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Abstract

The research presented within this thesis has utlised advanced magnetic resonance
techniques to (a) probe fundamental unknowns of transport mechanisms in membrane
transport proteins, and (b) test alternative approaches and magnetic resonance techniques

for the study of these complex molecular machineries.

The cation diffusion facilitator (CDF) proteins contribute to maintenance of divalent cation
homeostasis, and are conserved throughout all domains of life. Malfunction of CDF
proteins in humans is linked to a number of serious diseases, including Type-Il diabetes
and neurodegenerative diseases. MamM is a (magnetosome associated) CDF protein of
magnetotactic bacteria and has more recently been used as a system on which to model
the structure and function of the human proteins. Research within this thesis has ex-
tended studies of MamM'’s C-terminal domain via electron paramagnetic resonance (EPR)
spectroscopy. This has afforded insights into metal binding and metal type-dependent
conformational change, metal binding stoichiometry and relevant affinities, and has aided in
the demonstration (for the first time) that C-terminal domains of CDF proteins act as a first

site for recognition and metal selectivity in CDF proteins.

A separate section of this thesis presents the study of membrane transporter GltPh, a
both structurally and functionally well-characterised member of the solute carrier 1 (SLC1)
family. Whilst GItPh typically represents a model system for understanding of mammalian
excitatory amino acid transporters (EAATS), here it has been used as a system upon which
to test alternative strategies to probe conformational change, and magnetic resonance
approaches typically not used for the study of membrane proteins. This work describes
the potential use of conformation 'locking’ variants for deconvolution of complex EPR data,
affording clearer insights into the solution state conformations adopted by this trimer under
various conditions. A ligand-based NMR technique (known as STD NMR) has also been
applied to demonstrate its use for Kp determination of two competing ligands, in different
protein environments. This work has also provided evidence for potential cooperativity in

GltPh trimers, a behaviour which is unique to protein reconstituted into proteoliposomes.
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Chapter 1

An introduction to magnetic resonance spectroscopy

1.1 Thesis layout and chapter summary

The layout of this thesis includes firstly an introduction to the fundamental concepts of
electron paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR) spec-
troscopy, as well as key experiments used for acquiring and analysing the data presented in
this thesis (chapter 1). Additionally, a short review of EPR studies of membrane transport
machineries is given in chapter 2. Chapter 3 describes investigations into the mechanism
of transition metal cation binding and transport by a membrane protein, MamM, utilising a
variety of EPR methodologies for analysis of conformational change, binding modes and
metal selectivity. Chapter 4 describes how approaches can be advanced for the solving
of structural dynamics of large membrane transporters, modelled on a membrane protein
known as GltPh. Preliminary results describing how (a) the introduction of conformational
restraints, and (b) protein mutations to allow additional orthogonal labelling strategies,
can be applied for deconvolution of complex spectral features are presented. Additionally,
saturation transfer difference nuclear magnetic resonance (STD NMR) experiments have
been employed for the first example of substrate dissociation constant determination for
a membrane protein using this technique, also affording insight into the affects of protein
environment on protein functionality. Chapter 5 includes all information relating to the

materials and methods used for the work undertaken in this thesis.

The following chapter will introduce EPR spectroscopy and explain fundamental concepts
of the EPR technique, as well as specific experimental procedures used for the acquiring
of data within this thesis. These experiments include continuous wave- (cw-) EPR at
both room and cryogenic temperatures, and pulsed EPR techniques including T1 and T,
measurements and double electron-electron resonance (DEER) experiments. In addition, a

brief description of the STD NMR experiment, and its application, is given.



1.2 Fundamental EPR theory

Spectroscopy in general encompasses a vast number of different techniques which use elec-
tromagnetic radiation to induce transitions between discrete states in molecules or atoms,
each of which has a corresponding energy. Spectroscopy affords information on the identity,
structure and dynamics of samples under investigation through interpretation of the energy
differences between these discrete states. Different spectroscopic techniques might moni-
tor the absorption, emission or scattering of applied electromagnetic radiation by atoms or
molecules. Methods have been developed to probe transitions induced throughout the entire
width of the electromagnetic spectrum, and as such a vast number of atomic and molecular
processes can now be probed. There is a direct relationship between the energy difference
of transitions, E, and the absorption of electromagnetic radiation which is described by the

following equation 1.1,

E=h (1.1)

in which h is Planck’s constant and is the frequency of the applied radiation. Transitions
from lower to higher energetic states (as depicted in Figure 1.1A) occur only as a result of
absorption by the atom/molecule under investigation of radiation corresponding to a specific
frequency. Typically, this response is recorded as a function of frequency of the applied
radiation, which is known as a spectrum (Figure 1.1B). Many spectroscopic tools are now
routinely used in conjunction with other structural methodologies to afford understanding of
structure, function and mechanisms of complex molecular machinery - this thesis presents

such use of magnetic resonance spectroscopy techniques.

A B

E Absorption

hV1
hV2
% AE = hv
hv
_ V

Figure 1.1: (A) Schematic representation of an energetic transition from lower to upper energy levels upon
absorption of external electromagnetic radiation. (B) A spectroscopic spectrum representing absorption of
two differing frequencies of electromagnetic resonances, resulting in two peaks.

>




1.2.1 The spin Hamiltonian

Electron paramagnetic resonance (EPR) spectroscopy probes transitions of unpaired elec-
trons between discrete energy levels in the presence of an external magnetic field, induced
by incident microwave radiation. Unpaired electrons are not typically found isolated within
a vacuum, meaning multiple factors will affect the energetic states of the unpaired electron.
The total energy of a spin system within a magnetic field is described by the spin Hamil-
tonian (M) which includes operators for each different contribution and takes the following

form:!

A = Az + Anzi + Bar + Reer + Pao (1.2)

where each contributing Hamiltonian term refers to specific interactions. These include the
electron Zeeman interaction (EZI), the nuclear Zeeman interaction (NZl), the hyperfine inter-
action (HFI), the electron-electron interaction (EEI) and the nuclear quadrupole interaction
(NQI). Those which are relevant to the systems perturbed as per this thesis will be discussed

in more detail, but can be explained in short term as follows.

EZI - interaction between the spin of an unpaired electron and an external magnetic
field.

* NZI - interaction between the nuclear spin of a magnetic nucleus and an external

magnetic field.

< HFI - interaction between the spin of an unpaired electron and the nuclear spins of

nearby magnetic nuclei.

« EEI - interaction between spins of multiple unpaired electrons with one another, in-
cluding those which are strongly coupled (described by zero-field splitting) and those

which are weakly coupled (as in dipole-dipole interactions and superexchange).

* NQI - interaction between the electric quadrupole moment (in nuclei with nuclear spin

>%) and the local electric field gradient at the nucleus.

1.2.2 The electron Zeeman interaction and the resonance condition

The phenomenon of EPR comes from the fact that an electron is a charged particle with
an intrinsic property known as spin angular momentum (meaning that electrons effectively
behave like rotating, charged particles); the combination of these gives rise to an intrinsic

magnetic moment, ¢, described by equation 1.3. Here, ge is the electron spin g factor (a
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dimensionless quantity equal to 2.0023 for a free electron),? S is the electron spin and g is

the Bohr magneton.
=q.-B
s = Je h S (1.3

The orientation of electron spin (and hence the magnetic moment) is quantised, and is de-
scribed by mg = +% and mg = % states which are energetically degenerate in the absence
of a magnetic field.2* However upon application of an external magnetic field, this degener-
acy is lifted resulting in an energetic splitting between these states, which is a phenomenon
known as the electron Zeeman interaction (EZI). Upon interaction of the external magnetic
field with the electron’s magnetic moment, the electron can be oriented either parallel (mg =
—%) or anti-parallel (mg = +%) with respect to the direction of the external field. Orientation
of the spin such that its magnetic moment aligns with the external magnetic field vector is
more energetically favourable, and hence this represents the lower energy state. The magni-
tude of energy level splitting is directly proportional to the strength of the external magnetic
field, Bo.2* The contribution of the electron Zeeman interaction to the spin Hamiltonian is

described by equation 1.4.
IqEZI =0e-: B:BO:S (14)

In multi-electron systems, the Pauli exclusion principle states that no two electrons can have
the same quantum numbers, and as such electrons can only occupy the same orbital if they
possess opposite values for ms. In such a case, the spin angular momenta cancel one
another out and so the overall magnetic moment of the system is equal to zero. Thus paired
electrons are 'EPR silent’ and produce no EPR response, meaning unpaired electrons are

required in a sample for analysis by EPR.34
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Figure 1.2: Image showing the electron Zeeman interaction within a spin S = 1/2 system containing one unpaired
electron, in which application of an external magnetic field induces splitting of energy levels. The directions of
alignment of spins with and against the external field are shown in lower and upper energy levels, respectively.
Incident microwave irradiation (red arrow, of energy h ) of a specific frequency induces a transition between
energy levels when the resonance condition is fulfilled.

At a particular magnetic field strength, thermal equilibrium results in a Boltzmann distribution
of spins between the two states, described by equation 1.5, in which N and N correspond
to the population of (mg = -%) and (mg = +%) states, respectively, k is the Boltzmann
constant and T is the absolute temperature. In EPR, application of an external magnetic
field causes divergence in energy levels, and the magnetic part of applied electromagnetic
radiation of a specific energy induces transitions between these states; this is represented

in Figure 1.2 and is known as the resonance condition.®*

N 3
N el EKT) (1.5)

This resonance condition (given by equation 1.6, where S is the total spin of the system)
is typically fulfilled using electromagnetic radiation in the microwave region (GHz). However
a large amount of radiation across the microwave frequency range is very effectively ab-
sorbed by water molecules present within the atmosphere. Thus specific ’bands’ have been
defined which correspond to specific frequencies of microwave radiation that are absorbed
only minimally by atmospheric water molecules. EPR measurements are conducted at these

frequencies, the most common of which is referred to as X-band, at approximately 9.5 GHz.°

E=h =¢g: B:Bo:S (1.6)



1.2.3 The spectroscopic g factor

The g factor is essentially a proportionality constant, which has a defined magnitude
( 2.0023) for the 'free electron’ that we have referred to thus far. In such a case, the electron
is not constrained. However this situation changes when we consider an unpaired electron
associated with an atom or molecule, in which the position of an electron is how constrained
by its interaction with the nucleus, within spin orbitals.* In this case we must now consider the
phenomenon of orbital angular momentum, which affects electrons present in orbitals with
a non-zero azimuthal quantum number (thus, all but s-orbitals). The orbital angular momen-
tum of an electron is quantised (as was described for the electron’s spin), and produces a
magnetic moment with an associated energy which is also dependent on its orientation with
respect to any external magnetic field. Now, the net magnetic moment associated with the
electron has an additional orbital contribution, which in turn alters the energy required to fulfil
the resonance condition. The orbital contribution (L) to the magnetic moment of the electron
is now taken into account in our equation describing the electron Zeeman contribution to the

spin Hamiltonian, shown in equation 1.7.4

Aezi =0e: B:Bo:(L+S) (1.7)

Unlike S, the magnitude of L is dependent on the orientation of the (non-spherical) molecule
containing the unpaired electron, relative to the direction of the external magnetic field. Thus
this contribution is termed anisotropic, and it's orientation-dependence results in changes in
the energy required ( E) to fulfil the resonance condition within the EPR experiment. As
will be discussed further in the next section, EPR experiments are typically conducted using
an incident microwave frequency that is fixed, whilst sweeping through the magnetic field
to induce electronic transitions. Thus changes in L as a function of molecular orientation
will manifest within the experiment as changes in the magnetic field strength required for
transitions to occur. However, mathematical treatment of spin and orbital moments is com-
plex and so typically the affects of S and L are combined, to give a fictitious spin, S’. Now
the equation describing the resonance condition should be altered accordingly, as shown in

equation 1.8.

E=h =0gef: B:Bo:S’ (1.8)

Note that a fictitious, and orientation dependent g factor - gesf - IS also assigned to this spin,

which describes the rate of divergence of spin states as a function of the magnetic field; this



divergence is therefore also anisotropic. The magnitude of this fictitious g factor is indicative
of the character of the orbital in which the unpaired electron resides, and hence can differ

greatly depending on the species being measured.

1.2.4 g value anisotropy

The g factor must be replaced by a 3x3 matrix in order to represent the orientational
dependencies of these anisotropic interactions, relative to the cartesian axis, which is

shown below:

Oxx Oyx Ozx
4gxy Oyy gzy5
Oxz Oyz 0z

In the principle axes (x,y,z) of this matrix, the magnitudes of the six off-diagonal elements
(9xy: 9xz» Gyx, Oyz, Uzx, Ozy) @re equal to zero. Thus we are left with the diagonal compo-
nents, consisting of gxx, gyy and g,. Itis only ever necessary to define these three principle

g values, since those at any other orientation can be determined using a weighted sum of

Oxx, Oyy and U222

A system can be described as either isotropic, axial or rhombic, depending on the symmetry
of the paramagnetic system. Conventionally, the molecular axis with the highest symmetry
is defined as the z axis. For a system to be classed as isotropic in the solid (i.e. a frozen
solution) state, it must possess symmetry such that all three principle axes (x,y,z of the
molecule) are exactly equivalent.? In this instance, the three principle g values will be
equal and their magnitudes will be independent of the molecule orientation with respect
to the orientation of an external magnetic field. Such symmetry is rare in the solid state,
however g is also described as isotropic in a system which is undergoing rapid motion in
the solution state; rapid tumbling and rotation of molecules relative to an external magnetic
field means that information on orientation is lost, and the anisotropic g of the (equivalent)

frozen solution (or powder) spectrum collapses to a single, averaged (isotropic) value.*

A system possessing axial symmetry is one in which the x and y axes are equivalent,
whilst the z axis is not. This type of symmetry results in two principle g values which are
equal, and one which is different; i.e. gxx = 9yy & 9zz. In such cases, gxx and gyy might be
described in one term as g-, whilst g,; might be termed g,. Now the resonance condition

is fulfilled at different magnetic field strengths depending on the relative orientation of the



paramagnet with respect to that of the external magnetic field.3

Finally, a rhombic system is one in which all principle axes are inequivalent, i.e. x &y & z.
This type of symmetry results in three inequivalent principle g values (meaning gxx & gyy &
0zz). Examples of isotropic, axial and rhombic EPR spectra are given in Figure 1.3, in which

the relevant g values are labelled.?

A B C
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¥
Jiso 9. 9y 9zz
¥ g ¥ .
v
—» By — By — By
Isotropic Axial Rhombic

Figure 1.3: Simulated isotropic (A), axial (B) and rhombic (C) EPR spectra centred at g = 2 for an S = 1/2 species, with g
factors indicated. The Easyspin package within Matlab was used for spectral simulations.

1.2.5 Hyperfine interactions

Thus far we have considered the interaction between an unpaired electron and the atomic
nucleus it orbits in the context of spin-orbit coupling, and its affect on the g value. However
the magnetic moment associated with an unpaired electron is also affected by nearby

magnetic nuclei, resulting in characteristic splitting/s of the EPR signal.

In much the same way as was described for the electron, a charged nucleus which pos-
sesses nuclear spin (characterised by a non-zero nuclear spin quantum number, |) has an
associated magnetic dipole moment; examples of such nuclei include protons (I = %) and
nitrogen atoms (**N, | = 1). The magnitude of nuclear spin moments are quantised, and can
assume 2l + 1 discrete orientations which are described by the magnetic quantum number,
m,. In the absence of a magnetic field, the energies of these discrete states are equiva-
lent. However, this degeneracy is lifted in much the same way as that of the electron spin
guantum states, under the influence of an external magnetic field; this is termed the nuclear

Zeeman effect (or interaction) and is accounted for within the spin Hamiltonian as follows:3*

quZI: ON - N:Bo:l (19)

where gy is the effective nuclear g-factor (which can have positive or negative values),



N is the nuclear magneton and | is the nuclear spin quantum number. The magnitude of
splitting of the nuclear energy levels (as a result of the nuclear Zeeman interaction) is far
smaller than that of electron spin levels (as a result of the electron Zeeman interaction).
Thus in the context of the EPR experiment, the combined interaction of the electron and
nuclear magnetic moments with an external magnetic field results in further splitting of each
of the non-degenerate electron Zeeman levels into 2l+1 nuclear Zeeman levels.3#* This
effect is demonstrated in Figure 1.4 foran S = % | = % system. This results in a total of four
energy levels in the example described, and selection rules mean that transitions may only
occur between states where mg= 1,and m,; =0, thus meaning there are two formally

allowed transitions in this case.

Energy
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Zeeman

Figure 1.4: Schematic representation of energy level splitting caused by a combination of electron
Zeeman, nuclear Zeeman and hyperfine interactions for an S = 1/2 paramagnetic species interacting
with a proton, with a nuclear spin | = 1/2.

In the absence of any interaction between the electron and nearby nuclear magnetic mo-
ments, the energy required to induce each allowed transition within the EPR experiment
would be equal, and thus the resulting spectrum would contain one single line, centred at
derf. However these magnetic moments do indeed interact, in what is known as the Hyper-
fine interaction (described by F{yg, in equation 1.10, where A is the hyperfine interaction
matrix). The hyperfine interaction causes a perturbation of the nuclear Zeeman energy lev-
els towards higher or lower energy, as shown in Figure 1.4 (on the right hand side). Energy
levels are designated| >,| >,| >and| >,where| >and| > referto the spin states
(% and % respectively) in the external magnetic field. The extent of the perturbation depends
on the magnitude of interaction, and is reflected by the hyperfine coupling constant, A.34 As

aresult, allowed transitions will now require different energies and therefore will fulfil the res-
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onance condition with application of different magnetic field strengths, resulting in two lines

in the EPR spectrum of an S = 3, | = 1 system.

Auer =1:A:S (1.10)

There are two types of interaction which contribute to the magnitude of the total hyperfine
interaction (which notably is field-independent) - namely the isotropic (a) and anisotropic
(or dipolar) interactions (T). The isotropic contribution is also termed the Fermi contact
hyperfine interaction, which relies on the finite probability of finding electron spin density at
the (interacting) nucleus. Inside the nucleus, the magnitude of the local hyperfine field as a
result of the nuclear magnetic moment is constant in all directions, and thus the extent of
this hyperfine coupling is independent of orientation (hence isotropic). This situation is only
ever the case for electrons residing in s-orbitals, or those with some s-orbital character (i.e.
with no node at the nucleus). The strength of the isotropic hyperfine interaction is defined

by the isotropic hyperfine coupling constant, Ajso.®

The anisotropic contribution is a result of dipole-dipole interaction between the electron
and nuclear magnetic moments.! The energy of this interaction is dependent on both the
distance and relative orientations of the electron and nuclear magnetic moments. The
nuclear magnetic moments generate a local magnetic field (Bjocal) at the electron; thus the
electron feels contributions from both external and local fields. Depending on the angle ( )
between By and the vector joining the two dipoles, this local magnetic field will either add
to or subtract from the external field, changing the effective field at the electron (Bess).23*
Since the electron is not localised at a fixed point, the energy of the dipolar coupling
interaction (Egqip) must be averaged over the entire probability of the spin distribution. In
a spherical electron cloud (i.e. and s-orbital), or in the case where rapid tumbling means
that anisotropy relative to the external field direction is averaged, Egjp is averaged to zero.
The hyperfine coupling in such cases is then described as Ajs,.6 Meanwhile, for electrons
present within axially symmetric orbitals, such as p-orbitals, Eqip becomes a finite value
and the hyperfine coupling constant, A, describes contributions from both isotropic and

anisotropic hyperfine coupling.

The hyperfine tensor, denoted A, of the interacting nucleus comprises both an isotropic (Aiso)
and purely anisotropic (or dipolar) part (T), and is described by equation 1.11. The purely
dipolar component is expressed by equation 1.12. T is a traceless, axially symmetric tensor

which averages to zero when molecular tumbling is rapid. The hyperfine tensor can again
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(much like for the g value) be described by just the three principle components, Axx, Ayy and
A,,.* Hyperfine coupling constants can be measured directly from EPR spectra, as will be

demonstrated later.

2 3
Axx Ayx Azx

A=4A, Ay Apy®=Aic+T (1.11)
Axz Ayz Az;
2 3
Txx Tyx T2x
T=4Tyy Tyy Tyo (1.12)
sz Tyz Tzz

1.2.6 Electron dipole-dipole interactions

The final contribution to the spin Hamiltonian to be expanded upon is the electron-electron
interaction, which describes the interaction between spins of multiple unpaired electrons
with one another. Specifically, we will consider those which are weakly-coupled via dipole-
dipole interactions, since this is relevant to specific EPR methods used throughout the results
chapters of this thesis. The energetic contribution from dipole-dipole interactions to the total

spin Hamiltonian is described by equation 1.13,3
Agip = S1:D: Sz (1.13)

where S; and S, are the electron spins of the two interacting electrons, and D is the traceless

electron dipole-dipole coupling tensor (described as follows in equation 1.14).

2 3 2 3
, 1.0 0 laa 0 0
FAB 0 0 2 0 0 2y

Here, 144 is the dipolar coupling frequency and can be expressed as follows:

2
1= gAgf - °;r31 ‘(1 3cos? ) (1.15)
AB

where ¢ is the vacuum permeability, g is the Bohr magneton, ga and gg are the g
factors associated with the two unpaired electrons, rag is the distance vector between
coupled spins (A and B) and is the angle between By and rag. The electron dipole-dipole
interaction is anisotropic and depends on the distance between, and relative orientations
of, the magnetic moments of interacting unpaired electrons - this is similar to the situation
describing the interaction between electron and nuclear magnetic moments in the hyperfine

interaction.
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The distance-dependent dipole-dipole interaction between electrons affords the determina-
tion of inter-spin distances typically between 0.8 - 8 nm apart. Within this distance range,
dipolar coupling means that the magnetic moment of each spin changes the effective mag-
netic field felt by the other, hence altering the Zeeman energies and the resonance condition.
At inter-spin distances of approximately 0.8 - 2 nm, this typically manifests as a broaden-
ing of the EPR line shape, which becomes less discernable with increasing rag since the
extent of broadening approaches the spectral linewidth. Advances in pulsed EPR method-
ologies have enabled longer-range inter-spin distance determination, through application of

the double electron-electron resonance (DEER) experiment.

1.3 Continuous-wave EPR spectroscopy

1.3.1 Spectrum acquisition

There are many difficulties associated with the engineering of a microwave source capable
of stably sampling a range of different frequencies. For this reason, it is more convenient
in EPR spectroscopy to maintain a static microwave frequency and apply a sweeping
magnetic field. Thus the transition of an electron between states occurs when the gap
between energy levels (which is proportional to the external magnetic field) matches the
energy of the incident microwave radiation. This manifests as an absorbance signal in the
EPR spectrum plotted against the experimental magnetic field sweep width, in Gauss (G).
With  E lying in the microwave region, the population difference between upper and lower
energy levels is small - this translates to a net absorption signal which is also small. For
example, the ratio of N :N at 293 K in a 0.34 T (3400 G) magnetic field is 1.0016:1,
therefore only slightly favouring the lower energy level. To improve the signal:noise ratio
of the continuous wave EPR signal, a field modulation technique is employed resulting in a

first derivative spectrum of the absorption.®*

In the experimental set-up, the microwave field is established by a resonator (a rectangular
or cylindrical cavity), into which the sample tube is introduced. The cavity is a metal box
with either a rectangular or cylindrical shape which resonates with microwaves. The cavity
stores the microwave energy and at the resonance frequency of the cavity no microwaves
will be reflected back, but rather they will all remain inside the cavity. As a consequence of
resonance, there will be a standing wave within the cavity. The electric and magnetic field

components of a standing wave are at 90° to one another, meaning the point at which one is
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at its maximum, the other is at its minimum. Within EPR, we are interested in the absorption
of the magnetic component of microwave radiation, and so if the sample is placed in the
electric field minimum (corresponding to the magnetic field maximum), the most intense
signals and highest sensitivities are possible. Cavities are therefore designed for optimal

placement of the sample.’

When a sample absorbs additional microwave radiation during resonance, detuning of the
resonator occurs and the microwave power is reflected back to the bridge, which causes
the EPR signal. The magnetic field strength that the sample 'sees’ is modulated, at a fixed
modulation frequency (in the order of kHz), over a width of magnetic field (in the order
of Gauss, G). If the resonance condition is fulfilled and an EPR signal occurs, the field
modulation sweeps through part of the signal, modulating the amplitude of microwaves
reflected back from the cavity to the bridge. This controls the frequency range of the
detected noise. The signal channel produces a signal proportional to the amplitude of the
modulated EPR signal. The modulated signal is then compared with a reference signal,
which has the same frequency as the magnetic field modulation, and signals that do not
possess the same phase and frequency as the field modulation are filtered out. Field
modulation results in the detection of dA/dBy (where A and By are the absorbance and
applied magnetic field, respectively), and so continuous wave EPR spectra are typically
presented as first derivatives. The intensity of the detected signal increases with the

difference between the absorption signals at either end of the modulation window.”

It is important to note that although the size of the detected EPR signal is proportional to the
modulation amplitude, if the modulation amplitude is greater than the natural linewidth of the
signal, line broadening will occur — the spectrum is therefore no longer a true representation
of the system. Therefore, effective and practical spectrum acquisition involves being able to

maintain a maximum signal to noise ratio, whilst preventing line broadening.®

1.3.2 Site-directed spin labelling of proteins

Many biological molecules of interest, including many proteins, do not naturally contain
paramagnetic centres and as such their study via EPR was once considered limited. How-
ever a major turning point in the development of EPR methodologies was the introduction
of site-directed spin labelling (SDSL), affording EPR to be used as a key technique for

structural insights into biological processes. SDSL is possible due to the development of
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(a) site-directed mutagenesis and recombinant protein expression, and (b) the synthesis of
stable, paramagnetic spin probes with specific reactivity which can be attached to protein
and nucleic acid molecules. As such, these spin probes (known as spin labels) can be
attached to selected places of interest, rendering a once diamagnetic molecule now param-
agnetic, for study using EPR in which the spin label acts as a reporter for the system.® More
specifically, the initial step in preparation of protein for SDSL and EPR involves mutagenesis
of the protein sequence for incorporation of a cysteine residue/s at selected sites of interest.
Sites are chosen with consideration of structural and functional implications of mutagenesis,
and in regions dependent upon the aim of the studies. Recombinant DNA can then be
transformed into a suitable host expression system, such as Escherichia coli, for gene
expression and purification of the protein variant. Spin labelling can then be carried out for
covalent attachment of stable radical molecules which react specifically with the thiol groups
of introduced (or natural) cysteine residue/s; typical functional groups used for this reactivity

include methanethiolsulfonate, maleimide and iodoacetamide moieties.1©

Many of the most common spin labels contain paramagnetic nitroxide centres (N-O), usually
incorporated into a heterocyclic ring, and the electron located in a  orbital with the most
spin density located on N and O atoms. Modification of the nitroxide structure can have
dramatic consequences for the reactivity of the spin label, and as a result many different
spin labels have been designed. One such spin label - MTSSL - is widely used for protein
studies and includes proximal dimethyl groups for steric shielding and increased stability
of the radical species. MTSSL forms a disulphide bond to the thiol group of a cysteine
residue, and this linkage allows flexibility of the spin label side chain, hence limiting any
affects on the stability and structure of the protein to which it is attached. Additionally, this
spin label can be easily cleaved using a reductant such as dithiothreitol (DTT) for control

experiments.1?

1.3.3 Rotational correlation times

An EPR spectrum reports on all orientations of molecules in a sample - in the solution
state, this translates to the time-averaged ensemble of molecules. The rotational motion of
molecules in solution means that anisotropic effects average to zero over time. Consider a
nitroxide radical such as MTSSL (an S = % | = 1 system). A typical solution state (isotropic)
spectrum of MTSSL tumbling freely in water at room temperature and X-band frequency

consists of three narrow lines, centred at an isotropic g factor (giso) and separated by an
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isotropic hyperfine splitting (Aiso). The origin of this EPR signature with respect to Zeeman

interactions and allowed transitions is demonstrated in Figure 1.5.11

For the complete averaging of anisotropic contributions, the rate of molecular tumbling
should be much faster than the difference between resonance frequencies for different
molecular orientations. Whilst this might be the case for small paramagnetic molecules
in solutions of low viscosity, the same is not true for larger molecules, or for molecules
in more viscous solutions. Thus in the latter two examples, anisotropic contributions are
only partially averaged which results in broadening and characteristic changes in the EPR

spectral line shape.

Energy
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Figure 1.5: (A) The chemical structure of MTSSL (top), with the orientation of the molecular axis shown relative to the external
magnetic field, Bo (bottom). (B) The energy level diagram for a nitroxide radical species such as MTSSL, as a result of
hyperfine coupling between the unpaired electron and the nitrogen nucleus. Transitions are shown which result in each line of
the isotropic EPR spectrum below (green).

For MTSSL-labelled protein molecules, spectra will differ considerably based on the
environment and rotational motion of the attached spin probe. The information that can
be obtained from these spectra relates to the overall rotational motion of the spin label,
defined by the rotational correlation time (T.), and more generally referred to as the mobility
of the attached probe. Multiple spectra of a nitroxide radical have been simulated and are

presented in Figure 1.6 for varying rates of isotropic motion.
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Figure 1.6: Simulated room temperature X-band nitroxide (S = % | = 1) EPR spectra
centred at g = 2, for a variety of rotational correlation times (T¢) which are indicated.

At the longest correlation time (T, = 18 ns) the spectrum nearly resembles that of an immo-
bilised powder spectrum. Gradually, as the rate of rotational motion increases (i.e. as T,
decreases) the splitting between high- and low-field resonances decreases and the overall
line shape changes, firstly by loss of spectral anisotropy at the low-field (m; = 1) manifold,
followed by the high-field (m; = -1) manifold. Eventually, all spectral anisotropy is lost,
and the spectrum consists of three first derivative lines centred at giso, With an associated
isotropic hyperfine coupling constant. Longer correlation times for spin labels attached to
proteins might be indicative of a more buried labelling position, where steric factors mean
that the probe is unable to undergo rotation on such a fast timescale as if it were attached
at the solvent accessible protein surface, for example. Conformational changes might also
occur on the timescale of a cw-EPR measurement, and as such the EPR spectrum will be
the weighted sum of the spectra associated with each conformational state adopted by the
protein in solution. Thus an EPR spectrum can report on the mobile conformational states

of a protein exhibited in solution, as well as their relative populations.1112

1.3.4 The EPR spectrum of a nitroxide spin label

Since both the g tensor and hyperfine interactions (denoted by the hyperfine splitting
constant A) are anisotropic, an important feature of powder spectra of nitroxide spin labels
is the angle of the external magnetic field relative to the molecular axis defined in Figure
1.5A. Here, the z-axis points in the direction of the p-orbital which takes part in -bonding

across the N-O bond, and in which the unpaired electron resides. Meanwhile, the x-axis
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lies along the N-O bond, and the y-axis is perpendicular to both z- and x-axes. Thus if
Bo is placed along the z-axis, we observe g, and A;; components of the nitroxide EPR
spectrum; the equivalent is true for gxx/Axx and gyy/Ayy contributions when we place Bg

along either the x or y molecular axes.?
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Figure 1.7: Simulated nitroxide EPR spectra at (A) X-band and (B) Q-band frequencies for both crystal and powder samples,
showing the origin of the nitroxide powder spectrum and highlighting the increased resolution obtained at higher frequencies.
Spectra have been simulated using Easyspin, within Matlab.

The effects of g value anisotropy and hyperfine interactions are shown in Figure 1.7, where
parts A and B represent the situation at X-band and Q-band, respectively. Let us firstly
consider a crystal sample in which all nitroxide spin label molecules are oriented in one
direction. Contributions from each principle axis are shown as individual spectra, labelled
according to the direction in which the external magnetic field is pointed (B, B¢, and
By)- At X-band frequency (Figure 1.7A, 9.5 GHz) the effects of g value anisotropy
are negligible compared to the effects of hyperfine interactions. The central position of
each spectrum, defined as gxx, gyy and g, when the magnetic field points along the x,y
and z axes, respectively, moves minimally. Meanwhile the hyperfine contribution along
the molecular z-axis, A;;, is much larger than either Axx or Ayy. This is because the

z-axis lies along the 2p orbital of the -bond, hence giving rise to the strongest hyperfine
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interaction as compared with interactions along x- and y-axes. Values for Axx and Ayy
are approximately equivalent, and thus the hyperfine interaction displays axial symmetry
overall. The bottom spectrum in Figure 1.7A represents that of a powder sample measured
at X-band, in which there are many orientations of the nitroxide spin label with respect to the
external magnetic field direction. As such, the EPR spectrum gives a superposition of all
overlapping contributions at each orientation; this spectrum no longer resembles the typical
first derivative spectrum, since it is the derivative of the envelope formed by adding together
all absorption packets across all possible orientations. The spectral width is dominated by
Az, which defines the outer wings of the spectrum - this is the only value we can resolve at

X-band frequency, since all other contributions are overlapping in the spectrum.

At the much higher W-band frequency of 94 GHz, (shown in Figure 1.7B) the powder
spectrum (bottom) is now dominated by the effects of g value anisotropy; these effects
increase linearly with the external magnetic field strength. Between each individual crystal
spectrum, (again labelled By, B and B(,) according to the direction of the external
magnetic field), the central position of the spectrum varies more dramatically and these
differences are now much larger than any of the hyperfine splittings. The effect of the
hyperfine interaction is equivalent to that at X-band frequency, since it is not dependent on
the magnetic field strength. The g tensor is not axial like the hyperfine interaction, and is
instead rhombic since the nitroxide spin label molecule itself displays rhombic symmetry;
for Bg along the x and z molecular axes, the spectrum is centred to low and high field,

respectively, as compared with the spectrum for By along the y-axis.?

The polarity of the solvent also influences the nitroxide spectrum, causing changes in
the A;; and gxx components of hyperfine and g tensors, respectively. A highly polar
environment increases A;z, whilst gxx shifts to lower values. The increase in A, is reflected
at X-band by an increased splitting between the outermost features of the spectrum, whilst

changes to gxx can only be observed by measuring at higher frequencies.

1.4 Pulsed EPR theory and applications

1.4.1 Magnetisation and the reference frames

Pulsed EPR techniques, as the name suggests, use pulses of electromagnetic microwave

radiation within an external magnetic field in order to excite spin packets. Relaxation
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of spin packets back to equilibrium is then monitored to give the EPR signal. However
an understanding of the way in which bulk magnetisation associated with the perturbed
electron spins is affected by these pulses of radiation, first requires an understanding of
specific reference frames. Firstly let us consider the laboratory frame; this is a static frame
described by a simple set of Cartesian axes (x, y, z which are mutually perpendicular) in
relation to our EPR experimental setup. Here, the external magnetic field (Bo) lies parallel
to the z-axis, and the microwave field (B1) lies parallel to the x-axis. The y-axis is then

orthogonal to both x- and z-axes.!3

When an electron, which possesses spin angular momentum, is placed in a magnetic field
along By, it experiences a torque which causes precession of its magnetic moment about
the z-axis at the Larmor frequency (). The Larmor frequency can be calculated using

equation 1.16,

' Bo (1.16)

L]
-
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where s the gyromagnetic ratio (a constant of proportionality, inr.s 1.T 1). Afree electron
in a magnetic field of 3480 G precesses at a Larmor frequency of approximately 9.75 GHz
- this corresponds to the EPR frequency at that magnetic field strength. As discussed
previously, an electron spin within a magnetic field is characterised by two discrete, quantum
mechanical states - where the associated magnetic moment aligns parallel or antiparallel
relative to the orientation of the applied magnetic field. Parallel alignment is most ener-
getically favourable, and so we have a net magnetisation along the z-axis; however spins
will not favour any particular position in the x-y plane meaning their orientations within this
plane will be random. The spins are still precessing about the z-axis, and so the various
transverse components within the x-y plane effectively cancel one another out, resulting in

stationary magnetisation (Mgp) along Bp.

Introduction of an additional 'rotating’ frame®2 is necessary to consider further principles of
the pulsed EPR technique, since there are many rotating and precessing parts. EPR exper-
iments are usually conducted with resonators which produce linearly polarised microwaves;
these are designed to create a magnetic field (denoted B1) which is perpendicular to the
much stronger Bg. A linearly polarised microwave is equivalent to the sum of two magnetic
fields rotating in opposite directions at the microwave frequency. If the coordinate frame is
rotated at this frequency, the result is a rotating frame of reference when ! = 14, where 14

is the microwave frequency. This makes one component of B; appear stationary, whilst the
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other can be neglected. The rotating frame also makes the magnetisation precessing at the
Larmor frequency appear stationary. In much the same way as was described for electron
spins under the influence of By, application of B; results in rotation about B; for the lifetime

of the pulse, according to the following equation 1.17,

I, = :B1 (1.17)

where 1 is known as the Rabi frequency. Within the rotating frame, we need only consider
the affects of By on Mg; this is explained by equation 1.16 since in the rotating frame there is
no precession and hence By can be ignored. For example, if B; is parallel to the x-axis, Mg
will rotate about the x-axis in the z-y plane for the duration that the pulse (which created B1)
is applied. The angle by which My is displaced from the z-axis is described by the tip angle,

, according to equation 1.18 where t, (s) is the pulse length.

= jBijt, (1.18)

The pulses used in EPR experiments are labelled according to the tip angle that they
induce, with a directionality according to the axis from which they originate. Hence a +x /2
pulse is the application of field B; along the +x direction, which will tip Mg by /2 (90 °) into
the -y-axis. Detection will therefore be set up along the y-axis. Meanwhile, a +x pulse

would tip Mg by 180 ° to the -z direction.13

1.4.2 Free induction decay and off-resonance effects

Emission of microwaves by a sample following excitation by means of a microwave pulse
(which creates B;) is most clearly understood within the static laboratory frame. Let us
consider the application of a +x /2 pulse; following the pulse precession of spins occurs
again about the z-axis (in the x-y plane). Thus the static magnetisation along -y, when
viewed from the rotating frame, becomes magnetisation which is rotating in the x-y plane at
the Larmor frequency, when viewed from the laboratory frame. This generates currents and
voltages in the resonator; the generated microwave signal is called the FID (free induction

decay). This signal is at its maximum for magnetisation which is directly in the x-y plane.313

The situation is not quite as simple as we have discussed thus far, since we have been

working under the assumption that the Larmor frequency is exactly equal to the microwave
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frequency (i.e. exactly on-resonance). In real systems, however, there will be many different
frequencies which all contribute to the EPR spectrum, and these off-resonance effects must
be considered. Let us again consider the behaviour of magnetisation following a /2 pulse,
after which point net Mg lies along the -y-axis (in the rotating frame, this magnetisation
appears to be static for spins which are exactly on-resonance). However if the frequency
of precession by some spin packets (1) is not equal to the microwave frequency (1), then
the magnetisation associated with these spin packets will no longer appear stationary, and
will instead appear to rotate within the x-y plane (see Figure 1.8 A).1312 This frequency

difference (1) is then equal to:

L (1.19)

Magnetisation of off-resonance spins will rotate in either direction about the z-axis, de-
pending on the sign of 1. Thus all the individual frequency components of the EPR
spectrum are represented by rotating magnetisation components in the x-y plane at specific
frequencies, . This is the means by which the EPR spectrum is encoded in the FID,
since measurement of magnetisation in the x-y plane (transverse magnetisation) affords all

frequency components to be extracted, and hence the construction of the EPR signal.

Since off-resonance effects result in transverse precession of magnetisation, the effect
of By is no longer zero and must again be considered. The consequence of this is that
magnetisation is tipped by the vector sum of B; and By, which is also known as the
effective magnetic field (Bess, See Figure 1.8B). As such, magnetisation cannot be tipped
as effectively into the x-y plane since Bess does not lie exactly along B;, and precession
of the magnetisation takes on the motion of a cone (as oppose to moving in an arc as it
does on-resonance). As ! deviates further from ! (in either 'direction’), the efficiency with
which magnetisation is tipped into the x-y plane decreases, resulting in a decrease in the
FID. For particularly broad EPR spectra in which there are many contributing frequencies
( ¥ = 1,), this poses a more significant problem. FID intensity is optimised by maximising

1., or alternatively by minimising the pulse length.1:3:13
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Figure 1.8: (A) Magnetisation in the rotating frame when exactly on-resonance (left) and when

1 off-resonance. (B) The effective magnetic field produced by combination of Bo and Befs
when off-resonance, and the tipping of magnetisation vector, M, about Beg¢. The cone-like
precession of magnetisation is also shown.

1.4.3 Electron spin relaxation processes

Thus far we have described excitation of spins via application of microwave pulses which
results in tipping of magnetisation into the transverse (x-y) plane, but we have not con-
sidered the relaxation processes by which the net magnetisation returns (relaxes) to its
equilibrium state. Relaxation occurs via different mechanisms since electrons are constantly
interacting with their surroundings. Relaxation is characterised by two constants, namely the
spin-lattice relaxation time (T1) and the transverse (or spin-spin) relaxation time (T,). The
former defines the time is takes for net magnetisation to be restored along the z-axis, whilst

the latter describes the time for transverse magnetisation (in the x-y plane) to disappear.

T, relaxation and the inversion recovery experiment

T, relaxation occurs between excited spins and surrounding molecules or atoms (the lattice)
via non-radiative mechanisms including molecular rotations and thermal vibrations. We have
already established that in the presence of an external magnetic field, electron spins are

characterised by two discrete energy states.! A marginally larger population of associated
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magnetic moments will align parallel to By (along the +z direction) in the lower energy state
as a result of the Boltzmann distribution at thermal equilibrium. Relative populations of each
energy level can be perturbed (see Figure 1.9) such that spin populations (with magnetic
moments in either +z and -z directions) equalise, and thus the net magnetisation (M) along
the z-axis becomes zero. This condition in pulsed EPR is achieved through application of a

12 pulse, tipping spins into the x-y plane. Spin-lattice relaxation then affords relaxation of
spins and restoration of bulk magnetisation along +z. Alternatively, application of a pulse
results in the complete inversion of populations from the equilibrium state, and as the net

magnetisation is tipped into the -z direction - this is what is also known as an inversion pulse.

Thermal equilibrium /2 pulse  pulse
—0000— —0 0000 — —000000— «
—000000— —00000— —0000— 3
z z z
[ M
X X X
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Figure 1.9: (Top) Comparison of spin populations in and states, for an S = 1/2 spin system in
equilibrium (left), following a /2 pulse (middle) and following a inversion pulse (right). (Bottom)
The direction of the bulk magnetic moment of the spins in an external field Bg along the +z direction,
for each condition mentioned above. Pulses are applied in the xy plane.

The T, relaxation time can be measured using a pulsed EPR technique known as inversion
recovery;13 this experiment involves the three-pulse sequence shown in Figure 1.10. The
first pulse acts to flip the net magnetisation of spins by 180° from the +z direction to the
-z direction (an inversion pulse). The second and third pulses make up the typical detection
sequence used in any pulsed EPR measurement: the /2 pulse flips spins into the xy plane,
after which point gradual de-phasing of magnetisation in the xy plane occurs; the pulse
is then applied to flip the de-phasing spins a further 180°, which reverses the de-phasing
and results in a refocused Hahn echo. The time T is the delay time between the inversion
pulse and detection sequence, whilst is the time between the two pulses of the detection
sequence. The spin-lattice relaxation behaviour can be monitored by measurement of
the Hahn echo intensity as a function of increasing T, since during this time the net spin

magnetisation begins to recover from the -z to the +z direction. The magnetisation vector
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behaves according to equation 1.20 following a  inversion pulse, where M,(t) is the
magnetisation along the z-axis at a given time, t. The rate constant at which M, recovers to

thermal equilibrium is the spin-lattice relaxation time, T1.13
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Figure 1.10: (A) The pulse sequence for an inversion recovery experiment, for T1 relaxation time determination. (B) Schematic
of the effect of the pulse sequence in (A) on the magnetisation vector of spins, with viewing planes (i.e. z-y vs x-y) highlighted.

M,(t) = Mo:[L  expTi] (1.20)

T, relaxation and the Hahn echo decay

There are two primary contributions to the process of transverse relaxation which are
related to different broadening mechanisms, namely inhomogeneous and homogeneous
broadening. Inhomogeneous broadening of spectra arises since spins feel slightly different
magnetic fields as a result of unresolved hyperfine structure. The range of local field
strengths corresponds to a distribution of ! in the rotating frame. Upon taking the sum
of spin packet magnetisation within the rotating frame, many components will cancel one
another out, decreasing the magnitude of the transverse magnetisation. The shape of this
decay (an FID) is actually the shape of the EPR spectrum, and the associated time constant

is denoted T» .
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Homogeneous broadening occurs in when spins experience the same magnetic field, and
interact with one another which causes mutual, random spin flip-flops. The result is that
magnetisation de-phases in the x-y plane more quickly; the decay rate of transverse mag-
netisation (following a +x /2 pulse) due to homogeneous broadening is defined by T, (the

spin-spin relaxation time) and takes on an exponential form,'® according to equation 1.21.
_t
M y = e T2 (1.21)

The spin-spin (transverse) relaxation rate can be determined in pulsed EPR via a simple
Hahn echo sequence as shown in Figure 1.11. In this case, the Hahn echo intensity is
monitored as a function of increasing , since the de-phasing described takes place within
this time period. This is known as a 2-pulse electron spin echo envelope modulation
(2P-ESEEM) experiment. As such we are able to determine the T, relaxation time, via

fitting of the echo intensity as a function of time with an exponential decay.3
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Figure 1.11: (A) The pulse sequence for a decaying Hahn echo, for T, relaxation time determination. (B)
Schematic of the effect of the pulse sequence in (A) on the magnetisation vector of spins, with viewing planes
(i.e. z-y vs x-y) highlighted.

1.4.4 The double electron electron resonance (DEER) experiment

The double electron electron resonance (DEER) experiment is most widely used for the
determination of inter-spin distances within macromolecules. This methodology perturbs

different spin packets by use of microwave pulses of differing frequencies, suppresses hy-
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perfine couplings and selects for the electron-electron dipolar interaction between these spin
packets, affording long range distance determination. Typically, distances between approx-
imately 2 - 8 nm are accessible using this technique, however there are some examples of

inter-spin distance determination using DEER of up to 17 nm.*

DEER for probing long range inter-spin distance measurements

The pulsed method of choice used for acquisition of data within this thesis is 4-pulse DEER,
which will now be explained. The original DEER experiment was a 3-pulse experiment,
however the inherent dead time associated with this pulse sequence lead to development

of the dead time-free 4-pulse sequence which is now widely used.*®

The DEER signal measured is the modulation of the refocused Hahn echo amplitude of
one spin population (A, in resonance with microwave frequency a), when a second spin
population (B, in resonance with microwave frequency g) is perturbed by a microwave
pulse. This results in modulation of the echo intensity of A spins as a function of the timing
of perturbation of the B spins. This modulation is a result of a local magnetic field from
nearby, perturbed, dipolar coupled spins. We may also refer to our 'A’ spins as observer
spins, and the corresponding frequency as the observe frequency ( a), since it is the echo
intensity associated with these spins that we are measuring during the DEER experiment.
Meanwhile, our 'B’ spins are also known as the pump spins, with the corresponding
frequency g known as the pump frequency.’®> For the majority of DEER experiments
presented and discussed in this thesis, the A and B spins are chemically identical nitroxide
radial species - the nitroxide powder EPR spectrum has a width that is large enough to
apply microwave pulses at two different frequencies in order to excite separate spin packets
without overlap of the excitation profiles. It is this separation that describes our A and B

spins.

The pulse sequence of the 4P-DEER experiment is shown in Figure 1.12. It begins by
tipping the bulk magnetisation of A spins into the xy plane through application of a /2
pulse along the y axis. Due to local field inhomogeneities, including dipolar interactions,
spins precess about By at slightly different frequencies and as such de-phasing of the bulk
magnetisation in the xy plane begins. A pulse is then applied to the A spins which flips
them by 180°, effectively reversing the de-phasing, meaning spins re-converge resulting in a
Hahn echo. This describes the typical Hahn echo pulse sequence. The aim is now to isolate
the dipolar contribution of the total magnetic field that is experienced by the A spins. This

is achieved through application of a pulse (referred to as the pump or ELDOR pulse) at
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the pump frequency, which causes flipping of B spins by 180° such that their magnetisation
lies along the -z axis. This pump is applied at a defined number of linearly spaced time
points, relative to the Hahn echo position. Inversion of the pump spins leads to reversal
of the dipolar contribution to the net angular rate experienced by the A spins. A second

pulse is then applied at the observe frequency, to once again refocus the de-phasing
A spins following the first Hahn echo. However the change in net angular rate of the A
spins caused by pumping of dipolar coupled B spins creates a dipole interaction-specific
phase lag, meaning dipolar coupled A spins are not refocused. This therefore changes
the intensity of the observed refocused Hahn echo measured following the second pulse.
The degree to which coherence is lost is dependent on both the strength of the dipolar
interaction, as well as the time at which the pump pulse is applied. Variation of the time
point (t) at which the pump pulse is applied relative to the Hahn echo causes changing of
the de-phasing angle, resulting in changes to the refocused Hahn echo intensity. Thus the
refocused Hahn echo intensity is measured for each time point (t) at which the pump pulse
is applied, giving an oscillating decay in which the frequency of oscillation is equivalent to

the dipolar interaction.t>-17

Vobs

Figure 1.12: The 4-pulse DEER sequence, highlighting observe and detect frequencies and associated pulses.

According to equation 1.22 (repeated from section 1.2.6), the dipolar frequency is inversely
proportional to the cube of the inter-spin distance. This means that faster oscillations are
caused by shorter inter-spin distances, whilst slower oscillations are a result of longer
inter-spin distances. In terms of the experimental set up, longer distances therefore require
measurement of the refocused echo intensity over longer values of t (the spin evolution
time). Since the re-focusing pulse at the observe frequency must occur after the inversion
pulse at the pump frequency, the maximum distance that can be determined using the
DEER experiment is mainly limited by the T, relaxation time of the A spins; the Hahn echo
cannot be re-focused once magnetisation in the xy plane has been lost due to de-phasing.

In order to extend the number and length of time points (in t) over which the DEER trace
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can be measured, hence extending the upper limit for distance measurements, experiments
are typically undertaken at cryogenic temperatures. Additionally, the choice of solvent can
have a pronounced effect on the length of T, for example a fully deuterated sample at low

temperature has a much longer transverse relaxation time than a fully protonated one.1’

2
L= 9Ag48 L °;r31 (1 3cos? ) (1.22)
AB

As was described previously in section 1.3.4, the powder X-band EPR spectrum of a ni-
troxide radical like MTSSL is dominated by anisotropic hyperfine coupling due to interaction
with the *N nucleus, which has a nuclear spin | = 1. Resolution of only the A,, splitting
at X-band frequency results in a spectrum of three lines, with a hyperfine splitting (A;;) of
typically around 100 MHz. The spins A and B in a DEER experiment are typically chosen
such that their resonance positions are toward the low-field and centre of the nitroxide
spectrum, respectively. This might be expected to introduce some orientation dependence
to the DEER experiment, however the excitation bandwidths used act to counteract this.
Excitation bandwidths of the observe and pump pulses used are small enough that spectral
overlap is avoided, but still as large as possible within this limit to achieve the largest
modulation depth. This ultimately means that a large range of orientations are actually

excited by both the pump and observe pulses.1’18

Interpreting the DEER distance distribution

All distance components contribute. The DEER signal obtained will not only reflect
the average inter-spin distance/s within a sample, but also the distribution of distances
around the average value/s. For a short and single inter-spin distance with little distribution
of inter-spin distances about the average distance, the DEER signal will decay steeply and
a single oscillatory frequency will be observed in which oscillations have a pronounced
amplitude. The initial slope decay of the DEER signal becomes less steep for longer
inter-spin distances, and fitting of this provides a good approximation for the average
inter-spin distance within your sample. A DEER trace in which oscillations are unclear,
or dampened, is representative of a wide distance distribution; if we imagine a doubly
spin labelled macromolecule, wide distance distributions are indicative of conformationally
heterogeneous, mobile molecules. In such cases, multiple oscillatory frequencies are in fact
contributing to the DEER signal, each with an amplitude related to the relative population

of interacting spins at each corresponding distance. This results in a DEER trace that
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tends towards being featureless with increasing inhomogeneity, since the various frequency
components destructively interfere with one another and cancel each other out. The
larger the extent of different inter-spin distance relationships within a sample, the wider the
distance distribution will be. For our doubly spin labelled system, the DEER signal contains
both intermolecular and intramolecular contributions. However intermolecular interactions
include a combination of randomly oriented intermolecular spin-spin relationships and so
these result in a featureless exponential decay which can be subtracted for data analysis
as a background contribution. This leaves only the intramolecular oscillating decay for

calculation of this distance distribution.®

Determination of the DEER distribution. The most common method for analysis
(through direct fitting) of DEER spectra is via Tikhonov regularisation. The time-domain
DEER spectrum, also known as the dipolar evolution function, is a combination of what is
known as the form factor, and a background factor. The form factor is the contribution from
B spins interacting with A spins within the same molecule (the intramolecular contribution),
whilst the background factor is the contribution from B spins interacting with A spins of
different molecules (the intermolecular contribution). These factors can be separated for
analysis of the time domain signal, based firstly on the fact that the form factor decays
to a specific value (which is defined as the modulation depth) within the decay time; this
decay time is determined by the maximum distance between spins as well as the distance
distribution of inter-spin distances. The modulation depth is dependant on the number of
interacting spins within the molecule and is calculated relative to the point of maximum echo
intensity which is set to 1. The shape of the time-domain spectrum at times longer than the
decay time of the form factor is governed by the background factor. In most cases, including
those described within this thesis, paramagnetic centres are distributed homogeneously
within solution, whilst the T; relaxation times of A and B spins can be disregarded, meaning
the background factor can be described by a simple exponentially decaying function. In
the dead-time free 4-pulse DEER experiment used throughout our experiments, the signal
intensity at time 't" (V(t)) is normalised to V(0) = 1. Phase cycling is also carried out as
part of the experiment such that receiver offsets are completely cancelled out, meaning
the approximation V(t ¥ 1) = 0 is applicable. Overall this knowledge allows fitting and
subtraction of an appropriate background function in order to remove contributions of

intermolecular interactions.®

Following this background correction, a simulation of the remaining time-domain form factor
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is calculated via Tikhonov regularisation for conversion into the distance distribution, P(r)
(see Figure 1.13). This requires identification of an appropriate regularisation parameter that
will result in a unique solution, without over-fitting the data. The regularisation parameter
involves a weighting between a 'smoothing’ parameter, and minimisation of the root mean
squared deviation. Without smoothing, resulting distance distributions are very sensitive to

signal:noise ratios and as such typically consist of multiple very sharp peaks.*®
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Figure 1.13: An example of DEER data processing via Tikhonov regularisation, showing the primary (raw) data
(top left), background-corrected data (the form factor, top right) and calculated distance distributions (bottom) with
colour-coded confidence bands. The colour-coded confidence bands represent the following: (a) distance ranges
where the shape of the distribution should be reliable (green); (b) where mean distances and widths should be
reliable (yellow); (c) where only mean distances should be reliable (orange); and (d) where data should not be
interpreted (red). This figure was taken and adapted from Worswick2018.2°

A much more recent development in methodologies used for DEER data fitting - DeerNet -
employs artificial neural networks to predict inter-spin distances from experimental datasets.
These neural networks are trained on an expansive database of synthetic DEER traces
computed from randomly generated distance distributions (within realistic limits), including
variable baselines and amounts of noise. The ideal outlook is that once these networks have
been trained on a database of sufficient size, they should be able to solve some or all of the
problems associated with many other fitting routines, including Tikhonov regularisation.?®
The use of DeerNet will be demonstrated at points during the presentation and analysis of

datasets within this thesis, not only for prediction of average inter-spin distances, but also
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to demonstrate the level of uncertainty in these distances in particular cases, which is also

predicted (see Figure 1.14 for an example).
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Figure 1.14: An example of DEER data processing using the DeerNet function within DeerAnalysis.1® (Left)
Raw experimental data (blue line) is given alongside (right) the resulting distance distribution (blue line) and
95 % confidence bounds (pink). This figure was taken and adapted from Worswick2018.20

The affects of spin label and protein dynamics on distribution widths. An intrinsic
part of protein movements are equilibrium fluctuations which occur on multiple time scales,
and with different amplitudes. These fluctuations reflect changes between local energy
minima which might be a result of movements of side chains, flexible loop regions, or
secondary structures and domains. Hence upon freezing of a sample, sampling of such
conformations results in static disorder since it is unlikely that all proteins will be trapped
in a conformation reflecting one single energy minimum. Aside from protein fluctuations,
the intrinsic width of the distance distribution comes from flexibility of the spin label side
chain. For example, MTSSL allows rotation about the linker region, consisting of 4 internal
bonds between the nitroxide ring to the protein backbone. Thus, differences in the rotamers
adopted by attached MTSSL across different protein molecules can alter the distance
between intramolecular SL pairs. This manifests in a wider distance distribution about the

average value.

As such, interpretation of the distance distribution requires some consideration of these
points, in order to separate the intrinsic contribution from that of protein dynamics. The
computer modelling programme MMM was developed for this aim, which utilises a simulated
spin label rotamer library. The programme allows rotamers to be inserted into the protein at
the position of interest (the labelling site) - these rotamers are evaluated for their interaction
energy, taking into account repulsion and van-der-Waals interactions. Populations of each

rotamer, and the overall spatial distribution of rotamers are computed. This is modelled by
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a cloud of all contributing spin label rotamers in space, taking into account their relative
populations. An additional output of this software is a predicted distance distribution from
pairs of rotamers, weighted by their relative populations. Thus experimental results can be
compared with such models for determination of protein conformations adopted in solution

as compared with solved structural models.?*

DEER for probing conformational change. Oftentimes proteins must undergo specific
conformational changes in order to carry out their function. For example membrane
proteins involved in the transport of molecules/ions/electrons across membranes tend
to work via a number of well-defined mechanisms which involve specific movements of
domains. Crystal structures represent a single conformation in space, and can be obtained
in different conformations via locking of specific conformational states, however the affects
of crystal packing and the conditions of crystallisation can result in protein conditions far
from that of the native situation. Results of distance analysis via methods like DEER can
thus be mapped onto structural models for enhanced insight into the biologically relevant

conformations adopted and sampled within such systems.

Such motions are reflected in DEER datasets directly by changes in the average distance
and/or shape and width of the distance distribution between samples. Different confor-
mations might be monitored through addition of specific ions, substrates or inhibitors for
determination of mechanistic changes in conformation. Differences in the average inter-spin
distance/s report on the amplitude of movement exhibited between different states, whilst
the widths of distributions reflect changes in the underlying conformational ensemble. In
the most simple case, spin label rotamers will remain unchanged between different protein
conformations, since changes in this can result in different widths of the distance distribution
as explained previously. This can be checked using RT cw-EPR measurements for samples
in different states and subsequent analysis of spectral shapes, relating to spin label mobility.
Usually, labelling positions are chosen in highly accessible areas regardless of the protein
conformation (again checked via MMM on different structural models of the protein), such
that these effects are negligible. Thus changes in widths and average distances are
reporting directly on protein conformational changes. This technique has been successfully
implemented for a number of membrane proteins, as demonstrated in the following review

chapter.
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1.5 General NMR theory

Nuclear magnetic resonance (NMR) spectroscopy is a commonly used magnetic reso-
nance technique with a huge range of applications, from chemical analysis to biological
studies. Not only does NMR allow for structural determination of proteins in close-to
physiological conditions, its application can be extended to probe protein dynamics,
kinetics, thermodynamics, and ligand-protein interactions. The technique is therefore
routinely used in combination with X-ray crystallography and other structural determination
methodologies, however one major limitation of macromolecular NMR is the size of the

molecules that can be studied; studies are typically limited to proteins smaller than 35 kDa.??

For NMR studies of membrane proteins specifically, sample preparation of high enough
concentration is a common problem. Not only is expression of membrane proteins at
high yield notoriously difficult, but stabilisation of functional protein in a suitable lipid
environment for analysis can also lead to losses. The spectroscopic challenges faced when
probing membrane proteins with NMR differ, based on whether the chosen method utilises
solution NMR, or solid-state NMR (ssNMR). Larger molecules exhibit slower tumbling rates
in solution and thus faster NMR signal relaxation rates. Specifically, faster transverse
(spin-spin) relaxation results in decreases in signal intensity and increased line widths,
hence limiting spectral resolution. For NMR experiments in which complex pulse sequences
with long delays are required, the sensitivity of the experiment is then greatly reduced.??23
Additionally, a large molecule equates to an increase in NMR-active nuclei, making the
observed spectrum much more complex and difficult to analyse. Therefore, solution NMR
experiments of membrane proteins are generally limited to those solubilised in detergent
micelles and perhaps smaller bicelles and nanodiscs. In contrast, since ssNMR is not
sensitive to the effects of protein tumbling due to size, proteins can be prepared in much
more physiologically relevant environments - lipid bilayers. However, the issue of spectral
crowding still remains. Regardless of these limitations, NMR is becoming an increasingly
popular technique for studying membrane proteins, given its vast applicability even without

the need for exogenous labels.??23

The combination of nuclear charge and spin gives rise to a magnetic moment associated
with the nucleus. Nuclei with odd mass numbers have half-integer spin quantum numbers,
whilst nuclei with an even mass number and an odd atomic number have integer spin
guantum numbers; in both cases the nuclei are NMR active, which relies on the presence

of nuclear spin. Nuclei with an even mass number and an even atomic number have spin
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quantum numbers equal to zero, and are thus NMR inactive.?4#2> Magnetic nuclei with
nuclear spin quantum number (I) equal to % most commonly used for NMR experiments
include H, 3C, 15N, 1°F and 3!P. | = ] nuclei have two independent spin states, with m; =
+% and my = % which have degenerate energies in the absence of a magnetic field. This
degeneracy, however, is lifted upon application of an external magnetic field (forming

and states) as is the case with electron spin states in EPR. The splitting between these
states is called the nuclear Zeeman splitting. During an NMR experiment, the NMR sample
containing NMR active nuclei is placed in a strong, homogenous magnetic field (Bg). This
results in alignment of the bulk magnetic moment of each set of NMR-active nuclei with the
applied magnetic field along the z-axis. The spin polarisation moves around the applied
magnetic field (z-axis) in a motion known as precession, at a frequency known as the
Larmor frequency. A radio frequency (RF) pulse (B1) of specified length and magnetic field
strength is applied, perpendicular to Byp; this perturbs the nuclear spins such that the bulk
magnetic moment flips into the xy (transverse) plane. The nuclei continue to precess about
By at characteristic frequencies that differ due to small changes in the local magnetic field

as a result of local protein and solvent structure.?4-26

Maximum transverse magnetisation is achieved by applying a 90 ° pulse (Figure 1.15A),
which acts to equalise the populations of nuclear spinsin and states. The precessing
magnetisation subsequently induces time-dependent current which is detected by a receiver
coil. The signal measured is known as the Free Induction Decay (FID) and is equal to the
sum of all nuclear FIDs for all spins within the sample. Due to the differences in precession
frequencies (Figure 1.15B) exhibited by each spin, the FID gradually loses coherence
and thus the signal intensity diminishes, leading to regained thermal equilibrium. Fourier
transform of the FID then enables observation of the spectrum in the frequency domain
(Figure 1.15C), affording analysis of three main characteristics: chemical shift ( ), intensity
() and line width ( ). The position of a signal in the frequency domain spectrum is defined

by its chemical shift, and is dependent on the local chemical environment of the nucleus.?®
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Figure 1.15: (A) The affect of application of a RF pulse at 90 © to Bp on nuclear spin net magnetisation, which flips to the xy
plane, as shown by the direction of the bold black arrow. (B) Precession of the transverse magnetisation about Bg following
the RF pulse. (C) The FID recorded for the precessing magnetisation (left), and the frequency domain spectrum following
Fourier transform of the FID (right).

1.6 Saturation Transfer Difference (STD) NMR

Recognition processes exhibited by macromolecules, including membrane transport
proteins, are of huge scientific interest owing to the fact that such interactions enable
and control many essential life processes. This includes the recognition processes of
small ligands by macromolecular machines (receptors), which (where there are medical
applications) are of great relevance to the rational design of compounds in pharmaceutical
research. Thus, characterisation of such processes, both structurally and energetically,
at a molecular level plays a key role in this rational design. A number of specific NMR
methodologies have emerged as highly powerful and popular tools for structure-based drug
discovery, including both protein-based and ligand-based approaches.?’ In the early stages
of structure-based drug design (SBDD), ligand-based strategies are useful for the simple
screening of ’hit’ ligands - those which interact with the target molecule. Ligand-based
approaches in fact have many favourable features including: (a) the requirement for more
simple 1D NMR techniques; (b) the ability to undertake experiments without the need for
isotopic labelling of the protein; (c) high sensitivity and fast data acquisition even with low

protein concentrations (nM - low M); (d) no upper limit on protein size (which is particularly
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beneficial for membrane transporters); and (e) protein sample purity is less important
providing that any impurities present are not interacting with the protein in such a way that

might affect its stability or function.

Saturation transfer difference (STD) NMR spectroscopy is one such ligand-based NMR
technique which is routinely used for initial drug screening of many soluble proteins.?®
This experiment is based on the Nuclear Overhauser Effect (NOE), which arises from
through-space dipole-dipole interactions between nuclei. Consider again an | = % nucleus in
the presence of a magnetic field, with populations of spinsin and states corresponding
to thermal equilibrium. These populations can of course be perturbed by a RF pulse at
a frequency which corresponds to the transition frequency, after which point the spins
will relax back to thermal equilibrium. When spins are perturbed by a RF pulse such that
the population of spins in and states are equal, the condition known as saturation is
reached; this condition results in a loss of signal since in order for a transition to occur,
a population difference must be present. Dipolar interaction with neighbouring (typically
within 0.5 nm) nuclear spins then results in a change in intensity of the resonance of these

close-by nuclei, in the phenomenon of NOE.

The NOE builds up slowly in small molecules, and gives rise to an increase in intensity of
neighbouring nuceli resonances; in such cases the effect is positive. In large molecules,
however, the NOE builds up quickly and is negative, resulting in a decrease in resonance
intensity of neighbouring nuclei. In large molecules exhibiting slower tumbling, the NOE
can be transferred from one nucleus to another via spin diffusion - this does not occur with
smaller molecules.?? In STD experiments, a specific proton resonance (typically far from lig-
and resonances) of the target protein is selectively saturated by irradiation with a RF pulse,
such that direct saturation of ligand resonances is avoided. This saturation then rapidly
spreads through the macromolecule via spin diffusion. When a small molecule interacts
and binds with the saturated macromolecules, the apparent molecular weight and rotational
diffusion properties of the small molecule take on those which are representative of the
protein; as such NOE results in saturation transfer to the ligand, from the protein (as shown
in Figure 1.16). Additionally, intra-ligand NOE becomes much stronger, affording further
saturation throughout the resonances of the ligand.?” The STD experiment is only sensitive
for medium-weak binding ligands, since ligand dissociation following saturation transfer
is required for 1D measurements of the ligand resonance intensity. Following saturation
transfer and ligand dissociation, its resonance intensities are much lower as compared with

those in the absence of a saturating RF pulse (measured as a reference spectrum). The




















































































































































































































































































































































































































































































































































































































































































