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Abstract

The research presented within this thesis has utilised 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-II 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 GltPh 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 KD 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 T2

measurements and double electron-electron resonance (DEER) experiments. In addition, a

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

1
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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 = hν (1.1)

in which h is Planck’s constant and ν 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.

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.



3

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 (Ĥ) which includes operators for each different contribution and takes the following

form:1

Ĥ = ĤEZI + ĤNZI + ĤHFI + ĤEEI + ĤNQI (1.2)

where each contributing Hamiltonian term refers to specific interactions. These include the

electron Zeeman interaction (EZI), the nuclear Zeeman interaction (NZI), 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

>1
2 ) 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, µs, 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),2 S is the electron spin and µB is

the Bohr magneton.

µs = ge
µB
h̄

S (1.3)

The orientation of electron spin (and hence the magnetic moment) is quantised, and is de-

scribed by ms = +1
2 and ms = -1

2 states which are energetically degenerate in the absence

of a magnetic field.3,4 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 (ms =

-1
2 ) or anti-parallel (ms = +1

2 ) 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, B0.3,4 The contribution of the electron Zeeman interaction to the spin Hamiltonian is

described by equation 1.4.

ĤEZI = ge . µB . B0 .S (1.4)

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.3,4
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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 hν) 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 Nβ and Nα correspond

to the population of β (ms = -1
2 ) and α (ms = +1

2 ) 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.3,4

Nβ

Nα
= e(∆E/kT ) (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.5

∆E = hν = ge . µB . B0 . S (1.6)
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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 now constrained

by its interaction with the nucleus, within spin orbitals.4 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

ĤEZI = ge . µB . B0 . (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 = hν = geff . µB . B0 . S
′ (1.8)

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

which describes the rate of divergence of spin states as a function of the magnetic field; this
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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.4

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:



gxx gyx gzx
gxy gyy gzy
gxz gyz gzz




In the principle axes (x,y,z) of this matrix, the magnitudes of the six off-diagonal elements

(gxy, gxz, gyx, gyz, gzx, gzy) are equal to zero. Thus we are left with the diagonal compo-

nents, consisting of gxx, gyy and gzz. It is only ever necessary to define these three principle

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

gxx, gyy and gzz.3

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.3 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.4

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 = gyy 6= gzz. In such cases, gxx and gyy might be

described in one term as g⊥, whilst gzz might be termed g‖. Now the resonance condition

is fulfilled at different magnetic field strengths depending on the relative orientation of the
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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 6= y 6= z.

This type of symmetry results in three inequivalent principle g values (meaning gxx 6= gyy 6=

gzz). Examples of isotropic, axial and rhombic EPR spectra are given in Figure 1.3, in which

the relevant g values are labelled.3

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, I) has an

associated magnetic dipole moment; examples of such nuclei include protons (I = 1
2 ) and

nitrogen atoms (14N, I = 1). The magnitude of nuclear spin moments are quantised, and can

assume 2I + 1 discrete orientations which are described by the magnetic quantum number,

ml. 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

quantum 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:3,4

ĤNZI = −gN . µN . B0 . I (1.9)

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



9

µN is the nuclear magneton and I 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 2I+1 nuclear Zeeman levels.3,4 This

effect is demonstrated in Figure 1.4 for an S = 1
2 , I = 1

2 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 ∆ms = ±1, and ∆mI = 0, thus meaning there are two formally

allowed transitions in this case.

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 I = 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

geff . However these magnetic moments do indeed interact, in what is known as the Hyper-

fine interaction (described by ĤHFI 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 |αα>, |αβ>, |ββ> and |βα>, where |α> and |β> refer to the spin states

(1
2 and -1

2 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.3,4 As

a result, 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 = 1
2 , I = 1

2 system.

ĤHFI = I .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, Aiso.6

The anisotropic contribution is a result of dipole-dipole interaction between the electron

and nuclear magnetic moments.1 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 (Blocal) at the electron; thus the

electron feels contributions from both external and local fields. Depending on the angle (θ)

between B0 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 (Beff ).1,3,4

Since the electron is not localised at a fixed point, the energy of the dipolar coupling

interaction (Edip) 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, Edip is averaged to zero.

The hyperfine coupling in such cases is then described as Aiso.6 Meanwhile, for electrons

present within axially symmetric orbitals, such as p-orbitals, Edip 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

Azz.4 Hyperfine coupling constants can be measured directly from EPR spectra, as will be

demonstrated later.

A =



Axx Ayx Azx
Axy Ayy Azy
Axz Ayz Azz


 = Aiso + T (1.11)

T =



Txx Tyx Tzx
Txy Tyy Tzy
Txz Tyz Tzz


 (1.12)

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

Ĥdip = S1 .D .S2 (1.13)

where S1 and S2 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).

D =
µ0

4πh̄
.
gAgBµ

2
B

r3
AB

.



−1 0 0

0 −1 0

0 0 2


 =



−ωdd 0 0

0 −ωdd 0

0 0 2ωdd


 (1.14)

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

ωdd =
gAgBµ

2
Bµ0

4πh̄
.

1

r3
AB

.(1− 3 cos2 θ) (1.15)

where µ0 is the vacuum permeability, µB is the Bohr magneton, gA and gB are the g

factors associated with the two unpaired electrons, rAB is the distance vector between

coupled spins (A and B) and θ is the angle between B0 and rAB. 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.



12

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 rAB 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 Nβ:Nα at 293 K in a 0.34 T (3400 G) magnetic field is ∼1.0016:1,

therefore only slightly favouring the lower energy β 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.3,4

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 90o 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.7

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/dB0 (where A and B0 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.7

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.8

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.9 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.10

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 π 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.10

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
2 , I = 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.

Figure 1.5: (A) The chemical structure of MTSSL (top), with the orientation of the molecular axis shown relative to the external
magnetic field, B0 (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 (Tc), 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
2

, I = 1) EPR spectra
centred at g = 2, for a variety of rotational correlation times (Tc) which are indicated.

At the longest correlation time (Tc = 18 ns) the spectrum nearly resembles that of an immo-

bilised powder spectrum. Gradually, as the rate of rotational motion increases (i.e. as Tc

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 (mI = 1) manifold,

followed by the high-field (mI = -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.11,12

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 π-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

B0 is placed along the z-axis, we observe gzz and Azz components of the nitroxide EPR

spectrum; the equivalent is true for gxx/Axx and gyy/Ayy contributions when we place B0

along either the x or y molecular axes.12

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(z), B(y) and

B(x)). 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 gzz when the magnetic field points along the x,y

and z axes, respectively, moves minimally. Meanwhile the hyperfine contribution along

the molecular z-axis, Azz, is much larger than either Axx or Ayy. This is because the

z-axis lies along the 2p orbital of the π-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

Azz 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 B(x), B(y) and B(z) 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 B0 along the x and z molecular axes, the spectrum is centred to low and high field,

respectively, as compared with the spectrum for B0 along the y-axis.12

The polarity of the solvent also influences the nitroxide spectrum, causing changes in

the Azz and gxx components of hyperfine and g tensors, respectively. A highly polar

environment increases Azz, whilst gxx shifts to lower values. The increase in Azz 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 (B0) 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.13

When an electron, which possesses spin angular momentum, is placed in a magnetic field

along B0, it experiences a torque which causes precession of its magnetic moment about

the z-axis at the Larmor frequency (ωL). The Larmor frequency can be calculated using

equation 1.16,

ωL = −γ .B0 (1.16)

where γ is the gyromagnetic ratio (a constant of proportionality, in r.s−1.T−1). A free 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 (M0) along B0.

Introduction of an additional ’rotating’ frame13 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 B0. 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 ωL = ω0, where ω0

is the microwave frequency. This makes one component of B1 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 B0, application of B1 results in rotation about B1 for the lifetime

of the pulse, according to the following equation 1.17,

ω1 = γ .B1 (1.17)

where ω1 is known as the Rabi frequency. Within the rotating frame, we need only consider

the affects of B1 on M0; this is explained by equation 1.16 since in the rotating frame there is

no precession and hence B0 can be ignored. For example, if B1 is parallel to the x-axis, M0

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 M0 is displaced from the z-axis is described by the tip angle,

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

α = −γ |B1 | tp (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 π/2

pulse is the application of field B1 along the +x direction, which will tip M0 by π/2 (90 o) into

the -y-axis. Detection will therefore be set up along the y-axis. Meanwhile, a +x π pulse

would tip M0 by 180 o 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 B1) is most clearly understood within the static laboratory frame. Let us

consider the application of a +x π/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.3,13

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 π/2 pulse,

after which point net M0 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 (ω) is not equal to the microwave frequency (ω0), 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).1,3,13 This frequency

difference (∆ω) is then equal to:

∆ω = ω − ω0 (1.19)

Magnetisation of off-resonance spins will rotate in either direction about the z-axis, de-

pending on the sign of ∆ω. Thus all the individual frequency components of the EPR

spectrum are represented by rotating magnetisation components in the x-y plane at specific

frequencies, ∆ω. 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 B0 is no longer zero and must again be considered. The consequence of this is that

magnetisation is tipped by the vector sum of B1 and B0, which is also known as the

effective magnetic field (Beff , see Figure 1.8B). As such, magnetisation cannot be tipped

as effectively into the x-y plane since Beff does not lie exactly along B1, 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 ∆ω deviates further from ω (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

(∆ω > ω1), this poses a more significant problem. FID intensity is optimised by maximising

ω1, 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
∆ω off-resonance. (B) The effective magnetic field produced by combination of B0 and Beff

when off-resonance, and the tipping of magnetisation vector, M, about Beff . 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 (T2). 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.

T1 relaxation and the inversion recovery experiment

T1 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.1 A marginally larger population of associated
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magnetic moments will align parallel to B0 (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

π/2 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 π 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.

Figure 1.9: (Top) Comparison of spin populations in α and β states, for an S = 1/2 spin system in
equilibrium (left), following a π/2 pulse (middle) and following a π inversion pulse (right). (Bottom)
The direction of the bulk magnetic moment of the spins in an external field B0 along the +z direction,
for each condition mentioned above. Pulses are applied in the xy plane.

The T1 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 π pulse acts to flip the net magnetisation of spins by 180o 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 π/2 pulse flips spins into the xy plane,

after which point gradual de-phasing of magnetisation in the xy plane occurs; the π pulse

is then applied to flip the de-phasing spins a further 180o, 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 τ 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 π inversion pulse, where Mz(t) is the

magnetisation along the z-axis at a given time, t. The rate constant at which Mz recovers to

thermal equilibrium is the spin-lattice relaxation time, T1.13

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.

Mz(t) = M0 . [1 − exp
t
T1 ] (1.20)

T2 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 ∆ω 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 T2
∗.
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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 π/2 pulse) due to homogeneous broadening is defined by T2 (the

spin-spin relaxation time) and takes on an exponential form,13 according to equation 1.21.

M−y = e
− t

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 τ , 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 T2 relaxation time, via

fitting of the echo intensity as a function of time with an exponential decay.13

Figure 1.11: (A) The pulse sequence for a decaying Hahn echo, for T2 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.14

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.15

The DEER signal measured is the modulation of the refocused Hahn echo amplitude of

one spin population (A, in resonance with microwave frequency νA), when a second spin

population (B, in resonance with microwave frequency νB) 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 (νA), 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 νB known as the pump frequency.15 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 π/2

pulse along the y axis. Due to local field inhomogeneities, including dipolar interactions,

spins precess about B0 at slightly different frequencies and as such de-phasing of the bulk

magnetisation in the xy plane begins. A π pulse is then applied to the A spins which flips

them by 180o, 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 π pulse (referred to as the pump or ELDOR pulse) at
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the pump frequency, which causes flipping of B spins by 180o 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

π 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 π 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.15–17

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 π 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 T2 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 T2, for example a fully deuterated sample at low

temperature has a much longer transverse relaxation time than a fully protonated one.17

ωdd =
gAgBµ

2
Bµ0

4πh̄
.

1

r3
AB

.(1− 3 cos2 θ) (1.22)

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 14N nucleus, which has a nuclear spin I = 1. Resolution of only the Azz splitting

at X-band frequency results in a spectrum of three lines, with a hyperfine splitting (Azz) 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.17,18

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.15

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 T1 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→∞) = 0 is applicable. Overall this knowledge allows fitting and

subtraction of an appropriate background function in order to remove contributions of

intermolecular interactions.19

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.19

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 Worswick2018.20

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.20

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).

Figure 1.14: An example of DEER data processing using the DeerNet function within DeerAnalysis.19 (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.21

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.22

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.22,23

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.22,23

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

quantum 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



34

quantum numbers equal to zero, and are thus NMR inactive.24,25 Magnetic nuclei with

nuclear spin quantum number (I) equal to 1
2 most commonly used for NMR experiments

include 1H, 13C, 15N, 19F and 31P. I = 1
2 nuclei have two independent spin states, with mI =

+1
2 and mI = -1

2 which have degenerate energies in the absence of a magnetic field. This

degeneracy, however, is lifted upon application of an external magnetic field (forming α

and β 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 (B0). 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 B0; this perturbs the nuclear spins such that the bulk

magnetic moment flips into the xy (transverse) plane. The nuclei continue to precess about

B0 at characteristic frequencies that differ due to small changes in the local magnetic field

as a result of local protein and solvent structure.24–26

Maximum transverse magnetisation is achieved by applying a 90 o pulse (Figure 1.15A),

which acts to equalise the populations of nuclear spins in α and β 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 (δ), intensity

(I) and line width (γ). 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.26
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Figure 1.15: (A) The affect of application of a RF pulse at 90 o to B0 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 B0 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.27 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 µM); (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.28

This experiment is based on the Nuclear Overhauser Effect (NOE), which arises from

through-space dipole-dipole interactions between nuclei. Consider again an I = 1
2 nucleus in

the presence of a magnetic field, with populations of spins in α and β 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 α and β 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.29 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.27 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
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difference in resonance intensities between reference and saturated spectra gives rise to

the STD spectrum, in which only resonances of molecules which have interacted in such

a way as to receive saturation from the ligand are observed. This experiment requires that

the dissociation rate koff is greater than the longitudinal relaxation rate of the ligand, hence

it is not sensitive for very high affinity ligands.30

Figure 1.16: Representation of the STD effect, highlighting sat-
uration transfer from protein to ligand protons (symbolised by
proton colour change from black to red), dissociation of the lig-
and from the binding pocket and a resultant decrease in signal
intensity.

The efficiency at which saturation is transferred to different resonances of the bound ligand

is dependant upon the proximity of these protons to the saturated protein in the binding

pocket.31 Thus protons in closest proximity receive the highest levels of saturation, resulting

in the largest STD signals. This method is therefore useful for the general screening of

ligands for protein interaction, and for determination at the atomic level of the ligand binding

epitope. The latter is possible since protons of ligands which bind to the protein are easily

identified from the STD NMR spectrum as they receive the most saturation, making their

signals the most intense.30 Additionally, the STD NMR experiment can be used for KD

determination via ligand titration, as is further explained and demonstrated in Chapter 4 of

this thesis.32



Chapter 2

EPR as an integrative tool for studying membrane

transporters

2.1 Summary

In this review chapter, some examples of recent applications of both continuous wave (cw)-

and pulsed electron paramagnetic resonance (EPR) methods to membrane transport pro-

teins will be summarised. A particular focus has been placed on the use of specific tech-

niques to probe (a) the local environment of exogenous labels attached to proteins, and (b)

measure distances/distance changes as a function of state within doubly-labelled systems.

The implications of these findings discussed, giving insights into the structure-function re-

lationships of these membrane proteins. This section will highlight the use of EPR as an

essential and integrative tool in understanding the functions and workings of such complex

molecular machineries.

2.2 Membrane transport proteins

Biological membranes provide a means for the control of chemical exchange between cells

or organelles and their surroundings. Transmembrane proteins specifically are responsible

for the transport of many important compounds, including sugars, amino acids, nucleotides,

inorganic ions and drugs, both into and out of cells or various cellular organelles (figure

2.1).33 Transporters and channels allow the movement of hydrophilic compounds which

ordinarily would be incapable of diffusion across lipid membranes.34 In most cases, move-

ment of specific molecules across the membrane via a transporter protein is associated

with a fixed stoichiometry of molecules and/or ions, whilst the movement of ions or solutes

through open channels is controlled by channel gating mechanisms and the single channel

conductance.33

38
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Figure 2.1: Schematic representation of membrane transport proteins including channels (green), facilitators (orange),
secondary-active (blue) and primary-active (yellow) transporters. Arrows indicate the direction of substrate or ion movement.

Transporters are further divided based on the energy source used to drive transport, into

uniporters (facilitators), primary-active and secondary-active transporters. Facilitators afford

passive transport across membranes down the electrochemical gradient of specific solutes,

including molecules such as glucose, amino acids and urea. Meanwhile active transporters

create substrate gradients across the membrane via the use of various energy-coupling

mechanisms. Primary-active transporters harness the energy from metabolic sources

such as ATP to afford transport of solutes against their gradients. Examples of such

transporters include ATP-binding cassette (ABC) transporters and ion pumps. Ion pumps

allow movement of specific ions including Na+, K+, H+, Ca2+ and Cu2+ out of cells or into

cellular organelles, and also generate electrochemical ion gradients. Such ion gradients are

typically used during secondary-active transport, in which the movement of ions along their

concentration gradient (passively) is coupled to the movement of a second solute against

its own concentration gradient.35

Since they afford the movement of a diverse array of solutes both into and out of cells and

cellular organelles, membrane transport proteins play a vital role in every living cell and

as such, their malfunction is often linked to severe health-related problems. This class of

proteins is therefore of huge interest for fundamental research, and indeed approximately

60 % of therapeutic drug targets are membrane proteins.36 Despite their importance

and the growing interest in understanding their function, the study of membrane proteins

outside of their natural lipid environment proves challenging. Of fundamental importance is

being able to solve their three-dimensional structure when trying to elucidate the complex

mechanisms of action which govern the structure-function relationships of these proteins.

Regardless of the biophysical technique chosen for this purpose, large quantities of high

quality, functioning protein are required. Whilst advances are being made in this field,

production and subsequent purification of large quantities of membrane proteins is a difficult

task, mainly due to (but not limited to) low expression yields, poor solubility and protein

instability following extraction from the native lipid bilayer.
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Despite the huge number of detergents that have been developed, there remains many

draw backs associated with their use in stabilising membrane proteins. For example, they

can be denaturing due to the lack of a physiologically-relevant lipid membrane environment.

As a result, multiple other membrane mimetics are now used. Liposomes are one of the

most commonly used alternatives, which form a spherical lipid bilayer and thus create an

environment which is much closer to the native one. However, detergents (which are costly)

are still required for reconstitution of proteins into liposomes, which are relatively unstable.

Lipid nanodiscs provide another alternative, which consist of a lipid bilayer surrounded

by a belt of membrane scaffold proteins. Preparation of nanodiscs typically yields a

homogeneous sample, which remains fluid and intact even at very high concentrations.

This is in contrast to sample preparation in liposomes, which often results in very turbid

and viscous samples. However, once again detergents are required for sample preparation,

size control is limited, and nanodiscs tend to give spectroscopic absorbance interference.

Polymer nanodiscs (formed using styrene malaeic acid (SMA)) have more recently been

developed as a membrane mimetic. The SMA polymer is able to directly extract proteins

from the native cell membrane environment, and the size of these nanodiscs can be

controlled to some extent by changing the polymer:lipid ratio used. A limitation once again

is the presence of strong absorbances by SMA in the UV region which is a hindrance for its

use in other spectroscopic techniques. Additionally, SMA is unstable at a low pH making it

unsuitable for use with proteins that require this.

The typical method of three-dimensional structure determination - X-ray crystallography - re-

quires arrangement of the protein in a regular assembly, meaning only single conformations

of these typically very dynamic proteins can be accessed at one time. This leaves many

questions surrounding their biologically relevant conformations and dynamics, the answers

to which must be provided by alternative means.37,38 Another common method used to

determine structural and dynamic information is nuclear magnetic resonance (NMR) spec-

troscopy, however NMR methods are size limited and therefore restrictive.39 Biophysical

techniques providing both structural and functional information on such complex molecular

machineries, specifically for the reliable and accurate determination of distance measure-

ments and conformational restraints, are limited. Single molecule fluorescence resonance

energy transfer (sm-FRET) and electron paramagnetic resonance (EPR) spectroscopies

are most routinely used for this purpose, and often in conjunction with one another for direct

comparison of results. Both are emerging as key tools in underpinning the mechanisms

of complex systems, but for the purpose of this review chapter the main emphasis will be
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on applications of EPR. The combination of advanced pulsed EPR techniques, with careful

sample preparation in the presence and absence of known substrates/inhibitors/ions to

trap complexes in specific states, can afford visualisation of the structure and dynamics

of a membrane protein throughout its transport cycle. This can also be applied to protein

stabilised in different membranous environments, including in vivo, reconstituted protein

in proteoliposomes, protein incorporated into nanodiscs as well as styrene maleic acid

lipid particles (SMALPs), affording information under conditions much closer to the natural

membrane environment than those obtained with detergent.40

Previously, EPR studies of proteins were limited to metalloproteins containing an inherent

paramagnetic centre, or enzymes with paramagnetic cofactors. For EPR studies of proteins

in which an inherent paramagnetic centre is not present, site-directed spin labelling (SDSL)

is commonly employed.41,42 This process affords selective attachment of typically small,

stable paramagnetic probes to specific amino acids of the protein molecule. This is often

made possible by site-directed mutagenesis, meaning variants can be carefully designed

depending on the scientific question being addressed. In contrast to X-ray crystallography

or NMR studies, EPR does not currently allow for the determination of global structural

information. However restraints - including accessibility restraints and distance restraints

- are now highly sought after as unique contributions of EPR to structural biology.43 The

following short review focuses on more recent information gained via EPR techniques on

secondary-active membrane transporters, relating to their structure-function relationships,

with particular emphasis on the determination of inter-label distances, resolving relative

orientations, and measuring distances under physiological conditions and in environments

designed to mimic those which are native (i.e. membrane proteins stabilised within a

lipid bilayer). This will demonstrate the powerful combination of EPR, and specifically

in combination with SDSL, for providing a wealth of information which alongside other

biological, biophysical and computational tools, helps to develop our understanding of these

complex molecular machineries.

2.3 EPR of secondary active transporters

Secondary active transport involves the facilitated diffusion of ions down their concentration

gradient, allowing the uphill movement of a second solute across the membrane, against

its own concentration gradient. The coupled transport of ions and a solute can occur either

together in the same direction (symport), or in opposite directions (antiport).44
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2.3.1 Symport

One well studied group of co-transporters is the sodium-solute symporter family (SSSF),

which catalyse the uptake of a variety of solutes including sugars, amino acids, vitamins and

ions. These proteins use a Na+ gradient to drive the uphill transport of its solutes across

the membrane. PutP, a Na+/proline symporter, is found within both bacteria and archaea

in which it is responsible for the accumulation of proline as a nutrient or compatible solute

under osmotic stress conditions.45

The first EPR studies undertaken on PutP46 utilised continuous wave (cw)-EPR mea-

surements to probe the possibility of a then-recently proposed 13-helix model of PutP.47

Site-directed labelling was employed on select cys-variants, followed by room temperature

(RT) cw-EPR studies for information on label mobility and environment with respect to

the membrane. The variants designed for study were focused on several transmembrane

domains (TMs) and loops. Attached spin labels which were predicted to be buried in the

TMs displayed more restriction and lower accessibility as compared to those attached to

residues predicted to be exposed on the surface, strongly supporting the proposed 13-helix

model. Changes in nitroxide mobility observed in 2 of the 16 tested positions suggested

that conformational change induced by proline-binding affects only small, specific regions

- specifically TM11 and loop 2 - of the protein. Following this, a combination of cw-and

pulsed EPR methods were applied for the determination of inter spin distances in doubly

spin labelled variants of PutP E. coli, affording insights into the unknown three-dimensional

structure.48 An inter-spin distance of 4.8 nm between residues in loops 4 and 7, measured

using double electron-electron resonance (DEER) spectroscopy, strongly supported pre-

dictions that these loops are situated on different sides of the membrane. Shorter average

inter spin distances were additionally found between labels attached to residues in loops 2

and 4 as well as loops 2 and 6, and broad distance distributions implied high flexibility in

the loop regions studied. Finally, Na+ binding was shown to induce conformational change

by a change in distance between labels at positions 37 and 187. This study demonstrated

for the first time distances between amino acids in PutP, and how these distances change

in the presence of Na+ within its tertiary structure. The use of DEER spectroscopy was

later extended to ab initio structure determination, specifically the backbone structure of

TM domain IX of PutP from E. coli.49 In order to accomplish this, DEER measurements

were undertaken on 16 site-directed doubly spin labelled PutP variants, reconstituted into
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proteoliposomes. When modelled, the resulting distance distributions revealed a kink in this

TM domain (recently proposed to be involved in the translocation pathway) close to residue

341 involved in substrate binding; this kink was predicted to act as a hinge, affording the

opening and closing of an inwardly-facing cavity.

An example of the integrative nature of EPR and in particular DEER spectroscopy was

demonstrated by the formation of a computational model of the helix bundle of PutP, deter-

mined using a combination of experimentally-determined distances (DEER) and template

restraints.50 cw-EPR experiments were also conducted on spin labelled variants for the

analysis of spin label mobility and polarity of the surrounding environment, giving insight

into secondary structure elements as well as rearrangements of the external loop (eL) 9

in the absence and presence of Na+ and/or L-proline. Results of this study supported the

idea that eL9 is involved in controlling access to ion and substrate binding sites. This model

was later advanced following further DEER experiments, utilising the resulting distance

distributions between more site-directed pairs of labelled residues.51 The role of a second

loop, eL4, was also probed and all 31 positions of eL4 in PutP - residues 294-324 - were

targeted by cysteine-scanning mutagenesis.52 Following this, site-directed spin labelling and

EPR experiments were conducted at each position. For inter-spin distance determination

double cysteine variants were subjected to SDSL before DEER measurements were carried

out. A combination of information on spin label mobility, polarity and accessibility of sites for

paramagnetic quenching agents, along with inter-spin distances of doubly-labelled variants,

afforded structural information about eL4 and provided evidence for structural changes

upon addition of Na+ and/or L-proline. It was found that the structure of eL4 in PutP is

composed of two helical segments - eL4a and eL4b - and results suggested that eL4 plays

a role in the transmission of mechanical force during the transition between outward-open

to inward-open conformations in this transporter, and those related.

A crystal structure of vSGLT (Vibrio parahaemolyticus sodium/galactose symporter) of

the SSSF gave the first indication that SSSF proteins have a core architecture similar to

that of LeuT, a leucine transporter from the unrelated neurotransmitter sodium symporter

(NSS) family.53 NSS membrane proteins are hugely important for transmitter uptake at

the chemical synapse, utilising Na+ electrochemical gradients for the uphill transport of

neurotransmitters. Dysfunction of the NSS proteins has been linked to diseases including

depression, schizophrenia, epilepsy and Parkinson’s disease. These proteins are both

targets for specific therapeutic drugs, as well as addictive substances including cocaine and

amphetamines.54
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EPR studies have been undertaken on LeuT by a single research group, and together

with other crystallographic and biophysical studies have aided in the understanding of

LeuT’s conformational dynamics. Initially, 41 single and 6 double cysteine variants were

produced and spin labelled, and EPR studies were carried out on protein reconstituted

into proteoliposomes.55 It was found that Na+-binding induced a dynamic outward-facing

conformational state, largely mediated by extracellular loop (EL) 4. Leucine binding caused

both local and global conformational changes of a different nature to those exhibited by

inhibitor-bound LeuT. These results suggested that crystal structures available at that

time were representative of inhibited conformations of LeuT. In a second study, distance

measurements were used to understand the conformational changes that occur on the

extracellular and intracellular sides of the protein, induced by Na+ and leucine binding.56

Motifs studied at both ends sampled open and closed conformations when the protein was

in the apo state, whilst addition of Na+ ions/substrate shifted the conformational equilibria

indicating a key role of the studied motifs in substrate binding and translocation. A key

finding of the study was the role of TM6 and TM7 specifically in the coupled movements of

extracellular and intracellular sides of the protein, the nature of which ensures that at any

one time only one side of the transporter is open. From this, a model of LeuT transport was

predicted by the authors (Figure 2.2).

Figure 2.2: Predicted mechanism of transport by LeuT. This figure was taken from Kazmier2014.56

Mhp1, a Na+/benzylhydantoin symporter from Microbacterium liquefaciens, is a secondary

active transporter of the nucleobase-cation-symport-1 (NCS1) family. Within this family there

are at least 800 known homologues across multiple domains, which between them transport
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a multitude of substrates.57,58 The crystal structure of Mhp1 again displays similarities to

members of the SSSF, and to LeuT, despite sharing relatively low sequence identity. Each

of these proteins is believed to operate via an alternating access mechanism. There is a

single EPR study published on Mhp1, which employed SDSL with DEER spectroscopy to

probe the conformational changes associated with this alternating access mechanism. They

found that in the apo state, the protein samples outward- and inward-facing conformations

in an equilibrium. Whilst Na+ binding was not found to affect this conformational equilibrium

(unlike in the case of LeuT), it does increase the affinity of the protein for its substrate, the

binding of which induces large-scale conformational movement.59 A model for substrate/ion

binding and transport was again predicted based on the results of these studies (Figure 2.3).

Figure 2.3: Predicted mechanism of transport by Mhp1. This figure was taken from Kazmier2014.59

BetP of Corynebacterium glutamicum is a well characterised Na+/glycine betaine trans-

porter belonging to the betaine/choline/carnitine transporter (BCCT) family; BetP also

contains the LeuT-like fold at its core according to crystal structures.60,61 An initial EPR

study of BetP employed SDSL, cw-EPR and DEER studies to probe C-terminal domain

dynamics, aiding in the understanding of its importance in the osmosensory and osmoregu-

latory properties that BetP displays. Analysis of RT cw-EPR spectra for C-terminal cysteine

variants led to the conclusion that reconstitution affords an increased interaction of the

CTD with adjacent structures - these could be other domains of BetP itself, or alternatively

the surrounding lipid bilayer. Activation of the transporter by osmotic stress appeared to

have little consequence to the spin label mobility, whilst distance determination via DEER

experiments suggested that the core structure of the trimer in liposomes is distinctly different

when compared with that observed in solved crystal structures.62 More recently, distance

restraints as a result of DEER measurements of double cysteine variants (2 cysteines

per protomer) were used in combination with ensemble-based metadynamics simulations.

This afforded the testing of the relevance of each conformational state of the protein (in

proteoliposomes) as inferred from DEER studies, since some did not agree with the confor-
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mations exhibited in crystal structures of BetP, as is often the case.63. This is yet another

example of how the results of EPR studies can be used in combination with other tech-

niques and principles to underpin the structure, function and dynamics of these machineries.

GalP (galactose permease) couples proton and monosaccharide transport and is a member

of the major facilitator superfamily (MFS). The MFS contains membrane proteins which

transport a diverse array of substrates including ions, drugs, nucleosides, amino acids,

neurotransmitters, peptides and sugars.64 GalP itself is the closest homologue from

Escherichia coli to the human glucose transporter GLUT1; GLUT proteins are essential for

the maintenance of glucose homeostasis throughout the body, with their dysfunction being

linked to a number of diseases including type 2 diabetes.38 Another symporter belonging to

this family, whose structure and function has also been investigated using EPR methods is

LacY, the lactose permease of Escherichia coli which couples proton and galactopyranoside

translocation across the membrane. This monomeric protein consists of twelve transmem-

brane α-helices arranged in two 6-helix bundles with an interior hydrophilic cavity,65 and

the combination of various studies indicates that LacY operates via an alternating access

mechanism.66

Solved three dimensional structures of GalP, in contrast to LacY, were not available at the

time of published EPR studies on this system, however predicted models suggested a tightly

packed assembly consisting of 12 membrane-spanning α-helices. The first EPR study

of GalP utilised SDSL on protein overexpressed in plasma membrane vesicles, targeting

residue cys374 which was already known to block activity of the protein upon any chemical

modification, including labelling. Three differing spin labels were used to investigate the

rotational diffusion rate of the protein in its natural membrane environment. Spin labelling

results gave an indication that residue cys374 is close to residues of the sugar binding site,

whilst label mobility and saturation transfer EPR techniques suggested that the label is

highly constrained and therefore buried. Additionally it was predicted that the proposed

12-transmembrane helix assembly was in fact less tightly packed than models at the time

suggested.67 A second EPR study later probed lipid-protein interactions of the protein in

vesicles of the inner membrane. In this case, spin labelling of the lipids (rather than the

protein) was employed yielding GalP protein in a surrounding environment of labelled lipids.

The resulting cw-EPR measurements revealed highly restricted spin label motion; this was

in agreement with the prediction that GalP has a largely hydrophobic surface which will

interact with the inner membrane.68
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A single EPR study was undertaken on LacY in which DEER measurements were used

to probe the proposed alternating access model, and specifically inter-helical distance

changes between apo and sugar-bound states. Cysteine pairs were introduced to trans-

membrane helices on either the cytoplasmic or periplasmic sides, for both WT LacY as

well as a conformationally locked variant. Distance changes of opposite sign between

cytoplasmic vs periplasmic pairs for WT LacY inferred the simultaneous closure of the

inward-facing cytoplasmic cavity and opening of a cleft on the periplasmic side. In the

conformationally locked variant however, whilst there appeared to be closure on the

cytoplasmic side, little conformational change was observed on the periplasmic side upon

sugar-binding. These results were then utilised in computational simulations to develop a

model for LacY sugar-induced conformational change.69

Note that a review on the multiple published EPR studies of GltPh (a secondary active

symporter) has been purposefully left out of this chapter, and is instead discussed in section

4.4.3, since this results chapter presents multiple spectroscopic studies of GltPh.

2.3.2 Antiport

The Na+/H+ antiporters are a family of membrane transport proteins responsible for the

maintenance of both pH and Na+ concentration within cells, and are found throughout all

biological kingdoms70,71. When the concentration of either of these ions becomes too high

they become potent stressors, affecting the correct functioning of the cell and its proteins.

NhaA of Escherichia coli is one of the most extensively studied Na+/H+ antiporters; NhaA

was first shown to exist as a dimer, with monomers of 12 transmembrane segments, in 2D

crystals. By utilising the electrochemical H+ gradient across the membrane (i.e. in a pH-

dependent manner), NhaA catalyses the exchange of H+ for Na+ across the cell membrane.

The first EPR study on NhaA utilised cw-EPR and DEER measurements to investigate both

the local environment of the attached label, as well as the biological assembly of the protein.

Residues were chosen for spin labelling based on their positions in domains proposed to

undergo pH-dependent structural changes, in the context of proteoliposomes.72 cw-EPR

measurements revealed pH-dependent changes in spin label environment for one spin

label position, indicating conformational change locally. Accessibility measurements using

water or lipid soluble paramagnetic quenchers revealed that spin label side chains in both

positions studied were in apolar environments, most likely interacting with the lipid bilayer.

DEER measurements on each singly-labelled variant also gave a clear indication that in its
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biologically active state NhaA does indeed exist as a dimer, corroborating the results of the

2D crystal data mentioned previously. DEER measurements were later extended to multiple

other single cys-variants of NhaA in proteoliposomes, for an enhanced understanding of the

physiologically relevant protein structure.73 Results were compared with previously solved

2D and 3D crystal structures to further inform on NhaA’s dimeric nature, including points of

contact, pH dependence and any resulting conformational change.

The plasma membrane Na+/H+ exchanger isoform 1 (NHE1) is a human Na+/H+ antiporter

similar in structure and function to NhaA.74 A structural model of NHE1’s transmembrane

domain was produced based upon the solved crystal structure of NhaA, and EPR investi-

gations were used to inform on the importance of TM4 and TM10-11 in inhibitor binding.

Inter-spin distances between the labelled residues A173C (TMIV) and I461C (TMXI) were

measured under apo vs inhibitor bound conditions, as well as in an environment of lower

pH. Both the binding of cariporide, an inhibitor of NHE1, and acidic conditions rendered

shorter inter-spin distances than in the apo case.

Antiporters of the MFS family whose structure and dynamics have been investigated

using EPR spectroscopy include OxlT of Oxalobacter formigenes (an oxalate/formate

exchanger)75, LmrP of Lactococcus lactis (a multidrug transporter)76 and EmrD of Es-

cherichia coli (a drug/H+ antiporter).38,77,78 As described previously, members of the

MFS share a common fold consisting of both N-terminal and C-terminal domains, each

containing six transmembrane segments, with a cytoplasmic loop connecting the two.

The gram-negative anaerobic bacterium Oxalobacter formigenes plays a role in oxalate

degradation in the large intestine of humans. OxlT itself is present in the inner membrane

of O. formigenes, in which it facilitates exchange of oxalate and formate. A study in 2014

utilised EPR spectroscopy to test specific hypotheses based on a previously published,

experimentally tested GltP-based homology model of OxlT.79 SDSL in combination with cw-

EPR demonstrated that spin labels in sites S143C and S336C are separated by 8 Å under

substrate-bound conditions. Both of these positions lie within GxxxG-like motifs which are

known for their involvement in helix-helix interactions, and this experimentally-determined

distance demonstrates that TM5 and TM11 come into close proximity during substrate

translocation. DEER measurements for longer range inter-spin distance determination

gave evidence for both inward-open and outward-open conformations in the presence of

substrate.

LmrP utilises the downhill movement of protons for the expulsion of a variety of substrates,
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including antibiotics, anticancer drugs and other cytotoxic compounds,76 and for this reason

LmrP has been implicated in multidrug resistance in cells. An initial EPR study involved

the use of singly- and doubly-labelled variants for probing transport-induced conformational

change. Results revealed distinct substrate-induced conformational rearrangements of helix

VIII, implying that access of drugs to the binding pocket is likely controlled (at least in part) by

the interface between N- and C-terminal halves of this MFS protein. Conformational change

was also observed upon selective protonation of key residues.80 DEER measurements

between different TMs were later used to investigate the conformational states sampled by

LmrP, any conformational equilibrium exhibited in the apo state and how changes in pH or

addition of substrate might displace this equilibrium. A key finding was that LmrP exhibited

and sampled at least two conformations, outward-open and outward-closed, and that the

transition between these two states is controlled and driven by a change in the protonation

state of specific residues. From this it was suggested that the conformational changes

required for transport are afforded by the presence of a proton gradient which occurs

via a proton relay between specific residues. A transport cycle was proposed based on

these extensive DEER experiments in which substrate binding stabilises the outward-open

conformation, through which the binding site is exposed to extracellular protons. Following

this, protonation of key residues which coordinate the substrate allows substrate release to

the extracellular side. This then results in further conformational changes, affording proton

movement and release to the intracellular side.81

EmrD was the first drug/H+ antiporter of the MFS to be structurally characterised.38,77,78 Its

crystal structure revealed a general structure similar to other members of the MFS, however

in this case the large internal cavity was occluded to both the cytoplasmic and periplasmic

sides,82 a state believed to be unstable and intermediary. SDSL in combination with EPR

was employed to probe the conformations exhibited by EmrD in a native-like environment,

reconstituted into proteoliposomes. 76 positions across six of the twelve transmembrane

helices were identified for SDSL, and the mobility and accessibility of each attached label

was analysed. Whilst much of the EPR data did in fact align with that of the crystal structure,

some deviations in terms of the conformations in specific regions were apparent; specifically

the orientation of TM5 and topologies of TMs 10 and 11. pH-dependent conformational

change was also observed, in which a low pH resulted in opening of the cytoplasmic side

based on an increase in mobility and accessibility of attached labels in the cleft formed by

TMs 2-4. At the same time, a decrease in label mobility was observed at a residue facing

the periplasm on TM6, indicative of simultaneous closure on the periplasmic side. Both in

vitro and cell-based functional assays were attempted, however any significant multidrug
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transporter activity was not reproducible, posing doubts as to the suitability of EmrD as a

model for other MFS drug/H+ antiporters.78

NorM is a membrane transporter belonging to the multidrug and toxic compound extrusion

(MATE) family, and was the first of its kind to be classified.83 MATE proteins are found

throughout all kingdoms of life; in bacteria they play a key role in antimicrobial resistance, in

plants they are important for detoxification of metabolic products, and in mammalian kidneys

and livers they are essential for the excretion of toxic compounds.84 Whilst the majority of

MATE proteins act as Na+/drug antiporters, a few have been found to utilise H+ gradients in

addition to, or instead of Na+ gradients. In terms of substrate specificity, the MATE proteins

transport a wide variety of structurally unrelated molecules, with fluoroquinolines such as

norflaxacin being recognised substrates of almost all MATE proteins.85 Two X-ray crystal

structures of Vc-NorM (of Vibrio cholerae) served as a basis for the structural components

believed to be conserved throughout the entire class of proteins, which between them share

approximately 40 % sequence similarity. These structures revealed an arrangement of two

bundles, each containing six transmembrane helices, connected via a cytoplasmic loop,

with a large extracellular-facing internal cavity.86

An EPR study carried out by Steed et al. used a spin-labelled derivative of the NorM

substrate daunorubicin, known as Rubolxyl, to investigate the position of substrate binding

and translocation in Vc-NorM, with a particular focus on the affects of Na+ on this process.

cw-EPR line shapes were analysed and compared for free and bound Ruboxyl, the latter of

which gave rise to a highly immobilised species indicative of a sterically hindered substrate

binding site. Evidence of inhibitors acting to block substrate binding was also apparent from

cw-EPR measurements, as was an indication that Ruboxyl binds not only in the high-affinity,

main binding site, but also elsewhere in a non-specific fashion. The extent of Rubolxyl

binding in the presence and absence of Na+ was virtually identical. DEER measurements

were conducted to probe this idea of non-specific binding by monitoring echo modulation

depth (which is proportional to the number of interacting spins) as a function of protein to

Ruboxyl excess. Addition of an inhibitor was shown to greatly reduce this modulation depth,

presumably through substrate displacement. Distance measurements were also obtained

for singly-labelled NorM with the bound paramagnetic substrate, with protein labelling

positions chosen at the ends of helices proposed to surround the putative high-affinity

substrate binding site. One single, specific binding site was inferred from these results

when using an excess of protein:ligand, and the defined distances measured allowed the

location of this binding site to be determined in the periplasmic cleft. Interestingly, the same
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measurements conducted in the absence vs presence of Na+ showed little difference,

indicating no change in substrate position as a function of Na+. It was concluded that

substrate translocation may be dependent on the presence of a Na+ concentration gradient,

which is cannot be achieved with detergent micelles, and thus further investigation was

required.87

A second EPR study was carried out more recently in which DEER and subsequent

inter-spin distance determination on the periplasmic side of Vc-NorM highlighted specific

Na+, H+ and substrate-induced conformational states. In the apo state, distance distri-

butions were convoluted with multiple components; such results are typically attributed to

conformational fluctuations as was believed to be the case here. However addition of Na+

appeared to stabilise an outward-facing state, whilst binding of doxorubicin suppressed the

longer distance seen with Na+, and instead increased the population of shorter distances.

It was suggested that Na+ and doxorubicin therefore stabilise distinct, different conforma-

tional states of the transporter. pH-dependent conformational change was also observed,

indicating a role for H+ ions also in the mechanism of action exhibited by NorM, and

distinct structural changes of TM1 induced by Na+ and H+ were experimentally observed

for the first time. Site-directed mutagenesis allowed specific residues to be identified as

having a role in H+- and Na+-driven conformational change, as well as stabilisation of the

substrate-bound state. H+ and doxorubicin binding were found to be mutually exclusive,

indicating a role of protons in the release of substrate following translocation.88

2.4 Conclusions

Membrane proteins, as demonstrated by the examples used in this review section, are vi-

tal for proper cellular function, with their dysfunction linked to a huge number and variety

of sometimes life-threatening illnesses. Crucial to our understanding of their functions and

mechanisms is knowledge of their structures at an atomic level. Crystallography remains the

primary method used for 3-dimensional structure determination of proteins, nucleic acids,

protein-nucleic acid complexes and complex molecules with large molecular weights. A

huge advantage of this technique is that it is not size-limited, and the level of detail provided

would not be possible using spectroscopic techniques. Indeed, the structures provided by

crystallography are required as a starting point from which to base many of the spectro-

scopic experiments conducted on such molecules, as has been demonstrated in this review.

However, practically speaking this process is difficult, and the results typically provide just a
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snapshot of the possible conformational states exhibited by these proteins, and in conditions

far from those which are physiologically true. Knowledge of the conformations sampled is

vital if we are to fully and correctly understand how these proteins function, especially when

working towards medicinal solutions to their dysfunction. EPR spectroscopy is a method

very capable of supplying such information, via analysis of spin label environment, inter la-

bel distance determination, and overall protein dynamics. As with any technique, there are

some disadvantages to be considered surrounding sample preparation and measurement of

EPR data. For example site-directed mutagenesis for the deletion/insertion of amino acids to

attach to exogenous spin labels should be carefully considered, in order to prevent alteration

to the native 3-dimensional structure or function of the molecules under study. The fast relax-

ation of unpaired electrons also means that experiments must be conducted at extremely low

temperatures, meaning specialist equipment must be used and sample preparation should

be done extremely carefully such as not to affect protein function. Data analysis typically

involves spectral simulation, for which there may be multiple solutions. However, the com-

bined use of such biophysical studies and crystal structures is extremely informative, and

EPR spectroscopy serves as one of the many powerful and integrative tools for the study of

macromolecular machineries that govern life throughout all kingdoms.



Chapter 3

Investigating conformational states and binding

modes of MamM-CTD using advanced EPR

techniques

3.1 Summary

The following chapter presents firstly, an introduction to the cation diffusion facilitator

family (CDF) of membrane proteins, including their biological role and general structure.

The role of CDF (and other) proteins within magnetotactic bacteria, for the formation of

magnetosomes, is then explained with reference to current literature. EPR investigations of

the C-terminal domain of MamM - a CDF protein of the magnetotactic bacterium Magne-

tospirillum gryphiswaldense - are presented in which metal binding-induced conformational

change is probed, in addition to metal selectivity, binding stoichiometry, relative metal

binding affinities and allosteric effects. Results are finally discussed in a wider, biological

context in which conclusions are made as to how these studies contribute to our knowledge

of the structure-function mechanisms of CDF CTDs.

Here it is noted that specific sections of the results presented within this chapter also

contribute to published manuscripts, in which I am a co-author. These manuscripts are

given (in full) within the appendices of this thesis; experimental results undertaken by

collaborators forming part of these publications, which are discussed in relation to my own

EPR investigations, are referenced appropriately throughout the text. Meanwhile, any EPR

data which has formed a part of these manuscripts has been edited and reformatted for

inclusion within this thesis.

53
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3.2 The cation diffusion facilitator (CDF) protein family

A large number of cellular functions within biological systems are reliant on the presence of

heavy divalent metal cations at low cellular levels. Such processes include DNA synthesis,

transcription, efficient enzyme activity, intracellular signalling and apoptosis, to name a

few.89,90 However high cellular concentrations of ions including Zn2+, Cu2+, Ni2+, Mn2+

and Fe2+, can quickly lead to cytotoxic conditions, and hence maintenance of these levels

is essential for cellular function. This is afforded (in part) by transport systems which have

evolved within living organisms specifically for the movement of these cations.91

3.2.1 The biological role of CDF proteins

Cation diffusion facilitator (CDF) proteins are a family of transporters found in all domains

of life, for example in the bacterial cell membrane and vacuolar membranes of plants and

yeast, and in the Golgi apparatus of animals cells.92 These proteins play a role in the

efflux of heavy-metal ions, thereby helping to regulate cellular metal ion homeostasis,

affording tolerance to trace elements.89 In most cases CDF proteins catalyse the transport

of cytoplasmic divalent metal cations through membranes, either into extracellular space or

intracellular compartments, by exploiting proton motive force.93,94 As a result of phylogenetic

analysis, the CDFs were originally split into three major groups, which are dependent upon

substrate specificity: (1) Zn2+-CDFs, (2) Fe2+/Zn2+ transporters and (3) Mn2+-CDFs95.

The most recent phylogeny however contains 18 clades, of which 13 contain at least

one characterised CDF transporter, with the remaining 5 containing only uncharacterised

CDFs.96

CDF function has been shown in a number of bacteria to influence metal toler-

ance/resistance and cellular homeostasis through metal ion efflux. It is also believed

that bacterial CDFs may be implicated in antibiotic resistance,97 whilst MamM and MamB

- CDFs found within magnetotactic bacteria (MTB) - contribute to magnetosome formation

via the transport of Fe2+.98

Human CDF proteins are named the zinc transporters (ZnT), also known as the solute

carrier family - SLC30, and in total 10 ZnT proteins have been identified.99 These proteins

allow and help to control the translocation of Zn2+ across cellular membranes for mainte-

nance of appropriate and safe cytosolic Zn2+ concentrations, typically within the picomolar

range.100 Of the 10 known ZnT proteins, ZnT1 is proven to reside solely in the CM, where
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it carries out Zn2+ translocation from the cytoplasm out of the cell into the extracellular

space.101 Other ZnT proteins typically reside in the membrane of intracellular organelles for

the binding and transport of Zn2+ into these specific compartments. Transport has been

shown in multiple ZnT proteins to occur via a M2+/H+ antiport mechanism, utilising proton

motive force.102–105 Currently there are no solved crystal structures of any mammalian

CDF transporters - instead, bacterial homologues provide the bulk of structural information

currently known about this protein class.

3.2.2 CDF protein structures

The CDF transporters are believed to share a conserved architecture, consisting of a

transmembrane domain (TMD), made up of 6 transmembrane α-helices and a cytoplasmic

N-terminus, and a relatively large cytoplasmic C-terminal domain (CTD).89 The X-ray

structure of the Zn2+/Cd2+-transporting protein YiiP in complex with Zn2+ from Esterchia

coli, described as exhibiting an outward-facing state, was the first solved structure of an

entire CDF transporter in 2007.106 This study reveals a homodimeric protein, in which the

presence of two bands of aromatic side chains help to envisage the boundaries of the

membrane-embedded region of the protein. This structure also shows two CTDs protruding

into the cytoplasm, juxtaposed so as to form the major dimerisation interface.106 The YiiP

protein has been described as a Y-shaped protein, in which the TMDs are separated by

approximately 20 Å forming the ’arms’ of the homodimer, whilst the CTDs which are linked

to their corresponding TMD via an intracellular loop form the ’stem’. In each protomer, the

CTD adopts a metallochaperone-like fold, and each entire protomer binds four Zn2+ ions.

An equivalent yet higher resolution structure was later obtained using X-ray crystallography

by same group in 2009.107

Cryoelectron microscopy (cryo-EM) in combination with molecular dynamics was later used

to identify an inward-facing state of the closely related YiiP from Shewanella oneidensis in

what was believed to be Zn2+-free conditions, hence giving further insight into the mecha-

nism of action of these transporters via visualisation of different conformational states.108

This structure however is of very low resolution, which has more recently been extended

from 13 Å to 4.1 Å once again utilising cryo-EM.109 In this case significant electron density

is found in three sites previously shown to house Zn2+ ions in X-ray crystal structures,

despite the supposed Zn2+-free conditions used. Considering this, Zn2+ ions were used

in structural refinement revealing coordination sites very similar to those found previously
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in X-ray crystal structures. When this structure is compared to that of Zn2+-loaded YiiP

in an outward-facing state (Figure 3.1), differences can be identified at an atomic level.

These include an observed rocking and twisting of a 4-helix bundle in the TMD, which

both houses a Zn2+ transport site and controls the accessibility of this site within each

monomer. Additionally there is a distinct movement of the membrane-spanning domains;

the inward-facing state shows the two in close proximity to one another, whilst they are more

separated in the outward-facing state. The significance if this vast ’scissor-like’ movement

was tested via in vitro analysis of cysteine cross-linked variants during Zn2+-transport

assays, the results of which indicate that such a movement is not in fact necessary for

substrate binding and transport. Instead the observed ’opening’ of the TMD arms in the

outward-facing state is attributed to the detergent conditions used for structural analysis,

which does not limit movement of proteins in the same way a native surrounding membrane

would. Site-directed mutagenesis was also carried out in select regions of the CTD, yielding

no affect on dimer stability and therefore suggesting that the dimer must gain substantial

stability from interactions between the TMDs.

Figure 3.1: Cartoon representation of the outward-facing YiiP homolog from E. coli (left) and the inward-facing YiiP
protein from Shewanella oneidensis (right), with TMs 1, 2, 4 and 5 shown in surface representation highlighting
large-scale conformational changes. Grey spheres represent bound Zn2+ ions. Figures were produced using
Pymol - The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.

Many other structural studies undertaken on the CDF proteins have been predominantly

focused on the cytoplasmic CTDs, of which a number of crystal structures have been

solved (see Figure 3.2). This focus is primarily due to the difficulties associated with

transmembrane protein purification and crystallisation. Determined CTD crystal structures

include the Zn2+-bound and apo forms of CzrB from Thermus thermophilus,110 the apo

form of TM0876 from Thermotoga maritime111, MamM and MamB from Magnetospirillum
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gryphiswaldense MSR-1 (MSR-1).112–116

Apo and Zn2+-loaded CTD crystal structures of CzrB were solved by X-ray crystallographic

modelling to resolutions of 1.7 Å and 1.8 Å respectively, yielding homodimeric structures.

Each protomer of the apoprotein is highly structured, with a polar surface and a hydrophobic

core, and made up in total of three β-strands and two α-helices. The dimer adopts a distinct

V-shape with the membrane-connecting end splayed apart, similar to the CTDs of published

YiiP structures, and with flattened β-sheets facing one another at the dimer interface. The

Zn2+-bound structure displays only minor changes in protomer secondary and tertiary

structure as compared to the apo state, the likes of which are assumed to be important

for metal ion binding. The most dramatic of changes involves the arms of the V-shaped

CTD, which appear to come closer in proximity along the flat surfaces of the β-sheets, via

a hinge-like motion. Overall there is a 18.2 Å decrease in distance between the N-termini

of the apo and Zn2+-bound forms. It is postulated that only 3 of the 4 Zn2+ ions shown

in the bound structure are physiologically relevant, with two binding sites showing distinct

similarities to two zinc states in the CTD of YiiP.110

Another comparative crystal structure belongs to the CTD of TM0876, from Thermotoga

maritima. The monomeric structure of this protein is similar to that of the apo and

Zn2+-bound forms of CrzB-CTD. This protein also adopts a V-shaped form within its

dimeric structure, with highly conserved residues thought to be involved in Zn2+-binding

in CzrB. Interestingly, the opening angle of the two N-terminal arms of the apo CzrB-CTD

and TM0876-CTD structures are different, which could indicate that they may in fact be

flexible in nature, as oppose to being confined to one specific conformation. This in

turn is believed to aid in regulation of ion binding and transport.111 Each of these solved

CTD structures, including that of the YiiP protein and its homolog, includes the same

metallochaperone-like fold, despite the overall distinct lack of sequence homology between

the proteins. This type of fold is commonly involved in the trafficking and transport of metal

ions from the cytoplasm. This often works through the formation of a metal donor:acceptor

interface, with the acceptor being the relevant transport machinery for a particular system.117
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Figure 3.2: Overlay of (left) CzrB, MamB and TM0876 apo-form (PDB codes: 3BYP, 5HO5 and 2ZZT respectively) and (right)
CzrB, MamB and YiiP metal-bound (PDB codes: 3BYR, 5HO1 and 3H90 respectively) CTD structures. Structures are shown
in cartoon representation, and figures were made using UCSF Chimera (version 1.14).118

X-ray crystal structure determination of the CTD belonging to MamB, another membrane

protein of magnetotactic bacteria, was more recently attempted for MSR-1 MamB-CTD

with little success. And so instead, structural models based on X-ray diffraction studies for

MamB-CTD from another Alphaproteobacteria MTB Magnetospira sp. QH-2 (QH-2), shar-

ing significant sequence identity with MSR-1 MamB-CTD, were determined in both apo and

Zn2+-bound states.116 These demonstrate the presence of the same metallochaperone-like

fold found in all other CTD crystal structures described here, with the dimeric protein

adopting a V-shaped assembly with each monomer consisting of three β-strands and

two α-helices. The apo MamB-CTD structure displays a degree of closure similar to

that found for the closed metal-bound YiiP-CTD, which is more compact than in the apo

CzrB-CTD structure; the Zn-2+-bound structure of MamB-CTD shows little structural and

conformational differences to the apo state. Two Zn2+ ions are coordinated per monomer,

one in a central location and one further towards the top of the dimer in a peripheral site,

which considering its unique nature and lack of similarity with metal binding sites of any

other CDF CTD, is assumed to be a consequence of non-specific binding.

The broad range of substrates of CDF proteins means that they play a role in a number of

important biological pathways. Hence many severe human diseases, including cardiovas-

cular diseases, hepatic cirrhosis, dystonia, Parkinsonism, chronic liver disease and Type-II

diabetes have been directly associated with altered regulation of mutations within several

human CDF transporters.114 This highlights the crucial role of the CDFs in cellular metal ion

homeostasis, and the importance of undertaking research and gaining subsequent insight

into their general structure and function. MamM, a protein isolated from Magnetospirillum

gryphiswaldense, has of late been used as a model system for the study of CDF-related
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Type-II diabetes.

3.3 Magnetotactic bacteria and magnetosome formation

Magnetotactic bacteria are a family of gram-negative bacteria which were independently

discovered in 1963 and 1975 by Salvatore Bellini119,120 and Richard Blakemore121 respec-

tively, and can be found in marine sediments and aquatic environments. The formation

of internal organelle, known as magnetosomes (highlighted in Figure 3.3), within MTB

is a unique system which utilises CDF transporters for iron transport and subsequent

biomineralisation. It is the formation and chain-like arrangement of these organelle which

allows MTB to passively align with and move along the earth’s magnetic field to find

optimum living and growth conditions.122,123 Magnetosomes are MTB-specific organelles,

each of which is composed of a magnetic nanocrystal (either mixed-valence magnetite,

Fe3O4, or greigite, Fe3S4) surrounded by a protein-rich membrane; their sizes and shapes

vary between different MTB strains but are conserved within each strain.

Figure 3.3: (A) Transmission electron microscope (TEM) image of Mag-
netospirillum gryphiswaldense MSR-1, with the magnetosome chain high-
lighted by the arrow. (B) A zoomed illustration of the black box highlighted
in (A), showing magnetosomes surrounded by lipid membranes, aligned as
a chain along filaments. This figure is taken from Barber-Zucker2016.124

Published research suggests that firstly vesicles of the magnetosome membrane (MM)

are formed via invagination of the cytoplasmic membrane, creating a distinct environment,

separate to the cytoplasm and its surrounding membrane, for formation of the magnetosome

particle. Protein sorting in parallel ensures that the correct, specific membrane proteins

required for nanocrystal biomineralisation are present in the MM. Following this, alignment

of magnetosomes into chains (requiring actin-like filaments) and magnetic nanocrystal
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biomineralisation takes place, and finally magnetic nanocrystal growth results in strain-

dependent sized nanocrystals.124–126 It is the alignment of several magnetosomes into

either one single chain or multiple chains which generates a permanent magnetic dipole

moment hence affording rotation of bacterium in the direction of the geomagnetic field and

subsequent movement using its flagella, in a behaviour termed magnetotaxis.127

There are a number of different strains of MTB - those more widely used as models

for understanding magnetosome formation and MTB include the alpha-proteobacteria

Magnetospirillum grysphiswaldense MSR-1 and Magnetospirillum magneticum AMB-1

(AMB-1) strains, with additional information relating to magnetosome diversity and gene

organisation coming from studies of the Magnetococcus marinus MC-1 and Magnetovibrio

blakemorei MV-1 strains.126 Magnetosome formation is a highly controlled process, in

which each identified and individual step is dependent on the presence of a specific set of

proteins, mostly encoded for in a conserved set of genes within a segment known as the

magnetosome island (MAI). Operons within the MAI include mamAB, which is conserved

and found in all characterised MTB strains, mamCDFG, mamXY and mms6 of MSR-1.

Two different types of protein are encoded for by these operons, namely the magnetosome

membrane-associated (Mam) and magnetic particle membrane-specific (Mms) proteins.

These can be further categorised into individual groups related to the specific role they play

in magnetosome formation within MTB. The following overview of magnetosome formation

is based upon the proteins and processes known to occur in these aforementioned well

characterised strains of MTB.

3.3.1 From membrane invagination to protein sorting and activation

Multiple proteins are believed to be essential for the first step of magnetosome formation,

which is invagination of the magnetosome membrane from the cell membrane. It is highly

important that the proper chemical environment is achieved, an environment distinct from

the cytoplasm, by the formation of this MM. Not only does this provide the correct conditions

for nucleation and magnetic nanoparticle formation (including a basic pH and high local iron

concentration), but it also protects the remainder of the cell from any harmful by-products of

this process.

The MM is a protein rich environment, containing proteins specifically for formation of the

correct environment for magnetic nanoparticle growth. However empty magnetosomes
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have been found prior to magnetic nanocrystal formation with bacteria cultured under

Fe2+-free conditions, and in non-magnetic MTB strains, indicating that MM formation is not

dependent on magnetic nanocrystal biomineralisation.128 Once Fe2+ is introduced to these

bacteria, nucleation and nanocrystal biomineralisation then begins within these pre-existing

membranes until they reach their final size. The absolute growth of the MM and its final

size is therefore likely dependent on the biomineralisation process. Multiple studies on

strains including AMB-1 and MSR-1 suggest that the MM originates from the inner cell

membrane (CM). The presence of at least a proportion of magnetosomes - both empty

and nanocrystal-containing - still attached to and invaginated from the CM suggests that

magnetosomes can in fact remain connected to the CM throughout magnetosome formation

and afterwards.129,130 This attachment to the CM would allow for more efficient alignment of

the entire bacterium with respect to the earth’s geomagnetic field. That this is not the case

in all species, however, suggests some variation in membrane biogenesis.130 It has also

been suggested that magnetosomes which remain attached to the CM contain a channel

which is open to the periplasmic space, hence affording easy exchange of the specific

compounds required for biomineralisation. It is though unlikely that such a channel would

be completely open, but rather partially occluded, to prevent the influx/efflux of potentially

harmful substances between the magnetosome lumen (which could affect nanocrystal

formation) and the periplasmic space.125

Figure 3.4: Schematic representation of invagination of the inner membrane for vesicle formation in
magnetotactic bacteria. This figure has been taken and adapted from Arakaki2015.131

Studies have probed not only the physical nature of the MM, but also the molecular mecha-

nisms that result in its formation (see schematic in Figure 3.4). Bending of the lipid bilayer

in such a way is afforded by the presence of specific proteins which provide the energy

required for the process. However, genes encoded for by the MAI show no homology to

proteins of eukaryotes previously found to allow membrane bending/movement. A number

of studies have demonstrated that numerous Mam proteins are important for membrane

invagination - in fact upon deletion of the entire mamAB operon (encoding for 17 proteins

in total), only the reintroduction of seven genes together including mamL, Q, B, I, E, M and

O affords proper MM invagination. Specifically, MamL, MamQ, MamM and MamB are the
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only proteins found to play important roles in regular MM formation, since deletion of any

one of these genes alone affects MM formation in some way. However the reintroduction of

just these four proteins upon deletion of the mamAB operon without others was insufficient

to restore MM formation. Of all the Mam proteins, MamB plays the most important part in

MM formation specifically. MamB is a member of the CDF protein family, and so in addition

to this role MamB is believed to afford magnetosomal iron uptake. It is important to note

that whilst each of the aforementioned proteins is implicated in MM formation, this process

occurs only when all are present together, rather than upon reintroduction of just any one of

these proteins.132

The requirement of very specific proteins, not only for MM invagination but also for nanopar-

ticle biomineralisation, means that the protein composition of the MM is vastly different

and unique compared with the CM. Therefore, protein sorting and activation are necessary

via exclusive mechanisms, to ensure the correct proteins are in the necessary positions

for optimal formation of magnetosomes.124,125,133 Studies of proteomics have previously

suggested that whilst Mam and Mms proteins are present in the MM, the extent to which

each protein is found varies not only between strains, but in some cases between individual

magnetosomes depending on what stage of growth they are at. A recent study utilised

mass spectrometry in combination with algorithmic calculations for the determination of the

relative abundances of each protein in Magnetospirillum gryphiswaldense,134 revealing what

might be an unusually crowded protein composition within the MM. A number of proteins

have thus far been associated with protein sorting and proper protein localisation at the

MM; MamA, MamC, MamF and MamI were shown in AMB-1 cells to become mislocalized

upon deletion of MamE. MamE itself contains a specific domain commonly believed to be

involved in protein-protein interactions - this further supports its suggested functionality

in protein sorting.135 MamA has also been implicated in protein sorting, mainly due to its

proven interaction with Mms6,136 as well as the observation that upon its deletion, MamC

- one of the most abundant proteins to reside in the MM in MSR-1 - was mislocated.137 In

general though the exact mechanisms by which the appropriate proteins are targeted to the

correct places, both for initial MM invagination and subsequent particle biomineralisation,

remain unclear.
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3.3.2 Alignment of magnetosomes into chains

Each individual magnetic nanocrystal formed within one magnetosome is limited in size to

that of a single magnetic domain, and hence individually magnetosomes are not sensitive

to any effects of an external magnetic field. A larger magnetic dipole moment is achieved

by the alignment of multiple magnetosomes in a linear chain or indeed multiple chains (see

Figure 3.5), thereby allowing the passive alignment of MTB with the earth’s geomagnetic

field. This chain formation is mediated by a combination of magnetic behaviours with

protein-activated assembly mechanisms. MamK is one such protein believed to play a key

role in this process, of which there are multiple homologues found throughout different

strains of magnetotactic bacteria.133 Multiple studies have revealed the presence of long,

linear filaments extending from one cell-pole to the other in MTB.125 This actin-like filament

is made of polymerised MamK, runs along the cell’s inner curvature and is aligned with and

attached to the magnetosomes.138 Indeed deletion of the mamK gene has been shown to

affect the efficient and proper formation of long magnetosome chains.130

Figure 3.5: Schematic representation of the alignment of vesicles within magnetotactic bacteria. This
figure has been taken and adapted from Arakaki2015.131

Assembly of MamK filaments is believed to be in part controlled by cellular salt concentration

due to the largely mixed hydrophobic/neutral nature of the protein surface; polymerisation

efficiency of MamK decreases with increasing concentrations of KCl, whilst concentrations

of Ca2+ and Mg2+ higher than just 1 mM inhibit polymerisation altogether.139 Studies

suggest that following invagination of the MM, short chains of magnetosomes can form

independent of the presence of MamK, however it is the formation of much longer chains

that is facilitated by the active joining together of these shorter chains by MamK, which

also ensures the correct cellular positioning of the magnetosome chain. This gap-closing

process is suggested to happen by either (a) moving misaligned magnetosomes into gaps

present, or (b) simply pulling existing magnetosomes more closely together, and in doing so

creating a much tighter arrangement.140 MamJ is another protein which has been proven

to play a part in magnetosome alignment; mamJ deletion mutants of MSR-1 result in

detachment of magnetosomes from the filament of MamK.133
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3.3.3 Biomineralisation of the magnetic nanocrystal

As mentioned previously, biomineralisation of the magnetic nanocrystal requires a suitable

chemical environment. The appropriate chemical environment for magnetic nanocrystal

biomineralisation typically requires a high iron concentration and a basic pH. In order to

really understand biomineralisation and how it occurs, current literature reports on the

proteins involved and the mechanisms by which they carry out their roles, since these

biological enzymes are key players in affording magnetosome formation. Specifically, the

following nucleation-related steps have been the focus of such studies: movement of iron

both into and around the magnetosome; pH control inside the magnetosome; redox re-

actions of iron; and formation of the precursor ferrihydrite and its transformation to magnetite.

The transfer of iron across the MM and into the magnetosome (see Figure 3.6) is the

first step required for biomineralisation of the magnetic nanocrystal, with a vast amount of

evidence suggesting that the principle method of iron transport into the magnetosome is

via specific transport systems. The two magnetosomal CDF proteins, MamM and MamB,

have been associated with iron translocation, and are both found predominantly in the MM.

MamM shares 47 % sequence identity with MamB, and either complete suppression of

biomineralisation or changes in crystal size and morphology have been demonstrated upon

entire deletion of the mamM gene, or indeed simply single point mutations.98 As previously

stated, deletion of mamB results in no magnetosome formation, whilst TMD metal binding

site mutations have resulted in loss of magnetite formation.98 It has also been shown that

in MSR-1, MamM is required for the stabilisation of MamB, giving an indication that they

may together form not just homodimers but also heterodimers. The presence of just one

of these proteins cannot compensate for the absence of the other, indicating that they

have distinct roles from one another. As CDF proteins, both MamM and MamB utilise the

proton motive force (M2+/H+ antiport) and as such this key process is also assumed to

have a distinct effect on the internal pH of magnetosomes. By increasing the magnetosome

lumen pH through proton expulsion, it is probable that these proteins lend a hand in

optimisation of conditions for nucleation and crystal biomineralisation. Two other proteins,

MamN (a Na+/H+ antiporter) and MamP have also been implicated in pH regulation in the

magnetosome lumen.125
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Figure 3.6: Schematic representation of iron uptake into vesicles during magnetosome formation.
This figure has been taken and adapted from Arakaki2015.131

MamH and MamZ both contain the common domain of the major facilitator superfamily

(MFS) and are thereby also predicted to play some part in iron transport for magnetosome

formation. A structural model of MamH reveals a negatively charged cavity suggested to

allow binding of metal cations and their transport. MamZ contains not only this MFS-like

domain but also a conserved ferric reductase component, and so has been predicted to

participate in electron transfer and redox reactions as well as iron transport.141 Another

protein, MamO, whose entire function is not currently well understood, has also been impli-

cated in iron transport, not necessarily through the MM but rather within the magnetosome,

for nucleation.142

Depending on the environment (i.e. anoxic/microoxic zones) in which specific MTB reside,

Fe might be stored in ferrous or ferric forms within the cytoplasm. Accumulation of Fe2+ is

typical within the magnetosome lumen due to the presence of ferric reductase and CDF

proteins. However formation of magnetite and greigite requires oxidation of Fe2+ to Fe3+,

and the maintenance of an Fe3+:Fe2+ ratio of roughly 2:1 which is again controlled by

specific proteins. As stated previously, MamZ (containing a ferric reductase transmembrane

component) is believed to be one such protein. In addition, MamE, P, X and T all contain two

or three CXXCH motifs, a c-type cytochrome motif for binding of heme, alluding to the role

of these proteins also in the oxidation/reduction of iron. These MTB-specific motifs have

been termed magnetochromes, and represent an entirely new type of cytochrome.141,143,144

Investigations involving depletion of the paired CXXCH motif of MamX have indicated its

role in redox control for formation of mixed-valence Fe3O4 under conditions where oxidants

(i.e. molecular oxygen and nitrate) are low.141 MamP displays some different properties

when compared with other c-type cytochromes, including its ability to prevent the reduction

of already-oxidised Fe3+; this property could be implicated in a role for the control of the

Fe3+:Fe2+ ratio within magnetosomes, hence affording proper nanocrystal formation.145 It

has also been suggested that MamP oxidises ferrous iron (Fe2+) to ferrihydrite, an Fe3+

oxide and precursor to magnetite - this is due to various inherent structural components,
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including a specific cavity as well as a conserved H+ exit channel. The presence of more

Fe2+ when MamP has been fully reduced should then allow the transformation of magnetite

from ferrihydrite.144 MamI is another protein whose role has been linked to the formation

of the final magnetic nanocrystal at least in MSR-1, via the transformation of compact iron

oxides to magnetite.125

3.3.4 Crystal size and shape

A number of proteins play a vital part in controlling the size and shape of the magnetic

nanocrystals formed in magnetosomes (see Figure 3.7), which is a strain-dependent

process. Within strains however crystal size and morphology is highly uniform, with little

size difference between nanocrystals, suggesting a highly controlled process. The most

well characterised and widely studied of proteins known to be involved include MamC, D,

F, G, MmsF and Mms6; all are integral membrane proteins found within Alphaproteobac-

teria specifically.125 Indeed, individual deletion of either mms6 or mamCDFG operons in

Alphaproteobacteria strains results in nanocrystals smaller in size than in the equivalent

WT strains. The four proteins encoded for by the mamCDFG operon appear to have a

cummulative effect on nanocrystal growth, since it is only upon reintroduction of any three

out of the four genes that nanocrystals reach the same size as found in WT strains.146

A conserved hydrophobic N-terminal domain (NTD) found in each MamC, D, G and

Mms6, all of which have been found to strongly bind magnetite, was hypothesised to allow

co-localisation of these proteins for interaction with magnetite. Interestingly, these four

proteins are not encoded for in other MB strains which produce bullet-shaped magnetite

nanocrystals, and thus they are believed to play an important role in morphological control

for cuboctahedral nanocrystal formation specifically.147 Each of these proteins have either

been shown or predicted in structural models to contain some form of acidic loop (MamC

and MamG), or CTD (MamD and Mms6), extending into the magnetosome lumen and

involved in iron binding. In MamC, this α-helical loop connects two integral transmembrane

helices;148 specifically two acidic residues at around 8 Å apart are believed to form the

scaffold for cuboctahedral magnetite nucleation, in which iron atoms are 6 Å apart. MamC

is predicted to bind specific magnetite faces, hence preventing growth in these directions

and affording the correct, uniform morphology of nanocrystals.149 This same magnetite

interaction site has been predicted for MamG.150 Both CTDs of MamD and Mms6 have also

been implicated in control of crystal morphology, with deletion of mamD in MSR-1 leading
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to a crystal face dissimilar to those in WT cells.147 The CTD of Mms6, which is most well

characterised, has been shown to bind iron with a preference for Fe2+ over Fe3+, and

remains a functional 6 KDa unit upon proteolytic cleavage, a process which has been found

to readily occur in Mms6.151

Magnetite binding is also predicted for the homologous MmsF and MamF proteins, whose

co-deletion results in crystals of decreased size and number - a phenomenon also observed

but to a lesser extent upon deletion of mmsF alone.137 An acidic C-terminal tail extending

into the magnetosome lumen is found in MmsF and predicted for MamF, and similarly

expected to be the site of magnetite binding.152

Figure 3.7: Schematic representation of magnetite formation within magnetosomes of magnetotactic
bacteria. This figure has been taken and adapted from Arakaki2015.131

Altogether, the synthesis of magnetosomes within MTB is a highly controlled process which

is regulated primarily by proteins including those mentioned here, which constitute the

majority of magnetosome membrane and associated proteins encoded for in Alphabacteria.

The importance of such uniform, strain-specific magnetosome formation is clear, but for

reasons which are as yet unknown. However, a number of these proteins belong to large

superfamilies, including the MFS and CDF families for example, who’s human homologues

have in some cases been implicated in serious medical conditions. In many cases, when

trying to elucidate the functions and their associated mechanisms in human membrane

transporters it is necessary to first utilise their homologues from other domains of life; this

process can give huge amounts of information without the often difficult task of isolating the

human protein for research directly. Indeed a large volume of work described in this thesis

has been carried out on the MTB protein MamM, of the CDF family, for which the literature

on its structure, function and mechanism of action as understood thus far will be concisely

reviewed next.
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3.4 MamM from Magnetospirillum gryphyswaldense MSR-1

MamM has in recent years been used as a model system for the study of human disease-

causing CDF proteins. This was first demonstrated when introduction of mutations to the

CTD of MamM at homologous positions to disease-causing mutations in the human CDF

protein, ZnT-8, resulted in altered magnetic responses in resulting magnetosomes, and

altered crystal structures of MamM-CTD.114 Research has included crystallographic studies

as well as biophysical methods for determination of structure, function and mechanism of

action both in vivo and in vitro. Most well characterised currently is the CTD of MamM

(MamM-CTD) - this is the cytoplasmic C-terminal unit most commonly believed to play a

role in locating and capturing its substrate in the cytoplasm for the subsequent translocation

across the membrane, although this function remains the topic of some debate across other

bacterial homologues.

3.4.1 Structural and crystallographic studies of MamM-CTD

Structural studies of MamM have thus far been focused on, and limited to, its CTD, for

which a number of crystal structures have been solved in a variety of states. The first

major breakthrough in structural research of MamM was undertaken by N. Zeytuni et al.

in 2011112 in which the truncated MamM-CTD unit was successfully crystallised. Initial

purification via size-exclusion chromatography revealed what was believed to be dimeric

MamM-CTD with an observed molecular mass of approximately 25 kDa, as compared

to the predicted 11.9 kDa mass of the 108 residue monomeric unit. This approximate

molecular mass observed is comparative to that of the CzrB-CTD, which also exists as

a dimer in solution.110 The preliminary validation of the crystal structure published here

suggested only a single MamM-CTD monomer in the asymmetric unit. Nonetheless, the

group predicted a V-shaped packing of MamM-CTD similar to that previously seen for the

Thermotoga maritima TM0876-CTD.111 A more in-depth analysis involving crystal structure

determination was carried out at a later date by the same group.113 Purified MamM-CTD

was crystallised and its structure solved in the apo state, other than the C-terminal tail

composed of residues 294-318 whose structure was disordered and as such, undetected.

Results revealed firstly a metallochaperone-like fold in each monomer typical of other

CDF CTDs; truncation of MamM-CTD to eliminate the disordered C-terminal tail gives

comparable results. Solved crystal structures show MamM-CTD as a stable dimeric unit in

its apo state, exhibiting a V-shaped assembly. Some flexibility is seen towards the top of the

dimer, whilst a stabilising dimerisation interface exists at the bottom. For further analysis
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of this dimerisation interface, a single point mutation - V260P - was introduced which

was suspected to alter the backbone hydrogen bonds between MamM-CTD monomers.

Size-exclusion chromatography of this purified mutant however revealed the protein is still in

its dimeric form, whilst molecular dynamics simulations of a V260P structural model shows

a stable dimer fold.

A separate study - this time testing the use of Magnetospirillum gryphyswaldense as an

effective model system for probing human CDF-related diseases - utilised this same position

for structural determination.114 The X-ray crystal structure solved for the V260R variant of

MamM-CTD displays monomeric units with folds that resemble those of the WT protein,

whilst a portion of the C-terminal tail which was not previously solved adopts a rigid fourth

β-sheet parallel to the three existing ones. Most interestingly, this variant provides the first

structural evidence for an altered dimeric packing of MamM-CTD, in which a tighter and

twisted conformation is observed relative to the WT structure, stabilised by a number of salt

bridges, polar and hydrophobic interactions both at the top and bottom of the dimer.

On the theme of disease-causing mutations in the human transporters, position V260 was

chosen specifically based on its homology to position 325 in the human transporter ZnT-8.

In the more common risk allele for acquiring Type-II diabetes, an arginine is found at this

position, whereas in the less common allele which provides some resistance to the disease,

this position is instead occupied by a tryptophan. Out of the two MamM-CTD variants for

which crystallisation trials were attempted - V260R and V260W - the former provided the

only crystals for structural determination. Based on putative metal binding sites previously

suggested for MamM-CTD113, the twisted dimeric fold observed prohibits the formation

of binding sites predicted on the peripheral sides of the protein. Instead, two alternative

binding sites specific to this structural arrangement were suggested.114

Investigation of another disease-causing mutation - L349P in ZnT-10 - was also carried

out using MamM as a model system.153 The crystal structure obtained for MamM-CTD

M250L (the homologous position) is highly similar to that of the WT protein, insinuating

that the introduced leucine maintains the dimeric structure of WT MamM-CTD. Free energy

calculations suggest little free energy difference between the WT and M250L variant, whilst

introduction of a proline at this position predicts a much higher free energy. This was further

investigated with molecular dynamics simulations which overall give a clear indication of

a destabilised protein state. Size-exclusion chromatography resulted in protein elution

at a different volume than the WT, and in combination with multi-angle light scattering a
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molecular weight equal to that of monomeric MamM-CTD was determined. Combined,

these results imply that the protein exists as a disordered monomer with the M250P

mutation. Small angle X-ray scattering (SAXS) was also employed for low resolution

structural determination of this variant, giving rise to an elongated protein envelope relative

to that of the WT, suggestive of an unfolded monomeric structure.

Of course in order to gain a deeper understanding of the structural elements which are

closely linked to the proper functioning of complex proteins, information is required not only

in the apo state but additionally in the presence of substrates. First attempts at MamM-CTD

crystallisation in the presence of M2+ ions were attempted with metals including zinc, iron,

cadmium, manganese plus others, with a variety of different crystallisation techniques.113

However cation-bound MamM-CTD crystals were not obtained and instead, vast precipi-

tation was observed. Instead, a closed-state model (based on the CrzB zinc-bound state)

of MamM-CTD was prepared and analysed, revealing three putative metal binding sites:

one central site (CS) involving His285 and Asp249 of both monomers; and two symmetrical

peripheral sites (PS), each involving His264 and Glu289 of different monomers. Molecular

dynamics (MD) simulations were carried out, with four zinc ions docked to the closed-state

model (two bound at the central site, and one at each peripheral site) revealing a highly

stable zinc-bound state, whilst MD simulations of the same model without docked zinc

ions reveal flexibility of the monomeric ’arms’ after a period of just 9 ns. SAXS-calculated

protein envelopes also give an indication of zinc binding-induced conformational change in

MamM-CTD. MD simulations of binding site variants, including single and double variants,

as well as crystal structures solved for all of these variants in their apo state display no

changes as compared with the WT MamM-CTD structure.

Further structural studies on both central and peripheral binding site double mutants -

specifically D249A-H285A MamM-CTD (termed CSM) and H264A-E289A MamM-CTD

(termed PSM) - have been carried out more recently for additional elucidation of both

apo and metal-bound conformational states.115 Based on a previous suggestion that

MamM-CTD monomers might undergo a swivelling motion,113 in addition to laterally

moving towards and away from one another, MD simulations were carried out using WT

and CSM crystal structures. These simulations give an indication that in both cases,

an open-close movement in addition to a swivelling motion, accounts for the majority of

motions exhibited by the protein, whilst the amplitude of the swivelling motion is largest

for CSM MamM-CTD. Additionally, CSM displays more flexible arms than the WT protein;

overall these results indicate that removal of the central binding site residues affects the
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apo MamM conformational states, affording larger and more dynamic swivelling movements.

The first successful attempt at crystallisation and structural determination for metal-bound

MamM-CTD is documented in a recent publication,154 and also represents for the first time

structural evidence of any CDF CTD to bind not one, but multiple metals. MamM-CTD

crystal structure models were successfully obtained following co-crystallisation with Cd2+,

Ni2+ and Cu2+. Whilst structures of Cd2+- and Ni2+-bound MamM-CTD show no evidence

of conformational change relative to that of the apoprotein, a clear conformational shift to

a tighter dimeric interface in which the monomer ’arms’ approach one another is observed

with Cu2+ (see Figure 3.8). In all structures however, there is evidence of metal-coordination

by at least one residue previously proposed to form the central and peripheral binding

sites; indeed the Cu2+-bound structure reveals one metal ion coordinated at each of these

proposed sites, giving three bound Cu2+ ions in total. Additional water molecules also play

a role in ion stabilisation at both peripheral sites.

Figure 3.8: Both apo (PDB code: 3W5Y) and Cu2+-bound (PDB code: 6GP6) MamM-CTD crystal structures, overlaid. Cu2+

binding site residues are highlighted (left).

The Cd2+-bound structure (see Figure 3.9) reveals two bound metal ions per monomer

giving four in total, with each ion in each monomer ligated by either D249 or H285 of

the proposed central binding site, whilst the half occupancy shown for each ion suggests

alternate binding. Just one Ni2+ ion was found to bind per MamM-CTD monomer, at

the proposed peripheral binding site and coordinated by H264 and water molecules. A

non-specific Ni2+ interaction is suggested, hence causing no conformational change,

however the observed positions of bound ions and specifically their coordination to His264

further supports the importance of this residue in MamM-CTD function, possibly for the

attraction of metal ions for binding and translocation. Out of all other CDF CTD crystal

structures previously solved, only those of CzrB displayed metal binding-dependent

conformational change, showing closure of the ’arms’ to a distinct V-shape similar to
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that observed for MamM-CTD with Cu2+. The degree of closure with CzrB however is

larger than that of MamM-CTD. Contrastingly, both apo and Zn2+-bound MamB structures

reveal a closed state, both of which are equivalent to one another but with tighter packing

than apo MamM-CTD. Similarly, solved YiiP structures (including EcYiiP and SoYiiP),

in which the CTD is always in the metal-bound state, show a greater degree of closure

than in MamM-CTD, whilst relative to the unsolved apo states no comparisons can be made.

Figure 3.9: Both apo (PDB code: 3W5Y) and Cd2+-bound (PDB code: 6GMT) MamM-CTD crystal structures,
overlaid.

A yet more recent study has introduced binding site point mutations to investigate how

the nature of the metal binding sites affects the CTD response to different divalent metal

cations.155 X-ray crystallography was used in an attempt to crystallise and obtain structural

models for each variant in the presence of various divalent metal cations, of which 22

structures were successfully solved (all are available on the PDB). Discussion is primarily

focused on solved structures of multiple variants with Zn2+, Ni2+ and Mn2+, the comparison

of binding sites observed between variants and therefore how specific residues influence

the binding capabilities and conformational changes of MamM-CTD with different metals.

Firstly, crystal structures with Zn2+ were solved for each H264E, D249E and D249N vari-

ants, all of which exhibit a tighter dimeric fold than that of the apo WT protein. Previously, the

Cu2+-bound structure of WT MamM-CTD was assumed to represent that of the Zn2+-bound

state also, based on biophysical methods. In this case all three variants appear to share a

symmetrical binding site composed of H285 of one monomer, and H236 and E289 of the

second monomer. Based on the previously solved Cu2+-bound structure, this solved Zn2+

binding site is suggested to be an unnatural binding site, despite it not containing any of

the mutated residues. A second symmetrical binding site, coordinating two zinc ions, was

found for the D249E and D249N variants, where in both cases H264 coordinates the Zn2+

ions along with C267 and E268 of the same monomer, with water molecules also involved.

This again highlights the importance of H264 for metal binding in MamM-CTD. Whilst not
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believed to cause metal binding-induced conformational change directly, binding of metals

to this residue is suggested to be vital for metal attraction to the CTD for subsequent

translocation.

Solved crystal structures with Ni2+, for comparison with the previously solved Ni2+-bound

WT structure, were obtained for both E289H and D249N MamM-CTD variants. Both

crystal structures exhibit conformations comparable to that of both WT apo and Ni2+-bound

structures, with Ni2+ ions coordinated on both peripheral sides of the dimer by H264 of

each monomer and water molecules. Hence no conclusions could be made as to whether

or not these mutations affect the biologically relevant conformational states exhibited.

Multiple crystal structures were also solved for MamM-CTD variants in the presence of

Mn2+, however Mn2+ was undetected in all but one electron density map. Each solved

crystal structure for MamM-CTD H285D, D249H-H285D, H264E-E289H variants show no

conformational change relative to the WT apo structure, whilst that of both E289D and

D249N MamM-CTD variants display a much tighter dimeric conformation. A weak Mn2+

density was observed in the E289D Mn2+-bound structure, coordinated by H264 and a

water molecule. However since both variants adopt the same conformational state, this

Mn2+ binding was suggested to be non-specific. Instead, the conformational changes

observed are attributed to different stabilisation effects not possible in the WT case. D289

of the E289D variant forms an additional hydrogen bond relative to the WT protein, afforded

by the different size of the introduced residue. Similarly, the tighter dimerisation interface of

D249N is a results of additional and stabilising hydrogen bonds between N249 residues of

each monomer, which have replaced the negatively charged and therefore repulsive D249

residues present in the WT protein.

3.4.2 Biophysical characterisation and in vivo studies

Whilst crystal structures can provide a wealth of information in the study of protein function,

these solved models only represent a single snapshot in space and time of what could be

a highly mobile system. Additionally, as is expected to be the case in multiple MamM-CTD

crystallographic studies, the conformations of the protein seen can be dominated by crystal

contacts and therefore are not necessarily representative of those within the physiological

environment. In vivo studies and further biophysical characterisations allow further informa-

tion on the mechanisms of function and conformational states exhibited by these proteins.

These can be linked back to structural data, which is typically gained under far from native
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protein conditions. In vivo analysis of magnetite formation and magnetic behaviour of

magnetosomes upon introduction of specific MamM-CTD mutations provides a means

of determining which mutations lead to a decrease of MamM functioning. Biophysical

techniques including Trp-fluorescence studies, isothermal calorimetry (ITC), solid-state

nuclear magnetic resonance (ss-NMR) spectroscopy and EPR have also been routinely

used for characterisation of binding stoichiometry, affinity and conformational change, for

example. Such characterisations published in literature will be presented here, other than

the EPR data, since these published studies will form a substantial portion of the results to

follow in this thesis chapter.

Previously, alterations to residues believed to stabilise the dimeric interface of MamM-CTD

were discussed in terms of solved crystallographic models, with significant attention in the

literature being paid to V260 at the base of the dimer. In one such study113 in vivo studies of

MSR-1 ∆mamM cells trans-complemented with the mamMV260P mutant gene reveals that

proper functioning of MamM-CTD V260P is not possible, despite the protein maintaining

its stable dimeric packing. Additionally, ITC measurements reveal fewer metal binding sites

as compared to the WT protein, again implying decreased functioning of this variant. In a

separate study114 this same position was utilised for site-directed mutagenesis and similarly

in vivo analyses of magnetic nanoparticle formation and magnetic behaviour of trans-

complemented MSR-1 cells were undertaken. Trans-complementation of MSR-1 ∆mamM

cells with V260G and V260W mutant alleles restores magnetic response and hence affords

magnetic nanoparticle formation, whilst V260R and V260D mutant introduction does not.

Both latter variants however, according to ITC measurements, are still able to bind Zn2+,

although the number of binding sites is significantly reduced for the V260W mutant.

The M250P MamM-CTD mutation - for which the structural studies were discussed pre-

viously, highlighting the observed destabilised unfolded state - was additionally subjected

to further in vivo and biophysical analysis relating to overall protein function.153 Trans-

complementation of MSR-1 ∆mamM with mamMM250P shows significantly decreased

magnetism, and far smaller and fewer magnetic nanoparticles in the host MTB. Additionally

a large proportion of cells lack magnetosomes entirely, providing evidence that this homolo-

gous disease-related mutation strongly decreases proper functioning of the protein. It was

suggested in this study that the elongated envelope observed by SAXS for M250P might

be as a result of loop breakage or secondary structure loss; this possibility was further

investigated via circular dichroism (CD) spectroscopy. The CD spectrum obtained reveals

obvious and significant differences for the M250P variants when compared with the WT,
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and in fact resembles something more characteristic of random-coil proteins. This gives

clear evidence of a loss of secondary structure. 1D 1H-NMR was also utilised, given the

differences in spectra typically observed in structured versus disordered proteins. Whilst

specific features in the 1H-NMR spectrum of WT MamM point towards a structured protein,

that of the M250P variants again indicates a loss of structure.

Whilst X-ray crystal structures were not successfully solved for MamM-CTD in combination

with metal ions until very recently, numerous other techniques have been routinely used

to give an insight into protein-metal interaction, binding and associated conformational

change. As mentioned previously, SAXS data in combination with MD simulations gave one

of the first indications of Zn2+ binding-induced conformational change in MamM-CTD.113

Trp-fluorescence measurements, using the native Trp247 residue of each monomer, further

informed on the conformational states exhibited by MamM-CTD with and without metal ions.

Evidence for a change in local environment of the Trp247 residue, and hence conformational

change, is observed upon increasing Zn2+ concentrations, in which a specific fluorescence

peak shift is associated with increased hydrophobicity. Additionally, fluorescence signal

quenching upon increasing concentrations of iron ions indicates residues close to Trp247

are involved in metal binding. ssNMR investigations undertaken as part of this same study

give further evidence for conformational change associated with metal binding, specifically

the conformations adopted by histidine residues. In turn, these said histidines are implicated

in metal coordination. Restricted mobility caused by formation of intermolecular contacts

between monomers in the hinge region between residues Thr259 and Glu257, as well

as between Glu289 and His264 was found for Zn2+-bound MamM-CTD but not for the

apoprotein, again implying conformational change towards an overall more tightly packed

dimeric structure.113

In vivo studies were also performed on MSR-1 ∆mamM trans-complemented with single

point variant alleles in which residues of both the putative central and peripheral binding

sites were altered.113 Interestingly, single point mutations of either histidines involved in

central or peripheral sites do not affect magnetic response, the size, shape or number of

magnetic nanocrystals compared with the WT gene. The E289A mutation of the peripheral

site leads to much fewer nanocrystals per cell and ultimately a lower magnetic response,

whilst the D249A central site variant has much the same effect. ITC measurements of

each single point mutant with Zn2+ lead to the hypothesis that one metal ion binds at each

peripheral site, and that the proper functioning of the CTD is afforded by metal binding to

either central or peripheral sites but not necessarily both at once.
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WT and binding site variants of MamM-CTD were further investigated more recently, with

a focus on Zn2+ binding stoichiometry, affinity and the associated conformational changes

that take place.115 The WT, PSM and CSM protein variants (as previously described)

were subjected to CD measurements, both in apo and Zn2+-bound states, for analysis of

secondary structural elements. Results suggest little change in secondary structure for

WT or variant proteins upon metal binding, whilst the majority of conformational change

is suggested to take place about the dimerisation interface. DEER studies were used to

further probe the conformational states exhibited in apo versus Zn2+-bound MamM-CTD

variants, the results of which will be discussed in detail later in this chapter. Zn2+ binding

stoichiometry was determined via ITC measurements, however Zn2+ binding to PSM did

not initiate enough heat capacity change for measurement and so results are of the WT and

CSM variant alone. In total three Zn2+ ions are shown to bind WT MamM-CTD, and two

ions bind CSM, indicating only one Zn2+ binds at the central site. Binding affinity of CSM

for Zn2+ is higher than that of WT protein, which is attributed to a more stable Zn2+-induced

conformational change. Trp-fluorescence emission measurements were also obtained for

all constructs, in which the reporting W247 residue lies in close proximity to the central

binding site, hence informing on conformational changes around this site as a function of

increasing Zn2+ concentration. All MamM-CTD constructs exhibit a Zn2+-dependent blue

shift in the emission spectra, as well as an increase in peak intensity relative to the WT

protein, suggesting movement of W247 towards a more hydrophobic environment. The

amplitude of this shift and the increase in peak intensity is larger for WT protein relative

to CSM, attributed to both the alanine substituted at position 249 in CSM which is close

to W247, as well as a different Zn2+-bound conformational state. However, Zn2+ addition

to PSM induces only a slight blue shift, with the largest of all peak intensities, indicating a

different effect of Zn2+ binding on the protein altogether.115

This same W247 native residue was utilised for in vitro investigation of MamM-CTD binding

to multiple metal species, following the first successful structural determination of metal-

bound MamM-CTD models.154 Quantification of metal binding firstly using Trp-fluorescence

emission was attempted for states in which X-ray diffraction based structural models had

been determined (with Ni2+, Cd2+ and Cu2+), or not (with Mn2+), with the knowledge

that upon binding of any paramagnetic metal ion close to W247, the fluorescence signal

would be quenched. Results with Zn2+ and Fe2+ were described previously and hence

not repeated in this study. Despite its paramagnetism, addition of Mn2+ makes minimal

difference to either the fluorescence intensity or peak position. Contrastingly, addition of
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Ni2+ and Cu2+ results in both quenching and slight spectral shifts, both of which are more

prominent with Cu2+. Cd2+ addition leads to a peak shift similar to that seen previously

with Zn2+ and indicative of a change in tryptophan environment most likely due to local

conformational change. Altogether these results give an indication that MamM-CTD can

bind all metals tested besides Mn2+. ITC results gave an initial estimation of KD values,

which vary from 6-48 µM with the following order of increasing affinity: Cd2+, Zn2+, Ni2+

then Cu2+. No heat change was observed with Mn2+, providing further evidence that this

protein discriminates against Mn2+. The binding stoichiometry for each metal ion was

estimated, with the results in some cases differing from those of crystallographic studies.

Taken together with additional DEER studies (which will again form part of this results

chapter) it was concluded that Zn2+, Ni2+, Cu2+ and Fe2+ all bind in such a way that results

in a distinctive conformational locking to a single, tighter V-shaped conformation than is

exhibited in the WT apo crystal structure. Binding of Cd2+ is different, most likely due to its

larger radius as compared to the other tested metals. DEER studies revealed for the first

time, structural observation of Fe2+ induced conformational change in MamM-CTD.154

Trp-fluorescence measurements were additionally utilised to further probe the affects of

binding site mutations on the ability of MamM-CTD to bind different metals, with a particular

focus on Zn2+, Ni2+ and Mn2+, the crystallographic results of which were discussed

previously.155 This again provides a clear example of how in specific cases, biophysical

evidence clearly contradicts that of structural models, emphasising the need for multifaceted

research approaches. Trp-fluorescence results for binding site variants with Zn2+ show

smaller blue-shifts than that of Zn2+-bound WT protein, relative to the apo state; results

indicate that Zn2+ binding to these variants gives a less tight conformation than is likely

for Zn2+-bound WT protein. The peripheral H264E variant displays the smallest shift of

all, suggesting that the inability of Zn2+ ions to bind this residue might lead to an even

less stable closed state. In this case results for each the H264E, D249E and D249N are

comparable to their Zn2+-bound structural models.

Whilst crystal structures solved with Ni2+ for E289H and D249N display no conformational

change relative to the apo WT protein, with Ni2+ ions bound by H264 of each monomer,

Trp-fluorescence results indicate different binding capabilities between multiple variants.

Fluorescence quenching implicates a role for D249 of the central binding site in Ni2+

binding, and substitution of glutamate at position 289 for histidine results in less quenching

as compared to the WT protein, suggesting a negative charge at this position is required

for metal binding at the central site. Substitution of H264, the only residue shown to ligate
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Ni2+ in crystal structures, shows much the same results as for the WT protein. In this case

significant quenching (caused by Ni2+ ligation at the central site) is not apparent, and so

it was suggested that similarly to Zn2+, H264 is crucial for correct binding and associated

conformational changes in the peripheral sites.

In the case of Mn2+, for which specific binding was not demonstrated in any solved crystal

structures of binding site variants, no Trp-fluorescence quenching or blue-shift is observed

in any case, providing yet more evidence for MamM-CTD selectively not binding Mn2+.

The authors have suggested that MTB have evolved to prohibit the overload of Mn2+ into

magnetosomes, however the specific mechanism by which this occurs in MamM-CTD could

not yet be predicted, since studies thus far have not implicated any key residues in this

selectivity against Mn2+.155

3.4.3 The kinetic and conformational mechanism of MamM-CTD and other

CDF proteins

The overall aim of research into complex membrane transport systems like MamM is of

course to gain insight into the biologically relevant pathways exhibited by proteins, and of

primary importance are their kinetic and conformational mechanisms when considering

ways in which we can target them, or alter their function, for medicinal purposes. Taking

MamM-CTD specifically, recent work involving fluorescence based studies has given infor-

mation on the kinetics associated with MamM-CTD metal binding, in which determination

of the order of binding events has been afforded by binding site mutants, PSM and CSM

MamM-CTD.115 Firstly, although no time-dependent changes in tryptophan fluorescence is

detected for PSM, a Zn2+-dependent increase in zero-time fluorescence intensity indicates

an initial fast binding event within the dead-time (1.5 ms) of the experiment. Additionally the

observed single phase fluorescence intensity shown by the WT data, which is unexpected

due to the presence of multiple different metal binding sites, may also be attributed to

binding of metal ion/s during the experimental dead-time. This gives the first insight into the

order of binding events in MamM-CTD - since the PSM variant only contains the central

binding site, it is suggested that for the WT protein it is rapid binding at this site which takes

place first causing a slight closure of the dimer (WTC) from an entirely open form (WTO).

The cause of the measured Zn2+-dependent fluorescence intensity observed in both WT

and CSM MamM-CTD has been defined as rapid binding of Zn2+ to the peripheral sites,

which is the second binding event to take place in the case of WT protein; binding to the
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peripheral sites (although rapid) is slower than initial binding to the central site. Observation

of a high fluorescence state reveals an isomerisation event causing further closure of the

CTD to a more compact form (WTCC), a process which takes place over a longer period

of time than either binding event. This suggested mechanism (see Figure 3.10, top panel)

results in a total of 3 bound metal ions to the WT protein, as inferred from ITC results also.

Figure 3.10: Suggested mechanism of Zn2 binding and associated conformational changes, for each WT (top panel) and
CSM (bottom panel) MamM-CTD. The lower left box gives an overlapped representation of WTO and CSMSC to highlight
the difference between the swivelling movement described, and the regular CTD closure. This figure has been taken from a
publication of which I am a co-author.115.

Differences in dissociation rates between WT and CSM MamM-CTD were suggested to be

the result of different conformations adopted between the two upon Zn2+ binding at periph-

eral sites. As explained previously, additional swivelling motions have been observed for

CSM MamM-CTD, and the results of pulsed EPR experiments to determine conformational

change have also lead to the understanding that upon metal binding, CSM can adopt a

more closed conformation than the metal-bound WT protein, due to the removal of bulky

and charged residues from the central site. Additionally, the difference in trends of the

kobs dependence on Zn2+ concentration between WT and CSM is attributed to a different

mechanism of Zn2+ binding altogether in which an additional isomerisation step precedes

metal binding. The suggested mechanism (see Figure 3.10, bottom panel) includes two apo

conformations of CSM MamM-CTD - the swivel-open (CSMSO) and swivel-closed (CSMSC)

forms - of which the latter is the only conformation to afford metal ion binding. Subsequent

binding of Zn2+ to CSMSC MamM-CTD and binding-induced closure of the dimer to form

CSMSCC is then a much more rapid step, meaning kobs is always dominated by the rate of

isomerisation between swivel-open and swivel-closed states; in other words, this is the rate

limiting step of this binding mechanism.
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Overall, binding of a single metal ion at the central site (in the case of WT MamM-CTD)

appears to facilitate binding of two further ions, one at each peripheral binding site, leading

to a larger energetic cost and the most distinct conformational change of the dimer. The

importance of metal binding in peripheral sites has also been demonstrated previously in

both CzrB and YiiP metal-bound structures,110,156 whilst all known structures of CDF CTDs

strengthen the evidence for binding at the central site in MamM. However considering that

not all metal ion binding sites are universally conserved between the known structures, and

neither is the nature of metal binding-induced conformation change, it is possible that these

CTDs function using distinct and versatile regulation mechanisms.

In terms of the overall mechanism of action by entire CDF proteins (i.e. involving both the

TMD and CTD), multiple suggestions have been made in the literature. Some proposals

have been based upon solved crystal structures of YiiP, for which structural models derived

from either X-ray diffraction or cryo-EM studies present both the TMD and CTD. One such

study suggests a disruption of the dimerisation interface of the CTD in the absence of bound

metal ions. This is based upon the electronegativity and side chain arrangements of ligands

in a particular metal binding site, which upon release of metal ions is predicted to cause

the splaying apart of CTD monomers due to charge repulsions and loss of inter-subunit

interactions. Additional FRET measurements also indicate a decrease in distance between

residues towards the bottom of YiiP-CTD upon increasing Zn2+ concentrations.107 However,

considering the extent of research into the stability of MamM-CTD about its dimerisation

interface (as described previously), which altogether infers a very stable dimeric fold but

with a high degree of flexibility towards the top of the dimer ’arms’, an alternative suggested

mechanism exists. This flexibility has been attributed to a combination of charge repulsion

between monomers, and hydrophobic attraction at the centre of the dimerisation interface,

with the suggestion that such opposite forces induce a spring-like flexibility allowing the

CTD to search for its substrate in the cytoplasm. For MamM-CTD it is predicted that

binding of metal ions and subsequent conformational locking into a more closed and

rigid state affords translocation of substrate via initiation of the transport mechanism

of the TMD. The suggested alternating-access model of the TMD of CDF proteins is

based solely on YiiP solved structures, since this is the only CDF protein for which the TMD

has been solved in multiple conformations, including both outward- and inward-facing states.
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3.5 Characterisation of MamM-CTD Zn2+ binding using EPR

spectroscopy

The introductory chapters of this thesis present a survey of the application of EPR

methodologies, in conjunction with other techniques, to elucidate conformations adopted by

proteins during their biological functions. Thus far, crystallographic, in vivo and other in vitro

biophysical techniques have been used to probe the structure and function of MamM-CTD

as a means to further understand how abnormal functionality of the human CDFs leads

to disease. This investigation has now been extended through the use of advanced EPR

techniques to assess the structure-function relationship of MamM-CTD.

3.5.1 SDSL of MamM-CTD variants

As previously mentioned in section 1.3, EPR investigations of many proteins require the

introduction of a paramagnetic label, which is typically afforded by SDSL. In a homodimeric

protein such as MamM-CTD, probing of function-related conformational change using

dipolar coupling-based EPR techniques (for example the DEER experiment) may be

afforded by labelling a single site on each monomer of the protein. Each MamM-CTD

monomer contains two intrinsic cysteine residues; cysteines contain a thiol group which is

the reactive partner in spin label attachment when using typical labels including MTSSL

and IAP with thiol-reactive functionalities. These cysteines are present at position 267

and 275 in MamM-CTD, approximately midway along and towards the end of the same

α-helix, respectively. In terms of their positioning with respect to the entire CTD structure,

position 275 is located further from the dimeric interface in a peripheral position which is

solvent exposed, whereas position 267 is closer to the dimerisation interface and faces

the centre of the dimeric structure. Considering the positioning and apparent flexibility of

MamM-CTD towards the tips of its ’arms’ and close to the TMD, as inferred by a number of

biophysical studies, labelling at position 275 might be expected to report on longer-range

conformational changes (Figure 3.11A). The presence of inherent cysteines is useful since,

assuming these positions are suitable for SDSL and subsequent EPR studies, genetic

mutation for cys-introduction is not necessary. However the presence of multiple potential

labelling sites within a monomer of a dimeric protein can lead to confusion when it comes

to analysis of DEER data, for example, when probing conformational change; this is due

to the possibility of multiple inter-spin distances which can result in datasets which are

more difficult to analyse for specific distances (Figure 3.11B). Spin labelling attempts and
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cw-EPR measurements were initially conducted using WT MamM-CTD (residues 215-318

of the full MamM gene) and will be presented within the next sections of the thesis. As will

be discussed, results with the WT protein ultimately lead to the use of a C267S variant

(simply termed C267S). C267S was then utilised for the further analytical EPR experiments

discussed.

Figure 3.11: MamM-CTD crystal structures. All figures and measurements have been carried out using PyMol
- The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC. (A) The solved crystal structure of
dimeric WT MamM-CTD (PDB ID: 3W5X) (cartoon representation), with native cysteines labelled and highlighted
(sticks/dots). (B) Cα-Cα distance measurements between native cysteines. (C) Postulated binding site residues
of the central site (D249 and H285) and peripheral sites (H264 and E289) are indicated (sticks). (D) Crystal
structures of C267S (magenta, PDB ID: 6G55), PSM (deep teal, PDB ID: 6G64), PSM-C267S (lime green, PDB
ID: 6G5E) and CSM (lilac, PDB ID: 3W8P) overlaid with the WT structure (yellow, PDB ID:3W5X).

Three putative metal binding sites have already been described for MamM-CTD; these

include two symmetrical peripheral sites (PSs) comprising histidine 264 and glutamate 289

of different monomers, and a central site (CS) comprising aspartate 249 and histidine 285

of both monomers (Figure 3.11C). Based on these predictions, two additional MamM-CTD

variants have been utilised in the work described in this chapter for probing of binding-

induced conformational change, binding stoichiometry and allosteric effects. These variants

will be termed PSM-C267S (C267S with H264A and E289A mutations) and CSM-C267S

(C267S with D249A and H285A mutations), which abolish the peripheral and central binding

sites respectively. X-ray crystallography and structural determination has been attempted

for each of the following variants in addition to WT and C267S MamM-CTD: PSM-C267S,

PSM (lacking the C267S mutation), CSM-C267S and CSM (lacking the C267S mutation).
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Structures were successfully solved for all variants in their apo states besides CSM-C267S

MamM-CTD, for which a structure could not be obtained (Figure 3.11D).115 All variants for

which structural models have been determined (based on X-ray diffraction experiments)

display the same metallochaperone-like fold found in both WT MamM-CTD and other CDF

CTDs, as well as the same dimeric packing and conformation as in the WT protein.115

MMM analysis

To assess the suitability of cysteine sites for spin labelling in proteins, in silico mod-

elling of spin label attachment has been carried out using MMM (Multiscale Modelling of

Macromolecules)21 - an open-source toolbox implemented in Matlab© (The MathsWorks

Inc., Natick, MA). A rotamer library is calculated for a specific spin label attached at a

chosen position in the protein; this is done by utilising a pre-calculated set of rotamers for the

sterically unrestricted label, followed by in silico attachment of these rotamers at a defined

position based on the solved three-dimensional model of the protein in question. The

interaction energy for each rotamer with the surrounding protein is calculated, which affords

a result in which only rotamers without substantial steric interaction with the surrounding

protein are allowed. A higher number of calculated rotamers corresponds to a more

accessible labelling site and hence the attached label would be mobile here, whereas a low

number of rotamers or a low value for the partition function (another output of this analysis)

indicates difficulty in labelling a site due to steric hindrance. An estimation of inter-spin

distance can then also be calculated for multimeric proteins/proteins labelled at more than

one site based on the average rotamer positions, which gives an idea as to whether or not

the selected site/s are suitable for inter-spin distance determination using EPR methods. As

already mentioned, the most common nitroxide-based spin labels used for labelling proteins

include (MTSSL) and 3-(2-iodoacetamido)-proxyl (IAP), both of which can be used within

MMM for in silico label attachment. Table 3.1 gives the results of MMM analysis including

the number of rotamers, partition function and predicted inter-spin distances (the spin label

position chosen for each distance calculation is given under ’Label position’) for each WT

and C267S MamM-CTD structural models labelled with MTSSL and IAP. Results have not

been included for PSM or CSM structural models since their three-dimensional structures

are so similar to those of WT and C267S MamM-CTD.

These results suggest that labelling of cys267 would likely be less successful than labelling

of cys275; this is indicated by both the lower number of rotamers and a lower value

for the partition function which would suggest a more sterically restricted labelling site.
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PDB code Variant Label position
Number rotamers Partition function r (nm)
MTSSL IAP MTSSL IAP MTSSL IAP

3W5Y WT 267 21 13 0.3 0.42 1.03 1.68
3W5Y WT 275 60 38 0.4 0.57 4.00 4.32
6G55 C267S 275 65 38 0.43 0.65 4.02 4.40

Table 3.1: Results of MMM analysis using structural models for WT and C267S MamM-CTD, including the pre-
dicted number of rotamers, partition functions and average inter-spin distances.

When considering these labelling sites for probing conformational change using inter-spin

distance determination, position cys275 is again more favourable. This is because the

DEER experiment is only accurate for distances between approximately 2-8 nm. Therefore

an average predicted inter-spin distance of 1.03 nm or 1.68 nm between MTSSL- or

IAP-labelled cys267 positions, respectively, is too short for accurate distances based on

DEER experiments. Figure 3.12 gives the output of MMM analysis with predicted rotamers

of attached MTSSL/IAP shown for each site of the WT MamM-CTD structural model.

Figure 3.12: WT MamM-CTD structural models built using the published crystal structure (PDB ID: 3W5Y), made
using PyMol. Dimeric apo MamM-CTD is shown in cartoon representation with calculated rotamer libraries of
MTSSL (A) and IAP (B) attached at positions 267 and 275 shown as grey and yellow sticks, respectively. In silico
modelling of rotamer libraries was performed using MMM.21

SDSL and labelling efficiencies

Preliminary investigations were focused upon identifying the most effective spin label for at-

tachment to MamM-CTD prior to further EPR investigations. Whilst MMM analysis gives an

initial indication for the likelihood of labelling at a particular site, this in silico model is based

upon the singular conformation captured within whichever crystallographic structure is

used, and cannot predict how labelling might change with conformational fluctuations such

as those previously predicted for MamM-CTD in its apo state.113 In the WT protein, spin

label is assumed to react with and bind to both cys275 and cys267 of each monomer; in all

other variants containing the C267S background label attachment is only possible at cys275.
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Solution state continuous wave- (cw-)EPR experiments (measured at room temperature)

following SDSL provide a means for determination of the labelling efficiency - therefore

labelling with MTSSL and IAP can be somewhat quantitatively compared. The approximate

concentration of spin label in a sample can be calculated via comparison of its signal inten-

sity with that of known standards. By estimating the expected concentration of spin label at

100 % labelling, based on the protein concentration and number of labelling sites, the ratio

of actual label concentration versus expected label concentration is calculated, giving the

labelling efficiency. Table 3.2 gives the (approximate) calculated labelling efficiencies which

were routinely found for MamM-CTD variants with both MTSSL and IAP.

MamM-CTD variant
Labelling efficiency (%)
MTSSL IAP

WT 25 15
C267S 50 40

PSM-C267S 50 40
CSM-C267S 40 15

Table 3.2: Results of SDSL labelling efficiencies for MamM-CTD variants using both MTSSL and IAP spin labels.

Labelling attempts with IAP gave consistently lower efficiencies whilst few labelling attempts

have exceeded 50% efficiency with either label. Interestingly, labelling of WT is always

approximately half as efficient as that of C267S - this could indicate that labelling at the

additional cys267 position is very poor, or alternatively that labelling at one position in fact

prohibits labelling at the other. In either case labelling of WT would make further EPR

experiments and subsequent analyses more complex since it is not possible to definitively

say which position is labelled. Labelling efficiencies for CSM-C267S (containing only the

peripheral binding sites) are also continually lower than for C267S and PSM-C267S. This

might suggest the presence/favouring of different conformations in its apo state which could

limit site accessibility - this was also inferred recently by MD simulations and fluorescence

measurements.115 Here it was suggested that removal of bulky and charged residues

of the central binding site allows the monomeric arms to move closer to one another in

conformations that are not possible in the case of WT or other constructs. Additionally,

CSM-C267S is the only variant of those described here whose three-dimensional structure

could not be solved, perhaps hinting towards a different apo conformation.

cw-EPR data collected at X-band frequency and room temperature for all four variants

following SDSL with MTSSL/IAP is shown in Figure 3.13, in which the signal intensity is

plotted as a first derivative. Solution state spectra also give information on the degree of

movement exhibited by the attached label, afforded by the flexibility of linker regions within
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Figure 3.13: Room temperature continuous wave EPR measurements for WT (grey), C267S (green), PSM-C267S
(blue) and CSM-C267S (red) MamM-CTD labelled with MTSSL (left) and IAP (right). Spectra have been nor-
malised to equal intensities and figures were prepared using MatLab©. Experimental parameters: (IAP) mi-
crowave frequency = 9.757 GHz, centre field = 3475 G, sweep width = 100 G, modulation frequency = 100 KHz,
modulation amplitude = 1 G, microwave power = 0.126 mW, number averages = 16-32. (MTSSL) microwave fre-
quency = 9.760 GHz, centre field = 3478 G, sweep width = 110 G, modulation frequency = 100 KHz, modulation
amplitude = 1 G, microwave power = 0.3955 mW, number averages = 36-56.

both MTSSL and IAP. As mentioned in section 1.3, broadening of spectral features in EPR

spectra can be a result of an increase in anisotropy; this corresponds to a decrease in

rotational movement of the attached spin label. Typically this is quantified by a parameter

known as the rotational correlation time (Tc) which can be extracted via spectral simulation

and fitting of room temperature spectra. The overall mobility of the spin label is reflective

not only of the local environment in which it resides, but also the overall motions of the

protein. Hence, the rotational correlation time is made up of three factors: (1) the rotational

correlation time of the protein as a macromolecule in solution; (2) the backbone motions

of the protein at the position of spin label attachment; and (3) the rotational motion of the

spin label side chain about its point of attachment. The cw-EPR line shapes of large (>50

kDa) soluble proteins and membrane-bound proteins are dominated by the latter two.157

Additionally, broadening can be a result of an increase in the hyperfine coupling constant,

A, the magnitude of which is easily obtained by spectral simulation and fitting of LT spectra.

Since labelled C267S, PSM-C267S and CSM-C267S MamM-CTD are reporting on the

same site, any spectral differences might indicate alternative conformational states and

mobility exhibited in solution. Focusing on MTSSL-labelled variants, the spectral line shapes

exhibited by each labelled variant are all slightly different (Figure 3.14A). The broader line

shapes (as shown by the dotted lines) of both PSM-C267S and CSM-C267S spectra might
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be indicative of a more restricted labelling site, or possibly different apo conformations

compared with those exhibited by C267S, without binding site mutations. Qualitatively it

can be seen that multiple spin label species contribute to the spectrum of each of these

variants; an example of a spectrum comprised of multiple contributing species exhibiting

different rotational correlation times (Tc) has been simulated in Figure 3.14B.

Figure 3.14: (A) Room temperature continuous wave EPR measurements carried out on C267S (green), PSM-C267S (blue)
and CSM-C267S (red) MamM-CTD are presented between 3440-3480 G, highlighting broadened features in line shapes.
(B) Spectral simulation and addition of nitroxide species with rotational correlation times of 1 ns (blue) and 6 ns (magenta),
forming a multicomponent spectrum (purple). Individual spectra were simulated using EasySpin, an open-source Matlab©

toolbox (microwave frequency = 9.75 GHz).

For quantitative analysis of SL mobility (reflected by the value for Tc) it is ideal to first obtain

accurate values for the hyperfine coupling constant (A) along the defined z-axis through

spectral simulation and fitting of spectra measured at cryogenic temperatures. At X-band

frequency spectral anisotropy is dominated by the hyperfine coupling constant Azz. As

was explained in the section 1.3, whilst all hyperfine splittings are present within the LT

(anisotropic) X-band spectrum, it is only the contribution along the z-axis which can be

resolved, since the value for 2Azz defines the spectral width between the centre of the outer-

most peaks. Knowledge of this value can then be used in spectral simulation and fittings of

RT spectra and kept constant, such that any further broadening can only be solved by fitting

for Tc. X-band, low temperature (LT) cw-EPR spectra and associated simulated fits for apo,

MTSSL-labelled C267S (C267SSL), PSM-C267S (PSM-C267SSL) and CSM-C267S (CSM-

C267SSL) are presented in Figure 3.15, along with the corresponding fitted parameters

(Table 3.3). The simulations were fitted to the experimental data, through iterations of slight

modifications to the input values, to reach a final fitting and extraction of these final best-fit

parameters. It is noted here that well-documented, typical values for nitroxide g-tensors158
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were applied, and were not allowed to vary as part of any fitting in this results section.

This is based upon the fact that gxx, gyy and gzz cannot be resolved at X-band frequency,

however it is reasonable to assume that the intrinsic g-tensor values in each case should not

vary significantly from those typical of nitroxides. In cases where the central simulated res-

onance positions did not align with those of the experimental data, the centre field used for

simulation was adjusted by ±1 G; this accounts for the difference in field strength felt by the

sample relative to the Hall probe (which monitors the experimental magnetic field strength).

This solution was chosen over allowing variance in g-tensors, since these should not deviate

between samples. All fittings and simulations of cw-EPR data in this chapter have been

carried out using the EasySpin package159 for Matlab©. In each case one single nitroxide

component was used for spectral fitting (as is the case for all LT spectra fitted in this chapter).

Figure 3.15: Low temperature (50 K) continuous wave X-band EPR spectra measured for MTSSL-labelled C267S (A), PSM-
C267S (B) and CSM-C267S (C) MamM-CTD are plotted between 3275-3425 G, with associated spectral fits overlaid as black
dashed lines. Experimental parameters: microwave frequency = 9.394 GHz, centre field = 3350 G, sweep width = 200 G,
modulation frequency = 100 KHz, modulation amplitude = 4 G, microwave power = 0.01006 mW, number averages = 1.

MamM-CTD vari-

ant

gxx gyy gzz Axx

(MHz)

Ayy

(MHz)

Azz

(MHz)

Linewidth (peak-

peak, mT)

RMSD

C267SSL 2.008 2.006 2.002 11 18 105 0.90 0.0148

PSM-C267SSL 2.008 2.006 2.002 14 15 104 0.90 0.0179

CSM-C267SSL 2.008 2.006 2.002 10 19 103 0.90 0.0255

Table 3.3: Best fit simulation values of the x,y,z components of both g- and A-tensors, as well as the linewidth, for low
temperature experimental X-band EPR data measured on MamM-CTD variants labelled with MTSSL. The RMSD of each
simulated fit is also given in the table.

Resolved Azz values have been applied to multicomponent simulated fittings of the equiva-

lent room temperature spectra. The resulting simulated fits are shown in Figure 3.16 plotted

on top of the raw experimental data. In each case the raw data was taken and fitted with a

two-component simulation script describing two differing nitroxide environments - one much

less mobile (i.e. exhibiting a longer Tc) and more predominant than the other. Associated

values of each fitting are highlighted in Table 3.4.
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Figure 3.16: Room temperature continuous wave X-band EPR spectra measured for MTSSL-labelled C267S (A), PSM-C267S
(B) and CSM-C267S (C) MamM-CTD (apo states) are plotted between 3424-3529 G, with associated spectral fits overlaid as
black dashed lines. Experimental parameters were given previously.

C267SSL (RMSD = 0.0330)

Component gxx gyy gzz Axx

(MHz)

Ayy

(MHz)

Azz

(MHz)

Linewidth (peak-

peak, mT)

Tc (ns) Relative

weighting

1 2.008 2.006 2.002 11 18 105 0.08 4.90 0.94

2 2.008 2.006 2.002 14 17 104 0.10 0.67 0.06

PSMSL (RMSD = 0.0409)

1 2.008 2.006 2.002 14 15 104 0.09 7.47 0.93

2 2.008 2.006 2.002 14 17 104 0.12 0.79 0.07

CSMSL (RMSD = 0.0638)

1 2.008 2.006 2.002 11 18 103 0.10 10.80 0.94

2 2.008 2.006 2.002 14 17 105 0.12 0.78 0.06

Table 3.4: Best fit simulation values are given for apo, MTSSL-labelled C267S (C267SSL), PSM-C267S (PSM-C267SSL) and
CSM-C267S (CSM-C267SSL) spectra, measured at X-band and room temperature. Values include the x,y,z components of
both g- and A-tensors, as well as linewidths and averaged rotational correlation times for the two spin label species simulated
and contributing to each spectrum. The relative weightings of each species are also shown. The RMSD of each simulated fit
is given above each set of results.

In each case the more mobile component constitutes less than 10% of the entire spectrum,

with sub-nanosecond Tc values attributable to non-specifically bound or entirely free spin

label tumbling in solution. Notably each spectrum in Figure 3.16 can be satisfactorily

reproduced using very similar Azz values (i.e. within ∼ 2 % of each other) for the less mobile

component (which represents bound label). Thus we can conclude that the broadened

spectral features seen for the binding site variants are explained by varying of the rotational

averaging (Tc) between samples. A values were allowed to vary in the final iteration of

simulated fits to find the local minima of fittings, and clearly do not change significantly from

values deduced from LT spectra.
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3.5.2 Zn2+ binding probed by cw- and pulsed EPR techniques

Within the 18 clades of CDF proteins recognised, a number of different divalent metal

cations are known to be transported. Each CDF protein binds and transports specific metal

cations typically by utilising proton motive force and undergoing conformational changes.

The natural substrate of MamM is iron, whilst biophysical studies have implicated metal

binding-induced conformational change upon binding of Fe2+ and Zn2+, with a decrease

in function observed both in vitro and in vivo upon mutation of either proposed central

or peripheral binding sites.113 In vitro studies of MamM-CTD metal binding were only

successful at basic pH’s due to the histidine residues participating in metal ion binding;

such conditions proved non-ideal for Fe2+ studies with MamM-CTD considering the extent

of Fe(OH)2 precipitation at basic pH. Additionally, oxidation to Fe3+ occurs readily under

aerobic conditions. In such cases, exact determination of Fe2+ concentration is not feasible

which limits the application of biophysical techniques; for example analysis of binding

stoichiometry and kinetics would not be possible. Thus our initial studies of MamM-CTD

metal binding were conducted with Zn2+, which was previously shown to bind MamM-CTD.

Both cw-EPR and DEER measurements were conducted with C267SSL, PSM-C267SSL

and CSM-C267SSL for probing of changes in local spin label environment, binding-induced

conformational change as well as binding stoichiometry. Zn2+ is a diamagnetic ion and

hence does not have an EPR signature - for the time being this greatly simplifies things.

cw-EPR measurements

Cw-EPR datasets for C267SSL, PSM-C267SSL and CSM-C267SSL, measured at RT

using an X-band microwave frequency, are shown in Figure 3.17 both for the apo state

and in the presence of a 5-fold excess of Zn2+. As indicated by the dotted lines between

spectra, clear broadening of the outer features (corresponding to the less mobile species,

i.e. bound spin label (SL)) of the EPR signal is evident in all cases with Zn2+ addition. A

broadened spectrum might be explained by an increase in hyperfine coupling (described

by the hyperfine coupling constant A), or alternatively as a result of decreased SL mobility

- this would be indicative of a change in the local SL environment causing restriction of

its side chain mobility. This might occur as a result of large scale conformational change

within the protein, hence placing the attached SL in a more buried and sterically hindered

site. However, considering the position of the SL on the periphery of the protein (i.e. being

solvent exposed) this seems unlikely. Alternatively, more restricted backbone movements

at the position of SL attachment as a result of metal ion binding might contribute to this
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broadening. It might be possible that the position of bound metal ions sterically restricts SL

motion, however this again seems unlikely considering their solvent exposed positions. In

any case, such a significant change strongly indicates conformational change of MamM-

CTD as a function of Zn2+ binding, and serves as our first EPR ’marker’ for metal binding.

Figure 3.17: Room temperature continuous wave EPR measurements performed on (A) C267SSL, (B) PSM-C267SSL and
(C) CSM-C267SSL MamM-CTD variants under apo (top) and excess Zn2+ (5-fold) conditions. Dashed lines highlight spectral
broadening as a result of Zn2+ addition. Experimental parameters (Zn2+): microwave frequency = 9.760 GHz, centre field
= 3478 G, sweep width = 110 G, modulation frequency = 100 KHz, modulation amplitude = 1 G, microwave power = 0.3955
mW, number averages = 36-56.

Again, as a pre-requisite for accurate spectral fitting and parameter extraction, equivalent

spectra measured at cryogenic temperatures were simulated and fitted in order to obtain

values for Azz. These experimental datasets along with the associated simulated fits are

shown in Figure 3.18, with the corresponding fitted parameters highlighted in Table 3.5.

Upon comparison to the values obtained from spectral fittings in the absence of Zn2+,

it is evident that the magnitude of Azz coupling does not dramatically change between states.

Figure 3.18: Low temperature (50 K) continuous wave X-band EPR spectra measured for MTSSL-labelled C267S (A), PSM-
C267S (B) and CSM-C267S (C) MamM-CTD incubated with Zn2+ are plotted between 3275-3425 G, with associated spectral
fits overlaid as black dashed lines. Experimental parameters: microwave frequency = 9.390 GHz, centre field = 3350 G,
sweep width = 200 G, modulation frequency = 100 KHz, modulation amplitude = 3G, microwave power = 0.003157 mW,
number averages = 4.
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MamM-CTD vari-

ant

gxx gyy gzz Axx

(MHz)

Ayy

(MHz)

Azz

(MHz)

Linewidth (peak-

peak, mT)

RMSD

C267SSL + Zn2+ 2.008 2.006 2.002 13 15 104 0.90 0.0177

PSM-C267SSL +

Zn2+

2.008 2.006 2.002 11 17 105 0.90 0.0149

CSM-C267SSL +

Zn2+

2.008 2.006 2.002 9 20 102 0.95 0.0227

Table 3.5: Best fit simulation values of the x,y,z components of both g- and A-tensors, as well as the linewidth for low tempera-
ture experimental X-band EPR data measured on MamM-CTD variants labelled with MTSSL, following incubation with Zn2+.
The RMSD of each simulated fit is also given in the table.

In the same way as was previously shown for the apo spectra, resolved Azz values obtained

via spectral fitting of LT Zn2+-bound spectra have been applied to multicomponent simu-

lated fittings of equivalent room temperature spectra. Resulting simulated fits are shown

in Figure 3.17 plotted on top of the raw experimental data. In each case the raw data was

taken and fitted with a two-component simulation script describing two differing nitroxide

environments - one much less mobile (i.e. exhibiting a longer Tc) and more predominant

than the other. The associated values of each fitting are highlighted in Table 3.6. It has

already been established that the value for Azz does not change significantly between apo

and Zn2+-bound states, and so the extent Zn2+-induced broadening of the most prevalent

nitroxide species should be reflected in the value for Tc alone. Indeed upon comparison

of the average Tc values extracted between apo and Zn2+-bound states, there is a clear

increase in rotational correlation time of the predominant species, indicating more restricted

motion of the attached spin label species and thus, most likely, some conformational change.

Figure 3.19: Room temperature continuous wave X-band EPR spectra measured for C267SSL (A), PSM-C267SSL (B) and
CSM-C267SSL (C) MamM-CTD following incubation with Zn2+ are plotted between 3424-3529 G, with associated spectral
fits overlaid as black dashed lines. Experimental parameters were given previously.
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C267SSL + Zn2+ (RMSD = 0.0471)

Component gxx gyy gzz Axx

(MHz)

Ayy

(MHz)

Azz

(MHz)

Linewidth (peak-

peak, mT)

Tc (ns) Relative

weighting

1 2.008 2.006 2.002 11 18 105 0.13 17.11 0.95

2 2.008 2.006 2.002 14 20 105 0.11 0.60 0.05

PSMSL + Zn2+ (RMSD = 0.0557)

1 2.008 2.006 2.002 14 15 104 0.12 18.48 0.98

2 2.008 2.006 2.002 15 17 105 0.10 0.40 0.02

CSMSL + Zn2+ (RMSD = 0.0635)

1 2.008 2.006 2.002 11 18 103 0.25 25.10 0.94

2 2.008 2.006 2.002 14 17 105 0.08 0.71 0.06

Table 3.6: Best fit simulation values are given for C267SSL, PSM-C267SSL and CSM-C267SSL spectra following incubation
with Zn2+, measured at X-band and room temperature. Values include the x,y,z components of both g- and A-tensors, as
well as linewidths and averaged rotational correlation times for the two spin label species simulated and contributing to each
spectrum. The relative weightings of each species are also shown. The RMSD of each simulated fit is given above each set
of results.

DEER studies for distance determination

For a quantitative measure of Zn2+ binding-induced conformational change in MamM-CTD

variants, DEER experiments were employed. As mentioned in section 1.4, such experi-

ments are typically carried out at cryogenic temperatures in order to increase the spin-spin

relaxation time (T2) and hence lengthen the amount of time over which the Hahn echo

can be probed and observed, ultimately allowing longer range dipole-dipole interactions

to be measured. Low temperatures also minimise the spin-lattice relaxation time (T1); this

altogether affords longer measurements in the time domain with high repetition rates.160

At cryogenic temperatures T2 relaxation is largely due to nuclear hyperfine interactions

with neighbouring protons, causing spin diffusion, and hence deuterated solvents are

typically utilised. Additionally, cryo-protectants such as glycerol are routinely used in

sample preparation of proteins for LT experiments to prevent ice crystal formation and

protein aggregation, both of which severely minimise T2.161 Such measures also allow data

collection of sufficient quality using a lower concentration of protein, which is extremely

useful when working with proteins that express poorly (as is often the case with membrane

transporters) or are unstable, for example. Initial pulsed investigations of MamM-CTD

variants therefore involved optimisation of sample preparation based on 2-pulse electron

spin echo envelope modulation (2P-ESEEM) experiments and T2 analysis.
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Figure 3.20: (A) The pulse sequence for 2P-ESEEM measurements. (B) 2P-ESEEM experiments (50 K) con-
ducted on C267SSL samples in protonated solvent and without any cryo-protectant (purple), in protonated sol-
vent using glycerol as a cryo-protectant (grey) and in deuterated solvent using d8-glycerol as a cryo-protectant
(teal). Experimental parameters: field position = 3444 G, number of points = 700, shots per point = 50, shot
repetition time = 2 ms, number averages = 4.

For investigation of optimal spin labelled MamM-CTD sample conditions for maximum

T2, samples were prepared in the following ways: (1) in protonated solvent without

cryo-protectants; (2) in protonated solvent with glycerol as a cryo-protectant; and (3)

in deuterated solvent with d8-glycerol as a cryo-protectant. The results of 2P-ESEEM

experiments carried out for each sample can be seen in Figure 3.20B. As mentioned

in section 1.4, 2P-ESEEM is a pulsed EPR technique in which the electron spin echo

amplitude is measured as the time interval between the two pulses is increased (see pulse

sequence in Figure 3.20A), the decay of which is dominated by T2 relaxation effects. This

decay is a superposition of the decaying Hahn echo amplitude, which is unmodulated, and

coherence transfer echo’s caused by interactions with nearby magnetic nuclei, which is

demonstrated by modulations in the decay at specific frequencies. The sum and difference

combinations of the nuclear frequencies are also present in the 2P-ESEEM spectrum. The

T2 for a spin can then be quantitatively determined by fitting the unmodulated part of the

decay. As can be seen in Figure 3.20B, the additive effects of glycerol and deuteration are

substantial with respect to the T2 relaxation time. What is also evident is the difference

in modulation frequencies between samples with and without deuterated glycerol/solvent.

This corresponds to electron-proton versus electron-deuteron modulation, the frequency of

which is dependent upon the Larmor frequency of the interacting nuclei. From these initial

studies it was proven that optimal sample preparation for DEER experiments would require

the use of both d8-glycerol as a cryo-protectant, and deuterated solvents.

The pulse sequence for the 4P-DEER experiment used throughout this work is shown in

Figure 3.21A, in which pulses are applied at two different microwave frequencies. These

frequencies are dependent upon where you wish to pump and observe within your nitroxide

spectrum, and so the first step in preparation for the DEER experiment is to measure a
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Figure 3.21: (A) The 4-pulse DEER sequence used for DEER measurements presented in this section. (B) Field swept echo
spectra (T = 50 K) measured for C267SSL (green, left), PSM-C267SSL (blue, middle) and CSM-C267SSL (red, right) MamM-
CTD variants in apo and Zn2+-bound (5-fold excess) states, represented by light and dark colours respectively. Light and
dark grey arrows represent pump and observe frequencies, respectively. Experimental parameters: centre field = 3440-3448
G, sweep width = 150-200 G, delay time (τ ) = 120 ns, number of points = 500-600, shots per point = 50, shot repetition time
= 2 ms, number of averages = 4.

field swept echo (FSE) of your sample. The relationship between the pump and observe

frequencies is given by equation 3.1,

νpump = νobserve ±∆B ∗ 2.83MHz/G (3.1)

in which the magnetic field difference between the desired pump and observe positions is

substituted for calculation of the pump frequency. Depending on whether you are pumping

up- or down-field of your observe position, νpump will be lower (in the former case) or higher

(in the latter case) than νobserve. Frequency offsets between 70-90 MHz were used in all

DEER experiments described in this section. FSE data plotted for each variant in apo and

Zn2+-bound states can be seen in Figure 3.21B, with arrows highlighting pump and observe

positions for subsequent DEER measurements. Following FSE measurement, 2P-ESEEM

measurements were undertaken on every sample to determine appropriate τ1 and τ2

values to be used in the DEER experiment - τ2 determination also requires consideration

of the experimental time required to obtain sufficient signal:noise for analysis, and in some

cases a compromise must be made.

DEER measurements were recorded for each spin labelled variant, under both apo and

Zn2+ excess conditions (5-fold) - the raw datasets are presented in Figure 3.22 as an exam-
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ple of DEER data prior to any background-correction/fitting. Going forwards only processed

(i.e. spectral fittings and resulting distance distributions) will be presented, for conciseness.

DEER data processing was undertaken within DEERAnalysis19, a Matlab-based toolbox,

using both Tikhonov regularisation and DEERNet.20 The latter method has been more

recently developed, and employs artificial neural networks for prediction of the inter-spin

label distance distribution. Additionally the result includes a measure for the uncertainty of

given distance distributions in the form of 95 % confidence bounds; results will be presented

using this method for a clear indication of relevant distances where necessary.

Figure 3.22: 4-pulse DEER experiments (50 K) for MamM-CTD spin labelled variants in their apo states, and following incu-
bation with excess Zn2+. Green, blue and red traces are the normalised raw dipolar evolution of C267SSL, PSM-C267SSL

and CSM-C267SSL MamM-CTD variants respectively. The traces for both apo and Zn2+-bound states are presented in light
and dark colours, respectively. Experimental parameters: frequency offset = 70 MHz, τ1 = 386 ns (PSM-C267SSL apo), 352
ns (C267SSL apo), 120 ns (all others), τ2 = 2000-4000 ns, shots per point = 50, shot repetition time = 2 ms.

MMM analysis predicts an inter-spin distance (using MTSSL) for the apoprotein of approx-

imately 4.0 nm, in each C267S and binding site variants of MamM-CTD, based on their

solved crystal structure models (see Table 3.1). DEER data obtained for each variant in

both apo and Zn2+-bound states can be seen in Figure 3.23, in which the upper panels

show normalised background-corrected dipolar evolution data, whilst the lower panels

present the corresponding distance distributions with 95 % confidence bounds represented

by light grey areas around the lines. Both apo forms of C267SSL and PSM-C267SSL reveal

minimal inter-spin interaction, which is evident from the low modulation depth of the time

domain data (approximately 5 % in each case). This, combined with the lack of any dipolar

modulations means a defined distance distribution between the labelled cysteines of the

dimeric protein is not evident in either case. This is suggestive of a dynamic apo state, as

opposed to a single preferred conformation such as that represented in crystal structure

models. Flash-freezing of samples in which a protein is undergoing constant conformational

change leads to a mixture of conformational states, and the sum of dipolar interactions

between spins within these conformations results in a broad distribution as is seen here.

The background-corrected dipolar evolution of CSM-C267SSL however shows a steeper

initial decay and increased modulation depth relative to the other apo cases - both are
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Figure 3.23: 4-pulse DEER experiments (50 K) for MamM-CTD spin labelled variants in their apo states, and following incu-
bation with excess Zn2+. (Top panel) Green, blue and red traces are the normalised background-corrected dipolar evolution
of (A) C267SSL, (B) PSM-C267SSL and (C) CSM-C267SSL MamM-CTD variants respectively. The traces for both apo and
Zn2+-bound states are presented in light and dark colours, respectively, with fittings shown as black lines. (Bottom panel) Dis-
tance distributions of apo and Zn2+-bound MamM-CTD variants (A) C267SSL, (B) PSM-C267SSL and (C) CSM-C267SSL

shown in light and dark colours, respectively. Standard deviations in the form of 95 % confidence intervals are also given in
each case and represented by light grey areas around the lines. Fitting of all dipolar evolutions and subsequent distance distri-
butions were calculated with DEERNet.20 Experimental parameters: frequency offset = 70 MHz, τ1 = 386 ns (PSM-C267SSL

apo), 352 ns (C267SSL apo), 120 ns (all others), τ2 = 2000-4000 ns, shots per point = 50, shot repetition time = 2 ms.

indicative of increased interaction between spins over a shorter distance. The resulting

distance distribution does give rise to a very small feature with an average distance of

approximately 2.7 nm, however since the intensity of this distribution is low, it is likely that

conformational equilibrium still remains.

Zn2+ addition (5-fold excess) results in large changes in the measured DEER traces and

consequent distance distributions obtained for all variants. For C267SSL, a single distance

distribution centred at 3.3 nm was determined; this indicates that the conformational

flexibility observed in the apo state is lost upon addition of and binding to Zn2+, and that

instead a single conformational state is now adopted. For PSM-C267SSL with Zn2+ there is

a clear increase in modulation depth, however the calculated distance distribution remains

similarly broad when compared with the apo case. This could suggest that Zn2+ interacts

in such a way that it affects the conformational movement exhibited by this variant, without

inducing one single conformation in solution. In the case of CSM-C267SSL, Zn2+ addition

gives a single and narrow distance distribution with an average inter-spin distance of 2.7 nm

and of much higher intensity than that seen in the apoprotein. Metal binding again appears

to induce conformational ’locking’ to a single preferred conformation, which in this case

results in the proximity of the arms being much closer to one another than in the apo crystal

structure. The DEER experiments discussed here have provided us with the first structural
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insight into the dimeric conformations adopted by MamM-CTD variants in the presence of a

divalent metal cation.

DEER studies to probe binding stoichiometry and allosteric effects

The modulation depth of DEER dipolar evolution traces is a concept which has already

been mentioned when comparing apo vs Zn2+-bound DEER datasets, since it is directly

related to the number of dipolar-interacting spins within a sample. Therefore, analysis of

the modulation depth as a function of substrate concentration (in a system with a distinct

substrate-bound conformation) can serve as a tool for the estimation of binding stoichiom-

etry. Stoichiometric Zn2+ titrations, with a DEER experiment carried out following each

subsequent addition, were therefore carried out with both C267SSL and CSM-C267SSL,

since binding-induced conformational change was evident in both cases, and both are

also predicted to have more than one metal binding site. WT MamM-CTD Zn2+ binding

stoichiometry was initially predicted using ITC at 4 metal ions per dimer.113

Results were obtained for C267SSL upon varying the metal:protein ratio from 1:1 - 10:1, the

results of which can be seen in Figure 3.24A. As indicated by the arrows, an increase in

modulation depth is evident up to a 3:1 - 4:1 metal:protein ratio, at which point saturation

is reached. The eventual decrease in modulation depth observed is likely due to the high

metal ion excess which causes protein aggregation in solution. Results for CSM-C267SSL

were obtained with metal:protein ratios of 1:1 - 5:1 (see Figure 3.24B), considering the

predicted binding stoichiometry of 2 ions per dimer - 1 at each putative peripheral site. In

this case an increase in modulation depth is observed only up until a 2:1 metal excess, at

which point saturation is already reached and no further increase is observed.
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Figure 3.24: 4-pulse DEER experiments (50 K) for C267SSL and CSM-C267SSL following titration of Zn2+. (Top panel)
The normalised background-corrected dipolar evolution of (A) C267SSL and (B) CSM-C267SSL following Zn2+ titration, with
metal:protein ratios ranging from 1:1 - 10:1 and 1:1 - 5:1 excess, respectively (coloured lines). Spectral fittings are shown
as black lines. Dashed dark grey lines/arrows indicate the modulation depth of their corresponding traces. (Bottom panel)
Distance distributions of (A) C267SSL and (B) CSM-C267SSL corresponding to each titre of Zn2+. Fitting of all dipolar
evolutions and subsequent distance distributions were calculated using Tikhonov regularisation. Experimental parameters
were described previously.

ITC measurements have given negative values for the change in Gibb’s free energy (∆G)

associated with Zn2+ binding to both WT and CSM MamM-CTD, with values equal to -25.71

and -27.11 kJ.mol−1 respectively. This means binding should be spontaneous in solution.

Additionally, calculated KD ’s indicate a slightly higher affinity for Zn2+ in the CSM variant as

compared with the WT.115 Assuming similar thermodynamic properties for the C267S and

CSM-C267S variants of MamM-CTD, binding of Zn2+ should be close to stoichiometric, and

the concentration of apo protein within samples is below the detection limit of this technique.

3.6 Metal selectivity of MamM-CTD

Considering the diverse array of divalent metal cations known to be transported by CDF

proteins, and phylogenetic studies which reveal substrate specificity within the CDFs, metal

ion selectivity must be crucial for the proper functioning of these proteins. However, in

addition to the exact transport mechanism employed by these transporters, factors which

control metal selectivity in CDFs are not currently well understood. A specific question that

remains is whether or not the CTD of CDF proteins plays a direct role in metal selectivity.

Such knowledge is fundamental in building a full and clear understanding of the structure-

function relationship exhibited in CDF proteins. The work presented in this section is part
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of a collaborative effort towards extending our understanding of metal selectivity in CDF

proteins by probing the role of MamM-CTD in metal binding and selectivity. Our EPR data

will later be discussed with reference to other structural and biophysical methods employed

in order to more fully assess such behaviour in MamM-CTD; these results present for the

first time structural evidence of binding by any CDF CTD to multiple divalent metal cations.

3.6.1 Initial indications of metal interaction probed by cw-EPR

The metal selectivity experiments described in the following sections are limited to the

C267S variant in order to gain a clear insight into such mechanisms exhibited in the WT

protein, without any alterations to potential metal binding sites. Previously the results of

both LT and RT cw-EPR measurements and simulated experimental fits were described for

each C267SSL, CSM-C267SSL and PSM-C267SSL in both apo and Zn2+-bound states. In

each case, broadened outer spectral features were rationalised by a change in the rotational

correlation time of the spin label, serving as our first indication of metal-protein interaction.

Equivalent RT spectra are now presented for C267SSL incubated with an excess of multiple

other divalent metal cations, including Ni2+, Co2+, Cu2+ and Cd2+, the results of which

are displayed in Figure 3.25A. Quite clearly the addition of each different metal ion has

a quantifiable effect on the measured spin label EPR signature (reflected by changes in

the outermost spectral features), which is representative of a change in the environment

in which the spin label resides. This again is most likely due to the structural states of

the protein in solution, as was also the case upon addition of Zn2+. These changes are

highlighted in Figure 3.25A by the dashed lines running through the outermost features of

the experimental plots. Spectra are stacked below the apo spectrum in order of decreasing

KD (increasing affinity) as inferred by recent ITC measurements,154 and in each subsequent

case broadening occurs to a different extent, making alternate metal-bound spectra distinct

from one another. This effect can be quantified and described by simulated spectral fits,

which will be presented shortly. Results with both Fe2+ and Mn2+ are not presented

due to difficulties in room temperature sample preparation and measurement (with Fe2+),

and spectral acquisition and analysis with paramagnetic Mn2+, which itself has an EPR

signature at RT.
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Figure 3.25: (A) Room temperature continuous wave X-band EPR spectra measured for C267SSL, in its apo state, and
following incubation with divalent metal cations, with central peaks aligned. (B) Room temperature continuous wave X-band
EPR spectra for C267SSL, in its apo state, and following a displacement titration of various divalent metal ions in order of
decreasing KD , with central peaks aligned. Arrows between spectra highlight the expected change in value of Tc with each
successive metal ion. Experimental parameters: microwave frequency = 9.758 GHz, centre field = 3478 G, sweep width = 120
G, modulation frequency = 100 KHz, modulation amplitude = 2 G, microwave power = 0.3955 mW, number averages = 49.

A separate set of experiments was also undertaken in order to test these proposed metal

binding affinities, based upon the observable change in broadening as a function of the

KD, which in theory should be replicated following competitive displacement of each metal.

During this experiment metals were added in order of increasing affinity, with each subse-

quent addition and incubation followed by a wash step to remove excess displaced metal,

prior to cw-EPR measurement. As a final addition, Cd2+ was re-added to the supposed

Cu2+-bound sample to ensure that spectral changes were a result of metal displacement as

oppose to sample washing. The raw experimental results of this displacement experiment

are shown in Figure 3.25B, in which the dashed lines highlight the observed pattern in

spectral broadening.
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Figure 3.26: Low temperature (50 K) continuous wave X-band EPR spectra measured for C267SSL in apo and
various metal-incubated states are plotted between 3275-3425 G, with associated spectral fits overlaid as black
dashed lines. The metal used for incubation is highlighted above each respective plot. Experimental parameters:
microwave frequency = 9.390 GHz, centre field = 3350 G, sweep width = 200 G, modulation frequency = 100
KHz, modulation amplitude = 3G, microwave power = 0.003157 mW, number averages = 4.

Prior to spectral simulation and fitting of these RT spectra, the equivalent samples were

also prepared for LT experiments at X-band frequency, the results of which can be seen

in Figure 3.26, as well as each corresponding spectral simulated fitting (both apo and

Zn2+-bound spectra are the same as those previously presented). This analysis afforded

accurate A-value determination (highlighted in Table 3.7) from which is it apparent that the

addition of metals has little effect on the broadness of these anisotropic spectra, indicated

by the lack of variance in the value for Azz in each case. Notably the Cu2+-bound spectrum

was most difficult to fit since there is clear evidence of broadening which is not present

in any other case - since Cu2+ is paramagnetic this might serve as an initial indication of

interaction between the SL unpaired electron and the Cu2+ ion.
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Protein state gxx gyy gzz Axx

(MHz)

Ayy

(MHz)

Azz

(MHz)

Linewidth (peak-

peak, mT)

RMSD

Apo 2.008 2.006 2.002 12 18 105 0.90 0.0148

Cd2+ 2.008 2.006 2.002 12 14 104 0.68 0.0230

Zn2+ 2.008 2.006 2.002 13 16 104 0.82 0.0161

Ni2+ 2.008 2.006 2.002 13 13 104 0.67 0.0195

Co2+ 2.008 2.006 2.002 13 15 104 0.66 0.0181

Cu2+ 2.008 2.006 2.002 12 19 104 1.15 0.0732

Fe2+ 2.008 2.006 2.002 12 14 104 0.63 0.0218

Table 3.7: Best fit simulation values of the x,y,z components of both g- and A-tensors, as well as the linewidth for low temper-
ature experimental X-band EPR data measured on C267SSL, both in apo and metal-incubated states. The RMSD of each
simulated fit is also given in the table.

This in turn allows us to rationalise the broadening effect observed in RT spectra with

incubated metals, which considering the similarities in Azz, must again be a result of

different SL rotational correlation times. It is expected that the broader the spectrum, the

slower (longer) the rotational correlation time, and so the expected length of Tc’s relative

to the previous experiment in each stack of RT plots (see Figure 3.25) is represented by

upwards (for longer) and downwards (for shorter) arrows. The Azz parameters obtained from

LT experimental fittings were utilised in RT simulated fits for regular metal addition, which

are shown in Figure 3.27. The magnitude of Tc values obtained from simulated fittings, as

shown in Table 3.8, fits the expected trend for the regular excess metal conditions as well as

the metal displacement experiment. This result is one example of how simple, continuous

wave EPR experiments can be utilised to not only qualitatively identify binding-induced

changes in protein state and/or conformation, but also to investigate relative binding

affinities and competition between substrates for the same binding sites.
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Figure 3.27: Room temperature continuous wave X-band EPR spectra measured for C267SSL, in its
apo state, and following incubation with various divalent metals cations (identities are highlighted),
between 3430-3530 G, with associated spectral fits overlaid as black dashed lines. Experimental
parameters were given previously.
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C267SSL apo (RMSD = 0.0330)

Component gxx gyy gzz Axx Ayy Azz Linewidth (peak-

peak, mT)

Tc (ns) Relative

weighting

1 2.008 2.006 2.002 11 18 105 0.08 4.90 0.94

2 2.008 2.006 2.002 14 17 104 0.10 0.67 0.06

C267SSL + Cd2+ (RMSD = 0.0583)

1 2.008 2.006 2.002 12 14 104 0.08 7.36 0.94

2 2.008 2.006 2.002 14 20 105 0.09 0.70 0.06

C267SSL + Zn2+ (RMSD = 0.0471)

1 2.008 2.006 2.002 11 18 105 0.13 17.11 0.95

2 2.008 2.006 2.002 14 20 104 0.11 0.60 0.05

C267SSL + Ni2+ (RMSD = 0.0511)

1 2.0076 2.0053 2.0017 13 13 104 0.08 5.67 0.95

2 2.0073 2.0057 2.0017 15 17 104 0.09 0.70 0.05

C267SSL + Co2+ (RMSD = 0.0372)*A values FL

1 2.0076 2.0056 2.0014 15 16 104 0.09 10.99 0.96

2 2.0074 2.0056 2.0017 14 17 105 0.08 0.78 0.04

C267SSL + Cu2+ (RMSD = 0.0710)

1 2.0075 2.0055 2.0013 12 19 104 0.31 5.84 0.93

2 2.0073 2.0053 2.0012 14 17 104 0.08 0.73 0.07

Table 3.8: Best fit simulation values are given for C267SSL, in its apo state, and following incubation with divalent metal
cations, measured at X-band and room temperature. Values include the x,y,z components of both g- and A-tensors, as well as
linewidths and averaged rotational correlation times for the two spin label species simulated and contributing to each spectrum.
The relative weightings of each species are also shown. The RMSD of each simulated fit is given above each set of results.

3.6.2 DEER for probing metal binding and selectivity in MamM-CTD

Recent solved crystal structures of WT MamM-CTD with Cu2+, Cd2+ and Ni2+ were pub-

lished alongside the DEER results presented next, and were described in the introductory

section of this chapter. These crystal structures are the first to show CDF CTD binding and

conformational change with a metal ion other than Zn2+. Thus far a mixture of cw-EPR

investigations have been described which have given us our first spectroscopic insights and

indication of metal binding by MamM-CTD not only to these 4 metal ions, but additionally

to Co2+. Further DEER studies will now be presented and later discussed with reference
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to these crystal structure models, as well as ITC and fluorescence measurements also

conducted as part of this collaborative project.

Figure 3.28: (A) MamM-CTD crystal structures with different divalent metal cations. The three metal-bound MamM-CTD
crystal structures (Cd2+ (PDB ID: 6GMT) - cyan, Cu2+ (PDB ID: 6GP6) - violet and Ni2+ (PDB ID: 6GMV) - green) are
overlaid with the WT apo crystal structure (PDB ID: 3W5X) - yellow. Structures are represented from two angles to display
the conformational change exhibited by the Cu2+-bound structure. Metal binding sites are highlighted for (B) Cu2+, in central
(LHS) and peripheral (middle and RHS) sites, (C) Ni2+, in the binding site of one monomer and (D) Cd2+, in the binding sites
of one monomer.

As a recap, solved crystal structures with Cu2+, Cd2+ and Ni2+ (see Figure 3.28) gave

direct evidence for metal binding at each of residues of the proposed metal binding sites

(one CS and two PSs). In the Cu2+-bound structural model 3 metal ions were identified,

one at the CS ligated by residues H285 of both monomers in addition to water molecules,

and one at each PS ligated by residues H264 of one monomer. Additionally, a bridging

water molecule was identified between the metal ion and E289 of the adjacent monomer,

whilst direct ligation by E268 was observed in just one PS. This Cu2+-bound form exhibits a

conformational change in its dimeric packing to a more closed conformation than is seen in

the WT apoprotein, much like that observed via DEER spectroscopy with Zn2+ in the C267S

variant as well as in other CDF CTDs with Zn2+. Interestingly, C-terminal residues 292-314

formed an additional β-strand followed by an α-helical segment, both of which are structural
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elements which were not resolved in the apo case. The additional β-strand extends the

existing 3-stranded β-sheet to 4 strands, and exhibits a stabilising bonding network with

the residues of the adjacent monomers in a non-symmetric manner. Moving on to Cd2+,

in total 4 metal binding sites were observed in which residues D249 and H285 (both of

the proposed CS) each bind one cadmium ion in each monomer. The bound metal ions

possess half occupancy in the electron density map, perhaps suggesting alternate binding

at these sites. The Cd2+-bound MamM-CTD crystal structure revealed no conformational

change relative to the WT apoprotein, which might be expected given that no metal ions

were found at the PSs. Finally, the Ni2+-bound structure revealed in total 2 metal ions bound

per MamM-CTD dimer, one at each PS and ligated only by H264 and water molecules,

and again exhibited no conformational change relative to the apo case. Taken together

this could imply a non-specific binding event, whilst highlighting the importance of H264

specifically for metal ion attraction in MamM-CTD.

MMM analysis was carried out using the solved structural models for Cu2+-, Cd2+- and

Ni2+-bound MamM-CTD for in silico prediction of inter-spin distances compared with the

apo C267S case. Table 3.9 gives the output of these analyses, including the number of

rotamers, partition function and inter-spin distance for each structure. The lack of dimeric

conformational change seen with Cd2+ and Ni2+ is reflected in the average inter-spin dis-

tances predicted for both, which are close to that predicted for apo C267S at approximately

4 nm. However closure of the dimeric interface to a more compact conformation with Cu2+

results in a predicted decrease in this distance to 3.23 nm - this closely matches the SL-SL

distance found for Zn2+-bound C267SSL in our previously mentioned DEER studies. In a

similar fashion as was previously described for the Zn2+ binding studies, DEER experiments

conducted on metal-incubated C267SSL have been undertaken using a 5:1 metal:protein

ratio, other than for Cu2+, in which a 3:1 ratio was used due to the quenching effect

observed under RT cw-EPR conditions. Experiments have been conducted on C267SSL

incubated with multiple metals including Cd2+, Cu2+, Ni2+, Co2+, Mn2+ and Fe2+ (the

natural substrate of MamM). The positions of pump and observe pulses for each experiment

are highlighted in Figure 3.29.
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PDB code Protein state Number rotamers Partition function r (nm)

6G55 Apo 66 0.36 4.00

6GP6 Cu2+-bound 64 0.30 3.23

6GMT Cd2+-bound 43 0.24 4.14

6GMV Ni2+-bound 39 0.28 4.11

Table 3.9: Results of MMM analysis using structural models for C267S and WT metal-bound MamM-CTD, includ-
ing the predicted number of rotamers, partition functions and average inter-spin distances.

Figure 3.29: Field swept echo-detected spectra (50 K) for C267SSL incubated with (A) Zn2+, (B) Cd2+, (C) Ni2+, (D) Co2+,
(E) Fe2+, (F) Cu2+ and (G) Mn2+. Pump and observe positions for DEER experiments are highlighted with arrows. Wide-
sweep plots can also be seen for the latter two metals in the lower panels. Experimental parameters: centre field = 3365-3473
G, sweep width = 120-1800 G, delay time (τ ) = 120 ns, number of points = 300-1000, shots per point = 50, shot repetition time
= 2 ms, number averages = 4.

Background corrected dipolar evolution datasets with their corresponding fittings (where

appropriate) and the resulting distance distributions are presented in Figure 3.30 for each

M2+ ion, including Zn2+ as a reference which is overlaid with the apo case. The addition

of Cd2+, Cu2+, Ni2+, Fe2+ and Co2+ each results in an average inter-spin distance centred

at 3.3 nm, matching that observed in the presence of Zn2+ and which was attributed

to dimeric closure forming a single and stable conformation upon metal binding from a

largely dynamic apo state. In addition, distance distributions of Cu2+- and Co2+-bound

C267SSL contain a second peak, centred at 2.4 and 2.1 nm respectively. Conversely,

the Mn2+-incubated sample gave rise to no oscillatory effects in the time domain and

consequently a distance distribution could not be determined in this case. The apparent
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conformations adopted according to the distance distributions obtained in the presence of

each metal can be rationalised when considered against crystal structure data, ITC and

tryptophan fluorescence measurements, as will be discussed later.

Analysis of the Cd2+-bound and Ni2+-bound DEER datasets both give rise to a single and

defined distance distribution at 3.3 nm, similar to that observed with Zn2+. In each case the

observed inter-spin distance contradicts that expected based on the solved crystal structure

models, for which MMM analysis predicts an inter-spin distance of 4.14 nm and 4.11 nm

with Cd2+ and Ni2+ respectively. Despite the similarity in conformational states adopted

in each metal-bound crystal structure and that of the apoprotein, it is apparent from our

spectroscopic data that addition of both Cd2+ and Ni2+ appears to cause conformational

locking to a single conformation in solution, in which the dimeric arms are packed more

tightly than in the apoprotein.

Despite the low solubility of Fe(OH)2 in basic conditions162 we were able to successfully

prepare a sample of C267SSL with Fe2+ , using argon for expulsion of oxygen, for DEER

studies. The resulting dipolar evolution time trace is clearly different to that of the apoprotein

(shown as raw data in Figure 3.30F to indicate these differences more clearly), and upon

analysis an average inter-spin distance centred again at 3.3 nm is determined. Whilst this

distribution is broader than those obtained in the cases of other divalent metal cations

(including Ni2+, Cd2+, Cu2+, Zn2+), the difference as compared with the apo case alludes

to a more restricted conformation in solution with Fe2+, with the average inter-spin distance

indicating a closed conformation similar to that shown in the Cu2+-bound structure. The low

modulation depth of the background corrected data is likely explained by the presence of

only a very low concentration of Fe2+ in solution, or alternatively signal quenching by the

paramagnetic metal ions in solution. Importantly, this is the first example of a quantifiable

conformational change of MamM-CTD induced by binding of its natural substrate, Fe2+,

and the observation of a 3.3 nm inter-spin distance matching those in the cases of other

divalent metals gives a good indication that these results do indeed represent biologically

relevant states of MamM-CTD in solution.

Both incubation with Cu2+ and Co2+ gives rise to results clearly different from those with

the other divalent metal cations already discussed here, in the form of bimodal distance

distributions. For C267SSL incubated with Cu2+, and indication of SL-metal interaction was

already displayed in the form of significant quenching of the RT X-band cw-EPR spectrum,

in addition to broadened spectral features. Our DEER measurements and subsequent
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analyses show one distance distribution centred again at 3.3 nm (see Figure 3.30D) in close

agreement with the inter-spin label distance determined by MMM (with the Cu2+-bound

structure) of 3.23 nm. In addition, a second sharp distribution centred at 2.4 nm is present,

the cause of which might be rationalised by a number of possibilities. Cu2+ is a param-

agnetic species, which will therefore give rise to an EPR signal of its own when bound to

MamM-CTD, in addition to that of the nitroxide SL of C267SSL. The most simple explanation

would be the presence of multiple protein conformations, resulting in two differing inter-spin

label distances being present. However, the axial Cu2+ EPR spectrum at cryogenic temper-

atures overlaps with that of a nitroxide-based SL such as MTSSL (see Figure 3.29F, bottom

panel), and so in this case our DEER experiment is not limited to excitation of the nitroxide

spins, but also Cu2+ spins. This is turn means that we could be recording dipolar SL-Cu2+

and Cu2+-Cu2+ interactions, in addition to the SL-SL interaction. Considering the similarity

to SL-SL distances determined for other divalent metal cations, it is most likely that the 3.3

nm distance corresponds to a SL-SL interaction. The exact nature of the 2.4 nm distance

however can only be determined with the application of further DEER and other pulsed tech-

niques, which will be addressed later. Contrastingly, whilst Co2+ also exhibits its own EPR

signature, in this case its resonance would not overlap with that on a nitroxide SL such as

MTSSL, and so this second feature at 2.1 nm cannot be rationalised as either a metal-metal

or metal-SL distance. In this case, a bimodal distribution would indicate two distinct but

stable conformations of the protein in solution. Notably, both distances within the distribution

are represented by much broader features than in the case of most other metals tested,

perhaps indicating more fluctuation SL positions relative to one another in solution. It there-

fore seems as if both apparent conformations are less structurally stable than in other cases.

DEER measurements conducted on C267SSL in the presence of Mn2+ were attempted nu-

merous times under different conditions, all of which yielded dipolar evolution time traces

without evidence for dipolar coupling between nitroxide species. In the presence of d8-

glycerol (see Figure 3.30G), the decay is modulated by deuterium at a frequency equivalent

to that seen in 2P-ESEEM experiments (see Figure 3.20B) at ∼2 MHz. This modulation

effect is not present under entirely protonated conditions. Whilst all DEER experiments pre-

sented have utilised a deuterium suppression cycle, the effectiveness of this cycle decreases

with decreasing modulation depth.163 Thus for a sample in which there is no apparent modu-

lation in the DEER time-domain trace due to inter-(electron)spin interaction, this effect in the

presence of deuterated glycerol is not surprising. Hence our results allude to discriminatory

behaviour by MamM-CTD against Mn2+ binding.
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Figure 3.30: 4-pulse DEER experiments (50 K) of double spin labelled MamM-CTD C267S with a range of divalent transition
metal ions, including (A) Zn2+, (B) Cd2+, (C) Ni2+, (D) Cu2+, (E) Co2+, (F) Fe2+ and (G) Mn2+. (Top panel) The normalised
background-corrected dipolar evolution of metal-bound samples (bright colours) presented together with the apo spin labelled
protein (grey). Spectral fittings are shown as black lines. Exceptions; For both Mn2+ and Fe2+ the non-baseline corrected
time traces are shown to clearly demonstrate the change in decay caused by specific versus non-specific metal binding.
(Bottom panel) Normalised distance distributions (where appropriate) of metal bound C267SSL. The distance distribution
of apo C267SSL is also shown for reference, plotted against the Zn2+-bound results and shown in dark grey. Standard
deviations in the form of 95 % confidence intervals are also given in each case and represented by light grey areas around the
lines. Fitting of all dipolar evolutions and subsequent distance distributions were calculated with DEERNet.20 Experimental
parameters: frequency offset = 80 MHz, τ1 = 350 ns (Ni2+), 120 ns (all others), τ2 = 1300-2200 ns, shots per point = 50, shot
repetition time = 2 ms.
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3.7 Cu(II) - a special case

The following section describes work undertaken following the more complex DEER result

previously presented with C267SSL and Cu(II), in which a bimodal distance distribution was

obtained, with overlapping Cu(II) and nitroxide label FSEs at the high field end of the Cu(II)

spectrum. The work presented here aims to effectively pull apart the distance distribution

obtained for C267SSL with Cu(II) in order to define the exact origin of spin-spin interactions

corresponding to each distance. Initially, regular DEER experiments over multiple observe

and pump positions were utilised with both C267S MamM-CTD and binding site variants.

Following this we have applied the inversion recovery-filtered iDEER technique, and further

developed its application for elimination of the observation of specific interactions, and

subsequent spectral filtering.

3.7.1 An introduction to Cu(II) EPR

Recently, the field of Cu(II)-nitroxide interactions studied by EPR methodologies has gained

significant interest, with a primary focus surrounding two main areas. Firstly, on the

potential of strongly exchange-coupled Cu(II)-nitroxide spin pairs as switchable magnetic

materials,164–169 and secondly on the use of both native Cu(II) centres in proteins,170–174

and Cu(II)-based spin labels/labelling strategies,175,176 as targets and tools for EPR

investigation throughout biological systems. The latter of these applications typically

probes weakly coupled spins and thus requires the use of more sensitive pulsed dipolar

EPR methodologies. Such experiments pose a number of challenges when applied to

Cu(II) systems, including limited sensitivity due to the small fraction of spins perturbed

when using a regular rectangular shaped microwave pulse over the wide Cu(II) EPR

spectrum. This in turn means that dipolar modulation depths are limited (as will be seen

shortly) when pumping Cu(II) spins, and signal-to-noise ratios suffer. This situation actually

worsens at higher frequencies, since the width of Cu(II) spectra is dependant upon the

(field-dependant) g-value anisotropy, which already dominates in the factors governing

spectral width at X-band frequency. Development of new EPR setups and hardware, as

well as new methodologies such as the RIDME (relaxation-induced dipolar modulation

enhancement) experiment are providing a means of negating these limiting factors at both

X-band and higher frequencies. Another issue that arises when investigating Cu(II)-nitroxide

interactions is overlap of spectral features at lower frequencies; this can greatly complicate

experimental data and is an issue which will be addressed through application of the iDEER

experiment in the coming section.
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The Cu(II) ion has a 3d9 electronic configuration, in which irrespective of its coordination

geometry the electrons are always paired to give a total spin S = 1/2.177 Ligands of Cu(II) can

be found in an array of coordination geometries, with tetra-, penta- and hexa-coordination

spheres; the nature of these geometries directly affects the electronic properties of the ion.

The coordination geometry determines the order of d-orbital energy levels in which the

electrons reside, and in turn the ground state of a particular complex.178 Principle g-tensor

values can be used in EPR to assign coordination geometries of complexes, and deviate

significantly from the value of a free electron (ge) as a result of spin-orbit coupling. The

unpaired electron typically resides in either the dx2−y2 or dz2 orbital in the ground state of a

Cu(II) species, resulting in an axial powder EPR spectrum in which the x- and y-axes are

equivalent, with two principle g-values, namely g‖ (gz) and g⊥ (gx and gy). The nuclear

spin of both naturally occurring isotopes 63Cu and 65Cu is equal to 3/2, and thus the EPR

spectrum will show hyperfine splitting of four lines at each principle g-value when fully

resolved. The magnitude of A‖ is much larger than that of A⊥, meaning that the nuclear

hyperfine splitting at g‖ is resolved at X-band frequency (where g-value anisotropy already

dominates the spectral width). Intrinsic linewidths of Cu(II) spectra mean that nuclear

hyperfine splittings at g⊥ are typically not resolved.177 Additional hyperfine structure from

ligands associated with the Cu(II) ion can also be observed, in the form of superhyperfine

splitting.

3.7.2 Cu2+ binding probed by DEER studies of MamM-CTD variants

As was described previously, a recent X-ray crystal structure model of WT MamM-CTD with

Cu2+ shows one central, and two peripheral Cu2+ binding sites, with Cu2+ binding clearly

associated with conformational change involving closure of the dimeric arms. This gives

a tighter dimeric packing than in the apo case. Considering the paramagnetic nature of

Cu2+ ions, Cu2+-bound spin labelled MamM-CTD will give rise to an EPR signature contain-

ing overlapping nitroxide and Cu2+ resonances. Hence the picture we can form of possible

inter-spin interactions that might be measurable by DEER spectroscopy begins to look some-

what complex. Figure 3.31A depicts the possible pairwise distances between paramagnetic

species in C267SSL MamM-CTD, with approximate distances measured between (a) Cu2+-

Cu2+, (b) Cu2+-Cys and (c) Cys-Cys species; measurements were made in UCSF Chimera

(version 1.14)118 and taken from Cα atoms of Cys residues.
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Figure 3.31: (Top) Schematic representations of C267S (A), PSM-C267S (B) and CSM-C267S (C) MamM-CTD,
with potential metal binding sites available highlighted as coloured spheres. (Bottom) All possible inter-spin dis-
tances in each case for spin-labelled, Cu2+-bound MamM-CTD where all possible binding sites are occupied.

Previously DEER data was presented for C267SSL with Cu2+, in which pump and observe

positions were in the overlapping SL/Cu2+ region of the spectrum, resulting in a bimodal

distance distribution. Interpretation of this data alone to determine the exact origin of

each contributing distance is difficult, not only because of the diverse array of inter-spin

couplings we might be measuring, but also due to the overlapping nature of the SL and

Cu2+ resonances at the high field end of the Cu2+ spectrum. It is for these reasons that we

have utilised (a) binding site variants of MamM-CTD and (b) the inversion recovery filtered

iDEER technique to gain further insight into the origin of the bimodal distribution seen in our

regular DEER experiment.

Variation of pump and observe positions in MamM-CTD variants

The distance distribution obtained for C267SSL with Cu2+ (Figure 3.30D), in which pump

and observe positions were localised at the SL region of the spectrum, gives two distribu-

tions centred at 2.4 and 3.3 nm. Indeed the 3.3 nm distance agrees nicely with inter-SL

MMM predictions as well as the SL-SL distances determined for C267SSL with other metal

ions. However without further spectral filtering it is not possible to definitively say which

inter-spin distance/s it is that we are observing. Figures 3.31B and C give an explanation

for how, upon introduction of MamM-CTD binding site variants in combination with SDSL,
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the maximum number of interactions we are probing can be greatly simplified. Additionally,

since the Cu2+ spectrum is much more broad than that of the nitroxide SL, we can be

selective of which species we pump/observe by simply moving our pump/observe positions

(see Figure 3.32).

Figure 3.32: Simulated FSE spectra for a nitroxide species alone (left), and in the presence of
Cu2+ (right), with pump and observe positions highlighted for the two types of DEER experi-
ment.

The results of DEER experiments and subsequent data analysis in the form of distance

distributions for C267SSL, PSM-C267SSL and CSM-C267SSL, utilising different pump and

observe positions, are shown in Figure 3.33. DEER experiments will be referred to as

either 1 or 2, as described in the previous figure, depending on which pump and observe

positions were utilised; results are plotted in light and dark colours for experiments 1 and 2

respectively. Starting with experiment 1, a bimodal distance distribution is determined for

CSM-C267SSL with Cu2+ (Figure 3.33B) in which the central distances and their distribution

widths are highly similar to those observed in the absence of binding site mutations (at 2.4

and 3.3 nm). However in the case of PSM-C267SSL (in which residues of the PS have

been mutated) with Cu2+ only a single distance distribution is observed at 3.3 nm (Figure

3.33C). Introduction of binding site variants has therefore already given some insight into

our bimodal distribution, since the additional 2.4 nm distance measured in the case of both

C267SSL and CSM-C267SSL can now be linked to Cu2+ being present at the peripheral

binding sites (which are present in these two variants alone).

Experiment 2 simplifies things further, as in this case we are observing at a position on

the Cu2+ spectrum which does not overlap with that of the nitroxide SL. Meanwhile, we

are pumping at a position which includes overlapping features of the SL and Cu2+ spectral

signatures. Therefore this experiment can only perturb either Cu2+-Cu2+ or Cu2+-SL

interactions, and not SL-SL interactions. Results for all three variants of spin labelled

MamM-CTD (shown plotted in dark colours) are indeed different from those of experiment
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1; specifically the 3.3 nm distance distribution in each case has been eliminated. This

therefore confirms that the interaction resulting in the inter-spin distance of 3.3 nm in each

case is occurring between SL species, which is in agreement with both MMM predictions

based on the WT Cu2+-bound structure, as well as SL-SL measurements of C267SSL

with other divalent metal cations. Additionally, the 2.4 nm distance distribution remains

clearly present, with a peak of significant magnitude for both C267SSL and CSM-C267SSL.

There is an additional feature in the case of C267SSL, centred at 3 nm, however the 95 %

confidence bounds would indicate that this feature is not relevant. The distance distribution

obtained in the case of PSM-C267SSL exhibits a small but sharp feature centred at 2.7

nm which is not present for experiment 1 - it is therefore likely that this is an artefact

perhaps caused by electron-deuteron modulation effects for example. These initial results

imply that the 2.4 nm distance is (a) caused by some interaction with Cu2+ bound at the

peripheral sites, and (b) as a result of Cu2+-Cu2+ or Cu2+-SL interactions, as opposed

to SL-SL interactions. All three variants appear to adopt similar conformations in solution

upon addition of Cu2+, considering the 3.3 nm SL-SL distance determined throughout the

datasets.

Figure 3.33: 4-pulse DEER experiments (50 K) for (A) C267SSL, (B) PSM-C267SSL and (C) CSM-C267SSL MamM-CTD
each following incubation with excess Cu2+. (Top panel) The normalised background-corrected dipolar evolution of each
metal-bound sample for experiments 1 and 2, overlaid and shown as light and dark colours respectively. Spectral fittings are
shown as black lines. (Bottom panel) Distance distributions all plotted on equivalent axes such as to highlight the relative
intensities of peaks throughout distributions. Standard deviations in the form of 95 % confidence intervals are also given in
each case and represented by light grey areas around the lines. Fitting of all dipolar evolutions and subsequent distance
distributions were calculated with DEERNet.20 Experimental parameters: frequency offset = 80 MHz (exp 1) and 210 MHz
(exp 2), τ1 = 380 ns (PSM-C267SSL exp 1), 498 ns (PSM-C267SSL exp 2), 120 ns (all others), τ2 = 1500-3000 ns, shots per
point = 50, shot repetition time = 2 ms.
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3.7.3 Beyond pairwise distance determination in MamM-CTD

The presence of overlapping spectral features, as we are faced with here, is in fact common

when studying many biological systems, for example metalloproteins or paramagnetic co-

factors. As mentioned previously, the use of higher microwave frequencies can be beneficial

for EPR experiments in cases where contributing species exhibit different (field-dependent)

g-values, thereby affording separation of spectral features. Alternatively, distinction can

also be afforded according to differing electron spin relaxation times; examples in literature

utilise specific pulse separations which are chosen for suppression of species with shorter

T1 or T2 relaxation times (depending on the type of experiment). Short shot repetition times

(i.e. how soon each successive pulse sequence can commence after the previous one)

have also been used for suppression of species with a longer T1 relaxation time. However

these methods act only as low-or high-pass filters, and as such are not selective for very

specific species.

The spin-lattice relaxation times (T1) of paramagnetic species can be easily determined

by measurement and subsequent fitting of a simple pulse sequence (see Figure 3.34),

named the inversion recovery experiment. In the case of multiple overlapping species with

different spin-lattice relaxation times, detection of one species can be ’turned off’ by means

of inversion recovery-filtered EPR techniques. Previous examples in literature primarily use

inversion recovery-filtering in combination with hyperfine spectroscopy (REFINE)179–181, but

in theory this technique can be applied to many pulsed EPR methodologies, including the

DEER experiment.182

Figure 3.34: Pulse sequence for an inversion recovery experiment.

Figure 3.34 gives the pulse sequence for an inversion recovery experiment, which may be

measured at one, or across multiple magnetic field values. The relaxation of spins following

an initial π inversion pulse (optimised for full inversion) back to thermal equilibrium is moni-

tored by the intensity of the Hahn echo produced by the following π/2 and π pulses; the time

between the inversion pulse and this detection sequence is increased for a specified number

of points at regular intervals. This recovery can be fitted using the following equation 3.2,

Mz(t) = M0.[1− 2ae−t/T1 ] (3.2)
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for a single spin species, in which Mz is the net magnetisation, M0 is the equilibrium

magnetisation, a is the inversion factor, t is time and T1 is the spin-lattice relaxation

time. This T1 relaxation time will be specific for each individual species present within a

perturbed system, and as such the magnetisation decay of each species will traverse its

own zero-crossing point of the magnetisation Mz. It is at this specific time for each individual

species that its own Hahn echo is not observed following the two-pulse detection sequence

and hence this species is suppressed. This defines the filter time (TF ) which is utilised in

inversion recovery-filtered experiments.

Inversion recovery-filtered FSE experiments for determination of T1 relaxation profiles

Inversion recovery experiments were conducted for C267SSL in the presence of Cu2+ at

regular magnetic field increments across a sweep width which covered both Cu2+ and SL

contributions (inversion recovery versus field measurements). Figure 3.35 gives both 2D

(left hand panel) and 3D (right hand panel) representations of the experimental results. It

can be clearly seen in the 3D representation that the inversion recovery curves measured at

each magnetic field point vary considerably across the spectrum, with the MTSSL spin label

exhibiting much slower T1 relaxation than Cu2+, since restoration of maximum, positive

echo intensity following the inversion pulse takes a longer period of time.

Figure 3.35: Results of the inversion recovery versus field measurements (50 K) conducted for C267SSL with a 3x excess
of Cu2+, giving both 2D (left) and 3D (right) representations. Slices are shown for inversion recovery measurements at each
increment along the magnetic field axis. Experimental parameters: microwave frequency = 9.665 GHz, centre field = 3250 G,
sweep width = 1000 G (100 points), pulse displacement increment = 1000 ns (1000 points), shots per point = 4, shot repetition
time = 20 ms.

The following section will describe inversion recovery-filtered DEER (iDEER) experiments

carried out on C267SSL in the presence of Cu2+, in which the pump and observe positions

used are equivalent to experiment 1 in Figure 3.32. In order to determine the appropriate

filter times for such experiments, it is necessary to know the time at which the macroscopic
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magnetisation (and thus echo intensity) of each species, at the detection field, traverses

zero. It is this time which defines the filter time (TF ) required for filtering of the echo

contribution of one specific species, in a sample containing two species. Thus, only the

echo of one species should be detected if a field swept spectrum is recorded using an initial

inversion pulse and a TF corresponding to the zero crossing point of the second species.

Figure 3.36 gives the individual field swept spectra of C267SSL with Cu2+ measured in the

absence of an initial inversion pulse (a regular FSE), and in the presence of an inversion

pulse with two different TF values which effectively filter out contributions from either

component.

Figure 3.36: Inversion recovery-filtered FSE (IRfFSE) spectra (50 K) are plotted for
C267SSL with a 3x excess of Cu2+, with filter times (TF ) equal to 6000 ns (green)
and 150000 ns (blue), and overlaid with that measured in the absence of an inversion
pulse (purple, a regular FSE measurement). Experimental parameters: microwave fre-
quency = 9.677 GHz, centre field (G) = 3375 G, sweep width = 1400 G, number of points
= 1000, shots per point = 50, shot repetition time = 2 ms.

A much smaller TF (6000 ns) is required for filtering out contributions from Cu2+, compared

with that required for filtering out SL contributions (150000 ns) due to differences in their

T1 relaxation profiles. It is this knowledge which allows selective filtering of the distances

observed (but not probed) in the iDEER experiment. The IRfFSE recorded at the shorter

filter time of 6000 ns gives an inverted (negative) spin-label echo, since its magnetisation

has been inverted by the initial inversion pulse and its relaxation back to equilibrium is

longer than that of the Cu2+ present.

Inversion recovery-filtered DEER experiments for deconvolution of multiple distances

DEER spectroscopy, as mentioned previously, utilises two defined microwave frequencies

to pump and probe different sets of spins within a sample according to their resonance

positions. The DEER experiment perturbs one set of spins which are excited by the
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observe frequency (the A spins), and one set of spins which are excited by the pump

frequency (the B spins). In the iDEER experiment, an initial inversion pulse is applied at

the observe frequency which will perturb the A spins, however the difference between pump

and observe frequencies is large enough that a pulse of this length will not affect B spins

at the pump frequency (pulse sequence as shown in Figure 3.37). Following this inversion

pulse, T1 relaxation means that the macroscopic magnetisation of A spins relaxes and at

a specific time, TF , passes through zero. It is at this time that no Hahn echo is observed

by the detection sequence, and thus detection of the A spins has been suppressed. In

our case we have two paramagnetic species present with overlapping spectral features

at both pump and observe positions, each with distinctly different T1 relaxation times. If

the 4-pulse DEER sequence is applied at the TF of one species, the associated A spins

will be suppressed and will not give an echo, however the corresponding B spins will still

be excited by the pump pulse at the pump frequency. So in the case of C267SSL with

Cu2+, if a TF of around 6 µs is used there will be no detected echo of the Cu2+ A spins,

whilst the echo of SL A spins will still be observed. Cu2+ B spins are still excited at

the second microwave frequency, as are the SL B spins. Thus we will detect the effects

of (a) SL B spins on SL A spins, and (b) Cu2+ B spins on SL A spins, at our observe

position of 3420 G. As such, this technique serves to filter out detection of dipolar interaction

between A and B spins of the same species, whilst all other interactions will still be observed.

Figure 3.37: Pulse sequence for the iDEER experiment, with the filter time labelled TF following the
initial inversion pulse.

Filter times for C267SSL of 6 µs and 150 µs were previously determined from inversion

recovery filtered FSE experiments as optimal TF values for filtering out detection of Cu2+

and SL, respectively. These were therefore used as starting values for attempts at filtering

out detection of potential Cu2+-Cu2+ and SL-SL interactions in iDEER experiments. It

has already been demonstrated that the 3.3 nm distance present in the regular DEER

experiment 1 is reporting on SL-SL interactions, and this agrees well with MMM predictions.

It is therefore expected that this distance should be completely filtered out at the correct
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TF , corresponding to the time at which the macroscopic magnetisation of SL spins passes

through zero. The iDEER experiment carried out using TF equal to 210 µs results in

the most effective filtering of this 3.3 nm peak; this is relatively close in value to the TF

determined via IRfFSE experiments for SL suppression. The complete eradication of

this peak gives further evidence still that the 3.3 nm distance is reporting only on SL-SL

interactions, as expected.

Figure 3.38: 4-pulse DEER experiment for C267SSL following incubation with excess Cu2+ (grey), overlaid with the iDEER
experiment (both 50 K) for the same sample (purple) using filter times (TF ) equal to (A) 24 µs and (B) 210 µs. (Top panel) The
normalised background-corrected dipolar evolution for each experiment, overlaid. Spectral fittings are shown as black lines.
(Bottom panel) The associated distance distributions, overlaid such as to highlight the relative intensities of peaks throughout
distributions. Standard deviations in the form of 95 % confidence intervals are also given in each case and represented
by light grey areas around the lines. Fitting of all dipolar evolutions and subsequent distance distributions were calculated
with DEERNet.20 Experimental parameters: frequency offset = 70 MHz, TF = 24 µs(A) and 210 µs(B), τ1 = 120 ns, τ2 =
1800-2000 ns, shots per point = 50, shot repetition time = 2 ms.

Meanwhile, the exact origin of the distance distribution centred at 2.4 nm is less certain;

whilst it has been shown to be linked with the peripheral binding site, it is still possible that

this distance is reporting on either SL-Cu2+ or Cu2+-Cu2+ distances. The latter case would,

with the relevant TF , mean complete eradication of the 2.4 nm distance in the iDEER

experiment, since only detection of interactions between spins of the same species are

filtered out. iDEER experiments conducted at a TF of 6 µs (as was determined for Cu2+

suppression in IRfFSE experiments) result in partial filtering of the second distance, centred

at 2.4 nm, whilst complete filtering is achieved with a TF of 24 µs. Since it is possible to filter

out the entirety of this distance, we can conclude that 2.4 nm corresponds to the distance

between Cu2+ species, most probably in the peripheral binding sites. Figure 3.38 gives
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both the baseline corrected time evolutions, and distance distributions obtained at each TF

using the iDEER experiment, in each case plotted against the regular DEER experiment for

demonstration of distance filtering.

Further iDEER experiments were undertaken at values either side of those determined as

the most effective for spectral filtering, to demonstrate the gradual disappearance and reap-

pearance of each distance as a function of TF . The results of these experiments are shown

in Figure 3.39 for C267SSL.

Figure 3.39: iDEER experiments(50 K) for C267SSL following incubation with excess Cu2+ at a range of filter times (TF ).
(Top panel) The normalised background-corrected dipolar evolution (coloured lines) for experiments at each filter time (TF ).
Spectral fittings are shown as black lines. (Bottom panel) The associated distance distributions (coloured lines), with standard
deviations in the form of 95 % confidence intervals also given in each case and represented by light grey areas around the
lines. Fitting of all dipolar evolutions and subsequent distance distributions were calculated with DeerAnalysis.19 Experimental
parameters are equivalent to those in the previous figure.

3.8 Discussion and conclusions

A number of conclusions can be drawn from the data presented in this chapter in relation

to the function of MamM-CTD, especially when considered in parallel with published

results using alternative structural and biophysical techniques for protein characterisation.

Indeed many of these ideas and conclusions have been discussed as part of the published

manuscripts in which a large portion of the EPR data within this thesis is presented.115,154
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Altogether, the EPR data obtained for C267SSL MamM-CTD in its apo state would suggest

rapid fluctuations between different conformations in solution. This is consistent with MD

simulations, from which both a native-like open-close movement and a swivelling movement

are predicted.115 Solved crystal structures (via X-ray diffraction) for both the WT112,113

and C267S MamM-CTD,154 however, show the dimeric protein in an ’open’, V-shaped

conformation; this state might be attributable to stabilisation of the open conformation by

crystal packing interactions which are not present in solution. cw-EPR results for both CSM-

C267SSL and PSM-C267SSL at RT indicate potential differences in apo conformations, or

the flexibility exhibited by dimers, in solution, as a result of binding site mutations. Results

of DEER experiments with CSM-C267SSL give increasing evidence for sampling of a more

tightly-packed dimeric structure than is possible for either C267SSL or PSM-C267SSL. This

result can be rationalised when we consider the nature of central binding site residues;

removal of bulky histidines and charged aspartates facilitates a tighter dimeric closure and

thus has an affect on the apoprotein dynamics in solution. This result is again in agreement

with those of MD simulations, as demonstrated in the published manuscript highlighting

these findings.115

DEER data obtained following binding experiments for C267SSL MamM-CTD with Cu2+

revealed a well-defined bimodal distance distribution, with distributions centred at 2.4 and

3.3 nm. The latter inter-spin separation indicated by these results fits well with the pre-

dicted SL-SL distance based on MMM analysis of the Cu2+-bound X-ray crystal structure,

which represents a ’closed’ conformation of the dimer. Meanwhile, additional DEER and

iDEER experiments confirmed this 3.3 nm distribution to be due to the coupling of two

nitroxides, whilst the shorter 2.4 nm separation was shown to be due to coupling between

(paramagnetic) Cu2+ ions. According to Figure 3.31A (bottom panel), this Cu2+-Cu2+

separation fits well with the distance between Cu2+ ions bound to the peripheral sites of

the closed conformation; data on both CSM-C267SSL and PSM-C267SSL are consistent

with this interpretation. It appears that binding of Cu2+ at either the peripheral or central

binding sites causes conformational stabilisation to this closed state. Considering all

results it seems likely that the solved crystal structure with Cu2+ represents well the Cu2+

binding sites and conformation adopted in solution, the closed nature of which is shown by

the DEER results; this is despite the low value for N as determined by ITC measurements.154

EPR data obtained for C267SSL MamM-CTD with Mn2+ suggests no binding of this metal

ion, and thus a discriminatory behaviour of MamM-CTD against Mn2+. These results,
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coupled to those measured by our collaborators using alternative techniques,154 provide the

first indication of metal selectivity in MamM-CTD. This is suggestive of a CDF CTD-related

mechanism for discrimination against Mn2+ (in MamM), or potentially other metals in differ-

ent transporters. This behaviour by MamM-CTD, when put in the context of the biological

role of MamM in magnetosome formation, can be explained by the fact that Mn2+ exhibits a

higher affinity to magnetite than other divalent metal cations and can in fact be incorporated

into iron-based magnetic nanocrystals upon exposure of magnetotactic bacteria over a

prolonged period of time.183,184 This in turn changes the magnetic and structural properties

of the magnetic nanocrystals, hence affecting their function.185 In vivo there is an additional

TMD associated with CTD of MamM and other CDF proteins which is also required for metal

ion transport, but given the presumed orientation of the protein in the MM (i.e. the CTD

facing the cytoplasm and the TMD facing the magnetosome lumen), metal ions present

within the cytoplasm will encounter the CTD first. Thus discriminatory behaviour of the CTD

against Mn2+ might be an evolved mechanism to prevent contamination of the magnetic

nanocrystals.

The EPR data obtained for C267SSL following incubation with Zn2+, Cd2+, Ni2+, Co2+

and Fe2+ also indicates a 3.3 nm separation between SL moieties, supporting the inter-

pretation that MamM-CTD adopts a closed conformation upon metal binding. Experiments

undertaken on binding site variants of MamM-CTD with Zn2+ reveal that conformational

change in C267SSL is likely induced by binding at the peripheral sites; this is in contrast

to results with Cu2+, in which the same conformation appears to be adopted regardless

of which proposed binding sites are eradicated. This has lead to conclusions to be drawn

surrounding allostery in MamM-CTD, specifically for Zn2+ binding - we propose that binding

at the CS occurs first, increasing allostery at both PSs, and it is binding at the PSs which

causes the closed conformation seen in the Cu2+-bound crystal structure.115 In addition,

binding of Zn2+ by CSM-C267SSL affords a more tightly packed, closed conformation than

is exhibited by either C267SSL or PSM-C267SSL. This again is attributed to the removal of

CS binding residues.

Additional differences can be seen in the sharpness of distance distribution features

centred at 3.3 nm, most specifically for Ni2+ and Fe2+. Low modulation depths were also

observed in both cases. For Ni2+, the latter might be a consequence of a Ni2+-mediated

quenching mechanism, or alternatively a smaller proportion of spins interacting; meanwhile

for Fe2+ this is likely explained by a low concentration of Fe2+ (and therefore Fe2+-bound

MamM-CTD) in solution due to precipitation effects already discussed. In either case,
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these differences cannot be explained in terms of binding affinity when considering those

of other (lower affinity) metals which exhibit sharper peaks and larger modulation depths.

If Ni2+ binding was non-specific, as could be inferred from the crystal structure, then

binding-induced conformational change as is shown by this spectroscopic DEER data

is still possible. However taken together with an N value of approximately 3, indicating

binding of three ions per dimer (as is seen in the Cu2+-bound crystal structure), and the

tryptophan fluorescence quenching close to the central site, it is most likely that Ni2+

exhibits a binding mode similar to that of Cu2+ and Zn2+ in which one metal ion binds

to the central site, and one binds at both peripheral sites, with conformational locking to

the same closed conformation. Similarly, the observed 3.3 nm-centred distance affords

us confidence in the relevance of studies undertaken with metals other than the natural

substrate of MamM, owing to the fact that this same distance is observed throughout.

It is therefore likely that the Fe2+-bound conformation is similar to that observed in the

Cu2+-bound crystal structure, and that in general the conformations indicated by the DEER

distance distributions discussed so far reflect biologically relevant states of the protein.

Results of the DEER experiment in the presence of Co2+ are intriguing; this is the second

example of a bimodal distance distribution for C267SSL as a result of metal interaction.

The most prominent feature of the calculated distance distribution sitting at 2.1 nm is

entirely unique when compared with all other cases. Meanwhile both distances within the

distribution (centred at 2.1 and 3.5 nm) are represented by particularly broad features,

indicating that the conformations reflected by these inter-spin distances are less stable than

those induced by binding of other metals discussed. Since the Co2+ EPR signature does

not overlap with that of MTSSL, any distances observed are a result of SL-SL interactions. It

might be possible that binding of Co2+ at different sites results in alternative conformations,

and thus multiple features in the distance distribution. This would indicate a unique binding

mechanism of Co2+ with C267SSL. Alternatively, interaction might be non-specific thus

inducing somewhat random preferred dimer conformations in solution. Further structural

and biophysical data describing the interaction of MamM-CTD with Co2+ is not available

for comparison, but from this DEER result alone we can conclude that interaction of

MamM-CTD with Co2+ is unique.

Displacement experiments conducted with C267SL and multiple metal ions indicate that

MamM-CTD does not bind multiple different metals at one time. This might indicate that

metal binding sites for all metals tested are conserved, or simply that the metal binding

requires the involvement of certain conserved ligands (i.e. histidines), meaning that a
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high affinity metal will always displace a low affinity one. However, considering the nature

and similarity in conformations adopted by MamM-CTD as a result of metal binding in

all test cases other than Mn2+, I would suggest that the former argument is most likely.

Since contaminated magnetite particles are rarely found within MTB in vivo, it is likely that

further discrimination against all metals shown here to bind to the CTD other than Fe2+,

occurs within the TMD at the transport site, which thus provides a second recognition site.

The tighter packing induced by metal binding is likely to afford the conformational change

required of the TMD for the transport of Fe2+ through this domain, in return for protons, and

the resulting formation of pure magnetite.

3.8.1 Conclusions

Overall, the distance distributions obtained for MamM-CTD with Zn2+, Cd2+, Ni2+, Fe2+

and Cu2+ indicate metal-bound conformations in solution which are equivalent to that seen

in the Cu2+-bound crystal structure model. A number of other CDF CTD crystal structures

have been solved in either their apo, Zn2+-bound, or both states; each was presented briefly

in the introductory section of this chapter. However the DEER experiments conducted

and discussed here give some of the first structural insights into binding by a CDF CTD

to divalent metal cations other than Zn2+, as well as discriminatory behaviour against

a specific metal ion - Mn2+. Additionally, the iDEER technique has been successfully

utilised to filter out detection of interactions between either SL-SL or Cu2+-Cu2+ pairs for

the first time, demonstrating a method for probing multiple inter-spin distances within a

sample containing multiple paramagnetic species. These studies provide a meaningful and

complementary contribution to the understanding of the structure-function relationships

of CDF CTDs, when considered in parallel with results of other biophysical and structural

methods of characterisation. There is huge scope for the continued characterisation of

metal binding by MamM-CTD using EPR methodologies. An as-yet untouched avenue is

the study of the full length protein using EPR, for which no structure is currently available.

Results could, however, initially be mapped onto structural models based on the full length

YiiP structure in order to probe events that occur downstream of metal binding at the CTD.



Chapter 4

Advancing approaches for solving structural

dynamics, modelled on GltPh

4.1 Summary

The following chapter presents, firstly, an introduction to the glutamatergic synapse as well

as the specific membrane transport proteins involved in the control of glutamate levels

at the synapse. Published structural and biophysical investigations of GltPh - a related

glutamate and aspartate transporter - are presented to provide an overview of the general

structure and function of GltPh, as well as similarities/differences when compared with its

human counterparts. The first section of experimental results includes the application of

conformation ’locking’ variants in combination with EPR methodologies for the study of con-

formational change in GltPh - these are discussed with reference to published EPR studies

in order to demonstrate the potential of such an approach in deconvolution of complex data.

Next, results of STD NMR studies for KD determination for multiple substrates of GltPh

are presented, in different protein environments. These results are discussed in terms of

the affects of protein environment on substrate affinity, as well as cooperativity between

protomers of this trimeric protomer - evidence presented for the latter is not seen elsewhere

in the literature. Overall, these studies demonstrate new approaches, and the application of

techniques which are not routinely in use for the study of membrane proteins, on GltPh as

an already well-characterised, model transport system.

Here it is noted that the STD NMR results presented within this chapter are also published

within a manuscript of which I am the primary author. This manuscript is given (in full) within

the appendices of this thesis; all data and text has been edited and reformatted for inclusion

within this thesis.
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4.2 The SLC superfamily

An overview of the different types of membrane transporter was given at the beginning

of chapter 2. From this we already know that movement of specific molecules across the

membrane via a transporter protein is typically associated with a fixed stoichiometry of

molecules and/or ions. One major superfamily of membrane transporters is known as

the solute carrier (SLC) superfamily, which is primarily involved in the specific uptake of

small molecules into cells. The superfamily consists of 395 human membrane-spanning

transporters divided into 52 families.34 SLC transporters range in specificity, from those that

interact with only a small number of substrates and are therefore highly specific, including

amino acid transporters, to those with a very wide range of chemically diverse substrates.

Recycling of neurotransmitter molecules from the synaptic cleft during neurotransmission at

the chemical synapse is regulated by secondary-active transporters known as neurotrans-

mitter transporters.186 Human glutamate transporters are members of the SLC1 family of

transporters.

4.3 Neurotransmission within the central nervous system

4.3.1 The chemical synapse

Communication between neurons in the human brain is controlled by the chemical synapse.

An important feature of all chemical synapses is the presence of synaptic vesicles, holding

one or more neurotransmitters, within the terminal of the presynaptic neuron. It is these

chemicals that when released act as messengers for communication between neurons.

An action potential at the terminal of the presynaptic neuron allows neurotransmitter

release, thereby increasing the concentration of neurotransmitter in the synaptic cleft.

Following exocytosis, the neurotransmitters diffuse across the synaptic cleft and bind to

specific receptors on the membrane of the post-synaptic neuron. Binding causes channels

in the postsynaptic membrane to open/close, affecting ion flow and depolarising the

postsynaptic neuron, causing a postsynaptic receptor potential. Membrane transport pro-

teins act to clear the neurotransmitter from the synaptic cleft, decreasing the concentration

of transmitter to basal level, and leaving the synapse ready for the next cycle of activation.187
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4.3.2 The glutamatergic synapse and glutamate transporters

L-glutamate is an excitatory neurotransmitter of glutamatergic synapses (Figure 4.1) in

the mammalian central nervous system. Glutamatergic synapses are responsible for fast

excitatory neurotransmission, and are essential for normal development and function,

including learning and memory. Various neurological diseases and problems are linked to

dysfunction of such synapses, including amyotrophic lateral sclerosis, Alzheimer’s disease,

stroke, cerebral ischemia, traumatic brain injury, epilepsy and Huntington’s disease. The

clearance of glutamate from the synapse via sodium-dependent transporters needs to

be fast and efficient for regular and usual excitatory neurotransmission and prevention of

glutamate-induced excitotoxicity.188

Figure 4.1: A schematic representation of the glutamater-
gic synapse, highlighting the role of glutamate transporters
(EAATs) in the clearance of glutamate from the synaptic cleft.

EAATs (excitatory amino acid transporters) are membrane proteins within the mammalian

central nervous system (CNS), and they play an important role in regulating the concentra-

tion of glutamate in the extracellular space by transporting it, as well as other ions, across

cellular membranes. Following the release of glutamate as a result of an action poten-

tial along a neuron, glutamate transporters quickly remove the neurotransmitter from the

extracellular space, maintaining low concentrations and thereby terminating synaptic trans-

mission. This prevents the build-up of glutamate, leading to excitotoxicity, and also allows

glutamate to be recycled for repeated release.189,190 More specifically, glutamate is present

in presynaptic vesicles which fuse with the presynaptic membrane, allowing glutamate to en-

ter the synpatic cleft. Glutamate molecules then bind to specific membrane-bound/spanning

receptors located at pre- and post-synaptic neurons and glial cells. In ionotropic receptors,

this binding leads to conformational change and opening of intrinsic ion channels. Influx

of Na+ (and/or Ca2+, depending on the type of receptor) triggers membrane depolarisation
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of the post-synaptic neuron which is sufficient to induce signal transmission. Metabotropic

receptors are slower acting and work via a different mechanism, but in both types binding

glutamate ultimately causes signal transmission. Glutamate transporters are then hugely

important for clearance of excess glutamate in the extracellular space and prevention of

over-excitation of the neuron. In humans, there are five subtypes of glutamate transporters

- EAAT1-5, belonging to the solute carrier 1 (SLC1) family of transporters, and each have

slightly different properties that regulate their ability and mechanism of glutamate transport.

Examples of the characteristics of glutamate transporters that will affect synaptic neurotrans-

mission include their concentrating capacity, binding affinity to glutamate molecules, the rate

at which glutamate transport is carried out, intrinsic chloride conductance, expression levels

of the various subtypes and the way in which a particular synapse is made up.191

4.3.3 Excitatory amino acid transporters

The first three glutamate transporter subtypes belonging to the SLC1 family were cloned

and classified nearly simultaneously. The first was named GLAST1 (GLutamate ASpartate

Transporter 1),192 and the second named GLT1 (GLutamate Transporter 1) [193], both

isolated from the rat brain. The third, EAAC1 (Excitatory Amino Acid Carrier 1),194 was iso-

lated from the small intestine of a rabbit. A standardised nomenclature was later introduced

following the cloning and classification of the human homologues of these three glutamate

transporter subtypes, based on the acronym EAAT.195 Based on the percentage of amino

acid sequence identity shared between pairs, EAAT1 was defined as the human homologue

of rat GLAST1 (sharing 95 % identity), EAAT2 the human homologue of GLT1 (sharing

95 % identity) and EAAT3 the human homologue of rabbit EAAC1 (sharing 92 % identity).

Following this, EAAT4 was later cloned and classified as a human aspartate/glutamate

transporter expressed predominantly in the cerebellum,196 followed by EAAT5, the final

human subtype of the EAATs classified, expressed primarily in the retina.197 Cloning and

classification of these five subtypes of the SLC1 family has provided insight into their

locations, their function with respect to substrate and ion specificity, and ideas on their roles

in various diseases of the nervous system.

4.3.4 Stoichiometry of substrate transport and the alternate access model

Excitatory amino acid transporters are electrogenic transport systems which undergo

secondary active transport for the movement of glutamate across the membrane, using

the free energy stored in the cross-membrane electrochemical gradients of the coupling
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ions.35 Soon after the cloning of glutamate transporters it was found that transport of

substrates is coupled with the translocation of net charge across the membrane,198 where

it was also suggested that glutamate transport is associated with the co-transport of more

than one Na+ ion. More extensive studies for the understanding of substrate and ion

coupling stoichiometry were carried out with EAATs 1-3, leading to the final conclusion

that one glutamate anion is co-transported with one proton and three Na+ ions, and the

counter transport of one K+ ion.199,200 This allows the transporters to maintain up to a

106-fold glutamate concentration difference across the membrane of a neuron or astrocyte,

or to keep extracellular levels at low nanomolar concentrations.200 A thermodynamically

uncoupled, glutamate-gated chloride conductance within glutamate transporters was also

recognised,196 highlighting their ability to act as both secondary active transporters as well

as ligand-gated ion channels (Figure 4.2). This uncoupled chloride conductance would limit

the amount of glutamate available for synaptic transmission, and offset the depolarisation

caused by electrogenic glutamate transport, hence limiting neuronal excitability.

Figure 4.2: Comparison of the transport stoichiometry in mammalian EAATs (left) versus archaeal
glutamate transporters, including GltPh (right). Black parallel lines represent either side of a mem-
brane bilayer, in which the transporters (green) are stabilised. Arrows depict the direction of substrate
and ion transport.

The most common model for secondary active transporters involve ’alternating access’,

first proposed in 1957.201 According to this model, the binding sites for substrates and

ions are exposed to either one side of the membrane or the other, but never both at once,

during transport. Multiple versions of the model have been suggested. In the ’rocker-switch’

mechanism,202,203 the transporter is made up of two domains which take part in a rigid-body

rocking motion relative to one another. In this case, whilst access to the binding site by one

side of the membrane is permitted, access by the other side is prohibited (see Figure 4.3A).

The ’two-gated pore’ mechanism204 describes a pore, spanning the membrane, which is

terminated by a gate at either end. Access to binding sites by either the extracellular or



132

intracellular sides is therefore controlled by the opening and closing of these gates, and only

one will open at any one time. Binding of substrate and ions from one side causes closure

of the gate on that side - the state in which both gates are closed and the substrate is

trapped within the protein is termed the occluded state. Meanwhile, the elevator mechanism

involves translocation of molecules, in which a transport domain (housing binding sites)

travels across the membrane against a rigid scaffold domain (see Figure 4.3B).

Upon release from the presynaptic terminal, glutamate molecules diffuse across the

synapse and bind to glutamate receptors, generating a postsynaptic signal. Understanding

the ability of EAATs in controlling glutamate concentrations is greatly aided by the alternating

access model. The various EAAT proteins differ in their functional capacity, and therefore

to what extent they may influence glutamate concentration within the synapse. The main

events that are likely to influence this when considering an alternating access mechanism

are: (a) the rate at which the substrate binds the transporter; (b) the likelihood of a transport

event; (c) how quickly the glutamate is transported; and (d) the amount of glutamate

transporters close to the synapse.191

Figure 4.3: Examples of alternating-access models in membrane transporters, including (a) the
rocker-switch mechanism and (b) the elevator mechanism. Glutamate transporters are known to
function via the latter of these mechanisms. Figure taken from Slotboom 2014.205

4.4 GltPh - an archaeal homologue of the mammalian EAATs

A major breakthrough in the understanding of glutamate transporter structure was made in

2004, when the first crystal structure of an archaeal homologue from Pyrococcus horikoshii

(GltPh) was solved, and since this time GltPh has been studied extensively via various
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methods.206 Prokaryotic and eukaryotic glutamate and neutral amino acid transporters

share significant amino acid sequence identities throughout their entire polypeptides.207

The carboxy-terminal half of both eukaryotic and prokaryotic transporters has been found

to be responsible and essential for substrate binding, transport and ion coupling,208 whilst

residues in the amino-terminal half have been found in eukaryotic transporters to be involved

in the uncoupled chloride conductance.209 GltPh shares around 35% sequence identity with

the mammalian EAAT proteins, and importantly many of the functionally important amino

acids, involved in substrate and ion binding, are highly conserved between GltPh and its

human homologues. GltPh has also has an intrinsic chloride conductance much like in the

case of the EAATs;210 these factors combined make GltPh an excellent model system for

understanding mammalian glutamate transporters further. With further crystal structures

of GltPh solved in difference conformations, in the presence of various substrates and

inhibitors,211–217 these studies have provided a structural framework for the study of the

structure-function relationship of glutamate transporters, as well as allowing further insight

into the molecular basis of function.

GltPh binds and transports both L-aspartate and L-glutamate, with increased selectivity for

the former.218 In contrast, the mammalian EAATs transport L-glutamate and L-aspartate

with similar efficiency.219 The binding affinity of GltPh for L-aspartate (reported KD values in

the nanomolar range)211,214,220–223 is much higher than in the EAAT proteins (reported KD

values in the micromolar range)211,222. Another difference between GltPh and its human

homologues is that neither co-transport of a proton with substrate, nor counter-transport

of a K+ ion are required for substrate binding and translocation.218 Substrate turnover

rates differ between GltPh and the EAATs, with one L-aspartate molecule transported

approximately every three minutes at 30 oC in GltPh218,224 compared with every 80 ms in

EAAT2.225 Despite these differences, GltPh is considered an excellent model system to

elucidate structural and functional information related to the EAAT proteins - the following

sections will provide some insight into the types of studies that have been used for this

purpose thus far.

4.4.1 General structure of GltPh

The first solved crystal structure of GltPh represents an outward-facing state made up of

three identical monomeric units.206 The bowl-shaped homotrimer contains an extracellular-

facing, hydrophilic basin, and a pointed base which faces the cytoplasm. The basin, which
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is the depth of approximately half the trimers height and protrudes well into the plane of the

membrane, affords solvent exposure on the extracellular side to roughly midway through the

membrane bilayer.

Figure 4.4: (A) Cartoon representation of a single GltPh protomer, bound to Na+ ions (blue spheres) and L-aspartate
(sticks)(PDB code: 2NWX). The transport domain, consisting of HP1 (yellow), TM7 (orange), HP2 (red) and TM8 (violet)
is highlighted. (B) Extracellular view of trimeric GltPh (PDB code: 1XFH) with trimerisation domains shown in green and
transport domains shown in blue. Straight lines represent separation of different protomers, whilst curves lines represent sep-
aration of trimerisation and transport domains. (C) A schematic representation of the GltPh fold; TM helices of the trimerisation
domain (TMs 1, 2, 4 and 5) are coloured green, whilst TM helices and HPs of the transport domain (TMs 3, 6, 7, 8 and HPS 1
and 2) are highlighted by different colours. Figures (A) and (B) were both made using PyMol.

Each wedge-shaped protomer consists of eight primarily α-helical transmembrane domains

(TMs 1-8) and two helical hairpins (HPs 1 and 2). Protomers are described as containing

both a trimerisation (or scaffolding) domain, and a transport domain.212 The former is made

up of TM1, TM2, TM4 and TM5, it forms a rigid scaffold and mediates inter-subunit contacts;

the latter comprises TM3, TM6, HP1, TM7, HP2 and TM8, and houses all substrate and ion

binding sites. Each promoter therefore contains its own individual binding sites (see Figure

4.4). It was first suggested by Vernool et. al. that once substrate and ions are bound, a

transport pathway through each protomer to the cytoplasm is formed via the movement of

HP1 relative to other structural elements, thus acting as an intercellular gate. Meanwhile,

HP2 which resides above the substrate binding site was suggested to act as an extracellular

gate; the combination of both gates allows for an alternating access mechanism in which
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substrates and ions can only be exposed to one side at any one time.206 HP1 and HP2 are

therefore also termed re-entrant loops.

4.4.2 Substrate and ion binding sites

Co-crystallisation of GltPh with L-aspartate and thallium ions (Tl+) afforded identification

of GltPh ion and substrate binding sites in 2007.211 The substrate L-aspartate binds within

a buried, polar chamber which reaches halfway across the membrane bilayer; this binding

site is formed by the tips of HP1 and HP2, the unwound region of TM7 and polar residues

of TM8. Solvation of the highly charged L-aspartate molecule is afforded by a large number

of polar contacts. The side-chain of D394 (TM8) and main-chain carbonyls of both R276

(HP1) and V355 (HP2) stabilise the amino-group of the substrate. Meanwhile interactions

with the α-carboxyl of L-aspartate involve the amide nitrogen of N401 (TM8), the hydroxyl

of T398 (TM8) and the main-chain nitrogen of S278. Finally, the guanidinium group of R397

(TM8), the hydroxyl of T314 (TM7) and the main-chain nitrogen of G359 (HP2) interact with

the γ-carboxyl group (see Figure 4.5A).211 These residues are highly conserved between

GltPh and EAAT substrate binding sites, making the selective preference for L-aspartate

over L-glutamate in GltPh difficult to understand.

Figure 4.5: Cartoon representation of binding sites as seen in structural models for (A) L-aspartate
and (B) Na1 and Na2 in GltPh (PDB code: 2NWX). Binding residues are labelled in each case,
whilst interactions with specific groups are represented by dashed lines. Figures made using UCSF
Chimera (version 1.14).118

Transport of substrate in both GltPh and the EAATs is coupled to the co-transport of three

Na+ ions; two sodium ion binding sites were solved in this same study by co-crystallisation

with Tl+ (which has a large anomalous scattering signal in comparison to Na+).211 Upon

examination of anomalous difference Fourier maps of crystals soaked in thallium nitrate,
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two strong peaks were observed per subunit, as a result of the presence of Tl+ at these

sites. Competition experiments using Li+, Na+ and K+ revealed that only Na+ was

capable of Tl+ displacement, confirming that the Tl+-labelled sites are indeed genuine

Na+ binding sites. Both Na+ binding sites found in each monomer are in close proximity

to that of L-aspartate. It was inferred that Na1 (Na+ bound at site 1) is coordinated by

residues in TM7 and TM8, buried deep within the protein and binds below L-aspartate.

Buried just under HP2, Na2 (Na+ bound at site 2) is coordinated by four carbonyl oxy-

gens of TM7 and HP2 (see Figure 4.5B). The location of the third binding site for Na+

was not detected, however a number of computational studies have been conducted

for elucidation of this site, named Na3.226–230 This predicted site was later confirmed in

the solved crystal structure of GltTk, in which all three Na+ binding sites were resolved

using Na+ rather than Tl+.231 This third site is found between the unwound region of helix

7 (containing the conserved NMDGT motif) and TM3, with the Na+ ion bound 8 Å from Na1.

4.4.3 Crystallographic studies

Structural models of GltPh, solved using with X-ray crystallography or cryo-electron mi-

croscopy, have provided huge gains in the understanding of structure and structure-related

function in glutamate transporters. The occluded nature of the substrate binding site solved

with L-aspartate left the question of how exactly the substrate molecule reaches its binding

site from the extracellular or intracellular solution.211 However crystallisation of GltPh with a

non-transportable, competitive inhibitor - D,L-threo-beta-benzyloxyaspartate (DL-TBOA) -

revealed HP2 in an ’open’ conformation (Figure 4.6). The positioning of HP2 is allowed by

its movement by up to 10 Å from its position in the L-aspartate-bound state, and ultimately

lead to the hypothesis that HP2 serves as an extracellular gate. The structure was solved

by placing DL-TBOA into unmodelled density observed in data from DL-TBOA-exposed

crystals211 - the bulky benzyl group of this inhibitor appears to lodge against the tip of HP2,

holding it open. This is afforded by contacts made with G359 in HP2, and interaction with

M311 in TM7; the latter residue is highly conserved and thus gives a structural explanation

for the inhibition by DL-TBOA observed throughout eukaryotic transporters as well as GltPh.

The role of HP2 as an extracellular gate was further evidenced in the first ion-only-bound

crystal structure of GltPh;215 the observed open position of the hairpin tip is thought to

facilitate L-aspartate access to its binding site and to stop the inward movement of the

ion-only-bound transport domain.
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Figure 4.6: Relative position of HP2 (the extracellular gate) in the presence of L-aspartate versus DL-TBOA.
(A) gives an L-aspartate-bound and DL-TBOA-bound protomer overlaid (PDB codes: 2NWX and 2NWW re-
spectively), with transport domains shown as yellow and grey ribbon, respectively. HP2 is highlighted in red
(L-aspartate) and green (DL-TBOA) in each case, whilst L-aspartate (yellow) and DL-TBOA (grey) molecules are
shown as sticks. (B) shows HP2 and either substrate or inhibitor alone in each case, highlighting the open tip of
HP2 in the DL-TBOA-bound state, relative to its closed position with L-aspartate.

A further step in the transport mechanism was elucidated in 2009, with the first solved

crystal structure of GltPh in a substrate-bound ’inward-occluded’ conformation.212 This

was obtained via cysteine cross-linking of a double cysteine mutant with either copper

1,10-phenthroline (CuPhen) or divalent mercury (Hg2+) - point mutations were undertaken

at positions K55 (TM2) and A364 (HP2) for cysteine introduction. The most striking

difference in this structure compared with those previously solved (see Figure 4.7) is the

substrate binding sites of each monomer, which have moved by 18 Å from the bottom of

the bowl close to the extracellular solution, to a position much closer to the cytoplasm.

Transmembrane segments making up the trimerisation domain are largely unchanged,

whilst the remainder of the protein has undergone substantial movement. Further solved

apo structures later revealed similar findings,215 in that the entire transport domain shows

identical structures when facing either outward or inward; this suggests movement of

the transport domain as a rigid body relative to the trimerisation domain even in the apo

state. This gives some insight into how the transport domain might translocate when free

of substrate and ions to complete the transport cycle (i.e. from an empty inward-facing

conformation to an empty outward-facing conformation, ready for re-binding and transport).

For capturing of each apo, ions-only-bound and fully bound GltPh in outward-facing states,

a single point mutant of GltPh was used (R397A) which displays a drastically decreased

affinity for substrate. For inward-facing structure determination the same double cysteine
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mutant was used as previously described212, cross-linked using mercury.

Figure 4.7: (Top) Trimeric GltPh in outward-facing substrate-bound (left, PDB code: 2NWL) and inward-facing substrate/ion-
bound (right, PDB code: 3KBC) conformations, with substrate and ions shown as sticks and spheres respectively. Trimerisation
domains are shown as grey/yellow ribbon, whilst OF and IF transport domains are blue and green respectively. Dashed lines
represent either side of the membrane bilayer, affording visualisation of transport domain movement from OF to IF states.
(Bottom) Overlaid single protomers of GltPh in OF and IF states, with trimerisation domains shown as grey ribbon, and
transport domains shown as blue (OF) and green (IF) ribbon, with transparent mesh. Transport domain movement is clear
between conformations, whilst the trimerisation domain remains stable.

This same cross-linked variant has been utilised much more recently for structural deter-

mination of GltPh reconstituted into nanodiscs,217 to explore the motions of the transport

domain in the IFS as a result of ion, substrate and inhibitor binding. Substrate-bound struc-

tures replicated nearly exactly those solved previously both with212 and without substrate215

in inward-facing occluded conformations, in which HP2 occludes the substrate binding

site and packing of both domains leaves no space for its opening. Notably, structures

solved for apo-open, ions-only-bound, DL-TBOA-bound and TFB-TBOA-bound reveal

that whilst regions of HP2 and TM8a which typically take part in domain-packing remain

juxtaposed against the scaffold (trimerisation domain), a large proportion of the transport

domain swings out and away from HP2 and the trimerisation domain. The extent of this

movement is variable, depending on the protein state, with the largest splaying observed

for IF GltPh bound to TFB-TBOA. This leaves the question of whether this ’swinging-out’

of the transport domain occurs in order to allow subsequent opening of HP2 for substrate

release, or whether this movement alone is sufficient for substrate binding site access on
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the intracellular side.

The first solved crystal structure of GltTk from Thermococcus kodakarensis, a closely

related homolog of GltPh, in an entirely apo state afforded further understanding of the

mechanism by which the substrate-free transporter ’resets’ following substrate transport,

since somehow the transporter must reorient to the outward facing state.232 This revealed

an overall structure which is very similar to that of GltPh, with the transport domain adopting

an outward-facing state and both helical hairpins occluding the substrate binding site. It was

thus concluded that movement of the apo transport domain across the membrane will most

likely occur in the same manner as that of the substrate-bound domain. The usual substrate

binding site is partially filled by the overlap of a highly conserved Arg residue in this apo

structure, stabilised by ionic interactions with a conserved Asp which, in substrate-bound

GltPh, interacts with the amino group of the substrate molecule. Further rearrangements

around this Arg create a pocket, proposed to be a potential potassium ion binding site

in the mammalian transporters. Soaking of apo GltPh crystals with Tl+ later revealed

additional cation binding sites, with the protein remaining in an apo-like state;215 one such

site overlaps with that of the substrate and as such binding of cations here would compete

with binding of both Na+ ions and substrate. It was concluded that whilst the closed, empty

state of GltPh and other prokaryotic homologs appears to be stable, this might not be the

case in mammalian transporters. Thus binding of potassium cations at equivalent sites

would afford coupling of K+ counter-transport and completion of the transport cycle.215

Binding of non-transportable inhibitors such as DL-TBOA and TFB-TBOA is believed to

prevent closure of HP2 following binding, hence preventing transport. Both blockers,

DL-TBOA and TFB-TBOA, share the same backbone structure as L-aspartate, but have

additional benzyl ring/s which cannot fit within the substrate binding site; transport is

believed to be blocked by their binding to the OFS of transporters, forcing HP2 into an open

position with no room for closure. Solving of the OFS bound to both inhibitors in nanodiscs

confirmed this same conformation is adopted in the context of a lipid bilayer, without the

effects of crystal contacts.217 The IFS crystal structure with bound TFB-TBOA217 revealed a

wide-open conformation of HP2 much the same as that seen in the OFS of DL-TBOA-bound

GltPh.211 The IFS of DL-TBOA-bound GltPh, however, does not display this same HP2

conformation - in this case the extracellular gate remains mostly closed, with its N-terminal

arm separated from its C-terminal arm. This movement appears to alter one Na+ binding

site, giving further evidence for a different Na+ binding stoichiometry with this inhibitor as

was already proposed.214,216 This ultimately opens up a small crevice into the cytoplasm;
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whether or not this conformation has biological relevance is still unclear.

4.4.4 Biophysical characterisation

Key methodologies which have been used for biophysical characterisation of function-

related conformational change and rate constants for GltPh include fluorescence-based

techniques and EPR spectroscopy. Both techniques require the attachment of small organic

radicals (for EPR), or fluorophores, to cysteine residues which have often been purposely

placed in positions likely to report on conformational fluctuations. WT GltPh contains a

single cysteine which, when not required, can be mutated to an alternative residue with little

effect on the overall protein structure nor function.224 Such biophysical methodologies have

been employed in the context of protein solubilised in detergent micelles, and reconstituted

into proteoliposomes.

Multiple fluorescence based analyses have informed on binding constants for both as-

partate and Na+ ions. Measured dissociation constants (KDs) for L-aspartate are in the

nM range,211 exhibiting a Hill coefficient close to 1, indicative of independent binding in

each protomer. Sodium-dependence of L-aspartate binding was also observed.211,214 Na+

titrations have been conducted and monitored by fluorescence changes, giving apparent

KDs for Na+ in the mM range.211,221 Studies indicate that at least two Na+ ions are coupled

to L-aspartate binding;211,214,221 binding of two Na+ ions to the empty protomer was found

to be cooperative even in the absence of substrate.214,221 The dependence of DL-TBOA

binding on Na+ was investigated and found to be much weaker, with binding of the inhibitor

coupled to only one Na+ ion. The affinity of the transporter for Na+ is higher in the presence

of substrate, with Na+ binding being slow and likely rate-limiting, involving conformational

changes that are essential for the subsequent binding of substrate. This ultimately leads

to the conclusion that uptake of L-aspartate is only afforded in the presence and upon

protomer binding to Na+ ions.214,221 Additionally, the chemical potential of Na+ ions is

converted to substrate binding energy.

Despite the vast availability of crystal structures in multiple conformations, the question

still remains as to which of these conformations are related to, and required for substrate

transport, and whether the movement of individual subunits correlates with the transport

event. To address such questions, multiple single molecule fluorescence resonance energy

transfer (sm-FRET) studies have been undertaken, investigating conformational dynamics in
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the context of GltPh reconstituted into proteoliposomes. In all such studies, the protein was

found to undergo ’elevator-like’ movements between OF, intermediate and IF conformations,

depending on the protein state (i.e. empty, bound only to Na+ ions, and bound to both

ions and substrate or inhibitor).220,224,233 An intermediate conformation appeared to be

frequently adopted from either OF or IF conformations.224 It was suggested that this might

serve as a ’barrier’ between OF and IF extremes in the absence of L-aspartate, hence

playing a role in prevention of Na+ leakage.224 Whilst a structural basis for this ’barrier’ was

suggested, no further experiments were conducted to test this hypothesis.

Protomers were found to move and function independently of one another, in corroboration

with multiple other studies. In some cases, the kinetics of conformational fluctuations were

found to be heterogeneous, sampling long quiescent (dormant) periods with occasional

dynamic periods, the latter of which are believed to reflect transmembrane movements of

transport domains.220,233 These dynamic states are observed in both the empty transporter,

and when bound to both ions and substrate, with the lifetime of the quiescent periods

(representing stable states) being longer in the latter case. It was thus suggested that there

is allosteric coupling between substrate binding and interactions at the domain interface.233

Upon addition of DL-TBOA, the occasion of rapid dynamics decreases by more than 80

%, giving a strong indication that these dynamics are as a result of substrate translocation

across the membrane. Additionally, the short-lived states adopted as a result of these rapid

periods of activity are thought to be structurally different from conformations seen in crystal

structures, exhibiting lower substrate binding affinities.

The use of gain-of-function ’humanising’ variants (which result in higher rates of sub-

strate uptake) in combination with physiological ion gradients revealed destabilisation of

the previously observed quiescent ’locked’ states.220 This translates to an increase in

transporter dynamics paralleled to a decrease in substrate affinity, supporting previous

findings. The absence of one FRET state seen in the WT but not in the ’humanising’

variant was explained by a crystal structure, revealing the presence of all IF protomers

but with transport domains exhibiting entirely different conformations than seen previously.

Increased stability of the OFS in the presence of bound ions and substrate indicated that

transport domain movements might be the rate-limiting step in the ’humanising’ mutant;

altogether introduction of such mutations affects both transporter dynamics and substrate

affinity, despite the mutations not forming part of the substrate binding site. This provides

further evidence for coupling between substrate binding and transport domain dynamics.220
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High-speed atomic force microscopy (HS-AFM) has developed over recent years for

real-time, real-space observation of proteins in native-like environments; for GltPh this

has afforded analysis of transport dynamics of the membrane-embedded protein.234

Movements were observed initially of the substrate free state of the transporter, revealing

recurring transitions between OF and IF conformations. Addition of Na+ only resulted in a

significant decrease in the number of moving protomers, whilst those still moving remained

largely OF. Such a lack of movement again reveals a mechanism for prevention of Na+

leakage. Dynamic motions largely returned under saturating concentrations of both Na+

ions and substrate, although some remained quite dormant. This might correlate with long

quiescent periods observed in previous SM-FRET studies.220,233 The motions of individual

transport domains within each trimer were not found to correlate, hence indicating a lack in

cooperativity.

The first EPR study on GltPh235 included SDSL of double cysteine variants in combination

with cw-EPR to probe the conformational changes that occur in HP2, previously proposed

to function as an extracellular gate for control of Na+/substrate translocation.211 Residues

for mutagenesis and subsequent labelling were chosen based on previously solved crystal

structures, showing variability in the position of HP2 in the presence of either DL-TBOA or

L-aspartate, defined as open and closed states respectively.206,211 The strategy employed

cw-EPR measurements of each labelled cysteine pair in maximally-labelled and under-

labelled protein (equal to approximately one spin label per pair of residues), reconstituted

into proteoliposomes. It was found that in the apo state, HP2 adopted a conformation similar

to that of the L-aspartate-bound closed state, whilst upon Na+ binding the conformation of

HP2 resembled that of the DL-TBOA-bound open state. A proposed binding mechanism

was suggested in which the closed state of HP2 in the apoprotein prohibits any binding of

aspartate in the binding pocket before Na+ is bound. Na+ binding then affords opening of

this gate to the extracellular side, and subsequently aspartate binds in its binding site. Then

closure again of HP2 effectively closes off exposure of the substrate to the extracellular side.

In 2013, two EPR studies on GltPh were published almost simultaneously, both of which

focused on the use of DEER for probing large-scale conformational change in both the

scaffold and transporting domains of GltPh, in the context of both detergent and proteoli-

posome environments.236,237 In one study,237 DEER data gave a good indication that the

scaffold domain forms the stable core of the protein, whilst the transporting domains were

captured in multiple conformations, in all states (i.e. with/without coupled ions/substrates).

Distance changes observed in proteoliposomes were smaller than those in detergent,
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which led to the suggestion of more intermediate/asymmetric conformations sampled in

proteoliposomes. They also suggested that equilibrium constants for each transporter

conformation are of a similar magnitude, since multiple conformations in all protein states

were observed. It was concluded that the transport domain is continually moving across

the membrane, ready for binding/transport/expulsion of ions and substrates, and that local

movements such as those shown for HP2235 afford ion and substrate loading and expulsion.

The second study236 demonstrated much the same findings, describing the scaffold domain

as the main structural core, as well as multiple conformations in all states, with the energies

of each conformation being similar. In specific variants, the lipid environment lead to more

pronounced single conformations as compared with other variants, caused by differing

interaction of spin label side chains with the interface between scaffold and transporting

domains. The distance changes observed in proteoliposomes were again smaller than

those exhibited in the detergent environment; this was attributed to a more compact

protein structure in the membrane. In both studies there are discrepancies as to which con-

formation is preferred in which state, depending on where the spin label pairs are positioned.

A more recent study demonstrated a novel method for the in vitro assembly of multimeric

membrane transport proteins for (a) the study of cooperativity between protomers and (b) the

deconvolution of complex and confusing spectroscopic data when dealing with multimeric

proteins.238 GltPh heterotrimers were assembled from a mixture of WT GltPh and V216C-

I294C-GltPh variant subunits and subsequently spin labelled. A comparison of DEER mea-

surements from control V216C-I294C-GltPh homotrimers vs heterotrimers revealed sharper,

more defined distance distributions for the heterotrimer, in which the number of possible dis-

tances measured is greatly reduced. Interestingly, these results revealed the spin labelled

monomer of the heterotrimer quite clearly adopts an inward-facing conformation, in both apo

and substrate-bound states.

4.4.5 Overall mechanism of substrate and ion transport

An amalgamation of results such as those described here has lead to what is currently

understood as the transport mechanism in GltPh (see Figure 4.8). Starting with the

apoprotein, the extracellular gate that is HP2 is able to adopt an open conformation,

resulting in accessibility of substrate and ion binding sites to the extracellular environment in

the OFS of the transporter. Upon binding of the first two Na+ ions to the OFS, the tip of HP2

remains open meaning uncoupled uptake of Na+ doesn’t occur. The slow and weak binding

of these two Na+ ions affords conformational movement to a state that can bind both the
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substrate molecule, and the final Na+ ion. This is followed by closure of HP2, occluding both

substrate and ions from the extracellular side. The actual transport cycle involves binding

and release of substrate at either side of the membrane; this process utilises an electro-

chemical gradient of Na+ ions. Translocation of L-aspartate across the membrane involves

elevator-like movements, in which the transport domain moves relative to the rigid scaffold

(trimerisation) domain and traverses the membrane. During this movement, allowing

translation between OF and IF states, the transport domain undergoes rotation of 37o, fol-

lowed by translation of 15-18 Å . This results in binding sites now facing the cytoplasmic side.

When considering substrate and ion release on the intracellular side, Na2 (which is believed

to be in rapid equilibrium with the solution) release is required for disassembly of the

complex.216 To this date, the identity of the intracellular gate remains unclear, as does the

specific mechanism by which substrate release occurs. Both HP1 and HP2 have been

suggested in different studies to play a role in substrate and ion release in the IFS, however

further investigation is still required to solve this part of the mechanism. Molecular dynamics

simulations coupled with free energy calculations have indicated that initial unbinding of

Na2 is followed by intracellular gate opening, allowing L-aspartate release, followed by

the release of Na1 and Na3 in succession, with the latter being rate limiting.239 Substrate

release allows the transport domain to adopt an occluded conformation which can then

move from the IF to OF state, completing the transport cycle. Chloride permeation and

an uncoupled chloride conductance is known to occur between the scaffold and transport

domains, however the conformational states and residues associated with this process

remain unclear.

Figure 4.8: Schematic representation of the transport mechanism of GltPh, as suggested by (and
taken from) Wang and Boudker 2020.217 This highlights their proposed gating mechanism on both
extracellular and intracellular sides of the membrane.
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4.5 EPR Investigation of GltPh

As has been described in the introductory section of this chapter, a mixture of cw-EPR

and DEER studies have been undertaken to probe conformational changes that occur

during ion, substrate and inhibitor binding and/or transport. However, results of these

studies have been contradictory and often not entirely clear, thus not necessarily providing

clear insights into the mechanisms by which GltPh functions.235–237 The most recent study

described the formation of heterotrimers to aid in such experiments, and indeed afforded

far less complex, convoluted distance distributions.238 However the purification strategies

required in heterotrimer formation mean that yields are even more limited. The aim of the

EPR studies presented in these next sections was to consider and test alternative, less

time-consuming and yield-limiting approaches to address the issue of convoluted DEER

data due to multiple labelling sites in this trimeric protein, and thus give a clearer insight into

the conformations adopted by GltPh.

4.5.1 SDSL and cw-EPR of a GltPh variant

GltPh is another protein in which there is no inherent paramagnetic centre, and as such

SDSL is required in order for any EPR studies to be conducted. For the following studies, a

single-cysteine variant of GltPh was utilised - C321A-A71C GltPh. The naturally occurring

cysteine as position 321 in the WT protein is in a position that is buried and inaccessible

for labelling; indeed MMM studies (based on crystal structures of the protein) predict only

1 or 2 rotamers in each protomer, with associated partition functions that suggest the site

is too tight for successful labelling. The alternative labelling position chosen, at residue 71,

is located at the base of the trimer, in the loop region between TM2 of the scaffold domain

and TM3 of the transport domain (see Figure 4.9).

This position is exposed on the surface of the protein and as such forms an accessible

labelling site. There is no evidence in the literature to suggest that mutation at this site

should have any effect on the protein structure or function. cw-EPR experiments following

efficient labelling will be expected to report on changes in the surrounding environment

of, and/or rotational motions of the attached spin label, whilst DEER studies will afford

inter-protomer distance determination.
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Figure 4.9: Outward-facing GltPh (PDB code: 2NWX) with position 71 highlighted in ’stick and dot’ representation. The trimeric
protein is shown from the bottom (left) to clearly show the relative position of this residue in each protomer. In the side-on
representation (right), chain C has been omitted. TM1-3 in both representations are shown as ribbon, with the remainder of
the protein shown as transparent mesh. Figures made using UCSF Chimera (version 1.14).118

MMM analysis, SDSL and cw-EPR measurements

MMM analysis was undertaken (as described previously with MamM in chapter 3.8.1)

using MTSSL at position 71 on multiple solved structural models of GltPh, providing

analysis of protomers in entirely inward- or outward-facing conformations, and a mixture of

conformations. This ultimately allows the prediction of inter-spin distances for GltPh when

apo, Na+/L-aspartate-bound and Na+/DL-TBOA-bound. Results are given in Table 4.1,

including the predicted number of rotamers (averaged), partition functions (averaged) and

inter-spin distances between specified protomers. Results suggest that position 71 is much

more accessible when protomers adopt OF states, as seen in apo, Na+/L-aspartate and

Na+/DL-TBOA-bound states. There is an expected change in inter-spin distance between

all-OF and all-IF conformations of approximately 0.3 nm, with the OF structures tending

towards longer distances. Since GltPh protomers are predicted to undergo continual

conformational fluctuations in the absence of Na+ ions/substrate/inhibitor, labelling should

be viable under the buffer conditions used.
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PDB code Description
Average num-

ber rotamers

Average parti-

tion function

r (nm)

Chains A/B Chains A/C Chains B/C

1XFH Apo OF 57 0.89 2.63 2.74 2.69

3KBC Apo IF 10 0.050 2.21 2.21 2.24

3V8G Asymmetric 5 0.052 1.96 1.95 2.06

2NWX Na+/L-asp

OF

66 1.08 2.60 2.62 2.61

2NWW Na+/DL-

TBOA OF

61 0.46 2.63 2.77 2.73

Table 4.1: Results of MMM analysis using structural models for GltPh in multiple conformations and states, including the
predicted number of rotamers (averaged between protomers), extinction coefficients (averaged between protomers) and inter-
spin distances.

SDSL was attempted to begin with using detergent-solubilised, purified GltPh trimers in

a similar manner as is described for MamM in chapter 5.2.6, in which Zebaspin desalting

columns are used for removal of reductant and excess MTSSL post-labelling. However this

approach caused large losses of purified protein during the multiple wash steps required

and as such was deemed unsuitable for this system. The labelling strategy was thus

adapted such that labelling occurs during the purification process, whilst the protein is

bound to the metal affinity resin and prior to wash and elution steps. The protocol was

tested without the use of the reductant dithiothreitol (DTT) since it is incompatible with the

metal affinity resin used (due to interference with the cobalt metal ions binding to the resin),

and resulted in yields of purified protein equivalent to those in the absence of labelling.

The cw-EPR RT X-band spectrum of C321A/A71C GltPh following this SDSL strategy is

shown in Figure 4.10, for which the estimated SDSL efficiency is close to 100 %. From

now on, C321A/A71C GltPh which is spin labelled with MTSSL will be referred to as GltPhSL.

Figure 4.10: X-band RT cw-EPR spectrum of apo GltPhSL following SDSL. Experi-
mental parameters: microwave frequency = 9.75899 GHz, centre field = 3478 G, sweep
width = 100 G, modulation frequency = 100 KHz, modulation amplitude = 2 G, microwave
power = 0.3965 mW, number averages = 64.
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Addition of Na+ ions, substrate and inhibitor

Binding and transport of L-aspartate (the high affinity substrate of GltPh) by GltPh is well

known to be dependent on the binding of three Na+ ions by means of a transport mechanism

such as that described in Figure 4.8. It has been suggested that binding of the first two Na+

ions affords conformational movement to form the L-aspartate binding site. It is therefore

expected that some conformational movement is expected around the Na+ and substrate

binding sites during this binding process. DL-TBOA is a known inhibitor of GltPh which ap-

pears to bind in the same binding pocket as L-aspartate, again only afforded by prior binding

of two Na+ ions, with its bulky benzyl group prohibiting closure of HP2 and any further steps

of the transport mechanism. Our labelling position sits at the base of each protomer of

the trimer, and is not involved directly in substrate or inhibitor binding; thus it might not be

expected to inform on such local conformational changes. However MMM analysis indicates

that this site becomes much more restricted when protomers adopt the IF conformation

(reflected by decreased numbers of rotamers and partition functions) - thus we might expect

some increased rigidity if this conformation is adopted in solution. MMM also predicts some

expected changes in inter-spin distances (see table 4.1) as a result of the movement of

the transporter between OF and IF states which might be accessible via DEER experiments.

Figure 4.11: X-band RT cw-EPR spectra of apo GltPhSL (green), and following incubation with excess Na+ (blue), Na+ +
L-aspartate (maroon) and Na+ + DL-TBOA (grey). Spectra have been normalised to equivalent intensities and are shown in
stacked (left) and overlaid (right) representations. Experimental parameters: microwave frequency = 9.759 GHz, centre field
= 3478 G, sweep width = 100 G, modulation frequency = 100 KHz, modulation amplitude = 2 G, microwave power = 0.3965
mW, number averages = 64.

Initial tests were conducted at RT using cw-EPR measurements for the apo protein (as

above), and following incubation with different mixtures of Na+ ions/substrate/inhibitor to

probe any changes which might occur locally to the attached spin label. Figure 4.11 gives

shows both stacked and overlaid RT cw-EPR X-band datasets for the apo GltPhSL and

following incubation with Na+ only, Na+ and L-aspartate, and Na+ and DL-TBOA. As can
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be seen from the overlaid plot, changes in spectral line shapes are minimal between protein

conditions, indicating that binding events do not induce local changes to the environment

of the spin label, nor changes in the rotational motion of the protein itself or the attached

spin label. The only notable differences are at approximately 3460 G and 3495 G, in which

we can see a slightly different ratio of bound:unbound label between samples. The latter is

evidenced by the sharper features centred around these magnetic field strengths.

4.5.2 DEER studies of GltPhSL

In silico predictions of inter-spin distances (based upon MMM analyses) for GltPhSL

indicate some expected changes (between apo, ions-only-bound, substrate-bound or

inhibitor-bound) depending on the resulting conformation of each protomer. Distances

within this predicted range of approximately 2.2 - 3 nm can be effectively probed using

DEER spectroscopy. As such, samples were prepared with GltPhSL (a) when apo, and in

the presence of excess (b) Na+, (c) Na+ and L-aspartate and (d) Na+ and DL-TBOA. As

with the MamM experiments described in chapter 3, samples were mixed thoroughly with

approximately 30 % d8-glycerol to act as a cryo-protectant, and to increase the T2 relaxation

time of perturbed spins. Initial FSE measurements afforded determination of pump and

observe positions for use in the DEER experiment, which are highlighted in Figure 4.12.

Figure 4.12: X-band field-swept echo spectra measured for apo GltPhSL (T = 50 K)
(green), and following incubation with excess Na+ (blue), Na+ + L-aspartate (maroon)
and Na+ + DL-TBOA (grey). Pump and observe positions for DEER experiments are
highlighted by red and grey asterisks, respectively. Experimental parameters: magnetic
field sweep width = 120 G (Na+/DL-TBOA) and 150 G (all others), delay time (τ ) = 120
ns, number of points = 400-600, shots per point = 50, shot repetition time = 2 ms, number
of averages = 4.

The results of subsequent DEER measurements, using the pump and observe positions

specified above, can be seen in Figure 4.13. Fitting of all the dipolar evolutions and

subsequent distance distributions were calculated with DeerAnalysis19 using Tikhonov reg-
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ularisation. Left panels give the background corrected, time domain dipolar evolutions whilst

right panels give the resulting distance distributions for each sample. For the apo case, the

distance distribution is very broad; this is indicative of multiple conformations of protomers

within solution for which we see an overall envelope of multiple spin-spin distances. Addition

of Na+ alone, and then with L-aspartate, appears to induce a stepwise transition towards a

favoured conformation with an average inter-spin distance of approximately 2.3 nm. With

Na+ alone, the protein is sampling fewer conformations than in the apo protein, indicating

an effect of Na+ binding on the overall conformational dynamics of the protomers. Two

inter-spin distances are most prominent, centred at approximately 2.3 and 2.8 nm; these are

comparable with MMM predictions for GltPhSL in IF (predicted: 2.2 nm) and OF (predicted:

2.6-2.7 nm) conformations, respectively. Notably, the lower of these distances is more

prominent and indeed becomes even more so upon addition of L-aspartate. The results for

Na+ and DL-TBOA are not as clear as with L-aspartate, however there is still evidence of a

Figure 4.13: 4-pulse DEER experiments. (Left panel) Normalised background-corrected dipolar evolution for GltPhSL under
(A) apo, (B) Na+-only-, (C) Na+/L-aspartate- and (D) Na+/DL-TBOA-bound conditions. Fittings are given as black lines
overlaid with these plots. (Right panel) Resulting distance distributions for (A), (B), (C) and (D) as described following fitting of
the time domain traces by Tikhonov regularisation. Experimental parameters are given in chapter 5.2.6.



151

higher population of spins at approximately 2.3 nm from one another.

In all cases, and for (C) and (D) in particular, there appears to be an additional distribution

of spins at approximately 3.8 nm from one another - for the length of the traces measured

(all under 2 µs), such distances are considered unreliable and are most likely artefacts

introduced by the fitting process.

4.6 Conformational locking of GltPh protomers

As mentioned previously, the aim of these EPR investigations is to use GltPh as a model

system on which to test approaches for the simplification of DEER results, which on a

trimeric system such as this in which many conformational states of the protomers can be

adopted, can be quite confusing. As such, we have utilised two additional variants of GltPh

which were designed to prevent protomers adopting either OF or IF conformations. Results

of EPR measurements conducted on these variants, which contain the same labelling site

as GltPhSL, can be used to solve which distances in the previous distance distributions

presented correspond to which conformational states of the protomers.

4.6.1 Ideas behind GltPh ’conformation-locking’ variants

The two additional GltPh variants produced contain either G79A or K290E point mutations,

in addition to the background C321A/A71C mutations, affording spin labelling and direct

comparison of EPR results with those described previously for GltPhSL. The former of

these mutations - G79A - is intended to cause protomers to favour the OF state. Residue

G79 is found within the loop region between TM2 (of the trimerisation domain) and TM3

(of the transport domain); this short loop has been shown previously to undergo defined

movements, allowing transition between OF and IF states through movements of the

transport domain.212

Specifically, to facilitate the downward movement of TM3 toward the cytoplasmic side it was

shown that extension of the TM2-TM3 loop is required, by means of unwinding of the TM3

α-helix by approximately one turn. Three glycine residues within the TM2-3 loop - namely

G69, G79 and G82 - were suggested to allow this α-helical unwinding, and to act as hinges.

The overall movement of the transport domain and extension of the TM2-3 loop and descent

of TM3 is shown in Figure 4.14. It is therefore thought that disruption of this conserved



152

set of glycines via substitution with the slightly larger, but still non-polar, alanine at posi-

tion 79 might prevent such movements, resulting in preference by protomers for the OF state.

Figure 4.14: Structural representations of TM2-TM3 (cartoon) in (A) outward-facing and (B) inward-facing GltPh
protomers, and overall movement of the TM3 and the rest of the transport domain (surface) following unwinding
of the TM2-3 loop. Conserved glycines suggested to play a role in affording movement of TM3 are labelled. TM4
and TM5 have been omitted for clarity. Bound L-aspartate (sticks) and Na+ ions (spheres) are also shown. PDB
codes used: 2NWX (OF) and 3KBC (IF).

Meanwhile the second of our additional mutations - K290E - was chosen with the opposite

aim, to destabilise the OF state and thereby force the favouring of protomers for the IF state.

K290 is found on the HP1 loop of the transport domain, and is known to participate in a salt

bridge with residue E192, which is further stabilised by interactions with the aromatic ring

of residue Y195. This network of interactions occurs at the interface between trimerisation

and transport domains and stabilises the OF state of protomers.223 Previous studies have

successfully utilised mutations at position 290 in GltPh for selective destabilisation of the OF

state.233,240 Figure 4.15 gives the relative positions of residues K290 and E192 in OF and

IF states of a GltPh protomer, demonstrating the vast separation required between these

residues in the IF state. Our substitution of this basic lysine residue for acidic glutamate

should abolish the aforementioned salt bridge, hence destabilising the OF state.
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Figure 4.15: Cartoon representation of GltPh in OF (blue) and IF (orange) states, with residues E192
and K290 labelled (shown in stick and dot representation). TM5 and HP2 in each structure are also
labelled, which house residues E192 and K290, respectively. PDB codes used: 2NWX (OF) and
3KBC (IF).

4.6.2 SDSL and cw-EPR measurements

SDSL was performed on both C321A/A71C/G79A and C321A/A71C/K290E GltPh variants,

utilising the same method as was described for the non-lock variant previously. These

will be referred to as GltPhSLOF
and GltPhSLIF

for variants housing the G79A and K290E

mutations, respectively. Labelling efficiencies were equivalent to those accomplished in the

absence of the additional conformation-locking mutations, at close to 100 %. RT cw-EPR

X-band measurements following SDSL are presented in Figure 4.16, slightly offset from

one another; this figure also includes the results for GltPhSL for easy comparison of line

shapes. It is clear that the EPR line shapes for each A71C GltPh variant when apo are

essentially equivalent, indicating no major change in spin label environment or rotational

motion. This is not surprising, since line shapes for GltPhSL remained largely the same after

addition of Na+/L-aspartate/DL-TBOA, despite evidence of conformational change seen in

the DEER spectra. Furthermore, the results for GltPhSLOF
and GltPh SLIF

demonstrate

that the introduction of these variants does not cause any dramatic structural effects on the

protein in solution (for example unfolding) other than the conformation-locking effect that we

hope to see via further DEER experiments.
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Figure 4.16: X-band RT cw-EPR spectra of GltPhSL (green), GltPhSLOF
(purple) and

GltPhSLOF
(orange) when apo, following SDSL. Experimental parameters: microwave

frequency = 9.75899 GHz, centre field = 3478 G, sweep width = 100 G, modulation
frequency = 100 KHz, modulation amplitude = 2 G, microwave power = 0.3965 mW,
number averages = 64.

Figure 4.17: X-band RT cw-EPR spectra of (A) GltPhSLOF
and (B) GltPhSLIF

when apo (green), and following incubation
with excess Na+ (blue), Na+ + L-aspartate (maroon) and Na+ + DL-TBOA (grey). Spectra have been normalised to equivalent
intensities and are shown in stacked (left) and overlaid (right) representations. Experimental parameters: microwave frequency
= 9.759 GHz, centre field = 3478 G, sweep width = 100 G, modulation frequency = 100 KHz, modulation amplitude = 2 G,
microwave power = 0.3965 mW, number averages = 64.

Further RT X-band cw-EPR measurements were undertaken with both lock variants in

the presence of Na+ alone, Na+ + L-aspartate, and Na+ + DL-TBOA under the same

conditions as were used with GltPhSL. The experimental results are presented in Figure

4.17A and 4.17B, for GltPhSLOF
and GltPhSLIF

, respectively. These spectra are once again
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almost equivalent for each measurement of the series in both cases, indicating no effect of

ion/substrate/inhibitor binding on the local environment or rotational motion of the attached

spin label.

4.6.3 DEER studies of conformation-locked variants

The aim of the DEER experiments described in this section was to demonstrate the use

of conformation-locking variants in clarification of conformations adopted in solution by

GltPh which is not locked in either conformation. Thus DEER experiments have been

undertaken with both GltPhSLOF
and GltPhSLIF

under all conditions as were measured

for GltPhSL. Equivalent pump and observe positions as are shown in Figure 4.12 were

chosen in the experimental setup. Results of these experiments can then be directly

compared to hopefully aid in the analysis of distance distributions seen in the absence of

conformation locks. Firstly, the results of GltPhSLOF
are presented in Figure 4.18, including

background-corrected time domain spectra with their associated fittings, as well as the

corresponding calculated distance distributions. Since this variant should cause protomers

of GltPh to favour the OF state, we would expect that distances corresponding to inter-spin

interaction between labelled protomers in IF conformations to be eradicated. In all cases

(apo, with Na+, Na+/L-aspartate and Na+/DL-TBOA) the calculated distance distributions

are very broad, with very little variance between different apo and bound protein states.

The highest intensity point in each distribution does sit at around 2.8 nm (which is similar

to MMM predictions based on all-OF GltPh structures), however these distributions are so

broad that a single, stable conformation does not seem to be adopted by protomers in any

case. Importantly, the affects of Na+ only, and Na+/L-aspartate addition are not the same

as in the case of GltPhSL - specifically their addition does not seem to induce conformations

which result in an a more intense and narrow inter-spin distance distribution centred at 2.3

nm as was seen with GltPhSL.
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Figure 4.18: 4-pulse DEER experiments. (Left panel) Normalised background-corrected dipolar evolution for GltPhSLOF

under (A) apo, (B) Na+-only-, (C) Na+/L-aspartate- and (D) Na+/DL-TBOA-bound conditions. Fittings are given as black lines
overlaid with these plots. (Right panel) Resulting distance distributions for (A), (B), (C) and (D) as described following fitting of
the time domain traces by Tikhonov regularisation. Experimental parameters are given in chapter 5.

Results for GltPhSLIF
, which should in this case prevent OF conformations of GltPh

protomers, are indeed different to those described above; these results are presented in

Figure 4.19. Here we can see in all protein states that the inter-spin distances seen tend

towards the short distance that was observed for GltPhSL of 2.3 nm. The apo condition

again gives a broad distance distribution, from which not a huge amount of information can

be extracted. Addition of the Na+/L-aspartate pair results in a more highly populated state,

resulting in a narrow distance distribution centred at approximately 2.3 nm, as was the case

with GltPhSL; similar conformational states appear to be adopted after the addition of Na+

with DL-TBOA as well. The 2.3 nm distance distribution observed agrees well with MMM

predictions for all-IF protomers of trimeric GltPh.
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Figure 4.19: 4-pulse DEER experiments. (Left panel) Normalised background-corrected dipolar evolution for GltPhSLIF

under (A) apo, (B) Na+-only-, (C) Na+/L-aspartate- and (D) Na+/DL-TBOA-bound conditions. Fittings are given as black lines
overlaid with these plots. (Right panel) Resulting distance distributions for (A), (B), (C) and (D) as described following fitting of
the time domain traces by Tikhonov regularisation. Experimental parameters are given in chapter 5.
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4.7 Discussion and conclusions (EPR)

Starting with the basics, SDSL followed by sample preparation and measurement of GltPh

variants under various conditions (including apo, Na+, Na+ + L-aspartate and Na+ +

DL-TBOA) gives no evidence for any structural rearrangements or instabilities as a result of

any mutation. To the eye, a slight increase in a more mobile SL species is observed in the

RT X-band cw-EPR spectra for GltPhSL and GltPhSLIF
under certain conditions. However

this effect is minimal, and is most likely attributable to the presence of a small amount of

unbound, or non-specifically bound, MTSSL label. As such, these experiments suggest

no local changes in spin label environment, nor changes in rotational motion of the protein

itself at the SL position or indeed the attached probe, as a function of either the protein

variant or protein state.

Following initial cw-EPR investigations, DEER spectroscopy as undertaken for all GltPh

variants to test the use of conformation ’locking’ variants in interpretation of complex and

convoluted data. A key message to note from these studies is that our EPR investigations

(specifically the DEER data) confirm that the introduction of the known and previously-

used conformational ’lock’ variant - K290E - does indeed stabilise the IF conformation in

detergent-solubilised GltPh trimers. Meanwhile, although the G79A mutation has not been

previously utilised for the purpose of an OF ’lock’ mutation, DEER results clearly demon-

strate the inhibition of IF conformations with the introduction of this mutation. Overall, the

use of these two additional variants has afforded insight into the origin of inter-spin distances

within GltPhSL under specific conditions, from which we can conclude than an altogether

very dynamic apoprotein becomes less-so upon binding of coupled ions/substrate/inhibitor.

More specifically, GltPh tends to favour IF conformations in the presence of either Na+

alone, Na+ + L-aspartate, and Na+ + DL-TBOA.

A direct comparison of these results with other published EPR studies is difficult, since

the conclusions from most are quite conflicted. However one study (the most recent in

which there are EPR investigations of GltPh) has tested the preparation of heterotrimers

(in detergent micelles) as a means for more effective, refined, intra-protomer distance

determination in DEER experiments.238 Interestingly, the results quite clearly show that

the protein (at least one protomer) is preferentially adopting an IF conformation in both

states for which experiments were measured - namely Na+ only, and Na+ + L-aspartate

bound. The results of this particular study are extremely clear as a result of the heterotrimer

produced, in which only one protomer contains cysteines for SDSL; they are also in good
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agreement with those discussed in this chapter for GltPhSL (also in detergent micelles).

This IF conformation is in fact typically the opposite of what is observed throughout many

X-ray crystal/cryo-EM structures of GltPh, at least for protein which hasn’t been cross-linked

in such a way to encourage the IF conformation. However, this does not mean to say

that the observation (by DEER) of preferentially IF conformations for GltPh in solution

should be surprising. Many recent cryo-EM structures of cross-linked IF GltPh give clear

evidence that binding of Na+/L-aspartate/DL-TBOA is possible in protomers adopting an

IF conformation.217 Indeed MMM analysis of these IF crystal structures in bound/unbound

states predict inter-spin distances between MTSSL-labelled A71C sites of approximately

2.3 - 2.4 nm. Many earlier structures were solved using X-ray crystallography, in which

protein conditions were typically far from native. The crystal state represents a global

minimum of free energy, however it might be the case that biologically relevant interactions

are sacrificed in favour of unspecific crystal contacts. A crystal structure might therefore

reflect a conformation that is most energetically favourable under the conditions used,

but not necessarily one that is most abundant, biologically relevant or stable under native

conditions, or in solution. Additionally, the solved crystal might only represent a very small

proportion of the conformations actually present. This actually highlights the importance

of biophysical, as well as structural, approaches for elucidation of protein structure and

function.

As was highlighted during the introductory parts of this chapter, the majority of published

GltPh EPR studies have included somewhat confusing, and often contradictory, conclusions.

This is mainly due to complexities in inter-spin distance determination within a homotrimeric

protein which is known to undergo substantial conformational movement during the

transport cycle. To probe intra-protomer distances using current approaches has proven

extremely difficult, which ultimately limits the application of DEER to inter-protomer distance

determination; this is not especially useful when wanting to probe specific movements of

helices/hairpins during transport. Thus this work provides a potential starting point for the

strategic use of conformation-locking (but also structurally sound) variants for interpretation

of complex results, by means of what is essentially the process of elimination. Such an

approach could be useful not only for GltPh, but other multimeric proteins which undergo a

vast amount of conformational change as a result of their biological function. Homologous

mutations to the closely related human EAAT proteins, for example, might also be beneficial

for their study via biophysical methods to complement recently solved 3D structures.241–244
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4.8 STD NMR for probing binding events in GltPh

The work presented in this section significantly extends the application of STD NMR to

membrane proteins, for which results in literature are currently limited despite membrane

proteins constituting more than half of all drug targets. This, most likely is due to the

added complexity of the protein environment required for stabilisation. For example, with

a membrane protein stabilised in detergent micelles, detergent molecules are in constant

on-off interaction with the protein, resulting in potential additional resonances in the STD

spectrum which might overlap with those of the ligand of interest. For this reason it is

necessary to carefully assess the environment in which the protein is stabilised for the STD

experiment. This work demonstrates the use of STD NMR as an alternative method for KD

determination not only for weakly binding ligands, but also for very tightly binding ligands,

highlighting key differences which might relate to protein function in differing environments.

Previous examples of STD NMR for reporting simply the observation of ligand binding

to membrane proteins have been conducted in whole cells,245–248, cell membranes,249

and in proteins reconstituted into proteoliposomes250 or nanodiscs.251 Only recently have

examples of STD-based analysis of ligand binding to detergent solubilised proteins been

reported.252–255 Meanwhile, estimation of ligand KD to a membrane protein via STD NMR

has been reported just once, in which an as-yet unspecified and unpublished fitting routine

was employed.250

4.8.1 KD determination by STD NMR and the effects of protein environment

For successful measurement of an STD NMR effect, particularly when using the method

for quantitative determination of dissociation constants, several factors must be considered

prior to running the experiment. As previously mentioned, the STD NMR technique is

sensitive for weak-binding ligands (KD values typically ranging from high nM to low mM),

meaning that there is a fast exchange between the free and bound ligand states. This allows

a build-up in concentration of saturated ligands in solution, giving greater STD signals. This

means that the ligand koff rate should be fast enough for the number of saturated molecules

in solution to build-up, but not so fast that it binds for insufficient time to allow saturation

transfer from the protein to the ligand to actually happen. When the ligand is bound to the

protein, its relaxation behaviour takes on that of the macromolecule, meaning the rate at

which its perturbed magnetisation relaxes back to equilibrium is now much faster than in the

free (unbound) state. Thus is is necessary for the ligand to dissociate at a faster rate than

the magnetisation relaxation rate, to avoid loss of magnetisation. For these reasons, STD
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signals cannot be measured for tight-binding ligands. Additionally, build-up of saturation of

ligand protons as a result of re-binding is possible, leading to artificially high STD intensities

and thus higher estimations for KD ’s. Such inaccuracies can be accounted for by utilising

an initial growth rates protocol,256 however this is time consuming and not appropriate

for potentially fast-degrading membrane proteins. Hence a compromise must be reached

between experimental sensitivity and accuracy of KD determination when deciding on the

length of the saturating pulse.

T1 determination for L-glutamate

Saturation build-up is limited by relaxation (R1 = 1/T1) of the saturated ligand protons in

the free state. This means that protons with a longer T1 accumulate more saturation when

bound to the receptor (through the NOE), and that magnetisation decays back to thermal

equilibrium more slowly in solution, and hence the relative STD intensity is higher. When

working with membrane proteins which have been extracted and purified from the cell, an

environment is required which mimics the types of interactions that stabilise the protein

in the native membrane lipid bilayer; this might mean protein is solubilised in detergent

micelles, reconstituted into proteoliposomes or nanodiscs. The work presented here utilises

stabilisation of WT GltPh in both of the former two environments. However, since proton

relaxation rates are sensitive to the rate of molecular tumbling in solution, the presence

of detergent micelles or proteoliposomes in solution might alter the longitudinal relaxation

time, T1, of the ligand protons in the free state. In order to account for any differences in T1

between detergent solubilised and proteoliposome-reconstituted states when setting up the

STD experiment (specifically in choosing the saturation and delay times), proton longitudinal

relaxation times were determined by means of the inversion-recovery experiment257. The

principle being this experiment, including the pulse sequence and delay times, is much the

same as that described for EPR measurements in chapter 3.8.1. Proton T1 times were

determined for L-glutamate under both conditions - specifically (a) in the appropriate buffer

supplemented with DDM (0.075 %) and (b) in the appropriate buffer containing empty (not

reconstituted) liposomes which had been subjected to extrusion through a 400 nm pore size

filter.
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Figure 4.20: Full 1H NMR spectra of L-glutamate in buffer with empty proteoliposomes. L-glutamate resonances are high-
lighted, and centred at 2.05 ppm and 1.8 ppm.

Figure 4.20 gives the 1D 1H NMR spectra for L-glutamate (1.5 mM) in buffer with empty

liposomes, in which the resonances corresponding to γ (2.05 ppm) and β (1.81 and 1.75

ppm) protons of L-glutamate are highlighted. It is the intensity of these peaks as a function

of the time, τ , between the initial inversion (180 o) pulse and the subsequent spin echo

forming pulses, that is monitored for determination of proton T1. Equation 4.1 gives the

fitting function for T1 determination,

I = Imax(1− 2e−τ/T1) (4.1)

in which Imax is the maximum signal intensity, and I is the signal intensity at a given delay

time, τ . For T1 analysis, signal intensities for each relevant L-glutamate proton peak are

plotted as a function of τ , in both detergent and liposome environments (Figure 4.21).

Curves were fitted according to equation 4.1, the results of which are plotted as black

lines. Table 4.2 gives the T1 values determined in each case as a result of this fitting

for L-glutamate protons; results show that T1 values remain largely the same despite the

differences in surrounding environment. Thus it is suitable to use equivalent saturation and

delay times between all STD NMR experiments, regardless of sample type.
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Figure 4.21: Plot of normalised 1H NMR signal intensity as a function of delay time τ (dots) and the associated fittings ac-
cording to the fitting function equation 4.1 (black lines), for (A) 1.5 mM L-glutamate in D2O based buffer (20 mM potassium
phosphate pH 7.5, 100 mM NaCl) supplemented with DDM (0.075 %), and (B) 1.5 mM L-glutamate added to empty pro-
teoliposomes prepared in buffer (as above). Individual plots are labelled according to the resonance position analysed in
ppm.

T1 (ms)

γ proton (2.05 ppm) β proton (1.81 ppm) β proton (1.75 ppm)

1.5 mM L-glu + DDM 923.4 755.0 758.8

1.5 mM L-glu + empty liposomes 914.2 718.3 786.3

Table 4.2: Table of the determined T1 values for each observable L-glutamate proton resonance, calculated
according to equation 4.1.

Initial observation of the STD effect and control experiments

Before attempting quantitative KD determination for L-glutamate with WT GltPh by means

of titration, it was first necessary to (a) ensure an STD signal was indeed measurable for

L-glutamate with the protein, which would require (b) the measurement of specific control

experiments to confirm the correct origin of saturation transfer to the ligand. Since it is well

known that binding and transport of L-glutamate requires as a pre-requisite the binding of

Na+ ions, initial attempts were conducted for WT GltPh in the presence of a large excess

of Na+ ions. As mentioned, the STD spectrum is simply the difference spectrum between

on-resonance (saturated) and off-resonance (reference) spectra. Any peaks in the STD

spectrum indicate a transfer of saturation from the directly saturated protein protons, to

the protons associated with those resonances; this of course requires direct interaction of

molecules with the macromolecule for a sufficient period of time to receive the saturation.
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Figure 4.22: Full 1H NMR reference spectra (top) and corresponding STD spectra (bottom) of (A) detergent solubilised WT
GltPh (19.4 µM), and (B) WT GltPh reconstituted into liposomes, both in the presence of NaCl (100 mM) and following
incubation with L-glutamate (1.5 mM). NMR spectra were recorded at 800 MHz and 278 K, with a saturation time of 2 s.
Signals from L-glutamate centred at 2.05 ppm and 1.8 ppm have been highlighted in both reference and STD spectra, using
grey and orange arrows respectively. Stacked spectra have been normalised according to signal:noise ratios.
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Results of the STD experiment for WT GltPh, both stabilised in detergent micelles and

reconstituted into proteoliposomes, following incubation with excess L-glutamate in the

presence of Na+ ions, are shown in Figures 4.22 A and B respectively. The full reference
1H NMR spectrum measured in each case is given (top spectra in A and B); the spectrum

of detergent-solubilised WT GltPh with L-glutamate is dominated by strong signals from

detergent protons. However L-glutamate resonances for both γ (2.05 ppm) and β (centred

at approximately 1.8 ppm) protons are in a region which is devoid of interferences from

these strong detergent signals.

The presence, in both cases, of an L-glutamate STD effect in the presence Na+ ions is a

strong indication of ligand-protein interaction, however control experiments are required to

ensure that the saturation transferred to the L-glutamate protons does indeed come from

protein. This is especially important for the detergent solubilised case, in which the STD

spectrum gives additional, strong peaks corresponding to detergent molecules as a result

of two mechanisms: the constant on-off exchange within the detergent/protein complex

in solutions; and direct saturation caused by the on-resonance irradiation pulse. The

latter of these mechanisms means that interaction of L-glutamate with directly saturated

detergent molecules might also occur, giving rise to an STD effect. In order to test this,

STD NMR experiments were conducted under the same experimental conditions for WT

GltPh (detergent solubilised and reconstituted into proteoliposomes) in the presence of

L-glutamate, but without NaCl ions (which was substituted for KCl). Additionally, an STD

NMR experiment was conducted on a sample containing empty liposomes, incubated with

L-glutamate in the presence of NaCl. The results of these control experiments are shown

in Figure 4.23, in which reference spectra and STD spectra are stacked on top of one

another for each sample. In all cases, no STD effect is observed for L-glutamate; this acts

as confirmation that the ligand only receives its saturation when bound to the protein. This

also gives direct evidence for the Na+ dependence of L-glutamate binding to GltPh.
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Figure 4.23: Full 1H NMR reference spectra (top) and corresponding STD spectra (bottom) of (A) detergent solubilised WT
GltPh (22.7 µM) with KCl (100 mM), (B) WT GltPh reconstituted into liposomes with KCl (100 mM), and (C) empty proteolipo-
somes with NaCl (100 mM), following incubation with L-glutamate (1.5 mM). NMR spectra were recorded at 800 MHz and 278
K, with a saturation time of 2 s. Stacked spectra have been normalised according to signal:noise ratios.
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KD determination for L-glutamate with WT GltPh

The method for KD determination via STD NMR involves analysis of the proton STD signal

intensity of interacting ligand as a function of its concentration. This is accomplished via

titration of ligand into the protein sample, over a range of ligand concentrations which span

either side of the ligand KD, eventually reaching an end point of high ligand excess. For

these studies, KD determination was conducted for WT GltPh which was (a) solubilised

in detergent micelles, and (b) reconstituted into proteoliposomes. Since initial tests with

excess L-glutamate gave clear STD signals in both environments, titrations were carried

out using the same NaCl concentration of 100 mM. Concentrations and titres required for

the incremental additions of L-glutamate were decided based upon previously published

KD values, ranging from 120-250 µM. STD spectra were recorded for each subsequent

addition of L-glutamate, and the resulting experimentally observed L-glutamate STD signals

were analysed. This is achieved via conversion of the measured STD effect to an STD

amplification factor (STD-AF) using the following equation,

STD −AF =
I0 − ISAT

I0
× [L]Total

[P ]Total
(4.2)

in which (I0-ISAT ) represents the ligand signal intensity in the STD spectrum, I0 is the ligand

signal intensity in the off-resonance (reference) 1H NMR spectrum, and ([L]Total/[P]Total) is

the ligand excess relative to the fixed protein concentration. Thus the amplification factor for

a determined saturation time can be described as the average number of ligand molecules

saturated per molecule of receptor. This was determined for each titre at the γ proton reso-

nance position and plotted against the ligand concentration, resulting in a hyperbolic curve

for both detergent solubilised and proteoliposome-reconstituted protein samples. The initial

steep slope of the curve gradually decreases to an eventual plateau as a result of saturation

of GltPh binding sites with ligand. For KD determination from this data, a fitting function anal-

ogous to the Michaelis-Menten equation is used (Equation 4.3). Here, αSTD corresponds to

the maximum STD-AF and [L] is the total concentration of free ligand.

STD −AF =
αSTD[L]

KD + [L]
(4.3)

Such treatment of the data is possible when [L] tends to [L]Total, which is true of the

experiments undertaken here since [L]Total > > [P]Total, and thus the STD-AF is expected

to increase with increasing [L]Total until the GltPh binding sites are fully occupied. This

occurs at a ligand concentration which is much greater than the ligand KD. Fittings resulted
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in determined KD values for L-glutamate with WT GltPh of 414 µM and 1034 µM, for

detergent solubilised and proteoliposome-reconstituted samples respectively. Results were

very similar (yielding KDs of 458 µM and 984 µM respectively) when the L-glutamate β

proton resonance intensities were treated and analysed in the exact same fashion; since

both appear to receive a similar amount of saturation from the protein, for the sake of this

work γ proton resonances have been analysed due to their larger relative intensities (i.e.

the signals are larger and thus more easy to analyse).

Figure 4.24: Plots of the STD-AF against total L-glutamate concentration for GltPh (A)
solubilised in detergent micelles and (B) reconstituted into proteoliposomes (dots). Re-
sults of data fitting according to equation 4.3 are shown as black solid lines.

Literature values for L-glutamate KD values with GltPh are typically of the same order

of magnitude, but always lower than those determined here. However the concentration

of Na+ ions used here is lower than is used in most previous cases.211,222 Considering

that binding and transport of ligands is dependent on binding of three Na+ ions, these

differences might be explained by the concentration of Na+ ions present in solution. To

test this hypothesis, a further experiment was carried out with WT GltPh solubilised in

detergent micelles with a constant concentration of L-glutamate in which the intensity of the

L-glutamate STD signal was monitored as a function of Na+ concentration. This titration

was performed from sub-stoichiometric concentrations, to a very large excess of NaCl as

compared to the protein concentration. A plot of STD effect (%) of L-glutamate as a function

of [Na+] is shown in Figure 4.25, in which it can be seen that the STD signal intensity does

indeed vary considerably with NaCl concentration. It should be noted that concentrations of

NaCl above 100 mM are not easily accessible by the NMR experiment due to difficulties in

tuning and matching during experimental setup.
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Figure 4.25: Plot of the L-glutamate STD effect (%) as a function of the
concentration of Na+ for detergent solubilised WT GltPh (14 µM) incubated
with 1.5 mM L-glutamate.

KD determination via competitive displacement

When considering a high affinity ligand (i.e. KD < µM), measurement and observation

of an STD effect is not possible. The result of tight binding in the binding site is a much

slower koff rate; this means that saturation cannot be effectively transferred to solution for

measurement. L-glutamate is a relatively weak-binding substrate of GltPh, and thus direct

KD determination via analysis of proton STD signals was possible. The more biologically

relevant ligand of GltPh - L-aspartate - binds with much higher affinity, with published KD ’s

typically in the nM range. As such, observation of an STD effect fo L-aspartate would

not be expected, meaning a direct approach for KD determination would not be possible.

To overcome this limitation, one can employ the use of a ’reporter’ ligand, in combination

with competition binding experiments.258 Thus for further demonstration of the STD NMR

technique for analysis of ligand binding to membrane proteins, this type of approach was

used for L-aspartate KD determination.

The competition-based experiment involves the use of high and low affinity substrates

which bind to the same site within the protein. The lower affinity ligand acts as a ’reporter’,

since its STD NMR signal is measurable (in this case, the reporter ligand is L-glutamate).

This ligand is added to the protein sample and kept at a fixed concentration which affords a

clearly measurable STD effect. The intensities of its STD NMR signals are then monitored

following incremental titration of the high affinity ligand (in this case, L-aspartate). As

competitive displacement of the reporter ligand (by the higher affinity ligand) occurs, the

STD response of the reporter ligand should decrease. This method has been employed

here to afford estimation of the upper limit for the KD values of L-aspartate for GltPh,

again in both detergent solubilised and proteoliposome-reconstituted environments. Experi-

ments were conducted using an excess of L-glutamate (1.5 mM) for a clear STD NMR signal.
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Data processing is slightly different in this case: the STD effect is determined as usual

by comparison of the reference and STD spectra, however rather than calculation of an

amplification factor, these values are simply normalised such that the STD effect in the

absence of any competitor ligand is set to 100 %, and the rest calculated relative to this.

These values are then plotted as a function of L-aspartate concentration, shown in Figure

4.26 (dots). The resulting hyperbolic curve can be fitted according to equation 4.4,259,260

%bound ∝ −A×
[KD
L0

][ I0KI
]

1 + [KD
L0

][1 + ( I0KI
)]

+ 100 (4.4)

in which A is a proportionality constant, KD is the dissociation constant of the reporter ligand

(L-glutamate) and L0 is its fixed concentration, I0 is the concentration of L-aspartate and KI

is its dissociation constant. The resulting fits for experiments with WT GltPh in detergent

solubilised and proteoliposome-reconstituted environments are also given in Figure 4.26

(solid black lines). These fittings afforded L-aspartate KD values of 42 nM and 13 nM for

detergent solubilised and proteoliposome-reconstituted GltPh, respectively.

Figure 4.26: Plots of the normalised STD effect (or % bound) against total L-aspartate concentration for GltPh (A) solubilised
in detergent micelles and (B) reconstituted into proteoliposomes (dots). Results of data fitting according to equation 4.4 are
shown as black solid lines.

Interestingly, the extent of displacement of L-glutamate by L-aspartate appears to be dif-

ferent between detergent-solubilised and proteoliposome-reconstituted GltPh. Specifically,

L-aspartate is only able to displace approximately two-thirds of the total bound L-glutamate

when the protein is present within proteoliposomes. For further analysis of this behaviour,

the data was plotted in a Hill plot, affording determination of Hill coefficients using equation

4.5,

y =
1

(KD
[L] )n + 1

(4.5)
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where y is the normalised STD effect (or % bound)−1, KD is the determined dissociation

constant for L-aspartate in each environment, and n is the Hill coefficient. Plots showing

the resulting fittings are given in Figure 4.27, and determined Hill coefficients for detergent-

solubilised and proteoliposome-reconstituted GltPh are equal to 1.06 (∼1) and 0.68 (∼2/3),

respectively.

Figure 4.27: Plots of the normalised STD effect (or % bound)−1, against total L-aspartate concentration for GltPh (A) solu-
bilised in detergent micelles and (B) reconstituted into proteoliposomes (dots). Results of data fitting according to equation
4.5 are shown as black solid lines.

4.9 Discussion and conclusions (STD NMR)

Initial STD NMR experiments conducted for WT GltPh in (a) detergent micelles and (b)

proteoliposomes demonstrated much clearer STD signals for the L-glutamate ligand in the

latter case. For a detergent-solubilised sample, the detergent molecules will result in their

own STD signals in addition to the ligand of interest, since they themselves are in constant

on-off exchange with the saturated protein molecule. Nonetheless, STD signals were

observed in both environments and were sufficient for further titration experiments, affording

KD determination. Control experiments confirmed that saturation transfer to the ligand was

reliant on the protein being present, as oppose to saturation being transferred from other

molecules present within the solution which might be receiving saturation directly from the

RF pulse during the experiment. Additionally, no STD effect was observed for L-glutamate

in the absence of (coupled) Na+ ions, as expected.

KD determination was successfully carried out by monitoring the L-glutamate STD NMR

response as a function of total ligand concentration, via ligand titration. Values obtained for

the KD associated with L-glutamate binding to WT GltPh via this approach (414 and 1034

µM, for detergent-solubilised and proteoliposome-reconstituted protein respectively) are

higher than typical published values, which range between 120 - 250 µM in detergent. This

is likely (at least in part) due to the much lower Na+ ion concentration used within the NMR
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experiments (100 mM) as compared with that used in other studies (typically 200 mM).

Binding of one substrate molecule by GltPh is well known to be dependent on the binding of

at least two Na+ ions (per protomer), whilst binding of three Na+ ions is necessary for the

transport event to take place. This principle was tested simply by the titration of NaCl into a

sample of constant protein and L-glutamate concentrations, from which it is demonstrated

that the concentration of Na+ ions within the sample has a clear influence on the STD NMR

response. It is however also well known that the STD NMR approach for KD determination

typically results in over-estimations, due to the build-up of the STD response from multiple

binding events.

Since GltPh is actually a transporter, there are additional factors that need to be considered

as part of the analysis process. The ligand is able to bind from either side of the transporter,

and the STD effect is sensitive to the off rate. It is possible, therefore that the experiment

might be reporting on transport events (i.e. a KM ). However, the isomerisation event which

results in substrate and ion transport is an order of magnitude slower than the L-glutamate

on/off rates; thus these results do indeed report an apparent KD as oppose to rates

associated with transport. This point is especially relevant to the results obtained in the

context of proteoliposomes, in which (at least initially) there is a concentration gradient of

NaCl and L-glutamate between the outside and inside of the proteoliposomes.

As previously mentioned, STD NMR is of limited use for the direct determination of KD ’s

for ’high’ affinity ligands - more specifically those with KDs < µM. However, the competition

experiment involving displacement of the reporter ligand, L-glutamate, by the higher affinity

ligand L-aspartate has afforded successful (indirect) KD determination for L-aspartate. The

first point to note is that the reduction in STD response of L-glutamate as a function of

increasing L-aspartate concentration gives direct evidence that both ligands bind within the

same binding pocket, as is expected. KD values determined for L-aspartate (equal to 42 and

13 nM for detergent-solubilised and proteoliposome-reconstituted GltPh, respectively) are

comparable with literature values, which are also in the nM range. There appears to be little

difference in observed KD values for protein solubilised in the two environments, however

the calculated Hill coefficients reveal insights into, and distinct differences in, cooperativity

of ligand binding between these two environments. The Hill coefficient calculated for

L-aspartate binding to GltPh in detergent is equal to 1.063 (∼1) and indicative of typical

non-cooperative, independent ligand binding by protomers of (trimeric) GltPh. However

that calculated for proteoliposome-reconstituted protein, which is equal to 0.69, indicates

negative cooperativity in which binding of substrate to one binding site makes binding at



173

another less likely. Thus this study has highlighted some potential interplay between GltPh

protomers, which is unique and dependent upon the protein being stabilised within the

proteoliposome environment. As has already been explained, ligand binding to protein

within proteoliposomes might be associated with an actual transport event; this is much

more representative of physiological conditions.

Altogether this body of work has demonstrated (for the first time) the application of STD

NMR for determination of ligand binding constants, across at least four orders of magnitude,

for membrane proteins. This is achievable in multiple protein environments, thus making

the technique more universally applicable and lending further information on biologically

relevant processes. There is the potential for further application of competition-based

STD NMR techniques, including lead discovery involving the screening of large compound

libraries against a wide range of drug targets in order to identify both high- and low-affinity

ligands. This could afford optimisation of ’hit’ compounds into drug leads, through derivation

of structure-activity relationships. As such, this STD NMR approach could form an addi-

tional screening tool for structure-based and fragment-based drug design in key membrane

systems. The STD NMR experiment might also be applicable to spin labelled systems,

whereby knowledge of labelling sites and the phenomenon of paramagnetic relaxation

enhancement could afford triangulation of unknown substrate binding sites, for example.



Chapter 5

Materials and methods

5.1 MamM-CTD

5.1.1 Biological material

Purified MamM-CTD protein, including the WT, C267S, C267S-D249A-H285A and C267S-

H264A-E289A variants, was provided by Shiran Barber-Zucker and Raz Zarivach of the Ben-

Gurion University of the Negev, Israel. All information regarding preparation of constructs,

protein expression and purification can be found in our recent publication.115

5.1.2 Site-directed spin labelling

IAP

For site-directed spin labelling using IAP, protein solutions in buffer A (containing 10 mM Tris-

HCl pH=8 and 150 mM NaCl) were labelled overnight at 4 oC with iodoacetamido proxyl (IAP,

5x excess per cysteine) in darkness and under gentle agitation. To remove excess unbound

IAP, samples were washed using ZebaTM Spin desalting columns (7 kDa MWCO, 2 mL;

Thermo Scientific, Rockford, IL, USA) and degassed buffer A. The final protein concentration

post-labelling was determined using the optical absorbance at 280 nm, and an extinction

coefficient for the dimer of 13993.3 M−1.cm−1.

MTSSL

For site-directed spin labelling using MTSSL, protein solutions in buffer A (containing 10 mM

Tris-HCl pH=8 and 150 mM NaCl) were degassed under argon and treated with degassed

1,4- dithiotheitol (1 mM) for 4 hours at 4 oC with gentle agitation. Subsequently, protein

samples were washed once using ZebaTM Spin desalting columns and degassed buffer

A. Protein was then labelled overnight at 4 oC with (1-oxyl-2,2,5,5-tetramethyl-D3-pyrroline-

3-methyl) methane-thiosulfonate spin label (MTSSL, 10x excess per cysteine; Toronto Re-

174
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search Chemicals Inc., North York, ON, Canada) in darkness and under gentle agitation.

To remove excess unbound MTSSL, samples were washed using ZebaTM Spin desalting

columns and degassed buffer A. The final protein concentration post-labelling was deter-

mined using the optical absorbance at 280 nm, and an extinction coefficient for the dimer of

13993.3 M−1cm−1.

5.1.3 Continuous wave X-band EPR spectroscopy

Sample preparation

For apo and metal-bound samples, freshly spin labelled MamM-CTD variants in buffer A

(dimer concentrations ranging from 50-100 µM) were used. Stock solutions of metal salts (in-

cluding ZnSO4.5H2O, CdCl2, NiCl2, CuSO4.5H2O, CoCl2.6H2O and Fe(NH4)2(SO4)2.6H2O)

were prepared in H2O to a final concentration of 100 mM. Protein aliquots of 15 µL were

incubated with the desired excess of associated metal salts for 45 minutes on ice (details

of excesses used are noted in the appropriate figure legends in chapter 3.8.1). For both

apo and metal-bound samples, aliquots of ∼10 µL were transferred to capillary tubes (outer

diameter = 0.8 mm) for measurement.

For metal-displacement experiments with C267S MamM-CTD, spin labelled C267S MamM-

CTD at a (dimer) concentration of 160 µM was used. Metals were added for incubation

and washed in sequence according to calculated KD values. The same metal ion stocks as

described for the regular metal-bound continuous wave X-band measurements above were

used. The total sample (230 µM) was incubated with CdCl2 (5x excess per dimer) for 45

minutes on ice. An aliquot of∼10 µL was transferred to a capillary tube (outer diameter = 0.8

mm) for measurement. The remainder of the sample was then incubated with ZnSO4.5H2O

(5x excess per dimer) for 45 minutes on ice. To remove any excess, unbound metal ions

the sample was washed using a ZebaTM Spin desalting column. An aliquot of ∼10 µL

was transferred to a capillary tube (outer diameter = 0.8 mm) for measurement. Protein

concentration was determined again due to potential losses during the wash step. This

process was repeated in sequence for ZnSO4.5H2O, NiCl2, CoCl2.6H2O, CuSO4.5H2O, and

finally CdCl2 once again.

Ambient temperature cw-EPR measurements

The ambient temperature (room temperature, RT) set-up for X-band cw-EPR consisted of

a Bruker E500 eleXsys spectrometer fitted with an ER 4123D (dielectric RT cw-EPR) res-

onator. Specific measuring parameters for individual experiments are highlighted in the rele-
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vant figure legends in chapter 3.8.1. Spin labelling efficiencies were calculated by comparing

the double integral of the cw-EPR (first derivative) signal against that of known concentra-

tions of 4-Maleimido-TEMPO (Sigma-Aldrich), forming a calibration curve.

Low temperature cw-EPR measurements

A liquid helium transfer setup was used in order to achieve low-temperatures for spec-

troscopy, with a turbomolecular vacuum pump (Oerlikon Leybold PT-50 Dry Divac) and

a proportional-integral-derivative (PID) type temperature controller. The transfer setup in-

volved a super-high Q (SHQ) resonator with the ER 4112HV low temperature (3.8-300 K)

control system, in a Bruker E500 Elexsys spectrometer (Bruker, Rheinstetten, Germany).

The ER 4112HV involves a dewar and quartz sample holder such that the sample is held

in a continuous flow of temperature-controlled helium gas. The helium transfer line into the

cryostat is a gas-shielded transfer tube - the gas that passes back from the cryostat shields

cold helium gas from the dewar. Helium flow is controlled manually using a needle valve on

the transfer line.

EasySpin for analysis of cw-EPR data

All cw-EPR spectral simulated fits were carried out using EasySpin,159 an open-source

Matlab© toolbox. For solution spectra collected at RT, simulations were computed using

the EasySpin simulation function chili, which is appropriate for slow/intermediate motion

regimes. The fitting of simulations was computed using EasySpin’s fitting function esfit. Fig-

ure 5.1 gives an example script used for this spectral fitting. The very bottom line of this

script is the command to call the fitting function, containing multiple parameters which are

explained below:

• ’chili’ as mentioned already, indicates that the simulation function chili should be used.

• y2 specifies the experimental spectral y-axis data (i.e. intensities), to which the simula-

tion will be fitted. This y-axis data has been zeroed using the command in the second

line of the example script.

• {Sys1,Sys2} is a list of structures, each collecting the magnetic parameters of the two

different spin systems defined (Sys1 and Sys2). The parameters given earlier on in the

script (i.e. ’Sys1.g = [2.008 2.006 2.002]) are used as starting values for parameters

in the fitting procedure.

• {Vary1,Vary2} is similar to {Sys1,Sys2}, but instead contains the search ranges of the
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parameters that should be fitted. Here, ’Vary1’ defines the variance of Sys1 parame-

ters, whilst ’Vary2’ defines the variance of Sys2 parameters.

• ’Exp’ is a structure containing the experimental parameters for the simulation function

(i.e. the microwave frequency - ’Exp.mwFreq = 9.759902’).

• ’FitOpt’ contains settings for the least-squares fitting algorithm.

For each system, 6 parameters were defined as follows: (1) the three principle g val-

ues (gxx, gyy and gzz, defined by ’Sys1/2.g’); (2) the peak-to-peak line width (defined

by ’Sys1/2.lwpp’); (3) the magnetic nuclei present within the spin system (defined by

’Sys1/2.Nucs’); (4) the three principle hyperfine couplings (Axx, Ayy and Azz) in MHz, for

each of the magnetic nuclei (defined by ’Sys1/2.A’); (5) the base-10 logarithm of rotational

correlation time, again for each of the three principle axes (defined by ’Sys1/2.logtcorr’);

and (6) the weighting of each spin system (or component) relative to the other (given by

’Sys1/2.weight’). Each of these parameters are varied during the fitting according to the

variance set for each. As part of the fitting process, a number of optimization algorithms are

possible, and defined under ’FitOpt’. These include (1) the Nelder/Mead downhill simplex

method, (2) the Levenberg/Marquardt algorithm, (3) Monte Carlo random search, (4) a

genetic algorithm and, (5) a systematic grid search. The first two are quite fast, local search

algorithms, whilst the latter three are global search methods. The Nelder/Mead downhill

simplex method was chosen for all simulated fits discussed in this thesis.

Once the fitting routine has been set to run, local minima are eventually reached, at which

point the fitting automatically stops and gives the results as ’best fit’ values for each varied

parameter. It is then a manual process to change the central values of the input parameters

(under Sys1/2.g etc.) accordingly, before beginning the next fitting iteration. This is the

basis by which all simulated fits were completed - best fit parameter values following one

fitting were chosen as central values for the next iteration of fitting. Once accurate values

for sets of parameters were reached, they were fixed in any further iterations. Once the final

fitting was complete for each spectrum, the output was saved and exported into a format

suitable for plotting. This exact protocol was used for simulated fits of LT spectra also,

the only difference being the simulation function used (for solid samples the appropriate

function is pepper ).
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Figure 5.1: An example script used for simulated fits of cw-EPR datasets within EasySpin,159 an open-source Matlab© toolbox.

5.1.4 Pulsed X-band EPR spectroscopy

All X-band pulsed EPR spectra were recorded on a Bruker E580 spectrometer using a

Bruker MD5-W1 EPR probehead equipped with a self-modified cryogen-free cryostat (Ad-

vanced Research Systems Inc., Macungie, PA, USA). The microwave pulses were amplified

using a 1 kW-TWT (Applied Systems Engineering Inc., Fort Worth, TX, USA). The temper-

atures used for spectral acquisition are highlighted in the relevant figure legends.
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Sample preparation

For apo samples, freshly spin labelled MamM-CTD variants in buffer A were concentrated

using Corning Spin-X UF 500 concentrators (5 kDa MWCO, 500 µL; Sigma-Aldrich) and

dimer protein concentration was determined using the optical absorbance at 280 nm, and

an extinction coefficient for the dimer of 13993.3 M−1cm−1. Concentrated samples were

then lyophilised overnight and dissolved to the final desired concentration with D2O (Sigma-

Aldrich). Samples of ∼70 µL were transferred to EPR Quartz tubes (Wilmad SQ-707;

Wilmad-LabGlass, Vinland, NJ, USA), and mixed well with Glycerol-d8 (final concentration

∼30 %; Sigma-Aldrich). Samples were then carefully flash-frozen in liquid nitrogen.

For metal-bound samples, freshly spin labelled MamM-CTD variants were concentrated,

lyophilised and dissolved in D2O as described above. Stock solutions of metal salts (in-

cluding ZnSO4.5H2O, CdCl2, NiCl2, CuSO4.5H2O, CoCl2.6H2O and Fe(NH4)2(SO4)2.6H2O)

were prepared in D2O to a final concentration of 100 mM. Protein aliquots of 100 µL were

incubated with the desired excess of associated metal salts for 45 minutes on ice (details of

excesses are noted in associated figure legends). Aliquots of metal-bound samples were

transferred to EPR Quartz tubes, and mixed well with Glycerol-d8 to a final concentration

of ∼30 %. Samples were then carefully flash-frozen in liquid nitrogen. For the Fe2+-bound

sample, each step was carried out under a steady stream of argon to eliminate oxygen

during sample preparation.

For Zn2+ titration experiments of C267S and CSM-C267S variants, freshly spin la-

belled samples were concentrated, lyophilised and dissolved in D2O as described above.

ZnSO4.5H2O was added (1x excess) and allowed to incubate for 45 minutes on ice, followed

by Glycerol-d8 addition as previously described, sample transfer to EPR Quartz tubes, flash-

freezing and measurement. Each first titre was carefully thawed over liquid nitrogen and

removed from its EPR tube to an eppendorf. Further ZnSO4.5H2O for the second titre was

then added, allowed to incubate for 2 hours on ice, transferred back to the EPR tube and

measured. This was repeated for all other Zn2+ excesses; excesses used for titrations of

C267S were 1x, 2x, 3x, 4x, 5x, 6x, 8x and 10x, whilst those used for titration of CSM-C267S

were 1x, 2x, 3x and 5x.

Field-swept echo (FSE) measurements

Field-swept echo measurements were undertaken for each sample prior to further pulsed

experiments. The field-swept spectrum was obtained by integrating the Hahn echo signal as
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a function of the magnetic field after the following two-pulse sequence: π/2(10 ns) - τ (120

ns) - π(20 ns) - τ -. Experiments were typically conducted with a shot repetition time of 2 ms

with 50 shots per point (unless otherwise stated).

T2 measurements

T2 measurements were conducted by integrating the Hahn echo signal as a function of time

(T) after the following two-pulse sequence: π/2(10 ns) - τ (120 ns) - π(20 ns) - τ -. The π

pulse is displaced incrementally through time for a set number of points, leading to an overall

decrease in echo intensity over T. Experiments were undertaken at a single magnetic field

value, corresponding to the detect position of associated DEER experiments. Experiments

were typically conducted with a shot repetition time of 2 ms with 50 shots per point (unless

otherwise stated).

Inversion recovery versus field measurements

Inversion recovery measurements were conducted over a specific range of magnetic field

values by integrating the Hahn echo signal as a function of time after the following three-

pulse sequence: π(24 ns) - T(1000 ns) - π/2(12 ns) - τ (120 ns) - π(20 ns) - τ -. The Hahn

echo sequence (including the second and third pulses, and the delay between them) is

displaced by 1000 ns increments for 1000 points in time, affording recovery of the inverted

Hahn echo to be measured. further acquisition parameters are given in the associated figure

legends. In some cases, field-swept spectra were measured at a single delay time (T); these

are termed inversion recovery-filtered field swept echos (IFfFSE).

Double electron-electron resonance (DEER)

For DEER experiments a dead time free four-pulse sequence was applied. Observer pulses

(π/2 and π) were set to 20 ns in length, with a pump pulse of 16 ns. The frequency offset

∆ν (νobs - νpump) was set to between 60 - 80 MHz for SL-SL measurements, and between

210 - 230 MHz for SL-Cu measurements. The observer pulse separation τ1 was determined

according to the maximum echo intensity in the T2 measurement, and thus differed between

experiments; values for τ1 were typically 120 ns, and in a few cases between 320 - 390 ns.

The chosen length of τ2 was dependent upon the lifetime of the echo following excitation,

and varied between 1.3 - 4 µs. Echo signals were integrated using a video amplifier band-

width of 20 MHz. The pump pulse was stepped out in 12 ns intervals for a total number

of points in T that depended upon the τ1 and τ2 used. Nuclear modulation effects were
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suppressed using a systematic variation of the inter-pulse delay time τ1 and an appropriate

phase cycling routine.

Inversion recovery-filtered DEER (iDEER)

For inversion recovery-filtered DEER experiments, an initial π inversion pulse was applied

before the regular four-pulse DEER sequence. The delay time, TF , between this inversion

pulse and the four-pulse DEER sequence is known as the filter time, and is dependent on

the species you are aiming to filter out detection of. All other aspects of the measurement

were carried out in much the same way as that described for the regular DEER experiment.
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5.2 GltPh

5.2.1 Plasmids

GltPh (including wild-type, C321A-A71C, C321A-A71C-G79A and C321A-A71C-K290E)

was previously cloned into pBAD24 vector by Eric Gouaux (Oregon Health and Science

University, USA), and was supplied by Harald H. Sitte and Thomas Stockner (Medical Uni-

versity of Vienna, Vienna, Austria).

5.2.2 Expression, purification and site-directed spin labelling of GltPh in de-

tergent

Plasmids containing the required GltPh variant were introduced into chemically competent

TOP10 Escherichia coli bacterial cells by heat-shock transformation (1 ng.µL−1, 100 µL).

Cells harbouring the GltPh plasmid were grown in LB medium containing ampicillin (100

µg.mL−1) at 37oC, 190 rpm shaking until they reached an optical density of 0.7-0.8 at 600

nm.. The temperature was lowered to 30 oC and expression of the GltPh gene for protein

production was induced by addition of 0.2 % L-(+)-arabinose (Sigma-Aldrich) for a further 3

hours. Harvesting of cells was carried out by centrifugation (Thermo Scientific Sorvall RC6

Plus) at 6000 rcf and 4 oC for 15 minutes. Cell pellets (when not being used immediately)

were stored at -80 oC.

Cells were resuspended in lysis buffer (20 mM HEPES pH 7.5, 200 mM KCl, 5 mM MgCl2)

with DNAse, PMSF, lysozyme, cOmpleteTM mini EDTA-free protease inhibitor cocktail tabs

and glycerol (10 %; Sigma-Aldrich) for 30 minutes at room temperature. Cells were then

disrupted by two cycles of sonication and cellular debris was pelleted by centrifugation at

6000 rcf and 4 oC for 10 minutes. Membrane fragments were pelleted from the resulting

supernatant by ultracentrifugation at 176000 rcf and 4oC for 2 hours. Membrane pellets

were resuspended in binding buffer (20 mM HEPES pH 7.5, 200 mM KCl) supplemented

with n-Dodecyl-β-D-Maltoside (DDM) detergent (1 %). Protein was solubilised for 90

minutes at 4oC with gentle agitation, after which the solution was diluted using binding buffer

to a final DDM concentration of 0.5 %. Insoluble protein/protein aggregates were pelleted

via ultracentrifugation at 176000 rcf and 4 oC for 15 minutes.

TALON Metal Affinity Resin (500µL resuspended resin per 1L of culture medium) was

pre-equilibrated with binding buffer. For protein binding and purification, the supernatant

from ultracentrifugation was supplemented with imidazole (pH 8.0) to a final concentration
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of 10 mM, and incubated with TALON resin for 1 hour at 4 oC with gentle mixing. Washes 1

and 2 were carried out using purification buffer (20 mM HEPES, 200 mM KCl, 0.075 % DDM)

supplemented with 10 mM (wash buffer 1) and 20 mM imidazole (wash buffer 2), in 40 and 5

column volumes, respectively. Protein was eluted in 10 x 1 mL elution fractions of purification

buffer supplemented with 350 mM imidazole. The purity of the eluted protein was analysed

via SDS-PAGE gel electrophoresis. The eluted protein was exchanged into storage buffer

(20 mM HEPES pH 7.5, 100 mM KCl, 0.075 % DDM) using disposable PD-10 Desalting

Columns by GE Healthcare. Protein was concentrated using Amicon Ultra-2 Centrifugal

Filter Units (50 kDa MWCO), and protein concentration was determined using the optical ab-

sorbance at 280 nm and a molar extinction coefficient of 26820 M−1.cm−1. Purified protein

not for immediate use was kept in 20 % glycerol, aliquoted, flash frozen and stored at -80 oC.

For site-directed spin labelling, some slight modifications were made to the above binding

and purification protocol. Following binding to TALON resin, the flow through was discarded

and the resin was washed in 20 column volumes of wash buffer 1. Binding buffer, supple-

mented with MTSSL (1 mM), was added to the top of the bed (2 column volumes). The

mixture was covered with foil and left at 4oC overnight with gentle mixing. The resin was

then washed in a further 20 column volumes of wash buffer 1. Steps following wash 1 were

then carried out in the same manner as described above.

5.2.3 Reconstitution into liposomes

For NMR experiments of reconstituted protein, WT GltPh was first exchanged into buffer

B (20 mM potassium phosphate pH 7.5, 100 mMKCl, 0.075 % DDM), and concentrated

to approximately 50 µM using Amicon Ultra-2 Centrifugal Filter Units (50 kDa MWCO).

Escherichia coli polar lipid extract (Avanti Polar Lipids Inc.) and 1,2-dioleoyl-sn-glycero-

phosphocholine (DOPC) (Avanti Polar Lipids Inc.) were mixed at a 1:3 ratio, and then dried

under a constant, steady stream of argon, forming a thin lipid film. This was resuspended

in degassed buffer C (20 mM potassium phosphate pH 7.5, 100 mM KCl) to a final

concentration of 20 mg.mL−1 and subjected to 5 freeze-thaw cycles using liquid nitrogen

and thawing at room temperature, forming large multilamellar vesicles (LMVs). The mixture

was extruded through polycarbonate membranes with a pore size of 400 nm (Avanti Polar

Lipids Inc.) to form large unilamellar vesicles (LUVs). Liposomes were diluted to 4 mg.mL−1

using buffer D (20 mM potassium phosphate pH 7.5, 100 mM KCl, 25 % glycerol), and

then destabilised by dropwise addition of Triton X-100 (10 % w/v), adding in total 150

µL per 5 mL of liposomes. WT GltPh in buffer B was added at 20 µg protein per mg
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of lipid and left to mix gently for 30 minutes at 4 oC. Detergent removal was afforded by

stepwise addition of Bio-Beads SM-2, whereby the proteoliposome mixture was incubated

and gently mixed with four successive additions 200 mg Bio-Beads SM2 per 5 mL of

mixture (1 addition per hour), with the final addition left overnight. These were removed

by filtration. Proteoliposomes were concentrated by ultracentrifugation at 140000 rcf for 2

hours at 4 oC. Buffers E (20 mM potassium phosphate pH 7.5, 100 mM NaCl) and F (20

mM potassium phosphate pH 7.5, 100 mM KCl) were prepared in D2O, and were used for

resuspension of proteoliposome pellets. Pellets were resuspended in either buffer for a final

lipid concentration of approximately 40 mg.mL−1. Freshly prepared proteoliposomes (PL-

WT GltPh) were used for NMR experiments immediately, and not flash frozen between times.

The reconstitution density can be calculated using equation 5.1 below,

χreconstituted =
[P ]/MP

r

[L]/ML
r

(5.1)

where χreconstituted is the reconstitution density (subunits/lipid), [P] and [L] are the protein

and lipid concentrations, respectively, Mr
P and Mr

L are the molecular weights of the

protein and lipid, respectively.261 E. coli polar lipid extract is composed (wt/wt%) of 67 %

phosphatidylethanolamine (PE), 23.2 % phosphatidylglycerol (PG) and 9.8 % cardiolipin

(CA), and as such has an average molecular weight of 786 g.mol−1 which is equal to that of

DOPC.262 Thus the average molecular mass of the 1:3 lipid mixture is simply 786 g.mol−1.

Using a molecular mass for trimeric GltPh of 133779 g.mol−1, and considering that 20 µg

of protein was added per mg of lipid, the reconstitution density is equal to 1.18 x 10−4

subunits/lipid.

Calculation of the number of lipid molecules in a liposome of known diameter can then be

used, alongside the reconstitution density, to approximate the number of protein molecules

per liposome. Equation 5.2 is used to calculate the number of lipid molecules in a unilamellar

liposome (Ntot), where d is the diameter of the liposome (400 nm in this case), h is the thick-

ness of the bilayer (typically around 5 nm) and a is the lipid head group area (approximately

0.7 nm for DOPC).

Ntot =
[4π.(d2)2 + 4π.(d2 − h)2]

a
(5.2)

Substitution of each value into the above equation gives a value for Ntot equal to 1365437.5

lipids per (400 nm) liposome. Multiplication of subunits/lipid (χreconstituted) by lipids/liposome
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(Ntot) gives an estimate for the number of proteins per liposome of 161.263

Empty liposomes for control experiments were prepared in the same manner as above, and

at the same lipid concentration, however steps including liposome destabilisation, protein

integration and detergent removal were removed in this protocol. The external buffer E was

used for resuspension of the liposome pellets in the final step.

5.2.4 Continuous wave X-band EPR spectroscopy

Sample preparation

For apo/ion/ion+substrate/ion+inhibitor bound samples, purified, MTSSL labelled pro-

tein in storage buffer was used. Aliquots of 15 µL were taken for additions of

ions/substrate/inhibitor. Stock solutions of (a) NaCl (1 M), (b) L-aspartate (20 mM) and (c)

DL-TBOA (20 mM) were prepared in H2O. For ions-only bound samples, NaCl was added

to a final concentration of 50 mM. For ions and substrate bound samples, in addition to 50

mM NaCl, L-aspartate was added to a final concentration of 1 mM. For ions and inhibitor

bound samples, in addition to 50 mM NaCl, DL-TBOA was added to a final concentration of

1 mM. All samples were incubated on ice for approximately 1 hour. For both apo and bound

samples, aliquots of ∼10 µL (apo/bound samples) were transferred to capillary tubes (outer

diameter = 0.8 mm) for measurement.

Ambient temperature cw-EPR measurements

The ambient temperature (room temperature, RT) set-up for X-band cwEPR consisted of

a Bruker E500 eleXsys spectrometer fitted with an ER 4123D (dielectric RT cw-EPR) res-

onator. The magnetic field was swept over a width of 100-150 G, with a centre field of

3478 G. The incident microwave frequency during measurements was ∼9.759 GHz, with a

constant power of 0.3965 mW. For each spectrum, background noise was averaged over

100 sweeps, each with 1024 points across the magnetic field axis. Spin labelling efficien-

cies were calculated by comparing the double integral of the cw-EPR (first derivative) signal

against that of known concentrations of 4-Maleimido-TEMPO (Sigma-Aldrich), forming a

calibration curve.

5.2.5 Pulsed X-band EPR spectroscopy

All X-band pulsed EPR spectra were recorded on a Bruker E580 spectrometer (Bruker,

Rheinstetten, Germany) using a Bruker MD5-W1 EPR probehead equipped with a self-
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modified cryogen-free cryostat (Advanced Research Systems Inc., Macungie, PA, USA).

The microwave pulses were amplified using a 1 kW-TWT (Applied Systems Engineering

Inc., Fort Worth, TX, USA). The temperatures used for spectral acquisition are highlighted

in the relevant figure legends.

Sample preparation

For apo/ion/ion+substrate/ion+inhibitor bound samples, purified, MTSSL labelled pro-

tein in storage buffer was used. Aliquots of 100 µL were taken for additions of

ions/substrate/inhibitor. Stock solutions of (a) NaCl (1 M), (b) L-aspartate (20 mM) and (c)

DL-TBOA (20 mM) were prepared in D2O. For ions-only bound samples, NaCl was added

to a final concentration of 50 mM. For ion and substrate bound samples, in addition to 50

mM NaCl, L-aspartate was added to a final concentration of 1 mM. For ion and inhibitor

bound samples, in addition to 50 mM NaCl, DL-TBOA was added to a final concentration

of 1 mM. All samples were incubated on ice for approximately 1 hour. For both apo and

bound samples, aliquots of ∼70 µL were transferred to EPR Quartz tubes (Wilmad SQ-707;

Wilmad-LabGlass, Vinland, NJ, USA), and mixed well with Glycerol-d8 (final concentration

∼30 %; Sigma-Aldrich).

Field swept echo (FSE) measurements

Field-swept echo measurements were undertaken for each sample prior to further pulsed

experiments. The field-swept spectrum was obtained by integrating the Hahn echo signal as

a function of the magnetic field after the following two-pulse sequence: π/2(10 ns) - τ (120

ns) - π(20 ns) - τ -. Experiments were typically conducted with a shot repetition time of 2 ms

with 50 shots per point (unless otherwise stated).

T2 measurements

T2 measurements were conducted by integrating the Hahn echo signal as a function of time

(T) after the following two-pulse sequence: π/2(10 ns) - τ (120 ns) - π(20 ns) - τ -. The π

pulse is displaced incrementally through time for a set number of points, leading to an overall

decrease in echo intensity over T. Experiments were undertaken at a single magnetic field

value, corresponding to the detect position of associated DEER experiments. Experiments

were typically conducted with a shot repetition time of 2 ms with 50 shots per point (unless

otherwise stated).
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Double electron-electron resonance (DEER)

For DEER experiments a dead time free four-pulse sequence was applied. Observer pulses

(π/2 and π) were set to 20 ns in length, with a pump pulse of 16 ns. The frequency offset ∆ν

(νobs - νpump) was set to 80 MHz for SL-SL measurements. The observer pulse separation

τ1 was determined according to the maximum echo intensity in the T2 measurement, and

thus differed between experiments; values for τ1 were typically 120 ns. The chosen length

of τ2 was dependent upon the lifetime of the echo following excitation, and varied between

1.3 - 2.2 µs. Echo signals were integrated using a video amplifier bandwidth of 20 MHz.

The pump pulse was stepped out in 12 ns intervals for a total number of points in T that

depended upon the τ1 and τ2 used. Nuclear modulation effects were suppressed using

a systematic variation of the inter-pulse delay time τ1 and an appropriate phase cycling

routine. Experiments were typically conducted with a shot repetition time of 2 ms with 50

shots per point (unless otherwise stated).

5.2.6 NMR spectroscopy

NMR spectra were recorded at 278 K with D2O as solvent, on an Ultra-Compact 800 MHz

Bruker Avance III NMR spectrometer equipped with an inverse triple resonance (H/C/N)

z-gradient probe head. STD NMR experiments were carried out using a pseudo 2D pulse

sequence including spoil pulses to destroy residual magnetisation during the relaxation

decay delay (two trim pulses of 2.5 and 5 ms, followed by a 3 ms gradient pulse on the

z-axis). For selective saturation of GltPh, cascades of 49 ms Gaussian-shaped pulses (field

strength of 90 Hz) were used with a 1 ms delay between successive pulses. Total saturation

time for STD measurements was 2 s with a recycling delay of 2 s in experiments consisting

of 512 scans. The saturation time of 2 s was selected as a compromise between sensitivity

and accuracy in KD determination, as a long full initial-slope STD NMR approach is not

appropriate for relatively fast-degrading membrane proteins. Selective saturation of the

protein was achieved by setting the on-resonance frequency at 0.6 ppm, to produce efficient

saturation of the aliphatic side chains of the protein. This saturating radio frequency indeed

also directly hit on the most up-field proton signal of the detergent molecules, contributing

to a very efficient saturation of the whole system. Potential saturation transfer effects

arising from non-specific interactions of the ligands with the detergent could be ruled out by

negative results of STD NMR experiments of the protein–ligand system in the absence of

Na+. For the reference (off-resonance) spectrum, the irradiation frequency was shifted to

40 ppm.
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For detergent solubilised WT GltPh, protein was washed, exchanged and concentrated

into either buffer G (20 mM potassium phosphate pH 7.5, 100 mM NaCl, 0.075 % DDM)

or H (20 mM potassium phosphate pH 7.5, 100 mM KCl, 0.075 % DDM) prepared in

D2O, as described previously, for removal of glycerol and other small molecule impurities.

Protein concentration was determined using the optical absorbance at 280 nm and a molar

extinction coefficient of 26820 M−1.cm−1. An initial series of STD NMR experiments was

conducted using WT GltPh in buffer G and increasing L-glutamate concentrations ranging

from 0 to 5 mM via titration. A control experiment was also conducted using WT GltPh in

buffer H (without Na + ions) supplemented with 0.5 mM L-glutamate. Another series of STD

NMR experiments were measured following a competition-based titration of L-aspartate

(ranging from 0 to 1 µM) into WT GltPh in buffer G supplemented with 1.5 mM L-glutamate.

Finally, STD NMR experiments were conducted following titration of NaCl (from 3.75 µM to

100 mM) into WT GltPh in buffer H, supplemented with 0.5 mM L-glutamate.

For PL-WT GltPh, the first set of STD NMR experiments were carried out using proteoli-

posomes in external buffer E and increasing L-glutamate concentrations from 0 to 5 mM.

Control experiments were also conducted, using (1) empty liposomes in external buffer E

and (2) PL-WT GltPh in buffer F, each supplemented with 1.5 mM L-glutamate. Finally, a

series of STD NMR experiments were undertaken following a competition-based titration

of L-aspartate (ranging from 0 to 2 µM) into PL-WT GltPh in buffer E supplemented with

1.5 mM L-glutamate. Bruker Topspin (version 3.5) was employed for processing the NMR

spectra and determination of peak integrals for STD-AF calculations. The KD determination

was performed using the curve fitting toolbox in Matlab.

Spin-lattice (longitudinal) relaxation times (T1) were determined using the inversion recovery

method257 for (a) 1.5 mM L-glutamate in buffer G, and (b) 1.5 mM L-glutamate added to

empty liposomes in external buffer E. For these experiments, spectra of 16 K data points

were obtained for 16 and 12 delay time (τ ) values in cases (a) and (b) respectively, ranging

from 1 ms to 5 s. Initial quick T1 estimation was performed for all samples in order to set the

appropriate relaxation delay, which was set to 5 s in all samples.
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Appendices

I Published research - Metal binding to MamM-CTD

The following publication (of which I am a co-author) includes the study of Zn2+ binding in

MamM-CTD variants via a range of biophysical and biochemical methods.115 Results of this

research give insights into the conformations and flexibility of MamM-CTD dimers in solution

in both apoprotein and Zn2+-bound conditions, as well as the nature of metal binding sites

and a suggested mechanism of Zn2+ binding. My contributions include the acquisition and

analysis of EPR data, and composition of the text explaining these data. These results have

been edited and reformatted for inclusion in chapter 3.8.1. Any additional results within this

publication, which have been discussed to aid in the understanding of results presented in

chapter 3.8.1 of this thesis, have been referenced at the relevant points.
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Cation diffusion facilitator (CDF) proteins are a conserved family of trans-

membrane transporters that ensure cellular homeostasis of divalent transi-

tion metal cations. Metal cations bind to CDF protein’s cytoplasmic C-

terminal domain (CTD), leading to closure from its apo open V-shaped

dimer to a tighter packed structure, followed by a conformational change

of the transmembrane domain, thus enabling transport of the metal cation.

By implementing a comprehensive range of biochemical and biophysical

methods, we studied the molecular mechanism of metal binding to the

magnetotactic bacterial CDF protein MamM CTD. Our results reveal that

the CTD is rather dynamic in its apo form, and that two dependent metal-

binding sites, a single central binding site and two symmetrical, peripheral

sites, are available for metal binding. However, only cation binding to the

peripheral sites leads to conformational changes that lock the protein in a

compact state. Thus, this work reveals how metal binding is regulating the

sequential uptakes of metal cations by MamM, and extends our under-

standing of the complex regulation mechanism of CDF proteins.

Database

Structural data are available in RCSB Protein Data Bank under the accession numbers: 6G64,

6G55, 6G5E and 6G6I (for CS, C267S, CS-C267S and W247A, respectively).

Introduction

Protein–metal cation interactions are key players in

the function of many biological processes, whether

they serve as structural anchors (as in zinc fingers [1]),

participate directly in enzymatic reactions (as in the

calcium/manganese cluster in photosystem II [2] or

copper in tyrosinases’ active site [3]) or stabilize

Abbreviations

CDF, cation diffusion facilitator; CS, central site; CTD, C-terminal domain; EPR, electron paramagnetic resonance; ITC, isothermal titration

calorimetry; MD, molecular dynamics; MMM, multiscale modelling of macromolecules; MTB, magnetotactic bacteria; PCA, principal

component analysis; PDB, Protein Data Bank; PELDOR, pulsed electron–electron double resonance; PS, peripheral site; WT, wild-type.
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enzymes’ active sites (as in magnesium in metallonucle-

ases’ active sites [4]). Since metal cations are rather

small ligands, they can easily diffuse into empty but

charged binding sites, thus metal-ligand binding pro-

cesses usually occur quite quickly [5]. These cations

must bind selectively in their specific binding sites to

ensure the correct conformational changes and func-

tion [6]. Understanding the exact mechanism of this

type of binding, especially in terms of how these inter-

actions occur and lead to conformational changes on

short time scales, is of huge value for the study of the

overall mechanism of a specific protein. However, the

molecular mechanism of protein–metal binding is often

not well characterized, and such knowledge is lacking

in many protein families.

The cation diffusion facilitator (CDF) family is an

example of a protein class where such protein–metal

binding is not well understood. CDFs are a divalent

transition metal cation transporter family that main-

tain such cation homeostasis, and are conserved

throughout all domains of life [7]. CDF proteins

export a range of divalent metal cations, such as Zn2+,

Mn2+, Fe2+, Cd2+ and Co2+ out of the cytoplasm,

typically by exploiting the proton motive force while

undergoing conformational change [8–10]. CDF pro-

teins form hetero- or homodimers and contain two

major domains: the transmembrane domain and the

cytoplasmic C-terminal domain (CTD). The transmem-

brane domain is found in all known CDF proteins

and includes six helices per monomer as well as a well-

characterized metal-binding site through which the

metal cations are transported [9–11]. The CTD domain

is abundant in CDF proteins, adopting a metallocha-

parone-like fold and undertaking metal-binding-related

conformational changes [12,13]. The CTD has been

better characterized both structurally and biochemi-

cally than the transmembrane domain, and it has been

proposed to act as a regulatory domain. The CTD

contains metal-binding sites which are found on the

protein surface, thus exposed to cytoplasmatic metal

ions. With quite low affinity to metals, it has been

speculated that in high cytoplasmic metal concentra-

tions, the metal cations are bound to these CTD-bind-

ing sites. This causes a conformational change where

the two monomers, that were found in an apo V-

shaped conformation, approach each other to form a

tighter V-shaped conformation. This, in turn, induces

a conformational change of the transmembrane

domain allowing the efficient, fast transport of cations

through this domain (which has greater affinity) [8,13].

Namely, only at high levels of metals (concentrations

that approach cytotoxicity) will they be bound to the

CTD to activate the actual transport. In contrast to

the transmembrane binding site, the metal-binding

sites in the CTD are not fully conserved in terms of

properties, location and number (although in most

proteins more than one binding site has been pro-

posed) [14]. The exact binding mechanism and its ener-

getics, the kinetic pathway by which metal binding

induces these proposed structural changes, and how

the ions bind and interact with the CTD, remain

poorly understood. A number of specific questions are

yet to be addressed, including how the metal-binding

sites are populated during activation, and if there is an

ordered binding sequence. Furthermore, whether allos-

tery and cooperativity exist and play a functional role

in CTD activation, and finally if all metal-binding sites

are required to fully induce the conformational change

and activation of the CTD.

To address these questions, the metal-binding mech-

anism in MamM CTD, a CDF protein from magne-

totactic bacteria (MTB), has been investigated. MTB

are a group of Gram-negative bacteria that biosynthe-

size iron-based magnetic particles in designated orga-

nelles named magnetosomes. These magnetosomes are

arranged in a chain-like fashion, thus enabling them

to align themselves to the geomagnetic field in order

to reach their preferred habitat, usually the oxic-

anoxic zones in aquatic environments [15,16]. MamM

transports iron from the bacterium cytoplasm into

such magnetosomes, which enables synthesis of iron-

based magnetic particles inside the vesicles. In the

absence of MamM or in case of mutations that cause

its dysfunction, these particles are either not formed

or formed defectively [13,17–19]. Since such differ-

ences in magnetic particle formation in MTB are easy

to study, MamM serves as an effective model to

study CDF proteins. The MamM CTD structure has

been solved in its apo form, and a comprehensive bio-

physical study has revealed that it undergoes confor-

mational change when it binds Fe2+ and Zn2+ in

three proposed binding sites: two symmetrical periph-

eral binding sites and one central binding site. Muta-

tions in these postulated binding site residues lead to

a decreased function both in vivo and in vitro [13].

Here, a combination of different biophysical methods

is used to study MamM CTD dynamics and kinetics,

in order to decipher the protein–metal binding mecha-

nism. Overall, the unique combination of X-ray crys-

tallography, CD spectroscopy, pulsed electron

paramagnetic resonance [EPR and pulsed electron–
electron double resonance (PELDOR)] spectroscopy,

molecular dynamics (MD), isothermal titration

calorimetry (ITC), fluorescence spectrometry and

stopped-flow results reveal a dependence between the

central and peripheral binding sites, and that rapid
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binding occurs at the central binding site while only

binding to the peripheral sites (PSs) induces signifi-

cant conformational change. These results reveal the

complexity of metal binding to MamM specifically

and to CDF proteins’ cytoplasmic domain in general,

and constitute a significant step towards the under-

standing of the diverse regulation mechanisms in

CDF proteins and their contribution to CDF protein

function.

Results

Previously it was shown that metal binding to MamM

CTD in vitro occurs only at basic pH due to the

involvement of histidine residues in the coordination

of the metal ions [13]. Fe2+ tends to precipitate at

basic pH; however, its effective concentration is highly

important for stoichiometry determination and inter-

pretation of the kinetic mechanism of ligand binding.

Hence, for this reason and also to enable a compar-

ison with previous studies utilizing Zn2+ as a model

for metal binding [13], we performed a structural, ther-

modynamic and kinetic investigation of Zn2+ to study

the metal-binding mechanism in MamM CTD.

Structural studies of MamM CTDs indicate

binding-dependent conformational change

MamM CTD is arranged as a stable dimer forming

two putative symmetrical PSs (histidine 264 and gluta-

mate 289 of monomer one and two, respectively) and

one central binding site formed with a quartet of

residues (aspartate 249 and histidine 285 from each

monomer; Fig. 1A) [13]. To understand the MamM

CTD-Zn2+-binding mechanism, constructs termed

wild-type (WT; MamM CTD residues: 215–318), PS

(WT with D249A and H285A mutations which abol-

ishes the central binding site, construct contains only

the PSs) and central site (CS; WT with H264A and

E289A mutations which abolishes the peripheral bind-

ing sites, construct contains only the CS) were used.

The crystal structure of the apo WT protein, which

has been solved previously, displays the characteristic

fold of CDF proteins [Protein Data Bank (PDB) ID:

3W5X, 3W5Y) [13]. The crystal structures of both the

apo PS construct (PDB ID: 3W8P, 3W66) [13] as well as

the apo CS construct (PDB ID: 6G64, Tables 1–3,
Fig. 1B) which was solved for this study reveal no dif-

ferences as compared to the WT structure (see Table 4

for RMSD data between the different structures),

Fig. 1. MamM CTD crystal structures and models. (A) The dimeric apo-MamM CTD WT structure (PDB ID: 3W5X). The binding site

residues (D249, H264, H285, E289, light green) and the fluorescence-active tryptophan residue (W247, yellow) are indicated. Black arrows

correspond to the proposed movement of the monomers towards each other. (B) The new crystal structures of C267S (pink, PDB ID:

6G55), CS-C267S (purple, PDB ID: 6G5E) and CS (cyan, PDB ID: 6G64) overlapped onto the WT structure (yellow, PDB ID: 3W5X [13]). All

mutation site residues (both in mutants and WT proteins) are indicated as sticks. (C) Using the PDB ID: 3W5Y [13] an MMM-modelled

structure of WT MamM CTD is presented including the computed rotamer library of MTSSL spin labels attached to position C275 [22]. (D)

The new crystal structure of W247A (light blue, PDB ID: 6G6I) overlapped onto the WT structures (PDB ID: 3W5X in yellow and PDB ID:

3W5Y in orange). All mutation site residues (both in mutants and WT proteins) are indicated as sticks.
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suggesting that the apo forms do not differ in their three

dimensional crystal structures. Since, it has not yet pro-

ven possible to crystallize the different MamM CTD

constructs in the presence of Zn2+, other structural

methods have been applied to better understand the

conformational changes occurring due to metal binding.

Table 1. Crystallization of MamM CTD mutants.

Protein name MamM CTD C267S MamM CTD W247A MamM CTD H264A-E289A-C267S MamM CTD H264A-E289A

PDB ID 6G55 6G6I 6G5E 6G64

Crystallization

conditions

0.2 M Li2SO4,

0.1 M BIS-TRIS

pH = 5.5, 25%

PEG 3350

0.1 M BIS-TRIS

pH = 5.5, 20%

PEG 3350

0.2 M Li2SO4,

0.1 M BIS-TRIS pH = 5.5,

25% PEG 3350

0.2 M (NH4)2SO4,

0.1 M BIS-TRIS pH = 5.5, 22%

PEG 3350

Cryo protectant – 50% PEG 3350 – –

Protein concentration

(mg�mL�1)

7.5 6.08 5 10

Crystallization type Vapour diffusion sitting drop

Data collection P13 – DESY ID29 – ESRF ID29 – ESRF Home source

Detector Pilatus 6M Pilatus 6M Pilatus 6M MAR345

Table 2. Data collection and refinement statistics of MamM CTD mutants. Values in parentheses are for the highest resolution shell. One

crystal was used per dataset. Data were collected at 100K. A, allowed region; O, outliers; P, preferred region.

Protein name MamM CTD C267S MamM CTD W247A

MamM CTD

H264A-E289A-C267S MamM CTD H264A-E289A

PDB ID 6G55 6G6I 6G5E 6G64

Data collection P13 – DESY ID29 – ESRF ID29 – ESRF Home source

Space group C 2 2 21 P 21 21 21 C 2 2 21 C 2 2 21

Cell dimensions

a, b, c (�A) 37.31, 94.37, 53.64 38.65, 65.75, 68.65 37.03, 94.79, 53.50 37.11, 95.09, 53.73

a, b, c (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (�A) 1.65–35.43 (1.65–1.68) 2.40–47.49 (2.40–2.49) 1.60–47.40 (1.60–1.62) 1.90–50.00 (1.90–1.93)

Rsym or Rmerge 0.044 (1.635) 0.193 (1.500) 0.029 (0.572) 0.042 (0.273)

I/rI 16.8 (1.2) 9.7 (1.5) 26.9 (2.2) 48.5 (5.1)

CC1/2 0.999 (0.636) 0.996 (0.665) 0.999 (0.931) 0.986 (0.892)

Completeness (%) 99.5 (97.9) 99.7 (97.2) 99.2 (86.5) 97.2 (88.9)

Redundancy 4.6 (4.5) 8.7 (8.7) 6.4 (5.8) 8.5 (4.0)

Wavelength (�A) 0.97631 0.975 0.975 1.5406

No. unique reflections 11 722 7305 12 814 7559

Refinement

Resolution (�A) 1.65–35.43 2.40–47.49 1.60–35.48 1.90–47.54

Rwork/Rfree 19.04/21.51 22.10/26.18 20.61/25.68 20.51/23.90

No. atoms

Protein A- 658, D-57 A-728, B-815 639 622

Ligand/ion 14 4 10 14

Water 41 23 52 53

B-factors

Protein A- 39.861, D-76.573 A- 44.222, B-47.739 34.768 25.620

Ligand/ion SO4-43.610, BCT-57.580 bME-79.395 SO4-31.602 SO4-32.880, bME-52.630

Water 43.445 34.486 40.492 30.642

RMSD

Bond lengths (�A) 0.014 0.006 0.006 0.013

Bond angles (°) 1.602 1.09 0.805 1.598

Ramachandran statistics P: 75 (98.68%),

A: 1 (1.32%),

O: 0 (0%)

P: 187 (98.42%),

A: 3 (1.58%),

O: 0 (0%)

P: 76 (98.70%),

A: 1 (1.30%),

O: 0 (0%)

P: 77 (98.72%),

A: 1 (1.28%), O: 0 (0%)

Missing residues A- 211, 293–318,

D- 211–306, 314–318

A: 307–318. B: 211,

316–318

293–318 211, 293–318
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CD spectra of all apo protein constructs (WT, PS

and CS) confirmed that the secondary structures of all

three proteins are also conserved in solution (Fig. 2).

The CD spectral trends after addition of Zn2+ (pro-

tein : Zn2+ at 1 : 15 ratio) are consistent with the apo

forms, suggesting that the conformational changes

occurring due to metal binding do not involve substan-

tial changes in their secondary structures, but most

likely at the dimerization interface, similar to the CDF

protein CzrB [12].

To further understand the MamM CTD metal-

dependent conformational changes, site-directed spin

labelling was applied in combination with PELDOR

spectroscopy [20,21], which affords the detection of

both distances and distance distributions between

labelled sites within the dimer. During site-directed

spin labelling, the paramagnetic (1-oxyl-2,2,5,5-tetra-

methyl-D3-pyrroline-3-methyl) methanethiosulfonate

spin label (MTSSL) reacts specifically with cysteine

residues of the protein. MamM CTD contains two

intrinsic cysteine residues, C267 and C275, the second

of which is found on the periphery of the protein in a

solvent-exposed region. Both in silico modelling and

spin labelling efficiencies indicate that C267 does not

label well, hence PELDOR experiments were per-

formed using the C267S variant protein which pro-

vides only distances between the two labelled C275

sites on the protein (Fig. 1C). In silico prediction of

interspin label distances was carried out using multi-

scale modelling of macromolecules (MMM) [22], a

Matlab©-based open-source modelling toolbox.

This C267S mutation was introduced by site-direc-

ted mutagenesis to all three MamM CTD constructs:

C267S (WT with C267S mutation), PS-C267S (PS with

C267S mutation) and CS-C267S (CS with C267S

mutation). Crystallization trials were performed on

these constructs to confirm that the C267S mutation

also does not alter the protein structure. Only the

C267S and CS-C267S constructs formed crystals

Table 3. Crystallographic software used for solving the structure of MamM CTD mutants. Manual refinement was performed using COOT

version 0.8.9 [44]. Aimless, Phaser MR and Refmac5 were used through the CCP4I package [45].

Protein name MamM CTD C267S MamM CTD W247A

MamM CTD

H264A-E289A-C267S

MamM CTD

H264A-E289A

PDB ID 6G55 6G6I 6G5E 6G64

Data reduction XDS [46] XDS XDS HKL2000 [47]

Data scaling Aimless [48] Aimless Aimless HKL2000

Structure solution method Molecular replacement – using MamM CTD WT structure (PDB ID: 3W5X)

Phasing Phaser MR [49]

Refinement Refmac5 [50], PDB-REDO [51] Phenix [52], PDB-REDO Refmac5, Phenix Refmac5, PDB-REDO

Table 4. RMSDs between crystal structures of the different MamM CTD constructs. RMSDs between structures (carbon alpha) were

calculated using the iterative magic fit tool in SWISS-PDBVIEWER [36].

Protein name WT – 3W5X WT – 3W5Y PS – 3W66 PS – 3W8P CS – 6G64

WT – 3W5X – 0.82 0.88 1.04 0.19

WT – 3W5Y – – 1.00 0.74 0.92

PS – 3W66 – – – 0.97 0.90

PS – 3W8P – – – – 1.11

CS – 6G64 – – – – –

Fig. 2. CD spectra of MamM CTD in the apo and metal-bound

forms. To ensure that no metals are bound to MamM CTD

proteins, proteins were pre-incubated with EDTA for 5 h, which

was subsequently removed by dialysis overnight. The proteins

were diluted to a final concentration of 0.3 mg�mL�1, with or

without Zn2+ (15 : 1 Zn2+ to protein ratio), and spectral profiles

were measured in a wavelength range of 200–260 nm. Darker

colours refer to the apo forms and lighter colours to the metal-

bound forms; WT in green, PS in red and CS in blue.
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allowing a structure to be determined (PDB IDs: 6G55

and 6G5E, respectively, see Tables 1–3 and Fig. 1B).

In both cases, the structure revealed no difference to

the wild-type structure. All variant proteins labelled

efficiently, indicating good accessibility of the C275

site. Further, by using the structure of the apo C267S

form, the MMM study predicted an interspin distance

of 4.0 nm between the labelled cysteines at this

position (C275, Fig. 1C).

In Fig. 3 PELDOR experiments of all three apo

forms (as well as Zn2+-bound) are presented. The

upper panels of Fig. 3 present the background-sub-

tracted time-domain traces for both apo and metal-

bound protein, while the lower panels represent the

distance distribution probability of the metal-bound

state after data analysis using DeerAnalysis 2016 [23].

Both the apo forms of C267S and CS-C267S revealed

no defined distance between the two labelled cysteines,

suggesting that these proteins do not adopt a single

stable conformation in this state, but are rather

dynamic (Fig. 3A,B). In the PS-C267S apo protein,

however, a strong initial decay of the PELDOR signal

in the time-domain was observed which is quite differ-

ent from the C267S and CS-C267S time-domain spec-

tra (Fig. 3C). Such initial steep decays can be

indicative of very short distances, typically < 2 nm

between the labels. In the apo WT protein, the nega-

tively charged aspartate and bulky histidine residues

that form the putative CS protrude towards one

another in the space between monomers, resulting in

clashes and/or charge repulsion. This could increase

the distance between monomers. Removal of these

residues from the dimer interface could in principle

allow for more stable and tighter packing as compared

to the apo WT protein; however, the direct closure of

the V-shape dimer would not be in agreement with a

short interspin distance inferred from the PELDOR

time-domain results. It was previously suggested that

the two monomers could also swivel along a perpen-

dicular axis [13] rather than simply moving laterally

towards one another. Hence, removal of these charged,

bulky residues in PS-C267S could allow for a larger

degree of swivelling movement and thus explain the

proposed short interspin distance in PS-C267S.

Addition of zinc chloride (59 excess) to each

MamM CTD form (C267S-Zn2+, PS-C267S-Zn2+ and

CS-C267S-Zn2+) results in large changes in the PEL-

DOR time-domain traces (Fig. 3 upper panels). For

C267S-Zn2+, a narrow distance distribution was deter-

mined with a mean distance of 3.3 nm (Fig. 3A, lower

Fig. 3. Four-pulse PELDOR experiments of doubly spin-labelled MamM CTD constructs containing C275, in both apo and Zn2+-bound forms,

measured at 60 K. (Top panel) Green, blue and red traces are the normalized background-corrected dipolar evolution of (A) C267S, (B) CS-

C267S and (C) PS-C267S MamM CTD respectively. The traces for both apo and Zn2+-bound forms are presented in light and dark colours,

respectively. All raw time traces were subjected to a first-order polynomial background correction. Fittings of Zn2+-bound corrected traces

are shown as black lines. (Bottom panel) Distance distributions of Zn2+-bound MamM CTD constructs (A) C267S, (B) CS-C267S and (C) PS-

C267S. Fitting of all the dipolar evolutions and subsequent distance distributions were calculated with DeerAnalysis2016 [23] using a

Tikhonov regularization.
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panel), indicative of a predominantly closed conforma-

tion upon metal binding which is rigid compared to

the apo form and slightly shorter than the MMM pre-

diction. A systematic Zn2+ titration (from 1 : 1 to 1 : 10

protein : metal ratios) revealed that the observed mod-

ulation depth increases with the successive addition of

Zn2+ up until a ratio of 1 : 3–1 : 4 where it reaches a

saturation point, which can be indicative of 3–4 Zn2+

ions bound per dimer (Fig. 4 left panels and Table 5).

Beyond this ratio, no further increase in modulation

depth is observed and indeed there is only a slight

decrease which is due to the high metal ion and pro-

tein concentrations, which is known to cause aggrega-

tion in solution. An increase in modulation depth was

also observed for CS-C267S-Zn2+ compared to its apo

state; however, the distance distribution obtained was

extremely broad, indicating that a single stable confor-

mation was not adopted in the presence of the Zn2+

(Fig. 3B). This suggests that whilst the addition of

metal has some effect on the structure and dynamics

of the protein, an entirely closed and rigid Zn2+-

bound state is unlikely to be present. Hence, mutation

of the peripheral binding sites does affect metal bind-

ing and does not allow meaningful conformational

changes to be observed. For PS-C267S-Zn2+, again a

predominant, but distinct narrow distance distribution

is obtained, with a mean distance of 2.7 nm (Fig. 3C).

This result would suggest that the addition of Zn2+

causes PS-C267S to adopt a slightly different rigid

conformation, where the spin labels are now further

apart as compared to the apo state. Such a 2.7-nm dis-

tance would fit with a tight V-shape packing that is

not possible in the WT protein due to the presence of

the histidine and aspartate residues in the metal-bind-

ing site, which are proposed to increase the gap

between the monomers as compared to this alanine

mutant. Repeating the Zn2+ titration experiment with

PS-C267S MamM CTD with Zn2+ (from 1 : 1 to 1 : 5

protein : metal ratios) reveals an increase in modulation

depth with successive addition of Zn2+ up until a ratio

of 1 : 2, at which point saturation is already reached

and no further increase is observed (Fig. 4 right panels

and Table 5). This clearly indicates that less Zn2+ ions

are bound per dimer of PS and indeed fits well with the

proposal that only two Zn2+ ions are bound, one in

each PS. In summary, it is proposed that Zn2+ addition

to PS results in its binding to the PSs only, which

restricts the swivelling movement and stabilizes the pro-

tein in a ‘native-like’ closed conformation, but with

tighter packing due to removal of the bulky residues at

the CS.

Overall, the PELDOR results obtained, both when

comparing apo and Zn2+-bound states of each variant

forms as well as between the Zn2+-bound forms of the

Fig. 4. Four-pulse PELDOR titrations of doubly spin-labelled MamM CTD C267S and PS-C267S constructs containing C275, measured at

60 K. (A) The normalized and background-corrected dipolar evolution of C267S (left) and PS-C267S (right) MamM CTD following Zn2+

titration, with metal : protein ratios ranging from 1 : 1 to 10 : 1 excess and 1 : 1 to 5 : 1 excess, respectively (coloured lines). All raw time

traces were subjected to a first-order polynomial background correction. Spectral fittings are shown as black lines. (B) Distance distributions

corresponding to each titre of Zn2+-bound C267S (left) and PS-C267S (right). Fitting of the dipolar evolutions and subsequent distance

distributions were calculated with DeerAnalysis2016 [23] using a Tikhonov regularization.
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different MamM CTDs, suggest that the protein

adopts a closer packing in solution upon addition of

metal ions, and that the residues in both peripheral

and CSs have an influence on, and are important for

metal binding and conformational change.

Apo-MamM CTDs demonstrate different

dimerization dynamics

In order to study the effect of mutations on apo-

MamM dynamics, and to assess whether the proposed

swivelling movement is possible, MD simulations were

also used. As CS was shown to behave similarly to

WT in their apo forms, MD was only applied to WT

and PS. Later, the MD trajectories were studied using

principal component analysis (PCA). PCA, also known

as essential dynamics, is an analysis method that

reduces the dimensionality of a complex system while

retaining the most important features of the distribu-

tion of conformations [24–26].
Initially, the stability of each simulated protein was

validated, and the RMSD values of the backbone were

calculated. As MamM CTD is a homodimer, the

RMSDs for each monomer and of the dimer were cal-

culated separately. Calculated values of backbone

RMSD for the production stage (after the initial

20 ns) of each simulation are 0.13 � 0.02 nm (mono-

mer 1, WT), 0.11 � 0.01 nm (monomer 2, WT),

0.31 � 0.10 nm (dimer, WT), 0.11 � 0.01 nm (mono-

mer 1, PS), 0.13 � 0.02 nm (monomer 2, PS) and

0.31 � 0.13 nm (dimer, PS). The outcome indicates

that following an initial reengagement, the 3D struc-

ture of all monomers is highly stable. On the other

hand, while both WT and PS maintain their dimers,

their averaged RMSDs are higher. In addition, their

RMSDs show a higher rate of fluctuation (data not

shown). This RMSD profile is likely to be due to the

movement of one monomer towards the other.

To further study the dynamics of MamM dimers,

the first two modes of motions (modes 7 and 8) calcu-

lated using PCA were used. Modes 7 and 8 are the lar-

gest collective motions of groups of atoms following

the removal of translation (modes: 1–3) and rotation

(mode: 4–6) movements of the WT and PS complexes.

The translation and rotations are removed as they are

not contributing to the molecule flexibility. First, the

calculated fluctuations of modes 7 and 8 were com-

pared with those calculated from the MD trajectories.

The fluctuation profiles were found to be very similar

(Pearson correlation coefficient are R = 0.97 and 0.96

for WT and PS, respectively), indicating that modes 7

(the native-like open-close movement) and 8 (the

swivelling movement) account for most of the overall

protein motion. Furthermore, this confirms that low-

frequency motions govern MamM-complex’s overall

dynamics. A comparison of WT and PS revealed that

PS is more flexible than WT (Fig. 5). Whereas most

fluctuations in the WT are located at the top of the

beta-sheet, in PS a larger portion of the protein fluctu-

ates. Moreover, the magnitude of fluctuations in PS is

larger compared to the WT’s. In addition, fluctuations

at mode 8 of PS reveal a large amplitude of swivelling

movements, unlike WT (Fig. 5, bottom panel). Taken

together, the simulations suggest that the lack of the

binding residues in the CS effects the apo-MamM

dynamics as was also proposed by the EPR results,

with the apo-PS undergoing a more pronounced

dynamic swivelling movement.

Stoichiometry of Zn2+ binding to MamM CTD

constructs

The occupancy of the three MamM CTD-binding sites

during its activation in solution has not been deter-

mined previously. PELDOR results would suggest that

three or four ions are bound to the WT construct

while only two ions bind to the PS construct. In order

to formulate a kinetic model for metal binding during

activation of MamM CTD, the binding stoichiometry

of divalent ions must be precisely determined for all

protein constructs. For that, Zn2+ and the three

MamM CTD constructs WT, PS and CS were utilized.

Equilibrium ligand binding was performed by ITC to

determine MamM CTD-Zn2+ binding thermodynamic

parameters and stoichiometry, that is, how many metal

ions are bound per MamM CTD homodimer. In

Table 5, the summary of the ITC experiments with

WT and the PS mutant is presented. The CS revealed

no heat change on Zn2+ concentration-dependent

binding (Fig. 6). The PELDOR experiments and fluo-

rescence measurements (see below) did, however, indi-

cate Zn2+ concentration-dependent binding. It can be

speculated that Zn2+ binding to CS does not generate

a large enough heat capacity change in the system to

be detected. When considering that Zn2+ binding to

the central binding site leads to minor conformational

changes, as is evident from results obtained by the

other methods employed, it is more probable that the

entropy and enthalpy changes are balanced such that

overall nearly no change in the Gibbs free energy of

the system is observed. Both WT and PS show similar

parameters (Table 5), but PS shows a slightly preferred

binding to Zn2+ in terms of thermodynamics parame-

ters (~ 57% lower KD, as well as slightly lower ΔG,
which is characterized by both smaller ΔH and larger

ΔS). However, WT shows a greater N value
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(2.80 � 0.24) as compared to PS (2.41 � 0.24). This

would mean that while WT can bind ~ 3 Zn2+ ions

per dimer, in clear agreement with the PELDOR titra-

tion data, PS can only bind ~ 2–2.5 ions but with

slightly higher affinity, again corroborated by the

PELDOR data. These ITC results suggest that each

PS can bind one ion, and the CS is occupied by a sin-

gle ion that has almost no impact on the heat of the

Fig. 5. Complex dynamics as described by

the two set frequencies mode 7 (the native-

like open-close movement, top panel) and

mode 8 (the swivelling movement, bottom

panel) of WT (green, left) and PS (red,

right). Size and direction of motions along

the modes are represented by arrows.

Fig. 6. ITC measurements of MamM CTD-Zn2+ interactions. (Top panel) Corrected heat rate time curves for a representative titration for

each MamM CTD construct with Zn2+. For each protein (left- WT in green, middle- PS in red and right- CS in blue), the heat flow curve of

the control (Zn2+ titration in buffer, grey) is given as a reference. (Bottom panel) Titration data after peak integration as a function of molar

ratio, and data fitting for both WT and PS. See Table 5 for binding parameters of WT and PS.
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system. In the case of the PS construct, the mutated

CS that lacks the histidine and aspartate residues can-

not bind the Zn2+ ion effectively, but the binding to

this PS construct is thermodynamically preferred, most

likely due to a more stable conformational change

caused by Zn2+ binding to the PSs, as compared to

the WT protein.

Interpretation of the fluorescence signal arising

from metal binding to MamM CTD

Upon analysis of the MamM CTD sequence, one tryp-

tophan (W247) residue per monomer was identified,

juxtaposed to the central binding site (Fig. 1A), and

one tyrosine residue, Y241, that is remote from both

the central and peripheral binding sites, but which

may still contribute to any intrinsic fluorescence

change upon binding of metals after excitation at kex
280 nm. Indeed, metal binding to MamM CTD has

been shown to induce a change in the intrinsic fluores-

cence signal upon excitation at kex 280 nm [13]. To

detect whether similar differences in the fluorescence

signal occur due to Zn2+ binding in the different

MamM CTD constructs, fluorescence measurements

were conducted upon Zn2+ binding to MamM CTD

as a function of Zn2+ concentration (Zn2+:MamM

CTD ratios were varied from 0 : 1 to 100 : 0;

Fig. 7A–C). In order to be assured that the fluores-

cence signal observed is only contributed by the W247

residue and not by the Y241 residue, a more specific

excitation wavelength of kex 297 nm was used which is

towards the tryptophan. Indeed, a point mutation to

remove this particular tryptophan residue, W247A

(WT with W247A mutation), abolishes completely the

fluorescence signal (Fig. 7D). The crystal structure of

this mutant (Fig. 1D), which also confirms the substi-

tution, reveals the same monomeric fold as that of the

WT, and a very similar dimerization interface with

only a minor shift of the monomers towards one

another, probably due to the crystal packing. The

tryptophan fluorescence emission spectra of the

MamM CTD proteins reveal a Zn2+ concentration-

dependent blue shift of the spectrum for all the differ-

ent MamM CTD constructs, as well as an increase in

fluorescence intensity. These results suggest a shift of

W247 towards a more hydrophobic environment in

the presence of Zn2+, hinting at a Zn2+-dependent

conformational change. When comparing the MamM

CTD WT data with those of PS (Fig. 7A,B,E,F), WT

demonstrates a greater blue shift and an increase in

fluorescence intensity in the presence of Zn2+. This is

most likely due to: (a) The alanine substitution at posi-

tion 249 in PS which is juxtaposed to the W247 resi-

due, which will influence the initial tryptophan

environment hydrophobicity and lead to a lower initial

kmax; and (b) a closer, or different, apo V-shaped con-

former in solution, which is possible due to the lack of

D249-D249 repulsion and the removal of the bulky

H285 residues from the centre of the V-shape dimer,

as is also proposed from both the PELDOR and MD

data. In contrast, upon addition of Zn2+ to the CS

construct, there is a large increase in intensity as com-

pared to the other MamM CTD constructs while only

a minor blue shift is observed. This would suggest that

the CS construct is somehow affected differently by

the presence of Zn2+ which is reinforced by the lack

of clear detectable binding as determined by both the

ITC and PELDOR spectroscopy. The Zn2+ concentra-

tion-dependent maximum wavelength plots were fitted

to a hyperbolic equation with KD values determined

using the point of half saturation for protein-Zn2+

binding (WT and PS are 18.66 � 3.54 lM and

82.72 � 9.23 lM, respectively). These values differ

from values calculated from the ITC, but with similar

order of magnitude. These differences are most likely

due to the fluorescence curves reflecting only binding

that is affected by the fluorescence signal and therefore

should only provide a first estimate of metal affinities

to MamM CTD. Importantly, the ITC values should

be considered as the hard parameters for the model.

Nonetheless, both methods give KD values of the same

order of magnitude although the concentrations used

in the fluorescence measurements were 10 times lower

Table 5. Thermodynamic parameters of Zn2+ binding to WT and

PS determined by ITC. Data were fitted to independent + blank

(constant) models in the TA NanoAnalyze Data Analysis software.

Each parameter represents three independent measurements after

control reduction (Zn2+ at the same concentration, titrated into

buffer solution). Errors are reported as the standard deviation. In all

measurements, the sample in cell was in 10 mM Tris-HCl pH 8.0

and 150 mM NaCl, while the titrant Zn2+ was in 1 mM Tris-HCl

pH = 8.0 and 150 mM NaCl.

Parameter WTa PSb

KD (lM) 31.5 � 3.4 17.9 � 2.6

N 2.80 � 0.24 (3–4)c 2.41 � 0.24 (2)c

DH (kJ�mol�1) �4.20 � 0.10 �5.42 � 2.36

Kass (mM
�1) 32.07 � 3.22 56.78 � 7.45

�TDS (kJ�mol�l) �21.51 � 0.29 �21.69 � 2.34

DG (kJ�mol�1) �25.71 � 0.26 �27.11 � 0.34

DS (J�mol�1�K�1) 72.15 � 0.98 72.76 � 7.84

a [WT]i = 50 lM, [WT]f = 37.45 lM, [Zn2+]i = 1.4 mM & [Zn2+]f =

351 lM, ratio: 1 : 9.4
b [PS]i = 50 lM, [PS]f = 37.45 lM, [Zn2+]i = 1.0 mM & [Zn2+]f =

251 lM, ratio: 1 : 6.7
c N values from PELDOR titrations.
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than that used in the ITC, suggesting that indeed the

affinity is in the micromolar range, as can be expected

from protein surface-bound metals in general, and

from the CDFs’ CTD in particular [13,27].

Kinetics of Zn2+ binding to MamM CTD

constructs

The kinetics of Zn2+ binding to MamM CTD has

been measured to investigate the dynamics of metal

binding and to identify any biochemical intermediates

during the time course of its binding reaction. Upon

Zn2+ binding, an increase in the intrinsic tryptophan

fluorescence of both WT and PS can be nicely

observed (Fig. 8A,B). However, for CS no time-depen-

dent changes in tryptophan fluorescence are detected

(Fig. 8C). Nevertheless, careful inspection of CS time

traces suggests that a rapid binding event, within the

dead time of the stopped-flow experiment (1.5 ms),

might be occurring, due to the higher fluorescence

already observed at time zero as a function of the

increasing Zn2+ concentration. In addition, the fluo-

rescence changes upon Zn2+ binding to the CS con-

struct are nicely shown in Fig. 7C,E,F.

The time courses of the fluorescence increase upon

rapid mixing of Zn2+ with WT, follows a single expo-

nential up to 500 ms. Beyond this time regime, the flu-

orescence intensity decreases, most likely due to

relatively high photobleaching of the W247 residue in

each monomer. The ITC stoichiometric model fitting

predicts three Zn2+ ions binding per WT dimer

(Table 5). Structurally, this can account for the two

identical PSs and the one CS which is formed at the

interface of the two monomers. Multiple binding sites

which are not identical in terms of their chemical com-

position are less likely to yield an identical spectro-

scopic signature. Therefore, it was not expected that

rapid binding kinetics exhibits only a single kinetic

phase as shown by the mono-exponential fluorescence

intensity. The observed single phase may be due to

binding occurring during the stopped-flow dead time

(~ 1.5 ms) to either sites, to a fluorescence silent

Fig. 7. Fluorescence scans of MamM CTD constructs with varying Zn2+ concentrations. MamM CTD proteins at 5 lM concentration were

titrated using a ZnCl2 solution to reach different MamM CTD : Zn2+ ratios (intensity was normalized due to the change in MamM CTD

concentration) and emission spectra were recorded. Samples were measured at an excitation of kex 297 nm and the emission spectrum for

each ZnCl2 concentration was recorded between 310 and 450 nm. For each protein, the value presented is the average of three

independent measurements. (A) Emission spectra of WT with different Zn2+ concentrations, (B) Emission spectra of PS with different Zn2+

concentrations, (C) Emission spectra of CS with different Zn2+ concentrations, (D) Emission spectra of 5 lM WT, 10 lM D247A and buffer

as a control, (E) kmax as function of MamM CTD : Zn2+ ratio (WT in green, PS red and CS in blue), (F) Normalized fluorescence intensity

compared to no Zn2+ as function of MamM CTD : Zn2+ ratio (WT in green, PS red and CS in blue). Errors are reported as the standard

deviation.
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binding site or to a combination of both. Based on the

WT and the mutants’ PELDOR, fluorescence and ITC

data, we favour that the measured fluorescence

increase in the transient time course reflects the bind-

ing of Zn2+ to the PSs according to the general

Scheme 1. The initial binding of Zn2+ to the CS is

rapid, occurring within the dead time of the stopped-

flow with a binding rate > 1000 s�1 (shown in squared

parenthesis: CTDO and CTDC are open and the

slightly more closed conformers of CTD, respectively;

Fig. 8. Stopped-flow measurements of MamM CTD binding to Zn2+. (A) Representative time courses of WT tryptophan fluorescence

enhancement after a rapid mixing of WT (2.5 lM, final protein concentration) with different Zn2+ concentrations. Datasets are averaged

transients (n = 2 and for each n, at least 3 repeats were also averaged). Datasets were fitted to Eqn (4) using n = 1. (B) Representative

time courses of PS tryptophan fluorescence enhancement after a rapid mixing of WT (2.5 uM, final concentration) with different Zn2+

concentrations. Datasets are averaged transients (n = 2 and for each n, at least three repeats were averaged). Datasets were fitted to

Eqn (4) using n = 1. (C) Representative time courses of CS tryptophan fluorescence enhancement after a rapid mixing of CS (2.5 lM, final

concentration) with different Zn2+ concentrations. Datasets are averaged transients (using n = 2 while for each n, at least three repeats

were averaged). (D) kobs of WT (green) and PS (red) plotted as function of Zn2+ concentration. Datasets were fitted to a hyperbolic function

(Eqns (1) and (3)). For PS, only the second phase (40–230 lM Zn2+) could be fitted. Error bars are shown within the symbols. (E) Amplitude

of WT and PS plotted as function of Zn2+ concentration. Datasets were fitted to the Hill equation (Eqn (2)) for WT and PS’s first phase (15–

110 lM Zn2+). Error bars are shown within the symbols. (F + G) Zn2+ dissociation experiments for MamM CTD: Representative time

courses of tryptophan fluorescence enhancement after a rapid mixing of: (F) dark green – 2.5 lM WT with buffer, light green – 2.5 lM

WT + 150 lM Zn2+ with 2.5 mM EDTA, (G) red – 2.5 lM PS with buffer, magenta – 2.5 lM PS + 150 lM Zn2+ with 2.5 mM EDTA (final

concentrations). Datasets are averaged transients (with n = 1, at least 4 repeats were averaged). Datasets were fitted using Eqn (4) with

n = 2. Insets: the same data presented on a logarithmic scale.
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complexes without a dot represent a strongly bound

state). This is followed by a rapid collision complex

formation of two Zn2+ ions binding to the PSs fol-

lowed by an additional isomerization reflected by for-

mation of a high fluorescence state termed ‘compact

closed’ (CTDCC, Fig. 9). The microscopic rate con-

stants are global binding parameters that reflect bind-

ing to both PSs since we cannot distinguish between

the two (Scheme 1). The observed rate constant (kobs)

of Zn2+ binding to WT exhibits a hyperbolic depen-

dence on Zn2+ concentration (Fig. 8D). Based on the

kinetic Scheme 1, and under the assumption that

kþp½Zn2þ�; k�ps � kCCþps �ðKPS ¼ k�ps=kþpsÞ, the

observed rate constant for Zn2+ binding is predicted

to follow a rectangular hyperbola and can be fitted

accordingly to Eqn (1):

kobs ¼
KPS � kCCþps½Zn2þ�
1þ KPS½Zn2þ�

 !
þ kCC�ps ð1Þ

where KPS represents the equilibrium constant for

Zn2+ binding to the PSs and kCCþps reflects the isomer-

ization rate constant suggesting further closure of the

CTD central cleft. The best fit of Zn2+ concentration

dependence binding to the WT according to Eqn (1)

yields an equilibrium constant 1/KPS = 62.6 � 13.0 lM
and an isomerization rate constant of kCCþps =

39.2 � 1.4 s�1 (Table 6). The intercept of the fit is

indistinguishable from the origin; thus, Zn2+ binding

is essentially irreversible (kCCþps � kCC�ps � 0), consistent

with the results of slow Zn2+ dissociation kinetics (see

below, Fig. 8F). The apparent second order binding

constant 1=KPS � kCCþps = 0.63 � 0.14 lM�1�s�1, is sur-

prisingly slow in comparison to a small ligand such as

a charged ion binding to a protein [5], suggesting that

the reaction is not diffusion-limited. Interestingly, dis-

sociation kinetics of Zn2+ measured by mixing a pre-

equilibrated WT�Zn2+ with excess of EDTA exhibited

double exponentials (Fig. 8F). The dissociation rate

constants, kdiss,fast = 2.4 � 0.1 s�1 and kdiss,slow =
0.20 � 0.07 s�1 may reflect dissociation events from

the two different Zn2+ binding sites, the PSs and the

CS. However, the fact that similar dissociation kinetics

are seen with PS (Fig. 8G) and with similar

magnitudes to the WT, kdiss,fast = 4.6 � 0.1 s�1 and

kdiss,slow = 0.46 � 0.02 s�1, that was determined to not

bind Zn2+ in the CS by the PELDOR and ITC mea-

surements, would suggest otherwise. Furthermore, the

faster dissociation rates suggest that PS binds Zn2+

with a different conformation at the PSs. The intercept

in Fig. 8D is similar to the slower dissociation rate

measured directly (kCC�ps ~ 0 & kdiss,slow =

0.20 � 0.07 s�1, see Table 6) favouring a slower iso-

merization occurring before complete dissociation.

Fig. 9. A binding mechanism model for WT and PS. Top row, green- A three-step binding mechanism for WT as described in Scheme 1:

first, a rapid step in which one Zn2+ binds to the CS, followed by fast Zn2+ binding to the PSs and a slower isomerization step to achieve

the final, three-ion bound-closed state. Bottom row, red- A two-step binding mechanism for PS as described in Scheme 2: a slow step in

which an isomerization between different apo swivelling forms occurs, followed by fast Zn2+ binding to the PSs that is only allowed by one

apo form, and packing of the dimer to a similar, but yet tighter conformation than that of the WT. Lower left box; An overlapped

representation of the WTO and PSSC forms to demonstrate the difference between the swivelling movement and the standard CTD’s

closure movement.
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Both WT and PS dissociation kinetics demonstrate

that structurally the PSs exchange Zn2+ with EDTA

which can compete over the coordination of Zn2+ at

these sites. Along with these arguments, we favour a

two-step dissociation kinetic from the PSs.

The amplitudes of the PSs’ binding kinetics are

related to the fractional bound Zn2+, and therefore to

their overall affinity. Since these amplitudes report

binding of two ligands to two identical sites, we uti-

lized a simple Hill model. The fitting of the amplitudes

for the WT according to Eqn (2) is shown in Fig. 8E

with a KH,WT = 33.9 � 1.3 lM and a moderate Hill

coefficient nH,WT = 1.61 � 0.13 (Table 6).

A ¼ Vmax � ½Zn2þ�n
Kn

H þ ½Zn2þ�n ð2Þ

Comparison of the equilibrium constant measured

by ITC for WT (Kd = 31.5 � 3.4 lM, Table 5) with

the equilibrium constant determined by the Hill model

suggests that the overall affinities of both the CS and

PSs in the WT protein are only marginally different,

though their kinetics seems to be on a very different

time scale. This further agrees with the rapid dissocia-

tion from the CS as the ‘on rate’ is also very fast. This

is not to classify them as similar in terms of their bind-

ing kinetic pathways and the impact of their binding

on the allostery they may induce on each other.

Although PS displays a similar single-phase beha-

viour (Fig. 8B), with fluorescence increase upon Zn2+

binding, the kobs dependence on Zn2+ concentration

decreases rather than increasing (Fig. 8D, Table 6).

Therefore, it may be that PS exhibits a different mech-

anism for Zn2+ PS binding than WT. In PS, the fast

binding step to the CS does not occur in the dead time

as it does for WT. This is also evidenced by the PEL-

DOR and ITC results which reveal a lower stoichiom-

etry of Zn2+ binding to PS (Table 5, N = 2 and

N = 2.41 � 0.24 respectively), most likely only to the

PSs. This behaviour is well-matched with a slower step

of ‘close’ to ‘open’ conformational change preceding

the metal-ligand binding step to a ‘selected conforma-

tion’ (open state) [28]. The presence of an additional

isomerization following the fast ligand binding step

CTDSC
CSM � ðZn2þÞ2 is not justified based on this hyper-

bolic Zn2+ concentration dependence of the kobs (see

below), as this may occur too fast to be detected.

When we consider the dissociation kinetics of PS, the

presence of an isomerization step CTDSC
CSMðZn2þÞ2 as

observed for the WT before the peripheral Zn2+ com-

pletely dissociated may be justified. This two-step dis-

sociation most likely originates from a tighter

complex, similar to the WT but albeit different struc-

turally. Therefore, we propose the reaction mechanism

in Scheme 2 for Zn2+ binding to PS stringently based

on the observable ‘on’ rate. CTDSO
CSM and CTDSC

CSM are

the ‘swivel open’ and ‘swivel closed’ conformers of the

PS CTD, respectively where CSMSCC
CSM is the ‘swivel

compact closed’ state (CSM for CS mutant represents

the PS construct, so as to avoid confusion with the PS

used to represent the PSs in all the kinetic schemes;

Fig. 9). At lower Zn2+ concentration, the binding of

Zn2+ is limited by the presence of CTDSC
CSM and hence

the transition from CTDSO
CSM to CTDSC

CSM contributes

to kobs. At very high Zn2+ concentration, the forma-

tion of CTDSC
CSM � ðZn2þÞ2 is fast and kobs is dominated

by ksþcsmðKS
CSM ¼ ksþcsm=k

s
�csmÞ and will approach the

net rate constant of this isomerization step. We further

reason that the binding steps are faster than isomeriza-

tion based on the relatively slow dissociation kinetics

and the high affinity binding of Zn2+ to the mutant

(ITC results, Table 5), hence at high Zn2+ concentra-

tion, ksþcsm � kpsþcsm½Zn2þ�ðKPS ¼ kps�csm=k
ps
þcsmÞ. There-

fore, in accordance with such a mechanism, Eqn (3)

Scheme 1. Kinetic reaction mechanism of Zn2+ binding to WT.

Table 6. Kinetic parameters for Zn2+ binding to MamM CTD WT

and PS. Left parameters relate to WT, right parameters relate to

PS. Conditions were as follows: 10 mM Tris (pH 8.0) and 150 mM

NaCl at 25 °C.

Parameter WT PS

kCC
þps==k

s
þcsm (s�1) 39.2 � 1.4 29.4 � 1.6

KPS(1/KPS) (lM) 62.6 � 13.0 19.4 � 17.2

KPSk
CC
þps (lM�s�1)a 0.63 � 0.14 –

kCC
�ps==k

s
�csm þ ks

þcsm (s�1) 0.52 � 2.32 95.1 � 40.4

ks
�csm (s�1) – 65.7 � 38.8

KS
CSM – 0.45 � 0.27

kdiss,fast (s
�1) 2.4 � 0.1 4.6 � 0.1

kdiss,slow (s�1) 0.20 � 0.07 0.46 � 0.02

KH (lM)b 33.9 � 1.3 39.5 � 2.2

nH
b 1.61 � 0.13 2.1 � 0.2

a Relates to WT.
b Determined from the total amplitudes.
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can predict such an hyperbolic dependence on the

Zn2+ concentration of decreasing observed rate con-

stant (see Appendix S1 for the derivation of Eqn (3)

for this kinetic model, based on [29]):

kobs ¼ ksþcsm þ ks�csm

KPS
CSM

KPS
CSM þ ½Zn2þ�

 !
ð3Þ

We note that at lower concentration ([Zn2+] <
40 lM), the transients of PS were not sufficiently quali-

tative with respect of signal to noise to attain good fit-

ting while keeping PSs under pseudo first-order

reaction conditions and getting a reasonable fluores-

cence intensity. Therefore, fits were performed in the

range of [Zn2+] > 40 lM (Fig. 8D, Table 6). This does

not, however, change the assumption leading to the

above mechanism. The ‘swivel open’ transition to ‘swi-

vel closed’ is relatively fast (Table 6, ksþcsm = 29.4 �
1.6 s�1), but slower than the actual binding, reflecting

the lack of steric repulsions in the structure. Interest-

ingly, the dynamics between the swivel open and swi-

vel closed conformations within PS are much more

apparent in solution as revealed by the kinetics and

MD than observed by the structural studies, emphasiz-

ing the benefits of such measurements. The equilibrium

constants indicate that the swivel open conformation

is only slightly more favourable than the swivel

closed (KS
CSM = 0.45 � 0.27). The amplitudes deter-

mined from Zn2+ binding to PS (Fig. 8E) produce a

KH,CSM = 39.5 � 2.2 lM but a stronger Hill coefficient

nH = 2.1 � 0.2 (fitted to the range of Amp increase,

Table 6). The loss of amplitudes at higher Zn2+ con-

centration is due to the loss of the fast component in

the binding reaction where the ‘swivelling’ isomeriza-

tion dominates the amplitude. The larger Hill coeffi-

cient suggests that the closure of the protomers by

binding at the CS before binding at the PSs occurs, is

key to increase allostery in the PSs.

Discussion

A new mode of metal binding to MamM CTD

The major impact of this work is the underlying mech-

anism of Zn2+ binding to MamM CTD via three

putative metal-binding sites. Taken together, these

results, in terms of structure, thermodynamics and

kinetics, suggest a model in which one Zn2+ ion read-

ily binds, with fast kinetics, minimal energetic cost and

very minor conformational changes to the CS. The ion

binding changes the electrostatic properties of the

binding cleft, which may, however, have a long-range

effect on the PSs as discussed below. This is followed

by binding of an additional two Zn2+ ions, most likely

simultaneously within the time regime of ms, to the

PSs, with slower kinetics as compared to the CS bind-

ing, at a larger energetic cost and with major confor-

mational changes (Fig. 9). Several lines of evidence are

provided by using multiple approaches and dissection

of site-specific mutant data in comparison to the WT.

The PS and the CS constructs each provide separate

but limited contributions to the overall mechanism

since not everything can be experimentally measured

with the perturbation of the central and the peripheral

binding sites, respectively. The PS mutant provides a

unique insight into the flexibility of the dimerization

domain between the two monomers. When binding to

the PSs occurs, it seems that at very high Zn2+ con-

centration, a decrease in the observable rate is also

associated with a decrease in the fluorescence intensity

which may reflect intermolecular swivelling of the

monomer similar but quite not identical to WT. So, in

other words, the two domains are able to swivel along

a perpendicular axis (Fig. 9), as was proposed, but not

experimentally demonstrated, previously [13]. In addi-

tion, in the PS mutant, the Hill coefficient was deter-

mined from the amplitudes of Zn2+-binding kinetics

which points to the CS’s tight closure contributing to

an increase in allostery of Zn2+ PS binding in compar-

ison to the WT.

Fast Zn2+ binding to the central site has no

energetic cost and facilitates the binding to the

peripheral site

Central site reveals no heat capacity change in the ITC

binding experiments within the same range of Zn2+

concentration as for WT and PS, suggesting that bind-

ing to the CS occurs with only minor conformational

changes. Zn2+ binding in CS also results in a minor

fluorescence spectral shift yet a large increase in the

fluorescence intensity. The PELDOR results suggest

 
Scheme 2. Kinetic reaction mechanism of

Zn2+ binding to PS.
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that although exhibiting a different distance range as

compared to the apo form, the CS does not adopt a

closed, distinct conformation when Zn2+ is added. In

CS, it is more probable that entropy decreases due to

the more ordered zinc ions bound at the CS. Further-

more, enthalpy is also slightly decreased, in a way that

leads to nearly no net overall change in the Gibbs free

energy of the system. This is further supported by the

WT and PS ITC results which indicate that in equilib-

rium their energetic parameters are very similar. As

their final states are expected to be similar, binding to

the CS does not contribute much to the overall heat

change of the system. In terms of structural changes,

one Zn2+ binds initially to the CS residues of only

one monomer (nonspecifically), which occurs very fast

(< 1.5 ms, as resolved from the WT kinetic results).

The binding of one such ion could potentially change

the local electrostatic surface, driving the second

monomer to close the binding site, thus neutralizing

the positive charge. Our results, however, indicate that

binding at the CS only leads to minor conformational

changes and the protein remains in a dynamic, open

state. This is only altered when the PSs are occupied,

leading to the tighter, locked state (Fig. 9), as

evidenced from the PS and WT fluorescence and

PELDOR results.

PS exhibits a different initial conformation and

[Zn2+]-dependent movement as compared to WT

The N value derived from ITC experiments of the WT

and the PS mutants reflects the number of bound

Zn2+ ions. These N values that were calculated from

the ITC data indicate that the PSs bind two ions

(NPS = 2.4), hence the CS populates only one Zn2+

ion (NWT = 2.8, NCS could not be calculated), which is

lower than previous published results (NWT = 4) [13].

PS exhibits a slightly lower N than WT; however, it

has a twofold tighter KD than WT (lower ΔG, suggest-
ing that the binding occupies less sites but with a tigh-

ter affinity. This can also be inferred from the

PELDOR results where both a less dynamic conforma-

tion and/or a shorter smaller distance distribution for

the apo PS is observed as compared with the apo WT,

as well as a reduction in the number of bound Zn2+

ions. Structurally, this can be reasoned by a swivelling

movement of the PS dimer (relative to the dimerization

interface at the bottom of the V-shape; Fig. 9). Hence,

and as was supported by the MD results, PS adopts a

scissor-like conformation instead WT’s V-shape apo

conformation. This would suggest that the initial states

of the two apo forms are different and hence their

binding mechanism is different. In the final state, both

WT and PS involve the binding of Zn2+ in the two

PSs and adopt a more similar conformation as com-

pared to their initial states, which is supported by both

the fluorescence and PELDOR results. These different

initial states are not reflected in crystal structure mod-

els of the apo forms which are likely restrained by

crystal contacts. Further, the only apo crystal structure

which could not be detected is that of PS-C267S, fur-

ther supporting that it might adopt a different confor-

mation.

Comparison of MamM CTD metal-binding sites

and conformational changes to other CDF

proteins’ CTDs suggest a complex regulation

mechanism in CDF proteins

A comparison of our results in the wider context of the

whole CDF protein family in terms of the binding sites

and conformational changes observed in this study

reveal further significant structural insights within the

known CDFs’ CTDs-bound structures (Fig. 10A). The

evolutionary-closest CDF CTD structure that was

solved in a Zn2+-bound state is of MamB, another iron

transporter CDF protein from MTB [14] (Fig. 10B).

Zn2+ in the MamB structure is chelated by D247 (ho-

mologous to D249 in MamM), H283 (homologous to

H285 in MamM) and H245 (found in the same loca-

tion as W247 in MamM; Fig. 10C). Since MamM and

MamB CTD sequences are highly conserved [14,17],

MamB’s crystal structure strengthens the evidence for

the ability of MamM’s CS to bind metals. However, in

MamB, no conformational changes have yet been

detected in the metal-bound state compared the apo

structure (Fig. 10B). This could be due to two reasons:

(a) Zn2+ was only soaked into the crystals after their

formation [14], a method that may not invoke signifi-

cant further conformational changes due to pre-existing

strong crystal contacts. (b) The MamB structure does

not involve Zn2+ binding at a PS (which contains

aspartate and threonine residues rather than the his-

tidine and glutamate residues found in MamM), which

has been shown here to induce such major conforma-

tional changes.

All other CDF structures that were solved are of

bacterial Zn2+ transporters (Fig. 10D). CzrB is the

only CDF protein whose CTD structure has been

solved in both the apo and bound-closed forms. CzrB

structures exhibit much larger conformational change

between the apo and the bound-closed states [12] when

compared to the degree-of-closure indicated by the

PELDOR results for MamM. Moreover, the metal-

binding sites are not completely conserved between

MamM and CzrB. The PS of MamM involves H264
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from one monomer and E289 from the other. In CzrB,

one of the Zn2+ ions is chelated by homologous his-

tidine and glutamate residues that are found in the

same positions (H258 and E282), but also by an addi-

tional histidine (H280, homologous to S287 in MamM;

Fig. 10E). Additionally, there are two Zn2+ ions

bound per monomer in CzrB, that do not involve

homologous residues to those of MamM-binding sites

and which involve residues only from one monomer

(E243, homologous to D249 in MamM, is found at a

distance of 3.71 �A from one of these ions, a long dis-

tance for an expected strong electrostatic interaction,

therefore it is not expected to contribute much to the

binding of the ion in this site). However, one of these

Zn2+ ions (namely the second Zn2+ ion) is also bound

by E282 and by other residues that are involved in the

binding of the third Zn2+ [12] (Fig. 10D), suggesting a

net of Zn2+–protein interactions that can lead to the

stable binding of Zn2+ in the CzrB PS. The first two

Zn2+ ions discussed in the context of CzrB are also

found in the same locations and are ligated by homol-

ogous residues in the bacterial CDF model protein

YiiP, for which only its closed structure has been

solved [9,10,30,31] (Fig. 10D,E). Such a multiple-

Zn2+-binding state is not possible in MamM as some

of the homologous residues in MamM are not suited

to metal binding, yet despite this both the CzrB and

YiiP closed structures support the importance of the

PS residues for metal binding and conformational

changes, as revealed in this study.

The comparison between all CDFs CTDs’ structures

and binding sites reveals a complex regulatory mecha-

nism for CDF proteins. The Zn2+ transporters show a

network of Zn2+-binding sites that includes the PSs

and extends towards the centre of the proteins, while

the iron transporter MamB binds ion only in the

A B

D E

C

Fig. 10. CDF protein CTDs conserved binding sites. (A) The dimeric CTD crystal structures of Zn2+-bound MamB (light orange, PDB ID: 5HO1

[14]), Zn2+-bound CzrB (pink, PDB ID: 3BYR [12]), Zn2+-bound Escherichia coli YiiP (blue, PDB ID: 3H90 [9]) and Zn2+-bound Shewanella

oneidensis (strain MR-1) YiiP (purple, PDB ID: 5VRF [10]) overlapped onto the dimeric apo-MamM CTD WT structure (yellow, PDB ID: 3W5X

[13]). For all the bound structures, the Zn2+ ions are indicated in the structure colour. (B) The dimeric crystal structures of Zn2+-bound MamB

CTD (light orange) and apo-MamB CTD (dark orange, PDB ID: 5HO5 [14]) overlapped onto the dimeric apo-MamM CTD WT structure

(yellow). MamB’s Zn2+ ions, the Zn2+ ions chelating water molecules, MamB’s central binding site residues and their homologous residues

from MamM are indicated as sticks. (C) Magnification of the monomeric central binding site of MamB and MamM. The residues are labelled,

so that the upper labels in italics refer to MamM’s residues and the lower labels to MamB’s residues. The D249 and H285 residues in

MamM CTD central binding site are conserved in MamB, where they were shown to participate directly in the chelation of the metal ion. (D)

The dimeric CTD crystal structures of Zn2+-bound CzrB (pink), Zn2+-bound Escherichia coli YiiP (blue) and Zn2+-bound S. oneidensis YiiP

(purple) overlapped onto the dimeric apo-MamM CTD WT structure (yellow). All proteins’ bound Zn2+ ions, all the Zn2+ ions binding site

residues and their homologous residues from MamM are indicated as sticks. (E) Magnifications of the peripheral binding site of CzrB, YiiP

proteins and MamM (only this site is shown for clarity). The residues are labelled, so that the upper labels in italics refer to MamM’s residues

and the lower labels to CzrB’s residues. The H264 (left panel) and E289 (right panel) residues in MamM CTD peripheral binding site are

conserved in YiiP and CzrB proteins, where they were shown to participate directly in the chelation of the Zn2+ ion.
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centre of the V-shaped dimer. MamM contains both

the central and PSs, suggesting a double-safe mecha-

nism for this specific protein compared to MamB, and

a different regulation mechanism compared to the

Zn2+ transporters: one site allows rapid binding and a

change of the charge distribution, which facilitates the

binding to the second site. This allows the conforma-

tional lock-down that will lead to further transmem-

brane domain conformational changes and active

transport. Previous in vivo studies of MamM showed

that mutations in both the central and peripheral

CTD-binding sites lead to small variations in magneto-

some size, number and magnetic response [13]. These

rather small changes might suggest that although the

regulation is important for normal function, the trans-

port can occur even when this regulation path is

defected, meaning that metal can diffuse to the trans-

membrane domain independently, yet less efficiently.

However, even mutations in the conserved transmem-

brane transport site of MamM, which were shown

previously in many CDF proteins to have a drastic

influence on the proteins’ function, showed rela-

tively small impact on magnetite formation [8,17].

Hence, we speculate that MamB somehow compen-

sates MamM function as opposed to mutations in the

CTD-binding sites having only a minor impact on the

protein function.

All the known CDF proteins’ CTD structures sup-

port our key finding of the capability of the CS to

bind metal readily without any further large conforma-

tional changes. In addition, binding to the PSs affords

the induction of conformational changes in the dimer.

While the transmembrane transport site is conserved

between the different CDF proteins (in terms of loca-

tion and importance for function) which implies a sim-

ilar transport mechanism [8,11], the apparent

versatility in the binding sites and conformations

between the proteins CTDs suggest diverse regulation

mechanisms for different proteins. The fine tuning in

the regulation might be evolution-related, since more

highly evolved organisms emerge more sophisticated

and complex regulation mechanisms. For example,

recent studies of eukaryotic CDF proteins (plant MTP

proteins and human ZnT proteins) suggest that other

elements such as a His-rich loop – a cytoplasmatic

loop between two transmembrane helices that is not

found in the structurally characterized CDF proteins –
might play a role in protein regulation [32,33]. Further

biochemical and structural studies of CDF proteins

that are not Zn2+ or Fe2+ transporters proteins, and

of eukaryotic CDF proteins, would be required to

decipher the evolutionary pathway of the regulation

mechanism in CDF proteins.

To conclude, the kinetics of the transport rate of the

full length CDF protein has been previously studied

by the detection of change in Zn2+ concentration

inside a vesicle. Here for the first time, the conforma-

tional dynamics and kinetics of the CTD upon Zn2+

binding have been directly studied, revealing a molecu-

lar mechanism for binding, including stoichiometry,

allostery, energetics and the order of binding. The

structure–function relationships revealed here demon-

strate how metal binding to a CTD of a CDF protein

leads to distinct conformational changes within this

domain in solution, thus significantly strengthening

previous evidence highlighting the importance of CTD

for overall protein regulation and function.

Materials and methods

Site-directed mutagenesis and protein

expression

mamM CTD gene (UniProt Q6NE57 residues: 215–318) was
previously cloned into pET28a(+) vector (Novagen, Merck

Biosciences, Darmstadt, Germany) [34]; in this construct,

pET28a-MamM-CTD-MSR1, the mamM gene was fused

in-frame to express a six-His tag at the N terminus of the

protein followed by a thrombin proteolysis site. All MamM

CTD mutations were applied to the pET28a-MamM-CTD-

MSR1 vector using the QuickChange site-directed mutagen-

esis method (Stratagene, La Jolla, CA, USA). Primers con-

taining single mutation sites (Hylabs, Rehovot, Israel) were

designed and used for PCR amplifications. All MamM

CTD forms were expressed similarly to previously described

for MamM CTD WT [34]: Escherichia coli Rosetta(DE3)

pLysS strain cells (Novagen) harbouring the pET28a-

MamM-CTD-MSR1 plasmid were grown in auto-induction

medium [35] containing kanamycin (100 mg�mL�1) and

chloramphenicol (30 mg�mL�1) at 310 K for 6 h. The culti-

vation temperature was then reduced from 310 to 300 K for

a further 18 h. The cells were harvested by centrifugation at

7438 g for 8 min at 277 K.

Protein purification

All proteins used in this study were purified similarly to

previously described for MamM CTD M250L mutant

[19,34]. All MamM CTD forms expressing cells were sus-

pended in binding buffer containing 50 mM Tris-HCl

pH = 8, 300 mM NaCl, 20 mM imidazole, 5 mM b-mercap-

toethanol and 0.01% Triton X-100 at a weight ratio of

1 : 2, with DNaseI (10 lg�mL�1) and a protease inhibitor

cocktail (containing 100 lM PMSF, 1.2 lg�mL�1 leupeptin

and 1 lM pepstatin A) for 30 min at 277 K. The cells

were then disrupted by three cycles of French press pres-

sure cell (Thermo Scientific, Waltham, MA, USA) at
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207 MPa. Cell debris was separated by centrifugation at

203 000 g (ECF) (60 Ti fixed angle rotor; Beckman Coul-

ter, Brea, CA, USA) for 45 min at 277 K and the soluble

fraction was applied onto a home-made gravity Ni-NTA

column (2.5 cm diameter Econo-Column by Bio-Rad,

Hercules, CA, USA; 5 mL bed volume of HisPur Ni-

NTA resin by Thermo Scientific) pre-equilibrated with the

binding buffer. Protein were washed with 50 mL of two

washing buffers for further purification, containing: (a)

20 mM Tris-HCl pH = 8, 1 M NaCl, 40 mM imidazole and

5 mM b-mercaptoethanol; (b) 20 mM Tris-HCl pH = 8,

150 mM NaCl, 40 mM imidazole and 5 mM b-mercap-

toethanol, and eluted with buffer containing 20 mM Tris-

HCl pH = 8, 150 mM NaCl, 500 mM imidazole and 5 mM

b-mercaptoethanol. To remove the six-His tag, bovine

thrombin (10 U�mL�1; t4648-10KU; Sigma-Aldrich, St.

Louis, MO, USA) was added to the eluted protein and

the mixture dialysed against the final buffer, containing

10 mM Tris-HCl pH = 8, 150 mM NaCl and 5 mM b-mer-

captoethanol for 16 h at 277 K. Protein was then concen-

trated to a volume of 4 mL using a Vivaspin-4 (3000 Da

MW cutoff; Sartorius Stedim Biotech GmbH, Goettingen,

Germany) and applied onto a size-exclusion column

(HiLoad 26/60 Superdex 75; GE Healthcare Biosciences,

Danyel Biotech Ltd., Rehovot, Israel) pre-equilibrated

with the final buffer. Selected peaks of pure protein were

collected and concentrated using a Vivaspin-4 to a final

concentration of 10–60 mg�mL�1, flash-frozen in liquid

nitrogen and stored at 193 K for further use. Throughout

the purification process, protein concentration was deter-

mined by measuring absorption at 280 nm, and protein

purity was analysed by SDS/PAGE. For all C267S con-

structs, b-mercaptoethanol was not used during purifica-

tion and in the final storage solutions. For all further

experiments, protein concentration was also determined

by measuring absorption at 280 nm.

Crystallization and structure determination

Purified MamM CTD proteins: W247A in buffer con-

taining 10 mM Tris pH = 8.0, 150 mM NaCl, and 5 mM

b-mercaptoethanol; CS in buffer containing 10 mM Tris

pH = 8.0, 150 mM NaCl, 3.375 mM MnCl2 and 5 mM b-
mercaptoethanol; CS-C267S and C267S in buffer con-

taining 10 mM Tris pH = 8.0, 150 mM NaCl (buffer A);

were crystallized using the vapour diffusion method at

293 K (0.3 lL protein with a 0.3 lL reservoir solution

for all proteins but CS, where 1 lL protein with 1 lL
reservoir solution were used). Crystals were harvested

with or without treatment of cryo agent and flash-fro-

zen in liquid nitrogen. Data collection was performed

on a single-crystal at a temperature of 100 K. All cryo

conditions, data collection details, data reduction and

scaling, phasing and refinement details are given in

Tables 1–3.

Least-squares overlaps

MamM CTD structures were overlaid and RMSDs calcu-

lated using the iterative magic fit tool of SWISS-PDBVIEWER

4.1.0 [36]. All MamM CTD structures and all overlapped

structure figures were prepared using UCSF CHIMERA pack-

age, version 1.12 [37].

Circular dichroism measurements

CD measurements were performed using a J750 spectropo-

larimeter (Jasco Inc, Easton, MD, USA) at ambient tem-

perature. MamM CTD proteins were incubated with

EDTA for 5 h, which was subsequently removed by dialy-

sis. The proteins were diluted to a final concentration of

0.3 mg�mL�1, with or without Zn2+ (15 : 1 Zn2+ to pro-

tein ratio), in a buffer containing 10 mM Tris-HCl pH = 8,

50 mM NaCl and 0.188 mM b-mercaptoethanol, and mea-

sured with a 0.1 cm optical path Suprasil quartz cuvette

(Hellma GmbH & Co., M€ullheim, Germany). Spectra pro-

files of the samples were measured in a wavelength range of

200–260 nm, with a bandwidth of 1 nm, a scan speed of

5 nm�min�1 and a time constant of 8 s.

Site-directed spin labelling

For site-directed spin labelling, protein solutions in buffer

A (containing 10 mM Tris-HCl pH = 8 and 150 mM NaCl)

were degassed under argon and treated with degassed 1,4-

dithiotheitol (1 mM) for 4 h at 4 °C with gentle agitation.

Subsequently, protein samples were washed once using

ZebaTM Spin desalting columns (7 kDa MWCO, 2 mL;

Thermo Scientific, Rockford, IL, USA) and degassed buffer

A. Protein was then labelled overnight at 4 °C with

(1-oxyl-2,2,5,5-tetramethyl-D3-pyrroline-3-methyl) methane-

thiosulfonate spin label (MTSSL, 209 excess; Toronto

Research Chemicals Inc., North York, ON, Canada) under

gentle agitation. To remove excess unbound MTSSL, sam-

ples were washed twice using ZebaTM Spin desalting columns

and degassed buffer A.

Pulsed electron–electron double resonance

measurements

Spin-labelled variants were lyophilized before being taken

up in D2O to a final concentration of 150–200 lM, and

EPR samples (both apo and Zn2+-containing) were pre-

pared with 30% Glycerol-d8 (Sigma-Aldrich). For Zn2+-

containing samples, ZnCl2 stock solutions were prepared in

buffer A (in D2O). Each spin-labelled variant C267S, PS-

C267S and CS-C267S was incubated with a five-fold excess

of Zn2+ for 1 h at room temperature, then Glycerol-d8 was

added. A 100 lL sample was loaded into an EPR quartz

tube (Wilmad SQ-707; Wilmad-LabGlass, Vinland, NJ,

USA) and flash-frozen in liquid nitrogen. For the titration
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experiment of the C267S variant, the previously measured

apo sample was first thawed slowly over liquid-N2 and

removed from its EPR tube to an eppendorf. Zn2+ was then

added (19 excess) and the sample was allowed to incubate

at room temperature for ~ 2 h before transferring back into

the tube, flash freezing and re-measuring. This was repeated

for Zn2+ excesses of 29, 39, 49, 59, 69, 89, and 109

using the same sample. The same experimental approach

was taken for the titration experiment of the PS-C267S vari-

ant, this time with Zn2+ excesses of 19, 29, 39 and 59. X-

band pulsed EPR spectra were recorded on a Bruker E580

spectrometer (Bruker, Rheinstetten, Germany) using a Bru-

ker MD5-W1 EPR probehead equipped with a self-modified

cryogen-free cryostat (Advanced Research Systems Inc,

Macungie, PA, USA). The microwave pulses were amplified

using a 1 kW-TWT (Applied Systems Engineering Inc.,

Fort Worth, TX, USA). All EPR experiments were carried

out at 60 K. The field-swept spectrum was obtained by inte-

grating the Hahn echo signal as a function of the magnetic

field after a two-pulse sequence.

For the four-pulse PELDOR experiments recorded at

60 K, pulse lengths were 20 ns for p/2 and 20 ns for p. The
pump pulse length was 16 ns and Δm (mobs � mpump) was

70 MHz. The pulse separation s1 was 352 ns (C267S apo),

386 ns (CS-C267S apo) or 120 ns (all others), while s2 var-

ied between 2000 and 4000 ns, and the echo signals were

integrated using a video amplifier bandwidth of 20 MHz.

The pump pulse was stepped out by 16 ns for a total num-

ber of points in T that depended upon the s2 used. Nuclear

modulation artefacts were suppressed using a systematic

variation of the interpulse delay time s1 and an appropriate

phase cycling routine.

Molecular dynamics and principal component

analysis

All MD simulations were performed using the NAMD MD

software version 2.13b2 [38]. The CHARMM 36/CMAP

force field [39] with TIP3P water model [40] was used to

describe the system.

During simulations, a time step of 2 fs was used. In all

simulations, periodic boundary conditions with the particle

mesh Ewald algorithm for electrostatics were employed

[41]. All simulations were performed under the same condi-

tions: temperature was held constant using Langevin

dynamics at 300 K with a damping coefficient, 1 ps�1;

pressure was held constant using Langevin piston method

at 1 atm also with a damping coefficient, 1 ps�1, piston’s

oscillation period to 100 fs and pistons decay time of 50 fs;

switching and cutoff distances, 1 nm and 1.2 nm, respec-

tively; pairlist distance, 1.4 nm.

System preparation was done using the VMD software

package version 1.93 [42]. Initial models of WT and PS

were based on the PDB IDs: 3W5X and 3W66, respec-

tively [13]. All simulated proteins were solvated into a

water box with a minimum solvation shell of 14 �A thick-

ness. Simulated systems were then neutralized by adding

counter ions at random positions. Before initiating free

MD simulations, all systems were minimized and equili-

brated. Initially, each system was submitted to 10 K steps

of conjugate gradient minimization where protein’s heavy

atoms are positionally restrained. This minimization was

followed by two steps of equilibration. First, each system

was heated to 300 K while simulated for 200 ps under

NVT conditions with the solute’s heavy atoms restrained.

Second, each system was simulated using the NPT ensem-

ble for 200 ns while restraints are gradually removed.

Finally, each system was submitted to free NPT 200 ns

length MD simulations.

Analyses were performed using GROMACS version 2018.1

[43]. Analyses were performed on the productive stage of

the simulations (i.e. after the first 20 ns). For the RMSD

analysis, the positional deviations of backbone heavy

atoms (N, Ca, C), with respect to their initial structure,

were calculated every 10 ps (after performing a least

square fit to their initial structure). For fluctuation profile

analysis, fluctuations of backbone heavy atoms (N, Ca, C
and O) with respect to their initial structure were calcu-

lated every 10 ps (after performing a least square fit to

their initial structure).

All visualization was done using the PYMOL MOLECULAR

GRAPHICS SYSTEM, Version 2.3 (Schr€odinger, LLC, New

York, NY, USA). Principle movements were drawn using

the modevectors.py script by Sean M. Law.

Isothermal titration calorimetry measurements

and analysis

Isothermal titration calorimetry measurements were per-

formed in low-volume Nano ITC calorimeter (TA Instru-

ments, New Castle, DE, USA) at 298 K. Proteins were

prepared in buffer A and Zn2+ solutions in buffer con-

taining 1 mM Tris pH = 8 and 150 mM NaCl. All proteins

were diluted to 50 lM and titrated with: Zn2+ 1.4 mM

(WT), Zn2+ 1 mM (PS) or Zn2+ 750 lM (CS). The protein

samples were injected into the instrument cell (170 lL)
and 20 aliquots of 2.5 lL of a suitable ZnCl2 solution

were titrated into the cell every 350 s. For each protein,

three independent titrations were recorded. As a control,

each ZnCl2 solution was also titrated into buffer A under

identical experimental conditions, and all measurements

were compared to a Double-distilled water-containing ref-

erence cell. Data were analysed using TA NANOANALYZE

DATA ANALYSIS SOFTWARE, version 3.7.5 (TA Instruments).

For WT and PS, data for each measurement were fitted

after reduction of the control to an independent model

combined with a blank constant model, and the thermo-

dynamics values determined are the average of three dif-

ferent titrations for each protein. Errors are reported as

the standard deviation.
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Fluorescence spectrometry measurements and

analysis

Changes in tryptophan intrinsic fluorescence were moni-

tored using a Fluorolog�-3 (HORIBA Scientific, Edison,

NJ, USA) equipped with 1 cm optical path length quartz

cell at ambient temperature. One microlitre sample MamM

CTD proteins at 5 lM in buffer A was titrated using a 1-mM

ZnCl2 solution in the same buffer to reach different Zn2+

concentrations. Samples were measured at an excitation of

kex 297 nm, and the emission spectrum for each Zn2+ con-

centration recorded between 310 and 450 nm. Each pro-

tein–metal titration was replicated three times, and each

spectrum was fitted to an extreme function using ORIGINPRO

[R2 (COD) > 0.98; OriginLab Corporation, Northampton,

MA, USA]. The maximum wavelength (wavelength of maxi-

mum intensity) and the intensity at that wavelength (aka

maximum intensity) were averaged for each Zn2+ concen-

tration. Errors are reported as the standard deviation.

Stopped-flow measurements and analysis

Stopped-flow experiments were performed using a tempera-

ture-controlled Tech Scientific SF-61DX2 stopped-flow

instrument (TgK Scientific Ltd., Bradford-on-Avon, UK)

at 298 K. All proteins, Zn2+ and EDTA solutions were

prepared in buffer A. Proteins at 5 lM initial concentration

were injected at a 1 : 1 ratio with Zn2+ solutions (40–
460 lM initial concentrations for WT, 30–460 lM initial

concentrations for PS) into the 20 lL reaction cell. For the

dissociation experiment, protein at 5 lM pre-equilibrated

with 300 lM Zn2+ was injected in a 1 : 1 ratio with 2 mM/

5 mM EDTA solutions (initial concentrations) into the

20 lL reaction cell. Samples were excited at kex 297 nm

and the tryptophan fluorescence signal was recorded

through a long-pass 320 nm filter. For each injection, 2000

data points were collected for 10 s at logarithmic time scale

containing 10 cycles of 200 points/cycle.

For the association measurements of MamM CTD with

Zn2+ n = 2 was used, while for the dissociation measure-

ments of the MamM CTD – Zn2+ with EDTA n = 1 was

used, where n is the number of independent measurements

(different protein and Zn2+ stocks and initialized instru-

ment; in each measurement of protein-Zn2+ or protein-

Zn2+-EDTA ratio, at least three injections were averaged).

Data were averaged and analysed using the Kinetic Studio

software provided with the instrument or with ORIGINPRO.

Time-dependent changes of the fluorescence signal were fit-

ted to the exponential function given in Eqn (4):

FðtÞ ¼ F1 þ
Xn
i¼1

Ai � e�kit ð4Þ

where F(t) is the fluorescence signal at time t, F∞ is

the signal at t10 s, Ai is the amplitude, ki is the

observed rate constant, i represents the ith relaxation

processes, and n is the total number of relaxation pro-

cesses, which is either 1 (for a single exponential, e.g.

for PS and WT) or 2 (for a double exponential, disso-

ciation experiments). Data were fitted in the time

range 1.5–200 ms for PS or 1.5–500 ms for WT for a

single exponential, or in time range of 0.0015–10 s for

the double exponential EDTA experiments, to exclude

the continuous-flow phase of mixing and the trypto-

phan photobleaching phase.
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model.
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II Published research - Metal-type dependent binding modes

and discriminatory behaviour of MamM-CTD

The following publication (of which I am the joint primary author) includes the study of metal

selectivity exhibited by MamM-CTD, via a range of structural, and biophysical techniques.154

Results include the characterisation of binding of different metals to MamM-CTD, both in

crystal form and in solution. This research also provides the first evidence that the CTDs

of CDF proteins play a role in metal selectivity, shown by the discriminatory behaviour

exhibited by MamM-CTD against Mn2+. My contributions include the acquisition and

analysis of EPR data (the results of which have been edited and reformatted for inclusion in

chapter 3.8.1), as well as interpretation of results as a whole in the context of their biological

relevance. Any text relating to these data was composed by me. Any additional results

within this publication, which have been discussed to aid in the understanding of results

presented in chapter 3.8.1 of this thesis, have been referenced at the relevant points.
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Cation diffusion facilitator (CDF) proteins are a conserved
family of divalent transition metal cation transporters. CDF
proteins are usually composed of two domains: the transmem-
brane domain, in which the metal cations are transported
through, and a regulatory cytoplasmic C-terminal domain
(CTD). Each CDF protein transports either one specificmetal or
multiple metals from the cytoplasm, and it is not known
whether the CTD takes an active regulatory role in metal recog-
nition and discrimination during cation transport. Here, the
model CDF protein MamM, an iron transporter frommagneto-
tactic bacteria, was used to probe the role of the CTD in metal
recognition and selectivity. Using a combination of biophysical
and structural approaches, the binding of different metals to
MamM CTD was characterized. Results reveal that different
metals bind distinctively toMamMCTD in terms of their binding
sites, thermodynamics, and binding-dependent conformations,
both in crystal form and in solution, which suggests a varying level
of functional discrimination between CDF domains. Further-
more, these results provide the first direct evidence that CDF
CTDs play a role in metal selectivity. We demonstrate that
MamM’s CTD can discriminate against Mn21, supporting its
postulated role in preventing magnetite formation poisoning in
magnetotactic bacteria viaMn21 incorporation.

Cation diffusion facilitator (CDF) proteins are a conserved
family of divalent transition metal cation transporters. CDF
proteins form dimers, commonly homodimers, usually con-
taining two domains: the N-terminal transmembrane domain
(TMD) through which cations are transported and the fre-
quently found regulatory cytoplasmic C-terminal domain
(CTD) (1–5). Each CDF protein transports specific metal cati-
ons (Zn21, Mn21, Cu21, Co21, Ni21, Cd21, or Fe21) from the
cytoplasm to either the extracellular environment or inner-cel-
lular compartments depending on its membranal location, typ-
ically by exploiting the proton-motive-force or by utilizing
other cation gradients (6–10). Because they control metal cat-

ion homeostasis at the cellular level, CDF proteins are crucial
for proper cell function. As an example, malfunction of human
CDF proteins leads to severe diseases including cardiovascular
diseases, type-II diabetes, parkinsonism, and Alzheimer’s dis-
ease (11, 12). Although a greater understanding of CDF protein
function at the molecular level has been achieved in recent
years, the CDF transport mechanism is not yet fully under-
stood. Furthermore, factors governing metal selectivity of these
proteins are still under investigation (7); hence the exact struc-
ture-function relationship of CDF proteins remains unresolved,
specifically how such relationships affect metal selectivity.
Magnetotactic bacteria (MTB) are a group of gram-negative

bacteria that align with and move along magnetic fields. The
bacterium contains subcellular organelles named magneto-
somes, each of which is composed of ;30–120-nm iron-based
magnetic particles (magnetite or greigite) enclosed in a pro-
tein-rich lipid membrane. Themagnetosome is able to discrim-
inate against different cations, resulting in pure magnetite or
greigite particles (13–15). The magnetosomes are arranged on
an actin-like polymer in a chain arrangement, creating a mag-
netic dipole moment allowing these bacteria to make use of
external magnetic fields. In nature, this property enables the
bacteria to orient themselves to the geomagnetic field, thus
navigating to their preferred habitat, usually oxic-anoxic zones
in aquatic environments (16, 17). MamM, a CDF protein found
uniquely on themagnetosomemembrane, transports iron from
the cytoplasm into the magnetosomes, enabling the synthesis
of pure magnetic particles. It has been demonstrated that the de-
letion of themamM gene, or even of its CTD, abolishes magnetic
particle formation, emphasizing its importance for the biominer-
alization process (18). In previous studies, WTMamMCTD was
shown to bind iron, and the crystal structure of the apo form
adopts the characteristic fold of CDF protein CTDs, the presence
of which is crucial for the overall protein function. Additionally,
three putative MamM CTD metal-binding sites were proposed
that included two symmetrical, allosteric peripheral sites (PSs,
composed of His-264 from one monomer and Glu-289 from the
second monomer) and one central site (CS, composed of Asp-
249 and His-285 from both monomers). Biophysical evidence
revealed that zinc binding to the PSs leads to a change in protein
conformation from an open, dynamic V-shaped dimer to a much
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more rigid, tighter dimeric packing (5, 19–21). These studies and
those of other bacterial CDF proteins suggest the following com-
monmechanism for CDF proteins: at a certain cytoplasmicmetal
cation concentration, cations bind to the CTD, locking it in this
tighter packed state as compared with its apo open and dynamic
V-shape. This, in turn, facilitates a conformational change of the
TMD, thus enabling cations to be transported through this do-
main to the other side of the membrane (4–6, 21–23). Although
previous MamM studies characterized some of the roles and the
mechanism of the CTD in CDF proteins, one question has
remained unanswered: whether the CTD has an active regulatory
role in metal recognition and discrimination during cation
transport.
In this study, the well-characterizedMamMCTD is used as a

model to investigate the role of CTDs in metal recognition and
selectivity in vitro, and this work presents, for the first time,
clear structural and spectroscopic evidence of metal binding of
any CDF CTD to multiple metals. The crystal structure of
MamM CTD was solved in the presence of Cu21, Cd21, and
Ni21, revealing the propensity of differencemetals to bind at dif-
ferent metal-specific sites, leading to different conformations in
the crystalline state. To further characterize the binding abilities
of additional metal cations to MamM CTD in solution, trypto-
phan-fluorescence spectrometry, isothermal titration calorimetry
(ITC), and pulsed electron-electron double resonance (PELDOR)
spectroscopy were employed. Results indicate that all these metal
cations have similar binding abilities to MamM CTD, with the
exception of Mn21. Their binding typically leads to the same or a
similar tighter, more rigid conformation as that detected for the
Cu21-bound crystallographic conformation. Each bound metal,
however, does exhibit slightly different thermodynamic binding
parameters, which could imply a degree of selectivity for the
effectivity of metal binding to the CTD. Overall, the results pre-
sented here demonstrate that MamM CTD can recognize differ-
ent metals and discriminates against Mn21, suggesting an inher-
ent mechanism to prevent its transport by hindering the CDF
transport activation, presumably to avoid impure iron-based
magnetic particles synthesis. Thus, we see here the first direct evi-
dence for the role of the CTD in metal selectivity in CDF
proteins.

Results and Discussion

Crystal structures of MamM CTD with different metals exhibit
different conformations and binding sites

The crystal structure of apo MamM CTD has been previ-
ously solved in two space groups, both revealing the same
monomeric fold and dimerization interface (PDB IDs: 3W5X
and 3W5Y) (Fig. 1, A–C, see RMSDs in Table 1 and distances
and dihedral angels in Table S4) (5). To better achieve an
understanding of the conformational changes occurring during
metal binding in MamM (5, 21), co-crystallization trials of
MamM CTD (residues 215–318) with various divalent transi-
tion metal cations (Fe21, Mn21, Zn21, Ni21, Co21, Cu21, and
Cd21) under a range of different conditions were performed.
Crystal structure models of MamMCTDwere only obtained in
the presence of three different metal cations: Cd21, Ni21, and
Cu21 (although crystals containing Zn21 diffracted well, Zn21

could not be detected in the electron density map). The struc-
tures with bound Cd21 and Ni21 indicate no conformational
change both in their monomeric fold and their dimeric inter-
face, as compared with the apo form (Fig. 1, A and C, Table 1,
and Table S4). In contrast, the Cu21-bound form reveals a clear
change in the dimeric conformation to a tighter dimer inter-
face, as has already been demonstrated in other CDF proteins
and proposed for zinc-bound MamM CTD in solution using
PELDOR spectroscopy (Fig. 1, A and B, Table 1, and Table S4)
(21, 23). Furthermore, in this specific Cu21-bound structure,
most of the C-terminal tail of one of the monomers, which was
not previously identified in the apo forms’ electron density
maps, is now resolved. The C-terminal residues (292–314)
form a short b-strand that adds to the previously solved three-
stranded b-sheet, resulting in a 4-stranded b-sheet, followed by
an a-helix. The C-terminal helix is found in the space between
the two monomers and forms a stabilizing bonding network
with the adjacent monomer’s residues. This nonsymmetric
interaction may be due to crystal packing or some as yet
unknown biological function. The a-helical tail stabilizes the
CTD closed state and may interact with the TMD loops to also
stabilize the transporter’s transmembrane conformation in its
activated state as could be seen in the recently determined
structure of ZnT-8 (24). However, because CDFs homodimers
have not previously revealed nonsymmetric characteristics, we
propose that these C-terminal interactions may be locking the
dimer in its closed state, resulting in the stabilized crystal
packing.
Closer inspection of the different structures’ metal-binding

sites confirms the identity of the previously proposed residues
involved in metal binding (5, 21). The Cu21-bound structure
contains three binding sites: a central binding site (CS) in which
one copper ion is bound by His-285 from both monomers and
an additional two water molecules, and two “symmetric” pe-
ripheral binding sites (PSs), each of which binds one copper ion
(Fig. 1, A, B, and D, see metal-ligand distances in Table 2). In
both PSs, His-264 chelates the copper ion. In one of the PSs,
three water molecules appear to stabilize the ion at this loca-
tion, and one of them bridges between Glu-289 in the adjacent
monomer and themetal ion. Glu-268 is also close to the copper
ion at this site; however it does not appear to ligate directly or
through a water molecule, whereas in the second PS, Glu-268 is
much closer to the ion and participates directly in its chelation
(Table 2). In this second PS (much like in the first), a watermol-
ecule also bridges between Glu-289 in the adjacent monomer
and the metal ion. Because Glu-289 has previously been shown
to affect MamM function (5), and because binding to the PSs
appears to facilitate tighter dimeric packing (21), we propose
that this watermolecule plays an important role in the stabiliza-
tion of the closed state.
In the Cd21-bound structure, which contains two bound

metals per monomer (i.e. four metal sites in total), Asp-249 and
His-285 each bind one cadmium ion in each monomer. Both
cadmium ions are also chelated by Glu-215 from a nonbiologi-
cal-assembly monomer (Fig. 1, A, C, and E and Table 2) and
possess half-occupancy in the electron density map, suggesting
that they may be bound alternately. Mutations of both Asp-249
and His-285 to alanine, either separately or together, were

MamM CTD exhibits metal-type dependent binding modes
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previously shown to affect the function of MamMCTD both in
vitro and in vivo (5, 21). This Cd21-bound structural model
indicates that both residues are able to bind metals, although

this binding alone does not appear sufficient to induce the
same conformational change as observed with Cu21. Our pre-
vious observation of conformational change toward a closed

Figure 1. Crystal structures of MamM CTD with different metal cations. A. the three MamM CTD bound structures (Cd21 (PDB ID:6GMT), blue; Ni21 (PDB
ID: 6GMV), green; Cu21 (PDB ID: 6GP6), purple) and the two apo structures (PDB ID: 3W5X in yellow, PDB ID: 3W5Y in orange), overlapped onto each other. Metal
cations are presented for each bound structure in the same colors. B, apo forms and Cu21-bound structures overlapped onto each other from two angles,
showing the conformational change exhibited by the Cu21-bound structure. Themetal-binding residues are presented as sticks and pointed out with asterisks
(CS residues in red and PS residues in green). C, apo forms, Ni21-bound and Cd21-bound structures overlapped onto each other, indicating no conformational
changes between all structures. The metal-binding residues are presented as sticks and pointed up with asterisks (CS residues in red and PS residues in green).
D, close-up of the Cu21-bound structure binding sites (PSs, upper andmiddle panels; CS, lower panel). E, close-up of the Cd21-bound structure binding site (of
onemonomer). (3) refers to a nonbiological-assemblymonomer. F, close-up of the Ni21-bound structure binding site (of onemonomer). In (D), (E), and (F), the
metals, metal-binding residues, metal-bound water molecules, and relevant bond distances are presented.

MamM CTD exhibits metal-type dependent binding modes

16616 J. Biol. Chem. (2020) 295(49) 16614–16629

 by guest on January 9, 2021
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

232



stable state upon Zn21 binding was only induced upon metal
binding to both the PSs. Hence, binding of Cd21 to the CS
alone (in agreement with Zn21 binding to the CS alone (21)) is
not expected to cause a distinct conformational change.
In the Ni21-bound structure, which only contains one bound

metal per monomer in the peripheral site, this nickel ion is
bound to His-264 and to water molecules, possibly implying a
nonspecific interaction of the Ni21 ion with the histidine (Fig.
1, A, C, and F and Table 2). However, specific chelation to this
histidine rather than to other metal-binding residues might
suggest a higher affinity for nickel, whereas its location in the
protein periphery could also suggest it plays an important role
in attracting the metal ions. This proposal is supported by pre-
vious studies that demonstrated the impact of His-264 on
MamM function (5) and the newCu21-bound structure.
Interestingly, all the metal-dependent crystallographic bind-

ing sites can be well-explained by the metals’ propensities to be
bound by specific amino acids: Cu21 has the highest affinity for
histidine, followed by Ni21 with Cd21 having the lowest affin-
ity, whereas the aspartate and glutamate binding tendencies
show the opposite trend (7). Overall, the MamM CTD metal-
bound crystal structures confirm the previously proposed bind-
ing sites and reveal diversity among the different metals’ chela-

tion. Because each metal is bound by different residues and
only the Cu21-bound structure reveals the apparent conforma-
tional change, these crystallographic results would indicate that
each metal exhibits a different binding mode. These binding
modes may well underpin the prevention of the correct trans-
port activation via such altered conformational changes and
thusmay distinctly regulate the overall protein.

Dimer packing of the MamM CTD Cu21-bound structure is
less tight compared with other CDF CTD bound structures

Previously, a number of CDF protein CTD structures were
solved in their apo state, their Zn21-bound state (YiiP from
Escherichia coli and YiiP homolog from Shewanella oneidensis,
EcYiiP and SoYiiP respectively, and human ZnT-8), or in both
apo and Zn21-bound states (MamB and CzrB) (1–4, 23–25)
(Fig. 2A). According to these solved structures, the only protein
to exhibit a distinct closure of the V-shape upon metal binding
compared with its apo state is CzrB (PDB IDs: 3BYP and 3BYR)
(23). The bound state of CzrB exhibits a larger degree-of-clo-
sure than that of the MamM CTD Cu21-bound state, demon-
strated by the larger differences in the distances and the dihe-
dral angles between equivalent residues in the apo and closed

Table 1
RMSDs between different CDFs’ CTD dimeric structures

Protein form MamM apo (3W5X) MamM apo (3W5Y) MamMCu21-bound (6GP6) MamMCd21-bound (6GMT)

MamM apo (3W5X) - 0.82 1.56 0.35
MamM apo (3W5Y) - - 1.60 0.89
MamMCu21-bound (6GP6) - - - 1.62
MamMCd21-bound (6GMT) - - - -
MamMNi21-bound (6GMV) 0.18 0.91 1.58 0.44
CzrB apo (3BYP) 1.49 1.59 - -
CzrB bound (3BYR) - - 1.43 1.64
EcYiiP bound (3H90) - - 1.33 1.19
SoYiiP bound (5VRF)a - - - -
MamB apo (5HO5) 1.21 1.20 1.32 1.26b

MamB bound (5HO1) 1.76 1.62 1.37 1.13

All RMSDs (given in Ångstroms) between the dimeric structures were calculated using the iterative magic fit tool of Swiss-PdbViewer 4.1.0.
aSatisfying fit directly between the dimeric MamM and SoYiiP structures could not be obtained.
bRMSD was calculated using the domain fragment alternate fit tool of Swiss-PdbViewer 4.1.0.

Table 2
Coordination distances to ions in MamM CTDmetal-bound crystal structures

Protein form Glu-215 3rd-mer Asp-249 His-285 His-264 Glu-289 to water Glu-268 Water

Cu21-bound (6GP6) - - 2.413 2.293 2.481

2.112
3.52a,1

3.92b,2
2.991

3.942
3.37a,1

2.27b,2

2.882

3.832

3.513

2.543

Cd21-bound (6GMT) 2.171

2.212
2.441 2.601 2.312 - - - -

Ni21-bound (6GMV) - - - 2.32 - - 2.30
2.08
2.41
2.52

All distances were measured using UCSF Chimera (34).
For the Cu21-bound structure, Glu-289 and the water molecule that coordinates it to the Cu21 ion are marked as a for one peripheral site (Fig. 1D, upper panel) or b for the second
peripheral site (Fig. 1D,middle panel).
For the Cu21-bound structure, 1 relates to coordination of the Cu21 ion in one peripheral site (Fig. 1D, upper panel), 2 relates to coordination of the Cu21 ion in the second periph-
eral site (Fig. 1D,middle panel), and 3 relates to coordination of the Cu21 ion in the central site (Fig. 1D, lower panel).
For the Cd21-bound structure, 1 relates to coordination of one Cd21 ion in the central site (Fig. 1E, left ion) and 2 relates to coordination of the second Cd21 ion in the central site
(Fig. 1E, right ion).

MamM CTD exhibits metal-type dependent binding modes
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states (Fig. 2B, Table 1, and Table S4). This is due not only to a
tighter closed state but also to a slightly more open apo form
compared with those of MamM CTD. MamB, another CDF
protein from MTB, exhibits very little conformational change
between the apo and Zn21-bound states (25). However, the
degree-of-closure in both MamB CTD structures is larger than
that of MamM CTD apo structures and is similar to that of the
MamM Cu21-bound structure (PDB IDs: 5HO1 and 5HO5;
Fig. 2C, Table 1, and Table S4). The structures of the entire
CDF proteins EcYiiP, SoYiiP, and human ZnT-8 (including
both the CTD and TMD) have also been solved with the CTD
in the Zn21-bound state (PDB IDs: 3H90, 5VRF, and 6XPD) (2,
4, 24). The CTD structures are highly conserved in the high-re-
solution YiiP structures, and the degree-of-closure is also
greater than that of the MamMCu21-bound state (Fig. 2A, Ta-
ble 1, and Table S4). However, this cannot be directly compared
with the overall conformational change exhibited by MamM
between apo and bound states, because the apo structures of
EcYiip and SoYiiP are not currently available and because ZnT-
8 is stabilized in a permanent closed conformation via its C and
N termini. In conclusion, the MamM CTD Cu21-bound struc-
ture shows moderate dimerization closure compared with
other CDF bound proteins, as was also proposed in our previ-
ous study of Zn21-binding and associated conformational
change in solution (21). This may be due to the presence of an
additional CTD terminal helix within MamM, which is not

found in other CDF protein structures and which potentially
extends the interdimer gap. However, there is variation in the
degree-of-closure between the CDF CTD’s of other proteins,
suggesting that some degree of flexibility in the CTD conforma-
tional changes between the different CDF family members
exists. Noticeably, this also depends on the CTD-TMD inter-
face that occurs mainly between the CTD and TMD loops. This
interface can vary between the different proteins and thus affect
the degree-of-closure exhibited by each individual protein’s
CTD.
The binding sites present in all MamM CTD metal-bound

structures are consistent with those of other CDF protein bind-
ing sites. MamM PSs are composed of His-264 (Cu21-bound
and Ni21-bound structures) and Glu-289 via a bridging water
molecule (Cu21-bound structure). In CzrB, six zinc ions are
bound to the CTD through three sets of symmetric binding
sites (Fig. 2D) (23). Two Zn21 ions are bound in symmetric PSs
each by His-258 (from one monomer), Glu-282, and His-280
(from the second monomer), where residues His-258 and Glu-
282 are homologous to His-264 and Glu-289 in MamM PSs
(His-280 is homologous to Ser-287 in MamM). Two additional
Zn21 ions are symmetrically bound by Glu-282, and additional
residues of the same monomer that are not homologous to any
of theMamMCTD binding residues but to residues that do not
usually participate inmetal binding. These residues also partici-
pate in the binding of the last two symmetric Zn21 ions.

Figure 2. Comparison of the conformational changes and binding sites of different bacterial CDFs’ CTDs. Colors legend: MamM Cu21-bound (PDB ID:
6GP6, dark purple), CzrB Zn21-bound (PDB ID: 3BYR, light purple), MamB Zn21-bound (PDB ID: 5HO1, salmon), EcYiiP Zn21-bound (PDB ID: 3H90, cornflower
blue), SoYiiP Zn21-bound (PDB ID: 5VRF, green), MamM apo (PDB ID: 3W5X, dark yellow), CzrB apo (PDB ID: 3BYP, light yellow), MamB apo (PDB ID: 5HO5, light
pink), MamM Cd21-bound (PDB ID: 6GMT, sky blue). A, comparison between all bound CDF CTDs structures at two angles: MamM Cu21-bound, MamB, CzrB,
EcYiiP, and SoYiiP (all Zn21-bound). Metal cations are presented for each bound structure in the same colors. B, CzrB exhibits much larger conformational
change between apo and bound states compared with MamM; MamM apo, MamM Cu21-bound, CzrB apo, and CzrB Zn21-bound structures are overlapped.
C, MamB exhibits no conformational changes between the bound and apo states and shows tighter packing compared with MamM apo form; MamM apo,
MamM Cu21-bound, MamB apo, and MamB Zn21-bound structures are overlapped. D, peripheral site binding residues are conserved between MamM, CzrB,
and YiiP proteins. Metal cations are presented for each bound structure in the same colors; metal-binding residues are presented as sticks. The presented resi-
due labels refer to MamM. E, central site binding residues are conserved between MamM and MamB proteins. Metal cations are presented for each bound
structure in the same colors; metal-binding residues are presented as sticks. The presented residue labels refer to MamM.
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Overall, this protein-Zn21 interaction network stabilizes Zn21

binding in the peripheral sites, which are the only sites to ex-
hibit binding by residues in both monomers, indicating that the
PSs are important for conformational change in CrzB. In the
YiiP bound structures, two symmetrical pairs of Zn21 ions
are bound in the same locations and by homologous residues to
the first two Zn21 pairs in CzrB (Fig. 2D) (2, 4), further high-
lighting the importance of the peripheral sites. Although the
Glu-289 residue in MamM does not chelate the Cu21 directly
in the crystal structure, Zn21 is bound by the homologous resi-
dues to Glu-289 in the crystal structures of the other Zn21-
bound CDF proteins. Furthermore, Glu-289 is crucial for
proper function in vitro and in vivo (5). Thus, it is clear that
Glu-289 inMamM plays an important role in metal binding for
biological function.
The MamM Cu21-bound structure also involves one Cu21

ion bound centrally by His-285 from each monomer and an
additional two water molecules. Homologous to His-285 of
MamM is residue His-283 in MamB, involved in the chelation
of Zn21. In MamB, one Zn21 ion is coordinated in each mono-
mer by residues His-283, Asp-247 (homologous to Asp-249 in
MamM), and His-245 (found in the same location as Trp-247
in MamM) (Fig. 2E) (25). Whereas the MamM Cu21-bound
structure involves only His-285 (but from both monomers, to-
gether binding a single copper ion), the Cd21-bound structure
exhibits binding more similar to that of MamB. In the Cd21-
bound structure, no cadmium ions are bound to the PSs, and
residues of MamB that are homologous to the MamM PSs
would not afford effective metal cation binding. Additionally,
both metal-bound structures exhibit no conformational
changes compared with their apo forms. However, unlike the
MamB Zn21-bound structure, Cd21-bound MamM includes
two Cd21 ions per monomer (one bound by His-285 and the
other by Asp-249). Nonetheless, because these Cd21 ions pos-
sess only half-occupancy in the electron density map, on average
just one ion is bound in each monomer, as is the case with
MamB. When considering all CDF metal-bound structures, a
central site exists only in MamM and MamB, and mutations of
these CS residues in both proteins were shown to lead to lower
functionality both in vivo and in vitro (5, 25). Noticeably, copper
binding in a unique coordination in the CS facilitates subsequent
binding to the PS (as was shown for Zn21 (21)), or vice versa.
Overall, the analysis of all known structures suggests that the CS
and PSs bind differentmetals distinctively inMamM, strengthen-
ing the previous observation that only when metals are bound to
the PSs can the conformational changes effectively occur.

MamM CTD shows metal-type-dependent change in
tryptophan fluorescence signal

Crystal structures often only provide limited and sometimes
biased information on the conformation of proteins. Hence, to
further characterize MamM CTD binding to different metal
cations, we have investigated these interactions in solution.
Each MamM CTD monomer contains one tryptophan residue,
Trp-247, juxtaposed to the CS. When metal cations bind to
MamM CTD, it is proposed that the monomers approach each
other, and hence the tryptophan environment will be changed,

which should lead to a shift in the emission spectrum of the
tryptophan residue when excited at the tryptophan-specific
wavelength (l 5 297 nm). In the case of paramagnetic metals,
their binding near this tryptophan will cause the tryptophan
fluorescence intensity to be quenched. We have shown previ-
ously that the addition of Zn21 causes a blue shift in the emis-
sion spectrum of MamMCTD and that the addition of the par-
amagnetic Fe21 causes signal quenching (5, 21), indicating that
MamMCTD binds both cations. In this study, we have titrated
further metal cations (Cd21, Ni21, and Cu21, in which their
bound crystal structures were detected, and Mn21, which was
shown to be transported by numerous CDF proteins (7, 8)) into
MamM CTD solution samples and measured the concentra-
tion-dependent changes in the tryptophan emission spectra
(ratios of 0:1 to 100:1 metal:protein, Fig. 3). As shown previ-
ously for Zn21 (Fig. 3A, adopted from (21)), in the case of the
diamagnetic Cd21, a shift in maximum wavelength could be
observed (Fig. 3B), suggesting that the binding of Cd21 leads to
a change in the tryptophan environment. However, although
the spectral shift is accompanied by an increase in intensity for
Zn21, the intensity decreases when Cd21 is added and the blue
shift is smaller (Fig. 3, F and G). The Cd21-bound crystal struc-
ture suggests no conformational change compared with the
apo form, whereas it was previously shown that the addition of
Zn21 causes a tight closure of the CTD (21). Because cadmium
is much bigger than zinc, Cd21 binding might restrict the abil-
ity of the dimer to pack tighter, which could result in a smaller
shift and the difference in the fluorescence intensity observed
for Cd21. Alternatively, it is also possible that the Cd21 ions,
which are bound in close proximity to Trp-247, simply influ-
ence the tryptophan fluorescence signal differently. Mn21,
Ni21, and Cu21 are all paramagnetic; hence their binding to the
CTD would be expected to cause observable fluorescence
quenching leading to a stronger signal than their binding-de-
pendent spectral shift. However, the addition of Mn21 only
reveals minor changes in the fluorescence intensity (Fig. 3, C
and G) and in the maximum wavelength (Fig. 3F), suggesting
that Mn21 cannot bind to the CTD in a way that would cause a
change in the fluorescence spectra. In contrast, Ni21 and Cu21

demonstrate clear metal concentration–dependent quenching
(Fig. 3, D, E, and G) and a slight spectral shift (Fig. 3F), with
Cu21 exhibiting stronger quenching and a larger shift. Overall,
these results indicate that MamM CTD can bind all the exam-
inedmetals with the exception ofMn21.

MamM CTD exhibits metal-type–dependent binding
thermodynamics

To accurately calculate the affinity of each metal to MamM
CTD, other thermodynamic parameters, and the number of
metal cations that can bind to the CTD, ITC measurements
were performed (Fig. 4). Here Cd21, Ni21, Cu21, and Mn21

were titrated into MamM CTD solution samples. All ITC pa-
rameters are summarized in Table 3, including those for previ-
ously titrated Zn21 (21) (note: metal binding to MamM CTD
requires a slightly basic pH because of the metal chelation by
histidine residues; therefore titration of Fe21 leads to iron pre-
cipitation and hence its binding parameters cannot be

MamM CTD exhibits metal-type dependent binding modes
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accurately determined). ITC results indicate that all metals
except Mn21 induce a heat change when titrated into a MamM
CTD solution. Hence taken together with the fact that Mn21

revealed no fluorescence shift, we propose that MamM CTD is
unable to bindMn21.
The Kd values determined vary from 6–48 mM, with Cu21

having the greatest affinity followed by Ni21, Zn21, and
Cd21 (Table 3). As revealed in all metal-bound crystal struc-
tures and previous in vivo studies (5), histidine residues are
the major components for metal binding. Again, the larger
size of the Cd21 ion may explain its low affinity because its
coordination may be less preferred; however, a lower pro-
pensity to bind histidine residues compared with the other
metals (7) may also result in a lower affinity to proteins with
multiple histidine-containing binding sites such as MamM

CTD. Cu21 has the highest propensity to bind histidine,
which clearly explains its high affinity to MamM. Ni21 also
exhibits a high propensity for histidine binding compared
with Zn21 and Mn21 (7). Although all binding reactions are
exothermic (Table 3), Cu21-binding displays much lower
enthalpy, which means it is favored in terms of the heat
release. Moreover, whereas Ni21 and Zn21, but also Cd21,
display high entropy, the entropy of Cu21 binding is nega-
tive, suggesting that its binding results in a more ordered
state of the cations compared with its free state in solution.
Summarizing all of the above, the negative Gibbs free energy
of the binding reactions implies that all metal-binding reac-
tions are preferred to the apo state (excluding Mn21), yet
MamM CTD shows clear preferences for the binding of spe-
cific metals over others.

Figure 3. Fluorescence spectral scans ofMamMCTDwith differentmetals. All emission spectra of 5 mMMamMCTDwere titrated using differentmetal sol-
utions to reach different MamM CTD:Metal21 ratios (intensities were normalized because of the change in MamM CTD concentration). Samples were meas-
ured at lex 297 nm, and the emission spectrum for each metal concentration was recorded at 310–450 nm and presented as arbitrary units (a. u.). Each
presented spectrum is the average of three independent measurements. A, emission spectra of MamM CTD with different Zn21 concentrations. B, emission
spectra of MamM CTD with different Cd21 concentrations. C emission spectra of MamM CTD with different Mn21 concentrations. D, emission spectra of
MamM CTD with different Ni21 concentrations. E, emission spectra of MamM CTD with different Cu21 concentrations. F, lmax as function of Metal21:MamM
CTDmole ratio. G normalized fluorescence intensity compared with noMetal21 as function of Metal21:MamM CTDmole ratio. In (F) and (G), Zn21 is presented
in orange, Cd21 in blue, Mn21 in red, Ni21 in green, and Cu21 in purple, and error bars are shownwithin the symbols.
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The number of metal cations bound per dimer is also given
by the ITC measurements and varies significantly between
metals (Table 3). For Zn21 and Ni21, ;3 cations are bound
per dimer, in agreement with the Cu21-bound structure.
The Ni21-bound crystal structure exhibits two cations per

dimer in the PSs. However, it shows no conformational
changes when compared with the apo state, and binding
appears to be nonspecific; disagreements between the
metal-bound structure and ITC results can therefore be
expected.

Figure 4. ITC titration measurements of MamM CTD-metals interactions, with (A) Zn21, (B) Cd21, (C) Mn21, (D) Ni21, and (E) Cu21. Top panels: Corrected heat
rate curves for a representative titration ofMamMCTDwith eachmetal as a function of time. For eachmetal, the heat flow curve of the control is given as a ref-
erence (metal titration into buffer, dotted line in brighter color). Bottom panels: Titration data after peak integration as a function of Metal21:MamM CTD mole
ratio, and data fitting for all metals exceptMn21. See Table 3 for binding parameters.
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For Cd21 and Cu21, lower numbers of metal cations bound
per dimer are observed: 1.23 6 0.08 for Cd21 and 1.56 6 0.15
for Cu21. The numbers of metals observed in metal-bound
structures are clearly not in agreement with these ITC observa-
tions, which are much lower. The Cd21-bound structure
reveals four metal-binding sites per dimer; however, the low oc-
cupancy observed in the electron density map would suggest
that actually only two cations are bound at any one time. More-
over, binding in the crystal structure is mediated by a glutamate
residue from a third monomer (from an adjacent unit cell),
which may simply be a crystallographic artifact not necessarily
expected to be observed in solution. Nevertheless, although the
tryptophan-fluorescence scans suggest otherwise, this metal-
bound structure does not exhibit any conformational change as
also observed for the Ni21-bound structure. Hence, the ;1
Cd21 ion bound per dimer determined from the ITC results
suggests that binding at the CS is of a different nature from that
displayed in the crystal structure.
The unexpectedly low number of Cu21 ions bound in solu-

tion, as compared with the crystal structure, could have several
explanations. It is quite possible that Cu21 binding to the CS is
silent in terms of the heat change (as was also shown previously
for Zn21-binding to the CS (21)); hence the thermodynamic pa-
rameters may relate only to the binding of two ions to the PSs
(1.56; 2, and thus three Cu ions in total). Alternatively, in so-
lution only one ion might bind at the CS, and none at the PSs
(then 1.56; 1, in clear disagreement with the structure). How-
ever, the oppositemay also be true, in which two ions are bound
to the PSs and none to the CS (then again, 1.56 ; 2, and thus
two overall, again in disagreement with the structural data).
Because binding to the PSs has previously been shown to be the
only cause of conformational change in MamM and other CDF
CTDs, one would expect that if Cu21 only binds to the CS, then
no conformational changes should occur in solution, and that if
Cu21 only binds to the PSs, then a tighter conformation com-
pared with the apo form would be detected in solution. The
large tryptophan-fluorescence signal quenching demonstrated
by titration of Cu21 intoMamMCTD indicates that the copper
ions are bound in close proximity to Trp-247, hinting at an
occupied CS. However, the tryptophan-fluorescence resolution
is not sufficient to distinguish between these proposed options.

EPR and PELDOR spectroscopy observe metal-bound MamM
CTD conformational changes

To probe divalent metal binding and the associated confor-
mational changes reflected by intra-molecular distance, site-

directed spin labeling was employed in combination with both
continuous-wave EPR (cw-EPR) and pulsed electron-electron
double resonance (PELDOR) spectroscopic studies (21). These
methods provide a wealth of dynamic and structural informa-
tion via observations of both changes in the local environment
of an attached exogenous spin label elucidated by cw-EPR and
the determination of long-range (typically between 2–8 nm)
distance measurements and distance distributions afforded by
PELDOR spectroscopy (26). We have previously reported (21)
that using only one of the two intrinsic MamM CTD cysteine
residues simplifies EPR measurements; hence the studies
reported here use the same C267S variant of MamM CTD, in
which only the Cys-275 site is available for labeling. In silico
analysis using Multiscale Modelling of Macromolecules
(MMM), a Matlab©-based open-source modeling toolbox (27),
with both the apoWT and C267S CTD crystal structures (PDB
IDs: 3W5Y and 6G55, respectively) predicts an average inter-
spin distance of 4.0 nm between the labeled cysteines (Cys-275)
in each protomer (Fig. 5A) (21).
cw-EPR studies at X-band (9 GHz) of complex dynamic pro-

teins afford the observation of changes in the local environment
of an attached exogeneous spin label and the overall mobility of
the protein in different states. Studies were undertaken to as-
certain what limiting effects, if any, the addition of zinc and
copper metals (first-row transition metals to which the protein
has a lower and higher affinity, respectively) has on the local
spin label environment of C267SSL. Indeed, cw-EPR spectra of
these metal-bound C267SSL samples clearly differ substantially
from those of the apo protein (Fig. 6A). The dynamics exhibited
by spin labels attached to a protein have three main contribu-
tions: 1) the rotational correlation time of the protein itself; 2)
the backbone motions of the protein at the point of spin label
attachment; and 3) the localized intrinsicmotion of the spin label.
The latter two modes of motion are dominating factors in the
line shapes of cw-EPR spectra at X-band, in particular their spec-
tral broadness. Binding of metal ions to the protein resulting in
conformational change affects these modes of motion, hence
resulting in different spectral line shapes observed in Fig. 6A.
Our previous PELDOR studies of spin-labeled C267S

MamM CTD (C267SSL), undertaken on apo and Zn21-bound
forms of the protein, afforded a direct comparison of the inter-
spin distances giving insight into the conformational changes
associated with Zn21 binding (21). Although results for the apo
protein clearly indicated that no single conformation is
adopted, a very narrow distance distribution upon addition of
Zn21 (forming C267SSL-Zn

21) with a mean distance of 3.3 nm
was interpreted as a change from a broad dynamically labile

Table 3
Thermodynamic parameters of MamM CTD binding to different metals

Parameter Zn21a Cd21 Ni21 Cu21

Kd (mM) 31.506 3.40 48.396 2.61 17.716 3.35 6.006 3.83
N 2.806 0.24 1.236 0.08 3.266 0.19 1.566 0.15
DH (kJ mol21) 24.206 0.10 213.086 1.56 27.786 2.38 271.806 23.59
DG (kJ mol21) 225.716 0.26 224.646 0.13 227.176 0.48 230.136 1.59
DS (J moL21 K21) 72.156 0.98 38.766 4.81 65.036 9.59 2136.726 83.76

ITC data were fitted to independent1 blank (constant) models in the TA NanoAnalyze Data Analysis software.
Each parameter represents three independent measurements after control reduction (metal at the same concentration titrated into buffer solution).
The buffer used for all titrations: 10 mM Tris-HCl, pH 8.0, and 150 mM NaCl.
aThe data are taken from (21).
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state of apo C267S (Fig. 6C) to a single closed conformation
upon Zn21-binding. Further, stoichiometric Zn21 titrations,
followed by PELDOR, suggested a maximum binding of 3–4
Zn21 ions per dimer, in good agreement with ITC experiments
(21). Here we have undertaken further cw-EPR and PELDOR
studies on C267SSL incubated with a range of divalent metal
cations, including Cd21, Ni21, Cu21, Mn21, and Fe21 (the nat-
ural substrate of MamM). Overall, our results indicate that
although most PELDOR traces and associated distance distri-
butions in the presence of divalent metal ions do show distinct
differences from the apo protein, not all metal ion effects are
equivalent.
The addition of both CdCl2 and NiCl2 to C267SSL (35

excess, forming C267SSL-Cd
21 and C267SSL-Ni21, respec-

tively) results in a distinct change in the PELDOR time trace
obtained as compared with the apo case. A single and quite nar-
row distance distribution is predominant in both cases with an
average distance of 3.3 nm (Fig. 6, D and E) and is very similar
to the distribution obtained previously with Zn21 (Fig. 6C,
adopted from (21)). Whereas the nature of this binding appears
to be similar to that of Zn21-bound MamM CTD, neither
Cd21- nor Ni21-bound crystal structure models would suggest
such ametal-dependent conformational change. Consequently,
MMM inter-spin distance predictions are 4.14 and 4.11 nm for
Cd21- and Ni21-bound structures, respectively (Fig. 5, B and
C). Because the occupancy for each metal-binding site in the
Cd21-bound solved crystal structure is rather low (0.5), and
considering the ITC data which indicate that only one Cd21

ion is bound per dimer, and the observed change in tryptophan
fluorescence, this would suggest that in solution only one Cd21

binds at the CS. This is in contrast to Zn21 binding because it
appears that only metal binding at the CS is required to induce
the conformational change. This is possible because of the
larger size of the Cd21 ion which, once bound to the CS resi-
dues of just one monomer, is in close enough proximity to
attract the CS binding residues of the secondmonomer, forcing
the observed conformational change. The observed conforma-
tional change with Ni21 might be rationalized by nonspecific
Ni21-binding events, as suggested by the metal-ligand varia-
tions within the solved structure. Nonetheless, the shallower
modulation depth (Fig. 6E) may indicate that a smaller fraction
of nitroxide spins are actually dipolar coupled and thus inter-
acting. ITC results indicate binding of three Ni21 ions per di-
meric protein with mild affinity compared with the other met-
als, and the observation of tryptophan fluorescence quenching
in the presence of Ni21 would also imply Ni21 binding either at
or close to the CS. Taken together, and considering that the
nickel ion’s radius is comparable with that of a zinc ion, we pro-
pose that Ni21 binds both to the CS (one ion) and the PSs (two
ions), with binding to the latter being associated with a confor-
mational change similar to that observed for Zn2 1.
The room-temperature cw-EPR experiments of C267SSL

incubated with an excess of Cu21, which is itself paramagnetic
(forming C267SSL-Cu

21), suggest a partial quenching of the
EPR signal as compared with both the Zn21 bound and apo
states (Fig. 6A). The Cu21 ions are EPR active (S = 1/2), giving
EPR signals that spectrally overlap with that of the spin label;
thus the excess chosen for PELDOR measurements was equal
to the number of proposed binding sites to avoid any exoge-
nous, spurious Cu21 EPR signals arising from nonspecifically

Figure 5. MamM CTD structural models built using the published crystal structures. Cartoon representation of (A) dimeric apo MamM CTD C267S (PDB
ID: 6G55), (B) Cd21-bound MamM CTD (PDB ID: 6GMT), (C) Ni21-bound MamM CTD (PDB ID: 6GMV), and (D) Cu21-bound MamM CTD (PDB ID: 6GP6) with the
calculated rotamer libraries of MTSL attached to position Cys-275 shown as sticks, and with metal ions shown as spheres. In silico modeling of MTSL rotamer
libraries and calculation of the average inter-spin distancewas performed usingMMM, aMatlab©-based open-sourcemodeling toolbox.
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bound copper. MMM analysis of the Cu21-bound structure
(Fig. 5D) predicts an inter-spin label distance of 3.23 nm,
whereas the resultant distance distribution of the experimental
PELDOR trace reveals a bimodal distribution with two mean

distances of 2.4 and 3.24 nm (Fig. 6F). At first glance this could
imply two different inter-spin label (SL-SL) distances; however,
because the Cu21 species overlaps with the spin label in the
EPR spectrum, this PELDOR trace may not only comprise

Figure 6. Room temperature continuous-wave EPR measurements (A) performed on apo MamM C267SSL (gray), C267SSL-Zn
21 (orange), and C267SSL-Cu

21

(purple) revealing quenching of the EPR signal intensity upon addition of Cu21 as compared with both the apo and Zn21-bound states. B–G, four-pulse
PELDOR experiments of doubly spin-labeledMamMCTDC267S, containing Cys-275 as the labeling position, for themeasurement of inter-spin label distances.
Results were obtained for samples incubated with a range of divalent transition metal ions, including Mn21 (B), Zn21 (C), Cd21 (D), Ni21 (E), Cu21 (F), and Fe21

(G). Top panel: The normalized background-corrected dipolar evolution of metal-bound samples (bright colors) presented together with the apo spin-labeled
protein (gray). Exceptions: For both Mn21 and Fe21, the nonbaseline-corrected time traces are shown to clearly demonstrate the change in decay caused by
specific versus nonspecific metal binding. Bottom panel: normalized distance distributions (where appropriate) of metal-bound C267SSL. The distance distribu-
tion of apo C267SSL is also shown for reference, plotted against the Zn21-bound results and shown in dark gray. Standard deviations in the form of 95% confi-
dence intervals are also given in each case and represented by light gray areas around the lines. Fitting of all dipolar evolutions and subsequent distance
distributions were calculated with DEERNet.
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SL-SL distances but in addition contributions from SL-Cu21

and Cu21-Cu21 distances. The 3.24-nm distance agrees well
with both the predicted MMM SL-SL distance and other
metal-bound PELDOR results, and hence we assign this to the
SL-SL distance, again indicative of a single closed V-shaped
conformation. The second observed distance at 2.4 nm could
correspond to either a Cu21-SL or Cu21-Cu21 distance. Con-
sidering the fluorescence data, which indicates binding of Cu21

in the CS, and previous PELDOR measurements in which con-
formational change was shown to be associated with metal
binding to the PSs (21), we propose that binding to the CS is
silent in terms of heat change and that the Cu21-bound crystal
structure represents well both the conformation in solution
and the copper binding sites.
Current experimental evidence for Fe21 binding to MamM

CTD, both via biophysical and structural methods, is very lim-
ited (5). This is due largely to the difficulty associated with
preparation of bound Fe21 samples; when working at basic pH,
Fe21 is readily oxidized to Fe31, which notoriously forms insol-
uble complexes. Nevertheless, it proved possible to prepare an
Fe21-incubated sample using argon gas to largely eliminate any
oxygen present with C267SSL and an excess of Fe21 (35 excess,
forming C267SSL-Fe

21). Although there was slight indication
of Fe31 precipitation, PELDOR yielded results clearly different
from the apo state: nonbaseline-corrected, time-domain data
are shown to indicate these differences more clearly, and a sin-
gle distance distribution with a mean distance of 3.3 nm is
obtained (Fig. 6G). Despite the lowmodulation depth, probably
due to very low levels of Fe21 binding, the difference to the apo
state is quite apparent, providing a good indication of a more
rigid structure although the distance distribution is slightly
broader than for Zn21/Ni21/Cu21/Cd21. Interestingly, the
sample became slightly yellow upon incubation with the metal
salt, which could not be reproduced upon incubation of the
buffer alone with the same concentration of salt. It is therefore
likely that the protein also catalyzes the iron oxidation process,
resulting in the formation of unbound (or nonspecifically
bound) yellow Fe31 complexes. More importantly, this is the
first high-resolution structural observation of Fe21-binding to
MamM CTD which corroborates our earlier findings of iron
binding and the associated conformational change of MamM
CTD upon binding (5). These results indicate that studies with
other metals (including Zn21, for which substantial work has
been done previously) do reflect biologically relevant states of
the protein, because all the metal-bound proteins appear to
adopt a similar conformation in solution, which is most likely
similar to the crystal Cu21-bound conformation.
In contrast, the addition of paramagnetic Mn21 (35 excess)

to C267SSL does not result in a change in the dipolar evolution
time trace seen when other divalent metals are added (Fig. 6B).
There are no periodic oscillations arising from dipolar coupling
between the two nitroxide moieties but simply only a slightly
modified decay function modulated by the presence of deuter-
ated glycerol (which are not present when protonated glycerol
is used, data not shown). Thus, PELDOR spectroscopy, taken
together with the tryptophan fluorescence and ITC data, pro-
vide clear evidence of the inability of MamM CTD to bind
Mn21.

Previous analysis of metal-binding sites of all PDB structures
revealed that the typical amino acid composition inMn21 bind-
ing sites is similar to those that bind Fe21, Cd21, Zn21, and
Ni21 (7), and MamM’s cation binding sites are composed of
histidine residues and aspartic or glutamic acids; however,
MamM CTD can bind these cations but still discriminates
against Mn21. This phenomenon cannot be rationalized by
comparison of other properties important for metal binding
such as dominant binding geometry (tetrahedral, octahedral, or
trigonal plane), metal size, solvation sphere, or electrostatic
charges. Attempts to actively modify the MamM CTD metal-
binding sites to allow Mn21 binding in vitro failed to alter the
CTD discrimination abilities (28). Overall, the common bind-
ing capabilities of Mn21 throughout biology indicate that the
observed discrimination by MamM CTD must be more com-
plex andmay include quantum effects that cannot be calculated
for this system. The inability of MamM CTD to bind Mn21, in
contrast to the other cations, is further indication of an evolu-
tionary pressure that discriminates against Mn21.
Our results ultimately raise the question of what benefits

there are for MamM CTD as a result of its discrimination
against Mn21. Mn21 has a greater affinity to magnetite, both
when abiotically synthesized and in magnetotactic bacteria, as
compared with other transition metal cations (29). It was
shown that for iron oxides formation in vitro, the presence of
manganese leads to oxidation of Fe21 to Fe31 by manganese
oxides (30); thus it may change the proper magnetite formation
in the magnetosome by changing the Fe21:Fe31 balance. Fur-
thermore, uncultivated magnetotactic bacteria, which are
exposed to very high concentrations of manganese, can incor-
porate it into the iron-based magnetic particles, yet to a limited
amount (31). Based on our results and these observations, we
propose that to avoid overflow of manganese in the magneto-
somes, leading to sequential incorporation of it into magnetite
or altering magnetite formation by affecting the oxidation/
reduction of iron, evolutionary demands have driven MTB to
develop a CDF CTD-related mechanism for discrimination
against manganese. Such discrimination will prevent both
Mn21 ion transport and any initial activation of the transporter
by not facilitating any binding of Mn21 to the CTD (Fig. 7).
Whereas all the other tested metals were shown to bind to the
CTD, leading to a tighter conformation similar to that of the
iron-bound CTD, only rarely are contaminated magnetite par-
ticles formed in MTB in vivo. Our results would thus indicate
that any discrimination against other metals should occur at
the transport site level, which is unique compared with other
CDF proteins (contains a rare tyrosine residue) (7, 18) (Fig. 7).

Concluding remarks

The participation of CDF protein CTDs in metal selectivity
was previously studied at the cellular level. Here, for the first
time, structural characterization of a CDF protein CTD in the
presence of various metals reveals the direct effect of different
metals on the CTD, with each metal exhibiting distinct binding
parameters, sites, and conformation. This study uniquely
includes high-resolution structural data both in the crystalline
form and in solution, which are complementary to one another
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and in combination exhibit the differences between the binding
modes to the native metal and othermetals. Furthermore, these
results present subtle differences in the degree-of-closure
between the apo and bound CTDs among different CDF pro-
teins, suggesting that it not only depends on the protein studied
but, importantly, also on the nature of themetal. Based on these
distinct binding modes, we propose that the CDF CTD is the
first recognition site able to alter or stop the transport of the
unwanted metals prior to them reaching the transport site,
which provides a second recognition site. This could be because
of the slightly different CTD closed conformations induced by
differences in the metal size, metal coordination geometry, or
binding of the flexible C-terminal tail. Such an additional ability
of the CTD to discriminate would also mean that the CDF is
not simply limited by a single site, making it hard to discrimi-
nate against all the different cations that exist in the cytoplasm
because of their relative similarity. One surprising piece of evi-
dence for such varying levels of discrimination is found in the
MamM system where manganese is fully discriminated against
by the CTD alone, which may reflect the specific evolutionary
pressure to specifically transport iron.

Experimental procedures

Expression and purification

mamM CTD gene (UniProt Q6NE57 residues 215–318) was
previously cloned into pET28a(1) vector (Novagen, Merck
Biosciences, Germany) (32). MamM CTD was expressed and
purified as previously described for MamM CTD M250L mu-
tant (20, 32). The C267S mutation for PELDOR studies was
applied to the pET28a-MamM CTD vector, expressed, and
purified as previously described (21). For all experiments, pro-
tein concentration was determined by measuring protein
absorption at 280 nm.

Crystallization and structure determination

20 mg ml21 purified MamM CTD in buffer containing 10
mM Tris, pH 8.0, 150 mM NaCl, 5 mM b-mercaptoethanol, and
either 3.375 mM CuSO4 (Cu21-bound structure), 3.375 mM

CdCl2 (Cd21-bound structure), or 3.375 mM NiCl2 (Ni21-
bound structure) was crystallized using the vapor diffusion
method at 293 K (0.3 ml of protein with 0.3 ml of reservoir solu-
tion for all protein-metal pairs). Crystals were harvested with
or without treatment of cryo-agent and flash-frozen in liquid
nitrogen. Data collection was performed on a single crystal at
100 K. All cryo conditions, data collection details, data reduc-
tion, and scaling, phasing, and refinement details are given in
Tables S1–S3 (37–43).

Least-squares overlaps

All CDFs’ CTD structures were overlapped and RMSDs were
calculated using the iterative magic fit tool or the domain frag-
ment alternate fit tool of Swiss-PdbViewer 4.1.0 (33). MamM
CTD structures and overlapped structures’ figures were pre-
pared using UCSF Chimera package, version 1.12 (34) or
PyMOL, version 2.0.6 (PyMOL Molecular Graphics System,
Schrödinger).

Fluorescence spectrometry

Changes in tryptophan intrinsic fluorescence were recorded
using Fluorolog®-3 (HORIBA, Edison, NJ, USA) equipped
with a quartz cell with a 1-cm optical path at ambient tempera-
ture. Samples of 1 ml of MamM CTD at 5 mM concentration in
buffer A (containing 10 mM Tris, pH 8.0, and 150 mM NaCl)
were titrated using 2.5 mM metal solution (CdCl2, NiCl2,
MnCl2, and CuSO4) in the same buffer to reach different con-
centrations. Samples were measured at lex 297 nm, and the
emission spectrum for each metal concentration was recorded
at 310–450 nm. For each metal, the titration was replicated
three times, and each spectrum was fitted to Extreme function
by OriginPro (R-Square. 0.98) (OriginLab Corporation). The
maximum wavelength (wavelength at maximum intensity) and
the intensity at that wavelength (maximum intensity) were
averaged for each metal concentration. Errors are reported as
the standard deviation.

Figure 7.Metal-binding mechanism to MamM CTD. MamM CTD can bind divalent iron (green sphere), cadmium, zinc, nickel, and copper (blue sphere), but not
manganese (yellow sphere). Metal binding to the CTD leads to its tighter packing, which in turn facilitates the conformational change of the transmembrane
domain. However, only iron can be transported through this domain, in exchange for protons, which allows the synthesis of puremagnetic particles.
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Isothermal titration calorimetry

ITC measurements were performed in a low-volume Nano
ITC calorimeter (TA Instruments) at 298 K. Proteins and met-
als (CdCl2, NiCl2, MnCl2, and CuSO4) were prepared in buffer
A. MamM CTD was diluted to 50 mM concentration and was
titrated with 1.4 mM (NiCl2, MnCl2, and CuSO4) or 1 mM

(CdCl2) metal solutions. The protein samples were injected
into the instrument cell (170 ml), and 20 aliquots of 2.5 ml of the
suitable metal solution were titrated into the cell every 350 s.
For each protein, three independent titrations were measured.
As a control, each metal solution was titrated into buffer A
under the same experimental conditions, and all measurements
were compared with a DDW-containing reference cell. Data
were analyzed using TA NanoAnalyze Data Analysis software,
version 3.7.5 (TA Instruments). The data of each measurement
were fitted to an independent model combined with a blank
constant model, and the given thermodynamics values are the
average of the three different titrations for each protein. Errors
are reported as standard deviation.

Site-directed spin labeling

For site-directed spin labeling, protein solutions in buffer A
were degassed under argon and treated with degassed DTT (1
mM) for 4 h at 4 °C with gentle agitation. Subsequently, protein
samples were washed once using ZebaTM Spin desalting col-
umns (7 kDa molecular weight cutoff, 2 ml) (Thermo Fisher
Scientific) equilibrated with degassed buffer A. Protein was
then labeled overnight at 4 °C with (1-oxyl-2,2,5,5-tetramethyl-
pyrrolidin-3-yl)methylthiosulfonate spin label (MTSL, 203
excess) (Toronto Research Chemicals) with gentle agitation.
To remove excess unbound MTSL, the samples were washed
twice using ZebaTM Spin desalting columns equilibrated with
degassed buffer A.

Continuous-wave X-band EPR spectroscopy

For metal-bound samples, freshly spin-labeled C267S
MamM CTD in buffer A at ;70 mM was used. Stock solutions
of metal salts (ZnSO4.5H2O and CuCl2.2H2O) were prepared
in H2O to a final concentration of 100 mM. Aliquots (15 ml) of
spin-labeled protein were incubated with a 3-fold excess of
each metal salt for 40 min on ice. Aliquots of ;10 ml were
transferred to 0.8-mm (outer diameter) capillary tubes for
measurement.
The ambient temperature setup for X-band cw-EPR con-

sisted of a Bruker E500 eleXsys spectrometer fitted with an ER
4123D (dielectric RT cw-EPR) resonator. The following meas-
uring parameters were used for data acquisition: a microwave
frequency of 9.758 GHz, a modulation frequency of 100 KHz, a
modulation amplitude of 1 gauss, and a microwave power of
0.2milliwatt.

Pulsed EPR spectroscopy

Spin-labeled C267S MamM CTD samples were lyophilized
and subsequently dissolved in D2O to a final concentration of
250 mM (Cd21- and Fe21-bound samples) or 500 mM (Mn21-,
Ni21-, and Cu21-bound samples). All EPR samples were pre-

pared with 30%Glycerol-d8 (Sigma-Aldrich). Stock solutions of
metal salts (CdCl2, MnCl2.7H2O, NiCl2, CuSO4.5H2O, and Fe
(NH4)2(SO4)2.6H2O) were prepared to a final concentration of
100 mM in D2O. Spin-labeled samples were incubated with a 5-
fold (Cd21-, Mn21-, Ni21-, and Fe21-bound samples) or 3-fold
(Cu21-bound) excess according to the dimeric protein concen-
tration. Incubation was carried out at room temperature for 1
h, before the addition of glycerol-d8 to a final concentration of
;30%. 80–100-ml samples were transferred to EPR quartz tubes
(Wilmad SQ-707; Wilmad-LabGlass) and flash-frozen in liquid
nitrogen. For the Fe2-bound sample, each step was carried out
under a steady stream of argon to eliminate oxygen during sam-
ple preparation. X-band pulsed EPR spectra were recorded on a
Bruker E580 spectrometer (Bruker, Rheinstetten, Germany)
using a Bruker MD5-W1 EPR probehead equipped with a self-
modified cryogen-free cryostat (Advanced Research Systems,
Macungie, PA, USA). The microwave pulses were amplified
using a 1-kW TWT amplifier (Applied Systems Engineering,
Fort Worth, TX, USA). All EPR experiments were carried out
at 50 K. The field-swept spectrum was obtained by integrating
the Hahn echo signal as a function of the magnetic field after a
two-pulse sequence (10 ns, t(120 ns), 20 ns). For PELDOR
experiments a four-pulse sequence was applied. Observer
pulses (p/2 and p) were set to 20 ns, with a pump pulse of 16
ns. The frequency offset Dn (nobs 2 npump) was set to between
70–80MHz for SL-SLmeasurements. The observer pulse sepa-
ration t1 was 120 ns in all cases apart from with Ni21, where t1
was 350 ns, whereas t2 varied between 1300–2200 ns, and echo
signals were integrated using a video amplifier bandwidth of 20
MHz. The pump pulse was stepped out in 12-ns intervals to a
total number of points that depended upon the t1 and t2 used.
Nuclear modulation effects were suppressed using a systematic
variation of the inter-pulse delay time t1 and an appropriate
phase cycling routine.
PELDOR data processing was performed using both Tikho-

nov regularization and DEERNet (35) within the Matlab-based
DEER Analysis (36) toolbox. The recently developed DEERNet
method uses artificial neural networks for prediction of an
inter-spin label distance distribution and gives a measure of
uncertainty of the resulting distance distributions represented
by 95% confidence bounds, which are indicated as the gray
bands in Fig. 6.

Data availability

All structural data are available in RCSB Protein Data Bank
under the accession numbers 6GP6, 6GMT, and 6GMV. All
other data are contained within this article and in the
supporting information.
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III Published research - STD NMR investigation of substrate

binding in GltPh

The following publication (of which I am the primary author) includes the study of substrate

binding by GltPh, via STD NMR.264 This research demonstrates for the first time, the

application of STD NMR for determination of dissociation constants for two competing

substrates of a membrane protein, in multiple environments. Differences in determined

KD ’s, as well as insights into cooperativity exhibited by protomers of the trimeric GltPh, are

discussed. My contributions include all experimental data acquisition, analysis of these data

with the input of other authors, composition of the text and all figures included within the

publication. The results included within this manuscript have been edited and reformatted

for inclusion in chapter 4.9 of this thesis.
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Saturation transfer difference NMR 
on the integral trimeric membrane 
transport protein GltPh determines 
cooperative substrate binding
Jenny L. Hall1, Azmat Sohail2, Eurico J. Cabrita3, Colin Macdonald1, Thomas Stockner2, 
Harald H. Sitte2, Jesus Angulo4 & Fraser MacMillan1*

Saturation-transfer difference (STD) NMR spectroscopy is a fast and versatile method which can 
be applied for drug-screening purposes, allowing the determination of essential ligand binding 
affinities (KD). Although widely employed to study soluble proteins, its use remains negligible 
for membrane proteins. Here the use of STD NMR for KD determination is demonstrated for two 
competing substrates with very different binding affinities (low nanomolar to millimolar) for an 
integral membrane transport protein in both detergent-solubilised micelles and reconstituted 
proteoliposomes. GltPh, a homotrimeric aspartate transporter from Pyrococcus horikoshii, is an 
archaeal homolog of mammalian membrane transport proteins—known as excitatory amino acid 
transporters (EAATs). They are found within the central nervous system and are responsible for fast 
uptake of the neurotransmitter glutamate, essential for neuronal function. Differences in both KD’s 
and cooperativity are observed between detergent micelles and proteoliposomes, the physiological 
implications of which are discussed.

L-glutamate is the primary excitatory neurotransmitter in the mammalian central nervous system. Excitatory 
amino acid transporters (EAATs) are membrane proteins that play an important role in regulation of the gluta-
mate concentration within the synaptic cleft of glutamatergic neurons, thereby terminating synaptic transmis-
sion. Efficient uptake prevents a build-up of high extracellular glutamate levels leading to excitotoxicity (one 
of the hallmark features of Amyotrophic lateral sclerosis (ALS)), and also allows glutamate to be recycled1. 
Substrate transport by EAATs is energised by the co-transport of up to three Na+ ions and one proton. The 
counter-transport of one K+ ion completes the putative transport cycle2,3. In addition, EAATs exhibit uncoupled 
chloride-conductance, making them anion-selective ion channels4. Various neurological diseases are linked to 
their dysfunction in glutamatergic synapses, including ALS, stroke, epilepsy and Huntington’s disease1.

GltPh, a bacterial homolog of mammalian glutamate transporters from Pyrococcus horikoshii was the first 
member of the Solute Carrier 1 (SLC1) family of membrane transporters to have been crystallized while very 
recently a first crystal structure of human EAAT1 was determined facilitating extrapolation of results obtained 
for GltPh to its human counterparts5–8. GltPh is often used to investigate structure–function relationships of 
the SLC1 transporter family via spectroscopic techniques including electron paramagnetic resonance (EPR) 
spectroscopy and single molecule fluorescence resonance energy transfer (smFRET)9. It shares approximately 
35% amino acid sequence identity with human EAATs; and importantly, many of the amino acids involved in 
ion and substrate binding are conserved, making it an excellent model system10. The outward-occluded state, 
captured as the first crystal structure of GltPh, revealed a homotrimer assembly with a bowl-shaped extracellular 
basin whose surface is hydrophobic and reaches halfway down the trimer’s height (Fig. 1)6–8.

Each protomer consists of a trimerisation domain involved in stabilising subunit interactions, and a trans-
port domain, containing the substrate and sodium ion binding sites. Further crystal conformations have been 
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solved in the outward-open10, inward-occluded11,12, as well as intermediate13 conformations, revealing large-scale 
translational movement upon substrate binding and transport. The substrate binding site (Fig. 1) is formed by the 
tips of the two re-entrant loops (HP1 and HP2) and unwound regions of transmembrane (TM) helices 7 and 810.

Whilst membrane proteins such as GltPh account for one-third of all proteins encoded by the genomes of 
most organisms14, they continue to prove challenging for structural and mechanistic studies. This difficulty 
extends to include medium to high throughput determination of substrate and inhibitor binding affinities, 
essential for drug target screening. Until now methods such as fluorescence-based assays10,15,16, isothermal titra-
tion calorimetry12,15,17 and uptake experiments18 have been utilised in the determination of substrate KM and KD 
values in both detergent-solubilised and membrane-reconstituted protein environments. Such methods have 
yielded results that vary considerably with Na+ concentration, clearly highlighting GltPh’s sodium dependency 
for substrate binding. KD values for L-aspartate vary from 2–380 nM depending on Na+ concentration (200 mM 
and 10 mM respectively), while for the much weaker binding ligand, L-glutamate, they vary between 120–250 μM 
in 200 mM Na+.

Here we present a novel approach for the determination of KD values for both L-aspartate and L-glutamate 
using saturation transfer difference (STD) NMR spectroscopy19. STD NMR is a sensitive method for ligands of 
medium to weak affinity, relying on the exchange between bound and free states of the ligand (KD values typically 
ranging from high nM to low mM). During the STD NMR experiment, resonances of the receptor molecule 
are selectively saturated, and this saturation rapidly spreads via spin diffusion throughout the protein. A ligand 
which binds to this protein (for between 0.1 to 100 ms) will receive saturation to some of or all its protons, with 
those in closest proximity to the protein receiving the most20. When the ligand dissociates, this saturation is 
transferred to the bulk solution, where a reduction in ligand NMR signal intensity is observed. The difference 
between a spectrum without saturation (reference spectrum), and the saturated experiment gives rise to the STD 
spectrum, in which only signals of ligand molecules that interacted with the protein are observed21. The work 
presented here significantly extends the application of STD NMR to membrane proteins and demonstrates its 
use as an alternative, fast method for determination not only of KD values for weakly binding ligands but also for 
very tightly binding ligands, not previously thought accessible through STD NMR. In addition to demonstrating 

Figure 1.   (Top) left: Cartoon representation of a single GltPh protomer with bound aspartate (sticks) and two 
Na+ ions (blue spheres). HP1, TM7, HP2 and TM8 containing ligand binding residues are shown in yellow, 
orange, red and violet respectively. (Top) right: extracellular view of GltPh with trimerisation domains shown 
in green and transport domains in blue. Individual protomers are separated by straight lines, whilst transport 
domains are separated from trimerisation domains by curved lines. (Bottom) a cartoon representation of the 
GltPh fold highlighting the residues involved in substrate binding. The protein images were prepared using 
PyMOL (The PyMOL Molecular Graphics System; https​://www.pymol​.org).
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that these two ligands share the same binding site, negative cooperativity for the trimeric GltPh in a near native 
proteoliposome-reconstituted environment is observed.

Current STD NMR literature reporting the direct observation of substrate binding and interaction with 
membrane proteins is limited to a very small number of systems. Previous examples have included the basic 
observation of a protein–ligand interaction in whole cells22–25, cell membranes26 and in proteins reconstituted 
into proteoliposomes27 and nanodiscs28. Only very recently have the first examples of STD NMR-based analysis 
of ligand binding to detergent-solubilised proteins been reported29–32. There is only one previous report of using 
STD NMR for a ligand KD determination to a membrane protein which employed an as-yet unspecified and 
unpublished fitting routine, whereby an STD NMR effect was measured as a function of ligand concentration 
for a receptor embedded into a proteoliposome27.

The three protomers within the trimeric GltPh each have one substrate binding site and they have been previ-
ously proposed to function independently33–36. Using STD NMR we have directly determined the affinity of the 
weak binding ligand L-glutamate for GltPh in both detergent micelles and proteoliposomes, whilst binding of 
the high affinity ligand L-aspartate was identified using a competition-based STD NMR experiment.

Results and discussion
1H-NMR spectra of GltPh were measured in the presence of L-glutamate both in detergent (Fig. 2a top) and 
reconstituted into proteoliposomes (Fig. 2b top). Spectra of detergent-solubilised samples are dominated by 
strong signals from detergent protons (see Supporting Information). The γ-protons of L-glutamate have reso-
nances occurring at 2.05 ppm, whereas β-protons appear at 1.8 ppm, both in a spectral region devoid of inter-
ferences from these strong detergent signals (Fig. 2a). STD NMR signals from γ- and β-protons of L-glutamate 
are observable in the presence (middle) but not in the absence (bottom) of Na+. We observe a similar Na+ 
dependence for GltPh in detergent micelles and in reconstituted proteoliposomes, which is in accordance with 
previously published data showing that binding and transport of substrate only occurs in the presence of Na+. 
The STD NMR spectra of detergent-solubilised GltPh also reveal signals arising from detergent molecules as a 
result of two mechanisms: on–off exchange with the protein/detergent macromolecular assembly in solution, and 
direct saturation through the on-resonance radio frequency. A lack of ligand STD signal in the absence of Na+, 
however, clearly provides evidence that the ligand only receives its saturation when bound to the protein. Any 
build-up of saturation is limited by relaxation (R1 = 1/T1) of saturated ligand protons in the free state; protons 
with a longer T1 accumulate more saturation in the bound state and decay more slowly in solution and hence 
their relative STD intensity is higher. Since proton relaxation rates are sensitive to molecular tumbling in solu-
tion which can be affected by the presence of detergent micelles or proteoliposomes, we determined proton T1 
values for L-glutamate under both conditions (Figure S6). The fitted data shown in Figure S6 indicate that the 
T1 values remain the same under both conditions (Table S1).

The method for KD determination requires monitoring of ligand STD NMR signals as a function of the 
ligand concentration, via ligand titration to a large excess. A GltPh STD NMR spectrum in the presence of Na+ 
is recorded initially without L-glutamate. Subsequently, the ligand is titrated incrementally, and further STD 
NMR spectra are recorded. The experimentally observed STD effect is analysed through conversion to the STD 
amplification factor (STD-AF) using Eq. (1)20

where (I0−ISAT) represents the ligand signal intensity in the STD NMR spectrum, I0 is the ligand peak intensity 
in an off-resonance 1H-NMR spectrum (reference) and ([L]Total/[P]Total) is the ligand excess relative to a fixed 
and constant protein concentration.

The STD-AF for each titration point was determined for both the γ-protons at 2.028 ppm and β-protons 
at 1.809 ppm and plotted against the concentration of L-glutamate. The resulting hyperbolic curve (using the 
γ-protons) has an expected decrease in slope at higher ligand concentrations, eventually reaching a plateau 

(1)STD − AF =
I0 − ISAT

I0
×

[L]Total
[P]Total

Figure 2.   Selected spectral region of the reference 1H NMR (top) and corresponding STD NMR spectrum 
of GltPh incubated with 0.5 mM L-glutamate in the presence (middle) and absence (bottom) of 100 mM Na+ 
ions; (a) detergent solubilised GltPh (~ 20 μM) and (b) GltPh (~ 20 μM) reconstituted into proteoliposomes 
(800 MHz, 5 °C, 2 s saturation time). Full spectra can be found in the Supporting Information.
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caused by saturation of the GltPh binding site (Fig. 3). To utilise this STD-AF for KD determination, an equation 
analogous to the Langmuir isotherm is used (Eq. 2). Here, αSTD is the maximum STD-AF and [L] is the total 
concentration of free ligand. 

Determination of the KD is simplified when [L] = [L]Total, which is true under the experimental conditions 
used in STD NMR experiments since [L]Total >  > [P]Total. The STD-AF will increase with increasing [L]Total until a 
maximum value is reached. At this point, [L]Total >  > KD and the protein binding sites are fully occupied37. Strictly 
speaking in the case of GltPh, since the ligand can bind from both sides of the transporter and STD is more 
sensitive to the off rates, then our data is reporting on an apparent KD, instead of a KM, because the glutamate 
on/off rates are still an order of magnitude faster than transporter isomerization which is linked to the transport 
event (i.e. KM).

αSTD and KD for L-glutamate are determined by fitting the observed experimental curve using Eq. (2), and the 
resulting KD values for L-glutamate are 414 and 1034 μM for detergent-solubilised and proteoliposome-recon-
stituted GltPh respectively (Fig. 3) using the γ-protons (very similar results of 458 μM and 984 μM respectively 
were obtained if the β-protons were used). These values are higher than those previously observed in detergent 
micelles (between 120–250 μM)10,16, however it must be noted that the sodium ion concentration used here is half 
of that used in those previous studies. It is also known that due to fast protein–ligand rebinding in solution, KD 
values obtained from STD NMR are always greater than, or equal to, the true thermodynamic value38. In order 
to combat such over-estimations, a more involved protocol can be employed in which initial growth rates of each 
STD amplification factor are determined and used for calculation of binding isotherms for KD determination; 
this application however is not suitable for somewhat unstable membrane proteins38. It is therefore expected that 
the values determined here likely reflect the upper limits of ligand KD’s.

STD NMR is of limited use for the direct determination of KD values of high-affinity ligands (i.e. KD’s < μM) 
since tight ligand binding results in low koff rates, thus precluding the saturation of the bound ligand being effec-
tively transferred into solution and thus no STD NMR effect is observed. No STD NMR effect from L-aspartate 
(in the presence of Na+) is observed for GltPh which is clearly consistent with its expected much higher binding 
affinity.

To overcome such a limitation, a competition experiment may be performed where detection of high-affinity 
ligand binding is identified via observation of a reduction in the STD NMR signal of a weakly binding so-called 
‘reporter’ ligand39. Using such a competitive displacement approach we determined an upper limit for the KD 
values of the biologically more relevant, high-affinity GltPh substrate L-aspartate in both detergent-solubilised 
and proteoliposome-reconstituted environments. In contrast to the initial experiment a titration of L-aspartate 

(2)STD − AF =
∝STD[L]

KD + [L]

Figure 3.   STD amplification factor as a function of L-glutamate concentration for GltPh in detergent micelles 
(top) and proteoliposomes (bottom). The solid line represents the best fit according to Eq. (3).
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is performed on a sample containing a large excess of L-glutamate (1.5 mM) relative to both its previously deter-
mined KD and the protein concentration. Upon subsequent titration with L-aspartate, a reduction of the STD 
NMR effect arising from the L-glutamate reporter ligand is observed. The reduction implies the specific displace-
ment of L-glutamate, most probably from the same binding pocket, by the higher affinity ligand L-aspartate. In 
Fig. 4 the STD effect for L-glutamate, determined by comparison of the reference and STD spectra, and then 
normalised (%), is recorded against a titration of L-aspartate resulting in a hyperbolic curve which can be fitted 
directly using Eq. (3)40,41. Here, A is a proportionality constant, KDglu

 the dissociation constant measured for 
L-glutamate and L0 its fixed concentration, I0 is the total concentration of L-aspartate and KDasp is its dissocia-
tion constant. 

By fitting the experimental titration data (Fig. 4) KD values for L-aspartate of 42 nM and 13 nM for deter-
gent-solubilised and proteoliposome-reconstituted GltPh were determined respectively. These are comparable 
to previously estimated values, also in the nM range10,12,15–18. A comparison of the KD values determined in 
detergent and proteoliposomes reveals interesting insight into the protein function. The observed values for the 
weakly binding ligand, L-glutamate, are comparable in magnitude but vary slightly from those observed previ-
ously. The concentration of sodium ions used here is lower than used in most previous cases10,16, which might 
explain the slightly higher KD values determined here. Indeed, to test this hypothesis a further set of STD NMR 
measurements were carried out as a function of Na+ concentration, using detergent-solubilised WT GltPh in the 
presence of a fixed, excess concentration of L-glutamate. The STD effect increases with excess Na+ concentration 
(Figure S7) which can be explained by an decrease in KD in accordance with previous biochemical data15, further 
highlighting the sensitivity of this particular technique to the system at hand. This serves as an additional control 
for the Na+ dependency of substrate binding.

For the tightly binding L-aspartate ligand there is little difference in the observed KD values between protein 
environments, however upon closer inspection of the titration data in Fig. 4 a distinct difference can be seen. 
The value of A used in Eq. 3 to fit the experimental data is different for detergent and proteoliposomes. Whereas 
in detergent the tightly binding ligand fully displaces the L-glutamate (A = 100), in proteoliposomes this value 
is only 67 suggesting that L-aspartate is not able to fully displace the L-glutamate in GltPh reconstituted into 
proteoliposomes. To further understand this observation, data from both competition experiments were nor-
malized and subsequently fitted to a standard Hill equation (Fig. 4 bottom) as described by Eq. (4), where n is 
the Hill coefficient.

(3)%bound ∝ −A×

[
KDglu

L0
][

I0
KDasp

]

1+ [
KDglu

L0
][1+ ( I0

KDasp
)]

+ 100

Figure 4.   Competition binding of L-aspartate in the presence of excess L-glutamate (1.5 mM) in GltPh. (Top) 
Normalised STD effect (%) as a function of L-aspartate concentration for GltPh in detergent micelles (left) 
and reconstituted proteoliposomes (right). The solid line represents the best fit according to Eq. (3). (Bottom) 
Normalised data fitted to a standard Hill equation (Eq. 4), resulting in Hill coefficients of 1.06 and 0.69 in 
detergent micelles (left), and reconstituted proteoliposomes (right) respectively.
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The Hill coefficient calculated in detergent micelles was 1.063, indicative of typical non-cooperative, inde-
pendent ligand binding in the trimeric GltPh. In proteoliposomes, however the Hill coefficient obtained was only 
0.69. A Hill coefficient significantly less than 1 is typical of binding events which exhibit negative cooperativity, 
where binding of substrate to one binding site makes binding of another substrate less likely. This result suggests 
some interplay between the protomers within the trimeric GltPh when it is reconstituted into a proteoliposome. 
In this case ligand binding could be associated with an actual transport process across the proteoliposome 
membrane leading to a difference in environment on either side of the membrane, as would be expected under 
physiological conditions.

Using the STD NMR method presented here, a constant protein concentration is maintained throughout 
the entire experiment. Determination of the apparent KD does thus not rely on accurately knowing the protein 
concentration, which is often difficult to obtain for membrane proteins. The STD NMR approach therefore 
presents a simpler route for KD estimation as compared with other methods commonly used10,12,15–18. Indeed, if 
we deliberately use a wrong estimation of the protein concentration (by a factor of two) to perform the calcula-
tions there is no difference in the KD determined using this method. The two essential factors are to maintain a 
protein concentration below the expected range of the KD of the reporter ligand (weak binder) and also to ensure 
that the protein concentration is kept constant. Thus, this is the first simple and quick analytical estimation of a 
ligand KD to a membrane protein using STD NMR. Further, this method was expanded to include an accurate 
KD estimation for a tightly binding ligand normally not accessible with STD-NMR, as well as the observation of 
important functional differences of a membrane protein reconstituted in different membrane mimetics, making 
this technique much more universally applicable.

This simplified approach is now being applied to other membrane proteins for both ligand and inhibitor 
studies. In less favourable cases where interferences from the strong detergent signals are present, perdeuterated 
detergent molecules could be used or double difference techniques (STDD NMR) applied23. One further alter-
native is to perform similar studies on membrane proteins encapsulated in novel membrane protein scaffolds 
(SMALPS) or indeed in whole cells42. Such experiments are currently being performed in our lab.

In summary, we have demonstrated a fast, STD NMR-based protocol for the determination of ligand binding 
constants across at least four orders of magnitude for membrane proteins. This experimental approach can be 
applied to both detergent-solubilised and proteoliposome-reconstituted proteins leading to important physiologi-
cally relevant information. Further, with improved spectrometer performance and sensitivity such competition 
STD NMR techniques could lead to important new applications such as lead discovery in which compound 
libraries are screened against a range of drug targets to identify both high- and low-affinity ligands. Analogues 
may then be rapidly rank-ordered, and structure–activity relationships derived that can be used to optimise such 
NMR “hits” into viable drug leads. Hence, the STD NMR approach described here could ultimately be considered 
as a powerful additional screening tool for future structure-based and fragment-based drug design (SBDD and 
FBDD respectively) especially in these and other key membrane protein systems.

Materials and methods
Plasmids.  GltPh (wild type) inserted into pBAD24 plasmid was created by Eric Gouaux (Oregon Health and 
Science University, USA) and supplied by Harald H. Sitte and Thomas Stockner (Medical University of Vienna, 
Vienna, Austria)18.

Expression and purification of GltPh in detergent.  Plasmids including wild type (WT) GltPh were 
used to transform chemically competent TOP10 Escherichia coli bacterial cells (1 ng.μL−1, 100 mL). Cells were 
grown in LB medium up to an optical density of 0.7–0.8 at 600 nm (37 °C, 190 rpm). Protein production was 
induced by addition of 0.2% L-arabinose and cell harvesting was carried out after 3 h of incubation (30  °C, 
190 rpm). Cells were pelleted by centrifugation (Thermo Scientific Sorvall RC6 Plus) at 6000 rcf for 8 min. The 
cells were re-suspended in lysis buffer (20 mM HEPES pH 7.5, 200 mM NaCl, 5 mM MgCl2) with DNAse, PMSF, 
lysozyme and glycerol, and lysis was performed using a high pressure EmulsiFlex system at 10,000 psi. Removal 
of all cellular debris was carried out via centrifugation (6000 rcf, 10 min). The resulting supernatant was then 
subjected to ultracentrifugation (176,000 rcf, 2 h) and the membrane pellet was re-suspended in lysis buffer. 
n-Dodecyl-ß-D-Maltoside Detergent (DDM) was added to a final concentration of 1%. The solution was left 
for 90 min at 4 °C with gentle agitation, after which the total detergent concentration was diluted to 0.5% and 
insoluble protein/protein aggregates were isolated via ultracentrifugation (176,000 rcf, 15 min).

For protein binding and purification, imidazole (pH 8.0) was added to a final concentration of 10 mM, and 
the solution was incubated with TALON Metal Affinity Resin overnight at 4 °C, under mild agitation. Washes 
1 and 2 were carried out in 40 and 5 column volumes of buffer A (20 mM HEPES pH 7.5, 200 mM KCl, 0.075% 
DDM) supplemented with 10 mM and 20 mM imidazole respectively. Protein was eluted in 3 column volumes 
of buffer A supplemented with 500 mM imidazole. The purity of the eluted protein was analysed via SDS-PAGE 
gel electrophoresis. The eluted protein was exchanged to buffer B (20 mM HEPES pH 7.5, 100 mM KCl, 0.075% 
DDM) and afterwards concentrated using Amicon Ultra-15 Centrifugal Filter Units (100 kDa MWCO). The 
protein concentration was calculated by measuring the optical absorbance at 280 nm and using the molar 
extinction coefficient of WT GltPh. The purified protein was kept in 20% glycerol, aliquoted, flash frozen and 
stored at − 80 °C.

(4)y =
1[(

KD
[L]

)n
+ 1

]
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WT GltPh in buffer B with 20% glycerol was washed using a PD-10 desalting column prior to NMR experi-
ments, to remove glycerol and other small molecule impurities. Buffers C (20 mM potassium phosphate pH 7.5, 
100 mM NaCl, 0.075% DDM) and D (20 mM potassium phosphate pH 7.5, 100 mM KCl, 0.075% DDM) were 
prepared in D2O. Washed WT GltPh was prepared in buffer C via buffer exchange using an Amicon Ultra-4 
Centrifugal Filter Unit (100 kDa MWCO), with a final protein concentration of 19.5 μM. Buffer exchange was 
repeated 4 times for maximum efficiency. Washed WT GltPh was additionally prepared in buffer D, to a con-
centration of 22.7 μM, ready for control NMR experiments in the absence of Na+ ions.

Reconstitution of GltPh into liposomes.  For reconstitution experiments WT GltPh was exchanged into 
buffer E (20 mM potassium phosphate buffer pH 7.5, 100 mM KCl, 0.075% DDM) and concentrated to approxi-
mately 50 μM. Escherichia coli polar lipid extract (Avanti Polar Lipids Inc.) and 1,2-dioleoyl-sn-glycero-phos-
phocholine (DOPC) (Avanti Polar Lipids Inc.) were mixed in a 1:3 ratio. The mixture was dried under a constant 
steady stream of argon to form a thin lipid film. The dried lipid mixture was then resuspended in degassed buffer 
F (20 mM potassium phosphate buffer pH 7.5, 100 mM KCl) to a final concentration of 20 mg.mL−1. The lipid 
suspension was subjected to 5 freeze–thaw cycles using liquid nitrogen, thawing at room temperature, result-
ing in the formation of large multilamellar vesicles (LMVs). The mixture was extruded through polycarbonate 
membranes with a pore size of 400 nm (Avanti Polar Lipids Inc.) to form large unilamellar vesicles (LUVs). 
The liposomes were diluted to a lipid concentration of 4 mg.mL−1 using buffer G (20 mM potassium phosphate 
buffer pH 7.5, 100 mM KCl, 25% glycerol). Liposomes were destabilised by dropwise addition of Triton X-100 
(10% w/v), adding 150 μL in total per 5 mL of liposomes. WT GltPh in buffer E was added to the destabilised 
liposomal mixture at 20 μg protein per mg of lipid and left to agitate gently for 30 min. Detergent was removed 
by stepwise addition of Bio-Beads SM-2. The proteoliposome mixture was incubated and gently mixed with four 
successive additions of 200 mg Bio-Beads SM-2 per 5 mL of proteoliposome mixture, which were then removed 
by filtration. Liposomes were concentrated by centrifugation at 140,000 × g for 2 h at 4 °C. Buffers H (20 mM 
potassium phosphate pH 7.5, 100 mM NaCl) and I (20 mM potassium phosphate pH 7.5, 100 mM KCl) were 
prepared in D2O. Liposomes were resuspended in either buffer H or I to a final lipid concentration of approxi-
mately 40 mg.mL−1. Proteoliposomes (PL-WT GltPh) were used immediately for NMR experiments, and not 
flash frozen between times.

Empty liposomes were also prepared in the same manner and at the same lipid concentration, however 
steps involving liposome destabilising, protein addition and removal of detergent using Bio-Beads SM-2 were 
removed in this protocol. These served as control samples. The external buffer H was used for resuspension of 
the liposomes in the final step.

NMR spectroscopy.  The NMR spectra were recorded at 278 K with D2O as solvent, on an Ultra- Compact 
800 MHz Bruker Avance III NMR spectrometer equipped with an inverse triple resonance (H/C/N) z-gradient 
probe head. STD NMR experiments were carried out by a pseudo 2D pulse sequence including spoil pulses to 
destroy residual magnetization during the relaxation delay (two trim pulses of 2.5 and 5 ms, followed by a 3 ms 
gradient pulse on the Z-axis). For selective saturation of GltPh, cascades of 49 ms Gaussian-shaped pulses (field 
strength of 90 Hz) were used with a 1 ms delay between successive pulses. Total saturation time for STD meas-
urements was 2 s with a recycling delay of 2 s in experiments consisting of 512 scans. The saturation time of 2 s 
was selected as a compromise between sensitivity and accuracy on KD determination, as a long full initial-slope 
STD NMR approach38 is not appropriate for relatively fast-degrading membrane proteins. Selective saturation of 
the protein was achieved by setting the on-resonance frequency at 0.6 ppm, to produce efficient saturation of the 
aliphatic side chains of the protein. This saturating radio frequency indeed also directly hit on the most up-field 
proton signal of the detergent molecules, contributing to a very efficient saturation of the whole system. Potential 
saturation transfer effects arising from non-specific interactions of the ligands with the detergent could be ruled 
out by negative results of STD NMR experiments of the protein–ligand system in the absence of Na+. For the 
reference (off-resonance) spectrum, the irradiation frequency was shifted to 40 ppm.

In the case of detergent solubilised WT GltPh, a series of STD NMR experiments were first carried out using 
WT protein in buffer C and increasing L-glutamate concentrations ranging from 0 to 5 mM (example NMR 
spectra in Figure S2). A control STD NMR measurement was then undertaken using detergent solubilised WT 
GltPh in buffer D (without Na+ ions) supplemented with 0.5 mM L-glutamate (Figure S1). Finally, a series of 
STD NMR experiments were taken following a competition-based titration of L-aspartate (ranging from 0 to 
1 μM) into WT GltPh in buffer C supplemented with 1.5 mM L-glutamate.

For PL-WT GltPh, the first set of STD NMR experiments were carried out using proteoliposomes in external 
buffer H and increasing L-glutamate concentrations ranging from 0 to 5 mM (Figure S5). Two control STD NMR 
experiments were also undertaken, using (1) empty liposomes in external buffer H (Figure S3) and (2) PL-WT 
GltPh in external buffer I (Figure S4), each supplemented with 1.5 mM L-glutamate. Finally, a series of STD NMR 
experiments were taken following a competition-based titration of L-aspartate (ranging from 0 to 2 μM) into 
PL-WT GltPh in buffer H supplemented with 1.5 mM L-glutamate. Bruker Topspin (version 3.5) was employed 
for processing the NMR spectra and determination of peak integrals for STD-AF calculations as described in 
reference 21. All figures, except Fig. 1, were prepared using Matlab. The KD determination was performed using 
the curve fitting tool in Matlab.

Spin–lattice relaxation times (T1) were determined using the inversion-recovery method43 for (a) 1.5 mM 
L-glutamate in buffer C, and (b) 1.5 mM L-glutamate added to empty liposomes in external buffer H. For these 
experiments, spectra of 16 K data points were obtained for 16 and 12 delay time (τ) values in cases (a) and (b) 
respectively, ranging from 1 ms to 5 s. Initial quick T1 estimation was performed for all samples in order to set 
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the appropriate relaxation delay, which was set to 5 s in all samples. T1 values were obtained by fitting the data 
(Figure S6, table S1) to the following equation:

Data availability
The data sets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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