to acidic sidechains such as glutamates. This was
further advanced by the introduction of acidic non-natural amino acids to achieve excellent
binding, however, this approach is expensive, complex and tends to limit commercial
application.!! Work within the Peacock group has been to develop a coiled coil trimer that
exhibited a novel lanthanide binding site constructed from natural amino acids, MB1-2 (Fig.
1).!2 This site made use of three aspartate residues to provide a 3- charge for electrostatic ionic
binding to the tricationic lanthanide ions and three asparagine residues to provide a complete
9-coordinate hard oxygen environment. It is of particular interest for a new peptide design as
it is relatively simple to include in a trimeric coiled coil and can be utilised to bind across the
lanthanide series.!? Unfortunately, the transfer efficiencies and photophysical behaviour of the
MB series is particularly weak, with energy transfer between tryptophan and Tb(III) ions being
recorded as 0.08 + 0.07%,'? therefore this system alone would not be a useful light harvest
module. Attempts to crystallise the MB series have proven to be unsuccessful, therefore it

would be advantageous if a new design could readily crystallise in order to obtain the solid
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state structure of the intact binding site. This leads to the consideration of another literature
system of interest, CoilSer (CS),'* which was successfully crystallised by B. Lovejoy et al. and
although the solid state structure was found to be antiparallel, both solution state studies and
further work have illustrated that it is parallel. Thus this sequence has been used prolifically as
a crystallisation motif, enabling the study of zinc, lead, mercury and arsenic binding within CS
derivative systems.!®> Due to the proven robustness of the CS system and it’s well characterised
structure it would be logical to base a new design on the structure of this peptide. Indeed, recent
work by L. Ruckthong et al., demonstrated that adding a heptad to the original CS peptide

resulting in a long derivative, CS+, was both crystallisable and also parallel (see Table 1).!3

Table 1: The sequences and associated charges on a single strand of the literature CS and MB1-2 species, the
designed HC series and the model CS+ sequence. The charges are calculated for the peptides in aqueous
solution at pH 7.0. The tryptophan residues are highlighted in red and the binding site residues are shown as

bold and underlined.

Peptide Sequence Charge

CS Ac-E WEALEKK LAALESK LQALEKK LEALEHG-NH, 2
MB1-2 Ac-G IAAIEQK IAANEWK DAAIEQK IAAIEQK IAAIEQK G-NH, -1
CS+ Ac-E WEALEKK LAALESK LQALEKK LQALEKK LEALEHG-NH, -1
HCOC  Ac-E WEAIEKK IAAIESK IQAIEKK IQAIEKK IEAIEHG-NH, -1
HCO01 Ac-E WEANEKK DAAIESK IQAIEKK IQAIEKK IEAIEHG-NH, 2
HC02 Ac-E WEAIEKK IAANESK DQAIEKK IQAIEKK IEAIEHG-NH, 2
HC03  Ac-E WEAIEKK IAAIESK IQANEKK DQAIEKK IEAIEHG-NH, )
HC04 Ac-E WEAIEKK IAAIESK IQAIEKK IQANEKK DEAIEHG-NH, 2
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Figure 1: The side on and top down view of the solid state structures of literature peptides A) CoilSer generated
from the pdb 1COS,6 B) MBI1-2 cartoon generated from computational model, 4 and C) CS+ cartoon generated
from the long CoilSer derivative pdb 5KB2. The lanthanide binding site of MB1-2 is shown with both sticks and
spheres (terbium is cyan, oxygen is red, nitrogen is blue and carbon green). D) A schematic of the binding site
design with three anions from the carboxylic acid residues interacting with the cationic terbium ion.
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2.2 PEPTIDE DESIGN

Having determined that the MB series and CS peptide make a natural pairing for a new design
it remained to combine the desirable features from each system. As previously discussed it was
beneficial to retain the designed lanthanide binding site of the MB series, thus requiring the
design to be three a-helices forming a parallel coiled coil in a trimeric fashion. The binding
site was retained with aspartate and asparagine residues to retain the same coordination
environment as previously reported, namely three negative charges for ionic bonding to the
tricationic lanthanide species and a 9-coordinate oxygen binding environment. The trimer
structural restriction is to maintain the coordination sphere presented by the two residues on
each of the three a-helices. The core binding site should also exclude water molecules to limit

energy losses from vibrational modes.

In addition to the metal binding and trimeric features it would be ideal that the peptide should
be very water soluble from pH 6-8, this is to balance the stability of the MB binding site that
would be compromised by protonation and to avoid lanthanide hydroxide formation that occurs
at higher pH values.!'® The system should also retain a chromophoric handle to enable rapid
and simple concentration determination. As previously mentioned it was particularly useful to
analyse the structures of the scaffolds by crystallographic techniques. A method to improve the
chances of crystallisation is to functionalise the surface of the designed coiled coil to induce
interactions or metal ion coordination between the superstructures. This can be achieved with
sidechains such as hard oxygen donors from glutamates or nitrogen donors from histidine
residues, which have been used to induce crystal matrix formation/nucleation and are found as

key external features on the CS system.
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Having discussed the required parameters for a simple structure, it remains to design the linear
sequence to give the corresponding super-structure. The principles behind coiled coil heptad
repeats has already been discussed at length (see Chapter 1.5), this heptad repeat regime will
be used to build and understand the new sequences. By combining the designs of the MB series
and the CS peptide, it resulted in the replacement of the core leucine residues from CS with
isoleucine residues at the a and d positions, as in the MB series. This provides the hydrophobic
core of the coiled coil system which would still be trimer directing due to the steric bulk of the
isoleucine sidechains.!” The CS sequence was further utilised to provide the residues of the b
and ¢ position which are typically utilised for helix inducing and water solubilising functions,
therefore alanine and glutamine residues are the obvious choices.'® The e and g positions are
commonly used for salt bridging residues to stabilise interhelical interactions between the a-
helices in a coiled coil and which typically consists of a lysine and glutamate pairing. Indeed
this motif was present in both the reported peptides and was retained in the design. This left
only the external fpositions to assign and a few deviations from the normal heptad repeat. The
CS peptide had a highly functionalised surface with the f positions containing polar residues
such as histidine and lysine, these were thought to be important for metal coordination to the
surface in order to crystallise the peptide, so were also retained. A histidine residue was placed
near the C-terminus to coordinate zinc metal ions to facilitate crystal formation which was
thought to be important for the original crystallographic success of CS.!* A tryptophan residue
was retained close to the N-terminus, providing the chromophoric tag thus completing the
design of the control HCOC peptide. The lanthanide binding site of MB1-2 was incorporated
by placing an asparagine and aspartate in the d position of one heptad and the a position of the
subsequent heptad respectively, this site could be translated up and down the sequence.!’

Contrary to the MB series, the tryptophan was not moved with the binding site. It should be
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noted that all the peptides discussed herein have the N-terminus acetylated and the C-terminus
amidated. This limits repulsion between peptide helices at either end when they form a parallel
coiled coil due to the lack of like charges. These features resulted in the hybrid designs

collectively known as the HC series (see Table 1).

The overall charge on the peptides at pH 7 was determined from the number of glutamate,
aspartate and lysine residues in the sequences (see Table 1). The resultant overall charge of -2
for the HC series indicates that the native peptides would be very soluble in water and have a
high affinity for positively charged species such as lanthanide trications. Upon binding a
trication, the designed trimer unit would still have an overall charge of -3 (-1 from each a-
helix) therefore would be expected to be very soluble. The control HCOC peptide had an overall
charge of -1 which implies a trimer species charge of -3, this suggests that the control will also
be soluble in water. The distribution of lysine and glutamate residues is relatively even
through-out the sequence, indicating that the overall charge on the peptide is not particularly
localised, therefore the whole system should be soluble without highly polar and apolar

domains.

2.3 PREDICTIVE ANALYSIS OF THE PEPTIDE DESIGNS

In order to predict the behaviour of the newly designed sequences, the coiling propensity of
each sequence was analysed using a Markov model-based programme called MARCOIL.?
This programme predicts the helical coiled coil structure from protein primary sequences.

Initially, the control peptide was compared with CS, MB1-2 and the extended CS derivative
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(CS+) to ascertain the relative coiled propensity of the new design before including a binding
site. The results clearly indicated that the three peptides; MB1-2, CS and HCOC would be well
folded with over 70% of the peptide structure expected to be well formed helices (Fig. 2A). X-
ray diffraction and circular dichroism data have determined that CS and MB1-2 respectively

are o-helical, therefore it seemed a valid assumption that HCOC will also be helical.

Having determined that the control system had a high coiling propensity, a rough prediction of

the disruptive influence of the hydrophilic residues in the core at the various binding site
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Figure 2: The MARCOIL profiles of A) CS (dashed black), CS+ (dotted black), MB1-2 (solid grey), HCOC
(solid black) and B) HCO1 (solid black), HCO2 (dotted black), HCO3 (solid grey) and HC04 (dashed black)
indicating the helical coiling probability by residue position.
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positions was studied (Fig 2B). Both HCO1 and HCO04 are predicted to have less well formed
coiled coil structures for the respective termini at which the binding site is placed due to termini
being generally more flexible. However, supercoiling of the other heptads is thought to stabilise
this disruption. The HC02 and HCO3 systems are predicted to retain helical structure despite
the central placement of the binding sites. This seems unlikely as it is well characterised for
the MB series that the centrally placed sites result in poorly folded native peptides due to the
hydrophilic residues disrupting core interactions.'® Therefore, we would expect to see a similar
behaviour for the HC series. This would imply that HCOC, HCO1 and HC04 would be well
structured helical systems with some flexibility at the respective binding site termini, whilst

the HC02 and HCO03 are unlikely to be well folded due to the centrally placed binding sites.

Further to the helical propensity it was necessary to determine the probability of these helices
forming trimeric coiled coils, therefore the programme LOGICOIL was used to predict the
oligomeric states of the peptides in Table 2.2! Each of the studied peptides favoured a trimeric
structure with exceptionally high propensities, as demonstrated by the low values for both
dimeric and tetrameric oligomeric states (see Table 2). The LOGICOIL output represents a
probability of oligomeric state formation, values that are within 0.3 of each other indicate that
multiple species are likely to be present. For example, MB1-2 has the trimer as the most likely
species but a parallel dimer is also relatively high probability suggesting that this might form
a mixed system. Pleasingly, the values for all the HC peptides indicated a very clear favouring
of trimeric structures. This was not entirely unexpected as the @ and d positioned isoleucine
residues are known to direct the supramolecular structure towards trimers.!” The valid
prediction for the literature systems gave further confidence that the new designs would also

form coiled coil trimers.
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Table 2: The LOGICOIL output for the oligomeric domain propensity of the literature peptides CS and MB1-2,
the designed HC series and the model CS+ system. Higher values indicate higher probability of formation.

Peptide  Antiparallel Dimer Parallel Dimer Trimer Tetramer
CS 0.93 1.03 1.58 0.85
MB1-2 0.99 1.00 1.23 0.79
CS+ 0.93 1.04 1.52 0.86
HCO0C 1.00 0.77 1.88 0.74
HCO01 1.00 0.81 1.74 0.76
HC02 1.00 0.81 1.74 0.76
HCO03 1.00 0.81 1.74 0.76
HC04 1.00 0.81 1.74 0.76

2.4 PEPTIDE SYNTHESIS AND CIRCULAR DICHROISM ANALYSIS

The HC peptide sequences were prepared via a solid-phase peptide synthesis methodology and
purified by reverse-phase high pressure liquid chromatography. The mass and purity of each
of the peptides was determined by matrix-assisted laser desorption/ionisation mass
spectrometry and analytical high pressure liquid chromatography respectively (see Chapter 8.4

and S2-5S6).

The secondary structure, and sometimes more advanced structure, can be determined by
monitoring the circular dichroism profile of a sample. This can be illustrated by observing the
resultant spectrum from the control HCOC peptide system (Fig. 3). The molar ellipticity
minimum at 222 nm (0222) and 208 nm (0208) are clear features pertaining to o-helical

domains.?? Furthermore, it has begun to be accepted that if the ratio 0222/020s is greater than one
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it indicates the formation of a super-structure such as a coiled coil.>* This is because the
interaction of the helices resulting in n-n* transitions, implying that a ratio greater than one
would indicate supramolecular coiled coil formation leading to orbital overlap between strands.
The percentage of the peptide sequence that is helical can be determined from the concentration
of the peptide solution and the molar ellipticity at 222 nm (0222).2* The non-metallated HCOC
was found to be 93% + 1% helical suggesting that the majority of the system is well structured
and that ~7% is probably disordered due to flexibility at the termini of the coil. This result
gives an upper limit to the helical content that would be expected to be present in the other

metal binding coiled coils of the HC series.

Considering the non-metallated profiles for the peptides HCO1-HC04 the effect of the binding
site becomes apparent (Fig. 4). For both HC02 and HCO3 the circular dichroism profiles exhibit
little secondary structure with only 15% + 1% and 16% + 1% in a-helical domains respectively,
though it should be noted that at these poorly folded states the calculations do not represent
any actual helical structure. This indicates that these peptides are not well structured or

preformed for binding a metal ion. This is due to the centrally placed binding site consisting of
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Figure 3: The circular dichroism spectrum of HCOC (90 uM) in aqueous HEPES buffer (10 mM, pH 7.0) with
the minima at 208 and 222 nm. The 022:/629s ratio being greater than one indicates a coiled coil system.
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the hydrophilic asparagine and aspartate residues being buried in the hydrophobic core,
resulting in disrupted core heptads which are more stabilising than terminal heptads.?*
Interestingly, both HCO1 and HC04 exhibited similar profiles to the control peptide with
remarkably well folded systems at 70% + 3% and 67% =+ 3% respectively. This indicated that
they were well structured a-helices in solution and the ratio of 6222/0208 being greater than one
also suggested that both HCO1 and HC04 formed coiled coils, perhaps with preformed binding

sites.

After characterising the non-metallated peptides, the binding of terbium was studied by
titrating terbium trichloride solutions into samples of HC01-HC04 and recording the change in
the circular dichroism spectra. In all four cases the a-helical content increased upon the addition
of Tb(III) ions, as indicated by a decrease in the minima at 208 and 222 nm, suggesting that
metal binding was inducing a structural change in the system. This change was most clearly
manifested for both HC02 and HCO03 due to the previously destabilised non-metallated systems
(Fig. 4B, C). The initial helical content which was particularly low at 15% + 1% and 16% +
1% for HC02 and HCO3 respectively, upon the addition of one equivalence of Tb(III) ions
increased dramatically to 70% + 5% and 75% =+ 4% respectively, indicating that a coiled coil
trimer was binding a single metal ion with the metal ion acting to template the peptide structure.
Using the molar ellipticity at the maximum folded state and the initial molar ellipticity, the
fraction of trimer bound (f) was calculated (see Chapter 8.9). This allowed for the
determination of the log of the binding constants (logKa) for both HC02 and HC03 which were
found tobe 5.13 £0.11 and 5.17 = 0.10 respectively, when fitted to a monomer-to-trimer model
(Fig. 5). These binding constants are very similar and within the error of the standard deviation

of three repeats indicating that the sites of HC02 and HCO03 behave in the same manner, as
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would be expected. These binding constants result in binding energies (AG®bing) of -28.8 + 0.6
kJ mol™! and -29.0 + 0.6 kJ mol™! respectively (see Table 3) which is consistent with weak
binding, however, the values are the same magnitude as that previously observed for MB1-2.1°
Interestingly, it was also possible to observe the enhancement in coiled coil assembly by
monitoring the ratio 0222/0208 upon the addition of Tb(III). The overall coiled coil structure is
enhanced up to one equivalence of Tb(III) to trimer and then plateaus (see S13-S14), indicating
that only one Tb(III) ion per trimer induces coiled coil templating. This is particularly exciting

as it demonstrates that the designed peptides are behaving as intended.

The HCO1 peptide system exhibits extensive a-helical structure before the addition of metal
ions, which, as previously discussed indicates that the species is a templated system. Due to
the well-structured non-metallated state the resulting change in folding upon titration with
Tb(III) is quite small, with only ~20% change, but noticeably demonstrating that 1 equivalence
of metal ions bind to a trimer unit (Fig. 4A). Indeed, monitoring the 0222/0208 ratio it becomes
apparent that the first equivalence of metal ions also results in an enhanced coiled coil structure,
suggesting that the already templated structure improves upon the addition of metal. This is in
agreement with the hypothesis that upon effective metal binding at the N-terminus of the coiled
coil, folding is enhanced resulting in the metal stabilising further terminal coiling. The
enhancement in coiling was very reproducible with little error compared to the change in a-
helical content (see S13). Therefore, the 0222/620s ratio was used to monitor binding for HCO1
and the resultant profile was fitted, as before (see Chapter 8.9), to a three-to-one
thermodynamic binding event (Fig. 5A). The determined log of the binding constant was found
to be 5.03 + 0.13 and a binding energy of -28.2 + 0.7 kJ mol™!. This is remarkably similar to

the values ascertained for both HC02 and HCO3 (see Table 3) suggesting that while the site
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modulation can alter the behaviour of the non-metallated peptides, the overall binding affinity
is relatively unchanged. Considering that these systems have dramatically different non-
metallated states, yet they result in similar binding energies, this would suggest that the
predominant driving force is enthalpic. This is particularly surprising as the binding site is
composed primarily of hard oxygen donors, not too dissimilar from the aqueous solvent
environment. However, the ionic interaction between the three aspartate -1 charges and the

terbium trication would result in a similar binding energy for all three systems.

The binding constant values for HCO1, HC02 and HCO03 are all remarkably similar in the range
of 10°. This has certain implications for the speciation of samples, for example when the
peptide concentration is 90 uM and the Tb(IIT) concentration is 30 uM, it would result in 25
UM concentration of trimer complex or 83% of the Tb(IIl) is involved in complexation and

17% free in solution.

Table 3: The log of the binding constants and the binding energies for HC01, HC02 and HCO3 with Tb(IIl). The
errors represent the standard deviation of three repeats.

Binding Constant Binding Energy / kJ
-1

Peptide (logk)) mol
HCO01 5.03+0.13 -282+0.7
HCO02 5.13+0.11 -28.8+0.6
HCO03 5.17+0.10 -29.0+0.6

The HCO04 system starts as well folded a-helices in a coiled coil environment as evidenced by
the minima at 222 nm and 208 nm. This implied that it would behave in a similar manner to
that observed for HCO1. However, there were no obvious changes upon the addition of metal
ions, beyond a steady increase in a-helical content. Despite this, it could be considered that the
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system reached a plateau at two equivalents of Tb(III) to a trimer unit, but the large error
associated with the final points makes this unclear. The extent of coiling did not increase, such
that the 0222/0208 ratio remained relatively unchanged through-out the titration (see S14). This
could be due to one of two reasons, the first being that the peptide system is well templated
and that the binding site does not disrupt the coiled coil, therefore upon binding little change
is observed. The second possibility is that the designed core binding site is not successfully
formed perhaps due to a more stable arrangement of each helix without requiring the
hydrophilic sidechains to be in close proximity. The circular dichroism profiles of the HC series
both before and after the addition of Tb(III) indicates that all except HC04 were behaving as
designed. The two discussed possibilities to explain the HC04 results can be differentiated by
observing the complexed species by mass spectrometry. If the HC04 species is observed with

Tb(III) bound, this suggests that the binding site is intact and thus implies the first hypothesis.

2.5 MASS SPECTROMETRY OF COILED COIL LANTHANIDE COMPLEXES

The use of mass spectrometry to observe supramolecular complexes has been studied
extensively, however, complexes that are stabilised by only van der Waals and salt bridging
interactions have proved challenging to observe.?® This is due to the energy requirement for
ionisation typically exceeding the stabilisation of the complex, resulting in fragmentation,
creating an interplay between size and ionisation energy. While larger systems are generally
harder to ionise they have more non-covalent interactions, therefore, they can be ionised with
greater energy without fragmentation but small non-covalently interacting coiled coil

complexes proved challenging to observe due to the ease with which they fragmented upon
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ionisation. There has been work carried out to observe leucine zipper domains and oligomeric
states by electrospray mass spectrometry.?® This was particularly encouraging as it implied that
the HC series could also be observed by mass spectrometry. Indeed, MB1-2 was observed with
Tb(IIT) and Gd(III) ions bound by mass spectrometry, however, the non-metallated system has
not be observed.!® Considering the circular dichroism data which suggested complex formation
in the presence of Tb(III), it should be possible to observe these coordinated supramolecular
species, but perhaps more crucially the non-metallated complexes of HCOC, HCO1 and HCO04.
It was necessary to remove non-volatile salts from the samples to aid ionisation, therefore the
HC peptides were prepared in an ammonium acetate buffer. The metallated samples were
generated by the addition of 1.3 equivalents of Tb(III) before being analysed. However, due to
concentration limitations of the technique the sample would ideally have a concentration of
complex below 10 uM, in order to prevent saturation of the detector. For this reason the peptide
concentration was 9 pM implying that the maximum concentration of trimer complex could be
3 uM. Unfortunately the binding constants previously discussed suggest that even with 1.3
equivalents of Tb(IIT) only 50% of the peptide will be binding the metal ions. However, this
would be sufficient to determine the nature of the complex by mass spectrometry. A crude
attempt at ionisation using matrix-assisted laser desorption/ionisation with a sinapinic acid
matrix resulted in observing only monomer species. This was probably because the trimer was
too delicate and upon ionisation broke up into monomer units. However, the strategy utilising

electrospray ionisation with the ammonium acetate buffer was then attempted with success.

Utilising the control peptide, HCOC, as an example a 5+ charged trimer species was clearly
observable with an overall mass of 12465.5 amu (Fig. 6A). This indicated a complex structure

of three monomer units of 4155.2 amu, the mass of HCOC. The odd charged species was
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particularly easy to identify as there were no overlapping clusters present. This is not so trivial
for a 3+ trimer where a monomer of 1+ charge would disguise the trimer species. The HCOC
spectrum also showed a 3+ dimeric complex with a monoisotopic species mass of 8310.6 amu.
However, rather than being a structure in solution this may have been the result of the trimeric
species losing an a-helix under the ionising conditions. To determine if this was the case a
tandem mass spectrometry experiment was carried out, selecting for the 5+ trimer species and
maintaining the same ionisation energy as the previous experiment (Fig. 6B). This
demonstrated that the trimer degraded to give a monomer and dimer species. The ion count
ratio for the monomer and dimer species was found to be one, confirming their source as the
trimer parent species. Nevertheless, the most important comparison was that of the ratio of
trimer/dimer ion in both the previous and tandem mass spectrometry experiment. These values
were 0.60 and 0.53 respectively, both very comparable, suggesting that fragmentation of the

trimer was the primary source of the observed dimer.

The mass spectra for both the non-metallated and metallated HCO1 systems were very similar
to that of the HCOC species. There were prominent ions consistent with trimeric species for
both samples (Fig. 7) with the respective increase in mass for the metallated sample indicating
a single Tb(III) ion bound. The ion count of the HCO1 trimer species for both the non-
metallated and metallated samples was found to be very similar to that observed for HCOC,
when using the same ionisation energy. This suggested that the HCO1 peptide is a well-formed
trimer, even before Tb(III) binding. A tandem mass spectrometry experiment was also run for
the metallated HCO1 that demonstrated the same observations as for HCOC (see S15-S17);
interestingly the metal ion was seen to remain with the dimer species with fragmentation

yielding the metallated dimer and the non-metallated monomer ions.
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Figure 6: A) The electrospray ionisation mass spectrum of HCOC with the insert showing greater detail for the
5+ trimer isotopic peaks. B) The tandem mass spectrum for the locked ion at 2494 m/z indicating the resultant
dimer and monomer result from the fragmentation of the trimer. The sample was HCOC (9 uM) in ammonium
acetate buffer (5 mM, pH 6.8).

—

When considering the spectra for HC02 and HCO03, as with the circular dichroism data they
behave in a very similar way. While the trimer is visible in the native state for both peptides,
the ion counts were very low indicating that this species is either weakly interacting (ionisation

energy is close to dissociation energy) or the species is not present at a particularly high concen-
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Table 4: The monoisotopic m/z values for the recorded spectra of the HC series with the resultant trimer and
monomer masses.

popide MR Chargeqn MR omer o
HCO0C 2494.10 5+ 12465.5 4155.2
HCO01 2527.22 5+ 12631.1 4157.4
HCO02 2527.20 5+ 12631.0 4157.4
HCO03 2527.29 5+ 12631.5 4157.5
HC04 2496.08 5+ 12475.4 4158.5

“The systems that have Th(IIl) bound have an increase of 159 amu relative to the trimer mass.

-tration. Thus, upon the addition of Tb(III) the intensity of the trimer increases dramatically, in
agreement with the formation of either a more stable species or present at higher
concentrations. This confirms that the relatively unstructured species observed by circular
dichroism becomes a well-folded coiled coil upon the addition of Tb(IIl). The tandem mass
spectrometry experiment for the metallated species confirmed a metallated dimer and non-

metallated monomer both present in equal measure resulting from the parent trimer species.
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Figure 7: The electrospray mass spectra for the HCOI trimer both with and without 1.3 equivalences of Th(Ill),
indicating the increase in trimer mass upon the metal binding event. The sample was HCOI (9 uM) in
ammonium acetate buffer (5 mM, pH 6.8).
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Interestingly, the HC04 peptide was observed as a non-metallated complex, just as had been
the case for HCO1. Surprisingly, it was not observed with metal present suggesting that this
peptide is very stable as a trimer without metal indicating a potential lack of a binding site.
Together with the circular dichroism profiles observed for HC04 it supports a lack of metal
binding, thus it is likely that the designed parallel coiled coil with a binding site is not forming
and that another trimeric assembly is forming instead. One option is that an antiparallel
arrangement could be present as this would result in high a-helical content but the core
coordination sphere would be disrupted and therefore not functioning. The mass spectra of the
complexes clearly indicated that HCOC, HC01-HCO03 all behaved as intended and indeed the
observation of the trimers by mass gave clear evidence for the adopted oligomeric states of the
designed sequences, in support of the LOGICOIL predictions and the original designs.

However, the aberrant behaviour of HC04 merits further investigation.

2.6 CRYSTAL GROWTH

Primary screening for the crystallisation conditions for HC02 was carried out by H. Campbell
in unpublished work utilising the JCSG+ crystal screen kits and it was determined that a
specific set of conditions seemed to generate reasonable hits for HC02.?” The conditions
involved PEG3350, ammonium chloride and zinc acetate, of notable importance was the zinc
which was thought to be particularly important in the initial crystal formation steps to the
external histidine residues in the designed sequences.?® Indeed, zinc coordination is a well-
established motif for both function and structure in natural proteins.?’ The initial screening

conditions were further optimised to allow repeated growth of crystals for HC02 in the presence
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O I

Figure 8: Photographs of crystals of A) HC02 as rounded triangular prisms, B) HCO3 as long triangular prisms
and C) HCOC as long triangular prisms. These crystals were grown from a combined solution of peptide (16 mg
mL! peptide, 6 mM terbium chloride and 5 mM zinc acetate) and precipitant (0.21 M ammonium chloride and
25% v/v poly(ethylene) glycol 3350) in a 1:1 ratio.. The black bar indicates 0.2 mm.

of Tb(III) to ensure the binding site was populated (Fig. 8). The resultant crystals were large
(0.6 x 0.2 mm) and the quality appeared sufficient for structural analysis. Pleasingly, both
HCO03 and HCOC crystallised exceptionally well from the same conditions with crystals of
similar dimensions in multiple crops. However, attempts to crystallise either HCO1 or HC04

proved to be more challenging.

Concerning HCO1 and HCO04 it was considerably trickier to instigate crystal growth, with high
concentrations of peptide resulting in precipitate but lower concentrations yielding nothing but
empty wells. The resultant solution involved PEG400 doped samples of the previous hit
conditions to yield HC04 crystals that were sizeable and appeared to be useable (Fig. 9B).
Attempts to crystallise HCO1 have resulted in crystalline sprays (Fig. 9A) which are very hard
to handle. Even with the preparation of individual plates by excising from the sprays, the plates

proved to have such high mosaicity as to be unusable. Considering the poor crystal growth,

Figure 9: Photographs of crystals of A) HCOI as a spray of thin plates and B) HC04 as long triangular prisms.
These crystals were grown from a combined solution of peptide (16 mg mL”' peptide, 6 mM terbium chloride
and 5 mM zinc acetate) and precipitant (0.21 M ammonium chloride, 25% v/v poly(ethylene) glycol 3350 and
8% v/v poly(ethylene) glycol 400) in a 1:1 ratio. The black bar indicates 0.2 mm.
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Figure 10: Photographs of A) the amorphous structure from HCO3 grown in the presence of Yb(IIl), B) the
triangular prisms of HC03 grown with Eu(Ill) and C) the triangular prisms of HC03 grown with Gd(IIl). These
crystals were grown from a combined solution of peptide (16 mg mL™! peptide, 5 mM zinc acetate and either 6
mM ytterbium chloride, gadolinium chloride or europium chloride) and precipitant (0.21 M ammonium
chloride and 25% v/v poly(ethylene) glycol 3350) in a 1:1 ratio. The black bar indicates 0.1 mm.

seeding with the sprays was attempted into stocks of varying concentration of HCO1, however,
this produced either nothing or the same result as previously observed. The difficulties
experienced with HCO1 and HC04 may be due to disruption at the terminal sites resulting in a

lack of packing at these positions, preventing good crystal nucleation and growth.

Considering the similarity of coordination behaviour across the lanthanides it was investigated
whether crystals could be grown in the presence of lanthanides other than Tb(III). Crystals of
HCO02 and HCO3 were successfully grown in the presence of Eu(IIl) and Gd(III) ions, however,
in the presence of other lanthanides such as Yb(III) and La(IIl) this proved unsuccessful,
resulting in poorly structured amorphous species (Fig. 10A). This may have been a problem
associated with concentrations of the metal ion and peptide samples, however, the same result
was observed for a number of different iterations. It may also be that the more charge dense
Yb(II) or the large La(Ill) disrupt the structure too much to allow for good crystal growth.
Attempts were made to crystallise the peptides in the presence of only lanthanide ions,
however, none of these conditions were successful. This indicated that the zinc ions were
essential to crystal growth and this further implied that the histidine residues were important
for interhelical bridging and nucleating crystal growth. It should be noted that while histidine
and zinc have a relatively high affinity, there are also many other coordinating residues such

as glutamates available.
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The crystals had to be cryo-protected before being frozen in liquid nitrogen. This prevented
water in the peptide matrix forming ice-crystals, which could both damage the structure of the
peptide crystals and lead to diffraction from amorphous ice layers resulting in poor data
collection.’® The cryo-protectant was a mixture of ethylene glycol and low molecular weight
poly(ethylene glycol). These molecules disrupt hydrogen bonding in water preventing rapid
crystalline solidification upon cooling, thus reducing damage to the peptide-water matrix. Of
all the crystals that were protected, only one showed any signs of shocking (catastrophic loss
of structure) and therefore was not mounted. Crystals of HCOC, HC02, HC03 and HC04 were

mounted in loops, frozen and placed in a puck to be transported to the synchrotron.

2.7 X-RAY FLUORESCENCE AND EDGE ANALYSIS

X-ray fluorescence spectroscopy is a technique that makes use of the unique core electron
structure of each element to provide an elegant tool for elemental analysis. This is carried out
by first exciting a core electron with a primary high energy excitation source. The instability
generated by this event results in higher orbital electrons ‘falling’ to fill the hole. The
transitions associated with the electron movement results in a measureable emission which
provides a unique signature for any element present. In order to assess the presence of Th(III)
within the crystal matrix a crystal of HC03, which had been grown in the presence of Tb(III)
ions, it was excited with high energy electromagnetic radiation of 12658 eV (Fig. 11). The
resultant X-ray fluorescence spectrum had distinctive peaks at 5626 eV, 6292 eV, 7002 eV,
7388 eV and 8098 eV indicating the presence of terbium, and 8633 eV and 9632 eV indicating

the presence of zinc. These results were found to be in agreement with the literature. !
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Figure 11: Fluorescence emission spectrum from a HC0O3 crystal grown in the presence of both Th(IIl) and
Zn(Il) afier irradiation with energy of 12658 eV. The peaks are labelled with the metal and transition
responsible for the emission.

Following the successful X-ray fluorescence spectroscopy indicating the presence of Tb(III)
and Zn(II), an absorption edge scan was carried out. This involved observing the absorption of
the crystal when it was excited with radiation from 7200 — 7800 eV. The clear absorption edge
present at 7519 eV was from the L3 edge of terbium due to excitation of the electrons
populating the 2p (J=3/2) orbitals.>? This provided further supporting evidence of the presence
of Tb(IIl) in the samples. Interestingly, the absorption profile had clearly defined x-ray
absorption near edge structure and extended X-ray absorption fine structure, however, this was

not explored further due to the redundancy afforded by the crystal structure data.

This edge scan also provided the data required to set the wavelength for crystal structure
collection in order to maximise the terbium scattering compared to the zinc scattering. This
would allow easy identification and positioning of the different ions by their scattering
intensities. Predictive profiles for the edges of terbium and zinc (see S25) clearly demonstrated
that at any wavelength within the beam range the scattering for Tb(IIT) would be considerably

greater than for Zn(II).>?
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Figure 12: The absorption edge profile for a HCO3 crystal with Th(IIl) bound, scanned from 7200-7800 eV.

2.8 STRUCTURE DETERMINATION

The diffraction pattern images for the HCOC, HC02, HC03 and HC04 peptides were collected
and the resultant datasets of the images were analysed and merged (Fig. 13). The raw data was
found to be of good resolution with spots that were uniform in shape indicating the patterns

should be easily identifiable. The overall statistics for the data collection are shown in Table 5.

mple of the diffraction pattern from a single image and a photograph of a mounted HCOC
crystal in a loop on the beamline.

Figure 13: An exa

70



Chapter 2 — Structural Design And Characterisation of Novel Coiled Coil Scaffolds

Table 5: The crystal properties and data collection parameters associated with the HC series. The values in
parenthesis are for the highest resolution set.

HCO02 HCO03 HC04 HCOC

Wavelength (A) 0.9282 0.9282 0.9282 0.9795
Resolution Range (A)  41.5-2.1(22-2.1) 41.4-2.1 (2.2-2.1) 21.6:3.0 (3.1-3.0) 30.0-2.1 (2.2-2.1)
Space Group H3 H3 H3 H3
Unit Cell

a=b, ¢ 103.4,46.9 103.2, 46.7 101.4,47.2 103.8, 46.2

o=p, y 90, 120 90, 120 90, 120 90, 120
No. Total Reflections 49925 (5130) 100183 (10555) 34800 (3295) 92072 (8228)
No. Unique Reflections 10820 (1073) 10821 (1097) 3598 (357) 10834 (1086)
Multiplicity 46 (4.8) 9.3 (9.6) 9.7 (9.2) 8.5 (7.6)
Completeness (%) 100 (100) 99.8 (99.6) 99.5 (100) 99.9 (99.8)
1/ o(I) 13.2 (2.8) 16.3 (2.59) 13.2(5.8) 8.6 (1.0)
Wilson B (37 54.0 52.9 71.4 50.2

merge 0.08 (0.45) 0.08 (0.90) 0.16 (0.43) 0.14 (2.46)
cc,, 0.99 (0.93) 1.00 (0.91) 1.00 (0.87) 1.00 (0.35)

The resolution across the peptides was overall relatively good (2.1 A) except for HC04 at 3.0
A. Nevertheless, all these datasets are high enough resolution to determine a number of key
structural features. The CC2 and Rmerge Values were acceptable, suggesting that the diffraction
data had good agreement, however, at higher resolution the quality is poorer due to the high
mosaicity of the crystals that were used. This high mosaicity may have been due to the cryo-
protectant conditions utilised, hence it is worth investigating alternative conditions to improve
the crystal quality. Overall the completeness of the datasets was very good with all peptides

having greater than 99%. The space groups for all the peptides were determined to be H3,
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which is particularly useful as the high symmetry associated with this space group implies that
a shorter rotation is required to collect a full set of data. The data was merged and reduced in
iMosflm to give the complete reflection files.** Attempts to collect data from a single crystal
plate drawn from the previously discussed HCO1 crystalline sprays was unsuccessful in
generating useable data. The data had to be truncated at very high resolutions ~6-9 A due to
the incredibly high Rumerge values and resulted in very poor quality datasets. Nothing useful was
found from any subsequent HCO1 sample, most probably due to the very poor crystal formation

causing high mosaicity.

The collected datasets were phased within the Phenix interface utilising the high anomalous
scattering due to the large terbium ions present in the crystal structure.®>> This yielded both
anomalous scattering and density maps which allowed for rapid analysis (Fig. 14). It was

immediately apparent from the density that there were three o-helices in close proximity

Figure 14: The electron density maps (black mesh, r.m.s.d. 1.4) for HC02 with the anomalous scattering map
(red mesh, r.m.s.d. 3.5) indicating the position of a bound Th(Ill) ion, A) top down view and B) side view.
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forming a trimeric coiled coil assembly. Furthermore, the anomalous scattering map can be
used to place a Tb(III) ion at the core of the coiled coils for HC02, HC03 and HCO04. The
position of the metal ion, as indicated by the anomalous scattering, was in agreement with the
designed modulation of the binding site down the coiled coil. In addition, a-helices of the coiled
coils were clearly arranged parallel to each other as the side-chains were all angled in the same
direction, resulting in a ‘Christmas tree’ effect as illustrated by the electron density map of
HCOC (Fig. 15). The system with the greatest chance to have ambiguous alignment, either
parallel or antiparallel, was the control HCOC as this design did not have a metal binding site
to template the parallel structure. Therefore to ensure this system was indeed parallel a further
two crystals from different droplets were analysed and the density plots confirmed that all the

crystals resulted in parallel solid state structures.

The modelling process was facilitated by fitting the expected sequence to the available density,
this resulted in three o-helices being placed. The metal ions were easily positioned by
overlaying the anomalous scattering map with the electron density map. This rough model was
then further refined by manual rotation and translation of residues using the coot package that

yielded a series of refined coordinate files which, while this work was carried out by O.

WIS . PR A= v gl YA
Figure 15: The electron density map (black mesh, r.m.s.d. 1.5) of HCOC indicating the same directionality of
the side chains suggesting a parallel alignment of helices forming the coiled coil.
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Daubney, it was subsequently checked by Dr. White. These files provided the solid state crystal
structures of HCOC, HC02, HC03 and HC04 all with Tb(IIl) and Zn(II) ions coordinated

(Fig.16). The refinement statistics and fit parameter can be found in Table 6.

The models made some of the previous observations easier to characterise and there are certain
general features that applied to all the structures. They all adopted a parallel trimeric
arrangement of a-helical monomers to give the desired coiled coils, in agreement with the
LOGICOIL predictions and original designs. Interhelical salt bridging is also clearly visible
between each a-helix (Fig. 17A) which is characterised by a distance of 4 A or less between
the two bridging residues, in this case lysine and glutamate.’® The core is made up of
predominantly hydrophobic isoleucine residues, as expected from their a and d positions (Fig.
17B). The termini of all the studied peptides are more dynamic as exhibited by the high B-
factors associated with the residues at these positions. This is not unexpected as previous
studies of coiled coils have demonstrated that the ends can be frayed.’” The Ramachandran
plots (see S26-S29) demonstrated that the histidine residues were distorted from the
conformation of well folded a-helices, most likely due to the influence of neighbouring
residues with interhelical bridging metal ion coordination environments. The presence of metal

ions in external sites is most likely the cause of successful crystal growth.

The external surface of the peptide is particularly functionalised with residues at both the top
and bottom of the helix engaging in metal coordination, indeed this was intended as it would
encourage initial crystal formation. While the Zn(Il) was added to coordinate to the histidine
residues, it was apparent that the histidine residues are not involved in the metal ion

coordination at the termini. The external sites are complex and somewhat difficult to assign
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Table 6: The crystallographic refinement statistics for the HC series.

HCO02 HCO03 HC04 HCO0C
No. of Non-H Atoms 996 926 909 1042
No. of Waters 111 41 25 144
R..../Rp.. 0.20/0.22 0.22/0.24 0.21/0.25 0.22/0.24
CC, ./ CC;.. 0.97/0.96 0.95/0.98 0.96/0.97 0.95/0.97
R.m.s.d.

Bonds (A) 0.005 0.004 0.006 0.003
Angles (°) 0.55 0.81 0.89 0.51
Ramachandran? 97/3/0/0 99/1/0/0 98/2/0/0 98/2/0/0

Average B (A’) 77.1 743 73.4 63.9

“The values indicate the percentage of residues in Ramachandran favoured/allowed/outliers/rotamer outliers.

Figure 16: The crystallographic structures shown in cartoon ribbon with the core binding sites illustrated
(terbium is cyan, oxygen is red, nitrogen is blue and carbon is green) for A) HC02, B) HC03, C) HC04 and D)
HCOC with both a side and top down view.
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Figure 17: The crystallographic structure of HCOC indicating an A) interhelical salt-bridge between a lysine
and glutamate residue and B) the hydrophobic core of the trimer consisting of packed isoleucine residues.

due to their dynamic nature. However, they appear to consist of four glutamate residues, two
from the top of an a-helix of one coiled coil and two from the bottom of an a-helix of another
coiled coil. The coordination mode of the acidic sidechains varies and water molecules are also
involved in the external site coordination sphere. The identity of the metal ions was easily
determined from their anomalous scattering profile with the large intensities clearly indicating
the presence of a majority of Tb(IIl) and a lower intensity indicating the presence of some
Zn(II) sites (Fig. 18). This is particularly interesting as attempts to grow crystals without Zn(II)
proved unsuccessful, therefore these external sites must be essential to crystal nucleation and
growth. The importance of these sites may also indicate why there were difficulties in growing
both HCO1 and HCO04 systems. The terminally situated core binding sites would restrict the
flexibility of the required glutamate residues thus restricting the interhelical metal binding

required for crystal formation.

The core lanthanide binding sites are well resolved for both HC02 and HCO03, and less so for
the lower resolution HC04 data (Fig. 19). Each a-helix has both a coordinating acid and amide
functional group from the aspartate and asparagine residues, respectively. The identity of the

metal in the designed site was determined from the anomalous scattering to be a Tb(III) ion.
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Figure 18: A schematic illustrating the interhelical bridging external binding sites and the crystallographic
structure of A) HCOC and B) HCO2 with the anomalous scattering map (red mesh, r.m.s.d. 4.0) indicating the
positions of the bound metal ions. The size of the sphere is directly related to the anomalous scattering intensity
and therefore indicates either the presence of Th(Ill) (cyan spheres) or Zn(Il) ions (grey spheres).

Following the placement of the metal ion the distance from each coordinating atom to the
Tb(IIT) ion was measured (see Table 7). Typically all the distances were found to be between
2.0 and 2.7 A, with an average of 2.3 A in agreement with previous peptide and carboxylate
ligands coordinated to Th(III).*®* Concerning the asparagine residues there is no discernible
indication in the electron density of whether the nitrogen or oxygen from the amide are the
coordinating atom. However, the Tb-X distance for asparagine are in agreement with the
shorter Tb-O literature distances and not with the longer Tb-N distances.?® This is further
supported by the knowledge that lanthanide trications are regarded as very hard metal ions due

to their ionic bonding character and would thus be expected to favour the harder oxygen atom
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Figure 19: The crystallographic structure of the core binding sites for A) HC02, B) HC03 and C) HC04 with the

electron density map (black mesh, r.m.s.d. 1.1) and anomalous scattering map (red mesh, r.m.s.d. 3.5) overlaid
to indicate the side chain and metal ion placement.

over the relatively softer nitrogen.*’ Therefore, the models have been generated in which all
the designed binding residues have an oxygen interacting with the Tb(III) ion. Interestingly,
the varied distances to the metal ion from coordinating residues indicates a lack of site

symmetry.

There is a particularly long Tb-O distance in each system, at 2.8, 2.8 and 3.0 A for HC02,
HCO03 and HC04 respectively. These long distances indicate that the atom is perhaps not just
involved in coordination with the Tb(III) ion but also the local environment. This suggests that
the Tb(III) ion is in a 8-9 coordinate geometry with some ambiguity as to the 9 coordinate state.
A localised water was observed close to the binding site in each case, indeed, the environment
of the water molecule was very similar for all the systems (Fig. 20). For both HC02 and HC04
there appeared to be an interaction between an aspartate residue and a water molecule as

indicated by the short distance between them. This would weaken the bonding to the Tb(III)
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Table 7: The measured terbium to oxygen distances for the designed core binding sites of HC02, HC03 and
HCO04. The corresponding chain identity is in parenthesis. Error of measured distances is £ 0.1 A.

Th(III)-Oxygen

Distances (A)* HCO02 HCO03 HC04
Asn(A) 2.4 2.5 2.0
Asn(B) 2.3 2.3 2.2
Asn(C) 2.1 23 25
Asp(A) 25,23 2.7,2.1 3.0,23
Asp(B) 27,1.8 27,23 2.7,2.1
Asp(C) 28,25 27,28 2.5,2.1

 The error in reported measurements can be found in Table 6 (0.005, 0.004 and 0.006 A for HC02, HC03 and
HC04 respectively), due to high B-factors associated with the model these were reported to one decimal place.

ion and thus result in a longer Tb-O distance. In all cases the localised water molecule was
situated too far away from the Tb(III) ion to be interacting directly. Nevertheless, dynamic
water molecules would not be observed within the crystal structure, therefore water molecules
in close proximity to the bound Tb(III) ion may still be possible. This will be important for

understanding photophysics and quenching of the bound lanthanides in later chapters.

Figure 20: The crystallographic structure of a local water close to the bound Tb(Ill) for A) HC02, B) HC03 and
C) HC04. The electron density map (black mesh, r.m.s.d. 0.9) and measured distances (black dotted line) are
overlaid for clarity. Terbium is cyan, oxygen is red and carbon is green.
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2.9 CONCLUSIONS

A new series of coiled coil trimers containing a lanthanide binding site was designed and
successfully synthesised. Combining the lanthanide binding capabilities of the MB series
together with the stability and crystallisation propensity of the CS series, the HC series aspired
to be an ideal system to structurally understand an aspartate and asparagine functionalised
lanthanide binding site. Solution state analysis utilising circular dichroism proved the presence
of well-formed coiled coils for HCOC, HCO1 and HC04 before the addition of Tb(III) ions. The
structure of both HC02 and HCO03 was disordered before the addition of one equivalence of
Tb(IIT) ions after which they were well folded coiled coil trimers. This validated that the central
sites of HC02 and HCO3 disrupt the core and that the Tb(III) ions are able to template the trimer
formation, as designed. To further characterise the peptides, electrospray mass spectrometry
was used to observe the intact trimeric complexes. While, HCO1-HCO03 were successfully
observed with Tb(III) ions bound, once again HC04 was only observed as a non-metallated
trimeric species even after the addition of excess Tb(III) ions. This suggested that the integrity

of the terminal binding site for HC04 may be compromised in the solution state.

Crystals of HCO1-HC04 and HCOC were successfully grown, unfortunately the HCO1 crystals
were small and poor quality, therefore data was collected for all but HCO1. All the studied
peptides crystallised as parallel trimers of a-helices to form the desired coiled coils. HC02-
HCO04 all exhibited a core binding site with Tb(III) present, coordinated to oxygen donors from
each of the binding site residues. The asparagine residues were monodentate, which was
modelled to be the oxygen of the amide, and the aspartate residues were bidentate with two

oxygen donors from the acid side chain. There was some ambiguity regarding the coordination
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number, as one of the Tb-O distances was particularly long for each system suggesting that it
could be considered 8/9 coordinate. External binding sites at the both the N- and C- termini,
composed of glutamate residues coordinated to Tb(IIl) and Zn(II) ions, were responsible for
the interactions between coiled coil species and are most likely the source of crystal nucleation
and growth. Having studied the structures of the HC peptides, it remains to explore the

photophysical properties of these systems.
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3.1 INTRODUCTION

The processes of energy capture and transfer are essential for the machinery of life. Natural
systems make use of chromophores, proteins and membranes to absorb and transport light
energy to enable the synthesis of carbohydrates, hormones and other fine chemicals.! After
studying the structure of the designed HC series it was necessary to understand how energy
would behave, and could be manipulated, within these systems. In nature’s toolbox of amino
acids the most efficient chromophore is the indole of tryptophan. This species has an absorption
profile that allows relatively efficient absorption at 280 nm (g280 = 5690 M™! cm™).> While
tryptophan is not a practical chromophore for harvesting solar light due to the low intensity of
high energy UV-light at sea level, it does permit absorption and energy transfer phenomena to
be studied within the coiled coil motif. Therefore, taking advantage of the tryptophan that was
already incorporated in the sequence of the HC series, it was anticipated that this would enable

the study of rudimentary light harvesting.

The binding of lanthanides within the HC structures provided a useful template for the
assembly of the coiled coil trimer but this was not the only property of interest. As discussed
previously (see Chapter 1), the lanthanides possess some unique and attractive photophysical
features such as narrow emission bands, which allows easy identification of emission without
excessive signal overlap, a common problem associated with the broad emission of organic
species.® These emission profiles are also relatively environment independent, a useful
characteristic when attempting to predict energy transfer and behaviour within a system. An
interesting feature of the emissive states is that they exhibit very long lifetimes making them

particularly appealing as energy traps for efficient handling of absorbed energy.* One of the
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Figure 1: A schematic of the proposed simple light harvesting system with the tryptophan residues sensitising
emission from different lanthanide ions.

most important and unique properties of the lanthanides is that of long range energy transfer,
as demonstrated by the lanthanide resonance energy transfer distances for terbium. This
behaviour where a donor species is capable of transferring energy over exceptionally large
distances (>10 nm) with surprisingly high efficiency is particularly exciting when designing
something akin to an antenna domain that can direct energy to a reaction centre.’ Due to these
unique photophysical properties certain lanthanides such as terbium and europium have found
extensive use as probes in a diverse array of systems from solution state samples in assays to
amorphous glass materials.® Indeed, they have been routinely used as luminescent probes for
biological interactions.” However, a significant limitation of lanthanide species such as Tb(III)
is that they have very poor absorption coefficients due to the Laporte forbidden 4f-4f
transitions.® To circumvent the poor absorption of the lanthanides, sensitising chromophores
have been used to indirectly excite them.’ The key features of a successful sensitising species
relates to criteria of the excited state chromophore. The quantum yield of emission from a
Sens

Ln(III) sensitised by a chromophore (P;;"°) can be described as the product of the efficiency

of sensitisation from the chromophore (E.;s) and the luminescence quantum yield of the
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Ln(III) species (®17).19 To increase the efficiency of sensitisation there are a number of
desirable features to incorporate into the chromophore. Firstly, the chromophore should exhibit
efficient intersystem crossing to generate the useful triplet state species. Secondly, the energy
of the triplet state should be greater than the acceptor lanthanide state by 2500 - 3500 cm! to
facilitate energy transfer.!! However, care should be taken to ensure that the energy of the
sensitising triplet state is at least 1850 cm™ greater than the lanthanide acceptor state. This is
to prevent unwanted back transfer from the sensitised lanthanide to the sensitising
chromophore.'? The use of tryptophan as a sensitiser for both Tb(III) and Eu(III) has been well

established for a number of different systems.!?

With regards to taking advantage of lanthanide photophysics in biological systems, two
approaches have been used, such as utilising pre-existing metal binding sites or attaching a tag
with the metal already bound. The use of natural calcium binding sites was expected because
of the similar size of lanthanide trications and Ca(Il) ions, as well as some similarity in their
coordination chemistry which suggested that interchangeable binding could occur. Studies in
which lanthanides were bound in natural proteins, with calcium binding pockets, were utilised
in the discovery of the ability of tryptophan or tyrosine to sensitise Tb(IIl) and Eu(III)

emission.

The study of lanthanides within protein systems has resulted in a number of interesting designs
and discoveries, however, the photophysical aspects were explored most thoroughly by the
Imperiali group. The lanthanide binding tag (LBT), a synthetic peptide system inspired by
previous natural proteins, showcased excellent energy transfer and very strong emission

intensity for Tb(III) ions.'
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Subsequent work within the Peacock group involved the development of the MB series, a series
of lanthanide binding coiled coil peptides. These peptides demonstrated different
photophysical behaviour dependent upon the location of the site within the coil.'> '® Contrary
to the HC design, the tryptophan residues of the MB series were translated down the coiled
coil, being kept adjacent to the binding site. Due to the tryptophan residues being externally
situated, ~11 A from the bound metal, energy transfer efficiencies were very low and thus
emission intensity from the coordinated Tb(IIl) ions was also low. The centrally located
binding sites in the second and third heptads of the coiled coil resulted in low hydration states,
but despite the protected metal ion resulting in low solvent induced quenching effects, the
emission intensity was still very low due to the distance factors previously discussed.
Interestingly, both terminal sites behaved differently, this is due to the N-terminal site being
situated closer to the end of the coiled coil than the corresponding C-terminal binding site. This
implies that the C-terminal site will behave more like a core site with relatively little exposure
to the solvent environment. Whereas the N-terminal site will be more solvent exposed and
dynamic. This same variability in behaviour is anticipated to be carried through to the HC
series due to the same location translation of the binding site throughout the structure. Yet the
retention of the tryptophan residues near the N-termini of the a-helices of the HC series are
anticipated to alter the photophysical behaviour considerably. Furthermore, the tryptophan
residues may act as a cap to the N-terminus preventing the water ingress to the bound metal in

the HCO1 system.

Before exploring the use of tryptophan to sensitise lanthanides it is advantageous to study the

behaviour of the chromophore for both absorption and emission characteristics.

91



Chapter 3 — Exploring Tryptophan to Lanthanide Energy Transfer

3.2 TRYPTOPHAN ABSORPTION

In order to understand the absorption characteristics of the HC series, it is necessary to consider
the primary absorber, tryptophan. The chromophoric motif of the tryptophan residue is an
aromatic heterocycle known as indole (Fig. 2). The aromatic nature of this species leads to low

lying energetic transitions such as the m—n* transition. These available transitions result in
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Figure 2: The molecular structure and absorption profile of tryptophan. The observable fine-structure from the
'L, state is indicated with arrows. The sample consisted of tryptophan (90 uM) in aqueous urea (7 M).

observable features in the absorption spectrum from 240 - 300 nm due to a © - n* transition.!”
The inherent lack of symmetry across the aromatic system causes the absorption profile to be
anisotropic, resulting in two distinct states which can be populated. These are known as the 'L,
and 'L states with energies dependent upon the solvent environment.'® The 'L, state does not
absorb at lower energy than c.a. 290 nm, but the 'L, state can absorb up to 300 nm, this
difference can be used to selectively excite the 'L, state. Interestingly, the 'Ly state is not
particularly sensitive to the solvent, whereas the 'L, state is very sensitive due to the solvent
interactions with the amine moiety. The fine structure visible in the absorption profile, such as

the Amax at 290 and 280 nm, is primarily due to the 'L state.
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While the focus has been on single photon absorption it is known that tryptophan residues can
be excited by 560 nm light, thus indicating a two photon absorption mechanism.!® Although
possible, the two photon absorption process is relatively inefficient due to the very low
absorption cross section of the tryptophan aromatic system. This implies that unless high
intensity 560 nm light is used, this phenomenon will not be observed and therefore is unlikely

to be important when considering a tryptophan functionalised light harvesting complex.

3.3 TRYPTOPHAN EMISSION

The emission profiles of proteins are typically dominated by the influence of tryptophan, with
smaller contributions coming from tyrosine and phenylalanine residues. Conveniently, these
emissions which further increase the complexity of a system can be minimised in designed

peptides by utilising only a single type of chromophore within the complex.

Considering that the absorption of the © — ©* transition for tryptophan was demonstrated to
occur via two states, 'L, and 'Ly, it is to be expected that they will influence the emission
spectrum. The 90° difference in the polarisation axis between these states is the fundamental
reason for unequal emission of light along two different polarisation vectors. This phenomenon
is known as fluorescence anisotropy and is an essential factor required to understand the
photophysics of tryptophan due to the influence of solvent or local environment on the energy
of the 'L, and 'Ly states (Fig. 3). In polar solvents, the energy of the 'L, state lies below the 'Ly
due to hydrogen bonding with the amine of the indole. This implies two things, firstly energy

absorbed to excite to the 'Ly state will be transferred through a cascade to the 'L, state and

93



Chapter 3 — Exploring Tryptophan to Lanthanide Energy Transfer

A
m—— 1'_
_j].La — 1'_
b
E-o —— 1'_ _1L
o
=
w
Q
2
)
©
T, _lLa
o
Hydrocarbon
Vacuum Solvent Water

Figure 3: A cartoon representation of the energies associated with the 'L, and 'Ly, states of tryptophan in
vacuum, hydrocarbon solvent and water. If both states are populated there is a favourable transfer from 'L, —
Ly in hydrocarbon solvents but in water this is reversed.

consequently that emission in polar solvents is dominated by the 'L, state. Interestingly, the
'L, state is unstructured so we observe broad emission with few features in polar solvents. If
the environment becomes apolar, the structured 'Ly state is lower in energy resulting in the
reverse cascade and well resolved fine structure observed in the blue-shifted emission.
However, because the 'L, state involves interaction with the solvent, it is intrinsically sensitive
to the solvent and furthermore the local environment. This interplay between the 'L, and 'Ly
states results in tryptophan residues being sensitive to solvent, pH, temperature, protein/solvent
induced electric fields, and quenchers where the quenching species could be different

chromophores, other residues (e.g. amide backbone), or other tryptophan residues.

Most protein work is carried out in water which is a polar protic solvent and thus interacts
strongly with the 'L, excited state (Fig. 3). This results in efficient quenching of the tryptophan
emission in aqueous environments which was dramatically illustrated by the use of deuterated
water to demonstrate the increase in the fluorescence quantum yield of solvent exposed
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tryptophan residues.?’ If solvent, temperature and pH are kept constant, the sensitivity of
tryptophan can be exploited to elucidate various features about its local environment and
solvent exposure.?! The greater the intensity of the hypsochromic shift of the emission, the
more protected the tryptophan residue is from the solvent. This tends to suggest the burying of

the tryptophan residue within the hydrophobic core of a protein.
Analysing the emission profiles of both non-metallated and metallated HCO1 systems it

became apparent that upon metal binding the tryptophan residues went from solvent exposed

to partially protected by the peptide bulk (Fig. 4). This was to be expected since upon binding
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Figure 4: A schematic indicating the solvent exposed nature of the tryptophan residues before assembly leading
to the partially burying upon assembly, the disassembled structure has been exaggerated to clarify the concept.
The emission profile of non-metallated HCO1 (dotted line), metallated HCOI (dashed line) and HCOC (solid
line) indicating the hypsochromic shift from non-metallated to metallated HCO1. The samples were peptide (90
uM) in aqueous HEPES buffer (10 mM, pH 7.0), the metallated samples included 1.3 equivalences of Th(III).
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of Tb(IIl) it would induce further coiling at the N-terminus thus forcing the a position
tryptophan residues to become more buried. Pleasingly, the tryptophan residues of the control
peptide HCOC were found to have the same emission profile as that observed for the metallated
HCOLI. This clearly indicated that the residues were in a similar environment to the metallated
coiled coil with the tryptophan residues partially protected from the solvent. These results
further supported the structural information previously ascertained in Chapter 2 and confirm

the templating effect afforded by the metal ion.

Due to the close proximity of the three tryptophan residues in the HC series there were concerns
that this could have resulted in the formation of an exciplex involving either two or all of the
indole aromatic systems. The typical feature of an exciplex formation is a large bathochromic
shift in the emission spectra resulting in a Amax of ~400 nm.?? This shift was not observed for

either HCOC or metallated HCO1 indicating that this interaction was not occurring.

3.4 SOLUTION STATE ENERGY TRANSFER MECHANISMS

After considering the absorption and emission properties of the primary absorber, tryptophan,
the mechanisms by which energy can be transported within this system need to be understood.
Energy transfer in solution is dominated by three main mechanisms; Dexter Electron Transfer
(DET), Forster Resonance Energy Transfer (FRET), and the classic emission and absorption
regime. The final of these mechanisms is the result of the excited species emitting a photon
followed by subsequent absorption via a second species in solution. The emission orientation

is random resulting in very inefficient transfer, except where the species have very high
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Figure 5: A schematic illustrating the distance (R) between the donor and the acceptor. The plot shows the

distance dependence of both DET and FRET efficiencies (solid line) and just the DET process (dashed line).

This demonstrates the dominance of DET processes at very close proximity and the importance of FRET at
greater separation distances. A FRET constant of 5 A was applied for this plot.

absorption coefficients or the solutions are highly concentrated. This mechanism can become
very important for solid state samples, but will not be discussed here. One must consider both
DET and FRET mechanisms as a function of distance (Fig. 5), where the greater the distance

between the two species the less efficient the transfer.

DET is a non-radiative quenching mechanism that involves the excited state electron from a

donor molecule being transferred to the acceptor molecule while a simultaneous transfer of a
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ground state electron from the acceptor molecule to the donor molecule occurs.?® This process
is exceptionally distance sensitive because orbital overlap is required, therefore it only occurs
at separation distances of less than ~6.0 A. This can be understood by considering the rate of
electron transfer (kper) as the separation (R) between the donor and acceptor species increases
(Equation 1).

kper o e™R

(Equation 1)
Whilst DET leads to very high transfer at small separation distances and is utilised extensively
in natural light harvesting complexes, it is particularly difficult to build a complex with
components in such close proximity. In the previously described HC peptides all transfer
distances will be greater than 6.0 A, therefore this mechanism is unlikely to account for any

observed transfer.

FRET is a non-radiative energy transfer process between a donor which absorbs efficiently and
an acceptor located within close proximity.>* The donor excited state relaxes as the acceptor is
excited via dipolar coupling. This interaction is coulombic and as a result is sensitive to
distance, though not as drastically as DET. One can consider the rate of energy transfer (krreT)

as a function of the distance (R) between the donor and acceptor species (Equation 2).

kerer o R (Equation 2)

A more useful measure of FRET is the efficiency of energy transfer (Errer) as described by

the separation distance (R) and the distance at which 50% of the energy is transferred (Ro)
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which can be defined by equation 3. These distances typically range from 2.5 — 50.0 A and it
should be noted that at distances of less than 2.5 A it is unlikely that FRET is particularly

important over DET like processes and related orbital mixing.

1
TR
1+(&°

Errer = (Equation 3)

The interaction between a donor and acceptor can be seen in the graphical depiction of a
representative Errpr equation (Ro is set to 5 A). There is an inverse 6™ power relationship
between the donor and acceptor distance and the overall transfer efficiency. The Ro value is
dependent upon the donor and acceptor species and a high Ro value is desirable as this leads to
a more efficient transfer. If the usual limits of zero and infinity are applied to equation 3 it
becomes apparent that as Ro tends to zero the efficiency tends to zero but as R tends to infinity
the efficiency tends to 1. Therefore, the ability to predict the value of Ry is essential for the

understanding of FRET mechanics and allows the selection of useful FRET couples.

3.5 PREDICTING FRET EFFICIENCY

The literature distance at which 50% energy transfer from tryptophan to Tb(III) occurs is
typically ~3.4 A, which is too small to be of any use for energy harvesting applications due to
less than 10% energy transfer over distances of 1 nm or greater.'> In order to increase the
transfer and thus the utility of this system it is necessary to be able to predict FRET phenomena
and its efficiency. Further to this, the use of lanthanides in biological systems has typically

been limited to Tb(IIl) and Eu(Ill) while there are other visible emitting lanthanides such as
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Dy(IIT) and Sm(III) that may be able to be sensitised by excited tryptophan residues. The
energy of the triplet state of tryptophan is ideally situated to sensitise these additional ions (Fig.
6). The required energy to excite Sm(III) is similar to that of Eu(Ill) and that required for
Dy(III) is similar to that of Tb(III), therefore it would be expected that both Dy(II1) and Sm(II)
could be sensitised. The energy transfer mechanism between tryptophan and terbium has been
extensively studied, clearly demonstrating that the transfer event occurs primarily from the
triplet state of tryptophan.?> However, the use of the fluorescence spectrum of tryptophan was
shown to be successful for determining the Ro values.'? For this reason the rudimentary FRET
predictions were performed as a guide to potential energy transfer couples. Interestingly, the
success of these calculations indicates that while triplet states are primarily responsible for

transfer, the singlet state is also interacting with the lanthanide. Indeed, it has been
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Figure 6: A Jablonski diagram illustrating the relative energy of the excited singlet and triplet states for
tryptophan compared with the energy of the visible emitting lanthanides. The dashed line clearly shows the
triplet energy is sufficient for excitation of the selected lanthanides.
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demonstrated that lanthanides induce intersystem crossing in tryptophan residues.?® Therefore,
it may be that the induced triplet is rapidly quenched by the lanthanide resulting in effective
transfer. Using a simplistic approximation of energy transfer, the distance at which 50% of the
energy is transferred can be calculated according to equation 4. Care should be taken with this
calculation as theoretical determination of FRET efficiency can often appear greater than
experimentally observed values. This is due to the spectral overlap integral calculation failing
to take into account secondary quenching mechanisms and alterations to chromophore
behaviour upon conformational changes. The variables to consider are the fluorescence
quantum yield of the donor species (Qp), the dipole orientation between acceptor and donor
(), the refractive index of the material (n) and the spectral overlap integral between the

emission of the donor and absorption of the acceptor (J).
2
Ro = (0.2108 x Ao (Equation 4)

This equation can be simplified considerably when some careful assumptions are made. Firstly,
the fluorescence quantum yield of tryptophan is known to be between 0.16 and 0.39 dependent
upon its environment, this helps set the upper and lower limits of the potential Ro values.?!>’
Further to this the refractive index of protein material typically falls between 1.4 and 1.5.%% As

a result both the fluorescence quantum yield and refractive index can be replaced by equations

5a and 5b with upper and lower bounds for these values.

Upper: Ro = (0.02140 x «%/)"/¢ (Equation 5a)

Lower: Ro = (0.00666 X «%])"/¢ (Equation 5b)
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Though the dipole orientation is somewhat more complex to handle (adopting values between
0 — 4), a rough approximation of %3 is often used and should be appropriate in these
conditions.?® It should be noted that this is possibly the largest source of error within the
calculation. This facilitates a further simplification allowing the window of FRET efficiency
to be calculated with relative ease. All the assumptions relate to the environment of the FRET
pair which should remain relatively similar with different lanthanides bound. This implies that
any deviation in the assumptions will generate a systematic error, which would be both obvious

to detect and fail to prevent trend analysis between the experimental and theoretical results.

Upper: Ro = (0.00951 x J)!/ (Equation 6a)

Lower: Ro = (0.00296 x J)'/¢ (Equation 6b)

Using both equations 6a and 6b, it is possible to calculate the upper and lower bounds of FRET
efficiency dependent only upon the spectral overlap integral. The spectral overlap value is the
main factor that determines the overall FRET efficiency as it can take values from 0 — 105,
hence any error in the previous assumptions is usually inconsequential. The spectral overlap
integral (J) can be described by the integral product of the normalised donor emission spectrum
(fo(L)), the molar extinction coefficient of the acceptor at each wavelength (ea(A)) and the

individual wavelengths raised to a 4™ index (A%).

J= [ fo(Deg(NA*. 62 (Equation 7)

The FRET efficiency between a donor and acceptor can be manipulated by three variables

(Equation 7). Firstly, the distance between the donor and acceptor species (R) is very important
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due to the intrinsic distance limitations. However, this would stay relatively constant as
different lanthanides are added to the same designed system, apart from a slight alteration due
to the difference in ionic radii. This is a useful feature to acknowledge as it could be modified
during any peptide redesign. Secondly, the molar absorptivity (€a) of the acceptor limits the
possible transfer efficiency, but as the consideration here is transfer to a metal ion there is little
that can be done to improve the low lanthanide absorption coefficients. Therefore, this factor
also remains relatively constant. The final variable is the overlap between the normalised donor
emission spectrum and the acceptor absorption spectrum which offers tremendous potential for

variability and thus will be considered in further detail.

In order to determine the spectral overlap values a basis set of the desired lanthanides
absorption profiles were collected (see S32-S33). The trichlorides of Sm(III), Eu(III), Tb(IIT)
and Dy(III) were dissolved in water and the absorption spectra recorded. The aqueous solvent
environment implied that the lanthanides would have a fully hydrated first coordination sphere
therefore interacting with oxygen donors. While this may not be the best model, the differences
in the absorption profiles between the oxygen rich aqueous lanthanides and the oxygen rich
designed binding site are likely to be minimal, especially due to the spatially buried nature of
the f-orbitals resulting in very small ligand effects.* Lanthanide absorption coefficients are very
low and this necessitated the use of concentrated solutions (0.1 M) for the absorption
measurements. The high concentration resulted in Rayleigh scattering, though this was
manually removed by carrying out a power function reduction on the raw data to remove
scattering artefacts. Interestingly, the power functions had indices between 2 and 3, suggesting
that the lanthanides aggregated into particles, responsible for the scattering, of a size that was

close to the range of measured absorption wavelengths ~200 - 600 nm across.>°
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The emission spectra of tryptophan had to be selected carefully due to the solvent sensitive
nature of the chromophore. Considering that the energy transfer efficiency measurements were
to be taken using a HC derivative it made sense to use the emission profile of a control species
that exhibited the same emission profile as the HC peptides but without the quenching effects
of a metal present. The HCOC peptide system represented a clear solution, as the emission
spectrum has already been demonstrated to be remarkably similar to that of metallated HCO1
(Fig. 4). This removed any potential quenching interactions to bound metal ions in HCO1 that

may have influenced the emission profile and thus the spectral overlap calculations.

After overlaying the emission spectrum of HCOC with the absorption spectra of Sm(III),
Eu(Ill), Tb(III) and Dy(Ill) and calculating the spectral overlap integral, it remained to
determine the Ro values using equations 6a and 6b (see Table 1). Pleasingly the predicted
values for both Tb(III) and Eu(Ill) are in good agreement with the literature suggesting that the
calculations were valid.'> The resultant Ry values clearly suggested that both Dy(IlI) and

Sm(IIT) should be successfully sensitised by a locally situated tryptophan residue.

To support these predictions further, reports of Kirk et a/. utilising a small molecule lanthanide
complex showed energy transfer from an indole to Dy(III) and Sm(III).>' Previous work with
tryptophan observed that chemical oxidation using peroxides could sensitise Tb(III), Eu(III),
Dy(IIl) and Sm(II) and that photoacoustic excitation of tryptophan co-crystallised with
lanthanides resulted in measurable emission.’> 3 Despite all this, there appears to be no
reported use of Dy(III) and Sm(III) sensitised emission from tryptophan in biological systems.
This may be due to amide backbone quenching as well as the distance dependence which would

have made this phenomenon very hard to observe. It should be noted that while the Ro values
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indicate that the most efficient transfer of energy should be to Sm(III) and Dy(III), this does
not provide information about the resultant emission intensity as various deexcitation pathways

may reduce the yield of photons emitted from the differing lanthanide species.

Table 1: The predicted Ry values for energy transfer between tryptophan and the respective lanthanides
compared with the literature values for terbium and europium.’3 Errors in R¢"*” are from upper and lower
limits of the calculation.

Lanthanide R,"" /A R, /A
Sm(III) 477 +0.46 -
Eu(Il) 427 +0.42 375+ 0.05
Th(III) 3.78 +0.37 3414017
Dy(III) 471 +0.46 ;

3.6 PHOTOPHYSICAL STUDY OF THE HC SERIES

In order to observe the predicted sensitisation from tryptophan to the various lanthanides of
interest it was necessary to determine the system with the greatest emission intensity from
Tb(III). This was carried out by irradiating each of four peptides, HCO1 - HC04, with 280 nm
light to selectively excite the tryptophan residues. The excited tryptophan residues would then
sensitise any locally situated Tb(III) ions. The excitation was not of the Tb(III) ions directly,
therefore the observed emission would be only from sensitised species. Titration with aliquots
of terbium chloride was carried out followed by recording the emission spectra from 450 - 700
nm (Fig. 7). The assumption was that as the binding site was moved further from the tryptophan

residues, the Tb(III) emission would decrease resulting in HCO1 being most efficient and HC04
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the least efficient. However, the experimental observations (Fig. 7) were more complex to
interpret. It should be noted that previous discussion regarding speciation (see Chapter 2)
would suggest that with 90 pM peptide at the 1 equivalence of Tb(III) ions to trimer ~85%

would be bound, therefore it would be expected that 15% would be free in solution.

HCO1 behaved as expected with the addition of Tb(III) resulting in a plateau at one equivalence
of metal ions to three equivalence of peptide monomer, further supporting the mass
spectrometry and circular dichroism evidence for the formation of a trimer species in solution.
The binding isotherm was fitted to a three-to-one model (see Chapter 8.9) resulting in a
determined log of the binding constant (logKa.) of 5.25 + 0.22. This was in agreement with
previously reported data for this binding site in the MB1-1 system with a logK, of 5.30 £0.15.1¢
When comparing the emission from bound Tb(III) in both the HCO1 and MB1-1 systems the
residual tryptophan emission from HCO1 is much less apparent than for MB1-1. This suggests
that the HCO1 bound Tb(III) emission is greater than that of the MB1-1 system or that the

tryptophan emission has been quenched more efficiently in the HCO1 system.

Interestingly both the HC02 and HC03 systems demonstrated significantly reduced emission
intensity up to one equivalence of metal ion to peptide trimer, this was followed by a dramatic
increase in terbium emission attributed to non-specific binding close to the tryptophan residues.
The initial lack of emission was reasoned to be the distance from the designed binding site to
the tryptophan resulting in no energy transfer. For both HC02 and HCO3 this distance is
considerably greater than the literature Ry values at ~18 A and ~28 A respectively, measured
from the crystal structures (see Chapter 2). The lack of sensitised Tb(IIl) emission up to one

equivalent implies that the strongest binding site in the system is too far away to be efficiently
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sensitised, such as the designed site in the second or third heptads respectively. The subsequent
dramatic increase in emission is consistent with Tb(III) binding to the external sites at the top
and bottom of the HC series, made up of glutamate residues, which can coordinate metals as
evident from the crystallographic structures (see Chapter 2). However, this was unexpected as
it was not anticipated that the weak interactions between coiled coils in the crystal lattice would
be retained in solution. This coordination was thought to be the reason that Tb(III) ions could
be situated close enough to the tryptophan residues to result in observable emission.
Elucidating specific distance information from this data would be particularly challenging as
these external sites are all likely to be exceptionally dynamic. Nevertheless, the initial low
emission indicates that the external sites must have weaker binding than the designed core sites
as exhibited by the binding preference for the core binding site. This has been previously shown
by circular dichroism titrations, with only a single equivalent of metal ion required to induce
folding, having logK, of 5.11 + 0.06 and 5.06 + 0.10 for HC02 and HCO3 respectively. It should
be noted that the mass spectrometry of the complexes of HC02 and HCO03 (see Chapter 2) also
only observed a trimer with a single metal ion bound. Therefore, it would be anticipated that

the binding constants for the external sites would have logKa <5.

The behaviour of HC04 is notably different to that observed for HCO1 - HC03 as demonstrated
by the rapid increase in Tb(III) emission, suggesting that no core binding was occurring. While
this was not in agreement with the crystallographically determined structure of HC04 (see
Chapter 2), it is important to note that the solid state structure does not always represent what
is present in solution. Indeed, the lack of a core binding site corresponds very favourably with
the previously reported mass spectrometry and circular dichroism data. Therefore, it was

proposed that the designed binding site of HC04 was not intact, resulting in the emission being
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Figure 8: The emission from bound Th(IIl) ions in both HC04 (blue squares) and HCOC (black circles). The
samples were peptide (90 uM) in aqueous HEPES buffer (10 mM, pH 7.0) and reported errors are the standard
deviation of three repeats of the isotherm.

due entirely to external binding. This would imply that the control peptide HCOC would exhibit
the same behaviour by binding Tb(III) to non-specific external sites. Upon titrating Tb(III) with
the HCOC peptide the emission profile was found to behave almost identically to the HC04
peptide (Fig. 8). This clearly demonstrated the lack of a core binding site in the HC04 system,
indicating that the previously observed parallel crystal structure, with a well-defined internal
binding site, may be disrupted in solution. Therefore it was postulated that HC04 may exist in
an antiparallel conformation in solution. This was further confirmed by considering the overall
emission intensity of the peptides (see Table 2). If the external sites had all been the same it
would be expected that the final plateau for the intensity of the emission for all, except HCO1,
would be the same. This is because external sites are closer to the tryptophan than the designed
sites, therefore resulting in the dominant Tb(III) emission. However, both HCOC and HC04
exhibit dramatically increased intensity, which suggests that the external site environments are
different. An antiparallel arrangement would result in more sites close to tryptophan residues
due to their presence at both the top and bottom of the coiled coil. This also suggested that the

control peptide, HCOC, may be antiparallel with similar binding behaviour to HC04.
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Table 2: Final emission intensity area of the 545 nm peak for HC02, HC03, HC04 and HCOC. The ratio of the
peak area was determined against HC04 to demonstrate the difference between the peptide systems. The
samples were peptide (90 uM) in aqueous HEPES buffer (10 mM, pH 7.0).

HC02 HCO03 HC04 HCOC
Final Emission 354316 396514 524166 512497
Area:
Ratio: 0.68 0.76 1.00 0.98

It is clear from this study that the HCO1 system is most suited to probe the interaction of other
lanthanides with tryptophan residues. This is because firstly the binding site is intact and
secondly because the high efficiency of energy transfer allows easy observation of weak
signals. Unfortunately, it has also became apparent that HCOC is not a valid control for the
HCO1 system due to its apparent antiparallel nature resulting in the tryptophan residues being

in subtly different environments.

3.7 BINDING SITE HYDRATION STATE

An essential part of increasing the efficiency of a lanthanide system is to remove sources of
quenching. Water is well known to be a quencher for lanthanide excited states via O-H bond
vibrations.>* Utilising the secondary sphere ligand control afforded by larger structures such as
peptides it is possible to limit the number of water molecules capable of accessing the bound
metal ion.'® The hydration state or number of water molecules around the metal can be

determined by measuring certain properties of the ion itself.

One method to determine the shielded nature of the different binding environments across the

HC series would be to monitor the luminescence lifetime of the terbium emission in each site
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compared with the naked ion in aqueous solution. If the lifetime is longer than the aqueous
species then the bound ion can be regarded as more shielded than the totally solvated species.
However, this technique can give a false sense of hydration if other quenchers are present, for
example other chromophores in the system. This is because the excited lanthanide can be
rapidly quenched by certain chromophores resulting in a very short emission lifetimes, the
expected result of a Tb(III) in a highly hydrated state. Fortunately, the HC peptides do not have

a chromophore that would result in this problem therefore a direct analysis can be undertaken.

The emission lifetimes (') of the Tb(III) ions were recorded for each peptide at a third
equivalence of metal ions to trimer in order to limit artefacts from non-specific binding (see
Table 3). This is particularly important as the metal ion concentration is low enough that the
favoured binding site will be occupied with little residency in other sites. Indeed, the speciation
at such a low concentration of Tb(III), even with a binding constant of 10°, leads to over 99%
of the metal bound. Therefore, when considering the previous luminescence titrations with
Tb(III), the ions for HC02 and HCO3 are not very emissive due to very poor sensitisation. The
excitation wavelength was 280 nm to selectively excite the tryptophan residues in the designed
complexes. However, it is important to note that this does not favour the Tb(III) bound in the
designed binding site for every system as both HC02 and HCO03 are at a distance too great for
efficient sensitisation to occur. It becomes immediately apparent that HCO1-HCO03 all have
much longer lifetimes of ~2.0 ms compared to the aqueous Tb(III) at 0.4 ms. This suggests that
the binding sites of HCO1-HCO3 are very solvent protected resulting in the observed long lived
emission. In contrast, both HC04 and HCOC emission lifetimes can be fitted biexponentially,
indicating two components responsible for the emission. The shortest of these is the aqueous

Tb(III) and should be considered as unbound ions. The second components are significantly
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Table 3: The luminescence lifetime of the Tb(IIl) emission at 545 nm for each of the HC peptides in both water
(t") and deuterium oxide (i°). The number of water molecules in the first coordination sphere of the metal ion
as determined from the lifetimes. The samples were peptide (90 uM), HEPES buffer (10 mM, pH 7.0) and TbCl;
(10 uM) in either water or deuterium oxide. Reported errors are the standard deviation of three repeats.

Peptide THI / ms er / ms 'rDl / ms NK&;Z:Z?:?
HCo01 1.95+0.01 - 227+0.13 0
HC02 2.00+0.02 - 2.46+0.03 0
HCO03 1.85+0.05 - 2.25+0.05 0
HC04 1.39+0.04  0.62+0.01  2.18+0.04 1,5
HCOC 1.23+£0.03  044+0.01  2.87+0.03 2,9

Aqueous 0.43+0.01 - 2.26£0.07 9

longer than aqueous Tb(III) ions but not as long as that observed for HCO1 - HCO03. This
behaviour would be expected of external sites that would have somewhat protected Tb(III) ions
because of the coordinated ligands, but would still have directly coordinated water molecules

that can quench the hydrated, but not fully solvated ion.

The lifetime of Tb(III) emission gives an idea of the hydration state, though it cannot give an
exact value for the number of water molecules coordinated. Work by Beeby and Horrocks et
al. elucidated an equation that related the decreased efficiency of O-D vibrations to quench
terbium emission in deuterated water to the number of water molecules in the first coordination
sphere of Tb(III).>* %3 Using equation 8 and the experimentally determined lifetimes of the
Tb(I1I) emission in both H>O (t*') and D,O (tP) it was possible to elucidate approximately how

many water molecules were around the metal ion in each binding site (see Table 3).

No. of Water Molecules = TiH - TiD -03 (Equation 8)
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As expected, HCO1 - HCO3 all exhibit zero water molecules in the first coordination sphere
indicating that the site is solvent protected and allows the potential for efficient use of excited
state lanthanides. Indeed, considering the speciation of the complex and that the preferential
site would be poorly sensitised for both HC02 and HCO03, this gives strong evidence that the
initial poor emission observed in the luminescence titration was due to the presence of the
metal in the designed core binding site. Regarding HC04 and HCOC, both have water
molecules around the Tb(IIl) ion indicating that the sites are external and almost ligand
saturated, but that some water molecules can still access the ions. Further to this, the presence
of more than just totally solvated ions in the HCOC control system clearly proves the presence
of other binding sites within the designed sequence. Interestingly, HCO1 has zero waters
whereas the previous top site peptide MB1-1 had three water molecules coordinated.!® A
possible explanation for this difference is that the tryptophan residues at the top of the HCO1

peptide could effectively close the top and reduce solvent access to the metal ion.

3.8 DYSPROSIUM AND SAMARIUM SENSITISED LUMINESCENCE

The peptide system that exhibited the highest Tb(III) emission and retained a solvent protected
binding site was HCO1. Therefore this system offered the best potential to observe even weak
transfer and was chosen to validate the previous tryptophan to Dy(IIl) and Sm(III) transfer
predictions. Characterisation with Eu(IIl) was carried out for completeness. Upon the addition
of Dy(IlI), Sm(III) or Eu(III), followed by excitation of the tryptophan (A = 280 nm) it was
clear that all three systems resulted in successful energy transfer (Fig. 8). Dy(Ill) was

particularly exciting with the three bands at 478 nm, 571 nm and 660 nm clearly visible. This
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is the first reported instance of Dy(IIl) being sensitised in a peptide or protein system. While
the emission was observed for both bound Sm(III) and Eu(IIl) ions, when exciting the sample
at 280 nm, it was of particularly weak intensity. The Eu(Ill) spectrum has characteristic
emission with peaks at 592 nm, 616 nm and 695 nm (Fig. 8B). The hypersensitive *Do=>"F>
transition at 616 nm is particularly intense, resulting in an overall red emission, indicating that
the Eu(I1I) is bound in a low symmetry environment.>® This is in agreement with the discussed
structures of the binding sites that exhibited low symmetry. The Sm(III) spectrum had weak
but characteristic peaks at 562 nm, 600 nm, and 642 nm (Fig. 8D). As further confirmation of
these emission results, the luminescence spectra of a literature species, the lanthanide binding
tag (LBT), with Dy(Ill) and Sm(III) were recorded (see S34).!* This peptide system
demonstrated similar results indicating that this phenomenon was not just limited to HCO1, but
was intrinsically related to the tryptophan residue placement. In addition to this, the previously
reported MB1-2 lanthanide binding peptide was also used to further validate this energy
transfer phenomenon.'> While the Dy(I1I) emission was observed clearly, the Sm(IIl) emission
was too weak to be observed (see S35). This was most likely because the distance between the
tryptophan residues and lanthanide ion in MB1-2 at ~11 A is considerably greater than for the
HCO1 or LBT systems at ~8 A and 6 A respectively. The raw emission from HCO1, especially
when compared with the residual tryptophan emission, demonstrated a qualitative
improvement in the sensitisation of Tb(IIl) by HCO1 over that previously observed for the

MBI1-2 system. '’

Considering the luminescence curves for HCO1 it is apparent that all four lanthanides plateau
at one equivalence of lanthanide to three equivalence of peptide (Fig. 9). As with Tb(IIl), this

indicates the successful formation of the coiled coil trimer upon binding of the metal ions. The
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binding constants for all four lanthanides were similar indicating no observable selectivity.
This is expected as lanthanide binding selectivity is generally achieved via size differences but
Tb(Ill), Eu(Ill), Dy(Ill) and Sm(IIl) are all similarly sized species.’” The ability to
interchangeably bind lanthanides is particularly useful for this model system, allowing simple

comparisons to be made between different lanthanide ions.

3.9 LUMINESCENCE LIFETIMES OF SAMARIUM, DYSPROSIUM AND

EUROPIUM

Following the successful emission from all four lanthanides, the lifetimes of the emissions,
when the samples were excited with 280 nm light, were analyzed and fitted to exponential
components (see Table 4). Each lifetime was considerably longer than the free aqueous ion
which, as before, can be explained by the Ln(IIl) excited state being protected from solvent
quenching resulting in long-lived emission.*® This is further evidence of the Ln(III) ion being

bound inside the peptide core, therefore the designed binding site is intact.

Table 4: The emission lifetimes for the dominant peak of the HCO1 bound lanthanides, 545 nm for Th(Ill), 616
nm for Eu(Ill), 571 nm for Dy(Ill) and 643 nm for Sm(Ill). The aqueous lanthanide emission lifetimes are
provided for comparison.’® Samples were peptide (90 uM) in aqueous HEPES buffer (10 mM, pH 7.0) and the
respective lanthanide trications (10 uM). The reported errors are the standard deviation of three repeats.

HCO01 Bound Lifetime  Aqueous Lifetime

Lanthanide / s / s
Samarium 25.46 +0.02 2.69 +0.01
Europium 1100 + 4 112.4+0.7

Terbium 1950+ 10 442 +2

Dysprosium 27.06 + 0.02 2.49+0.02
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The most exciting aspect of the lanthanide emission lifetimes is the clear potential for time-
gated experiments.*® The exceptionally long lifetimes of the Th(III) and Eu(IlI) ions at 1950 +
10 ps and 1100 £ 4 ps respectively allows the collection of spectral data after 200-500 ps to
selectively observe just their signals. This has proven exceptionally useful especially due to
their relatively weak emissions. With the intermediate lifetimes of the Dy(III) and Sm(III) ions
at 27.06 pus and 25.46 us respectively it is proposed that a further channel could be observed
by time-gating at 10 pus and 200-500 ps, to observe first the Dy(I1I) or Sm(III) species followed
by the Tb(III) and Eu(IIl) species. This is of particular interest for biological assays as it would
add an extra feature or redundant dataset that can be collected and monitored within a single
experiment, further increasing either the validity or scope of the results. Indeed, considering
the relatively high intensity of the Dy(IIl) emission it could easily be paired with a Tb(III)
system for simple multichannel experiments.*’ Further to this, the narrow emission bands of

these lanthanides reduces the problem of spectral overlap, reducing erroneous results.

3.10 ELECTRON TRANSFER

During this chapter, the primary consideration has been the process of energy transfer via
resonance based mechanisms. However, these mechanisms are effected by a number of
limitations, especially when considering energy loss via multistep cascades and the steady red-
shifting to lower energy with each transfer. On occasion this relentless loss of captured energy
can be countered with additive processes such as multiphoton absorption and up-conversion.
Though it should be noted that these are pseudo-solutions as energetically they still result in

loss. Therefore, more stable energy storage and transport solutions are required.
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Nature makes use of substrates that are reduced by electron transfer as a means to store and
transport higher energy species, such as in the use of quinones.*! Electron transfer from donor
species to lanthanides has been recorded resulting in reduction from Ln(III) to Ln(II) species.*?
This potential to separate charges between the bound lanthanide ion and the tryptophan indole
was of exceptional interest as this opened up the potential for electron transfer and high energy
transport mechanisms. This section will explore the potential of the natural amino acid

tryptophan to engage in photoinduced electron transfer with various lanthanides.

Early observation of a proposed electron transfer process between tryptophan and Yb(III) was

made by Horrocks et al.*?

Still, this was a deduction due to the lack of any potential spectral
overlap. Thus, there was no direct observation to support the charge transfer mechanism. In
order to predict the potential for charge transfer from tryptophan to any of the lanthanides it
was necessary to carry out some thermodynamic calculations. By considering the energetic

potential of the excited state tryptophan (Etyp*), the overall energy available to the system can

be considered 3.9 eV.** The Gibbs free energy of reduction for each Ln(III) to Ln(Il),® and of

oxidation of tryptophan (E(tip+/ip)) at 1.13 €V,* can be used to determine the feasibility of the

electron transfer process (AGLn) from equation 11.%

AGrn = E(Trp+/Tip) = ETrp* - ELnquinyLaqn (Equation 11)

The results of this calculation gave the feasibility of the charge transfer process for each of the
lanthanide trications (Fig. 10). This clearly indicates that only Eu(III), Yb(III), Sm(IIl) and

Tm(III) are expected to engage in charge transfer with tryptophan with feasibilities of -2.25
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Figure 10: The predicted Gibbs free energy of electron transfer from an excited state tryptophan residue to a
lanthanide trication.

eV, -1.54 eV, -1.04 eV and -0.29 eV respectively. It is interesting to note that both Eu(III) and
Yb(III) are known to undergo this process, however, for Sm(III) and Tm(III) this interaction
has not been previously reported. Therefore, to probe this mechanism the quenching of
tryptophan emission, excited at 280 nm, in HCO1 was observed upon the addition of these
lanthanides to demonstrate that the reduction in emission was much greater than expected from
the previously discussed resonance transfer. The effect of Dy(III) was also analysed as this
value was just about feasible (AGpy = -0.09 eV) from the prediction, thus, it was likely that the

rudimentary nature of the prediction implied that this would not undergo charge transfer.

All four of the studied lanthanides, Eu(Ill), Yb(III), Sm(III) and Tm(III), resulted in
appreciable quenching of the tryptophan fluorescence (Fig. 11), far greater than could be
explained by the previous resonance mechanisms. Considering the predictions from equation
11, it would suggest that electron transfer is indeed occurring between these lanthanides and
the localised tryptophan residues, resulting in observable quenching. The change was also
consistent with a single metal ion binding to a trimeric peptide unit, as expected for HCO1.
Pleasingly, the impact of Dy(IIl) upon the fluorescence of the tryptophan was unnoticeable
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(Fig. 12), with no measureable change occurring across the studied range. This is the expected
result of a system with low efficiency resonance energy transfer rather than electron transfer.
The lack of quenching for tryptophan in the presence of Dy(III) suggests that no charge transfer
is occurring. This is particularly useful as it suggests that the predictions were set at the right
energy as none of the other systems had a feasibility greater than Dy(IIl). This implies that
Eu(Il), Yb(III), Sm(II) and Tm(III) are the only lanthanide trications capable of accepting an
electron from the tryptophan excited state. It should be noted, however, that the observed
quenching does not prove that the mechanism is one of charge transfer but implies it as was

previously reported by Horrocks et al.*®

The most dramatic quenching is observed for the Eu(Ill) titration resulting with 78% of the
tryptophan emission being quenched. It should be noted that this consideration of the three
tryptophan residues within the trimer as identical may be too simple as the 78% quenching may
represent two proximal residues being quenched 100%. Both Yb(III) and Sm(III) were able to
quench 59% and 44% of the tryptophan emission respectively. As before, this could indicate a
percentage of quenching across the three localised tryptophan residues or the complete
quenching of the closest one or two residues respectively. The quenching afforded by Tm(III)
was particularly weak at 13%, but this was anticipated as the feasibility was predicted to be
possible but the rate of transfer would be expected to be low. The tryptophan quenching was
also used to monitor the binding event, creating a set of isotherms for each of the four
lanthanides (Fig. 13). Each of the binding isotherms were fitted to a three-to-one model (see
Chapter 8.9) resulting in the determination of their binding constants. The logK. values for
Eu(III), Yb(III), Sm(III) and Tm(III) were found to be 5.16 £ 0.16, 5.18 = 0.13, 5.24 + 0.15,

and 5.02 + 0.08 respectively. In agreement with the previous measurements both from circular
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Figure 12: The resultant fluorescence quenching of the tryptophan residues in HC01 by Dy(Ill). The insert
shows the decrease in normalised intensity area for the emission peak upon the addition of aliquots of the
Dy(IIl) ions. The samples consisted of peptide (90 uM) in aqueous HEPES buffer (10 mM, pH 7.0), the reported
errors are from the standard deviation of three repeats.

dichroism (see Chapter 2) and luminescence. This was particularly interesting as the
considerably smaller Yb(III) ion seemed to bind with a similar affinity to the other studied
lanthanides. Indeed, this lack of selectivity suggested that the binding site had a significant

degree of flexibility to accommodate a range of lanthanide ions with similar binding energies.

3.11 INFRARED EMISSION

Following the tryptophan quenching titrations it was clearly apparent that resonance energy
transfer could not explain the efficiency of the quenching mechanism. The work of Horrocks
et al. had observed the weak infrared emission from Yb(III) when located in close proximity
to an excited tryptophan residue.*’ This observation had been attributed to an electron transfer
mechanism resulting in a Yb(II) species that undergoes back transfer to the tryptophan
regenerating the Yb(III) species, but in an excited state. The relaxation from this excited state

Yb(IIT) was thought to be responsible for the observed broad emission at 980 nm. Therefore if
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a similar process were occurring in the HCO1 system it would be expected that Yb(III) emission
could be observed. Pleasingly, upon exciting the tryptophan residues at 280 nm the near-
infrared emission was observed at 980 nm with exceptional clarity compared to that previously
reported (Fig. 14A). This is most likely due to the presence of three localised tryptophan
residues compared to the single chromophore in the previously studied system. The overall
emission is relatively featureless and the excitation profile (Fig. 14B) clearly illustrates that the
tryptophan is absorbing the energy and transferring it to the Yb(III) for emission in the near-
infrared region. While electron transfer could lead to an excited state Yb(III) ion which then
emits, this is not the case for the other lanthanides. This short study is in agreement with the
previous work carried out on proteins with lanthanides bound, however, it also does not directly
observe the electron transfer event. This could be probed by utilising fast techniques such as
photoelectron spectroscopy to monitor the change in binding energy of the tryptophan after

excitation.

3.12 CONCLUSIONS

Throughout this chapter various photophysical aspects of the HC series have been studied.
Simple analysis of the tryptophan emission profile for HCOC, metallated and non-metallated
HCO1 indicates that upon metal binding the tryptophan residues adopt a partially solvent
protected conformation. The titration of Tb(III) into each of the HC peptides confirmed that
HCO1 - HCO3 behaved as intended, albeit with some additional external binding. The external
binding sites observed in the luminescence titration have been reasoned to be due to the

glutamate rich N- and C-termini of the HC peptides. Indeed, these glutamate rich regions were
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Figure 14: A) The emission profile of HCOI with bound Yb(IIl) afier excitation at 280 nm, the dotted line is a
Yb(IIl) baseline in water. B) The excitation spectra of HCO1 with bound Yb(IIl) monitoring the emission at 980
nm. The sample consisted of peptide (500 uM) in aqueous HEPES (10 mM, pH 7.0) and YbCI3 (150 uM).

observed in the solid state crystal structures as binding Tb(III) in between coiled coil helices.
The luminescence behaviour of both HCOC and HCO04 suggested that they both formed
antiparallel trimers with the core binding site of HC04 disrupted and not intact. The system
with the greatest intensity of Tb(III) emission was HCO1 and so this was used to validate the
predicted Dy(IIl) and Sm(III) sensitisation by tryptophan. Sensitisation of both Dy(IIl) and
Sm(III) by tryptophan was found to be successful with observable emission from both
lanthanide species. This is exciting as it adds the potential for two more lanthanide ions to be

incorporated into biological systems as probes sensitised by tryptophan.
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A brief consideration was given to other mechanisms resulting in the dramatic quenching of
the tryptophan emission. Of particular note was both Eu(IIl) and Yb(III) which resulted in 78%
and 59% quenching respectively. The behaviour of Yb(III) was especially important as no
resonance mechanisms could explain this transfer (due to a lack of spectral overlap), therefore
it was reasoned to be due to electron transfer. The study was supported by a rudimentary
thermodynamic analysis which illustrated that only Eu(IIl), Yb(III), Sm(III) and Tm(III) could
engage in this transfer with tryptophan. Pleasingly, all four demonstrated quenching of the
tryptophan emission, however, the electron transfer event was not directly monitored. The
observation of Yb(IIT) emission at 980 nm was encouraging as it suggested that a Yb(II) species
had been formed which then decayed to give an excited state Yb(III) species. This redox

behaviour will be further studied for the development of charge transfer cascades.

These studies have demonstrated that HCO1 is a good model system to study lanthanide-
tryptophan interactions in a biomimetic framework. Nonetheless, it is apparent that for use as
a light harvesting system further improvement can be made. Inferring from the predictive
calculations it is clear that the emission spectra of the donor species is the primary factor that
can be easily modified. This feature and its potential for improvement will be considered in

greater detail elsewhere.
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4.1 INTRODUCTION

One of the key appeals for the use of protein in the design of a complex systems, is the exquisite
way in which residues can be precisely placed in a complex spatial arrangement using only a
simple linear sequence. However, a distinct limitation is that the range of sidechain
functionalities is typically restricted to the 20 canonical amino acids. There are a limited
number of commercially available non-natural amino acids such as naphthalene functionalised
species (Fig. 1) for use in research, but as such these tend to be expensive and often result in
difficulties with the solid phase methodologies. Therefore it is worth considering synthetic
strategies to access interesting chromophoric motifs. It should be noted that the exploration of
non-natural amino acids and their distinct advantages for protein and supramolecular design

has been discussed at length in the literature.'

4.1 |

OH
NHFmoc

Figure 1: The molecular structure of an available naphthalene functionalised amino acid with a
Sfluorenylmethyloxycarbonyl protecting group that is compatible with solid phase peptide synthesis.

In this chapter a synthetic approach to tyrosine derived non-natural amino acids will be
developed and discussed, due to the interesting synthetic potential of this species. This strategy
will then be used to prepare a novel coumarin functionalised amino acid for use in peptide
synthesis. The effect of a hydrophobic sidechain from a non-natural naphthalene functionalised
amino acid will be demonstrated and the feasibility of including non-natural amino acids into
a series of HCO1 derivatives is studied. The use of both naphthalene and coumarin species was
due to their similar size to the indole of tryptophan and the literature supporting their use for
sensitising Tb(III) and Eu(III) emission.? A small library of HCO1 derivatives is prepared and

their respective structures assessed utilising both solution and solid state techniques.
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4.2 OBSERVING THE HYDROPHOBIC EFFECT

The commercially available naphthalene amino acid, 4.1, was incorporated as the sensitising
chromophore into an MB1-2 derivative system as this was the most well studied system within
the group. This involved the same trimer design as previously reported,* with a core binding
site between the second and third heptads (see Table 1). Unlike the HC series, this novel peptide
had the chromophore located adjacent to the binding site. While the synthesis and purification
of'the MB1-2,14Nap were successful, its behaviour in solution was particularly distinct. Before
the addition of Tb(III) ions the peptide was observed by circular dichroism to be lacking in any
significant helical structure (Fig. 2). Disturbingly, upon the addition of Tb(III) no enhancement
in helical folding was observed, even following excess addition (10 equivalents). This
suggested that the binding site was no longer intact and therefore was not able to template the
formation of a trimeric coiled coil. The only difference between the previously characterised
MBI1-2 system and this peptide was the naphthalene functionalised amino acid in place of the

previous tryptophan residue. Thus it is probable that the more hydrophobic nature of the
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Figure 2: The circular dichroism profile for MB1-2,14Nap both before (solid line) and after (dotted line) the
addition of 10 equivalents of Th(Ill). Samples were peptide monomer (90 uM) in aqueous HEPES buffer (10
mM, pH 7.0).
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naphthalene coupled with the hydrophilic binding site residues, resulted in the thermodynamic
spontaneity for the binding site formation to be lost in favour of burying the naphthalene
sidechains. Interestingly, the synthesis of this peptide demonstrated the ease of including this
non-natural amino acid using solid phase peptide synthesis. Therefore it was still desirable to

consider non-natural residues as tools to introduce chromophores into the HC series.

4.3 TYROSINE DERIVED NON-NATURAL AMINO ACIDS

In order to position chromophores within a peptide system it was desirable to prepare unnatural
amino acids that could supplement the limited range available from commercial sources. The
synthetic protocol was desired to be both versatile for large substrate scope, while also being
relatively straight-forward. Typically, the most time consuming and synthetically challenging
steps are to impart enantiopurity to a product, therefore it seemed sensible to use a reagent
which already possessed the necessary chirality. Of particular interest was the phenol side
chain of tyrosine, which has been reported to undergo a Pechmann condensation reaction.* This
is an interesting approach to generate coumarin functionalised amino acids, dramatically
improving previous synthetic procedures as this involved but a single step to generate a useful
product. It should be noted that the phenol of tyrosine is not particularly activated, due to the
donating effect being from the para-positioned functionality, which would lead to relatively

low yields for the Pechmann reaction.’

The preparation of coumarin functionalised amino acids is not new, having been explored

previously by F. Bennett et al. and P. Kele et al.®° However, the strategy applied through all
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4.2 OMe 4.3

HO (0] MeO

O

OH

MeO

Figure 3: Literature examples of coumarin functionalised amino acids. The biological functionality is built onto
the coumarin at the 4-position, resulting in similar structures from multiple strategies.

these reactions, involved building the amino acid functionality onto a desired coumarin via the
4-position to yield compounds such as 4.2 and 4.3 (Fig. 3). This resulted in relatively long
synthetic strategies of 5-8 steps with correspondingly low yields. An improvement on this
strategy was the use of the natural amino acid glutamate to provide the initial enantiopurity,’
nevertheless, this also involved a number of steps to prepare the ester functionality which could
then react with a phenol to form the coumarin product 4.4. As such this method was also time
consuming with relatively low overall yields. Thus the strategy employed by A. Fonseca et al.

seemed to be the most elegant as it utilised tyrosine as the phenol and via one step could

5 C'MO/\ c 4.5 |

OMe - = OMe
HO NHAc HySOy, r.t., 72 hours o NHAG

0 O 4.6
O (@)
OMe > = OH

NHA HySOy4, r.t., 72 hours NHA
HO ¢ g o” o ¢

Figure 4: The literature reaction to generate the N-acetyl-L-(4-chloromethyl)coumarin-6-yl-alanine methyl
ester 5.5 product followed by the planned reaction to generate the novel N-acetyl-L-(4-methyl)coumarin-6-yl-
alanine 5.6 product.
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generate a usable product, 4.5. It should be noted that the methyl ester was not deprotected,
thus the reported product was not directly useful for routine solid phase peptide synthesis.
There seemed to be no reason that the deprotection could not be performed so this strategy was

carried forward.

The intention was to repeat the literature methodology and synthesize 4.5, followed by
deprotection of the methyl ester to generate the useful carboxylic acid, and to ensure there were
no complications with this hydrolysis. However, this species would not be particularly useful
for peptide synthesis due to the reactivity of the halogen functionality under both cleavage and
deprotection conditions. Therefore, it is desirable to synthesise a novel non-natural amino acid
from tyrosine with a relatively inert coumarin sidechain, such as a 4-methylcoumarin derivative
to give 4.6. The 4-methylcoumarin was particularly appealing as the ethyl acetoacetate reagent
is a common industrial feedstock. Fortunately the literature repeat was successful, though it
should be noted that the high reported yields of 55% did not seem reproducible as multiple
attempts resulted in a low yield of typically 23%. Interestingly, the deprotection of the methyl
ester occurred during the workup with the use of sodium bicarbonate to neutralise the sulphuric
acid present. Therefore attempts to synthesize the more inert 4-methylcoumarin were carried
out by reacting ethyl acetoacetate with acetyl and methyl protected tyrosine in concentrated
sulphuric acid to generate 4.6 via a Pechmann condensation (Fig. 4). Pleasingly, the product
crystallised out of ethanol and water as small square plates and the structure was confirmed by
x-ray diffraction (Fig. 5). It was particularly exciting as this novel species could be directly
used as an N-terminal cap in solid phase peptide synthesis. Unfortunately, the yield for this
reaction was low at 3.9% therefore there is significant room for optimisation in future work

including a more versatile protection for the nitrogen of the amide.
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Figure 5: The crystallographic structure of N-acetyl-L-(4-methyl)coumarin-6-yl-alanine. Ellipsoids drawn at
50% probability.

4.4 INCORPORATION OF NON-NATURAL AMINO ACIDS INTO PEPTIDES

The use of a commercially available naphthalene amino acid to prepare the MB1-2,14Nap
peptide raised the possibility of synthesizing a HCO1 derivative, HCO1-2Nap (see Table 1).
While the hydrophobicity of the naphthalene sidechain was thought to be a problem when
positioned adjacent to a lanthanide binding site spanning the second and third heptads, the
HCO1 system has the chromophore instead located at a top core site. Indeed, this change in
location should lead to a stabilisation of the coiled coil as burying of the naphthalene sidechains
would be eminently favourable, perhaps even helping to template the designed binding site. In
addition to the naphthalene species, having successfully synthesized the novel coumarin
functionalised amino acid, it was with great excitement that a HCO1 derivative with the
coumarin chromophore at the N-terminus was prepared, HCO1-2Cou. The small library of
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peptides was completed with the addition of the natural amino acid tyrosine, to create a system
with a phenol chromophoric tag at the top site, HCO1-2Y. Thus, three novel HCO1 derivatives
(see Table 1), two of which contained non-natural amino acids, were studied to determine both

their structural and photophysical properties.

Table 1: The sequences for the designed peptides with the binding site residues in bold and underlined and the
chromophoric species in red and italics.

Peptide Sequence

MB1-2,14Nap  Ac-G IARIEQK IAANENapK DAAIEQK IAATEQK IAATEQK G-NH,

HC01-2Y Ac-E YEANEKK DAAIESK IQAIEKK IQAIEKK IEAIEHG-NH,
HCO01-2Nap Ac-E NapEANEKK DAAIESK IQAIEKK IQAIEKK IEAIEHG-NH,
HC01-2Cou Ac-CouEANEKK DAAIESK IQAIEKK IQAIEKK IEAIEHG-NH,

The three HCO1 derivatives; HCO1-2Nap, HCO01-2Cou and HCO1-2Y were successfully
prepared via a solid-phase peptide synthesis methodology and purified by reverse-phase high
pressure liquid chromatography. The mass and purity of each of the peptides was determined
by matrix-assisted laser desorption/ionisation mass spectrometry and analytical high pressure

liquid chromatography respectively (see S7 - S11).

4.5 CIRCULAR DICHROISM STUDY

To establish the structural behaviour in solution of each of the HCO1 derivatives, their circular
dichroism profiles were measured both before and after the addition of Tb(III) ions (Fig. 6).
Interestingly, all the systems exhibited an increasing in folding of between 10-20% upon the
addition of one equivalence of Tb(III) ions to the trimer unit before reaching a plateau. This

suggests that the lanthanide binding behaviour for all three systems is as expected, with a single
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ion being bound in the designed site. Considering the native state of both the peptide systems
HCO01-2Nap and HCO1-2Cou, they exhibit very high helical content of 75% + 1% and 72% =+
2% respectively before the addition of metal ion. This is in agreement with the well folded
native HCO1 peptide (70% + 3%) indicating that both HCO1-2Nap and HC01-2Cou would
behave in a similar manner to the original HCO1 peptide scaffold. The HCO1-2Y system was
slightly less well folded at 65% =+ 3%, suggesting that the size and solubility of the
chromophore sidechain could have an effect upon the helical structure of these complexes. All
the assemblies achieved greater than 80% helical content upon the addition of Tb(III) ions
suggesting that the final metallated systems are of a similar structure throughout this small
library. This was not a dramatic change in folding, clearly suggesting that these coiled coils

have a degree of preformed structure before the addition of metal ions.

The increase in helical content was utilised to observe the binding event (see Chapter 8.9),
resulting in a plot of the fraction of trimer bound as a function of the addition of Tb(III) ions
(Fig. 7). This allowed the determination of the binding constants for HC01-2Y and HCO1-2Nap
with Tb(III). The isotherm for HCO1-2Cou was somewhat more complicated with more than
one event occurring, therefore fitting to a three-to-one binding model was not sufficient. The
4-methylcoumarin sidechain is particularly bulky and likely involves a rearrangement upon
binding the metal ion. Pleasingly the determined log of the binding constants for HCO1-2Y and
HCO1-2Nap of 4.93 + 0.10 and 4.96 + 0.06 respectively, were in agreement for the binding
constants determined for HCO1 with Tb(III) of 5.03 £ 0.13 from the circular dichroism titration
and 5.25 £ 0.22 from the luminescence titration. This suggests that the small library of peptides
behaves in a similar way to the HCO1 system. For HC01-2Cou, it should be noted that the

assumption that folding equates to binding is only true in certain situations. Therefore when
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Figure 7: The binding profiles for both A) HCO1-2Y and B) HCOI-2Nap with Th(IIl) ions as monitored by the

change in circular dichroism spectra. The dotted line illustrates a thermodynamic fit for the binding constant

values shown. The error of the log of the binding constant is due to fitting of the upper and lower limits of the
binding profiles.

the folding arrangement required large sidechains to migrate, the steric factors may mask the

binding event by apparent unfolding, folding or lack of net change.

4.6 MASS SPECTROMETRY STUDY

Further insights into the structural behaviour of the HCO1 derivatives was achieved by

observing the native complexes by mass spectrometry (see Table 2). Each of the systems were
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observed by utilising electrospray ionisation to generate a 5+ species (see S23-S24). Upon
analysis these species were found to be comprised of three monomer units, in agreement with
the preformed coiled coil trimer structure. Thus despite the circular dichroism results
suggesting that HCO1-2Y was slight less well folded, all three systems appear to have a trimeric
structure present, further supporting the hypothesis that the coiled coils are preformed. This is
to be expected as, while the N-terminal top sites can have a degree of freedom due to the
hydrophilic residues that comprise the binding motif, the hydrophobic nature of the
chromophores result in burying to reduce solvent interaction. Therefore, it is likely that the

chromophores act to ‘cap’ the N-terminus reducing flexibility.

Table 2: The observed monoisotopic +5 charged species for each of the peptides and the resultant trimer and
monomer masses.

Peptide Monoisotopic  Charge quoisotopic Monoisotopic
(m/z) (z) Trimer Mass Monomer Mass
HCO01-2Y 2482.6 5+ 12408.0 4136.0
HCO01-2Nap 2503.0 5+ 12510.0 4170.0
HC01-2Cou 24448 5+ 12219.0 4073.0

4.7 CRYSTALLOGRAPHIC STUDY

Having synthesised a small library of peptides it was desirable to ascertain the solid state
structures. Using the strategies employed in Chapter 2, crystals of both HCO1-2Nap and HCO1-
2Y with Tb(III) ions were successfully grown (Fig. 8). The crystal analysis and data collection
were carried out at Diamond Light Source on the 104 beamline. Interestingly the symmetry and
unit cell of the two crystals were both P41,21,2 but differed from the previous H3 symmetry
of the other HC peptides. This is most likely due to the N-terminal binding site disrupting the
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Figure 8: Photographs of the crystals of both A) HC01-2Y as long triangular prisms and B) HCOI1-2Nap as
curved plates. These crystals were grown from a combined solution of peptide (16 mg mL™! peptide, 6 mM
terbium chloride and 5 mM zinc acetate) and precipitant (0.21 M ammonium chloride and 25% v/v
poly(ethylene) glycol 3350) in a 1:1 ratio. The black bar indicates 0.2 mm.

previous packing in the crystal matrix. Indeed, this may explain why it has been so challenging
to crystallise HCO1, as there is likely to be competition between the different packing orders.
The collected datasets were processed within the Phenix interface,? utilising Phaser and Coot

packages to both phase and build the models for the proposed electron density maps.

Table 3: The crystallographic data and collection statistics for both the HC01-2Y and HC01-2Nap peptide
crystals. The values in parenthesis are for the highest resolution set.

HCO01-2Y HCO01-2Nap

Wavelength (A) 0.9795 0.9795
Resolution Range (&) 40'3_22:22)(2'3_ 41'3_22"22)(2'3_
Space Group P41212 P41212
Unit Cell
a=b,c 90.2,45.0 88.2,46.8
a=p=vy 90 90

No. of Total Reflections

218376 (21293) 212172 (20848)

No. of Unique Reflections 9859 (944) 9823 (948)
Multiplicity 22.1(22.6) 21.6 (22.0)
Completeness (%) 99.0 (97.7) 99.8 (99.7)
I1/o(I) 19.5 (3.8) 20.8 (4.1)
Wilson B (3") 57.2 55.1

R erge 0.09 (0.84) 0.09 (0.86)
cC,, 1.00 (0.99) 1.00 (0.96)

143



Chapter 4 — Exploring the Utility of Non-Natural Amino Acids in the Construction of Light
Harvesting Modules

As before the metal ions were easily placed due to their strong anomalous scattering signals
(see Chapter 2) and this greatly simplified the model building process. The statistics for the

final models of the HC01-2Y and HCO1-2Nap with Tb(III) bound can be found in Table 4.

Table 4: The refinement statistics for the models of both HC01-2Y and HC01-2Nap with bound Tb(IIl) fitted to
the density maps.

HCO01-2Y HCO01-2Nap

No. of Non-H Atoms 881 953
No. of Waters 1 68
Ry o/ Reree 0.22/0.26 0.23/0.26
CC, o/ CChee 0.96/0.97 0.96/0.98
R.m.s.d.
Bonds (A) 0.007 0.003
Angles (°) 0.99 0.78
Ramachandran? 100/0/0/0 99/1/0/0
Average B A% 82.1 77.0

“Indicates the percentage of residues in favoured/allowed/outliers/rotamer outlier positions.

In agreement with the previous HC crystal structures (see Chapter 2), the structures of HCO1-
2Y and HCO1-2Nap with Tb(III) were found to be parallel coiled coils comprised of three a-
helices (Fig. 9). The core of the coiled coil domains was found to be interlocking isoleucine
sidechains fitting with the ‘knobs into holes’ logic of hydrophobic burying driving protein
folding. In addition to the structurally directing isoleucine residues, salt bridges were observed

between the e-position glutamate residues and g-position lysine residues on adjacent a-helices.

The binding site was comprised of six residues for both systems, an aspartate residue and
asparagine residue from each of the three helices (Fig. 10). The aspartate residues were

bidentate via the two oxygen atoms of the carboxylic acid sidechain, with an average Tb-O
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Figure 9: The crystallographically determined models for both A) HC01-2Y and B) HCO1-2Nap with Tb(III)
bound in the core binding site from a side view and top view. The chromophoric residue is in red and the Tb(IIl)
ion is cyan, the binding site aspartate and asparagine side chains are shown (green for carbon, blue for
nitrogen and red for oxygen).

distance of 2.3 A (see Table 5). The asparagine residues appeared to only coordinate via a
single donor atom which was modelled to be the oxygen of the amide side chain for reasons
previously discussed (see Chapter 2). The average Tb-O distance for the asparagine residues
was found to be 2.4 A which was also in agreement with reported literature values.” Therefore
the binding site was found to be remarkably similar to the HC peptides previously characterised
with a Tb(III) ion, however, both systems did not exhibit a water molecule close (~3 A) to the
residues of the coordination sphere which was observed for HC02, HC03 and HCO04 (see
Chapter 2). Nevertheless the slightly long Tb-O distance for an asparagine residue in both
HCO1-2Y and HCO1-2Nap resulted in there being the same ambiguity in coordination number
leading to an 8/9 coordinate site. Overall, there appeared to be little difference in the binding
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Figure 10: A) The idealised schematic diagram of the binding site with a terbium trication illustrating the
bidentate aspartate and monodentate asparagine residues. The crystallographically determined model of the
binding site for both B) HC01-2Y and C) HCO1-2Nap. The electron density is shown as a black mesh (r.m.s.d
1.4) and the anomalous scattering signal is shown as a red mesh (r.m.s.d. 4.0). The Th(Ill) ion is shown as a

cyan sphere, the oxygen atoms are red, nitrogen is blue and carbon is green.

site environment between these modified HCO1 derivatives and the previously studied HC
series. This was reassuring as it implied that the HCO1 design was particularly robust, allowing

non-natural amino acids to be included with relatively little impact on the final structure.

Table 5: The measured Th-O distances from the crystallographically determined models of both HC01-2Y and
HCOI-2Nap. The corresponding chain identity is in parenthesis. Error of measured distances is + 0.1 A.

Th(II)-Oxygen

Distances (A HC01-2Y HC01-2Nap
Asn(A) 2.7 2.7
Asn(B) 2.1 2.3
Asn(C) 2.4 2.2
Asp(A) 2.4,2.0 25,22
Asp(B) 2.6,2.4 2.3,2.0
Asp(C) 25,22 25,22

“The error in reported measurements can be found in Table 4 (0.007 and 0.004 4 for HCOI1-2Y and HC01-2Nap
respectively), due to high B-factors associated with the model these were reported to one decimal place.
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The distances from the bound Tb(III) ion to the nearest chromophore was measured for each
system in order to allow calculation of the energy transfer constants in future work (see Chapter
6). The distance from the Tb(III) ion to the closest naphthalene of HC01-2Nap was 7.0 A and
the distance from the Tb(III) ion to the closest phenol of HCO1-2Y was 7.5 A. Therefore in

both cases the distance is short enough that even weak sensitisation should be visible.

4.8 CONCLUSIONS

In this chapter a novel coumarin functionalised amino acid, suitable for N-terminal capping,
has been prepared using a simple synthetic strategy. This species was then utilised to prepare
a HCO1 derivative which had a 4-methylcoumarin sidechain in place of the tryptophan residue.
The use of a commercially available naphthalene functionalised amino acid demonstrated that
the hydrophobicity of the sidechain can dramatically alter the behaviour of a designed system.
Therefore, it is particularly important to consider the sequence position of this amino acid, as
placing it into the solvent would result in structural distortion as the naphthalene moiety is
buried. Fortunately the use of this amino acid was successful in the synthesis of a HCO1
derivative, as the naphthalene scaffolds were partially protected from the solvent, reducing the
hydrophobic effect. The final HCOI derivative contained tyrosine to give a phenol
chromophore at the N-terminus. This small library of derivatives was characterised by circular
dichroism and mass spectrometry to understand their dynamic structures. This indicated that
all the systems formed coiled coil trimers which bound a single Tb(III) ion requiring three
peptide monomers. Both HC01-2Y and HCO01-2Nap were successfully crystallised and the

structures were found to be parallel coiled coils with a core lanthanide binding site. The
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distance from the closest phenol or naphthalene functionality to the Tb(III) ion was measured
and found to be 7.5 A and 7.0 A, respectively. The design and preparation of a small library of
HCO1 derived systems has illustrated the versatility of this peptide to the introduction of non-
natural amino acids at the N-terminal chromophore site. Thus, having completed the structural

analysis it remained to study the photophysics of these novel peptide complexes.
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5.1 INTRODUCTION

Within biological applications the ability to utilise different chromophores provides greater
flexibility to spectroscopic experiments allowing the use of multiple channels to
simultaneously observe many effects within a single sample. The lanthanides have been used
extensively to study biological systems, however, as discussed (see Chapter 3) they generally
require sensitising chromophores positioned in close proximity to have useful emission. The
purpose of this chapter is to explore lanthanide photophysics with a variety of chromophores

as the donor species within the designed coiled coil system.

Previously it has been demonstrated that the indole of tryptophan 5.1 provided a useful and
interesting chromophore to sensitise localised lanthanides.! Indeed, this area has been explored
and developed within this thesis (see Chapter 3). After the successful synthesis of a novel
coumarin functionalised amino acid and the availability of a naphthalene functionalised amino
acid 5.3 it was possible to explore the novel photophysics available within the optimised coiled
coil design. The versatility of peptide synthesis with the amino acids (Fig. 1) was explored by

incorporating them into HCO1 derivatives, building a small library of coiled coils with varying

5.1 _ 5.2 _
HN NH; HO NH
5.3

] 54
oH MOH
NH
NH» o o 2
Figure 1: Chemical structures of 5.1) tryptophan, 5.2) tyrosine, 5.3) 3-(2-naphthyl)-L-alanine and 5.4) 4-

methylcoumarin functionalised amino acid 6-(4-methylcoumarin)-L-alanine.

152



Chapter 5 — Diverse Chromophores for Lanthanide Sensitisation

chromophores (see Chapter 4). Having demonstrated that the structure of the coiled coils were

intact, it remained to study the photophysical properties of the new systems.

The knowledge that tyrosine 5.2 can be used to sensitise both Eu(Ill) and Tb(III) is well
established, having been studied previously by Horrocks et al.> However, the use of tyrosine
has not been explored as a sensitiser for Dy(III) or Sm(III). Therefore, it was of particular
interest to see if, as with tryptophan, it were possible to expand the scope of this natural amino

acid for the sensitisation of other visible emitting lanthanides.

Naphthalene and coumarin derivatives have both been studied with respect to their ability to
transfer energy to lanthanides such as Tb(III) and Eu(III). Indeed, a comparison of the triplet
state energies for both naphthalene and coumarin indicate that they should be capable of
sensitising the visible emitting lanthanides (Fig. 2).> However, it should be noted that the
energy levels for the singlet and triplet states of naphthalene and coumarin will not be identical

to the amino acids 5.3 and 5.4, but slightly different due to the additional functional groups.

The use of naphthalene as a sensitiser for the lanthanides was first observed by utilising
naphthalene solubilised in micelles which were then deposited in an aqueous solution of Tbh(III)
ions to sensitise emission.* This was further advanced by the use of a lanthanide binding
cyclodextrin moiety 5.5 which made use of sequestered hydrocarbons, such as naphthalene,
from solution to sensitise the emission of bound Tb(III) or Eu(Ill) ions.> Improvements in the
yield of emission were made by tethering multiple cyclodextrin moieties to a lanthanide
binding core.® All these examples make use of naphthalene as an untethered species to enable

energy transfer. Nonetheless, the use of naphthalene derivatives covalently attached to
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lanthanide chelating crown ligands, such as 5.6, quickly enabled the study of a large number
of properties including the importance of the orientation of the naphthalene donor to both
Tb(III) and Eu(Ill) acceptor species for energy transfer.” Indeed, naphthalene functionalised

systems have been used to directly chelate the donor and acceptor species, as is the case with
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Figure 2: The energy of first singlet and triplet excited states for A) naphthalene and B) coumarin with respect
to the energy of the excited states for the visible emitting lanthanides; samarium, europium, terbium and

dysprosium.
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oy 546 37

O O

> o A,

Figure 3: The molecular structures of 5.5) the polycarboxylate lanthanide binding species functionalised with
cyclodextrin (trapezoid) to hold the sensitising naphthalene, 5.6) crown ether functionalised with naphthalene
and 5.7) a Schiff base monomer that requires three units to bind a lanthanide ion. The lanthanide binding
domain is in blue and the sensitising species is in red.

5.7, resulting in highly emissive materials.® While all the systems that have previously been
discussed utilised Tb(IIl) or Eu(Ill) ions it has recently been discovered that naphthalene can
be used to sensitise both Sm(III) and Dy(IlI) emission.’ This is useful as it enables a single
probe to be used to observe multiple lanthanide ions. Despite these results, lanthanide

sensitisation by naphthalene in a protein environment has not been described.

The first observation of a coumarin species successfully sensitising a lanthanide was made by
P. Tarassoff and N. Filipescu from the triplet state transfer of coumarinium cations to Eu(III)
ions in a solution of alkylsulphonic acids.!” Later work led to the design of multiple small
molecule assemblies usually based around ether or carboxylate coordinating species,'! such as
crowns 5.8 or polycarboxylates 5.9 respectively,'? linked to a coumarin derived sensitiser.
These have found use as biological tags or for energy transfer mechanistic studies.' Previously
coumarin derived systems were only used to sensitise Eu(III) or Tb(IIl) ions, but as with

naphthalene it has recently been demonstrated that energy transfer between coumarin
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derivatives and Sm(III) and Dy(III) is possible.'* Though it should be noted that these systems
made use of direct coordination between the coumarin donor and the lanthanide acceptor
resulting in highly favourable transfer mechanisms. A particularly thorough distance

15 involving coumarin

dependence relationship was determined by J. Andres and A. Chauvin,
derivatives which were attached to a lanthanide binding moiety using polymer linkers of
varying lengths 5.10-5.12. Interestingly this study demonstrated that the length of the linker
was important for the solid state samples but that transfer efficiencies were relatively similar
across the study in the solution state. This was reasoned to be due to the flexibility of the chain

in solution, therefore, it would be expected that distance measurements could still be carried

out in the relatively rigid HCO1-2Cou peptide system functionalised with 5.4.

5.10

e SO 0
HO A O/\/O\/\O/\/O\f/" O

L J
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o o e g Ry
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Figure 4: The molecular structures of 5.8) a crown ether functionalised with a coumarin derivative, 5.9) a
polycarboxylate lanthanide binding species with an appended coumarin derivative and 5.10-5.12) a series of
lanthanide binding monomers with varied polymer lengths to the sensitising 4-methylcoumarin. It should be
noted that it requires three monomer units to bind a lanthanide ion. The lanthanide binding domain is in blue,
the sensitising species is in red and the linker is in black.
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It is particularly exciting that no work has been carried out to explore the use of naphthalene
or coumarin functionalised amino acids for sensitising locally bound lanthanides. This is
because the amino acid functionality allows simple and direct incorporation into protein and
peptide systems. Therefore, this work offers the potential to provide new tools for sensitising
lanthanide probes in biologically relevant systems by expanding the scope of available FRET
pairs, increasing diversity of species and therefore the versatility of energy transfer dependent

experiments.

5.2 ABSORPTION

The molecular structures of phenol, coumarin and naphthalene can be used to infer some details
regarding their absorption behaviour. Firstly, the hydroxyl functional group of tyrosine and the
lactone of the coumarin suggest that both these systems can interact directly via hydrogen
bonding to protic polar solvents such as water. This implies that vibrational modes will not be
well resolved resulting in broad, relatively featureless absorption profiles. The hydrophobic
naphthalene is not expected to interact extensively with the solvent and therefore would retain
fine-structure from various vibrational modes. Pleasingly, it is immediately apparent from the
absorption spectra (Fig. 5) that both HC01-2Y and HCO1-2Cou have generally broad profiles

whereas HCO1-2Nap retains some vibrational fine-structure, albeit broadened.

The absorption profile for HCO1-2Y exhibits a single feature, a relatively narrow band with a
maximum at 277 nm. This corresponds to the So—S; transition, primarily m—n* in

character, for the tyrosine residues in the system.!'® The absorption profile for HCO1-2Cou while
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being broad has two distinct maxima at 319 and 276 nm which corresponds to So—S; and
So—S: transitions respectively. Both these transitions are due to m—n* transitions of the 4-
methylcoumarin moieties at the N-termini of the a-helices.!” The behaviour of the HCO1-2Nap
system is somewhat more complicated due to the forbidden nature of the So—S; transition for
naphthalene. The symmetrical nature of the naphthalene results in no change in the electronic
dipole upon exciting the lowest lying m—n* transition, thus the transition is symmetry
forbidden.'® However, vibrational modes can allow this transition to be observed between 300-
325 nm, though very weakly. Therefore, the primary transfer that is observed is the So—S»

transition at ~270 nm with retained vibrational fine-structure.

While all the species had a maxima at ~280 nm, the coumarin was interesting as it also
exhibited a longer wavelength, lower energy, band up to 350 nm. This implies that the HCO1-
2Cou system can be excited by lower energy radiation at up to 350 nm. This would allow the
4-methylcoumarin to be selectively excited in the presence of tyrosine or tryptophan residues,

making it a versatile addition to these natural building blocks.

5.3 EMISSION

The emission profiles of the three species; HCO1-2Y, HCO1-2Nap and HCO01-2Cou, can be
seen in figure 6. The profile of tyrosine is consistent with the mirror image of the relatively
featureless absorption with a maximum at 302 nm. However, there appears to be a broad long-
wavelength emission at 408 nm, which is possibly due to the presence of tyrosine

phosphorescence or the formation of a tyrosine excimer which could be favoured by the closely
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packed chromophores at the N-termini.'” Indeed, this phenomenon is most closely modelled
by polytyrosine,?® indicating that in the HCO1-2Y system there are multiple tyrosine residues
in close proximity. The coumarin emission when excited at 320 nm is also broad and
featureless, with a maximum at 392 nm. As with the absorption profile the naphthalene
emission exhibits very clear fine structure leading to two emission bands with maxima at 334
and 326 nm. This is due to retention of vibrational fine structure for naphthalene as hydrophilic
solvent broadening is not very efficient for the hydrophobic hydrocarbon. The excitation
spectra for these species (see S49, S59 and S63) clearly indicates the chromophoric source and

reinforced the lower energy capability to excite emission for HCO1-2Cou.

The addition of Lu(Ill) ions to any of these systems resulted in only a slight decrease in the
overall emission and very little change in the profile, except for HCO1-2Nap. The naphthalene
functionalised system appears to have the features of an excimer with broadened emission up
to 470 nm. Upon the addition of metal the emission classically from the monomer at 334 and
326 nm decreases and the emission from an excimer type species at 390 nm increases.?! The

increase in an excimer is to be expected as the binding of the metal ion will result in a tighter

Normalised Absorbance

250 300 350 400
Wavelength / nm

Figure 5: The normalised absorption spectra of HC01-2Y (dotted line), HCOI-2Nap (solid line) and HCO1-
2Cou (dashed line). Samples were 0.5 mM peptide monomer, in 7M aqueous urea.
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assembly at the N-termini. Interestingly, all the native emission profiles cover a similar
wavelength range suggesting that the same energy transfer mechanisms that operated between
tryptophan and the lanthanides may work effectively. Indeed, this is expected considering the

literature for naphthalene, coumarin and tyrosine sensitising Tb(III) successfully.

Table 1: Summary of absorption and emission features for HC01-2Y, HCO1-2Nap and HC01-2Cou both native
and metallated with Lu(Ill) ions.

Absorbance Amax / Emission Amax /
nm nm

HCO01-2Y

Native 277 302, 408

Metallated - 304, 408
HCO01-2Nap

Native 288, 277,270,259 326,334, 351,390

Metallated - 326, 334, 351, 390
HC01-2Cou

Native 319, 276 392

Metallated - 392

5.4 TERBIUM LUMINESCENCE TITRATIONS

The use of all three systems to sensitise Tb(III) emission was quickly ascertained and utilised
to carry out titrations (Fig. 7). This allowed the binding event to be monitored as the Tb(III)
emission could be used as a fluorescent informer on the localised proximity to the sensitising
chromophore. Indeed, due to the preformed nature of the HCO1 derivatives it is difficult to
measure the binding event by circular dichroism (see Chapter 4) because of the small change

in folding whereas the fluorescence signal is much more distinct.
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The binding isotherm for HCO1-2Y with Tb(III) clearly demonstrated the presence of a single
distinct binding site requiring three peptide monomer units to form a trimer. This was
illustrated by the increase in Tb(III) emission up to one equivalence of the lanthanide per trimer
unit. There is a noticeable continuation in the increase of terbium emission upon the further
addition of Tb(III) ions. This suggests that the previously discussed external sites are active in
solution (see Chapter 3). Indeed, it is likely that the only reason these sites were not observed
from the emission of the tryptophan functionalised HCO1 is due to the very high emission
intensity sensitised from the designed site masking the external site emission. This also
suggests that the tyrosine of HC01-2Y is a much weaker donor than the tryptophan of HCO1,

as previously observed.?

Interestingly, the binding isotherms for both HC01-2Nap and HCO01-2Cou with Tb(III) had
much clearer profiles due to the strong sensitisation afforded by the naphthalene and coumarin
moieties when compared with the weakly sensitising phenol of tyrosine. In both cases it was
apparent that one equivalence of Tb(III) ions per trimer unit was required to satisty the binding
site. A clear plateau was reached after one equivalents was added, unlike the tyrosine system.
However, it is expected that the external binding are almost certainly still in place but, as with
HCO1, the sensitised effect is almost unnoticeable against the strong emission from the
designed core binding site. All three of the binding profiles indicated that the peptide systems

were behaving as designed, like the previously studied HCO1.

The binding profiles for both HCO1-2Nap and HCO1-2Cou were fitted to a three-to-one
equation (see Chapter 8.9) resulting in the determination of the binding constants (Fig. 7). The

log of the binding constants for both HCO1-2Nap and HC01-2Cou were both noticeably greater
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than that of HCO1 with Tb(III) at 5.68 £+ 0.14 and 5.80 + 0.14 respectively when compared to
5.03 £ 0.13 for HCO1. This implies that the site may be more preformed as there is little
difference between the binding sites across the HCO1 derivatives except for the N-terminal
positioned chromophore residue. The larger and more hydrophobic naphthalene and coumarin
sidechains would result in closer packing at the N-terminus, triggering binding site
preformation and thus leading to the more feasible binding energies associated with the HCO1-
2Nap and HC0O1-2Cou peptides. The HCO1-2Y data was not fitted to this model due to the clear
presence of emission artefacts, most probably due to competitive binding to external sites

throughout the titration.

5.5 LANTHANIDE SENSITISATION

After the successful sensitisation of Tb(III) from the various chromophores it remained to
assess their ability to sensitise the other visible emitting lanthanides such as Dy(III), Sm(III)
and Eu(III). Considering HCO1-2Y it was apparent that, in addition to Tb(III), the phenol donor
was able to sensitise emission from both Eu(Ill) and Dy(IIl) ions resulting in their distinct
emission profiles (Fig. 8A). This is the first reported instance of tyrosine sensitising emission
from Dy(IIl) and is an exciting addition to the photophysical potential of this natural amino
acid. Attempts to sensitise Sm(III) emission were unsuccessful resulting in no greater
enhancement in signal than aqueous Sm(III) ions. It should be noted that the intensity of the
emission from each lanthanide did not indicate the efficiency of energy transfer as the non-

radiative deexcitation pathways can differ between species.

164



Chapter 5 — Diverse Chromophores for Lanthanide Sensitisation

JYS1] WU OF § YIMN PaJIIX2 SDMNNODZ-[ ODH 2]IYMIYSI] WL 09T YILN PaIIdXa 2.LoM ADNZ-T0DH PUP IZ-T0DH Yiog (N1 §§) (IIHUT
aanadsaL ynn (01 Hd W 91) STdTH snoanbn ui (N g6) Lauouoit apudad acom sajduns noDc-100H (O pupr AvNZ-T100H (9 AC-T10DH (V ul (aui] pijos
A2.48) ([Ip)us puw (aur] panop ¥ov)q) (IINHAQ ‘(aui] paysvp payon|q) (II)ndg ‘(dui] p1jos ¥o]q) (I11)qL Sapiunyiun] Su1jiud a]qisia fO UOISSIUD Y[ :Q d4NS1]

wu / yisusjanem

00L 0S9 009 0SS 00S oSy
m
3
=
2,
[5)
=
S
-+
(1]
=
wn
2.
J| =
wu / yiduajanem wu / yisuajanem
00L 0s9 00L 0S9 009 0SS 00S oSy
E—— > OI.’
"~ w“ H Y
Ny m m
1 w w
] 7y @
. . 2
] o o
f = >
] =1 =1
Y - -+
hY (] o
Y a @
) 2. : 2.
< < <

165



Chapter 5 — Diverse Chromophores for Lanthanide Sensitisation

The naphthalene moiety was clearly able to sensitise all four of the visible emitting lanthanides
as exhibited by the strong emission profiles of these species. The emission of Eu(Ill) is
particularly strong considering it is known to be hampered by dominant non-radiative
quenching mechanisms. This observation therefore implies that the transfer efficiency to

Eu(Ill) may be particularly high.

When considering HCO1-2Cou, the coumarin is able to sensitise both Tb(IIl) and Eu(III). This
is very exciting as the lanthanides were excited via energy transfer from the 4-methylcoumarin
pumped at 320 nm, which though still considered very high energy radiation for biological
systems, it is considerably lower than the 280 nm radiation used for the other systems in this
thesis. The excitation spectra of both Tb(IIl) and Eu(Ill) bound in HC01-2Cou (see S60),
indicates that sensitisation can be carried out up to 350 nm excitation wavelength. However,
attempts to sensitise Dy(IIl) and Sm(III) proved unsuccessful. This may seem counter-intuitive
due to the literature example demonstrating successful energy transfer.'* Nevertheless, it must
be noted that the successful complex had direct orbital overlap between the coumarin and the
lanthanide species enabling different energy transfer processes such as Dexter electron transfer
to dominate. The HCO1 system and its derivatives make use of a through space energy transfer
mechanism due to the relatively long distances involved. All similar mechanistic systems have

not reported energy transfer to Dy(IIl) or Sm(III).!'"> 1% 13.15

On a side note, the Eu(Ill) emission of both HC01-2Cou and HC01-2Nap have characteristic

emission at 616 nm from the hypersensitive >Do—'F; transition. This indicates that the Eu(III)

is bound in a low symmetry environment as previously observed (see Chapter 3).?? This is
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further supported by the solid state structure for HCO1-2Nap that exhibits Tb(III) bound in a

low symmetry site.

5.6 LANTHANIDE LIFETIMES

The lifetime of the lanthanide emission was recorded for all the sensitised ions in each system
to infer details about the local environments of the metal ions. A literature set of aqueous

lifetimes are included to compare totally solvent exposed lifetimes with the given results.?®

All the studied systems exhibited considerably longer lifetimes for each bound ion when
compared with the aqueous samples indicating that the metal ion is located in a more solvent
protected site. The exception to this is the particularly short lifetime of 507.9 = 1.5 ps for
Tb(III) bound by HCO1-2Nap. This suggests the presence of a localised quenching species,
however, it is unlikely to be water due to the lack of noticeable quenching for the other bound
lanthanides. Therefore the only alternative is the process of quenching by the naphthalene

donor via a back transfer mechanism. Indeed, the phenomenon of back transfer to a donor

Table 2: The lifetimes for bound lanthanide ions in each of the peptides. The emission wavelength monitored for
Tb(1Il) was 545 nm, Eu(Ill) was 616 nm, Dy(Ill) was 573 nm and Sm(IIl) was 643 nm. The literature aqueous
lanthanide lifetimes are included for comparison.’* Samples were peptide (90 uM) aqueous HEPES buffer (10
mM, pH 7.0) and lanthanide trications (10 uM). Reported errors are the standard deviation of three repeats.

Both HC01-2Y and HC01-2Nap were excited with 280 nm light while HC01-2Cou was excited with 320 nm.

HCO01-2Y HCO01-2Nap HC01-2Cou Aqueous

Lanthanide y Grime/ps  Lifetime /ps  Lifetime /ps  Lifetime / ps
Samarium - 26.97+£0.12 - 2.69+0.01
Europium 738.8+9.0 886.3+ 1.3 803.3 +5.7 112.4+0.7
Terbium 1327 + 17 507.9+ 1.5 1209 + 31 430 + 20
Dysprosium  25.34+0.28  21.87+0.42 - 2.49 +0.02
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ligand has been observed for multiple lanthanide luminescent systems.?* As previously
discussed, the longer lifetimes observed for the lanthanides bound in these systems would be
suitable for time-gated experiments. Even the shorter lifetime of the HC01-2Nap bound Tb(III)

would still be appropriate adding further redundancy to labelled time-gated experiments.

5.7 HYDRATION STATE

The lanthanide lifetime results demonstrated that dramatic quenching was occurring for Tb(III)
bound in the HCO1-2Nap system. In order to assess whether the quenching was due to water
molecules a lifetime experiment was recorded for each peptide with Tb(IIl) bound in the
presence of both water and deuterium oxide. The resultant changes in lifetime between the
deuterated and hydrated water allow for the determination of the number of water molecules
in the first coordination sphere (see Chapter 3).% The results are summarised in table 3, with

an aqueous control to determine the number of water molecules around solvated Tb(III) ions.

For HCO1-2Y there was a single water in the first coordination sphere explaining the slight
quenching observing in the hydrated lifetimes. The phenol sidechain of tyrosine is smaller than
the indole of the previously used tryptophan, therefore it is likely to be less effective at blocking
solvent access to the N-terminal lanthanide binding site. This may set a lower limit for the size
of the chromophore to adequately hinder water ingress to the binding site. It should also be
noted that the hydroxyl group of phenol is likely to engage in hydrogen bonding to water, thus
encouraging water in close proximity to the chromophore. Indeed, the hydroxyl- group of the

phenol may be responsible for the quenching due to exchange during the experiment.
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Table 3: The lifetimes of Tb(I1l) bound in the respective peptide systems with the determined number of water
molecules in the first coordination sphere. The samples were peptide (90 uM), HEPES buffer (10 mM, pH 7.0),
TbCls (10 uM) in water or deuterium oxide. The reported errors are the standard deviation of three repeats.
Both HC01-2Y and HC01-2Nap were excited with 280 nm light while HC01-2Cou was excited with 320 nm

light.
Peptide rHl / ms ‘rDl / ms Nﬁ;ﬂg?::r
HCO01-2Y 1327 + 17 2120+ 76 1
HCO01-2Nap 507.9+1.5 549.0+£2.0 0
HC01-2Cou 1209 + 31 1805 + 18 1
Aqueous 430 +20 2260 +70 9

Interestingly, the hydrated state of HCO1-2Nap bound Tb(III) indicates that there are no water
molecules within the first coordination sphere. This strongly supports the previously discussed
back transfer from the excited state Tb(III) to the locally situated naphthalene species as there
are no locally situated solvent molecules to account for the quenching. Indeed, upon a decrease
in temperature others have reported that the Tb(III) lifetime increases, suggesting that the back
transfer is via a thermally activated transfer from the excited metal to the naphthyl triplet
state.?® ¢ This could be further studied by degassing the solvent to displace dissolved oxygen,
which is well understood to quench triplet states.?” The removal of dissolved oxygen would
increase the lifetime of the triplet states, which in turn, would be expected to increase the
lifetime of the Tb(IIT) emission. The use of flash photolysis to populate the naphthyl triplet
state would allow the lifetime of this state to be measured both in the presence and absence of
oxygen. This state would also act as a donor to bound Tb(III) ions and thus the presence of any
long lived emission, with a rate of ~1000 s™', from the naphthyl moiety would suggest back

transfer from excited Tb(III).?
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5.6 A 6.5A 7.0A 7.2A

Figure 9: The molecular structures of A) phenol, B) indole, C) naphthalene and D) 4-methylcoumarin with the
longest distance illustrated by a dashed black line, measured values given below.

The HC01-2Cou system exhibits a single bound water molecule in the Tb(III) first coordination
sphere. Considering the larger size of the 4-methylcoumarin chromophore it is possible that
the three sidechains do not pack well within the three stranded coiled coil. Therefore, leaving
space for water ingress to the lanthanide binding site. Pairing this result with that observed for
tyrosine and comparing the sidechains (Fig. 9) it is likely that there is an ideal size for blocking
water access to the binding site. This would be expected to be larger than phenol but smaller

than 4-methylcoumarin.

5.8 CONCLUSIONS

The use of diverse chromophoric amino acids to sensitise lanthanides in the optimised HCO1
peptide system has been explored. None of the incorporated chromophores appear to hinder
the lanthanide binding activity of the designed site. Indeed, luminescence titrations further
supported the circular dichroism data (see Chapter 4) in showcasing that the incorporation of
these new scaffolds retained, and in some cases improved, the binding activity. This
demonstrates the versatility of the HCO1 type backbone as an excellent protein model system

to achieve an understanding of lanthanide photophysics. A ‘goldilocks’ zone for the size of the
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chromophore to successfully prevent water molecules coordinating to a lanthanide in the core
binding site was determined. While it is probable that the phenol was too small to block the N-
terminus sufficiently, it is likely that the 4-methylcoumarin sidechain was too large to pack

efficiently thus allowing water ingress.

The use of tyrosine to sensitise emission from Dy(IlI) ions was demonstrated for the first time,
expanding the photophysical versatility of this natural amino acid. Further to this, a study of
lanthanide sensitisation by both HC01-2Nap and HCO1-2Cou was achieved, demonstrating
that the naphthalene functionalised amino acid has the capability to sensitise the visible
emitting lanthanides; Tb(III), Eu(Ill), Dy(IlT) and Sm(III). The 4-methylcoumarin amino acid
was able to sensitise emission from both Eu(IIl) and Tb(III) requiring excitation at 320 nm (up
to 350 nm) rather than the more damaging 280 nm radiation used for the other systems. Indeed,
this is a significant improvement, though still damaging for biological samples. As with
tryptophan (see Chapter 3), the toolbox of FRET pairs has been expanded allowing a greater

variety of amino acids to be utilised with lanthanide probes.
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6.1 INTRODUCTION

The work presented in this chapter is collaborative and was started alongside C. Soto an
Erasmus student and M. Taylor a PhD student in the Worth group. The computational model

was extensively improved by M. Taylor and further details can be found in his thesis.!

The photophysical properties of a molecule have been used to characterise and prepare
functional materials such as fluorescent probes,” optical amplifiers and photocatalysts.>
Absorption and emission phenomena are crucial for understanding many fundamental pro-
cesses and can play an important role in reaction mechanism elucidation.* Interestingly, the
absorption of light by molecules has been modelled extensively; indeed, there are many
excellent programmes and packages of software to predict the absorption spectra of organic
species with varying levels of complexity.” However, the modelling of emission spectra
appears to be limited to small studies, generally involved in determining specific photophysical
effects. Indeed, there are many examples of detailed and explicit emission prediction or fitting
of experimental spectra to analyse specific states and photophysical phenomena.® Nevertheless,
the methodologies presented in these publications are time consuming, demanding on
processing capabilities and require a great deal of input from the user to give viable results.
This is clearly not appropriate for rapid analysis of large libraries of compounds. While density
functional theory based predictions are routinely used these tend to result in featureless
Gaussian profiles as vibrational modes are not considered. Thus the absorption and especially
the emission properties of molecules are often neglected as a means to characterise a species,
despite the fact that it can provide useful insights into molecular structure, stability, dynamics

and reactivity. But while the diagnostic features of emission and absorption spectra for
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molecular identification are often neglected, it is usual to have a spectroscopic requirement for
a new material as in the Forster resonance energy transfer materials discussed previously (see
Chapter 3). Fortunately it is much less challenging to model the photophysical properties of
selected structures than to attempt to select properties and design back to a structure. Therefore
it should be possible to design and use a methodology that would allow rudimentary screening

of a large number of molecules for their expected emission profiles.

Considering the importance of emission prediction for the development of energy transfer
pairs, emissive materials or even molecular recognition it seemed necessary to prepare a
methodology to provide fast, yet reliable emission prediction results. To this end, a simple
workflow for these predictions has been prepared and the viability of the methodology tested
using a series of simple aromatic species. The intention was two-fold, firstly that the method
would not be demanding with respect to processing power and secondly to retain vibrational

fine structure, as this is particularly important for spectral overlap calculations.

6.2 MODELLING ABSORPTION AND EMISSION PROCESSES

The theory of absorption and emission can be simply described by considering the behaviour
of an electron residing in the highest occupied molecular orbital of a chromophore. Upon
excitation with light, the molecule will absorb a photon resulting in the electron being promoted
from the ground state into a higher energy excited state (Fig. 1). This process is directly
responsible for the reduction in transmission monitored to gain an absorption spectrum. The

excited state is unstable and therefore the electron will return to the ground state by a
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Figure 1: A Jablonski diagram illustrating the absorption and emission processes of a molecule with the
absorption of a high energy photon (hv’) promoting an electron (black dot) from the ground state (Sy) into an
excited state (Sy). The relaxation of the excited electron back to the ground state (Sy) results in the emission of a
lower energy photon (hv”’).

combination of radiative (the process of emitting a photon) and non-radiative pathways. Thus,

the emission process can be considered as almost the reverse of that of the absorption.

The approach to predicting an emission spectrum is not dissimilar to that of an absorption
spectrum as both require the use of quantum dynamic methods. The prediction of an absorption
spectrum can be summarized by a series of smaller problems (Fig. 2). The following is a short
description of the process utilised by M. Taylor in the modelling of small molecule spectra.'
Starting with a geometry optimised species of interest, this model made use of a simplified
vibronic coupling Hamiltonian requiring only the Hessian matrices of the atomic Cartesian
coordinates at the ground state (So) equilibrium geometry and Franck-Condon point, resulting
in dramatically reduced processing times. However, it is recognized that this sacrifices the
usual rigor of the explicit calculation involving the fitting of a series of points along desired
vibrational normal modes, which captures any anharmonicity. In the interests of processing

requirements, the move away from explicit fitting was acceptable but this may also result in
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some vibrational modes being ignored alongside vibronic coupling to other excited states. The
use of symmetry arguments, in agreement with the principles of Fermi resonance, also enabled
further simplification with only the linear coupling constants along totally-symmetric modes
having non-zero matrix elements.’” This dramatically reduced the number of vibrational modes
that had to be considered further simplifying the process. Simulated spectra are then obtained
through wave-packet propagation using the powerful multiconfigurational time-dependent
Hartree (MCTDH) algorithm used routinely for wave-packet propagation calculation.® These
Gaussian wave-packets initiate from excitation to the Frank-Condon point on the S; state and
are then allowed to propagate for 300 femtoseconds providing information about the wave-
packet dynamics. The resultant autocorrelation function, which is the overlap between the
initial and propagated wave-function, can undergo a Fourier transform to yield the absorption
spectrum. The required quantum dynamics method and algorithm have been discussed at length

elsewhere.®

To predict the emission spectrum the wave-packet is first relaxed on the excited state surface
from the Frank-Condon point to the excited state minima. This process provides the ground
state vibrational wave-function in the excited state position, requiring relaxation to the ground
state in order to generate the emission spectrum. This is achieved by de-excitation of the wave-
packet vertically downwards onto the ground state surface. As before a Fourier transform of
the autocorrelation function provides the more familiar emission spectrum. In order to correct
the energy of the emission, the final energy when relaxing on the excited state surface was
subtracted from the result. This energy is further scaled by calculating the difference between
the S; minima calculated in the gas phase and in solution, using an implicit dielectric constant

to match the experimental solvent.’ In all cases, the computational spectra were broadened to
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allow accurate comparison with the experimental data by multiplying with a damping function
to simulate the dissipation of oscillation energy. This work made use of the highly accessible
QUANTICS suite of programmes opening up the potential for free and accessible software
preparation.® Though it should be noted that all electronic structure calculations employed the
use of Gaussian09.'" All the calculations made use of TD-DFT and B3LYP levels of theory

using a 6-31G** basis set.

6.3 VALIDATION WITH AROMATIC PROGRESSION

In order to determine the utility of this methodology and to ensure that the simplifications did
not adversely affect the results, it was necessary to validate the computational spectra against
experimental data. The initial study focused upon an aromatic progression of linear complexity
from benzene to pentacene. This was due to well-understood photophysical behaviour of these
species as well as the extensive computational work to determine the symmetry and vibrational
operators, which facilitated the process of testing the method postulated here. Indeed, the
computational work carried out on these species meant that problems could be relatively easily
analysed through the methodology. As the aromatic systems increases in size, the emission
energy for the So«—S: transition decreases due to the narrowing of the energy gap between the
highest occupied molecular orbital and the lowest unoccupied molecular orbital. Indeed, this

relationship has been studied extensively by E. Clar alongside the ideas of aromatic dilution.'!

Overall the progression was modelled successfully with a steady decrease in emission energy

of the So«—S; transition from benzene to pentacene. There was a clear trend in the experimental
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position of the So«—S; transition for anthracene, tetracene and pentacene that was mimicked by
the computational prediction (Fig. 3). These systems agreed remarkably well with the
experimental data having only a small deviation in the energetic position. This deviation to
lower energy is to be expected from computational methods, which consider molecules in an
optimised gas-phase model, but at low temperatures. The experimental use of solvent and room
temperature conditions can explain this deviation. The vibrational fine-structure is also
broadened in the experimental results due to thermal vibration of bonds and solvent interaction
which is a noticeable feature in all the comparisons.!? The fine-structure present in the
computational spectra can be reproduced by including only a small number of vibrational
modes. These totally symmetric modes exhibit large displacements in the excited state minima
compared to the ground state. The excellent reproducibility of the spectra with the absence of
modes with different symmetry is indicative of little vibronic coupling between the states

influencing the electronic environment.

For both benzene and naphthalene the long wavelength transition (S1«So) is forbidden by
electric dipole selection rules due to the symmetrical nature of the naphthalene. This results in
no change in the electronic dipole upon exciting the lowest lying n—n* transition, implying
that it is symmetry forbidden.!* However, the transition can be weakly observed due to
Herzberg-Teller and vibronic coupling resulting in the nuclear positions being considered in
the potential electronic overlap.'* Despite no consideration of such coupling computationally,
the model is still able to successfully reproduce the main vibrational progression from a ring
breathing mode. The lack of vibronic coupling is evident in the simulated naphthalene
spectrum and the electronic structure calculations fail to accurately reproduce the energies of

the S; and S; states.

182



Chapter 6 — Emission Prediction of Small Polyaromatic Hydrocarbons

~

g |A
(8]

[

[5°}

0

S

2 5
.Q'a
< @
S E
O w
©

S

e

@)

2

1 2

Energy / eV

Normalised Absorbance /
Emission

Sceesvcccsn

8
'O-ooooo,,,,

AL LLYY

Normalised Absorbance /
Emission

s
9005000000,

1 2 3 4 5
Energy / eV
Figure 3: The computationally predicted emission (black dotted line) and absorption (black solid line) spectra
for A) anthracene, B) tetracene and C) pentacene. This can be compared with the experimentally measured

emission (grey dotted line) and absorption (grey solid line) spectra for samples of the respective chromophores
(5 uM) in hexane.
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Figure 4: The computationally predicted emission (black dotted line) and absorption (black solid line) spectra
for A) benzene and B) naphthalene. This can be compared with the experimentally measured emission (grey
dotted line) and absorption (grey solid line) spectra for samples of the respective chromophores (5 uM) in
hexane.

6.4 VALIDATION WITH SIMPLE ANTHRACENE DERIVATIVES

Following the study of sequential aromatics the impact of simple functional groups was
explored utilising anthracene as a parent structure. Initially this involved two modifications to
the anthracene structure, the addition of a methyl or hydroxymethyl group at the 9-position
(Fig. 5). Considering the electron donating nature of these functional groups it would be
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expected that the 9-methylanthracene would be more electron rich than the 9-
hydroxymethylanthracene which, in turn, would be more electron rich than anthracene. This is
because the hydroxyl group is electron withdrawing for the methyl group resulting in a
reduction in its donating capabilities. Therefore, the 9-methylanthracene would require less
energy to excite the electron rich ground state to the excited state, hence this transition would

occur at a longer wavelength than that of 9-hydroxymethylanthrancene.
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Figure 5: The emission spectra of anthracene (black solid line), 9-methylanthracene (black dotted line) and 9-
hydroxymethylanthracene (black dashed line) for both the A) computational predicted and B) experimental
determined results.
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The experimental spectra indicated a shift to lower energy emission for both species, in
agreement with the donating capability of both the functional groups. Pleasingly, the 9-
methylanthracene So«S; transition was predicted at slightly lower energy than the 9-
hydroxylmethylanthracene as expected. However, the differences between the two emission
profiles were incredibly small. Therefore, it was with great excitement that the model
successfully determined that the 9-methylanthracene would have a lower energy emission than
the 9-hydroxymethylanthracene and that both would be lower than the unfunctionalised
anthracene. As before, there was a slight energy difference between the computational and

experimental results which has already been discussed.

6.5 - VALIDATION WITH SOLVENT SENSITIVE ANTHRACENE DERIVATIVES

The introduction of aldehyde and carboxylic acid functionalities at the 9-position resulted in
extended m-systems, this was evidenced by a distinct red-shift to lower energy in the
experimental emission profile due to the resultant increase in HOMO n-orbital energy and
decrease in LUMO n*-orbital energy. This decrease in emission energy was also clearly
evident in the computational predictions. Interestingly, the prediction suggested that the
carboxylate functionality would result in the lowest energy emission, which would be expected
when only considering resonance stabilisation but upon including solvent interaction with the
functional groups this becomes more complicated. Both the two functionalities demonstrated

key limitations of the methodology involving solvent effects.

Firstly, both the acid and aldehyde functional groups can interact with solvent directly resulting

in the energy of the molecular orbitals to shift dependent upon the solvent environment. The
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effect of solvent upon the emission profile due to more intrinsic interactions such as orbital
overlap results in solvatochromic behaviour. However, to consider this would be far too
demanding for a simple model and as such has not be carried out here. Secondly, understanding
the intermolecular behaviour in different solvents is important when interpreting the results.
For example, the carboxylic acid formed a dimer species in ethanol and water, but in basic

water the dimer was broken due to generation of the anthracene carboxylate anion, resulting in
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Figure 6: The emission spectra of anthracene (black solid line), 9-methylanthracene (black dotted line) and 9-
hydroxymethylanthracene (black dashed line) for both the A) computational predicted and B) experimental
determined results.
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the loss of stabilising hydrogen bonds.!> While the methodology employed herein failed to
accurately predict the emission of the dimer species due to the model handling each molecule
discreetly, the monomer was successfully determined. Considering the simplicity of this model
it is unlikely to be able to include a feature to understand molecular assembly especially as this

is an extensive domain of computational chemistry itself.

This demonstrates a key limitation of the methodology, with multiple aspect of solvent
influence being ignored. However, it should be noted that many of these areas have their own
domains within computational chemistry, due to their complexity, hence a simple model would
not do them justice. The possibility of non-adiabatic effects and the energetic shifting of states
due to solvent interactions are neglected due to the complexity of their consideration.
Nevertheless, further calculations could be assigned to various functional groups in different
solvents such as carbonyls or acids to give an approximation of shift and broadening effects. It
should be noted that this is a key area requiring knowledge from the software user, thus while
simplifications have been made this methodology still requires careful thought about the inputs,

especially regarding potential solvent effects.

6.6 VALIDATION WITH HALOGENATED ANTHRACENE DERIVATIVES

The final validations were carried out using a series of anthracene species with halogens at the
9-position (Fig. 7). Theoretically all the halogens have a negative inductive effect, which
results in electron density being drawn away from the aromatic system. However, the halogens

also have electrons in the p-orbitals which can be donated into the aromatic system but this is
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typically less effective. Therefore, the effect on the gap between the highest occupied
molecular orbital and the lowest unoccupied molecular orbital would be expected to be an
interplay between the electronegative and p-orbital overlap effects. With 9-fluoroanthracene it
is expected that there would be poor p-orbital overlap but a very strong electronegative
inductive effect removing electron density from the ring system. This would result in it being
harder to excite from the highest occupied molecular orbital, hence more energy would be
required. Pleasingly, the computational prediction demonstrate this, with greater energy being
observed for the So«—S1 emission band than for the unfunctionalised anthracene. Unfortunately,
experimental work with fluorinating agents was not possible, however, literature emission of

9-fluoroanthracene clearly indicated a shift to higher energy compared with anthracene. '®

Considering the other derivatives, experimentally, the 9-chloroanthracene, 9-bromoanthracene
and 9-iodoanthracene all have lower energy emission than anthracene with a sequential
decrease down the series. This implies that the interplay between electronegative inductive
effects and the p-orbital donation favours overall electron density donation to the aromatic
system. Indeed, from chlorine to iodine the overall polarizability increases while the
electronegativity decreases. This suggests that simultaneously both the electronegative
inductive effect decreases while the electron donating potential increases. This was modelled
perfectly with the 9-iodoanthracene exhibiting the lowest energy emission as expected.!” The
improved vibrational fine structure of the computational results suggests that the broader peaks
in the experimental spectra are composed from several vibrational progressions rather than a
single mode. It should be noted that the decrease in emission energy is more pronounced in the
experimental spectra than the predictions. This could be due to the prediction merely

considering the change in electronegativity and not the donating capabilities.
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6.7 COMPUTATIONAL SPECTRA FOR FRET PREDICTIONS

In order to ascertain the utility of the computational emission predictions for use in determining
Ry values, the spectra of both anthracene and naphthalene were used to calculate the Ro values
for transfer to Tb(III) ions. The selection of these two spectra was due to their overlap with the
Tb(II) absorption profile, a crucial feature to ensure valid spectral overlap calculations. The
other linear polyaromatic hydrocarbons had emission profiles that were too low energy (long
wavelength) to have sufficient overlap, thus being unsuitable for this calculation. This was then
compared with the Ro values determined from the experimental spectra recorded for these
species. The Ro values were calculated as previously discussed (see Chapter 3), with the only
alteration to the assumptions being to change the fluorescence quantum yields of the donors to
the literature values. Thus for naphthalene and anthracene the values were set as 0.23 and 0.36
respectively.'® The computational model struggled with the predictions for naphthalene,
however, this is useful as it provides a control to see the impact of poor agreement in the
emission spectra and how that affects the calculated Ro values. Throughout all the emission
predictions there was a small energy discontinuity which appeared to be relatively constant and
is easiest to see from anthracene-pentacene (Fig. 3). Therefore, as this appeared to be a
systematic deviation, in both cases a 0.27 eV correction was applied to the computational

emission profiles.

The determination of the Forster resonance energy transfer Ro values was carried out as
previously described (see Chapter 3) and made use of spectral overlap calculations. Pleasingly
the Ro values for anthracene to Tb(III) calculated from both computational and experimental

spectra resulted in exceptionally agreeable values (Table 1). This was to be expected due to the
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Figure 8: The spectral overlap of A) naphthalene emission and B) anthracene emission with the absorption
profile of Th(Ill) in aqueous solution (solid line). Both the computational predictions (dotted line) and
experimentally determined (dashed line) spectra are illustrated. The experimental spectra were from samples of
naphthalene (5 uM) and anthracene (5 uM) in hexane.

excellent agreement between the respective emission spectra as can be seen from the overlap
plots (Fig. 8). The experimentally determined Ro value for naphthalene to Tb(IIl) was 3.8 A,
as expected considering that the emission profile covers a similar wavelength range to
tryptophan. Thus the higher energy, shorter wavelength emission of the prediction resulted in
displacement of the overlap avoiding the ideal Tb(III) absorption bands which lead to the short
Ro prediction. While there is a clear discrepancy between the computational and experimental
result it is interesting to note that even a poor emission prediction will result in, what appears

to be, an acceptable Ry value, therefore care must be taken when interpreting these results that
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the initial data is valid as it is particularly hard to detect errors in Ro values. These calculations
demonstrate the potential of this predictive methodology, but also highlight the limitations of
the present logic for simple emission prediction. Indeed, the error associated with a Forster
resonance energy transfer distance measurement is usually between 1.0 - 0.5 A for particularly
accurate experiments. Therefore, the observed error in prediction is disturbingly small raising

some concerns about the viability of the whole Forster resonance energy transfer experiment.

Table 1: The Forster resonance energy transfer constants Ry for transfer from naphthalene and anthracene to
Th(Il]) as calculated from the computationally or experimentally determined emission spectra.

Computational Experimental
R,/A R,/ A
Naphthalene 2.8+0.1 3.8+0.1
Anthracene 39+0.1 39+0.1

6.8 CONCLUSIONS

In summary, the ability to simply predict the emission of various polyaromatic hydrocarbons
has been demonstrated. This is particularly exciting as emission prediction does not appear to
be a readily available computational technique and it offers the potential to inform
experimental design. This is in contrast to the typical computational role, that is, to perform
the function of mechanistic elucidation on the experimentally determined systems of interest.
This model will also provide utility for applications such as assay design, helping to expand
potential luminescent probes available. Indeed, it seems that the model is particularly useful
for computational analysis, allowing rapid modelling of a system which then informs the

decision on the methods required for a more rigorous approach.
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The validity of the methodology was explored utilising functionalised anthracene derivatives.
This demonstrated both the potential scope and limitations of the present mode. Overall the
preliminary results have proved to be encouraging, especially with regard to the retention of
vibrational fine structure within this methodology. Future work on this methodology could
include the introduction of heteroatoms into the modelled structures and expanding the
predictions to include triplet state emission. It should be noted that while the computational
predictions are very useful the methodology is still not accessible to an experimentalist drawing
a structure and rapidly screening emission profiles. Therefore a key aspect of future work will
involve designing a simple interface for the preparation of a molecular structure and the
addition of various simple parameters, such as the presence of a solvent, before uploading to a

server to achieve an accurate prediction.
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7.1 INTRODUCTION

The research presented in this thesis involved the construction of novel coiled coil peptide
systems for their elegant spatial positioning properties. These structures were subsequently
studied with a particular interest in the interaction between tethered chromophores and bound
lanthanide ions. This allowed an understanding of the principles of energy transfer in biological
systems and the potential for these to be used in the construction of simple light harvesting
complexes. Throughout the course of this research interesting discoveries have been made
regarding structural features such as the lanthanide binding site, photophysical phenomenon
involving new lanthanide sensitisation, rapid computational modelling of emission spectra,
synthesis of a novel non-natural amino acid with a coumarin motif and finally incorporation of
non-natural amino acids into exciting peptide scaffolds. The present work and potential of each

of these areas will be considered in turn.

7.2 PEPTIDE STRUCTURE

The design of a series of novel coiled coil peptides, inspired by both the MB series studied

previously in this group,! and well characterised coil-Ser derivatives,>

was successfully
achieved. This resulted in a series of coiled coils with core lanthanide binding sites, which
crystallised remarkably well resulting in all but one peptide having a structure successfully
determined. The structure of the lanthanide binding site was observed for the first time allowing

useful insights into the coordination environment of bound Tb(III) ions. It was apparent that

every residue in the designed binding site motif was necessary providing at least one donor
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atom. The parallel nature of the helices resulted in the successful formation of the binding site
and from both luminescence and circular dichroism titrations the log of the binding constants
(LogK,) were found to be typically ~5 for all the lanthanides measured. This is particularly
weak binding and indeed the issue of weak binding is one of the key limitations of this type of
system for certain applications as exemplified by the MB series with Gd(III).! This leads to
otherwise promising MRI activity not being feasible due to the toxicity of free Gd(III).?
Therefore to improve binding it may be beneficial to make use of the chelate effect and design
a protein comprised of a linear bundle with the binding site incorporated. However, a key
difficulty is the required parallel nature of the helices for the binding site to function. The most
efficient design for an a-helical bundle would be antiparallel as this would not require two long
loop sections. Therefore, using the crystal structure data from the parallel site, it may be
possible to redesign and model an antiparallel site with the same preformed coordination
environment. This approach could also require the use of expression for synthesis as a long
sequence is not yet compatible with resin based solid-phase peptide synthesis.* This is a useful
and important step as commercial peptides/proteins are generally prepared via expression and

not the more expensive solid-phase techniques.

7.3 TRYPTOPHAN AND TYROSINE TO LANTHANIDE PHOTOPHYSICS

Utilising the naturally occuring amino acid, tryptophan, it was possible to study the
photophysical behaviour of both Tb(IIl) and Eu(IIl) ions bound within the coiled coil trimer.
Indeed, the use of tryptophan as a sensitiser for Th(III) and Eu(III) has been well documented,’

however, in addition to Tb(III) and Eu(III), the use of tryptophan as a viable sensitiser for both
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Dy(IlI) and Sm(III) in peptide/protein systems was predicted and experimentally verified.
Tryptophan has been found to be useful as a broad sensitiser for the visible emitting
lanthanides. Exciting results indicating that tryptophan could sensitise near-infrared emission
from Yb(III) are in agreement with observations made by Horrocks et al.® Thus it can be
concluded that tryptophan can be a viable sensitiser for emission from Sm(III), Dy(IIl) and
Yb(II) as well as the more traditionally utilised Tb(IIl) and Eu(III). Interestingly, it was also
observed that tyrosine could successfully sensitise emission from Dy(III), expanding the utility

of this natural amino acid as well.

Further to the sensitising potential of tryptophan it has also been made apparent that interesting
redox behaviour is not just limited to Eu(Il) and Yb(III),® which have been discussed in the
literature, but also includes Sm(III) and weakly Tm(III). All four of these lanthanides can be
reduced from Ln(IIl) to Ln(Il) by excited state tryptophan via electron transfer processes.
Nevertheless, it should be noted that the change in oxidation state has not been observed
directly but is hypothesised from a proposed mechanism. Therefore a key aspect of future work

is to test this mechanism utilising fast techniques such as photoelectron spectroscopy.

Overall, this aspect of the research has increased the potential utility of the natural amino acids,
tryptophan and tyrosine, for sensitising lanthanides. This, in turn, expands the potential
luminescence probes available and thus a large number of biological systems can be studied.
One can imagine using the HC peptides as tags to biological systems which could be a viable
route to construct assays. However, it should be noted that this would be very complex and
likely to alter the behaviour of the system being studied. Therefore it would be advantageous

to test the assay viability of the discovered photophysical effects by using well understood
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systems such as the lanthanide binding tag (LBT).” Indeed, the sensitisation of Dy(Ill) and
Sm(III) bound in a LBT has already been demonstrated in this thesis (see S34). This would
allow rapid adoption of the potential luminescence probes, as they would only require the
addition of the different lanthanide ion and alteration of spectroscopic filter settings. Another
possibility for future work would be to explore the potential for incorporating the lanthanide
binding site reported here and elsewhere, into a biological system of interest. However, the
lack of linearity in the binding site design makes this also particularly complicated. This
reiterates the previous discussion of the structure of the HC series, namely a redesign of the
binding site for an antiparallel motif, which would enable incorporation into proteins by adding

a linear sequence capable of forming a lanthanide binding helical domain.

7.4 COMPUTATIONAL EMISSION PREDICTION

The computational work carried out in collaboration with the Worth group has proved to be a
versatile tool for accurately predicting the emission spectra of a number of small molecules.
The reproducibility of spectra for simple polyaromatic hydrocarbons has been particularly
encouraging. Unfortunately, there are a number of severe limitations, as previously discussed,
regarding solvent effects and that the only consideration is for singlet state energy transfer. As
this was, for the most part, a proof of concept methodology it has performed remarkably well,

especially with the retention of vibrational fine-structure in the predicted emission spectra.

Future work on this methodology should include a simple work-around for various functional

group to solvent interactions, especially more polar functionalities. A simple addition would

201



Chapter 7 — Conclusions and Future Work

be the consideration of triplet states and the resultant phosphorescence spectra prediction as
the generation of these surfaces is not too challenging and the dynamics would remain
unchanged. However, the primary limitation at present is that the methodology is not, at
present, easily accessible for the experimentalist. Therefore a key aspect of the work required
for the model, is to design an interface to allow relatively straightforward input of the molecular

structure for rapid emission prediction.

7.5 SYNTHESIS OF A NON-NATURAL AMINO ACID

The synthetic strategy applied to prepare the 4-methylcoumarin functionalised amino acid has
potential as there are a great many ethyl acetoacetate derivatives which could be reacted with
the phenol functionalised side chain of tyrosine, though three key limitations should be noted.
Firstly, the overall yields for this reaction were quite low, typically 3.9% for the N-acetyl-L-
(4-methyl)coumarin-6-yl-alanine derivative and 23% for the N-acetyl-L-(4-chloromethyl)
coumarin-6-yl-alanine derivative, but this could be improved by optimisation. Secondly, from
a peptide synthesis perspective it is important to consider hydrophobicity and steric factors
associated with non-natural amino acids, as this will influence folding and protein stability.
This is important because this strategy results in relatively large amino acid side chains,
therefore it will be useful to consider the effect of functional groups appended to the ethyl
acetoacetate feedstocks. Thirdly, at present the N-acetyl protecting group limits the use of this
species for C-terminal capping. However, optimisation should result in a strategy that would
allow the Pechmann reaction to be applied to N-fluorenylmethoxycarbonyl- protected

feedstocks.
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7.6 LIGHT HARVESTING MODULE DESIGN AND SYNTHESIS

In the pursuit of a light-harvesting module, a number of key features are particularly attractive
regarding the HCO1 derivatives. The HCO1 systems have the capacity to absorb light, albeit of
high energy, and transport this captured energy to a bound lanthanide species. The buried
nature of the lanthanide binding site, reduces solvent exposure, thus generating long lived
excited states for the lanthanide emission, from ~20 ps to 2 ms. This potentially allows a type
of storage mechanism for captured light which is usually lost in femtosecond to nanosecond
timescales for organic species. The variety of chromophores used to construct the HCO1
derivatives has given some interesting properties to each system. Perhaps the most important
is the shift to lower excitation energy required for HCO1-2Cou allowing the use of a broader
range of light wavelengths, or to be selectively excited in the presence of other chromophores,
such as those considered here. Further work is required to establish the efficiency of the energy
transfer from the donor chromophores to the acceptor lanthanide ions. This can be achieved by

utilising a standard to measure the quantum yield of emission from the lanthanide ions.®

Interestingly, the potential electron transfer from tryptophan to various lanthanides provides a
method of achieving charge separation. Advantage could be taken of this phenomenon to use
a redox cascade to reduce energy losses via back transfer and exploit the redox properties of
these excited states to carry out chemistry. However, electron transfer efficiencies are usually
incredibly distance sensitive therefore it is important to model the potential transfer as the

distance between even two heptads of ~1 nm may be too great for this to occur.’
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7.7 CONCLUSION

Throughout this thesis the study of light interaction with several designed synthetic peptide
scaffolds was achieved. A structural and photophysical understanding of new lanthanide
binding coiled coils was attained, improving the knowledge of this field beyond previous
endeavours. The toolbox of lanthanide sensitising chromophores was expanded and an
optimised model system was constructed, HCOl. The computational tools for emission
prediction have proven to be both versatile and accurate, showcasing a promising methodology
for generating spectra from molecular structures. This has the potential to revolutionise the
study of large libraries of molecules, allowing rapid analysis before time-consuming
experimental work is undertaken. Non-natural amino acid chromophores combined with the
versatility of the model system HCO1 has resulted in the construction of a number of small,
compact light harvesting modules that exhibit high energy transfer from the primary
chromophore to a bound lanthanide ion. This has paved the way for the preparation of an

efficient light harvesting module to act as a power source for nanomachines or catalysts.
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8.1 MATERIALS

Chemicals were used as received and purchased from; Sigma Aldrich (sinapinic acid, diethyl
ether, ethyl acetoacetate, ethyl 4-chloroacetoacetate, L-tyrosine methyl ester, N-
fluorenylmethoxycarbonyl-3-(2-naphthyl)-L-alanine, terbium chloride hexahydrate, thulium
chloride hexahydrate, ytterbium chloride hexahydrate, neodymium chloride hexahydrate,
gadolinium chloride hexahydrate, zinc acetate, poly(ethylene) glycol 3350, naphthalene,
anthracene, tetracene, pentacene, 9-methylanthracene, 9-hydroxymethylanthracene, 9-
chloroanthracene, 9-bromoanthracene, 9-iodoanthracene, 9-anthracenecarboxaldehyde, 9-
anthracenecarboxylic acid, dimethyl sulfoxide-ds, deuterium oxide, sulphuric acid, ammonium
acetate, toluene, ethanol, ammonium chloride and ethylene glycol), Pepceuticals (N-
fluorenylmethoxycarbonyl protected amino acids, O-(benzotriazol-1-yl)-N,N,N’,N -
tetramethyluronium hexafluorophosphate, synthesis grade N, N-dimethylformamide, and 20%
piperidine in dimethylformamide premix), AGTC Bioproducts Ltd. (rink amide 4-
methylhydrylamine  resin, = N-methyl-2-pyrrolidone,  hydroxybenzotriazole, = N,N-
diisopropylethylamine and dichloromethane), Acros Organics (xylenol orange sodium salt,
europium chloride hexahydrate, acetic anhydride, triisopropylsilane and trifluoroacetic acid),
Rathburn Chemicals Ltd. (>99.9% N,N-dimethylformamide), Fisher Scientific Ltd. (high
pressure liquid chromatography grade water and acetonitrile, 2-[4-(2-hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid, urea, ethylenediaminetetraacetic acid, and glacial acetic acid), Alfa
Aesar (dysprosium chloride hexahydrate), VWR International (hexane, acetone, lutetium
chloride hexahydrate), Strem Chemicals UK Ltd. (samarium chloride hexahydrate). All water,
except that used for high pressure liquid chromatography, was ultrapure grade obtained from

a Millipore-Elix-Gradient A10 system.
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8.2 PEPTIDE SYNTHESIS

8.2.1 AUTOMATED

The methodology for peptide synthesis have been discussed extensively by previous
members of the Peacock group.' Peptide synthesis was facilitated by standard solid
phase peptide synthesis protocols utilising a CEM Liberty Blue Automated Peptide

Synthesiser.?

The protected amino acids were N-(9-fluorenylmethyloxycarbonyl)-L-alanine, Nq-(9-
fluorenylmethoxycarbonyl)-N,-trityl-L-asparagine, N-(9-fluorenylmethyloxycarbonyl)
-L-aspartic acid 4-"butyl ester, N,-(9-fluorenylmethoxycarbonyl)-Ns-trityl-L-glutamine,
N-(9-fluorenylmethyloxycarbonyl)-L-glutamic ~ acid  5-'butyl  ester,  N-(9-
fluorenylmethyloxycarbonyl)-glycine,  No-(9-fluorenylmethoxycarbonyl)-N-trityl-L-
histidine, N-(9-fluorenylmethyloxycarbonyl)-L-isoleucine, No-(9-
fluorenylmethoxycarbonyl)-N,-butyloxycarbonyl-L-lysine, N-(9-
fluorenylmethyloxycarbonyl)-O-'butyl-L-serine, N-(9-fluorenylmethoxycarbonyl)-N-
‘butyloxycarbonyl-L-tryptophan, N-(9-fluorenylmethyloxycarbonyl)-O-'butyl-L-
tyrosine. These species were dissolved in N,N-dimethylformamide to give 0.2 M
solutions. Rink amide 4-methylhydrylamine resin (0.368 g, 0.68 meq g™') was agitated
in N, N-dimethylformamide (10 mL) for 20 minutes to swell the resin. The swollen resin
was then loaded into the automated synthesiser reaction vessel. All methods on the
automated synthesiser were carried out under an inert nitrogen atmosphere. The N-

fluorenylmethyloxycarbonyl protecting groups were removed using 20% piperidine
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and hydroxybenzotriazole (0.1 M) in N, N-dimethylformamide, facilitated by
microwave methods (60 W, 75 °C, 180 s or 30 s). Following deprotection, the next
amino acid in the sequence was coupled in the presence of an activator such as O-
(benzotriazol-1-yl)-N,N,N’,N -tetramethyluronium hexafluorophosphate (0.5 M) in
N,N-dimethylformamide and an activator base such as N, N-diisopropylethylamine (2
M) in N-methyl-2-pyrrolidone. The couplings were facilitated by microwave methods,
typically 10 minutes coupling time (30 W, 75 °C, 600 s), though for histidine the
coupling temperature was reduced (30 W, 50 °C, 600 s) but the time remained 10
minutes. The first residue to be attached to the resin was double coupled and the final
three heptads were also double coupled. Following any reaction, either deprotection or
coupling, the vessel was washed with N, N-dimethylformamide (3 x 5 mL, 5 s drain
time). After couplings the manifold was also washed with N, N-dimethylformamide (2

x4 mL, 5 s drain time).

Upon completion of the sequence synthesis, the final residue was left deprotected ready
for capping. The resin was removed from the automated synthesiser and swollen in
N, N-dimethylformamide (10 mL) for 20 minutes before the addition of a capping
mixture consisting of N, N-diisopropylethylamine (5 mL) and acetic anhydride (5 mL).
The mixture was agitated for 30 minutes, then filtered and the resin washed with

dichloromethane (3 x 7 mL) and diethyl ether (3 x 7 mL) before air drying for 2 hours.

The dry capped peptide on resin was placed in a falcon tube prior to the addition of a
cleavage cocktail consisting of trifluoroacetic acid (18 mL), water (1 mL) and

triisopropylsilane (1 mL). The tube was agitated for 3 hours before filtering and
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washing the solids with trifluoroacetic acid (2-3 mL). The filtrate was triturated in ice-
cold diethyl ether (4 x 40 mL) and placed in the freezer for 30 minutes. The solid crude
peptide was isolated by centrifugation (Eppendorf centrifuge 5702 with A-4-38 and
rotational speed of 4400 rpm for 10 minutes), the diethyl ether was decanted and a
further addition of ice-cold diethyl ether was added (4 x 20 mL). The tubes were
agitated for 20 minutes and placed in the freezer for 30 minutes prior to centrifugation
and decanting of the diethyl ether. This yielded the crude peptide as a white/cream
solid. The crude peptide was dissolved in aqueous acetonitrile (1:1), typically requiring
25-30 mL before filtering through a Millex syringe-driven filter unit (0.45 pm pore

size) in preparation for high pressure liquid chromatography purification.

8.2.2 MANUAL

The only peptides that required manual synthesis were HCO1-2Nap, HCO1-2Cou and
MBI1-2,14Nap. All manual couplings only took place following the bulk of the peptide

having been synthesised in an automated system (see 8.2.1)

The rink amide 4-methylhydrylamine resin with the partially constructed peptide was
removed from the reaction vessel, after the deprotection stage of the residue
immediately preceding the position required for a non-natural amino acid. The resin
was placed in a falcon tube and N, N-dimethylformamide (10 mL) was added. To the
falcon tube was added a solution of O-(benzotriazol-1-yl)-N,N,N’,N -

tetramethyluronium hexafluorophosphate (2.5 mL, 0.5 M) in N, N-dimethylformamide,
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N,N-diisopropylethylamine (0.75 mL) and N-methyl-2-pyrrolidone (0.5 mL). The tube
was then shaken for 10 minutes before the addition of a solution of the non-natural
amino acid (6 mL, 0.2 M) in N, N-dimethylformamide followed by further shaking for
2 hours at room temperature. The resin was then filtered and washed with N,N-
dimethylformamide (3 x 7 mL). For HCO1-2Cou the resin was then washed with
dichloromethane (3 x 7 mL) and diethyl ether (3 x 7 mL) before air-drying for 1 hour
and storing in preparation for cleavage (see 8.2.1). For both MB1-2,14Nap and HCO1-
2Nap the resin was placed in a falcon tube with piperidine (18 mL, 20% v/v) in N,N-
dimethylformamide and shaken for 20 minutes. The resin was then filtered, washed
with N,N-dimethylformamide (3 x 7 mL) and placed in a falcon tube with N N-
dimethylformamide (10 mL), O-(benzotriazol-1-yl)-N,N,N’,N -tetramethyluronium
hexafluorophosphate (2.5 mL, 0.5 M) in N N-dimethylformamide, N,N-
diisopropylethylamine (0.75 mL) and N-methyl-2-pyrrolidone (0.5 mL) before shaking
for 10 minutes. This was followed by the addition of a solution of the next amino acid
(6 mL, 0.2 M) in N, N-dimethylformamide and shaken for 2 hours at room temperature.
The resin was then filtered and washed with N, N-dimethylformamide (3 x 7 mL). For
MB1-2,14Nap the resin was then placed back in the reaction vessel of the CEM Liberty
Blue Automated Peptide Synthesiser to proceed with the synthesis of the sequence (see
8.2.1). For HCO1-2Nap the resin was placed in a falcon tube with piperidine (18 mL,
20% v/v) in N,N-dimethylformamide and shaken for 20 minutes. The resin was then
filtered and washed with N, N-dimethylformamide (3 x 7 mL) before following the

capping and cleaving procedures discussed previously (see 8.2.1).
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8.3 HIGH PRESSURE LIQUID CHROMATOGRAPHY

8.3.1 PREPARATIVE

The crude peptide was purified by reverse phase high pressure liquid chromatography
on a preparative Waters XBridge Cis column. The eluent A consisted of water and
trifluoroacetic acid (0.05% v/v) and the eluent B consisted of acetonitrile and
trifluoroacetic acid (0.05% v/v). The method involved going from 0 — 100% eluent B
over 40 minutes followed by a wash cycle. Flow rate was maintained at 10 mL min!
throughout the method and the observed detector wavelengths were set at 210 and 280
nm. The resultant pure fractions were rotary evaporated to remove the acetonitrile and
lyophilised on a freeze dryer overnight to yield the pure peptide as fluffy white powder.

Typical yields of the final purified peptides ranged between 10% and 40%.

8.3.2 ANALYTICAL

A sample of the purified peptide in aqueous acetonitrile (50% v/v) was placed into the
auto sampler for analysis by reverse phase high pressure liquid chromatography on an
analytical Waters XBridge Cis column. The eluent A consisted of water and
trifluoroacetic acid (0.05% v/v) and the eluent B consisted of acetonitrile and
trifluoroacetic acid (0.05% v/v). The method involved going from 0 — 100% eluent B
over 40 minutes followed by a wash cycle. Flow rate was maintained at 1 mL min'!

throughout the method and the observed detector wavelengths were set at 210 and 280
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nm. Note that the signals present at ~4 minutes are instrumental artefacts and were
present in water blanks as well as the sample. The typical retention times for all peptides
in this thesis were between 18 and 23 minutes and the purities were found to be >95%
(see Table 1). The analytical chromatograms for each peptide can be found in the

supporting information (see S2 — S12).

8.4 MASS SPECTROMETRY

8.4.1 MATRIX ASSISTED LASER DESORPTION IONISATION

A solution of the peptide (9 pM) in aqueous acetonitrile (1:1) was added to a solution
of sinapinic acid (10 mg mL") in a 1:1 ratio. The resultant solution (2 pL) was placed
on a matrix assisted laser desorption ionisation plate and the solvent was allowed to
evaporate. Data collection was carried out on a Waters Micromass Micro Spectrometer.
The monoisotopic masses are reported in table 1 and the spectra can be found in the
supporting information (see S2 — S12). All the data was found to be consistent with

successfully synthesised peptide sequences.

8.4.2 ELECTROSPRAY IONISATION

Mass spectrometry of the trimer complexes was carried out on a Synapt G2S mass

spectrometer fitted with a TirVersa NanoMate chip-based spray controller and

214



Chapter 8 — Techniques and Experimental Methods

Nanoflow+. Samples of peptide (9 uM) in ammonium acetate buffer (10 mM, pH 6.4)
were added in 5 - 10 pL sprays, with a gas pressure of 0.15 psi and a voltage of 1.75 -
1.80 kV. It was essential to maintain the backing vacuum at 6.5 x 107 torr and the valve
temperature at 100 °C. Detected ionisation parameters were carried out utilising a local
method, file identity — OJD_2017. Stepwave Offsets were varied between 11 - 25 and
the TrapCE and TransferCD were generally set to 20, though these were not always
applied. Gas controls were particularly important for larger oligomeric states with
trimers generally visible between 3.0 - 5.0 gas flow but tetramers requiring >5.0. The
capture range was set to 2000 - 3000 m/z; measured spectra can be found in the

supporting information (see S15 — S24).

Table 1: The retention time in minutes for the analytical high pressure liquid chromatography of the named
peptides with their analytical high pressure liquid chromatography determined purity (%). The monoisotopic
masses from the matrix assisted laser desorption ionisation mass spectrometry.

Peptide Reter/mtri:ir:‘ Time Purity % Mon:ni:::opic
HcocC 20.3 >99 4155.8
HCO1 17.9 >99 4158.8
HCO02 17.2 >99 4158.8
HCOo3 17.6 97 4158.7
HCO04 18.6 >99 4159.1

HCO1-2Y 18.2 >99 4135.5

HCO01-2Nap 18.6 98 4169.6
HCO01-2Cou 18.5 98 4072.3
MB1-2 19.0 97 4001.2
MB1-2,14Nap 18.6 98 4012.8
LBT 12.4 97 1986.7
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8.5 GENERAL SAMPLE PREPARATION

Lanthanide chloride solutions (1 mM) were prepared in ultrapure water (10 mL), and their
accurate concentrations determined by titration in triplicate using xylenol orange indicator and
ethylenediaminetetraacetic acid titration as reported by Barge et al. to yield the lanthanide
stock solution.? The lanthanide can be terbium, europium, samarium, dysprosium, ytterbium,

thulium, and lutetium.

Peptide stock solutions were prepared in deionised water, typically 1 mg mL™!. The peptide
concentration was determined by taking an aliquot of the stock (10 pL) and placing it in a 1.5
mL eppendorf with an aqueous solution of urea (690 uL, 7 M) to give a total volume of 700
pL. The vial was centrifuged for 3 minutes using an Eppendorf MiniSpin with a 45° fixed angle
rotor F-45-12-11 and a rotational speed of 13,400. The solution was left to stand for 10 minutes
before 600 uLL were placed in a quartz cuvette prior to UV-vis characterisation to determine

the peptide concentration via the Beer-Lambert law (see 8.6).

Experimental samples required to support the computational work presented in Chapter 6 were
prepared by accurately weighing samples and diluting with the necessary solvent (toluene,
hexane or basic ethanol) into volumetric flasks, to yield the final concentrations reported in

Table 2.
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8.6 UV-VIS ABSORPTION SPECTROSCOPY

Ultraviolet and visual spectrum absorption profiles were recorded on a Shimadzu 1800 UV
Spectrophotometer, using single beam mode and a medium scan speed. The slit width was set
at 1.0 nm and the data interval was set at 1.0 nm. All samples were placed in a quartz UV-vis

cuvette (pathlength of 1 cm).

Peptide samples were scanned from 500 - 200 nm with a baseline of urea (690 uL, 7 M) and

water (10 uL). The baseline was removed from the sample absorption profile and the peptide

Table 2: The concentration of prepared polyaromatic hydrocarbon samples with the solvent utilised to
dissolved them and the excitation wavelength used to obtain an emission spectrum.

Concentration / Excitation
Compound Solvent
UM Wavelength / nm
Naphthalene 45 Hexane 275
Anthracene 34 Hexane 350
Tetracene 15 Toluene 420
Pentacene 5 Toluene 533
9-Chloroanthracene 30 Hexane 350
9-Bromoanthracene 25 Hexane 350
9-lodoanthracene 30 Hexane -
9-Methylanthracene 72 Hexane 330
9-Hydroxymethyl
y y v 22 Hexane 330
anthracene
9-Anthracene '
i . 45 Basic Water 365
carboxylic acid (pH 10)
9-Anthracene
19 Ethanol 372

carboxaldehyde
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concentrations were determined based on tryptophan absorbance at 280 nm (5690 M™! cm™),?
tyrosine absorbance at 274 nm (1405 M cm™),* 2-naphthyl absorbance at 289 nm (3860 M
cm!) and 4-methylcoumaryl absorbance at 320 nm (4120 M™! cm™).> The molar absorptivity
for both 2-naphthyl and 4-methylcoumaryl can be found in the supporting information (see
Chapter 9). The concentration of the sample was calculated utilising the molar absorptivity of
the chromophore present on the peptide, this in turn was used to calculate the original stock

concentration.

Experimental samples required to support the computational work presented in Chapter 6 were
used directly and scanned from 800 - 200 nm. The baseline samples were the solvent required

to dissolve the compound of interest (see Table 2).

8.7 CIRCULAR DICHROISM SPECTROSCOPY

The circular dichroism spectra were recorded using a JASCO J-715 Spectropolarimeter which
required the optical chamber to be purged with nitrogen for ~20 minutes prior to use. The optics
were kept under a nitrogen atmosphere throughout the experiment. For each sample
measurement there were three scans recorded from 350-190 nm using a 200 nm min™' scan

rate, | nm bandwidth and 1 s response time. The sample chamber temperature was maintained

at 20 °C throughout the experiment.

The samples consisted of the aqueous peptide (90 pM) and 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid buffer (10 mM, pH 7.0) with the baseline sample being just the 2-[4-(2-
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hydroxyethyl)piperazin-1-yl]ethanesulfonic acid buffer (10 mM, pH 7.0). The samples were
placed in a 1 mm pathlength quartz cuvettes and if any addition was made to the sample (e.g.

terbium during a titration) it was left to equilibrate for 10 minutes.

The observed ellipticity, Oobs (mdeg) was converted into molar ellipticity, (0), and is reported
in units of deg dmol™' cm?. The helical content was determined following the method reported
by Y. Chen et al. and using the minimum molar ellipticity determined by J. Myers et al.’ The

change in molar ellipticity was analysed as an isotherm (see 8.9).

8.8 LUMINESCENCE SPECTROSCOPY

8.8.1 UV-VIS LUMINESCENCE FOR PEPTIDE SAMPLES

Emission spectra were recorded in a 1 cm path length quartz cuvette using an Edinburgh
Instruments Fluorescence FL920 system with a 450 W xenon arc lamp and a
Hamamatsu R928 photomultiplier tube. Two interchangeable gratings blazed at 500
nm and 1200 nm were fitted to the emission monochromator. When monitoring the
emission between 300 - 500 nm a 305 nm long pass filter was utilised with an excitation
slit width of 3 nm, an emission slit width of 1 nm and a 0.5 s dwell time. When
monitoring the emission from 460 - 800 nm a 455 nm long pass filter was utilised with
an excitation slit width of 3 nm, an emission slit width of 5 nm and 0.5 s dwell time.
Samples of peptide (90 uM) in 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic

acid buffer (10 mM, pH 7.0) were prepared and placed in 1 cm pathlength quartz
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cuvettes. If any addition was made to a sample (e.g. terbium during a titration) it was
stirred with a micro stirrer bar and stirrer plate for 10 minutes prior to recording an
emission spectrum. The solutions of peptide were excited with energy dependent upon
the chromophore present; tryptophan was excited at 280 nm, tyrosine was excited at
275 nm, naphthyl was excited at 280 nm and coumaryl at 320 nm. Excitation profiles
were obtained by observing the emission maxima for tryptophan at 350 nm, tyrosine at
303 nm (thus no filter was used for HCO1-2Y emission), naphthyl at 333 nm, coumaryl
at 389 nm, terbium at 545 nm, europium at 616 nm, dysprosium at 571 nm and
samarium at 643 nm. The excitation wavelength for tryptophan, tyrosine and naphthyl
was scanned from 200 - 300 nm with a 305 nm long pass filter used for both tryptophan
and naphthyl between the sample and the emission slit. The excitation wavelength for
the coumaryl was scanned from 200 - 360 nm. The excitation wavelengths scanned for
the peptide bound lanthanide species was dependent upon the chromophore attached to
the peptide. For all lanthanide excitation measurements a 455 nm long pass filter was
placed between the sample and the emission slit. The data was collected and processed

using F900 spectrometer analysis software.

8.8.2 INFRARED LUMINESCENCE FOR PEPTIDE SAMPLES

Emission spectra were recorded in a 1 cm path length quartz cuvette using Edinburgh
Instruments Fluorescence FL920 system with a 450 W xenon arc lamp and a
Hamamatsu R928 photomultiplier tube. The detector was cooled to -70 °C prior to

running any experiments and this temperature was maintained throughout the
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experiments. Two interchangeable gratings blazed at 500 nm and 1200 nm were fitted
to the emission monochromator. When monitoring the emission between 900 - 1100
nm a 780 nm long pass filter was utilised with an excitation slit width of 5 nm, an
emission slit width of 15 nm and a 5.0 s dwell time. Samples of peptide (500 pM) in 2-
[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid buffer (10 mM, pH 7.0) were
prepared and placed in 1 cm pathlength quartz cuvettes. If any addition was made to a
sample (e.g. ytterbium) it was stirred with a micro stirrer bar and stirrer plate for 10
minutes prior to recording an emission spectrum. The solutions of tryptophan
functionalised peptide were excited with 280 nm light. The excitation profile of HCO1
with ytterbium bound was obtained by observing the emission maxima for ytterbium at
980 nm while scanning the excitation wavelength for tryptophan 250 - 350 nm with a
780 nm long pass filter between the sample and the emission slit. The data was collected

and processed using F900 spectrometer analysis software.

8.8.3 UV-VIS LUMINESCENCE FOR SMALL MOLECULES

Emission spectra were recorded in a 1 cm path length quartz cuvette using Edinburgh
Instruments Fluorescence FL920 system with a 450 W xenon arc lamp and a
Hamamatsu R928 photomultiplier tube. Two interchangeable gratings blazed at 500
nm and 1200 nm were fitted to the emission monochromator. When monitoring the
emission between 300 - 600 nm, a 305 nm long pass filter was utilised with an
excitation slit width of 3 nm, an emission slit width of 1 nm and a 0.5 s dwell time.

Solutions of the experimental samples required for the computational work were
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prepared as previously discussed (see 8.5). These solutions (1 mL) were placed in a
lem pathlength quartz cuvettes and excited with varying wavelengths to obtain the
emission spectra (see Table 3). The data was collected and processed using F900

spectrometer analysis software.

8.9 ISOTHERM FITTING

Both the circular dichroism and luminescence titration data can be manipulated to give useful
isotherms monitoring the fraction of trimers bound (f) against the concentration of the terbium
ions (see Equation 1B). For the circular dichroism data; 0 indicates the molar ellipticity
observed for each sample at 222 nm, 6 indicates the initial molar ellipticity at 222 nm and Omax
indicates the maximum molar ellipticity at 222 nm. For the luminescence data; / indicates the
emission intensity or intensity area observed for each sample, /o indicates the initial emission
intensity or intensity area and /max indicates the maximum emission intensity or intensity area.
This relationship assumes that the end of the binding event is directly related to the end of a

change in the observed phenomena.

Concentration of Bound Trimer

f_

" Concentration of Bound and Free Trimer

(Equation 1A)

0-60  I-1Io

f: emax - 60

= (Equation 1B)

Imax — Io

For the most part the isotherm clearly indicated that the binding event was complete upon the
ratio addition of one lanthanide ion to three peptide chains. Therefore the data was fitted to a

three-to-one binding model (Scheme 1).
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K
Peptide + 13 Tb(lll) <=—===1/3 Peptide;-Tb(III)
Ky

Scheme 1: The stoichiometric relationship involved in the binding of Tb(IIl) ions to any of the designed
peptides. The binding constant (K,) is associated with the forward reaction and the dissociation constant (Kg) is
associated with the reverse reaction.

This scheme can be used to derive an equation for determining the dissociation constant which
can be further rearranged to require only three variables (Equation 2); the concentration of the
terbium trications, [Tb(III)], the total concentration of peptide present, [peptide], and the
fraction bound (f).

(Ipeptide]~flpeptide]) (Tb(111)]-LPeBL4e)y5

. 1
(f[peztlde])§

Kaq= (Equation 2)

This dissociation constant can be rearranged to calculate the concentration of terbium trications
required to induce the binding event (see Equation 3D). This was used to construct the fits to

the experimentally collected data.

5 (Ipeptide]—flpeptide])([Tb(in)-LPLLAcl)

Ky (w) (Equation 3A)
m = ([peptide] — f[peptide])3([Tb(III)] — M) (Equation 3B)
A = [Th(ID)] - L2 (Equation 3C)
[Th(IID)] = f( K& + lpeptidely (Equation 3D)

3(1-1)3[peptide]? 3
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Once the dissociation constant (Kq) had been successfully fitted, the binding constant (K,) was

elucidated from the inverse relationship (see Equation 4).

Ka=— (Equation 4)

Throughout the thesis the log of the binding constant (logK.) is utilised as this value is a more
accessible representation of the binding. The errors associated with the binding constant values
are from the fits to both the upper and lower limits of the isotherm data. The isotherm data

error bars come from the standard deviation of three repeats for each of the titrations.

8.10 LANTHANIDE LIFETIMES

The lanthanide lifetimes were determined for the peptide complexed lanthanides utilising an
Edinburgh Instruments Fluorescence F1.920 system equipped with a puF flashlamp light source
(50 Hz). The bound lanthanide species were Tb(III), Eu(Ill), Dy(IIl) and Sm(III) in samples of
aqueous peptide (90 uM) in 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid buffer
(10 mM, pH 7.0) with the lanthanide trications (10 uM). The lanthanide concentration was
deliberately lower than the expected 1:3 ratio to ensure that all emission signals came from
bound lanthanide species. The Tb(IIl) emission was monitored at 545 nm, the Eu(IIl) at 616
nm, the Dy(IIl) at 571 nm and the Sm(III) at 643 nm. A 455 nm long pass filter was placed
between the sample and the emission slit. Data collection for Tb(III) and Eu(IIl) was over a 10
ms time range with a lamp trigger delay of 0.01 ms. Data collection for Dy(III) and Sm(III)

was over 100 ps with a lamp trigger delay of 1 ps. The excitation wavelength for the peptide
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chromophore was dependent upon the species; tryptophan was excited at 280 nm, tyrosine at
275 nm, naphthyl at 280 nm and coumaryl at 320 nm. The data was collected and processed
using F900 spectrometer analysis software with the tailfit model (see Equation 5). Data was
fitted to preferentially a monoexponential single component model with a second component
added if required as indicated by the % value. The decay model is a function of the time, #, and
kinetic parameters. The pre-exponential factor (B) is made up of instrumental and sample
parameters. The measured lifetime, 1 is the time taken for the fluorescence to decay by 1/ e.
Representative fits of the lifetimes for each system and tables of data can be found in the

supporting information (see S38 - $46, S50 - $52, 855 — $58 and S61 — S62).

R(?) = B,e (;—f) + B,e (_—t) (Equation 5)

T2

The lifetime experiment was repeated with Tb(III) in each of the peptide systems but utilising
deuterium oxide for all solutions including the buffer, Tb(IIl) ions and peptide. All
experimental parameters were retained except the time range was extended to 20 ms. The
resultant data was fitted as described above and utilised to determine the number of water
molecules in the first coordination sphere according to the work of A. Beeby et al. (see

Equation 6).’

Hydration Number = 5.0 ms X (Ti ~1_0.06 ms™1) (Equation 6)
H

D
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8.11 PEPTIDE CRYSTALLOGRAPHY

8.11.1 CRYSTAL GROWTH

Crystals of HCOC, HC02, HC03, HC01-2Y and HCO1-2Nap with lanthanide ions were
prepared using the sitting-drop vapour-diffusion technique at 18 °C with a drop
consisting of 3 pL peptide stock solution (16 mg mL™! peptide, 6 mM lanthanide
chloride and 5 mM zinc acetate) mixed with 3 pL precipitant solution (0.21 M
ammonium chloride, 25% v/v poly(ethylene) glycol 3350). The lanthanide was
predominantly terbium, however, for HC02 and HCO03 there was some success with
europium and gadolinium. For HCOC, HC02 and HCO3 triangular prism-like crystals
belonging to the space group H3 grew within a few weeks to a maximum dimension of
approximately 0.6 x 0.2 mm. For HCO1-2Y crystals of rectangular plate like shapes
grew within a few days, whereas the crystals of HC01-2Nap were much smoother with
dramatically curved edges. Both HCO1-2Y and HCO1-2Nap belonged to the space
group P41 21 2. Crystals were transferred to a stabilization solution based on the mother
liquor and were then cryo-protected by increasing the concentration of ethylene glycol

up to 25%) before flash-cooling and storage in a liquid nitrogen cooled dewar.
(up ) g g q g

Crystals of HC04 with terbium were prepared using the sitting-drop vapour-diffusion
technique at 18 °C with a drop consisting of 3 pL peptide stock solution (20 mg mL"!
peptide, 6 mM lanthanide chloride and 5 mM zinc acetate) mixed with 3 pL precipitant
solution (0.21 M ammonium chloride, 20% v/v poly(ethylene) glycol 3350, 8% v/v

poly(ethylene) glycol 400). Crystals of triangular prism like shapes grew within a few
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weeks belonging to the space group H3. The crystals were transferred and stored as

previously discussed.

8.11.2 X-RAY FLUORESCENCE MEASUREMENTS, ABSORPTION EDGE

SCAN AND DIFFRACTION MEASUREMENTS

The datasets were all collected at Diamond Light Source, on the 104 or 103 beamlines.
Crystals were place in numbered unipucks compatible with a BART robotic sample
changer. The samples were kept under liquid nitrogen and automatically mounted in
the beamline. The mounted crystals were maintained at cryo-temperatures by a cryo
stream of N>. The beamlines were equipped with Pilatus 6M-F (104) and Pilatus3 6M

(103) detectors.

A crystal of HC03 with Tb(III) bound was analysed by x-ray fluorescence on the 104
beamline with a beam energy of 12658.2 eV (transmission 1.6%) and data collection
occurred for 1.0 seconds. Sample counts recorded at 14051 compared to a background
of 1184. The data was analysed manually, comparing the energy of noticeable peaks to
those expected for ions present such as Tb(IIl) and Zn(II). This was followed by the
HCO03 bound Tb(III) absorption edge being scanned from 6800 - 7800 eV, focusing on
the L3 absorption band. The sudden increase in absorption was used to monitor the
distinct core electronic signature for Tb(III) L3 excitation. The peptide diffraction
datasets were collected with scans around the phi axis and beam transmission at 100%.

The overall collection time was between 180 and 300 seconds with the number of
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images collected typically between 1500 and 3000. Each image was collected from
between 0.08 and 0.04 seconds of beam exposure. The wavelength of the beam was
typically between 0.9282 and 0.9795 A. The technique utilised was single-wavelength

anomalous diffraction.

8.11.3 X-RAY DIFFRACTION DATA PROCESSING

The datasets were indexed and integrated with iMosflm,® reduced with POINTLESS,’
scaled using AIMLESS and structure amplitudes were calculated using
CTRUNCATE.'" ' The Tb(III) ions provided heavy metal anomalous signals, from
which their positions were located and phases determined using Phaser within the
Phenix pipeline.'> > This resulted in clearly interpretable electron density maps with
particularly clear definition around the Tb(III) binding sites. Coot was used for manual
refinement while phenix.refine with MLHL targets was used for intervals of automated
refinement.!'* 1> Both manual and automated strategies were combined to complete the
peptide models. Data-collection, refinement and validation statistics are presented in
relevant chapters (see Chapter 2 and Chapter 4). Figures were generated in UCSF

Chimera.'®
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8.12 SMALL MOLECULE SYNTHESIS

8.12.1 N-ACETYL-L-TYROSINE METHYL ESTER (1)

This synthesis is based on a literature procedure.!” To a solution of L-tyrosine methyl
ester (10.0 g, 0.05 mol) in acetic acid (100 mL) was added acetic anhydride (9 ml, 0.2
mol), and the mixture was refluxed for 10 min and allowed to stand at room temperature
for 2 h. Acetic acid was evaporated in vacuo, and the residue was crystallized from
methanol and water to yield N-acetyl-L-tyrosine methyl ester as small white needles.
Yield: 10.8 g, 91.1%; '"H NMR (400 MHz, DMSO-ds): 6= 1.79 (3H, s, NAc-CH3), 2.74
(1H, dd, J=13.8, 9.1 Hz, f-CH»), 2.86 (1H, dd, J = 13.8, 5.7 Hz, f-CH>), 3.57 (3H, s,
OCHs), 4.34 (1H, m, a-CH), 6.65 (2H, d, J = 8.4 Hz, ArH), 6.98 (2H, d, J = 8.4 Hz,
ArH), 8.28 (1H, d, J = 7.6 Hz, NH), 9.24 (1H, s, ArOH ) ppm; '*C NMR (400 MHz,
DMSO-ds): 6 =22.26 (NAc-CH3), 36.05 (5-CH»), 51.74 (OCH3), 54.00 (a-CH), 115.05
(Ar-CH), 127.23 (Ar-CC), 130.02 (Ar-CH), 155.99 (Ar-COH), 169.33 (CONH),
172.38 (COOMe) ppm; IR (neat): v = 3546, 3320, 3149, 1729, 1658, 1516, 1232, 820,
690 cm™'; MS (ESI): m/z 237.10 (M"), 178.06 (M" — COOMe), 147.04 (M" — CcHsOH),

107.05 (M* — CH(NAc)COOMe).

8.12.2 N-ACETYL-L-4-METHYLCOUMARYLALANINE (2)

To a solution of N-acetyl-L-tyrosine methyl ester 1 (5.0 g, 21 mmol) in aqueous 70%

sulphuric acid (25 mL) was added ethyl acetoacetate (3.5 mL, 27 mmol). The reaction
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mixture was stirred at room temperature for 72 hours, poured into ice, and the
precipitate was filtered and washed with ice-cold water (2 x 10 mL), saturated sodium
bicarbonate solution (2 x 10 mL) and finally water (2 x 10 mL). The collected
precipitate was recrystallized from an ethanol and water mixture to yield N-acetyl-L-4-
methylcoumarylalanine as square plates of pale cream crystals. Yield: 0.24 g, 3.9%; 'H
NMR (400 MHz, DMSO-ds): 6 =1.78 (3H, s, NAc-CH3), 2.42 (3H, d, /= 1.2 Hz, Ar-
CHs), 2.91 (1H, dd, J = 13.8, 9.7 Hz, f-CH>), 3.13 (1H, dd, J = 13.8, 4.8 Hz, f-CH>),
4.45 (1H, m, a-CH), 6.39 (1H, s, Ar-H), 7.31 (1H, d, J = 8.5 Hz, Ar-H), 7.48 (1H, dd,
J=28.5,2.0 Hz, Ar-H), 7.63 (1H, d, J = 2.0 Hz, Ar-H) 8.24 (1H, d, J = 8.2 Hz, NH),
12.73 (1H, s, COOH) ppm; *C NMR (400 MHz, DMSO-d;): § = 18.07 (Ar-CH3), 22.33
(NAc-CH3), 36.04 (f-CH»), 53.34 (a-CH), 114.40 (Ar-CH), 116.20 (Ar-CH), 119.26
(Ar-CC), 125.74 (Ar-CCH»), 132.94 (Ar-CH), 133.89 (Ar-CCH3), 151.71 (Ar-CH),
153.14 (Ar-CO), 159.82 (Ar-COO), 169.27 (CONH), 173.03 (COOH) ppm; IR (neat):
v = 3350, 2935, 2511, 1722, 1611, 1541, 1174, 826, 625 cm™'; HRMS (ES): m/z
calculated for CisHisNOs, [M+H]": 290.1028, found 290.1027. Single crystal x-ray

data can be found in the supporting information (see S72 — S77).

8.12.3 N-ACETYL-L-4-CHLOROMETHYLCOUMARYLALANINE (3)

To a solution of N-acetyl-L-tyrosine methyl ester 1 (5.0 g, 21 mmol) in aqueous 70%
sulphuric acid (25 mL) was added ethyl 4-chloroacetoacetate (4 mL, 30 mmol). The
reaction mixture was stirred at room temperature for 72 hours, poured into ice, and the

precipitate was filtered and washed with ice-cold water (2 x 10 mL), saturated sodium
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bicarbonate solution (2 x 10 mL) and finally water (2 x 10 mL). The collected
precipitate was purified by silica column chromatography with an eluent of
dichloromethane and methanol (9:1) to yield N-acetyl-L-4-chloromethyl-
coumarylalanine as a pale cream powder. Yield: 1.6 g, 23%; 'H NMR (400 MHz,
DMSO-ds): 6 = 1.78 (3H, s, CH3), 2.92 (1H, dd, J = 13.8, 9.8 Hz, f-CH>), 3.14 (1H,
dd, J=13.8,4.6 Hz, f-CH>), 4.43 (1H, m, a-CH), 5.00 (2H, s, CH2Cl), 6.68 (1H, s, Ar-
CH), 7.37 (1H, d, J= 8.5 Hz, Ar-CH), 7.53 (1H, dd, /=8.5, 2.0 Hz, Ar-CH), 7.74 (1H,
d,J=2.0 Hz, Ar-CH), 8.23 (1H, d, /= 8.2 Hz, NH) ppm; '*C NMR (400 MHz, DMSO-
ds): 0 = 22.37 (NAc-CH3), 36.01 (4-CHz), 41.16 (Ar-CH:Cl), 53.39 (a-CH), 115.50
(Ar-CH), 116.56 (Ar-CH), 116.72 (Ar-CC), 125.60 (Ar-CCH»), 133.36 (Ar-CH),
134.12 (Ar-CCH:Cl), 150.52 (Ar-CH), 152.10 (Ar-CO), 159.67 (Ar-COO), 169.32
(CONH), 172.97 (COOH) ppm; IR (neat): v = 3415, 3351, 3271, 3089, 2562, 1716,
1624, 1545, 1230, 1174, 958, 904, 826 cm'; HRMS (ES): m/z calculated for

Ci5sH13NOsCl, [M]": 322.0482, found 322.048]1.
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9.1 SYNTHESISED PEPTIDE CHARACTERISATION
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Figure 1: The Cig reverse phase analytical high pressure liquid chromatogram for pure HCOC. The absorbance
was monitored at 210 nm and the solvent system went from 100% water with 0.05% trifluoroacetic acid to
100% acetonitrile with 0.05% trifluoroacetic acid over 40 minutes.
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Figure 2: The matrix-assisted laser desorption/ionisation mass spectrum for pure HCOC in a sinapinic acid
matrix. The insert shows the isotope distribution of the +1 charge peak cluster.
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Figure 3: The Cys reverse phase analytical high pressure liquid chromatogram for pure HCOI. The absorbance
was monitored at 210 nm and the solvent system went from 100% water with 0.05% trifluoroacetic acid to
100% acetonitrile with 0.05% trifluoroacetic acid over 40 minutes.
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Figure 4: The matrix-assisted laser desorption/ionisation mass spectrum for pure HC01 in a sinapinic acid
matrix. The insert shows the isotope distribution of the +1 charge peak cluster.
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Figure 5: The Cis reverse phase analytical high pressure liquid chromatogram for pure HC02. The absorbance
was monitored at 210 nm and the solvent system went from 100% water with 0.05% trifluoroacetic acid to
100% acetonitrile with 0.05% trifluoroacetic acid over 40 minutes.
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Figure 6: The matrix-assisted laser desorption/ionisation mass spectrum for pure HC02 in a sinapinic acid
matrix. The insert shows the isotope distribution of the +1 charge peak cluster.
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Figure 7: The Cys reverse phase analytical high pressure liquid chromatogram for pure HC03. The absorbance
was monitored at 210 nm and the solvent system went from 100% water with 0.05% trifluoroacetic acid to
100% acetonitrile with 0.05% trifluoroacetic acid over 40 minutes.
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Figure 8: The matrix-assisted laser desorption/ionisation mass spectrum for pure HC03 in a sinapinic acid
matrix. The insert shows the isotope distribution of the +1 charge peak cluster.
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Figure 9: The Cys reverse phase analytical high pressure liquid chromatogram for pure HC04. The absorbance
was monitored at 210 nm and the solvent system went from 100% water with 0.05% trifluoroacetic acid to
100% acetonitrile with 0.05% trifluoroacetic acid over 40 minutes.
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Figure 10: The matrix-assisted laser desorption/ionisation mass spectrum for pure HC04 in a sinapinic acid
matrix. The insert shows the isotope distribution of the +1 charge peak cluster.
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Figure 11: The Cs reverse phase analytical high pressure liquid chromatogram for pure HC0I-2Y. The

absorbance was monitored at 210 nm and the solvent system went from 100% water with 0.05% trifluoroacetic
acid to 100% acetonitrile with 0.05% trifluoroacetic acid over 40 minutes.
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Figure 12: The matrix-assisted laser desorption/ionisation mass spectrum for pure HC01-2Y in a sinapinic acid
matrix. The insert shows the isotope distribution of the +1 charge peak cluster.
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Figure 13: The Cs reverse phase analytical high pressure liquid chromatogram for pure HC01-2Nap. The
absorbance was monitored at 210 nm and the solvent system went from 100% water with 0.05% trifluoroacetic
acid to 100% acetonitrile with 0.05% trifluoroacetic acid over 40 minutes.
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Figure 14: The matrix-assisted laser desorption/ionisation mass spectrum for pure HCOI1-2Nap in a sinapinic
acid matrix. The insert shows the isotope distribution of the +1 charge peak cluster.

S8



Chapter 9 — Supporting Information

2500

2000 A
1500 A
1000 A
500 -

0 J\.L_/——JL

0 10 20 30 40
Retention Time / mins

Absorbance at 210 nm

Figure 15: The C)s reverse phase analytical high pressure liquid chromatogram for pure HCOI1-2Cou. The
absorbance was monitored at 210 nm and the solvent system went from 100% water with 0.05% trifluoroacetic
acid to 100% acetonitrile with 0.05% trifluoroacetic acid over 40 minutes.
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Figure 16: The matrix-assisted laser desorption/ionisation mass spectrum for pure HC0I1-2Cou in a sinapinic
acid matrix. The insert shows the isotope distribution of the +1 charge peak cluster.
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Figure 17: The Cs reverse phase analytical high pressure liquid chromatogram for pure MB1-2. The
absorbance was monitored at 210 nm and the solvent system went from 100% water with 0.05% trifluoroacetic

acid to 100% acetonitrile with 0.05% trifluoroacetic acid over 40 minutes.
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Figure 18: The matrix-assisted laser desorption/ionisation mass spectrum for pure MB1-2 in a sinapinic acid
matrix. The insert shows the isotope distribution of the +1 charge peak cluster.
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Figure 19: The Cis reverse phase analytical high pressure liquid chromatogram for pure MB1-2,14Nap. The

absorbance was monitored at 210 nm and the solvent system went from 100% water with 0.05% trifluoroacetic
acid to 100% acetonitrile with 0.05% trifluoroacetic acid over 40 minutes.
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Figure 20: The matrix-assisted laser desorption/ionisation mass spectrum for pure MB1-2,14Nap in a sinapinic
acid matrix. The insert shows the isotope distribution of the +1 charge peak cluster.
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Figure 21: The Cis reverse phase analytical high pressure liquid chromatogram for pure LBT. The absorbance
was monitored at 210 nm and the solvent system went from 100% water with 0.05% trifluoroacetic acid to
100% acetonitrile with 0.05% trifluoroacetic acid over 40 minutes.
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Figure 22: The matrix-assisted laser desorption/ionisation mass spectrum for pure LBT in a sinapinic acid
matrix. The insert shows the isotope distribution of the +1 charge peak cluster.
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9.2 CIRCULAR DICHROISM COILED COIL RATIO (0222 / 0208)
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Figure 23: The increase in the ratio of molar ellipticity at 222 nm and 208 nm for HCOI upon the addition of
Th(1Il), which indicates the formation of coiled coil superstructures. Sample was of HCO1 (90 uM), HEPES
buffer (10 mM, pH 7.0) and the addition of Th(IIl) up to 3 equivalences in water.
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Figure 24: The increase in the ratio of molar ellipticity at 222 nm and 208 nm for HCO2 upon the addition of
Tb(IIl), which indicates the formation of coiled coil superstructures. Sample consisted of HC02 (90 uM),
HEPES buffer (10 mM, pH 7.0) and the addition of Tb(IIl) up to 3 equivalences in water.
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Figure 25: The increase in the ratio of molar ellipticity at 222 nm and 208 nm for HCO3 upon the addition of
Tb(1Il), which indicates the formation of coiled coil superstructures. Sample consisted of HC03 (90 uM),
HEPES buffer (10 mM, pH 7.0) and the addition of Tb(IIl) up to 3 equivalences in water.
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Figure 26: The ratio of molar ellipticity at 222 nm and 208 nm for HC04 upon the addition of Tb(I1l), which
indicates no change in the formation of coiled coil superstructures. Sample consisted of HC04 (90 uM), HEPES
buffer (10 mM, pH 7.0) and the addition of Th(Ill) up to 3 equivalences in water.
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9.3 ELECTROSPRAY IONSIATION MASS SPECTROMETRY
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Figure 27: The mass spectrum of HCOC indicating the different charged species resulting from different
oligomeric states. The insert shows the distribution of the +5 charge peak cluster resulting from a trimeric
species. The sample consisted of HCOC (9 uM) in ammonium acetate buffer (10 mM, pH 6.4).
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Figure 28: The tandem mass spectrum for the locked +5 charge peak from a trimer species of HCOC
illustrating the presence of the degradation products being a dimer and a monomer.
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Figure 29: The mass spectrum of native HCO1 indicating the different charged species resulting from different
oligomeric states. The insert shows the distribution of the +5 charge peak cluster resulting from a trimeric
species. The sample consisted of HCO1 (9 uM) in ammonium acetate buffer (10 mM, pH 6.4).
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Figure 30: The mass spectrum of native HCO1 with Tb(Ill) indicating the different charged species resulting
from different oligomeric states. The insert shows the distribution of the +5 charge peak cluster resulting from
a trimeric species. The sample consisted of HCO1 (9 uM) in ammonium acetate buffer (10 mM, pH 6.4) and
Th(Ill) ions at 1 equivalence to the trimer.
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Figure 31: The tandem mass spectrum for the locked +5 charge peak from a trimer species of HC01 with Th(I1l)
ions illustrating the presence of the degradation products being a dimer with the metal ion and a monomer.
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Figure 32: The mass spectrum of native HC02 indicating the different charged species resulting from different
oligomeric states. The sample consisted of HC02 (9 uM) in ammonium acetate buffer (10 mM, pH 6.4).
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Figure 33: The mass spectrum of native HC02 with Th(Ill) indicating the different charged species resulting
from different oligomeric states. The insert shows the distribution of the +5 charge peak cluster resulting from
a trimeric species. The sample consisted of HC02 (9 uM) in ammonium acetate buffer (10 mM, pH 6.4) and
Th(Ill) ions at 1 equivalence to the trimer.
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Figure 34: The tandem mass spectrum for the locked +5 charge peak from a trimer species of HC02 with
Th(Ill) ions illustrating the presence of the degradation products being a dimer with the metal ion and a
monomer.
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Figure 35: The mass spectrum of native HC03 indicating the different charged species resulting from different
oligomeric states. The sample consisted of HC03 (9 uM) in ammonium acetate buffer (10 mM, pH 6.4).
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Figure 36: The mass spectrum of native HC03 with Th(Ill) indicating the different charged species resulting
from different oligomeric states. The insert shows the distribution of the +5 charge peak cluster resulting from a
trimeric species. The sample consisted of HC03 (9 uM) in ammonium acetate buffer (10 mM, pH 6.4) and
Tb(1Il) ions at 1 equivalence to the trimer.
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Figure 37: The tandem mass spectrum for the locked +5 charge peak from a trimer species of HC03 with

Th(Ill) ions illustrating the presence of the degradation products being a dimer with the metal ion and a
monomer.

S21



Chapter 9 — Supporting Information

2497.09

2496.89 2497.28

2497.48

2496.67

2497.67

2496.48

2497.89

2498.09
2496.28

‘ 2+ 2496.08

2498.28

2498.48

208i = 1 4 2495 2496 2497 2498 2499 2500
2080.96 5
& i3+
e ,I,#‘,,]]I I
2000 2200 2400 2600 2800 3000

Figure 38: The mass spectrum of native HC04 with Tb(I1l) indicating the different charged species resulting
from different oligomeric states. The insert shows the distribution of the +5 charge peak cluster resulting from a
trimeric species. The sample consisted of HC04 (9 uM) in ammonium acetate buffer (10 mM, pH 6.4) and
Tb(1Il) ions at 1 equivalence to the trimer.
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Figure 39: The tandem mass spectrum for the locked +5 charge peak from a trimer species of HC04 with
Tb(1Il) ions illustrating the presence of the degradation products being a dimer and a monomer.
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Figure 40: The mass spectrum of native HC01-2Y indicating the different charged species resulting from
different oligomeric states. The insert shows the distribution of the +5 charge peak cluster resulting from a
trimeric species. The sample consisted of HC01-2Y (9 uM) in ammonium acetate buffer (10 mM, pH 6.4). The
lower resolution of this spectrum is due to damage to the instrument.
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Figure 41: The mass spectrum of native HCO1-2Nap indicating the different charged species resulting from
different oligomeric states. The insert shows the distribution of the +5 charge peak cluster resulting from a
trimeric species. The sample consisted of HCO1-2Nap (9 uM) in ammonium acetate buffer (10 mM, pH 6.4).
The lower resolution of this spectrum is due to damage to the instrument.
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Figure 42: The mass spectrum of native HCO1-2Cou indicating the different charged species resulting from

different oligomeric states. The insert shows the distribution of the +5 charge peak cluster resulting from a

trimeric species. The sample consisted of HCO1-2Cou (9 uM) in ammonium acetate buffer (10 mM, pH 6.4).
The lower resolution of this spectrum is due to damage to the instrument.
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9.4 TERBIUM AND ZINC X-RAY ABSORPTION EDGE PROFILE
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9.5 RAMACHANDRAN PLOTS AND BINDING SITE DETAILS

Ramachandran plot for all non-Pro/Gly residues
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Figure 44: The Ramachandran plot for the crystallographically determined structure of HCOC.
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24

Figure 45: The crystallographically determined core binding site of HC0O2 with Th(IIl) present, showing the
interactions from both the asparagine and aspartate residues with their respective oxygen-terbium distances.

Ramachandran plot for all non-Pro/Gly residues
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Figure 46: The Ramachandran plot for the crystallographically determined structure of HC(2.
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Figure 47: The crystallographically determined core binding site of HC03 with Tb(IIl) present, showing the
interactions from both the asparagine and aspartate residues with their respective oxygen-terbium distances.
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Figure 48: The Ramachandran plot for the crystallographically determined structure of HC03.
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Figure 49: The crystallographically determined core binding site of HC04 with Tb(IIl) present, showing the
interactions from both the asparagine and aspartate residues with their respective oxygen-terbium distances.
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Figure 50: The Ramachandran plot for the crystallographically determined structure of HC04.
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Figure 51: The crystallographically determined core binding site of HCO1-2Y with Tb(Ill) present, showing the
interactions from both the asparagine and aspartate residues with respective oxygen-terbium distances.
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Figure 52: The Ramachandran plot for the crystallographically determined structure of HCOI-2Y.

S30



Chapter 9 — Supporting Information

Figure 53: The crystallographically determined core binding site of HCO1-2Nap with Tb(IIl) present, showing
the interactions from both the asparagine and aspartate residues with respective oxygen-terbium distances.
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Figure 54: The Ramachandran plot for the crystallographically determined structure of HC01-2Nap.
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9.6 LANTHANIDE ABSORPTION PROFILES
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Figure 55: The absorption profile of Tb(I1l) ions in aqueous solution. Sample consisted of TbClz (0.1 M) in

water.
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Figure 56: The absorption profile of Eu(Ill) ions in aqueous solution. Sample consisted of EuCls (0.1 M) in

water.
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Figure 57: The absorption profile of Dy(Ill) ions in aqueous solution. Sample consisted of DyCl; (0.1 M) in

water.

N
L

€/ moltdm3 cm?!
[

0 K ;\AA—/\,/\/\_/‘}
200 250 300 350 400 450 500

Wavelength / nm

Figure 58: The absorption profile of Sm(I1l) ions in aqueous solution. Sample consisted of SmCls (0.1 M) in

water.
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9.7 LBT DYSPROSIUM AND SAMARIUM EMISSION
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Figure 59: The emission spectrum of the LBT peptide with Dy(IIl) bound, focusing on the lanthanide emission
region. The sample consisted of LBT (90 uM), aqueous HEPES (10 mM, pH 7.0) and Dy(IIl) at 1 equivalence.

'\
U
21
v | \
[
A
£ \
c \
2 \
7] \
A \
E \
(NN ] \\ ~ FA)
\\ - Vi \\ / \
Y N .o~ \~~--_
450 500 550 600 650 700

Wavelength / nm

Figure 60: The emission spectrum of the LBT peptide with Sm(III) bound, focusing on the lanthanide emission
region. The sample consisted of LBT (90 uM), aqueous HEPES (10 mM, pH 7.0) and Sm(I1l) at I equivalence.
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9.8 MB1-2 DYSPROSIUM EMISSION

Emission Intensity

’\
I
|
|
]
U
\
\
N\
~
ld
S - ~_ \\
: . SEEE ¥ Y PN
450 500 550 600 650 700
Wavelength / nm

Figure 61: The emission spectrum of the MB1-2 peptide with Dy(IIl) bound, focusing on the lanthanide
emission region. The sample consisted of MBI-2 (90 uM), aqueous HEPES (10 mM, pH 7.0) and Dy(Ill) at 1

equivalence per trimer unit.
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9.9 HC01-HC04 EXCITATION SPECTRA AND LIFETIMES
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Figure 62: The excitation profile from monitoring the Th(IIl) emission at 545 nm while scanning the excitation
wavelength from 200-300 nm. The sample consisted of HCO1 (90 uM), aqueous HEPES (10 mM, pH 7.0) and
Tb(1ll) at 1 equivalence to the trimer unit.
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Figure 63: The excitation profile from monitoring the Eu(Ill) emission at 616 nm while scanning the excitation
wavelength from 200-300 nm. The sample consisted of HCO1 (90 uM), aqueous HEPES (10 mM, pH 7.0) and
Eu(lll) at 1 equivalence to the trimer unit.
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Figure 64: The excitation profile from monitoring the Dy(Ill) emission at 571 nm while scanning the excitation
wavelength from 200-300 nm. The sample consisted of HCOI1 (90 uM), aqueous HEPES (10 mM, pH 7.0) and
Dy(Ill) at 1 equivalence to the trimer unit.
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Figure 65: The excitation profile from monitoring the Sm(IIl) emission at 643 nm while scanning the excitation
wavelength from 200-300 nm. The sample consisted of HCO1 (90 uM), aqueous HEPES (10 mM, pH 7.0) and
Sm(Ill) at 1 equivalence to the trimer unit.
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Figure 66: The lifetime profiles for HCOI with Th(IIl) monitoring the emission at 545 nm in both water (blue)
and deuterium oxide (red) with their respective exponential fits as a solid black line and a dashed black line
respectively. Samples consisted of HCO1 (90 uM), HEPES buffer (10 mM, pH 7.0) and Tb(IIl) in a third
equivalence to trimer unit.

Table 1: The respective lifetimes associated with the emission from Th(IIl) bound in the HCO1 system both in
water and deuterium oxide. The y’ value are given for the validity of the lifetime tail fits.

Sample T/pus B /i

H20 Run 1 1956.8 1201.9 1.190
Run 2 1942.0 10606.6 1.222
Run 3 19424 10667.0 1.228
Average 1947.1+ 8.4

D20 Run 1 21173 1454.7 1.152
Run 2 2346.4 11292.8 1.248
Run 3 23433 10940.0 1.223

Average 2269.0+131.4
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Figure 67: The lifetime profiles for HC02 with Th(Ill) monitoring the emission at 545 nm in both water (blue)
and deuterium oxide (red) with their respective exponential fits as a solid black line and a dashed black line
respectively. Samples consisted of HC02 (90 uM), HEPES buffer (10 mM, pH 7.0) and Tb(IIl) in a third
equivalence to trimer unit.

Table 2: The respective lifetimes associated with the emission from Tb(IIl) bound in the HC0Z2 system both in
water and deuterium oxide. The y° value are given for the validity of the lifetime tail fits.

Sample T/pus B Vo

H20 Run 1 1971.8 1513.7 1.010
Run 2 2007.6 1483 .4 1.055
Run 3 2014.7 1382.2 1.052
Average 1998.3+23.1

D20 Run 1 2476.7 847.6 1.135
Run 2 2470.9 778.5 1.094
Run 3 2418.0 371.5 1.037

Average 2455.3+32.5
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Figure 68: The lifetime profiles for HCO3 with Tb(Ill) monitoring the emission at 545 nm in both water (blue)
and deuterium oxide (red) with their respective exponential fits as a solid black line and a dashed black line
respectively. Samples consisted of HC03 (90 uM), HEPES buffer (10 mM, pH 7.0) and Tb(Ill) in a third
equivalence to trimer unit.

Table 3: The respective lifetimes associated with the emission from Tb(IIl) bound in the HC03 system both in
water and deuterium oxide. The x° value are given for the validity of the lifetime tail fits.

Sample T/ps B 1

H20 Run 1 1897.6 196.2 1.177
Run 2 1821.8 213.1 1.207
Run 3 1816.6 307.3 1.211
Average 1845.7+45.4

D20 Run 1 2202.8 256.3 1.102
Run 2 2260.5 238.6 1.042
Run 3 2291.6 611.5 1.432

Average 2251.3+45.2
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Figure 69: The lifetime profiles for HC04 with Tb(IIl) monitoring the emission at 545 nm in both water (blue)
and deuterium oxide (red) with their respective exponential fits as a solid black line and a dashed black line
respectively. Samples consisted of HC04 (90 uM), HEPES buffer (10 mM, pH 7.0) and Tb(IIl) in a third
equivalence to trimer unit.

Table 4: The respective lifetimes associated with the emission from Tb(IIl) bound in the HC04 system both in
water and deuterium oxide. The y° value are given for the validity of the lifetime tail fits.

Sample T,/ us T,/ us B, B, i

H20 Run 1 14254 (414)  625.9 (58.6) 979.5 3153.6 1171
Run 2 1394.5 (44.9) 613.3 (55.1) 807.3 2256.5 1.099
Run 3 1350.5 (41.7)  610.2 (58.3) 778.6 2406.3 1.116
Average  1390.3+37.2 616.3+ 8.5

D20 Run 1 2134.6 - 759.2 - 1.209
Run 2 22233 - 829.1 - 1.258
Run 3 21884 - 841.6 - 1.174

Average 2182.1+44.3
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Figure 70: The lifetime profiles for HCOC with Tb(Ill) monitoring the emission at 545 nm in both water (blue)
and deuterium oxide (red) with their respective exponential fits as a solid black line and a dashed black line
respectively. Samples consisted of HCOC (90 uM), HEPES buffer (10 mM, pH 7.0) and Tb(Ill) in a third
equivalence to trimer unit.

Table 5: The respective lifetimes associated with the emission from Tb(IIl) bound in the HCOC system both in
water and deuterium oxide. The x° value are given for the validity of the lifetime tail fits.

Sample T,/ ns T,/ us B, B, v

H20 Run 1 1204.4 (70.8) 444.0 (29.2) 1163.0 1300.6 1.137
Run 2 1243.6 (76.6) 439.6 (23.4) 1201.6 1038.4 1.148
Run 3 1251.1 (74.7) 429.2 (25.3) 917.0 904.3 1.120
Average  1233.0+2S5.1 437.6+ 7.6

D20 Run 1 28344 - 4138.2 - 1.152
Run 2 28924 - 3836.7 - 1.153
Run 3 2885.8 - 3830.6 - 1.171

Average  2870.9%31.8
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Figure 71: The lifetime profiles for Tb(IIl) monitoring the emission at 545 nm in both water (blue) and

deuterium oxide (red) with their respective exponential fits as a solid black line and a dashed black line
respectively. Samples consisted of TbCls (30 uM), HEPES buffer (10 mM, pH 7.0) in water or deuterium oxide.

Table 6: The respective lifetimes associated with the emission from Th(Ill) in both water and
deuterium oxide. The y° value are given for the validity of the lifetime tail fits.

Sample T/us B )
H20 430.1 176.2 1.269
D20 2255.8 1275.5 1.313
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Figure 72: A lifetime profile for HCO1 with Eu(Ill) monitoring the emission at 616 nm in water (blue) with the
exponential tail fit as a solid black line. Samples consisted of HCO1 (90 uM), HEPES buffer (10 mM, pH 7.0)
and Eu(1ll) in a third equivalence to trimer unit.

Table 7: The respective lifetimes associated with the emission from Eu(Ill) bound in the HCOI system in water.
The y° value are given for the validity of the lifetime tail fits.

Sample T/ps B Y
H20 Run 1 1101.0 4239.5 1.128
Run 2 1102.2 4235.3 1.132
Run 3 1095.6 4293.4 1.165

Average 1099.6+ 3.5
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Figure 73: A lifetime profile for HCO1 with Dy(IIl) monitoring the emission at 571 nm in water (blue) with the

exponential tail fit as a solid black line. Samples consisted of HCO1 (90 uM), HEPES buffer (10 mM, pH 7.0)
and Dy(Ill) in a third equivalence to trimer unit.

Table 8: The respective lifetimes associated with the emission from Dy(IIl) bound in the HCOI system in water.
The i’ value are given for the validity of the lifetime tail fits.

Sample T/us B y
H20 Run 1 27.05 4755.6 1.136
Run 2 27.09 4761.9 1.033
Run 3 27.05 4787.1 1.067

Average 27.06 = 0.02
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Figure 74: A lifetime profile for HCO1 with Sm(IIl) monitoring the emission at 643 nm in water (blue) with the

exponential tail fit as a solid black line. Samples consisted of HCO1 (90 uM), HEPES buffer (10 mM, pH 7.0)
and Sm(I1) in a third equivalence to trimer unit.

Table 9: The respective lifetimes associated with the emission from Sm(IIl) bound in the HCO1
system in water. The y° value are given for the validity of the lifetime tail fits.

Sample T/us B ¢
H20 Run 1 25.48 4587.6 0.930
Run 2 25.46 5170.6 0.985
Run 3 25.44 4745.5 1.097

Average 25.46 £ 0.02
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Figure 75: The excitation profile from monitoring the HCO1 tryptophan emission at 350 nm while scanning the
excitation wavelength from 200-300 nm. The sample consisted of HCO1 (90 uM) and aqueous HEPES (10 mM,
pH 7.0).

S47



Chapter 9 — Supporting Information

9.10 HC01-2Y EXCITATION SPECTRA AND LIFETIMES
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Figure 76: The excitation profile from monitoring the Tb(IIl) emission at 545 nm while scanning the excitation

wavelength from 250-290 nm. The sample consisted of HCOI-2Y (90 uM), aqueous HEPES (10 mM, pH 7.0)
and Tb(11l) at 1 equivalence to the trimer unit.
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Figure 77: The excitation profile from monitoring the Eu(Ill) emission at 616 nm while scanning the excitation

wavelength from 250-290 nm. The sample consisted of HCO1-2Y (90 uM), aqueous HEPES (10 mM, pH 7.0)
and Eu(1ll) at 1 equivalence to the trimer unit.
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Figure 78: The excitation profile from monitoring the Dy(IIl) emission at 571 nm while scanning the excitation

wavelength from 250-290 nm. The sample consisted of HC0I1-2Y (90 uM), aqueous HEPES (10 mM, pH 7.0)
and Dy(Ill) at 1 equivalence to the trimer unit.
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Figure 79: The excitation profile from monitoring the tyrosine emission of native HC01-2Y at 303 nm while
scanning the excitation wavelength from 250-290 nm. The sample consisted of HCO1-2Y (90 uM) and aqueous
HEPES (10 mM, pH 7.0).
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Figure 80: The lifetime profiles for HC01-2Y with Tb(IIl) monitoring the emission at 545 nm in both water
(blue) and deuterium oxide (red) with their respective exponential tail fits as a solid black line and a dashed
black line respectively. Samples consisted of HCO1-2Y (90 uM), HEPES buffer (10 mM, pH 7.0) and Th(Ill) in a
third equivalence to trimer unit.

Table 10: The respective lifetimes associated with the emission from Th(IIl) bound in the HC01-2Y system both
in water and deuterium oxide. The y° value are given for the validity of the lifetime tail fits.

Sample T/ps B s

H20 Run 1 1335.2 2696.4 1.014
Run 2 1338.4 27822 0.953
Run 3 1307.7 2945.2 1.018
Average 1327+£17

D20 Run 1 2070.9 1098.4 1.165
Run 2 2082.2 972.9 1.126
Run 3 2207.3 823.0 1.234
Average 2120+ 76
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Figure 81: A lifetime profile for HCO1-2Y with Eu(Ill) monitoring the emission at 616 nm in water (blue) with
the exponential tail fit as a solid black line. Samples consisted of HC01-2Y (90 uM), HEPES buffer (10 mM, pH
7.0) and Eu(Ill) in a third equivalence to trimer unit.

Table 11: The respective lifetimes associated with the emission from Eu(Ill) bound in the HC01-2Y system in
water. The y° value are given for the validity of the lifetime tail fits.

Sample T/ ps B o
H20 Run 1 728.5 32124 1.001
Run 2 744.7 1005.9 0.896
Run 3 743.2 1432.1 0.950

Average 738.8+ 9.0
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Figure 82: A lifetime profile for HC01-2Y with Dy(IIl) monitoring the emission at 571 nm in water (blue) with

the exponential tail fit as a solid black line. Samples consisted of HC01-2Y (90 uM), HEPES buffer (10 mM, pH
7.0) and Dy(IIl) in a third equivalence to trimer unit.

Table 12: The respective lifetimes associated with the emission from Dy(IIl) bound in the HCOI-2Y system in
water. The x° value are given for the validity of the lifetime tail fits.

Sample T/pus B oy
H20 Run 1 25.22 2172.7 0.735
Run 2 25.14 2258.6 0.697
Run 3 25.66 2915.6 0.753

Average 25.34+ 0.28
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9.11 HC01-2NAP EXCITATION SPECTRA AND LIFETIMES
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Figure 83: The excitation profile from monitoring the Tb(IIl) emission at 545 nm while scanning the excitation
wavelength from 200-300 nm. The sample consisted of HC0I-2Nap (90 uM), aqueous HEPES (10 mM, pH 7.0)
and Tb(1ll) at 1 equivalence to the trimer unit.
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Figure 84: The excitation profile from monitoring the Eu(Ill) emission at 616 nm while scanning the excitation
wavelength from 200-300 nm. The sample consisted of HCO1-2Nap (90 uM), aqueous HEPES (10 mM, pH 7.0)
and Eu(1ll) at 1 equivalence to the trimer unit.
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Figure 85: The excitation profile from monitoring the Dy(IIl) emission at 616 nm while scanning the excitation

wavelength from 200-300 nm. The sample consisted of HCOI-2Nap (90 uM), aqueous HEPES (10 mM, pH 7.0)
and Dy(Ill) at 1 equivalence to the trimer unit.
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Figure 86: The excitation profile from monitoring the Sm(Ill) emission at 616 nm while scanning the excitation
wavelength from 200-300 nm. The sample consisted of HC0I-2Nap (90 uM), HEPES (10 mM, pH 7.0) and
Sm(IIl) at 1 equivalence to the trimer unit.
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Figure 87: The lifetime profiles for HCOI-2Nap with Tb(Ill) monitoring the emission at 545 nm in both water

(blue) and deuterium oxide (red) with their respective exponential fits as a solid black line and a dashed black

line respectively. Samples consisted of HCOI-2Nap (90 uM), HEPES buffer (10 mM, pH 7.0) and Tb(Ill) in a
third equivalence to trimer unit.

Table 13: The respective lifetimes associated with the emission from Tb(IIl) bound in the HCO1-2Nap system
both in water and deuterium oxide. The y* value are given for the validity of the lifetime tail fits.

Sample T/ ps B ' i

H20 Run 1 509.0 23603.1 1.223
Run 2 506.2 41665.4 1.242
Run 3 508.5 21772.8 1.184
Average 5079+ 1.5

D20 Run 1 549.2 10835.8 1.298
Run 2 546.9 9801.5 1.240
Run 3 551.0 14298.0 1.250

Average 549.0+ 2.0
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Figure 88: A lifetime profile for HCO1-2Nap with Eu(Ill) monitoring the emission at 616 nm in water (blue)
with the exponential tail fit as a solid black line. Samples consisted of HCO1-2Nap (90 uM), HEPES buffer
(10 mM, pH 7.0) and Eu(Ill) in a third equivalence to trimer unit.

Table 14: The respective lifetimes associated with the emission from Eu(Ill) bound in the HCOI-2Nap system in
water. The x° value are given for the validity of the lifetime tail fits.

Sample T/pus B ¢
H20 Run 1 884.8 4777.0 1.101
Run 2 886.9 4953.8 1.099
Run 3 887.2 4979.0 1.120

Average 886.3+1.3
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Figure 89: A lifetime profile for HCO1-2Nap with Dy(IIl) monitoring the emission at 571 nm in water (blue)
with the exponential tail fit as a solid black line. Samples consisted of HCOI-2Nap (90 uM), HEPES buffer
(10 mM, pH 7.0) and Dy(1ll) in a third equivalence to trimer unit.

Table 15: The respective lifetimes associated with the emission from Dy(IIl) bound in the HCO1-2Nap system in
water. The x° value are given for the validity of the lifetime tail fits.

Sample T/us B o2
H20 Run 1 21.50 15580.0 0.740
Run 2 22.33 9782.9 1.212
Run 3 21.77 13044.8 1.094

Average 21.87+ 0.42
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Figure 90: A lifetime profile for HC01-2Nap with Sm(IIl) monitoring the emission at 643 nm in water (blue)
with the exponential tail fit as a solid black line. Samples consisted of HCO1-2Nap (90 uM), HEPES buffer
(10 mM, pH 7.0) and Sm(IIl) in a third equivalence to trimer unit.

Table 16: The respective lifetimes associated with the emission from Sm(IIl) bound in the HCOI1-2Nap system in
water. The y° value are given for the validity of the lifetime tail fits.

Sample T/ps B i
H20 Run 1 26.96 7960.4 0.872
Run 2 26.85 1926.9 1.066
Run 3 27.09 2400.1 1.046

Average 26.97+ 0.12
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Figure 91: The excitation profile from monitoring the naphthyl- emission of native HCO1-2Nap at 333 nm while
scanning the excitation wavelength from 200-300 nm. The sample consisted of HC01-2Nap (90 uM) and
aqueous HEPES (10 mM, pH 7.0).
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9.12 HC01-2COU EXCITATION SPECTRA AND LIFETIMES
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Figure 92: The excitation profile from monitoring the Tb(Ill) emission at 545 nm while scanning the excitation
wavelength from 200-350 nm. The sample consisted of HC01-2Cou (90 uM), aqueous HEPES (10 mM, pH 7.0)
and Tb(1l) at 1 equivalence to the trimer unit.
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Figure 93: The excitation profile from monitoring the Eu(Ill) emission at 545 nm while scanning the excitation

wavelength from 200-350 nm. The sample consisted of HC01-2Cou (90 uM), aqueous HEPES (10 mM, pH 7.0)
and Eu(1ll) at 1 equivalence to the trimer unit.
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Figure 94: The lifetime profiles for HC01-2Cou with Th(IIl) monitoring the emission at 545 nm in both water

(blue) and deuterium oxide (red) with their respective exponential fits as a solid black line and a dashed black

line respectively. Samples consisted of HCOI1-2Cou (90 uM), HEPES buffer (10 mM, pH 7.0) and Tb(Ill) in a
third equivalence to trimer unit.

Table 17: The respective lifetimes associated with the emission from Tb(IIl) bound in the HC01-2Cou system
both in water and deuterium oxide. The y* value are given for the validity of the lifetime tail fits.

Sample T/ps B i

H20 Run 1 1174.1 2003.0 1.257
Run 2 1217.8 3308.6 1.465
Run 3 1234.5 1231.7 1.242
Average 1208.8+ 31.2

D20 Run 1 1784.0 3025.2 1.187
Run 2 1812.9 2471.4 1.199
Run 3 1817.2 2440.3 1.177

Average 1804.7+ 18.0
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Figure 95: A lifetime profile for HC01-2Cou with Eu(Ill) monitoring the emission at 616 nm in water (blue)
with the exponential tail fit as a solid black line. Samples consisted of HCO1-2Cou (90 uM), HEPES buffer
(10 mM, pH 7.0) and Eu(Ill) in a third equivalence to trimer unit.

Table 18: The lifetime associated with the emission from Eu(Ill) bound in the HCO1-2Cou system in water. The
x° value are given for the validity of the lifetime tail fits.

Sample T/ps B Y e
H20 Run 1 800.7 2055.1 0.894
Run 2 799.2 4982.6 1.156
Run 3 809.8 24323 0.923

Average 803.3+5.7
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Figure 96: The excitation profile from monitoring the coumaryl- emission of native HC01-2Cou at 389 nm
while scanning the excitation wavelength from 200-300 nm. The sample consisted of HC01-2Cou (90 uM) and
aqueous HEPES (10 mM, pH 7.0).
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9.13 MOLAR ABSORPTIVITY DETERMINATION

Absorbance

350 400
Wavelength / nm

Figure 97: The absorption profile of HCO1-2Nap at 120 uM (solid line), 90 uM (long dashed line), 67 uM
(short dashed line) and 33 uM (dotted line). The sample solvent was urea (7 M).
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Figure 98: The absorbance of HCOI1-2Nap at 289 nm as a function of the concentration of the peptide. The
gradient of the linear fit is equal to the molar absorptivity of HCO1-2Nap at 289 nm.
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Figure 99: The absorption profile of HC01-2Cou at 120 uM (solid line), 90 uM (long dashed line), 60 uM
(short dashed line) and 30 uM (dotted line). The sample solvent was urea (7 M).
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Figure 100: The absorbance of HCO1-2Cou at 320 nm as a function of the concentration of the peptide. The
gradient of the linear fit is equal to the molar absorptivity of HCO1-2Nap at 320 nm.
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Figure 101: The proton nuclear magnetic resonance spectrum for N-acetvi-L-tvrosine methyl ester in DMSO (400 MHz).
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Figure 103: The proton nuclear magnetic resonance spectrum for N-acetyl-L-4-methylcoumarylalanine in DMSO (400 MHz).
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Figure 105: The proton nuclear magnetic resonance spectrum for N-acetyl-L-4-chloromethylcoumarylalanine in DMSO (400 MH=
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Figure 107: The crystal structure of N-acetyl-L-4-methylcoumarylalanine with ellipsoids drawn at 50% probability level.
The atom numerical identities are shown and corresponds with the coordinate tables.

Crystal Notes: The space group is chiral and the Flack parameter is 0.09 (8). The error in the
Flack parameter is too large for the absolute structure to have been determined from the

diffraction data, but from the synthetic method we can conclude that C(13) is S.

The hydrogen atoms bonded to N(14) and O(18) were located in the electron density and their

positions and thermal displacement parameters were refined freely. All other hydrogen atoms

were fixed as riding models.
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Table 19: Crystal data and structure refinement for N-acetyl-L-4-

methylcoumarylalanine

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

pre

v/°

Volume/A®

Z

pcalcg/cm3

u/mm'1
F(000)

Crystal size/mm’

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F*

Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A™
Flack parameter

C1-NAC-OH
C,sH,sNO;
289.28
100.01(10)
orthorhombic
P2,2,2,
6.45398(12)
7.55646(16)
27.4103(5)
90

90

90
1336.78(5)

4

1.437

0.913

608.0

0.265 x 0.224 x 0.051
CuKa (A= 1.54184)
12.918 to 144.188

-7<h<7,-8<k<9,-32<1<33

7501

2564 [R,, = 0.0207, R
2564/0/200

1.062

R, =0.0319, wR, = 0.0828
R, =0.0344, wR, = 0.0857
0.29/-0.18

0.09(8)

sigma
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Table 20: Fractional Atomic Coordinates (x104) and Equivalent

Isotropic Displacement Parameters (A2x103) for C1-NAC-OH. Ueq is

defined as 1/3 of of the trace of the orthogonalised U1J tensor.

Atom
C2
C3
c4
C5
Co
Cc7
C8
c9
C10
Cl11
C12
C13
C15
Cl6
C17
N14
01
02
015
017
018

X
-2(3)
3(3)
15(3)
89(3)
63(3)
-87(3)
-125(3)
-46(3)
19(3)
16(3)
312(3)
2620(3)
4060(3)
5568(4)
3639(3)
3794(3)
-52(2)
19(2)
3161(2)
4985(3)
2796(2)

y
8916(3)
7005(2)
6012(2)
6028(3)
6946(3)
8798(3)
9706(3)
8750(2)
6905(2)
4029(2)
6001(3)
5840(3)
2959(3)
2045(3)
7659(3)
4680(2)

9722.7(17)

9898.4(18)

2166.3(19)

8029.0(18)

8780.7(19)

4
5332.8(6)
5343.9(7)
4934.2(7)
4011.2(7)
3574.7(7)
3589.7(7)
4025.6(7)
4458.2(7)
4462.8(7)
4951.4(7)
3092.5(7)
2942.4(7)
3182.3(7)
3513.1(9)
2961.6(7)
3261.0(6)
4882.5(5)
5683.2(5)
2845.2(5)
3250.1(5)
2648.8(5)

U(eq)

17.2(4)
17.4(4)
16.6(4)
18.2(4)
19.0(4)
21.4(4)
20.6(4)
16.2(4)
15.5(4)
21.0(4)
21.2(4)
19.9(4)
20.4(4)
34.7(6)
21.2(4)
20.5(4)
17.5(3)
23.3(3)
24.13)
27.6(3)
23.2(3)
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Table 21: Anisotropic Displacement Parameters (A2x103) for C1-NAC-OH. The Anisotropic
displacement factor exponent takes the form: -2n2[h2a*2U11+2hka*b*U12+...].

Atom U, U, Uy, Uy U, U,
2 124@8)  188(9)  20.509)  -0.4(7) 1.5(8) 0.7(9)
3 13.08)  17.409)  21.909) 4.5(7) 1.1(8) 1.009)
c4 1038)  15809)  23.509) 1.0(7) 0.4(8) 0.2(8)
cs 1588)  13.509) 2549  -1.1(7)  -33(09) 0.109)
C6 1750)  17.309)  22.109)  23(7)  -3.1(8) 0.509)
c7 22509)  192(10)  22.4(9) 337 -1.909) 4(1)
c8 22309)  12709)  26.8(10) 1.3(7) 2.09) 4.7(9)
9 134@8)  151(09)  20.009)  -2.3(7) 0.79) 0.1(8)
C10 10.18)  13.609)  22.809) 1.2(7) -0.4(8) -0.3(8)
Cl1 22609)  14109) 26309 27(7) <0209 -0.5(9)
c12 24.6(10)  17.4(9)  21.8(10) 2.5(7) -6.6(8) -0.1(9)
c13 28.1(10)  15209)  163(9)  -1.9(7)  -3.6(8) 3.2(8)
cis 28(1)  15.009)  182(9) 098)  -0.4(8) 1.1(8)
Cl16 52.5(15) 20.5(11) 31.0(11) -5.109) -16.4(10) 12.6(11)
C17 252(10)  18.9(10)  19.6(9) 0.0(8) 0.2(8) 2.99)
N14 20009)  157@8)  168(8)  -24(6)  -4.9(7) 3.1(7)
o1 19.46)  12.9(6)  203(7)  -0.4(5) 1.6(6) 0.1(6)
02 26.1(7)  21.6(7)  223(7)  -3.9(6) 2.6(6) 0.0(7)
015 33408)  152(6)  23.6(7)  -155)  -6.0(6) 1.4(7)
017 207(7)  200(7)  33.1(8) 0.66)  -7.8(7) -0.7(7)
018 31408)  147(7)  23.6(7) 22(6) -3.3(6) 1.9(6)
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Table 22: Bond Lengths for C1-NAC-OH.

Atom  Atom Length/A Atom Atom Length/A
C2 C3 1.444(3) C8 C9 1.389(3)
C2 0Ol 1.377(2) C9 C10 1.395(2)
C2 02 1.214(2) C9 01 1.376(2)
C3 Cc4 1.350(3) Cl2 C13 1.550(3)
c4 Cl10 1.458(2) C13 Cl17 1.524(3)
c4 Cl1 1.500(3) C13 N14 1.451(3)
C5 Co6 1.383(3) CI15 Cl6 1.498(3)
C5 Cl10 1.405(3) CI15 N14 1.329(3)
Co C7 1.403(3) CI15 015 1.245(2)
C6 C12 1.511(3) C17 017 1.207(2)
Cc7 C8 1.378(3) Cl17 018 1.323(2)

Table 23: Bond Angles for C1-NAC-OH.

Atom Atom Atom Angle/ Atom Atom Atom Angle/
0Ol C2 C3 117.48(16) C5 Cl10 C4 124.27(17)
02 C2 C3 126.50(18) C9 Cl10 C4 118.04(17)
02 C2 01 116.02(17) C9 Cl10 C5 117.69(17)
Cc4 C3 C2 122.53(17) Ce Cl12 C13 111.79(16)
C3 Cc4 Cl10 118.72(17) C17 C13 Cl2 109.57(17)
C3 Cc4 Cl1 121.93(17) N14 C13 Cl2 112.93(17)
Cl10 C4 Cl1 119.35(17) N14 Cl13 C17 107.37(16)
C6 C5 C10 121.67(17) N14 Cl15 Cl6 115.88(18)
Cs Co C7 118.40(18) O15 Cl15 Cl6 122.01(18)
CS5 C6 Cl12 121.21(17) O15 Cl15 N14 122.07(18)
C7 C6 Cl12 120.30(18) O17 C17 Cl13 122.81(18)
C8 Cc7 C6 121.54(18) O17 C17 018 124.88(19)
Cc7 C8 C9 118.73(18) 018 Cl17 C13 112.19(16)
C8 C9 Cl10 121.89(18) CI15 N14 C13 124.13(17)
01 C9 C8 116.33(16) C9 01 C2 121.40(15)
01 C9 Cl10 121.78(17)
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Table 24: Torsion Angles for C1-NAC-OH.

A B C D Angle/* A B C D Angle/*
C2 C3 c4 C10 -0.1(3) C10 C5 Co6 Cl12  175.04(18)
C2 C3 c4 Cll  -179.86(19) Cl10 Cc9 01 C2 -0.2(3)
C3 Cc2 o1 C9 -1.6(3) Cl11 C4 C10 C5 -2.1(3)
C3 C4 C10 C5 178.14(19) Cl11 C4 C10 Cc9 178.08(19)
C3 C4 C10 C9 -1.7(3) C12 Co6 c7 C8  -174.03(19)
Cs Co6 Cc7 Cc8 2.5(4) Cl2 C13 C17 O0l17 113.7(2)

Cs C6 Cl12 Ci13 -89.0(2) Ci2 Ci13 C17 018 -62.7(2)
Co6 C5 C10 C4 179.17(19) Cl12 C13 N14 C15 91.9(2)

c6 C5 Cl0 9 -1.03) Cl6 CI5 NI4 CI3 171602
c6 C7  C8 (9 -1.04) C17 CI3 N4 CI5 -147.20(19)
c6 Cl2 CI3 Cl7 5232 NI4 CI3 Cl17 017 9.3(3)
C6 Cl2 CI3 NI4 673Q2) NI4 CI3 Cl17 018 17432(15)
C7 C6 Cl2 CI3  87.5Q3) ol 2 3 c4 1.73)
c7 € €9 Cl0  -1.703) ol €9 Cl0 C4 1.93)

C7 C8 C9 0Ol 178.88(19) Ol C9 C10 Cs  -177.94(17)
C8 C9 C10 C4  -177.55(18) 02 C2 C3 C4  -178.81(19)

c8 €9 Clo C5 2.6(3) 02 2 Ol (€9 178.93(18)
c8 €9 Ol C2 17923(18) OI5 CI5 NI4 CI3 -6.3(3)
clo cs  C6 C7 -1.53)

9.15 REFERENCES

' Edgeplots Web Tool, http://skuld.bmsc.washington.edu/scatter/AS form.html, (accessed

December 2018).
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