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Abstract

Membrane proteins play a key role in numerous physiological processes such as transport,

energy transduction in respiratory and photosynthetic systems, and signal transduction,

and are of great pharmaceutical interest, comprising more than 60% of known drug targets.

However, crystallisation of membrane proteins, and G protein-coupled receptors (GPCRs)

in particular, still relies heavily on the use of protein engineering strategies, which have been

shown to hamper protein activity. Here, a range of biophysical methods were used to study

the structure and function of two membrane proteins, a prokaryotic peptide transporter,

PepTSo and a GPCR, neurotensin receptor 1 (NTS1), using di�erent membrane reconstitu-

tion methods to study the proteins in a native-like environment. Firstly, using the pulsed

EPR method of DEER (double electron-electron resonance) the conformation of PepTSo

reconstituted into lipid bilayers was assessed and compared to previous structural data ob-

tained from crystallography and modelling. The in�uence of the membrane potential and

the presence of substrate on the conformational heterogeneity of this proton-coupled trans-

porter were investigated. Secondly, NTS1 puri�cation was optimized for biophysical study.

Cysteine mutants were created and a labelling procedure was developed and optimized for

�uorophore and nitroxide labelling studies. NTS1 was then studied by continuous-wave

EPR, to assess the in�uence of ligand on local protein dynamics, and to assess the structure

of a receptor segment known as helix 8, that was proposed to be an α-helix, but was only

observed to be helical in one of the NTS1 crystal structures. The signalling mechanism of

NTS1 was also investigated using the novel biophysical method of microscale thermophore-

sis (MST) to assess the a�nity of the receptor for G protein in vitro in the absence of

ligand, or in the presence of agonist or antagonist. MST measurements were performed in

detergent and in nanodiscs of di�erent lipid compositions, to assess the in�uence of the lipid

environment on receptor function. Finally, ensemble and single-molecule FRET, and DEER

were combined to study the dimerisation interface of NTS1, showing novel dynamics of the

interfacial associations. In summary, this thesis demonstrates the potential of biophysical

techniques to study various aspects of membrane protein structure and function in native-

like lipid systems, complementing e.g. structural data obtained from crystallographic studies

with functional data for receptors in more native environments, as well as giving insights into

protein dynamics. The work presented here provides novel insights into PepTSo transport,

and in particular into NTS1 structure, signalling, and oligomerisation, opening up several

avenues for future research.
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Ĥ Hamiltonian operator
H helix
IC intracellular (loop)
IMAC immobilized metal a�nity chromatography
IP3 phosphatidylinositol-4,5-bisphosphate
IPTG isopropyl β-D-1-thiogalactopyranoside
IR infrared
ITC isothermal titration calorimetry
J overlap integral (in FRET), exchange coupling (in EPR), �ux (in MST)
κ orientation factor (in FRET)
KPi potassium phosphate
L:P lipid-to-protein ratio
LUV large unilamellar vesicle
µB Bohr magneton
MBP E. coli maltose binding protein
MSP membrane sca�old protein
MST microscale thermophoresis
MTS (1-acetoxy-2,2,5,5-tetramethyl-δ-3-pyrroline-3-methyl)-methanethiosulfonate
MTSL (2,2,5,5-tetramethyl-δ-3-pyrroline-1-oxyl-3-methyl)-methanethiosulfonate
MWCO molecular weight cut-o�
ν frequency
NMR nuclear magnetic resonance
NT neurotensin (ELYENKPRRPYIL)
NT8-13 C-terminal hexapeptide of NT (RRPYIL)
NTS1 neurotensin receptor 1
NTS1B MBP-TEV-rT43NTS1-TEV-TrxA-His10
NTS1BH6 MBP-TEV-rT43NTS1-His6-TEV-TrxA-His10
OD optical density
3p 3-pulse DEER
4p 4-pulse DEER
Φ (�uorescence) quantum yield
PA phosphatidic acid
PCR polymerase chain reaction
PDB protein data bank
PEGm methoxypolyethylene glycol 5000 maleimide
PELDOR pulsed electron-electron double resonance
PIPES piperazine-N,N'-bis(2-ethanesulfonic acid)
PLC phospholipase C
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
PS phosphatidylserine
PI phosphatidylinositol
Pr probability
PROXYL 2,2,5,5-tetramethyl-1-pyrrolidinyloxy
r interlabel distance
R0 Förster radius
r.m.s.d. root-mean-square deviation
ROI region of interest
rpm rotations per minute
RT room temperature
rT43NTS1 N-terminally truncated NTS1
SDS sodium dodecyl sulphate
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SDS-PAGE sodium dodecyl sulphate poly acrylamide gel electrophoresis
SDSL site-directed spin labelling
SM sphingomyelin
SMA styrene maleic acid (polymer)
SPR surface plasmon resonance
SR14 SR142948A (NTS1 antagonist)
SR48 SR48692 (NTS1 antagonist)
ST Soret coe�cient
SUV small unilamellar vesicle
τc rotational correlation time
T1 longitudinal relaxation time
T2 transverse relaxation time
T4L T4 lysozyme
TCEP tris(2-carboxyethyl)phosphine
TEV tobacco etch virus protease (recognition site)
Tm phase memory
TM transmembrane (helix)
Tris 2-amino-2-hydroxymethyl-1,3-propanediol
TrxA E. coli thioredoxin
UV ultraviolet
v/v volume per volume
WT wild-type
w/v weight per volume
w/w weight per weight
YFP yellow �uorescent protein



1 | Introduction

1.1 Biological membranes

1.1.1 Lipids

Biological membranes form the boundaries of life, separating organisms from the outer world,

cells from one another, and compartmentalising cellular processes. Membranes are made up

of amphipathic lipids, whose hydrophobic tails have the propensity to self-associate, entropi-

cally driven by the aqueous environment of the cell with which their hydrophilic headgroups

interact (Figure 1.1). Indeed, the importance of lipids is manifested by the fact that

Figure 1.1: Biological membrane. Schematic of the plasma membrane, showing a lipid bilayer
with integral and peripheral membrane proteins, sterols, glycolipids, protein glycosylation, and actin
�laments from the cytoskeleton (adapted from wikipedia).

eukaryotic cells use about 5% of their genes to synthesise thousands of di�erent lipids [1].

Most of this lipid synthesis takes place in the endoplasmic reticulum, followed by the Golgi

apparatus and the mitochondria (although this can vary substantially in certain cell types),

from which lipids are transported to other organelles and the plasma membrane via vesicu-

lar or protein-mediated transport [2]. Glycerophospholipids are the major structural lipids

in eukaryotic membranes (Figure 1.2A). They are made up by fatty acids and phosphoric

1
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Figure 1.2: Biological lipids. The common structure for main classes of biological lipids found
in eukaryotic membranes (A) glycerophospholipids and (B) sphingolipids are shown. They roughly
consist of a hydrophilic headgroup (blue) and a hydrophobic tail (grey). Lipids can have a variety
of headgroups (C). The inositol headgroup (D) can be phosphorylated resulting in the important
signalling molecule PIP3. Membranes also contain sterols, with (E) cholesterol being the sterol
commonly found in mammals. (F) The lipid tails are composed of fatty acids. Common saturated
(left) and cis-unsaturated (right) are shown, with the Cx:y code giving the number of carbons (x)
and double bonds (y) present.

acid esteri�ed to a glycerol moiety. The phosphoric acid is typically linked via a phos-

phoester bond to a variety of polar groups (Figure 1.2C), together forming the headgroup

of the lipid. The main structural eukaryotic glycerophospholipids are phosphatidylcholine
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(PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidic acid (PA),

and phosphatidylserine (PS). Positively charged headgroup moieties neutralize the negative

charge of the phosphate, creating an overall neutral, zwitterionic lipid (PC, PE), while lipids

with neutral headgroup moieties carry a net negative charge (PS, PG, PI). The diacylglyc-

erol moiety contains saturated or cis-unsaturated acyl chains (Figure 1.2F). PC lipids are

the most abundant, accounting for >50% of the phospholipids in most eukaryotic mem-

branes [2]. They typically have one unsaturated chain, making them "�uid" at physiological

temperatures, and nearly cylindrical in overall geometry, giving them a propensity to readily

form planar bilayers. Other lipids, like PE (Figure 1.2C), have small or compact headgroups

giving them an overall conical geometry, which imposes curvature stress onto membranes

[3]. PE lipids are also able to form direct hydrogen bonds with other membrane(-associated)

components [4]. The curvature imposed by conically shaped lipids can be used for budding,

�ssion and fusion processes, but could also play a role in accommodating membrane proteins

and potentially modulating their activity [5].

Apart from glycerophospholipids, sphingolipids are also found as structural lipids in

eukaryotes (Figure 1.2B). Their basic structural unit is a ceramide moiety (sphingosine

amide-linked to an acyl fatty acid), which in linked to a polar headgroup. In mammalian

cells, the main sphingolipids are sphingomyelin (SM), which has a choline headgroup, and

the glycosphingolipids (GSLs), which have an (oligo)saccharide headgroup. In contrast to

the glycerophospholipids, sphingolipids have saturated or trans-unsaturated acyl chains, al-

lowing them to adopt a taller and narrower cylindrical geometry for lipids of the same chain

length. Furthermore, the amide group in the interfacial region of SM lipids can act as both

a hydrogen bond donor and acceptor, whereas the carbonyl group in glycerophospholipids

can only act an hydrogen bond acceptor [6]. Taken together, the cylindrical geometry of SM

lipids and their ability to form both intra- and intermolecular hydrogen bonds allows them

to pack more tightly [7]. This causes them to be in a solid gel phase (at physiological tem-

peratures), which is turned into a liquid-ordered phase when sterols are present, where the

lipid order is maintained, but lateral di�usion is faster than in the gel phase (see Figure 1.3)

[8]. Indeed, sterols, and speci�cally cholesterol in mammals, are the main non-polar lipid

in component of membranes (Figure 1.2E). Plasma membranes are relatively rich in sph-

ingolipids and sterols compared to internal membranes, which has been suggested to make

them more resistant to mechanical stress because of the denser packing [2]. Experiments

have shown that sphingolipid-sterol patches can form laterally segregated microdomains

within membranes, often called lipid 'rafts', which could play a role in signalling and traf-

�cking, although their precise nature in vivo remains somewhat controversial [7�13].
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The speci�c lipid content of membranes varies with species, cell type and organelle, as

shown in Table 1.1, which gives an overview of the predominance of phospholipid headgroup

composition for a few types of membrane. Membranes not only di�er in their lipid head-

group composition but also in the types of fatty acyl chains, the length and saturation level

of which can vary widely, from 12 up to 26 carbons with up to six double bonds (Figure

1.2F shows a few examples commonly found in biological membranes and used in model

membranes) [14]. This diversity in lipid composition is likely to have consequences for the

functionality of the di�erent membranes and the proteins embedded therein [15].

Table 1.1: Phospholipid composition of di�erent membranes. Typical composition of lipid
headgroups of a few biological membranes is given, as well as the molar fraction of sterols (typically
cholesterol) found. All are given in in mol% of total lipid content except for Sf9 (whole cell)
which is in weight%. Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS,
phosphatidylserine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PA, phosphatidic acid; SM,
sphingomyelin; CL, cardiolipin; Synaps PM, Synaptosomal plasma membranes; Sf9, Spodoptera
frugiperda; Ref., reference.

Cell type
Phospholipid composition (%) Sterol

(mol/mol)
Ref.

PC PE PS PG PI PA SM CL Other

E. coli inner
membrane

- 70-80 - 15-20 - - - 5 - - [16]

Erythrocyte
(human)

29 27 14 0 0.7 2 26 0 1.3 0.85 [17]

Erythrocyte
(rat)

42 25 11.2 0 5 <0.3 12.8 0 4 0.37 [18, 19]

Synaps PM
(rat brain)

41.6 34.2 13.2 0 3.5 0.3 5.1 0 2.1 0.45 [20]

Sf9 insect cells 35 36 - - 23 - - 4.6 1.4 0.04 [21]

1.1.2 Lipid signalling

Apart from their structural role, lipids also play a role in signalling, being able to act as

�rst and second messengers. Hydrolysis of amphipathic lipid molecules results in hydropho-

bic components that can signal within the membrane, e.g. by recruiting proteins to the

membrane, and in more hydrophilic components that can leave the membrane and interact

with cytosolic signalling partners or membrane receptors. Phosphorylated PI moieties (PIP,

PIP2 and PIP3, with phosphate groups added to the inositol headgroup, see Figure 1.2D)

are especially well-known for their role in cell signalling [22, 23]. Large-scale lipid hydrolysis

can also a�ect the physical properties of the membrane itself, as seen for example in the

production of large quantities of ceramide during apoptosis [24]. However, typically, the

levels of signalling lipids are very small compared to bulk lipid and they rely on site-speci�c

transient high concentrations and combinatorial recognition for their e�ector function [25].
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1.1.3 Membrane asymmetry

Another interesting feature of biological membranes is that they are asymmetric in their lipid

distribution over the two lea�ets. This asymmetry arises through (1) di�erences in physical

properties of di�erent lipids that enable them to readily cross the bilayer spontaneously

or not, (2) retentive mechanisms that trap lipids in either lea�et, and (3) the presence or

absence of transporters that mediate lipid translocation across the membrane [26]. The

rate of spontaneous �ipping of lipids between lea�ets depends on their size, charge and the

polarity of the headgroup. In model membranes it was shown to be slow for PC lipids and

GSLs (hours-days) but fast for ceramide, diacylglycerol and sterols (seconds) [27�29]. Much

slower rates (t1/2 ≈ 200 min) were found for cholesterol in a more recent neutron scattering

study [30], where the authors attributed the discrepancy to the chemical tags used in other

studies, suggesting that active transport must play an important role in creating cholesterol

asymmetry across the membrane as well. Indeed, many lipids depend on the activity of

ATP-dependent transporters [31, 32]. Through these mechanisms the plasma membrane

attains an asymmetric distribution with SM and GSL enriched on the outer lea�et and PS

and PE lipids on the inner lea�et [33]. Some studies suggest that cholesterol is also enriched

in the outer lea�et due to its a�nity for sphingolipids, but the data is controversial [34].

Figure 1.3: Membrane lipid phases. Schematic of phases lipids can adopt in a membrane:
liquid-disordered phase (or liquid-crystalline), solid-ordered gel phase, and liquid-ordered phase. In
the liquid-disordered phase di�usion is fast (~1 µm2s-1), while it is slow in the gel phase (~10-3

µm2s-1). In the liquid-ordered phase that is often described as a gel-phase "�uidized" by cholesterol,
order is high as in the gel phase, but di�usion rates are similar to those in the liquid-disordered
phase.
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1.1.4 Lipid phase and membrane compartmentalization

Lipid bilayers can adopt di�erent polymorphic phases (see Figure 1.3) depending on their

physical properties and their environment, a�ecting the order in the bilayer and di�usion

rates. Much of the work on the phase behaviour of lipids has been conducted in pure lipid

vesicles of varying lipid content; under such conditions it was shown that lipids can segregate

into large domains of liquid-ordered and liquid-disordered phase [35]. Studies on (living)

cells, especially recently with the advent of single-molecule imaging techniques, suggest that

the in vivo picture is more subtle; the consensus is that microdomains do exist, but that

they are small and transient, and likely rely on lipid-protein and protein-protein interaction

rather than solely on lipid-lipid interactions [36, 37]. This is not surprising, given that

membrane proteins on average they make up approximately �fty percent of the dry weight

of biological membranes. In addition, the cytoskeleton also in�uences lateral di�usion in

the plasma membrane, acting as a 'fence' compartmentalizing the membrane into domains

(~30-200 nm), between which membrane components can jump via so called 'hop di�usion'

[12, 37]. This complex organisation of the plasma membrane is likely to in�uence protein

function and signalling.

1.1.5 Lipid-protein interactions

Lipids can also modulate protein function and activity. Indeed, many examples can be found

in the literature of proteins requiring speci�c lipids or classes of lipids, e.g. to bind ligand [38�

40], to couple to intracellular signalling partners [41, 42], or to oligomerise [43, 44] (reviewed

in [16]). Electron paramagnetic resonance (EPR) studies with spin-labelled lipids have

shown that many proteins preferentially interact with negatively charged lipids, compared to

neutral PC lipids [45]. Functional studies have shown that other membrane proteins require

curvature-inducing lipids, such as PE, and often cholesterol [16, 40]. Acyl chain length

also in�uences the protein-lipid interaction; discrepancy between the thickness of the apolar

Figure 1.4: Hydrophobic mismatch. Schematic showing how proteins and lipids might be
distorted to accommodate hydrophobic mismatch (discrepancy between the thickness of the apolar
region lipid bilayer and that required by the transmembrane protein): extension or compression of
acyl chains and/or tilting of the protein.
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region of the lipid bilayer and the length of the hydrophobic portion of the transmembrane

protein, called hydrophobic mismatch, can lead to distortions of the lipid and/or protein

(Figure 1.4) [46]. For example, it was seen by x-ray scattering that the presence of gramicidin

leads to stretching and thinning of a DLPC (C12) and DMPC (C14) bilayer, respectively

[47]. Nuclear magnetic resonance (NMR) studies on the transmembrane helix of viral protein

Vpu showed a linear dependency of helix tilt angle on acyl chain length [48]. Spin-label EPR

studies on rhodopsin [49], and a �uorescence study with peptides [50] showed that in PC

membranes integral membrane proteins interact more favourably/strongly with lipid that

requires no change in the bilayer thickness. Taken together, these �ndings illustrate the

importance of using the right, physiologically relevant, membrane mimetic in membrane

protein in vitro studies.

1.2 Membrane proteins

1.2.1 Introduction

Membrane proteins represent a signi�cant part of cellular membranes; but more importantly,

they play a key role in numerous physiological processes, such as transport, energy trans-

duction in respiratory and photosynthetic systems, and signal transduction. They make up

about 30% of the total proteome of most organisms [51], and are of great pharmaceutical

interest, comprising more than 60% of known drug targets [52, 53].

Membrane proteins can either be integral (or intrinsic), peripheral (or extrinsic), or lipid

anchored (Figure 1.1). Peripheral membrane proteins are associated with the membrane

without the polypeptide chain inserting in it. They can be bound to the membrane re-

versibly (amphitropic proteins), and regulated by their binding to the membrane, e.g. due

to proximity of e�ector molecules or substrate, or structural changes induced by the binding

[54]. They bind through interactions with integral membrane protein, and/or with the lipids

themselves; apart from hydrophobic interactions [55] these are typically electrostatic interac-

tions with charged residues and anionic lipids [56]. Some have speci�c lipid binding motifs,

such as PH (pleckstrin homology) [57] or C2 domains [58], which bind phoshpolyrated PI

lipid and negatively charged phospholipids, respectively, and are found in various kinases,

phosphatases and phospholipases [59]. Apart from signalling and enzymatic functions, pe-

ripheral membrane proteins can have a structural role, e.g. linkage of the cytoskeleton to

the membrane [60].

Lipid-anchored proteins are linked to the membrane via a glycosylphosphatididylinositol
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(GPI) lipid. They are common in animals, making up approximately 0.5% of all eukaryotic

proteins [61], and are typically found on the outer lea�et of the plasma membrane [62].

They have been shown to associate with sphingolipid/cholesterol-rich membrane domains

('rafts') in a cholesterol-dependent manner [63, 64]. The GPI anchor is typically linked to

the protein close to its C-terminus via an ethanolamine moiety which is linked to the PI lipid

via several sugar residues, and its sugar and fatty acid composition varies [65, 66]. GPI-

anchored proteins have been shown to be important for viability in yeast and embryogenesis

in higher eukaryotes, where GPI has been found to be anchored to a variety of proteins such

as receptors, adhesion molecules, and enzymes [67].

Integral membrane proteins are embedded in the membrane. They can be either (1) mono-

topic, inserted in the membrane without without traversing it; (2) bitopic, having only one

transmembrane (TM) segment; or (3) polytopic, having multiple elements traversing the

membrane connected by loops, with most membrane proteins falling into the latter two cat-

egories. So far only α-helical and β-barrel intrinsic protein structures have been found [51].

Helical integral membrane proteins are made up of one or more α-helices of ~15-30 amino

acids spanning the membrane bilayer [68]. The TM region contains mostly hydrophobic

residues with the chains pointing outwards, shielding the imino and carbonyl groups, sta-

bilised by van der Waals interactions with the hydrophobic membrane core. Several studies

have looked at the overall distribution of amino acids in transmembrane proteins, and found

that hydrophobic residues (Ala, Ile, Val, Leu) are most prevalent in the middle of the TM

section, while the number of aromatic residues (Tyr and Trp, but not Phe) peaks at the

interface region of the membrane, in both α-helical and β-barrel proteins [69]. These aro-

matic residues are thought to be help position the TM protein in the membrane correctly,

through complex electrostatic interactions of the �at rigid ring with the hydrophobic core

[70]. Basic and acidic residues are encountered less frequently in TM sections, but are not

entirely excluded and can be found e.g. in salt bridges that neutralise the overall charge, or

in co-factor binding sites [71]. Polar residues are sometimes accommodated by 'snorkelling',

where the polar group is oriented towards the interface, which is most often seen for Tyr,

Lys and Arg [72, 73], although other polar residues (Asp, Glu, Asn, and Gln) can also

snorkel [74]. Positively charged residues are found more frequently on the cytoplasmic side

than on the exoplasmic side of the protein ("positive-inside rule") [75, 76]. Interestingly, the

helix-breaking amino acids glycine and proline are commonly found in TM helices, and the

kinks they introduce are thought to aid close protein packing [77]. Hydrogen bonds are also

important in TM protein packing, and in "capping" of TM segments through interaction of

an H-bond donor residue with the backbone carbonyl [78]. They have also been found to be
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important in oligomerisation interfaces [79, 80].

Both integral and peripheral membrane proteins can also have post-translational modi�-

cations, e.g. acylation or prenylation, that penetrate the bilayer, (further) anchoring the

protein to the membrane [81]. Acylated proteins typically have a myristoyl (C14) or palmi-

toyl (C16) group added to N-terminal Gly or to Ser/Cys groups, respectively, and can have

multiple acyl anchors ensuring stable attachment to the membrane. Prenylated proteins

are modi�ed with terpenes, typically farnesyl or genarylgenaryl, via a thioether link to Cys.

Prenylated proteins are generally found on the intracellular side of the membrane; for ex-

ample, the Ras superfamily of GTPases interact with the plasma membrane via farnesyl

[82]. Guanine nucleotide binding (G) proteins are also post-translationally modi�ed, with

the Gα subunit being acylated and the Gγ subunit prenylated, aiding their interaction with

the transmembrane G protein-coupled receptors (GPCRs) [83].

1.2.2 Transporters

Biological membranes form a permeability barrier, regulating passage of substances across

the membrane. They are permeable to gasses such as O2 and CO2, and somewhat permeable

to small uncharged polar molecules like urea and ethanol, and to a lesser extent water, which

can cross the membrane down their concentration gradient by passive (normal) di�usion, at

a rate dependent on molecule size, charge and hydrophobicity [84]. Membrane protein trans-

porters are responsible for the uptake of most other molecules for which the membrane is

normally impermeable, or for increasing the rate of transport of poorly permeable molecules

such as water. These proteins are highly important for cell function, not only regulating

the uptake of metabolites and nutrients, but also maintaining the ionic balance in cells, and

thus the electric potential, regulating cell pH, and playing a major role in osmoregulation

[85]. They also play crucial roles in neuronal signalling, where they are responsible for signal

detecting in the synapses either directly (ligand-gated ion channels) or indirectly (GPCR

signalling-dependent ion channels), and for signal propagation along axons [86, 87]. Some

transporters also have the ability to take up drugs and are thus major targets for improving

the bioavailability of drugs [88].

Membrane protein transporters can be roughly divided into three classes (see Figure 1.5):

channel proteins, ATP-powered pumps, and transporters (uniporters and cotransporters)

[89]. Transport is generally speci�c with each protein only transporting one species or a

group of closely related species. These proteins rely on cycles of conformational changes for
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Figure 1.5: Membrane transport proteins. Schematic the three main classes of transporter
proteins: ion channels, ATP-powered pumps and transporters.

transport in which they are alternately open to either site of the membrane [90�92]. Trans-

port rates in channel proteins, which shuttle through a closed and open state in which many

molecules can pass per cycle, are much higher (up to ~108 molecules/s) than those found for

in ATP-powered pumps and the transporters (~100− 104 molecules/s) in which only one or

a few molecules can pass per cycle [85, 93�95]. The ATP-powered pumps are ATPases that

use the energy of ATP hydrolyses to catalyse transport of a wide variety of molecules such

as ions, toxins, drugs, lipids, peptides and proteins, against their concentration gradient (i.e.

active transport) [95]. Channel proteins, such as ion channels and aquaporin, transport ions,

water and small hydrophobic molecules down their concentration gradient (i.e. facilitated

di�usion). Transporters (or carriers) facilitate the movement of ions and molecules such as

sugars and amino acids. They can be either uniporters transporting one type of molecule

down its concentration gradient, or cotransporters, which transport two substrates in the

same (symporters) or opposite direction (antiporters) [89]. Cotransporters work through

secondary active transport and use the energy stored in the electrochemical gradient across

the membrane, coupling the thermodynamically favourable movement of one molecule down

its concentration gradient to the unfavourable transport of another against its concentration

gradient [96].

1.2.3 G protein-coupled receptors

GPCRs represent one of the largest families of proteins in mammals, accounting for ~1%

of genome-encoded proteins. With over 800 GPCRs encoded for in the human genome,

they form the largest class of cell surface receptors [97]. GPCRs are characterized by seven

membrane-spanning α-helices connected by �exible loop regions (Figure 1.6). They can be

grouped into �ve families, based on sequence similarities: family or class A (rhodopsin), B

(secretin), C (glutamate), the adhesion receptors, and the frizzled-taste receptors [98]. The

rhodopsin family is the largest by far with almost 700 members [99]. Although all have the
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Figure 1.6: G protein-coupled receptor (GPCR). Schematic depiction of the three main
families of GPCRs. All three are characterized by seven membrane-spanning α-helices connected
by �exible loop regions. Conserved residues for each family are shown as red spheres. Family A,
has several highly conserved residues and a disul�de bridge that connects extracellular loops 1 and
2, and most of the family A GPCRs have a palmitoylated cysteine in the carboxyl-terminus, which
anchors it to the membrane. Family B GPCRs have a relatively long N-terminus, containing several
cysteines. Family C GPCRs have a long C-terminus, and an overall large N-terminal domain which
harbours the ligand-binding site (green). Figure redrawn from [100].

same 7-TM topology, the �ve families share little sequence identity (SI < 20% in the TM-

domain) and di�er substantially in their extracellular N-terminal domains [101]. GPCRs

act as receptors for a plethora of di�erent ligands, ranging from hormones, peptides, nu-

cleotides and neurotransmitters, to lipids, ions, odours and photons, and they are involved

in important physiological processes, including cell-to-cell communication, mediation of hor-

monal activity and sensory transduction [102]. In the classical G protein-coupled signalling

mechanism, ligand binding on the extracellular side results in conformational changes in the

receptor leading to activation of a heterotrimeric G protein (with an α, a β and a γ subunit)

on the intracellular side, by catalysing GTP for GDP exchange on the heterotrimeric G pro-

tein α subunit [103]. This leads to a conformational change in the α subunit, causing the

G protein to dissociate into the Gα and Gβγ subunit, which activate downstream e�ectors,

leading to the generation of second messengers, and activation of signalling cascades and

ultimately eliciting a range of cellular responses (see Figure 1.7). The activated α subunit

hydrolyses its bound GTP to GDP which inactivates the subunit. The inactivated α subunit

reforms an inactive complex with a βγ complex, turning o� downstream signalling. Besides

these G protein-coupled signalling pathways, GPCRs have also been shown to signal in a G

protein-independent manner [105]. Activated receptors can signal, and activate G proteins

until they are desensitised, typically through intracellular phosphorylation and subsequent

recruitment of β-arrestins [106], or through phosphorylation-independent mechanisms [107].

Arrestin-bound GPCRs can be internalised via recruitment to clatherin-coated pits, and are

then either dephosphorylated and recycled to the plasma membrane, degraded in lysosomes,

or involved in the activation of new signalling pathways [108�110].
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Figure 1.7: GPCR signalling. GPCRs bind a wide array of ligands (examples of di�erent
classes are shown). Agonist binding leads to conformational changes in the receptor and promotes
interaction with heterotrimeric G proteins, composed of an α, β and γ subunit. Upon activation,
GDP is exchanged for GTP in the Gα subunit. The activated G protein dissociates into Gα and
Gβγ, each of which can activate downstream e�ectors. The speci�c cell response depends on the
G protein subtype; speci�c GPCRs can couple through one or more G protein subtypes. The four
Gα subfamilies, Gαs, Gαi, Gαq and Gα12 are indicated here, together with some of their associated
downstream signalling targets. Typically signalling through Gαs or Gαi increases or decreases
cAMP levels through stimulation and inhibition of adenylyl cyclase, respectively; Gαq activates
phospholipase C (PLC) leading to increased levels of diacylglycerol and IP3 and raised calcium levels.
Gβγ also activate a wide variety of e�ectors, such as ion channels, lipid kinases and phospholipases.
The G protein subunits can also modulate cytosolic targets such as GTP-binding proteins (Ras
and Rho families), mitogen-activated protein kinases (MAPK family), serine-threonine kinases (e.g.
ERK, JNK, p38 and ERK5). These pathways lead to a variety of cellular responses (examples shown
in grey), including cancer progression and metastasis. Activated receptors are de-activated through
phosphorylation and subsequent processes. Other abbreviations: GABA, γ-aminobutyric acid; LPA,
lysophosphatidic acid; S1P, sphingosine-1-phosphate; RhoGEFs, RhoGTPase nucleotide exchange
factors (activate Rho); GRK, GPCR kinase; PKA and PKC, protein kinase A and C; AKAP-Lbc,
A-kinase anchor protein (regulates PKA); lbc, lymphoid blast crisis (a RhoGEF). Figure based on
[104], [100] and [102].

GPCRs are of enormous interest to the pharmaceutical industry, with ~40% of drugs acting

as modulators of GPCR function, targeting a wide range of human diseases, such as allergic

rhinitis, pain, hypertension and schizophrenia [52, 53, 111]. However, these drugs act on

only approximately 5% of GPCRs, leaving ample opportunities for further drug discovery

in the �eld of GPCRs [112]. A better structural and functional understanding of GPCRs

would of course be bene�cial as it can help target drug design.
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1.3 Reconstitution of membrane proteins

1.3.1 Detergents

Puri�cation of membrane proteins from heterologous expression systems usually requires

solubilisation in detergents [113, 114]. Detergents are water-soluble amphiphilic surfactants,

with a polar or ionic headgroup and a non-polar tail, that self-associate into spherical as-

semblies (micelles, Figure 1.8) in aqueous environments above a threshold concentration, the

critical micellar concentration (CMC). They can be (1) ionic, having a charged headgroup,

(2) non-ionic, or (3) zwitterionic [115, 116]. Non-ionic detergents, such as Triton X-100 and

n-dodecyl-β-D-maltoside (DDM), are typically milder (less-denaturing) than ionic deter-

gents, such as sodium dodecyl sulfate (SDS). However, the ionic derivatives of the naturally

occurring bile salts, such as sodium cholate, which have a tetracyclic apolar region similar to

that of cholesterol, are much less denaturing than hydrocarbon tail ionic detergents with the

same headgroup. Zwitterionic detergents, such as CHAPS (3-[3-(cholamidopropyl) dimethyl-

ammonio]-1-propanesulfonate, also a bile salt derivative), and LDAO (lauryldimethylamine

oxide), combine the properties of ionic and non-ionic detergents, and can thus be useful

in initial membrane solubilisation steps. Additionally, short-chain detergents (e.g. OG, n-

octyl-β-D-maltoside) are typically more denaturing than their longer-chain counterparts

(e.g. DDM). DDM and Triton X-100 are most widely used in membrane protein research

because of their relative mildness, allowing retention of biological function, and are often

used in combination with lipid or cholesterol-like additives (e.g. cholesteryl hemisuccinate,

CHS) in mixed detergent-lipid micelles [115, 117]. Nevertheless, the extraction of membrane

proteins from their lipid environment is often accompanied by a loss of activity and stability

[115, 116, 118]. Thus membrane proteins are often reconstituted into lipid environments fol-

lowing puri�cations in detergents. Detergent can be removed by a variety of methods such as

gel �ltration, dialysis, and adsorption to polystyrene beads (e.g. Bio-Beads) [114, 119]. The

�rst two methods work best for high CMC detergents, while the last is generally applicable.

1.3.2 Bicelles

Bicelles are a type of mixed detergent-lipid micelles, but with a more elongated rather than

spherical structure, more closely mimicking a lipid membrane environment than regular mi-

celles (Figure 1.8C) [120]. They are usually composed of short-chain phospholipids (e.g.

DMPC), forming the main bilayer component, which is edge-stabilized by detergent (e.g.

CHAPSO, 3-[(3-cholamidopropyl)dimethyl-ammonio]-2-hydroxyl-1-propanesulfonate) or a

shorter-chain lipid (e.g. DHPC, 1,2-dihexanoyl-sn-glycero-3-PC). They are widely used in
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NMR studies as their elongated structure allows them to be aligned in magnetic �elds

[121, 122].

Figure 1.8: Detergents and membrane mimetics. (A) Structure of ionic, zwitterionic, non-
ionic, and bile salt detergents used in this thesis are shown, as well as a cholesterol-like additive; SDS,
sodium dodecyl sulfate; CHAPS, 3-[3-(cholamidopropyl) dimethyl-ammonio]-1-propanesulfonate;
DDM, n-dodecyl-β-D-maltoside; CHS, cholesteryl hemisuccinate. (B) Schematic of cross-sectional
view of a detergent micelle and a membrane protein surrounded by a micelle. (C) Schematic of
a membrane protein incorporated into a bicelle. (D) Schematic of a unilamellar liposome (�gure
reproduced from [123]).

1.3.3 Planar lipid bilayers

Planar lipid bilayers are commonly used, for example in the form of black lipid membranes

(BLMs) [124] or as supported bilayer systems on top of a solid support, such as glass, mica

or gold [125]. BLMs stretch across small apertures separating two aqueous compartments,

which can have varying ionic compositions to mimic the membrane electrochemical potential

[126]. They can be used in conductance measurements to study channel activity [127, 128].

Supported bilayers are made by the fusion of lipid vesicles on surfaces in an aqueous environ-

ment or by the sequential deposition of monolayers [125, 129]. Artefacts can arise from the
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solid support if extramembranous portions of inserted proteins adhere to the surface, and

this can be counteracted by increasing the distance between the membrane and the support,

e.g. by using lipid-tethered polymer cushions linked to the support [130]. Supported bilayers

are used in many biophysical applications, such as atomic force microscopy, surface plasmon

resonance, and �uorescence [131]. As both BLMs and supported bilayers can be made from

separate monolayers, this provides a manner to control the lipid composition of each lea�et

for making asymmetric bilayers.

1.3.4 Liposomes

Liposomes are closed vesicles of bilayer-forming lipids, encapsulating an aqueous lumen

(Figure 1.8D) [123]. Unlike planar bilayers, they do not allow access to the inner compart-

ment, but they can be preloaded with speci�c bu�ers and compounds from their formation

medium. They can be either uni- or multilamellar, and can be further divided based on

their size into four major classes: small unilamellar vesicles (SUVs); large unilamellar vesi-

cles (LUVs); giant unilamellar vesicles (GUVs); and multilamellar vesicles (MLVs) [123, 132].

MLVs are made up concentric rings of bilayers, and vary in size from ~0.2-10 µm. They

are made by shaking dried lipid �lms into aqueous solution. SUVs are made by extensive

sonication of MLVs or extrusion through polycarbonate �lters, and typically have diameters

of ~20-50 nm. Their small size means they have very high curvature, making it di�cult to

incorporate protein. LUVs are larger, ranging from ~50-1000 nm, and have a larger encap-

sulated volume. They can be made e.g. by fusion of SUVs (through freeze-thaw cycles), and

extrusion of MLVs. LUVs are generally preferred over SUVs, because their larger size and

smaller curvature more closely resembles the membrane of biological cells [132, 133]. GUVs

can have diameters in the range of ~5-300 µm. They can be made e.g. by slow hydration

of lipid �lms followed by sucrose density gradients to purify them from MLVs, or by electro-

formation. GUVs are large enough to insert microelectrodes, to mechanically manipulate or

to image surface sections by optical methods, but are much more fragile than LUVs [134].

Liposomes are routinely used for reconstituting membrane proteins into lipid bilayers, as

they are relatively easy to form, and can be made with complex lipid mixes [123]. Another

bene�t is that, unlike discoidal reconstitution methods discussed below, they do not con�ne

the protein into a small space, and thus do not hamper protein di�usion which is preferable

when studying dynamic protein-protein interactions in the membrane which rely on lateral

di�usion.
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1.3.5 Nanodiscs

Nanodiscs are a discoidal reconstitution method, developed by Sligar and co-workers [135,

136]. Discoidal reconstitution methods have the bene�t over liposomes that they allow

simultaneous access to both sides of the incorporated membrane protein. Nanodiscs consist

Figure 1.9: Nanodisc. Side (left) and top view (right) of a nanodiscs. Nanodiscs are discoidal
lipid membranes stabilised by two copies of MSP (membrane sca�old protein, grey helices), which
can be used to reconstitute membrane proteins (protein outline in shaded grey). Figure based on
the structure SecYE-ribosome-nanodisc solved by cryo-EM (PDB ID:3J00 [137]), with the inserted
protein removed and replaced by shaded outline in the top view.

of a lipid bilayer disc around which an amphiphilic so-called membrane sca�old protein

(MSP) is wrapped (Figure 1.9). MSP is an engineered construct of the human apolipoprotein

A-1, which is a plasma protein responsible for lipid transport in the blood [135]. A dimer of

MSP wraps around a lipid bilayer forming a disc with a diameter of 10 nm or larger depending

on the length of the MSP construct used; several constructs are available containing multiples

of the same repeat domain, allowing formation of larger discs, to suit the incorporation of

membrane proteins of varying sizes [138]. Nanodiscs can in principle be made with any

bilayer forming lipids to suit individual protein requirements, although in practice some

lipids yield better results than others, and reconstitution conditions need to be determined

empirically for each membrane protein and lipid mix [139]. They have been successfully used

in structural studies, e.g. of a tranlocase protein [137], and in functional studies of GPCRs

investigating G protein and ligand binding, and dimerisation [42, 140�142].

1.3.6 Lipodisqs

Lipodisqs are similar to nanodiscs, forming discoidal particles in which both sides of the

inserted membrane protein remain accessible [143]. Instead of using MSP, lipodisqs are

formed using a styrene-maleic acid polymer (SMA). The use of a polymer rather than a
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protein to form the discs makes them attractive for techniques such as protein NMR as it

eliminates undesirable signals arising from the MSP belt. They are formed by mixing lipid

suspensions with SMA; if these are mixed at a certain pH, the critical collapsing pH, the

extended polymer looses its charge and collapses, and lipodisqs can spontaneously form.

Unlike for the MSP construct used in nanodisc formation, the length of the polymer is not

exactly �xed. This means that the range of particle sizes obtained in lipodisq formation

can be more variable and experimental conditions may need to be adjusted to obtain a

more homogeneous sample size, in combination with careful selection of sample fractions

after size-exclusion chromatography (unpublished observations from our laboratory). Parti-

cle diameters of ~10-30 nm have been reported in the literature [144�146]. Lipodisqs have

been used to reconstitute membrane proteins directly from (native) membranes, for example

bacteriorhodopsin [144], mitochondrial complexes [147] and bacterial cell division machin-

ery [145], or to reconstituted puri�ed membrane proteins, for example after labelling for

spectroscopy studies [148].

1.4 Biophysical methods to study membrane proteins

1.4.1 Introduction

Despite their obvious importance in biology, underlined by their prevalence, the variety of

functions they perform, and their pharmaceutical relevance, membrane proteins are under-

represented in the protein data bank (PDB) [149]. X-ray crystallography of membrane

proteins is a �eld lagging behind, with relatively few crystal structures having been solved

for membrane proteins compared to their soluble counterparts (Figure 1.10A). This is largely

due to di�culties with heterologous expression, puri�cation and crystallisation of membrane

proteins [150]. However, recent experimental progress, especially in the �eld of GPCR

crystallography, have lead to an exponential growth in the number of available structures

(Figure 1.10B). This includes the use of lipidic-cubic-phase for crystallisation [152]; small

antibodies, such as FABs and nanobodies, to stabilise protein conformations and complexes

[153]; improved yields and/or sample quality by using alternative expression systems like

baculovirus-induced insect cell expression [150, 154]; and the use of protein engineering

to stabilize membrane proteins in detergents, such as thermostabilisation techniques [155].

Technological advances such as microfocus beamlines, and more recently x-ray free electron

lasers, enable the use of small, even sub-micrometre-sized crystals, opening up the �eld to

proteins which do not easily form large crystals [156, 157]. Although the use of lipidic-cubic-

phase for the crystallisation of membrane proteins is becoming more widely spread [158],

many are still being crystallised in detergents which are not always conducive to native
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Figure 1.10: Progress in membrane protein structure determination. (A) Shows the
cumulative totals of new high-resolution structures published since the publication of the �rst at t0
for soluble proteins (red squares) and membrane proteins (blue circles); adapted from [151]. (B)
Shows the progress in structures solved for membrane proteins; adapted from [150]. The circle
diagram illustrates the proportional use of di�erent types of host cells (prokaryotic or eukaryotic)
for the production of recombinant membrane proteins. The bar diagram shows the number of new
membrane protein structures deposited in the PDB per year, di�erentiating between structures
solved using proteins from natural (black) or heterologous (orange) sources; this diagram illustrates
that while early membrane protein structural biology relied largely on being able to obtain su�cient
amounts of protein from natural sources, advances in heterologous expression of membrane proteins
has seen an increase in structures determined of recombinant proteins.

structure; a recent review critically assessed a variety of structures of membrane proteins

available in the PDB, concluding that many appeared to be distorted by the membrane

mimetic (often detergent) used [159]. Despite these issues, crystallography has brought

a wealth of knowledge on membrane protein structure and function. Nevertheless, there

has been great e�ort in applying a wide range of other biophysical techniques, that allow

working in more physiologically relevant environments, to obtain structural and functional

data on membrane proteins and their dynamics, such as Förster resonance energy transfer

(FRET), electron microscopy (EM), atomic force microscopy (AFM), nuclear magnetic res-

onance (NMR), and electron paramagnetic resonance (EPR) spectroscopy [160�165]. The

relatively new technique microscale thermophoresis (MST) is also being applied to mem-

brane proteins, mostly to study membrane protein-ligand interactions [166].

EPR, FRET and MST were used extensively in this work to study peptide transport (Chap-

ter 2) and GPCR structure and function (Chapters 4, 5, and 6,), and will be discussed in

more detail below.
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1.4.2 Electron paramagnetic resonance

1.4.2.1 Introduction

Electron paramagnetic resonance, also called electron spin resonance (ESR), is a spectro-

scopic technique which detects unpaired electrons, and can be used to study protein structure

and dynamics. It is a magnetic resonance technique very similar to NMR; however, elec-

tronic instead of nuclear transitions are detected in an applied magnetic �eld (Figure 1.11).

In continuous-wave (CW)-EPR continuous microwave frequency radiation is applied to the

Figure 1.11: Energy diagram of nitroxide spin label in magnetic �eld. (A) Pictorial
representation of the energy levels of an unpaired electron of a nitroxide spin label (depicted in (B))
in the presence of a magnetic �eld; the energy levels of the two spin states are split by the Zeeman
e�ect (�eld dependent) and by hyper�ne interaction with the nitrogen nucleus (�eld independent);
the quantum-mechanical selection rules result in three allowed transitions, and the spectrum shown
in (C). In CW-EPR frequency modulation of the signal is applied, and the �rst derivative (right)
of the absorption spectrum (left) is recorded.

sample, while in pulsed-EPR short (ns) and intense microwave frequency pulses are applied

to induce transitions. CW-EPR has been widely used to study membrane proteins, for exam-

ple to gain insights into protein mobility, secondary structure, local solvent accessibility (i.e.

membrane penetration), and structure by distance measurements up to ~20 Å. Pulsed EPR

can be used to probe distances and structural heterogeneity, being suited to measure longer

electron-electron distances (e.g. up to ~80 Å using DEER/PELDOR, see 1.4.3), while it can

also provide information on electron-nuclear interactions (e.g. via ESEEM, HYSCORE, and

pulse ENDOR experiments) [167].

1.4.2.2 Site-directed spin labelling

Most proteins do not contain a paramagnetic centre (exceptions are e.g. those binding tran-

sition metal co-factors), so in order to study them by EPR one can introduce a paramagnetic
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centre by site-directed spin labelling (SDSL) [168]. In SDSL, stable nitroxide centres that

react speci�cally with (typically) cysteine residues are introduced into a biomolecule of in-

terest (Figure 1.12). Thus, by introducing cysteines on the desired location by site-directed

mutagenesis, one can obtain a biomolecule sample with nitroxide spin labels attached at

speci�c sites of interest.

Figure 1.12: Site-directed spin labelling. Nitroxide spin labels with thiol-reactive groups
can be introduced in proteins through site-directed reactions with cysteines. (A) (2,2,5,5-
tetramethylpyrroline-1-oxyl-3-methyl)methanethiosulfonate, or MTSL, and (B) 3-maleimido-
2,2,5,5-tetramethyl-1-pyrrolidinyloxy, or 3-maleimido-PROXYL, are typically used. The spin label
tethers are �exible and can rotate over a number of bonds (dihedral angles 1-5 and 1-4 are shown
for MTSL and 3-maleimido-PROXYL, respectively).

1.4.2.3 Basics of EPR: Zeeman e�ect and hyper�ne splitting

Electrons possess a magnetic moment and have a spin quantum number (S) of 1/2 and can

therefore be in two spin states, ms = 1/2 or ms = −1/2. The energy levels of these two

spin states are split in the presence of a magnetic �eld (the Zeeman e�ect, see Figure 1.11)

and are described by the spin Hamiltonian, ĤZeeman

ĤZeeman = µB • ~B • g • Ŝ (1.1)

where µB is the Bohr magneton ~B the magnetic �eld tensor, g the g tensor of the electron

and Ŝ the spin operator for the electron. If the �eld ~B de�nes the z-direction, and B is

the magnitude of ~B , and g is taken to be isotropic, the expression for the spin Hamiltonian

becomes

ĤZeeman = gµBSzB (1.2)

with eigenvalues

E = gµBmsB = ±1

2
gµBB (1.3)

Application of microwave frequency radiation to a sample in a magnetic �eld leads to res-

onance transitions between the two states at the right magnetic �eld strength, when the

resonance condition

∆E = hν = gµBB0 (1.4)
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is ful�lled, where h is Planck's constant, ν the microwave frequency, and B0 the applied

magnetic �eld. Both absorption and stimulated emission of photons occurs, but due to

the Boltzmann equilibrium, more electrons will be in the lower spin state leading to more

transitions from that state to the higher spin state, resulting in a net absorption of energy

that can be detected. In CW-EPR the electromagnetic radiation frequency is kept constant

and the magnetic �eld is scanned. Absorption occurs when the magnetic �eld is such that the

energy di�erence between the two spin states matches the (constant) energy of the radiation,

i.e. when the resonance condition (Equation 1.4) is ful�lled. The radiation applied is in the

microwave range of the electromagnetic spectrum with common bands listed in Table 1.2.

Apart from the Zeeman interaction, the total stationary spin Hamiltonian for a paramagnetic

Table 1.2: Typical microwave bands used in EPR. Some of the microwave bands used in
EPR are listed, designated by their letter. The typical frequencies and the range of frequencies
corresponding to each band are given, as well as the �eld of resonance, Bres, for a g = 2 signal.

Microwave
band

Typical frequency
(and range, GHz)

Bres (G)

L 1 (1-2) ~360
S 3 (2-4) ~1100
X 9.5 (8-12) ~3400
Q 34 (30-50) ~12000
W 94 (75-110) ~33500

centre S in the ground state interacting with nuclear spins I is given by [167, 169]

Ĥ0 = ĤZeeman + ĤZFS + ĤHF + ĤNucZeeman + ĤNQ + ĤNN (1.5)

where ĤZeeman is the electron Zeeman interaction described above; ĤZFS the zero-�eld split-

ting; ĤHF the hyper�ne interaction between the electron spin and nuclear spins; ĤNucZeeman

the nuclear Zeeman interaction; ĤNQ the angular quadrupole interactions for spins with nu-

clear spin quantum numbers I > 1/2; and ĤNN the spin-spin interactions between pairs of

nuclear spins. For dilute systems of nitroxide radicals ĤZFS , ĤNucZeeman, ĤNQ, and ĤNN

can be neglected and only the electron Zeeman and hyper�ne interactions are considered,

giving

Ĥ = µB • ~B • g • Ŝ + Î •A • Ŝ (1.6)

where Î is the nuclear spin operator, and A the hyper�ne tensor. For S = 1/2 spin systems,

ĤZeeman is typically the dominant term at X-band frequencies. In nitroxide spin labels,

hyper�ne interaction of the unpaired electron with the nitrogen nucleus results in splitting

of the energy levels of the electron spin states (Figure 1.11); the unpaired electron resides in

the pz orbital of the 14N atom, which has a spin quantum number of 1, and thus three possible
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spin states (+1, 0, and -1), giving three absorption lines (under the quantum selection rules

∆ms = ±1, ∆mI = 0). This hyper�ne splitting can be used to study the polarity of the

spin label environment [170]. The unpaired electron of the nitroxide resides in the pz orbital

of the nitrogen and oxygen of the N-O bond. The spin density at nitrogen determines

the hyper�ne splitting (as 16O has no spin); in a more polar milieu the electron density

on oxygen will be higher, increasing the radical density on nitrogen, resulting in a larger

hyper�ne splitting.

1.4.2.4 Anisotropy of the nitroxide spin Hamiltonian

The e�ective spin Hamiltonian for nitroxides (equation 1.6) contains the g and A tensors

describing the interactions of the electrons with the magnetic �eld and the nuclear hyper�ne

interactions, respectively. Due to the directionality of the orbitals in which electrons reside,

the spin-orbit coupling e�ect on g and the electron-nuclear dipole-dipole contribution to the

hyper�ne interaction make these tensors anisotropic [171]

g =

gxx gxy gxz
gyx gyy gyz
gzx gzy gzz

 A =

Axx Axy Axz
Ayx Ayy Ayz
Azx Azy Azz

 (1.7)

In the principal axis system with x aligned along the N-O bond (Figure 1.13), these matrices

can be diagonalised, with typical values of the tensor components for a nitroxide spin labels

given in Table 1.3, although these values may di�er depending on the speci�c compound and

polarity of the environment [172, 173]. In this principal axis system, equation 1.6 becomes

Figure 1.13: Nitroxide principal axis system {x, y, z}. (A)Using the principal axis system
leads to simpler, diagonalised g and A tensors. The orientation of the magnetic �eld ~B is given
by polar angles θ and φ. (B) Motional averaging through protein and spin label motion leads to
averaging of the spectral anisotropies (adapted from [174]).

Ĥ = µB • ~B • g • Ŝ + Î •A • Ŝ

= µB(gxxBxŜx + gyyByŜy + gzzBzŜ z) + (AxxÎ xŜx +Ayy Î yŜy +Azz Î zŜ z)
(1.8)
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Table 1.3: Principal values of the g and A tensor of nitroxide spin labels. Values for the
diagonal elements of the tensors in the principal axis system with x aligned along the N-O bond.

Component Value

gxx 2.009
gyy 2.006
gzz 2.002
Axx 0.6 mT
Ayy 0.6 mT
Azz 3.2 mT

Using polar coordinates to express the magnetic �eld ~B

Bx = B sin θ cosφ (1.9a)

By = B sin θ sinφ (1.9b)

Bz = B cos θ (1.9c)

with B being the magnitude of the magnetic �eld (|~B |), a �rst-order solution of equation 1.8
yields

∆H = hν = µBg(θ, φ)B +Ag(θ, φ)mI (1.10a)

where

g(θ, φ) =
√
gxx sin2 θ cos2 φ+ gyy sin2 θ sin2 φ+ gzz cos2 θ (1.10b)

and

A(θ, φ) =
√
Axx sin2 θ cos2 φ+Ayy sin2 θ sin2 φ+Azz cos2 θ (1.10c)

Motional averaging through protein and spin label motion leads to averaging of the spectral

anisotropies (see Figure 1.14). For spins rapidly re-orienting in an isotropic manner (τc ≈
10−10−10−9 s) g andA can be approximated by their isotropic counterparts (Figure 1.14A)

giso =
1

3
(gxx + gyy + gzz) (1.11a)

and

Aiso =
1

3
(Axx +Ayy +Azz) (1.11b)
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1.4.2.5 Electron-electron interactions

Equations 1.6 and 1.5 consider a lone paramagnetic species, and do not take into account

electron-electron interactions. For a system ofm interacting nitroxides, the electron-electron

interactions introduce two additional terms to the e�ective Hamiltonian

Ĥ0 =
∑

ĤZeeman +
∑

ĤHF + ĤExch + ĤDD (1.12)

where
∑
ĤZeeman and

∑
ĤHF represent the sum of the Hamiltonians for the Zeeman and

hyper�ne interactions, respectively, for each of the m electron spins of the system; ĤExch

is the exchange (or J) coupling between electron spins; and ĤDD the electron dipole-dipole

interaction. Spin exchange interaction (also called Heisenberg exchange coupling) occurs

between electrons in overlapping orbitals, and for a two spin system (S1 and S2) can be

described by

ĤExch = Ŝ1 • J • Ŝ2 (1.13)

where J is the exchange coupling tensor. It is observed for unpaired electrons in close

proximity (<~15Å), but can also be observed for strongly delocalized electrons separated

by a longer distance connected through a conjugated path.

Dipole-dipole coupling between two electron spins S1 and S2 is given by

ĤDD = Ŝ1 •D • Ŝ2 (1.14a)

=
µoµ

2
B

4π

g1g2
r3

(
Ŝ1Ŝ2 − 3

(Ŝ1 • ~r)(Ŝ2 • ~r)

r2

)
(1.14b)

where g1 and g2 are the g-factors for electrons 1 and 2 (taken here to be isotropic point

charges), D is the dipole-dipole coupling tensor, ~r the interspin vector, and r the magnitude

thereof. By choosing a principal axis system with the magnetic moments aligned parallel to

the z-axis, and the z-projection of the distance vector ~r = rcosθ, the dipolar interaction is

given by

ĤDD =
µoµ

2
B

4π

g1g2
r3

(
1− 3cos2θ

)
S1S2 (1.15)

with θ the angle between ~r and the principal axis z. Thus the energy of the dipolar inter-

actions depends on inverse cubed distance between the electrons, and the angle θ.

1.4.2.6 CW-EPR data analysis

Appendix H.1 brie�y describes the CW-EPR experimental set-up. EPR uses phase sensitive

detection to enhance the sensitivity (see Figure H.3); the derivative of the absorption spec-

trum is recorded by modulating the magnetic �eld B0, increasing the signal-to-noise ratio,

as noise that does not oscillate with the modulation frequency is rejected (Figure 1.11).
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1.4.2.6.1 Spin label dynamics As the spin Hamiltonian is anisotropic, the EPR spec-

trum is sensitive to motion of the nitroxide spin label, which can lead to anisotropy averaging,

and local constraints. The EPR spectrum can thus be used to study the dynamics of the

side chain, giving insights into protein structure and topography, at the level of the back-

bone fold. If the spin label rotates fast enough (τc < 10−9 s) in an isotropic manner, the

Figure 1.14: In�uence of side chain motion on EPR spectrum. (A) A dilute solution of
MTSL, (B) MTSL bound to a small 15-residue peptide in aqueous solution, (C) the same spin-
labelled peptide folded into an α-helix, and (D) the spin-labelled peptide in frozen solution. The
approximate rotational correlation time τc for each motional regime is given. Adapted from [175]
Spectral parameters used in analyses are indicated and further explained in the text.

anisotropy of the g and A tensors is averaged out, and the nitroxide EPR spectrum consists

of three sharp lines. Slower motion will result in changes in the EPR spectrum. Figure 1.14

shows a series of EPR spectra corresponding to di�erent rates of rotational motion of MTSL

[175]. Only isotropic motion is considered here, although non-isotropic motion also leads to

changes in the EPR spectrum, which is often used to study the motion of axially-symmetric
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spin-labelled lipids in membranes [176, 177]. Figure 1.14A shows the fast motional regime

(τc . 10−10s ). Slower motion results in line broadening (Figure 1.14B and C, τc ∼ 10−9s).

The intensity of each line is proportional to the product of its amplitude and the square of

its width, thus as lines broaden their amplitude decreases. Even slower motion (τc & 10−7s)

yields an EPR spectrum as shown in Figure 1.14D, corresponding to spin label approaching

the so-called rigid motion limit (also often called a frozen or powder spectrum). The overall

mobility of a spin label attached to a protein is determined by (1) the motion of the spin

label itself relative to the protein backbone, due to rotations over the spin label tether bonds,

in�uenced by restrictions imposed by the primary, secondary, tertiary, and potentially qua-

ternary structure of the protein (Figure 1.12); (2) local backbone motion in the protein; and

(3) the overall rotational correlation time of the whole protein (Figure 1.13B). For proteins

Figure 1.15: CW-EPR spectral parameters. A variety of spectral parameters can be used
to assess spin label mobility, such as (A,B) peak width ∆H, (B) the maximum apparent splitting
(2A

′

zz). EPR spectra can be complex, and contain multiple components as indicated by the grey
arrows in (A), arising from di�erent protein conformations, or speci�c slowly exchanging spin label
rotamer populations. (C) Relative peak heights of 'frozen' spectra can be used to gauge spin-spin
proximity.

larger than ~15 kDa in liposomes or detergents, the third contribution is negligible, as the

rate of tumbling (τc ≈ 50 ns, estimated from Stoke's law) is too slow to a�ect the EPR

spectrum [175], which is then dominated by local e�ects. For example, spin labels in loop

regions often have a high degree of mobility, resulting in a spectrum with small apparent hy-

per�ne splitting and narrow linewidths, while spin labels embedded in structured elements,

or buried in the protein interior or between subunits, typically exhibit a broadened line

shape and increased apparent hyper�ne splitting due to motionally restricting interactions

with neighbouring residues and/or the backbone [178]. This sensitivity to motion can be

used to probe protein secondary structure or conformational changes which might a�ect the

local spin label environment. A variety of spectral parameters (indicated in Figure 1.15)
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can be used to assess spin label mobility, such as the maximum splitting (2A
′
zz), peak width

∆H, and the spectral second moment ((
〈
H2
〉
)).

1.4.2.6.2 Secondary structure Measuring the EPR spectra for a sequence of residues

and determining reciprocal width of the central peak (∆H−10 , Figure 1.15A) can be used to

probe secondary structure of proteins, as the relative mobility of the sequential sites should

follow a pattern corresponding to the structural element. Thus ∆H−10 vs. residue number

would show e.g. a periodicity of 3.6 for α-helices or of 2 for β-strands (Figure 1.16A and B).

In addition, the second moment of the absorption spectrum can be used to probe structure;

being the variance in the spectral shape, it is a measure of the 'broadness' of the spectrum

and thus spin label mobility. The relation between ∆H−10 and the reciprocal spectral second

moment (
〈
H2
〉−1) reports on the protein topology, as �rst determined empirically for T4

lysozyme and later for other proteins (Figure 1.16C) [178, 179].

Figure 1.16: Probing protein secondary structure by CW-EPR. Idealized ∆H−10 (reciprocal
width of the central peak) vs. residue number plots for an (A) β-strand and (B) α-helical secondary
structure. Adapted from [175]. (C) Empirical relation between ∆H−10 and the reciprocal spectral
second moment (

〈
H2
〉−1

) reports on the protein topology as �rst determined empirically for T4
lysozyme, and here for annexin 12; �gure adapted from [179].

1.4.2.6.3 Spin label mobility and rotational correlation times Another parame-

ter that can be used to gauge relative spin label mobility is the apparent maximum splitting,

2A
′
zz (Figure 1.14C and D), with slower motion giving rise to larger splitting. EPR spectra
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can be complex, and contain multiple components (indicated by the grey arrows in Fig-

ure 1.15A), arising from di�erent protein conformations, or speci�c slowly exchanging (on

the ~50-100 ns time scale) spin label rotamer populations, with di�erent motional properties

(and thus di�erent 2A
′
zz). Approximate rotational correlation times can be calculated from

experimental spectral parameters using semi-empirical formulas deduced from simulations.

In the intermediate to fast motional regime (τc ∼ 10−11 − 10−9, Figure 1.14A, B and C),

when three distinct lines can be observed in the EPR spectrum, the peak-to-peak line height

h of the middle (h(0)) and high �eld peak (h(−1)) varies with the inverse square of the width

∆H, and can be used to calculate an approximate τc using [180]:

τc = 6.5× 10−10∆H0

(√
h(0)

h(−1)
− 1

)
(1.16)

In the slow motion regime (τc > 10−9) either the apparent maximum splitting or linewidths

can be used [181�183]:

τc = a
′
m

(
∆Hm/∆H

R
m − 1

)b′m (1.17a)

or

τc = a
(

1−A′zz/ARzz
)b′m

(1.17b)

where ∆Hm and ∆HR
m − 1 are the half-width at half-height for the outer extreme peaks

(Figure 1.15B) for the slow motion spin and that in the rigid limit, respectively; ARzz is the

maximum splitting in the rigid limit; and a
′
m, b

′
m, a, and b are calibration constants de-

pendent on the chosen di�usion model and the intrinsic peak-to-peak derivative Lorentzian

linewidth, δ = (2/
√

3 )∆HR
m, for which values can be found in the literature [184]. Al-

though these equations can only give approximate correlation times, they are still useful for

determining relative mobilities, and changes thereof.

1.4.2.6.4 Interspin distance determination EPR can be used for distance measure-

ments between and within molecules. Together with EPR dynamics studies, EPR distance

measurements provide a powerful method to determine structural details of proteins with un-

known structure, or to study conformational changes related to function. CW-EPR is suited

to short distances of ~8-20 Å. These measurements are based on through-space dipolar in-

teractions between two spin labels (equation 1.15), which give rise to distance-dependent

line-broadening in the EPR spectrum by a so-called Pake pattern (Figure 1.17). The max-

ima of the Pake pattern are related to the inter-spin distance. At shorter distances (r < 8

Å) J-coupling starts contributing substantially to line broadening, while at longer distances
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(r > 20 Å) dipolar line broadening becomes too small compared to other line broadening

e�ects (e.g. inhomogeneous broadening) to be measured by CW-EPR [185, 186]. Inter-spin

distances can be determined from CW-EPR spectra by computational methods based on

Fourier deconvolution [185], on convolution of the spectra from non-interacting spins with

a broadening function [187], or by simulating spectra taking into account both the distance

between the spin labels and their relative orientation [188]. The resolution is limited by the

inherent �exibility of the spin probes, which results in a distribution of distances, and is

typically in the order or 1-2 Å. Line broadening leads to a decreased amplitude (as the total

Figure 1.17: Pake pattern. A 'Pake pattern' dipolar broadening function D(r,B), against
B/(geβr

3) is shown, where 2B is magnitude of splitting of the absorption lines, ge the isotropic
g-value of the electron, µB the Bohr magneton, and r the distance between the dipoles. The shape
of the Pake pattern arises due to the fact that there are only two possible orientations along the
external magnetic �eld (parallel and anti-parallel), giving a minimum at θ = 0° (θ being the angle
between the interspin vector and the magnetic �eld), but many orientations perpendicular to the
magnetic (θ = 90°) as illustrated in the right panel. Figure adapted from [185].

area stays constant); as dipolar broadening a�ects the height of the centre peak to a larger

extent than the broader peaks at low and high �eld, the ratio between these peaks can be

used in a more qualitative manner to assess relative interspin distances using [189]

k =
d1
d

(1.18)

where d and d1 are the peak-to-peak amplitudes of the middle and outer peaks of the frozen

EPR spectrum, respectively, as de�ned in Figure 1.15C. This ratio can be used as a proxy for

relative distance and/or to calculate an approximate interspin distance using the empirical

relation

r = [2.2− 6.3(k − 0.34)] nm (1.19)
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for distances of ~12-22 Å [189, 190], which was found to be in good agreement with simula-

tion methods in a study of the membrane channel protein KscA [191]. For non-interacting

nitroxide spins k ≈ 0.32−0.35, as determined from both simulated and experimental spectra

[190, 191], and k increases with decreasing interspin distance. The accuracy of the method

is a�ected by the presence of unlabelled protein, which leads to underestimation of the spin-

spin interaction and concomitant overestimation the interspin distance; this problem is more

signi�cant for shorter distances with simulations estimating the error to be 20% at 12 Å and

4% at 20 Å [191].

Alternatively the spectral second moment (
〈
H2
〉
) of the frozen EPR spectrum can be used

to quantify short-range internitroxide distances (<20 Å). As
〈
H2
〉
reports on the broadness

of the spectrum, the second moment of a spectrum with interacting nitroxides (
〈
H2
〉
D
) will

be larger compared to that of a spectrum of the same sample in the absence of dipolar

interactions (
〈
H2
〉
S
). The internitroxide distance (r in Å) is calculated using the relation

[186, 192]

〈
∆H2

〉
=

3

5

µ4Bg
4µ0

(4π)2 h2
S(S + 1)

∑ 1

r6
(1.20a)

with
〈
∆H2

〉
in Hz2 can be converted into �eld units (T2) and solved for r to give

r =
23.2

(〈∆H2〉 · 108)1/6
(1.20b)

with
〈
∆H2

〉
in in T2 being the second moment of the dipolar interaction, i.e. the di�erence

between the second moment of the coupled and non-coupled sample

〈
∆H2

〉
=
〈
H2
〉
D
−
〈
H2
〉
S

(1.20c)

where S is spin quantum number of the electron, and µ0 the permeativity of a vacuum. As the

second moment analysis method relies on broadening, it is limited by other inhomogeneous

broadening e�ects, and the accuracy is in�uenced by underlabelling, and the quality of the

baseline of the spectra.

1.4.3 Double electron-electron resonance

1.4.3.1 Principles

For longer distances, the spectral broadening due to dipolar interactions becomes too small

to distinguish from other contributions, e.g. inhomogeneous broadening. By using pulse

sequences at a constant magnetic �eld, like in NMR, the magnetisation can be manipulated

so that inhomogeneous broadening is negated. Using a rotating frame depiction, Figure 1.18
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shows the generation of a spin (or Hahn) echo; the magnetisation is transferred to the x-y-

plane by applying a 90◦ (or π/2) pulse; spins will precess with varying speeds due to local

magnetic �eld inhomogeneities, and phase out; application of a 180◦ (or π) pulse �ips the

spins, which then continue to precess at the same varying speeds as before, and eventually

refocus giving rise to a spin echo. The pulsed EPR technique double electron-electron

Figure 1.18: Hahn echo pulse sequence. (A) Hahn echo pulse sequence and (B) pictorial rep-
resentation its e�ect on the magnetization in the rotating frame, with pulses along x, and dephasing
of the magnetisation only due to inhomogeneous e�ects (i.e. no relaxation), giving a fully refocussed
echo.

resonance (DEER), also known as pulsed electron-electron double resonance (PELDOR),

uses a Hahn echo to refocus the inhomogeneous broadening, at one frequency, the probe

frequency (ν1 in Figure 1.19B). Then, to observe the dipolar coupling between spins, a

second π pulse, at a di�erent frequency, the pump frequency (ν2) is applied in between the

π/2 and the π pulse of the Hahn echo sequence; in the absence of overlap of the excitation

windows of the probe and pump pulses, probe pulses excite one group of spins (spins A) and

pump pulses another (spins B, Figure 1.19A). The pump pulse at time t �ips the B spins,

in�uencing the local �eld of the A spins when the spins are dipolarly coupled, a�ecting the

precession frequency of spins A, and the extent to which they are refocused by the observer

π pulse (i.e. the echo intensity). Thus, by applying the pump pulse at varying time t the

dipolar coupling can be determined from the modulation of the spin echo intensity. This

is known as a 3-pulse (3p) DEER sequence [193, 194]. This experiment has an inherent

deadtime (typically ~30-100 ns) due to distortion of the data at times when the π pump

and the π/2 probe pulse overlap. To overcome this deadtime, the 4p DEER experiment uses

a refocused Hahn echo, with the pump pulse applied between the two refocussing probe π

pulses (Figure 1.19C) [195]; zero-time can now be measured and corresponds to t = τ1, as

here the A spins are refocused and the pump pulse has no e�ect.
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Figure 1.19: Pulse sequences for 3p and 4p DEER. (A) Shows the relative positioning of the
probe and pump pulses on an X-band absorption spectrum for a nitroxide (pulse excitation pro�les
are simpli�ed approximations). (B) 3p DEER, the π pulse at ν2 (pump frequency) is applied at
variable time t between the Hahn echo sequence at ν1 (probe frequency). This �ips the pump electron
spins (B spins) that are coupled to the probed spins (A spins) such that the local �eld of the A spins
is perturbed and the spin echo is modulated as a function of interpulse distance t. This sequence
has an inherent deadtime due to distortions from overlapping π pump and the π/2 probe pulse. (C)
4p DEER, a refocused Hahn echo sequence is applied at the probe frequency with the pump pulse
stepped over the interval τ1-τ2 so that the pumping takes place over the Hahn Echo, eliminating
the 3p deadtime. However, sensitivity of the 4p experiment is lower as not all magnetisation can
be refocused, and due to the increased time in between the �rst pulse and the echo (for the same
experimental tmax).
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Correct determination of zero-time is important especially for the correct detection of short

distances and broad distributions [196, 197]. The observed echo intensity as a function

of time t is called the dipolar evolution function (D(t)), and can be separated into (1)

a background factor (B(t)) arising from interactions of spins within the biomolecule (or

complex) of interest with other bulk spins, and (2) the form factor (F (t)) arising from the

desired intramolecular contributions

D(t) = B(t)F (t) (1.21)

where the form factor is given by

F (t) = 1− λ+ λ

∫ π/2

0

((
3 cos2 θ − 1

)
ωddt

)
sinθ dθ (1.22a)

where ωdd is the angular dipolar frequency between two point dipoles

ωdd =
g1g2µ

2
Bµ0

4πr3
(1.22b)

and λ is the modulation depth parameter that depends on the fraction of spins excited by

the pump pulse; this gives a relation between the dipolar frequency which can be obtained

from the experimental data and the interspin distance r. The background factor depends

on the spatial distribution of the bulk spins in the sample. For a homogeneous distribution

where the distance between biomolecules is much larger than the interspin distance, the

background function can be approximated by a stretched exponential

B(t) = exp−ktd/3 (1.23)

where k is inversely related to the spin concentration, and d is the background dimension;

for a non-con�ned membrane protein in detergent the dimension should approximate 3,

while for a bilayer-embedded protein a theoretical dimension of 2 is expected, although

experimentally determined background dimensionality may well deviate from ideality [198].

1.4.3.2 Practical considerations

As long relaxation times are required to allow long echo evolution times, these measure-

ments need to be performed at cryogenic temperatures (typically ≤ 80 K). The positioning

of the pump and probe can be varied to optimise for modulation depth and/or sensitivity;

maximum modulation depth (i.e. number of spins excited by the pump pulse) is maximised

by pumping at the maximum of the nitroxide spectrum (as shown in Figure 1.19A). Al-

ternatively, positioning of the observer frequency to coincide with the spectral maximum

optimises the spin echo intensity (and thus signal-to-noise of the DEER trace). The maxi-

mum distance that can be reliably determined from a DEER experiment (rexp) depends on
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the maximum evolution time tmax (corresponding to τ ′ and τ2 in Figure 1.19B and C for 3p

and 4p, DEER respectively) as

rexp = rmax,i
3

√
tmax
2µs

(1.24)

with tmax in µs, and where rmax,i is chosen depending on the desired information, rmax,mean =

5µs, rmax,width = 4µs, rmax,shape = 3µs to elucidate the mean distance, the width of the

distance distribution, and the shape thereof, respectively [198]. The maximum attainable

tmax depends on the phase memory time Tm. The Tm is an empirical relaxation parameter

that describes the spin echo decay, and is a�ected by a variety of processes such as spin-

spin (or transverse) relaxation (T2), spectral, spin and instantaneous di�usion; e.g. nuclear

spin �ip-�ops, molecular motion, and molecular rotation can a�ect the precession frequency

of spins packets, and thus the extent to which they are refocused [167, 171]. The whole

length of the pulse sequence should not considerably exceed the Tm [195]. Deuteration of

the matrix, and measuring at lower temperature can increase the Tm [198]. The spin-lattice

(or longitudinal) relaxation time T1 however also increases at low temperatures, leading to

longer experimental delay times (which need to be ~5×T1), and thus overall acquisition

time, to avoid saturation.

Small residual pulse overlap between the pump and observer excitation bands, can lead to

excitation of forbidden electron-nuclear transitions, giving rise to additional nuclear mod-

ulations (ESEEM, electron spin echo envelope modulation) of the DEER signal [167, 198].

In a non-deuterated sample at X-band frequencies (~9.4 GHz), proton transitions (of ~14.5

MHz), dominate the ESEEM, introducing a spurious distance of ~1.5 nm in to the measured

distance distribution [199, 200]. These nuclear modulations can be suppressed by variation

of interpulse delays and summation of the resulting echoes; in 4p DEER τ1 is incremented by

8 ns to average proton modulation, and typically summed over eight traces [195, 199]. Al-

ternatively, experiments can be performed at higher frequencies, such as Q-band (~34 GHz),

where the modulation depth of the proton ESEEM is much reduced and the frequency of

the residual modulations (~45 MHz) corresponds to distances which are beyond the DEER

distance range [200]. For deuterated samples, deuterium ESEEM must be suppressed (also

at Q-band), in a similar strategy, but using 56 ns pulse-delay increments [200].

1.4.3.3 DEER-Stitch

As mentioned in section 1.4.3.1, while 4p DEER allows deadtime-free measurements, the

longer pulse sequence means a loss of sensitivity compared to 3p DEER (Figure 1.20A). This

negatively a�ects the maximum dipolar evolution time tmax over which can be measured,

and thus the maximum distance that can be reliably detected. By combining 3p and 4p
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Figure 1.20: Combining 3p and 4p DEER (DEER-Stitch). (A) Echo intensity for a 3p
DEER experiment (primary echo) and 4p DEER experiment with corresponding pulse delay (see
Figure 1.19); refocussed 4p echoes are signi�cantly less intense. (B) DEER-Stitch for spin-labelled
protein CD55; 4p DEER data (red) is �tted to 3p DEER data (blue) to obtain a longer overall trace,
with data around time zero (�t residuals are shown in grey). Figures adapted from [197].

DEER time domain data by the DEER-Stitch method [197]; the zero-time can be accurately

determined from a shorter 4p trace, while a longer, more sensitive 3p experiment is used

to maximize the dipolar evolution time. The data are overlaid (after distorted regions

of the spectra arising from pulse overlap are discarded) and combined using a least-squares

di�erence analysis, while scaling the spectra to account for di�erences in decay rate and echo

intensities (Figure 1.20B). DEER-Stitch is particularly bene�cial for samples with rapidly

decaying signals (due to short Tm), such as membrane proteins reconstituted into bilayers

[201].

1.4.3.4 DEER data analysis

As mentioned in section 1.4.3.1, the dipolar evolution function D(t) (which is the DEER

time domain signal) is composed of a background factor B(t) and a a form factor F (t)

which contains the angular dipolar frequency that is related to the interspin distance. Thus,

analysis of DEER data typically entails deconvolution of the primary data into B(t) andD(t)

(Figure 1.21). Reliable background �tting requires traces to be recorded beyond the decay

of the dipolar modulation, or in other words, the longest detectable distance, determined

by tmax (equation 1.24), must exceed the longest intramolecular distance in the sample

[199]. To aid background correction, experimental background data can be used, obtained

by measuring control samples lacking intramolecular spin-spin interactions.

Background corrected DEER data can then be subjected to distance distribution analysis.
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Figure 1.21: DEER data analysis. DEER data for peptide transporter PepTSo in detergent
where (A) shows the dipolar evolution function (D(t)) with the three-dimensional background �tted
to it; (B) the form factor (F (t)) arising from D(t) after background correction; and (C) the distance
distribution obtained from model-free Tikhonov regularisation. The experimental modulation depth
of the data ∆ is also indicated, which is related to the earlier mentioned modulation depth λ as
∆ = 1− (1−∆)n−1 where n is the number of coupled spins in the system, thus for 2 coupled spins
∆ = λ.

DeerAnalysis is an often-used programme for �tting DEER data [202]. It supports model-

free and model-based (e.g. distance distributions of one or more Gaussian peaks) analysis.

Model-free �tting of DEER data is an ill-posed mathematical problem due to the instability

of the solution; the data can be �t by many distributions, with small changes in background

correction or in the noise level of the data a�ecting the �nal result. DeerAnalysis uses

Tikhonov regularisation to stabilize the solution [202]. Least squares analysis compares

simulated DEER data S(t) to F (t), under the constraint that the probability distribution

of the distance P (r) > 0 (equation 1.25a); as a straightforward minimization of the r.m.s.d.

would lead to a large number of very narrow peaks, an additional term introduces smoothness

to the distance distribution

Gα(P ) = ‖S(t)− F (t)‖2 + α

∥∥∥∥ d2dr2P (r)

∥∥∥∥2 (1.25a)

where the simulated data S(t) is computed by multiplying a given distance distribution
P (r), with a kernel function K(t,r)

S(t) = K(t, r)P (r) (1.25b)

and the kernel function is given by

K(t, r,∆ω) =

∫ 1

0
exp

(
−
ω2
dd

∆ω2

)
cos
((

3x2 − 1
)
ωddt

)
dx (1.25c)

with

ωdd =
2π · 52.04MHz nm−3

r3
(1.25d)
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The second term of the �tting function Gα(P ) is the regularisation-parameter (α) weighted

square norm of the second derivative of the distance probability distribution P (r), and is

thus a measure for the smoothness thereof. The optimal value of α (i.e. the best compromise

between low m.s.d. and smoothness of the distance distribution) can be determined by the

corner of an L-curve, that plots the log of the m.s.d. vs. the log of the square norm of the

second derivative of P (r) for di�erent values of α [202].

1.4.4 Förster resonance energy transfer

1.4.4.1 Principles

Förster resonance energy transfer (FRET) is a powerful technique to measure distances

between �uorophores. It has been extensively used to study protein-protein interactions,

e.g. GPCR oligomerisation [203�206], and conformational changes [207�210]. When there is

overlap of the emission spectrum of one �uorophore, the donor, with the excitation spectrum

of another �uorophore, the acceptor, resonant non-radiative energy transfer can take place,

leading to quenching of the excited state of the donor, and excitation the acceptor, which

can then in turn relax back to the ground state by �uorescence, or other relaxation pathways

(Figure 1.22) [211]. This energy transfer arises through long-range dipole-dipole interactions,

Figure 1.22: Förster resonance energy transfer. Schematic showing the basic theory of
FRET through (A) the overlap between the donor emission and acceptor excitation spectrum; (B)
a Jablonski diagram showing the processes of absorption, �uorescence, (vibrational) relaxation, and
FRET with their associated time scales; and (C) the relation between the FRET e�ciency (E)
donor-to-acceptor distance (r) expressed in the characteristic FRET pair Förster radius (R0), which
is de�ned as the intermolecular distance at which energy transfer e�ciency is 50%.

but instead of magnetic dipole interactions like in DEER, in FRET the interaction occurs

through the electronic dipoles of the �uorophores.

The e�ciency of energy transfer depends on the distance between the donor and acceptor (r)

and their the Förster radius R0 which is a property of the �uorophores used and is de�ned
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by the distance at which energy transfer e�ciency (E) is 50 % (Figure 1.22C) [212]:

E =
R6

0

R6
0 + r6

(1.26)

The Förster radius in turn depends on the overlap integral between the donor emission

spectrum and acceptor excitation spectrum J ; the relative orientation between the emission

and excitation dipole moments of the donor and the acceptor as described by the orientation

factor κ; the refractive index of the medium n; and the �uorescence quantum yield of the

donor in the absence of the acceptor Φ0:

R0
6 =

9000 Φ0 (ln 10)κ2 J

128π5 n4NA
(1.27)

where NA is Avogadro's number. The spectral overlap integral calculated calculated as such

J =

∫
fD(λ) εA(λ)λ4 dλ (1.28)

where fD is the normalized donor emission spectrum, and εA is the acceptor molar extinction

coe�cient. In practice, for non-�xed small dyes, it is usually assumed that they are isotrop-

ically oriented resulting in κ2 = 2/3. Errors in the orientation factor will only linearly a�ect

the Förster radius, and do not hamper relative distance determination for one particular

system, assuming other experimental factors are kept constant.

Experimentally, donor �uorescence quenching in the presence of acceptor, or increase in

acceptor �uorescence when exciting the donor, can be monitored as a measure for FRET

[213]. In the latter case the contributions of "bleedthrough" and "crosstalk" need to be

taken into account [214]. Often, there is some overlap between the emission spectrum of the

used donor and acceptor, thus some direct emission of donor will take place at the acceptor

maximum wavelength, called bleedthrough, which needs to be subtracted. Additionally, the

excitation spectrum of the acceptor can overlap with that of the donor. Then, the direct

excitation of the acceptor at the wavelength used to excite the donor, giving rise to acceptor

emission that does not originate from resonance energy transfer, needs to be taken into ac-

count. Other factors that in�uence the amount of FRET observed are the donor-to-acceptor

molar ratio, and the extent of protein-protein interaction (e.g. oligomerisation rate) when

looking at intermolecular FRET [214, 215]. Data analysis will be described in more detail

in chapter 5.

1.4.4.2 Labelling strategies for FRET of membrane proteins

Intermolecular FRET studies require the labelling of each of the interacting partners with

a donor or acceptor from a suitable FRET pair. A common and straightforward strategy
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is fusion of an auto�uorescent protein (FP), such as green �uorescent protein (GFP) or a

variant thereof [216, 217], to the membrane protein of interest. They are typically fused to

the N- or C-terminus of the target protein, to minimize problems with folding and retain

functionality; generally a linker region with high glycine and/or serine content is included

as these �exible and hydrophilic residues are thought to form a random coil structure, and

are thus unlikely to interact with the protein domains or to interfere with their folding [218].

The use of FPs has the bene�t that the protein is directly labelled during expression, and no

cofactors or additional labelling steps are required. However, fusion proteins are relatively

large (~27 kDa), and can impair protein function, when inserted into functionally important

domains [219].

Table 1.4: Examples of �uorescent tags targeting genetically-encoded recognitions sites.

Tag Description Reference

SNAP-tag 182 aa sequence encoding mutated human O6-alkylguanine
alkyltransferase, that recognizes �uorescent benzylguanine
derivatives, of which many are commercially available, in-
cluding FRET-compatible Alexa Fluor dyes

[220]

CLIP-tag Variant of SNAP-tag which reacts speci�cally with O2-
benzylcytosine derivatives, and can also be used to aid in-
tramolecular orthogonal labelling

[221]

ACP-tag 80 aa sequence encoding acyl carrier protein which can be
labelled with �uorescent CoA derivatives in a reaction catal-
ysed by the phosphopantetheinyl transferase AcpS, with
CoA-Cy3 and Cy5 commercially available

[222]

MCP-tag Variant of ACP tag requiring a di�erent enzyme, Sfp, again
allowing orthogonal labelling

[223]

Tetracysteine-
or Lumio-tag

CCXXCC motive that binds biarsenical dyes, for example
FlAsH which has better �uorescence properties than YFP
and can be used in combination with CFP

[224]

Cell-free expression of membrane proteins [225] also allows labelling prior to puri�cation, e.g.

by the incorporation of 'non-natural amino acids' linked to �uorescent dyes (e.g. BODIPY)

[226, 227], or by linkage of �uorophore-puromycin conjugates (e.g. Cy3/Cy5 conjugates) to

the C-terminus [228]. These dyes are substantially smaller than fusion proteins, and thus

less likely to impair function. However, this technique is less straightforward as its appli-

cability depends on the possibility to express the protein of interest via in vitro methods;

furthermore, these dyes are often not commercially available and need to be synthesized

in-house.
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Alternatively, labelling can be performed after puri�cation, for example, using techniques re-

lying on the association of �uorophores to speci�c genetically-encoded recognition sequences.

These tags are typically smaller than FPs (~10-20 kDa) and can be labelled with a variety

of �uorescent probes (see Table 1.4). Post-translational labelling can also be done using

organic dyes, such as Alexa Fluor dyes (e.g. Alexa488/Alexa647) [229], or Cy dyes (e.g.

Cy3/Cy5) [230], which are commercially available in a wide range of wavelengths, optimized

for brightness and photostability. They are functionalized with reactive moieties, such as

maleimide or succinimidyl esters, for site-directed labelling of sulfhydryl or amino groups in

the protein, resulting in a modest (typically <1-2 kDa) modi�cation compared to the large

FPs.

1.4.4.3 FRET vs. DEER

Both FRET and EPR (particularly DEER) are now routinely used to measure inter- and

intramolecular distances. Table 1.5 gives an overview of how the two techniques compare.

Firstly, the distance range accessible by both techniques is similar, and suited to the typ-

Table 1.5: FRET vs. DEER Summarised comparison between spectral FRET and EPR (specif-
ically DEER) for inter- and intramolecular distance measurements in biomolecules, including the
accessible distance range, the size of the labels (after attachment) and labelling scheme required,
data analysis considerations and results, the sensitivity of the techniques, and the temperature at
which each can be performed.

EPR(DEER) FRET

Distance Range CW-EPR: 8-20 Å
DEER: 20-80 Å

10 - >150 Å (depending on R0)
Range (0.5− 2)×R0

Label Size 190 Da (MTSL) 700 - >1000 Da (e.g. Alexa488&555)

Label Strategy Same label both sites; accessible
distance range not dependent on
label

Di�erential labelling (donor/acceptor);
�uorophore choice needs to be tailored to
expected distance

Data Analysis
(Model-free) Tikhonov regulari-
sation or model-based analysis
� Distance distribution

Uncertainty from labelling e�ciency, ori-
entation parameter (κ2)
� Average distance (or relative E)

Sensitivity Micromolar Nanomolar

Temperature <80 K Can be chosen freely

ical dimensions of (membrane) proteins, although for longer distances (>8 nm) FRET is

better suited. A clear advantage of DEER is the smaller size of nitroxide spin labels com-

pared to �uorophores (see Figure 1.23). The smaller label and shorter tether make distance

determination using DEER more precise than FRET distance measurements, as the un-

certainty in the distribution of the label is much smaller, as was also demonstrated in an
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Figure 1.23: Nitroxide spin labels compared to Alexa Fluor dye. Chemical structure of
typically used spin labels (A) MTSL and (B) 3-maleimido-PROXYL showed alongside that of the
�uorescent dye (C) Alexa Fluor 488.

experimental and computational comparison [231]. Furthermore, the need for di�erential

donor/acceptor labelling in FRET is absent in DEER, simplifying labelling procedures, es-

pecially for intramolecular distance measurements. Additionally, DEER gives insight into

the distance distribution, allowing to distinguish multiple conformations, giving insight into

structural heterogeneity, while typical spectral FRET measurements can only provide an

average FRET e�ciency and distance. However, EPR is less sensitive than �uorescence

measurements, and thus far more protein is required; typically nanomole amounts at con-

centrations of ~100-200 µM are used in DEER experiments, while FRET can be carried out

at low micromolar-nanomolar concentration (and even at the single-molecule level) using

approximately ten times less protein per sample. Furthermore, FRET can be performed

at physiologically relevant temperatures, while DEER measurements are performed in the

frozen state (<80 K) due to the relaxation properties of the spin labels.

Both techniques provide only sparse distance constraints per measurement for structure

determination, meaning that typically many di�erent samples have to be measured. Fur-

thermore, unlike for distance determination by NMR and crystallography, protein backbone

distances cannot be directly obtained, due to the use of tethered labels, although approaches

for extrapolation have been documented, especially for DEER [198, 232]. Nevertheless, as

already apparent from the examples cited above, both techniques have been extensively, and

successfully applied to the study of membrane proteins, and are especially suited to assess

structure/function questions.

1.4.5 Microscale thermophoresis

1.4.5.1 Principles

Microscale thermophoresis (MST) is a relatively new technique that can be used to study

biomolecular interactions. The technique relies on the physical phenomenon of thermophore-

sis (also known as the Soret e�ect or thermodi�usion), by which molecules move along



Introduction 42

temperature gradients, which was already observed in the 19th century, but only recently

applied to the study of biomolecules [233, 234] and their interactions [235, 236]. For dilute

solutions where the molar fraction of the molecule of interest (i) is much smaller than that

of the solvent (s, ni � 1 and ns ' 1) [237], thermophoretic movement, with speed ~v, in a

temperature gradient ∇T can be described by

~v = −DT∇T (1.29)

where DT is the thermodi�usion coe�cient DT . In a steady state, thermal di�usion is

balanced by ordinary di�usion (with di�usion coe�cient D), and the overall �ux of particles

(J) can be described by an extension of Fick's �rst law of di�usion

J = −D∇c−DT c∇T (1.30)

where c is the concentration of particles. This leads to an exponential depletion law, which

describes the concentration distribution, assuming constant di�usion coe�cients, for parti-

cles relative to a concentration c0 for a temperature di�erence T − T0

c

c0
= e−ST (T−T0) (1.31)

where the Soret coe�cient ST is de�ned as the ratio of the thermodi�usion and the Brownian

di�usion coe�cient

ST =
DT

D
(1.32)

and is a measure for the magnitude of the thermophoretic di�usion in the steady state [238].

For small temperature gradients where ∆TDT /D � 1, equation 1.31 linearises to

c

c0
= e−ST (T−T0) ≈ 1− ST (T − T0) (1.33)

Although thermophoresis is typically regarded as a local non-equilibrium phenomenon, for

moderate temperature gradients (~1 K/10 µm) particles can be described by a local ther-

modynamic equilibrium, and thus by a succession of local Boltzmann laws [239]. It was also

shown that minimizing the sample chamber size, for example in a micro�uidic device or a

microcapillary, removes artefacts from thermal convection [234]. Thus, from Boltzmann it

then follows that the Soret coe�cient is related to the entropy of the system, S, as

c

c0
= e(−G(T )−G(T0))/kT (1.34a)

for small concentration changes δc with small Gibbs-free energy di�erences δG gives

δc

c
= −δG/kT (1.34b)
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and equation 1.33 gives us

δc

c
= −ST δT (1.34c)

which combines to

ST = (kT )−1 × δG/δT (1.34d)

= −S/kT (1.34e)

based on the thermodynamic relation dG = −SdT+V dp+µdN [238]. The following relation

for the Soret coe�cient was then derived and validated experimentally [238], which takes

into account the two main contributions to the entropy of a molecule in aqueous solution,

the entropy of ionic shielding and that of hydration,

ST =
A

kT

(
−∆shyd(T ) +

βσ2eff
4εε0T

λDH

)
(1.35)

where A is the molecule area, shyd the particle-area-speci�c hydration entropy (shyd =

Shyd/A), and the third (green) term describes the contribution from ionic shielding where ε

is the dielectric constant, σeff the e�ective surface charge density, λDH the Debye length,

and β a factor arising from the temperature derivative of the ionic Gibbs-free enthalpy

(β = 1− (T/ε)δε/δT ).

1.4.5.2 MST experiment

In simple terms, it can be seen from equation 1.35 that the Soret coe�cient, and thus

thermophoretic behaviour of a molecule depends on its size (�rst term, red), its charge

(third term, green) and its hydration shell (second term, blue). Microscale thermophoresis

exploits this dependency for the study of biomolecular interactions. The di�usion of a

molecule of interest in a thermal gradient is optically probed, either through its native

�uorescence (e.g. Trp �uorescence for proteins) or that of a conjugated �uorophore. Binding

of another (not directly observed) molecule will a�ect the size, charge and/or hydration

shell of the molecule under study, and thus in�uence its thermophoretic behaviour. By

performing a titration experiment with varying concentrations of the non-observed partner

while keeping the concentration of the �uorescent partner constant, a binding a�nity can be

extracted from the concentration-dependent change of the thermophoretic behaviour of the

�uorescent partner. The general experimental set-up is depicted in Figure 1.24. Samples

are loaded into capillaries which are put on a (temperature-controlled) tray (up to 16 per

titration). By working in a capillary format, as mentioned above, artefacts from thermal

convection are minimized, and the spatial restriction of the temperature gradient allows for
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Figure 1.24: MST experimental scheme. (A) Schematic of MST set-up: samples are loaded
into capillaries, placed on a (temperature-controlled) sample tray, and �uorophores are excited by an
LED which is focussed onto the sample through an objective (OB) and �uorescence is detected with a
CCD camera. The sample is locally heated with an IR-laser (IR) using a dichroic mirror (DM) which
transmits the �uorescence excitation and emission and re�ects the IR beam. (B) Schematic of a
single MST recording: the initial �uorescence is recorded for typically ~5 s (I). The IR-laser is turned
on, giving rise to a sudden (~100 ms time scale) change in �uorescence, termed temperature jump or
T-jump (II), which can be both positive or negative depending on the �uorophore used. Molecules
then di�use due to di�usion-limited thermophoresis (III). Both the T-jump and thermophoresis can
be in�uenced by (bio)molecular interactions. After 30 s, in which a steady state might be reached
as in the example shown, the IR laser is turned o�, giving rise to an inverse T-jump (IV), and back-
di�usion (V). The �uorescence after thermodi�usion (III) is normalized to the �uorescence before
heating (I) or after T-jump (II). Figure based on [166].

short measurement times (<1 min per sample in total). An objective focuses the LED for

�uorophore excitation and an infra-red (IR) laser (λ = 1480nm) on the same spot. The

IR radiation creates a steep localised temperature gradient, while the overall heating of the

sample is only a few (~1-6) degrees depending on the IR (MST) power used and capillary

type. The �uorescence intensity of the molecules is recorded by a CCD camera before (I,

Figure 1.24B), during (III) and after IR radiation (V). When the IR-laser is turned on (II)

or o� (IV), a sudden change in �uorescence occurs, termed temperature jump or T-jump,

which is due to the temperature sensitivity of the �uorophore and can be either positive

or negative. Thermophoresis (III) leads to the formation of a concentration gradient of the

�uorescent molecules, and thus a change in the �uorescence of the observed spot. When

a steady state is reached, where thermodi�usion is counterbalanced by mass di�usion, one

observes a plateau in the �uorescence, although reaching a steady state is not necessary for

reliable data analysis as distinguishable concentration gradients typically form within a few

seconds [235]. After the IR-laser is turned o� particles di�use back into the depleted region

(V).
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1.4.5.3 MST data analysis

Both the T-jump and thermophoresis can be in�uenced by (bio)molecular interactions, and

both can be used in the analysis. For analysis of the thermophoresis, the �uorescence

during/after thermodi�usion (III, Figure 1.24B), F1, is normalized to the �uorescence before

heating (I) or after T-jump (II), F0:

Fnorm =
F1

F0
(1.36)

Inclusion of the T-jump typically leads to a better signal-to-noise ratio in the resulting

binding curve, as it is often in�uenced by the interaction studied. However, when the e�ect

of binding on the T-jump and thermophoresis have opposite signs, the T-jump should not

be included, or should be studied separately. For small temperature gradients as used in the

MST experiment, the linearised depletion law (equation 1.33) can be applied

c1,hot
c0,cold

≈ 1− ST∆T (1.37)

where c1,hot is the concentration of �uorescent molecules in the observed spot after ther-

mophoresis, and c0,cold that before heating or after T-jump. As the concentration of the

�uorophore in the focal spot is directly proportional to the �uorescence intensity observed,

it follows that

Fnorm ≈ 1 +

(
δF

δT
ST∆T

)
(1.38)

taking into account a possible contribution from the temperature dependency of the �uo-

rophore δF/δT . Thus Fnorm reports on ST , which as stated above bears information on a

the size of a molecule, its charge, and its hydration shell. As these can all be in�uenced by

interactions with other molecules, or in other words a binding event, the change in ST due

to binding is directly proportional to a change in Fnorm. Thus the equilibrium constant of

a molecular interaction, between the observed �uorescent molecule and the non-�uorescent

titrated binding partner, can be quanti�ed from the change in Fnorm as a function of the

concentration of the titrated partner, by performing MST on a dilution series of the un-

labelled partner (spanning concentrations well below and above the expected Kd) in the

presence of a constant amount of �uorescent partner. The observed �uorescence is made up

of contributions from molecules both bound (Fnorm,bound) and unbound (Fnorm,unbound) to

the binding partner

Fnorm = (1− x)Fnorm,unbound + xFnorm,bound (1.39)

where x gives the fraction of bound molecules. This equation, in combination with a model

for the binding event, such as the law of mass action or more complex models such as the
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Hill equation for cooperative systems, can be used to calculate binding a�nities for the

interaction studied. For the simple, but often applicable, law of mass action, binding can

be described by

A+B � AB

for binding partners A and B forming complex AB with equilibrium dissociation constant

Kd

Kd =
[A]free[B]free

[AB]
(1.40)

where [A]free and [B]free are the concentrations of free, unbound partners A and B and

[AB] that of the complex AB. As only total ([A] and [B]) and not the free concentrations

of A and B are known,

[A] = [A]free + [AB]

[B] = [B]free + [AB]
(1.41a)

equation 1.40 is adjusted accordingly:

Kd =
([A]− [AB])([B]− [AB])

[AB]
(1.41b)

As Fnorm obtained from the MST experiment is linearly related to the fraction of bound

molecules (equation 1.39) solving equation 1.41b for the fraction of bound molecules and

combining it with equation 1.39 gives a direct relation between Fnorm and the Kd which can

by used to �t MST data (see further in section 6.2.5).

1.4.5.4 Biomolecular interactions: MST vs. other approaches

Other biochemical and biophysical approaches can also give access to quantitative informa-

tion on binding a�nities. Radio-ligand binding assays for example, are often used, but are

limited to those systems for which a radioactive analogue of the ligand exists.

Fluorescence polarisation (FP), like MST, uses optical detection of the ligand. FP measures

the (de)polarisation of the �uorescence emitted by a small labelled ligand upon excitation

with polarised light; binding of the ligand to a (larger) molecule (e.g. a protein) dampens its

rotation, and thus the depolarisation of the �uorescence compared to the strong depolarisa-

tion observed for the free fast-rotating ligand [240]. This means that the technique is limited

to relatively small �uorescent ligands (less than a few thousand Dalton) and systems with

a su�ciently large size change upon binding to observe a change in depolarisation [241].

Another traditionally used technique for the study of molecular interactions is isothermal

titration calorimetry (ITC). In ITC the change in heat compared to a reference cell upon

binding of a ligand is monitored during a titration experiment, from which binding a�nity,
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stoichiometry and thermodynamic parameters can be determined [242]. The sensitivity of

the technique is however relatively low, requiring large amounts of sample (µg) compared

to MST (pg-ng).

Dynamic light-scattering (DLS) can also be used to measure molecular interactions, and like

FP it relies on a change in size. In DLS the time-dependent �uctuations in light scattered

by biomolecules in solution is measured, from which the hydrodynamic radius (RH) can be

determined [243]. To use DLS to measure binding, the size of the complex must be su�-

ciently di�erent from that of the separate partners, limiting it to systems where the binding

partners di�er no more that a factor two in RH [244].

Another powerful method is surface plasmon resonance (SPR), which unlike the aforemen-

tioned techniques, works with immobilised samples; one of the binding partners is coupled to

a noble metal �lm, and light at the resonance wavelength is used to induce surface plasmons

[245]. Binding of another molecule to the immobilised molecule leads to a change in refrac-

tive index and thus in the resonance frequency which can be measured. SPR not only gives

access to binding a�nities (ranging from sub-nM to low mM)) but also the kinetics of the

interactions (on- and o�-rates) for a interactions. The immobilised nature of the technique

does mean that assay set up for new systems can be challenging, and measurements can be

complicated by mass transport and rebinding [245, 246]. Moreover, the concern exists that

immobilization may a�ect the bound molecule and its dynamics, and thus the intermolecular

interaction [247�249].

The main limitation of MST is the need to be able to optically probe one of the two bind-

ing partners under investigation. MST equipment with LED wavelength and �lter sets

optimised to use Trp �uorescence is available, which enables label-free measurements for

Trp-containing proteins, but this requires the other binding partner to not be �uorescent in

the same range [250]. In all other cases, in the absence of natural �uorescence at wavelengths

suited to MST equipment (blue, excitation 460-480 nm, emission 515-530 nm; green, exci-

tation 515-525 nm, emission 560-585 nm; and red, excitation 605-645 nm, emission 680-685

nm) �uorescent labelling of one of the partners is required [166]. Nevertheless, MST is a

powerful method to study biomolecular interactions, as it does not only rely on a change in

particle size like FP or DLS, but also reports on changes in charge and hydration shell. It is

especially this last aspect of MST that renders the technique powerful enough to study the

binding of small molecules, which do not have a big e�ect on the complex size or charge.

Indeed MST has been used to study the binding of single ions, e.g. Ca2+ [251] and NO3
-

[252]. Sample consumption is very low (pg-ng per titration), especially of the �uorescent

binding partner which is used at low (. 25 nM) concentrations, which is ideal for the study

of membrane proteins which are often di�cult to express in large amounts. Furthermore,
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it is a free-solution technique and as such free from surface artefacts and immobilization

procedures as needed in SPR. Although, it does not readily give insights into binding ki-

netics like SPR, binding a�nities as well as thermodynamic parameters can be obtained by

performing Kd experiments at di�erent temperatures through the capillary tray tempera-

ture control [253]. In a recent review it was also demonstrated that MST can be used to

determine binding stoichiometry, to get insights on biding modes and conformations, and

to analyse protein unfolding and enzyme kinetics (on a s time scale) [253]. The technique is

not limited by bu�er conditions and can be used in complex bioliquids (such as blood serum

or cell lysates), as long as the conditions are kept constant along the titration series [235].

Practical considerations for assay set-up are discussed in detail in [166].

1.5 Aims of the thesis

The main aim of this thesis is to further our understanding of membrane protein structure

and function in lipid bilayers through in vitro studies of minimal systems for two membrane

proteins: a prokaryotic homologue for human peptide transporters, PepTSo, and a mam-

malian GPCR, neurotensin receptor 1 (NTS1).

Chapter 2 looks at the e�ect of ligand and electrochemical gradient on the structure of

the proton-coupled peptide transporter PepTSo, using DEER for intramolecular distance

measurements on the transporter reconstituted in liposomes.

To be able to apply FRET and DEER on NTS1, the current puri�cation protocol and

labelling protocol are optimised (Chapter 3).

Two recent x-ray crystallography structures of engineered NTS1 constructs bound to its

peptide agonist revealed only small conformational changes compared to structures of other

activated GPCRs, and only one of the structures included an eighth helix (H8), a structural

element common to many class A GPCRs. Thus, the structure and dynamics of NTS1 in a

more native lipid bilayer environment are investigated using CW-EPR (Chapter 4); speci�-

cally the e�ect of ligand on (local) protein dynamics at the G protein-interacting interface,

the presence of H8, and the e�ect of ligand has thereon.

While previous in vitro studies have shown that NTS1, like many GPCRs, can dimerise

in lipid bilayers, there is no experimental data available on the structure of the dimer.

Chapter 5 attempts to �ll that gap by probing the dimerisation interface using FRET and

DEER experiments on site-directedly labelled NTS1 reconstituted into liposomes, combined
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with collaborative single-molecule FRET studies on the dynamics of NTS1 dimerisation us-

ing a droplet-interface bilayer system.

Finally, a method to study native membrane proteins in lipid bilayers by MST without

the need for direct �uorescent tagging is established, and applied to NTS1 (Chapter 6), to

study the e�ect of membrane lipid composition on G protein coupling, and the e�ect of

various ligands (agonist and antagonist) on G protein a�nity.

General conclusions and outlook are presented in Chapter 7.



2 | Peptide transport studied by DEER

2.1 Introduction

2.1.1 PepTSo

PepTSo is a prokaryotic peptide transporter from the organism Shewanella oneidensis. It

is an analogue of the human peptide transporters PepT1 and PepT2 [254]. They belong

to the POT family of proton-dependent oligopeptide transporters, which are found both in

prokaryots and eukaryots [255], and symport mainly di- and tripeptides together with pro-

tons using the energy stored in the electrochemical gradient across the membrane [256, 257].

The POT family is part of the larger major facilitator superfamily (MFS) of transporters,

comprising nearly 80 di�erent families with many well-studied members, including LacY,

the lactose permease in E. coli [258].

PepT1 and PepT2 are interesting targets of study as they are responsible for the absorption

of dietary nitrogen, but especially because they are also involved in the uptake of a variety

of orally administered drugs, such as β-lactam antibiotics, antivirals and anticancer agents,

which is most likely due to the similarity in stereochemical properties to the natural peptide

substrates [259�262]. This activity provides therapeutic potential, in that these transporters

could be actively targeted to increase the bioavailability of drugs, for example by the addi-

tion of so-called "peptide pro-drugs" to facilitate their uptake by these receptors, a strategy

that is being increasingly exploited [260, 263�265].

As there is currently no suitable over-expression system for PepT1 and PepT2 for in

vitro studies on puri�ed transporters, attention has turned to their more malleable prokary-

otic analogues. So far, structures for four bacterial POT transporters have been reported:

PepTSo [266], PepTSt from Streptococcus thermophilus [267], and more recently GkPOT from

Geobacillus kaustophilus [268], and PepTSo2 also from Shewanella oneidensis [269]. These

transporters all have a conserved topology comprising of 12-14 TM helices arranged in two

symmetry-related six-helix bundles around a central substrate-binding cavity (Figure 2.1A).

The consensus is that they function by an alternating access mechanism in which the two six-

helix bundles undergo conformational changes where the transporter goes from an outward-

50
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Figure 2.1: PepTSo topology and the alternating access mechanism for transport. (A)
Shows the overall topology of PepTSo, comprising two six-helix bundles around a central cavity.
A small extracellular cavity observed in the crystal structure is also indicated. (B) Schematic of
the alternating access mechanism for proton-driven symport by POT transporters is shown; sub-
strate/peptide (Pep) and proton (H+) bind from the extracellular side, inducing a conformational
change via an occluded state in which bound substrate is inaccessible from both sides of the mem-
brane; this leads to an inward-facing state and release of the substrate and proton into the cytoplasm.
Salt bridges that were found to be important for transport gating in PepTSt are shown. Figures
adapted from [266] and [267].

open conformation to take up substrate, via an occluded conformation, to an inward-open

conformation, leading to substrate release, thus making the substrate binding site alterna-

tively accessible to either side of the membrane (Figure 2.1B). The opening and closing of

the substrate binding site is thought to be due to the breaking and formation of critical salt

bridges, acting as gates, in response to substrate binding and release. [267, 270]

PepTSo shares 45% sequence similarity and 35% sequence identity to PepT1 [266]. There

are some structural discrepancies however, as PepT1 and PepT2 each have only 12 helices,

while PepTSo has two extra helices, the function of which is currently unknown. Neverthe-

less, all previously identi�ed functionally important residues are conserved, and PepTSo and

the human transporters exhibit similar pharmacology, with respect to the substrates they

carry, and similar transport kinetics, supporting a common mechanism of peptide transport.

Thus PepTSo is often employed as a model for the human transporters [266].

Currently, structural data on PepTSo is limited to a crystal structure of the transporter
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in an inward-occluded state (PDB ID: 2XUT) [266], and in an inward-facing state (PDB

ID: 4UVM) that is as yet unpublished (Fowler et al., submitted). Modelling e�orts using

the symmetry between the two six-helix bundles have produced a so-called repeat-swapped

model (RSM) of the transporter in an outward-facing state (Fowler et al., submitted). This

model was generated based on the observation that each of the six-helix bundles in MFS

transporters appears to be composed of two inverted topology repeat units (Figure 2.2)

[271]; in the N-terminal bundle helices 1-3 form unit A, which is related to unit B formed

by helices 4-6, via a two-fold symmetry axis parallel to the plane of the membrane, and

the same is found for unit C (helices 7-9) and D (helices 10-12) in the C-terminal bundle.

By swapping the structures of symmetry-related repeat units, i.e. threading the sequence of

unit A onto the structure of unit B, and vice versa, and doing the same for units C and D,

a model could be built of an outward-facing conformation from the structure of an inward-

facing conformation, as previously shown for LacY [271], and several other transporters

[90, 272]. However, information on intermediate states, and what triggers conformational

changes between states is still scarce.

2.1.2 EPR studies of proton-coupled MFS transporters

As explained in section 1.4.2, EPR is a powerful technique for studying protein conforma-

tion in solution. Both CW-EPR and DEER studies have been used to shed light on the

mechanism of ion-coupled transport for a number of MFS transporters. A DEER study on

LacY, combined with computational modelling, showed that the transporter probed inward-

and outward-facing, as well as occluded states in detergent; furthermore it was shown that

in the apo state LacY was biased towards the inward-facing state, and that addition of sub-

strate shifted the conformational equilibrium towards the outward-facing state [273]. For

the sodium-coupled aspartate transporter GltPh, DEER measurements in both detergent

and liposomes showed that protomers sample the outward-facing and inward-facing states

with nearly equal probabilities [274, 275]. The observed distances in liposomes were over-

all shorter than in detergent, suggesting a more compact structure, potentially due to the

trimeric structure of the transporter in membranes. In addition, the transporter in liposomes

seemed to be somewhat biased towards the outward-facing conformation; the addition of

sodium together with substrate or inhibitor modestly shifted the distributions (further) to-

ward the outward-facing state [274]. Interestingly, adding only coupling ions (Na+) resulted

in similar changes to those observed upon addition of both substrate and ions, although

conformation-shuttling of the Na+-bound transporter is not expected, as this would lead

to uncoupled Na+ leaks [275]. Hänelt et al. did not observe a shift towards outward-facing

conformations upon substrate addition for all label site pairs, but rather di�erent e�ects
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Figure 2.2: PepTSo structure and repeat-swapped model. (A) Currently available high-
resolution structure of PepTSo (PDB ID: 2XUT) is shown [254]. (B) A repeat-swapped model
(RSM) of PepTSo in an outward-facing state, built using inverted topology repeat units (C) by
swapping the structures of symmetry-related repeat units, i.e. threading the sequence of unit A
onto the structure of unit B, and vice versa, and doing the same for units C and D using the
2XUT structure. The RSM was built by Sebastian Radestock and Lucy R. Forrest (Fowler, et al.,
submitted).

for di�erent pairs which they ascribed to the apparent low energy barrier associated with

the conformational equilibrium, which might be perturbed by the cysteine mutations, spin

labelling or freezing of the sample [275]. A CW-EPR/DEER study on the sodium-coupled

leucine symporter LeuT showed Na+-dependent formation of a di�erent outward-facing in-

termediate state, for one particular label site pair, not observed in the substrate-bound state,

and this intermediate state was proposed to facilitate substrate binding [276].

The e�ect of protonation on two proton-coupled transporters was also recently studied.

Solvent-accessibility CW-EPR studies on the liposome-reconstituted drug/H+ antiporter

EmrD revealed a local opening of the cytoplasmic side of the N-terminal at low pH [277].

DEER studies on the proton-coupled multidrug antiporter LmrP in detergent, showed that
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substrate binding stabilised an outward-open conformation at high pH, while a shift in the

conformational equilibrium from outward-open to outward-closed was observed in the apo

state with decreasing pH [278]. The e�ect of both substrate and low pH was not inves-

tigated. These two studies provide some insight into the role the proton gradient might

play in transport, although, as the authors already point out, an overall change in pH as

used in these studies, is not the same as the proton-gradient under which these transporters

normally function. Thus, it could be that e�ects are more subtle than portrayed by these

studies.

Nevertheless, so far all DEER studies suggest that MFS transporters are dynamic and probe

multiple conformations, and that the equilibrium between these conformations can be af-

fected by the presence of substrate.

2.1.3 Aim

To investigate how peptide transport by PepTSo is in�uenced by the electrochemical gradi-

ent, in collaboration with Nicolae Solcan and Simon Newstead (Department of Biochemistry,

University of Oxford), I performed DEER measurements on the transporter reconstituted

into liposomes. Inter-residues distances on the periplasmic and cytoplasmic side of PepTSo

were measured in the presence and absence of substrate, with or without an electrochemical

gradient applied. Thus we aimed to elucidate how peptide and the proton gradient in�uence

the conformational state of the transporter, to get further insight into the overall mechanism

of peptide transport.

2.2 Materials and method

2.2.1 PepTSo

PepTSo was expressed, puri�ed and then reconstituted by Nicolae Solcan after spin la-

belling by me. Double cysteine mutations were introduced in PepTSo at the cytoplasmic

(S141C/S432C and R201C/E364C) and periplasmic side (N174C/S466C) at positions equiv-

alent to those in a previous SDSL study of the related LacY transporter [273]. The mutants

were produced by site-directed mutagenesis, and expressed and puri�ed as described pre-

viously [254]. Puri�ed mutants were labelled with MTSL, after which they were reconsti-

tuted into liposomes of acetone-ether washed E. coli total lipid extract and POPC (Avanti

Polar Lipids) at a 3:1 ratio (w/w) by rapid dilution as described in Appendix A.2. Sub-

strate (di-alanine: diAla) transport was either initiated in a electrochemically (∆Ψ) driven

manner, or substrate gradient-driven manner (counter�ow), by using di�erent internal and

external liposome bu�ers (explained in Figure 2.4 and Table A.1). Thus, DEER samples
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Figure 2.3: Labelling sites on PepTSo for DEER. Residues pairs that have been mutated
to Cys for SDSL of PepTSo for DEER experiments are highlighted on the inward-occluded crystal
structure of PepTSo (PDB ID: 2XUT): N174 and S466 on the periplasmic (EC) side (light grey);
and S141 and S432 (grey), and R201 E364 on the cytoplasmic (IC) side (black). As the loop in
which E364 resides is not resolved in the crystal structure the nearest resolved residue, V358, is
highlighted instead. Helices are coloured as in Figure 2.1.

were prepared in four conditions: with electrochemical gradient and substrate (∆Ψ+diAla),

with electrochemical gradient, without substrate (∆Ψ apo), without gradient with substrate

(counter�ow, CF+diAla), and without gradient without substrate (CF apo). A �fth condi-

tion was tested for one mutant, where the same bu�ers as for the ∆Ψ sample were used, but

without valinomycin, to control for any bu�er e�ects (∆Ψ control). As transport assays have

shown that transport of added substrate completes within ~5-15 min, 10 µL of the external

bu�er (∆Ψ bu�er with valinomycin, with or without diAla, or CF bu�er with or without

diAla) was added shortly before transfer to high precision 3 mm quartz tubes to initiate

transport. Samples were then quickly �ash-frozen in liquid nitrogen to trap the protein in a

transporting state, and to avoid water crystallisation.

2.2.2 DEER

DEER distance measurements were performed at X-band on a Bruker Elexys 680 spectrom-

eter, using a 3 mm split-ring resonator (ER-4118X-MS3, see also Appendix A.8.2). Samples

were cooled to 50 K using a helium cryostat. DEER traces were recorded using both 4p
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Figure 2.4: Experimental set-up for PepTSo peptide transport. (A) ∆Ψ-driven transport:
the potassium ionophore valinomycin facilitates an e�ux of K+ ions down the K+ concentration
gradient created by using di�erent internal and external liposome bu�ers; this creates external net
positive charge, leading to protonation of the protein, and peptide transport. (B) Counter�ow
transport: in the absence of an ion gradient, liposomes were loaded with a high concentration
of peptide, causing the protein to transport it out down its concentration gradient, leading to
concomitant uptake of external (labelled) peptide. See also Appendix A.2.

and 3p DEER sequences (see 1.19). For both the 3p and 4p experiments the probe π and

π/2 pulses were set to 32 ns, and the pump π pulse was set to 12-24 ns, to obtain complete

echo inversion at maximum power (minimum ELDOR attenuation) while minimizing any

proton modulation induced by pulse overlap not averaged out by varying τ1 pulse delays.

The probe frequency was set to coincide with the maximum of the nitroxide spectrum, and

the pump frequency was set 65 MHz up�eld. Raw data was phased using DeerAnalysis 2013
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software [202], and combined by least-squares �tting using MATLAB 2013 (MathWorks) as

per the DEER-Stitch method by Lovett et al. [197]. Distance distributions were derived

from stitched data using model-free Tikhonov regularisation in DeerAnalysis 2013.

2.3 Results and discussion

Three double cysteine mutants were investigated: S141C/S432C (H4/5-H10), R201C/E364C

(H6-H8/9, both cytoplasmic), and N174C/S466C (H5/H11, periplasmic, see Figure 2.3).

Functional assays (Figure 2.5) performed by Nicolae Solcan, at sample conditions similar

to those used in the DEER samples, showed that two of these samples were able to trans-

port radio-labelled peptides into liposomes well above background levels (R201C/E364C and

N174C/S466C), while the S141C/S432C mutant appeared to be more functionally impaired.

The ∆Ψ-driven assay showed that transport occurred in a valinomycin-dependent manner.

This indicates that the gradient created under these sample conditions does facilitate trans-

port, despite the small sample volume as required for the DEER samples only allowing for

the creation of a modest membrane potential of roughly -30 mV, instead of -100 mV as

typically used in PepTSo transport assays (calculated as per equation A.1).

Background-corrected dipolar evolution data and the corresponding distance distributions

obtained by model-free Tikhonov regularisation are shown in Figures 2.6, 2.7 and 2.8. The

distributions were subjected to Gaussian deconvolution to obtain peak centres and widths

(Table 2.1 and Appendix C). To be able to assess the distances observed in terms of protein

conformation, we can compare the distances found to those expected from the available

structures of the transporter in di�erent stages of the transport cycle; the crystal structure

in an inward-occluded state (2XUT), the repeat-swapped model (RSM) in an outward-open

state, and an inward-open model based on the structure of the related POT transporter

PepTSt (Fowler et al., submitted). Cα-Cα distances from these structures are given in Ta-

ble 2.2. Some agreement is found between the distances observed in the DEER experiments

(Table 2.1) and the distances expected from the Cα-Cα separation in crystal structure and

models of the transporter (Table 2.2), with shortest distances expected and found for the

S141/S432 pair, and longer distances for the other two pairs. The ~32-33 Å distance found

for S141/S432 is longer than the expected distances of 21-24 Å, which is likely due to contri-

butions of the spin label tether. Similarly, the unexpectedly short ~19-21 Å distances found

for N174/S466 could be a result of spin label rotamers. Alternatively, the di�erent environ-

ments for the protein (i.e. protein crystallised in detergent vs. reconstituted in liposomes)

could contribute to these discrepancies. The distances found for R201/E364 agree very well

with those expected (45 Å compared to & 43.5 Å), although the short distance expected

from the RSM (26.5 Å) is not observed in most conditions. As spin-label tethers can only
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Figure 2.5: Transport activity of double Cys PepTSo mutants for DEER. Activity assays
were performed by Nicolae Solcan on the Cys mutants used in DEER under conditions similar to
those used in the �nal DEER samples. (A) ∆Ψ-driven assay: 5 µL proteoliposomes containing
internal bu�er (20 mM KPi, 100 mM KAc and 2 mM MgSO4) were resuspended in 10 µL external
bu�er (120 mM NaPIPES and 2 mM MgSO4) containing 15 µM 3H-diAla in the presence and
absence of valinomycin (to induce K+ �ow, to create an ∆Ψ), to a �nal protein concentration of 250
µM. Uptake was measured at pH 6.5 and 30 °C after 10 min. The Y-axis shows uptake of the 3H
label in 1000 counts per minute (kCPM). (B) Counter�ow assay: 5 µL proteoliposomes containing
internal bu�er (50 mM KPi pH 6.5, 2 mM MgSO4) and 10 mM diAla were resuspended in 10 µL of
external bu�er (50 mM KPi pH 6.5, 2 mM MgSO4) containing 5 mM 3H-diAla, to a �nal protein
concentration of 250 µM. Peptide-driven uptake was measured over time at 30 °C.

extend to 10 Å at most, giving a maximum spread of 20 Å, the wide distance distributions

found for mutants S141/S432 and N174/S466 (and for R201/E364 "∆Ψ+diAla") spanning

25 and 45 Å, respectively, cannot solely be an e�ect of spin label rotamer contributions, and

are thus indicative of the presence of multiple conformations.

To gain more insight into whether the distance distributions observed by DEER correspond

to di�erent conformational states of the transporter, spin label rotamer analyses were per-

formed by Philip Fowler, in which the contribution of the spin label tether to the predicted

distances is taken into account; here, a library of possible MTSL rotamer conformations

is introduced into the available protein structure/model for each of the residues of a given

DEER pair, discarding rotamers that would give steric clashes (as described in [232]). From

the remaining rotamers that are sterically allowed, distance distributions are calculated from

all the possible spin-spin distances. The resulting predicted distance distributions for the

inward- and outward-facing transporter conformations are shown in Figure 2.6C, 2.7C, and

2.8C.

For the S141/S432 the Cα-Cα distances vary only ~2-3 Å for the di�erent transporter states,

and the rotamer library approach also predicts largely overlapping distance distributions.

So, although the width of the distribution is clearly indicative of multiple conformations,

the individual peaks cannot con�dently be ascribed to a speci�c transporter state. Together
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Figure 2.6: R201/E364: Fitted DEER traces and distance distributions. DEER experi-
ments were performed in the presence of a valinomycin-induced electrochemical gradient (∆Ψ) with
or without di-alanine peptide present (+diAla or apo, respectively); or under counter�ow conditions
(CF), i.e. no chemical gradient, but with high concentrations of peptide in the +diAla sample to
induce transport. A "∆Ψ control" sample was measured under the same conditions as "∆Ψ apo" but
without valinomycin, to ensure the di�erence in bu�er compared to counter�ow conditions had no
e�ect. (A) Form factor (grey) obtained by background correction of the dipolar evolution function,
and �t of thereof are shown. Lower S/N at longer evolution time compared to shorter evolution time
is due to the di�erence in noise on the 4p and 3p trace. (B) Distance distributions derived from
the �tted form factors. (C) Distance distributions derived from MTSL rotamer analysis (by Philip
Fowler) on the inward facing crystal structure (4UVM) and the outward-facing repeat-swapped
model (Fowler et al., submitted).

with the poor transport capability observed, this makes this mutant a poor reporter of

PepTSo functionality.

For the N174/S466 mutant a slightly larger Cα-Cα distance change is expected (~5-9 Å,

Table 2.2), although rotamer analysis again predicts substantial overlap in the DEER dis-

tance distribution (Figure 2.8C). Similar distances are observed for the N174/S466 mutant

in all bu�er conditions (Figure 2.8B), although in the presence of electrochemical gradient
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Figure 2.7: S141/S432: Fitted DEER traces and distance distributions. Same as Fig-
ure 2.6, but without the "∆Ψ control" sample.

and peptide (purple trace) a somewhat larger relative contribution of short distances was

observed. The signal-to-noise ratio of the latter (3p) part of the DEER trace of the "∆Ψ

apo" sample (Figure 2.8A, red trace) is too poor to distinguish the two peaks around ~40-50

Å seen in the distance distributions of the other three samples; however, visual inspection

of the early part of the DEER trace shows an intermediate state between the "∆Ψ+diAla"

(purple trace) and "CF" samples (blue and black traces), which is also apparent from the

increased contribution of the ~20 Å peak in the distance distribution compared to CF sam-

ples (Figure 2.8B). The short distance at ~20 Å is not predicted from the Cα-Cα distances

in the crystal structure and RSM (Table 2.2) or from rotamer analysis (Figure 2.8C). Al-

though the predicted N174/S466 Cα-Cα distance is shorter for the inward-facing than the

outward-facing model, rotamer analysis suggests that shorter distances (<40 Å) are more

likely due to the outward-facing state of the transporter (Figure 2.8C). Considering that

the rotamer analysis takes into account spin label �exibility, it is a more reliable tool to

interpret DEER data than the Cα-Cα distances from the (crystal structure) models. Thus,
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Figure 2.8: N174/S466: Fitted DEER traces and distance distributions. Same as Fig-
ure 2.6, but without the "∆Ψ control" sample.

although it is not entirely clear to what state the apparent increase in short distances in the

N174/S466 mutant can be ascribed, rotamer analysis is most consistent with a bias towards

the outward-facing state of the transporter in the presence of an electrochemical gradient.

The R201/E364 mutant is the only sample to show a clear di�erence between the di�er-

ent sample conditions, with the "∆Ψ+diAla" sample (purple trace) showing a peak centred

around 24 Å which is not present under other conditions (Figure 2.6B). Both the Cα-Cα dis-

tance (Table 2.2) and rotamer analysis (Figure 2.6C) suggest that short distances correspond

to the outward-facing state of the transporter, and thus this peak can more con�dently be

ascribed as such. The overall width of the distance distributions seen for R201/E364 un-

der the other experimental conditions (i.e. "∆Ψapo" and "CF") is much narrower (~10 Å)

than observed for the other two mutants (~25-35 Å). However, the overlap in the predicted

distributions for inward and outward conformational states from the rotamer analysis (Fig-

ure 2.6C) suggests that this does not exclude the possibility of this mutant also probing

multiple conformations in solution, and protonation in combination with substrate binding
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Table 2.1: DEER distances extracted by Gaussian deconvolution. Dis-
tance distributions obtained from DEER measurements on the three mutants (Fig-
ures 2.6, 2.7 and 2.8) were subjected to Gaussian peak-�tting in OriginPro 8.5 (Origin-
Lab). The centre of each of the �tted Gaussian peaks (R) is given (± the half-width at
half-height) as well as the relative contribution to the total area (A). See also Appendix
Appendix C.

N174/S466 S141/S432 R201/E364

R (Å) A (%) R (Å) A (%) R (Å) A (%)

CF apo 19± 2 5 21± 4 41 45± 4 100
39± 2 17 32± 4 53
47± 3 78 38± 1 6

+diAla 19± 2 3 22± 4 42 45± 3 100
39± 1 16 33± 4 58
47± 3 81

∆Ψ apo 21± 4 10 23± 4 41 45± 2 93
45± 5 90 33± 4 59 57± 31 7

+diAla 21± 3 12 22± 4 41 24± 3 12
41± 2 35 33± 4 59 39± 3 35
48± 3 53 45± 43 53

control - - - - 45± 4 100
1 Distance most likely a �tting artefact (not stable with variable background subtraction).

Table 2.2: Cα-Cα distances between DEER residues in PepTSo. For each residue
pair the expected Cα-Cα distance was determined from the crystal structure (2XUT) in
an inward-occluded state, the repeat-swapped model in an outward-open state, and an
inward-open model based on the structure of the related POT transporter PepTSt [267]
built by Lucy R. Forrest and Sebastian Radestock (Fowler et al., submitted).

Cα-Cα distances (Å)

Inward-Occluded Outward-open Inward-open

N174/S466 39.4 42.8 33.6
S141/S432 24.4 20.7 22
R201/E364 & 43.51 26.5 43.5

1 E364 is not resolved in the crystal structure (loop between H8 and 9 is partially missing), but
overlay of the inward-open model and 2XUT shows that the Cα-Cα distance for the latter is likely
to be similar or slightly larger based on the helix tilt of the resolved portion of H8.

stabilising another, more outward-open conformational state.

2.4 Conclusions

The study presented here is the �rst EPR study on a gradient-driven transporter that ex-

ploits liposomes to create an electrochemical gradient, thus more closely mimicking native
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conditions compared to what can be achieved in isotropic conditions. While further study is

required to draw robust conclusions about the transport mechanism of PepTSo, preliminary

results indicate the importance of the electrochemical gradient for ligand-induced conforma-

tional changes in the transporter. The broad DEER distance distributions obtained suggest

that the transporter probes a variety of conformations even in the absence of substrate, as

previously observed for other MFS transporters [273�276, 278]. As previously argued for

EmrE [279], this could re�ect the need for a dynamic apo state to allow binding of a wide va-

riety of structurally di�erent substrates. Only in the presence of a gradient did the substrate

appear to induce a conformational change in the receptor (for R201/E364, Figure 2.6), or

perhaps at least a shift in the equilibrium of the probed conformations (for N174/S466, Fig-

ure 2.8), suggesting that protonation is required to trigger conformational changes associated

with transport. Previous studies of MFS transporters (as discussed in section 2.1.2) showed

that ion coupling alone could shift the conformational equilibrium [274, 275, 277, 278], or

induce a di�erent intermediate state [276]. Substrate alone in the absence of gradient was

also shown to shift the conformational equilibrium in LacY [273]. As already mentioned by

Hänelt et al., conformational-shuttling of transporters in response to ions only, would lead

to substrate-uncoupled leaks, which would be disadvantageous to transporter function in

vivo. Indeed, another study on LacY, using transport assays on proteoliposomes containing

pH-sensitive dyes, showed that protonation precedes substrate binding, and D2O exchange

studies showed that transport kinetics were dependent on protonation [280]. There, how-

ever, di�erent results were obtained for another (non-MFS) transporter, EmrE, suggesting

that functional mechanisms cannot be generalised to all transporters.

Why only the R201/E364 and not the N174/S466 spin pair reported clear conformational

changes in PepTSo is unclear, as both pairs contain residues on TM domains which are

thought to be involved in transport gating (Fowler et al., submitted); similar discrepancies

have been observed in other DEER studies [274�276], and the rotamer analysis suggest that

spin label �exibility could lead to overlapping distances, obscuring conformational changes.

The distance distributions obtained for the S141/S432 mutant was largely una�ected by

the presence of substrate and/or gradient (Figure 2.7), which could either re�ect the small

predicted change in conformation along the transport cycle, or that it transported poorly in

activity assays (Figure 2.5). As all sites were chosen with analogy to a previously published

LacY SDSL study [273], and an outward-facing model was only available after DEER exper-

iment were performed, this pair was included in the study, although it now appears to have

been a poor reporter. This underlines the importance of using knowledge available from

other techniques, such as crystallography and modelling, in experimental design, and future
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studies could exploit the information gained from spin label rotamer analysis in choosing

informative labelling sites.



3 | Puri�cation and labelling of
neurotensin receptor 1 for
biophysical study

3.1 Introduction

3.1.1 Production of GPCRs for structural studies

Most GPCRs, excluding rhodopsin, are naturally expressed at low levels, making their direct

puri�cation from natural sources for structural biology studies not feasible. As a result, they

must be overexpressed in heterologous systems. Di�culties in overexpression of GPCRs are

most likely due to several factors, such as the complex folding mechanism of these proteins,

problems of insertion into host membranes, inappropriate lipid environment of the host mem-

brane, and incorrect post-translational modi�cations [281]. Expression in inclusion bodies

is also complicated, as refolding strategies are very di�cult to optimize. Puri�cation of

GPCRs requires solubilisation of the receptor using detergents; choosing the right detergent

is important to be able to purify the protein in an unaggregated, stable and active state,

but it is di�cult to identify the best detergents a priori [282].

Crystallisation of GPCRs is greatly compromised by the detergents that are required for

their solubilisation; these mild detergents are typically long-chained, and the large size of

the micelle interferes with the formation of inter-protein interactions required for crystal

formation [283]. Additionally, the inherent �exibility of GPCRs forms a major entropic bar-

rier to crystallisation [155]. Consequently, despite their clinical relevance, the �rst GPCR

crystal structure was only solved in 2000 for rhodopsin (which is inherently more rigid than

other GPCRs as it is covalently bound to its inverse agonist) after which it took another

seven years for the next GPCR structure to be solved in 2007 for the β2-adrenergic receptor.

However, technical advances in recent years have lead to a �urry of new crystal structures of

GPCRs, with high resolution structures for 25 unique receptors published to date (August

2014: 21 family A, 2 family B, 2 family C, and 1 frizzled-taste family; see Table B.1). The

65
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use of lipidic-cubic-phase for the crystallisation of GPCR has been a major contributor, pro-

viding a membrane-mimetic matrix closer to native bilayers than traditional detergents, thus

stabilising labile proteins while allowing the formation of crystal contacts between both polar

and non-polar parts of the protein, contributing to better order and di�raction [152]. GPCR

crystallographic has further bene�ted from great e�orts to improve receptor expression and

stability as discussed in section 1.4.1. Common strategies to improve GPCR stability for

structural studies, include the deletion of �exible loops (typically intracellular loop 3, IC3),

and/or the addition of stable globular proteins to these loops (typically T4-lysozyme, T4L),

which is thought to aid folding and reduce �exibility [284, 285]. Soluble fusion proteins also

increase hydrophilic contact surfaces to promote crystal lattice packing. Additionally, "ther-

mostabilised" mutants of GPCRs are now routinely used to obtain crystal structures [155].

Thermostabilisation entails a process of �nding point mutations that increase the thermal

stability of receptors, so that they become su�ciently stable to crystallise in short-chain

detergents. This is commonly achieved through alanine scanning, in which all residues of

a given GPCR are sequentially mutated, and the thermostability of the resulting mutant

is assessed [286]. Alternatively, an approach using so-called "directed-evolution" in which

all residues are mutated to all other possible residues can also be applied [287, 288]. This

approach uses FACS (�uorescence-activated cell sorting) to select well-expressing mutants

and relies on the weak correlation between improved expression and improved thermosta-

bility. In both techniques, single thermostabilising mutations are combined, resulting in a

�nal mutant with approximately 5-10 point mutations, with a signi�cantly increased half-

life compared to wild-type (WT) receptor. Thermostabilisation is usually performed in the

presence of a ligand (agonist or antagonist). This results in a mutant whose stability and

a�nity are biased towards the ligand used, and which is said to be conformationally sta-

bilised in a certain state, i.e. "active" or "inactive", depending on its preference for agonists

or antagonist, respectively [289]. Small antibodies such as FABs, and especially cameloid

antibodies known as nanobodies, have also been employed to obtain GPCR crystal struc-

tures where they help to stabilize speci�c receptor states [153]. Nanobodies are much smaller

than FABs, as they only contain the light chain, and thus add less bulk to the �nal complex.

Most notably, nanobodies were used to stabilise the complex in the crystal structure of the

agonist-bound β2-adrenergic receptor interacting with a G protein [104].

Although very valuable for obtaining well-di�racting crystals and thus crystal structures,

such protein engineering approaches are not without caveats. Roughly 40% of the solved

structures are agonist-bound structures. Of these agonist-bound structures, ~60% is in a so-

called "active-like" state, i.e. an agonist-bound state which shows no or little conformational



Puri�cation and labelling of neurotensin receptor 1 for biophysical study 67

changes compared to the basal state of the receptor. It has been argued that receptors re-

quire the presence of G protein to undergo (full) conformational changes upon ligand binding

[104]. This was however not seen for rhodopsin, where substantial conformational changes

were observed even in the absence of G protein [290]. Rhodopsin is the only GPCR that has

been crystallised in its native form, i.e. without globular fusion proteins, large deletions of

critical loops, or thermostabilising mutations, thus it could also be argued that the modi�-

cations made to the receptors to facilitate crystallisation alter the receptor so that its native

function is impaired to some extent. Indeed, T4L is typically inserted into IC3, which is

thought to be involved in G protein activation; this impairs the ability of resulting construct

to activate G protein [155, 291, 292], as was also observed for several of the thermostabilised

mutants [293�296]. More generally, the concern remains that the determined structures

of receptors in di�erent activation states may be in�uenced by the crystal lattice and/or

the membrane mimetic used, and that they do not accurately represent the behaviour of

the receptors in their native membrane [159], or at least, provide an oversimpli�ed picture

of GPCR activation. Proteins, and especially GPCRs, are dynamic and �exible, and will

be present in many intermediate conformations not represented by the crystal structures.

Indeed, NMR studies suggest that GPCRs are present in many functional states and that

ligand binding shifts the equilibria between these states [297]. Studying GPCR activation

for a more native, active receptor, in a membrane environment is therefore of great interest.

3.1.2 Neurotensin receptor 1

Neurotensin receptor 1 (NTS1) is a 424 amino acid (47 kDa) class A GPCR, and one of

the few GPCRs that can be expressed in E. coli and puri�ed in a functional, ligand-binding

form, making it amenable for biophysical studies due to its relative ease of expression (Fig-

ure 3.2) [298]. Its mRNA is found heterogeneously distributed in the central nervous system

and in the intestine, both in rats [299] and humans [300]. Its ligand, the tridecapeptide

neurotensin (NT; ELYENKPRRPYIL), which is synthesized as part of a 170 amino acid

precursor [301], has a dual role, as a neuromodulator in the brain, and as a local hormone in

the periphery. NTS1 has been shown to bind NT with high a�nity (Kd ≈ 1 nM) in various

cell types, and NT binding is sensitive to sodium ions and GTP [299, 300, 302, 303]. Only

the last six amino acids of NT (NT8-13, RRPYIL) are required for binding to NTS1, and

NT8-13 has been shown to bind more strongly to the receptor than the full-length NT pep-

tide [303]. There are two other proteins known to interacted with NT, neurotensin receptor

2 (NTS2) [304] and 3 (also known as sortilin) [305]. NTS2 is also a GPCR and the rat re-

ceptors share 43% amino acid identity and 64% amino acid homology [306], while sortilin is
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structurally distinct and binds a variety of additional ligands [307]. Major e�ects of NT in-

clude analgesia, hypothermia, modulation of dopaminergic systems, modulation of pituitary

hormone secretion, inhibition of food intake, and regulation of digestive function (reviewed

in [306, 308, 309]). Antipsychotic drugs also appear to in�uence the NT system, and it has

been shown that NT-containing circuits mediate some of the rewarding properties linked to

drug abuse [310]. Furthermore, studies suggests that the upregulation of NT and/or NTS1

expression is involved in the development and progression of several types of cancer, includ-

ing colon, breast, lung and pancreatic cancer (reviewed in [311]). While NTS2 plays a role in

the analgesic e�ect of NT, the role of NTS3/sortilin in NT mediated physiological e�ects is

unclear [307], and NTS1 appears to mediate most of the pharmacological and physiological

e�ects of neurotensin [308]. Consequently, NTS1 has been proposed as a potential target

for treatment of schizophrenia, Parkinson's disease, obesity and drug addiction, and as a

biomarker for certain cancers. This enormous pharmaceutical potential makes NTS1 an

interesting system for structural and functional studies.

3.1.3 Production and protein engineering of NTS1

Two crystal structures of thermostabilised mutants of NTS1 have been published in recent

years. Firstly, an agonist-bound crystal structure of NTS1 with six stabilising mutations

and T4L introduced into IC3 was published in 2012 (PDB ID: 4GRV) [294]. This mutant

was produced using a insect cell-baculovirus expression system, crystallised in lipidic-cubic

phase, and is only stable in the presence of agonist. Secondly, another agonist-bound crystal

structure of NTS1 expressed in E. coli and crystallised in detergents was published in 2014

(PDB ID: 3ZEV) [295]. This study also employed a thermostabilised mutant, although the

direct-evolution technique rather than alanine-scanning was used, yielding eleven stabilis-

ing mutations (with two sites in common with 4GRV). This construct did not have T4L

introduced into IC3, but the loop was truncated (residues 280-295) to decrease �exibility to

aid crystallisation. This deletion, together with the mutations (especially of the conserved

R2673.50 to Leu) greatly impaired G protein coupling (5-fold reduction in G protein activa-

tion) compared to WT [295].

Other biophysical and biochemical studies have typically employed expression in E. coli

using a fusion construct of NTS1, with N- and C-terminal fusion partners, leaving the re-

ceptor itself intact, except for the �rst 43 residues which are omitted as they are prone to

proteolytic degradation (Figure 3.1) [302]. These fusion proteins are based on the construct

NTS1A, with fusion partners being the E. coli maltose binding protein (MBP, N-terminal),

and E. coli thioredoxin (TrxA, C-terminal). The fusion partners are included to aid protein
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folding and insertion into the E. coli inner membrane, through the periplasmic targeting se-

quence of MBP [281]. Modi�ed versions of the original construct include tobacco etch virus

(TEV) protease cleavage sites �anking the NTS1 sequence, to allow proteolytic removal of

the fusion proteins (NTS1B) [298, 312]; and fusions to �uorescent proteins have also been

reported (NTS1-YFP/CFP) [206]. E. coli expression of NTS1B has been optimised, so as

to avoid overloading of the E. coli translocation machinery while allowing the sustained

accumulation of functional receptor at the cell membrane [298] by using a low copy number

plasmid (pRG/III-hs-MBP [302]), with the weak lac promotor, and long, low-temperature

induction periods [313].

Figure 3.1: NTS1 constructs. Two constructs of NTS1 were used in this thesis: NTS1B [312]
and NTS1BH6. NTS1B (101 kDa) is a fusion construct of rat NTS1, with E. coli maltose binding
protein (MBP, N-terminal) and E. coli thioredoxin (TrxA, C-terminal), and an C-terminal deca-
His-tag (H10). NTS1 is N-terminally truncated (residues 1-43; T43-rNTS1) in this construct as
the N-terminal region, which contains three putative glycosylation sites, is sensitive to proteolytic
degradation. NTS1 is �anked by two TEV protease recognition sites to allow removal of the fusion
partners, by TEV cleavage, yielding NTS1. This construct was adapted to contain an extra hexa-
His-tag (H6) at the C-terminus of NTS1 before the TEV protease recognition site, NTS1BH6, to
facilitate IMAC on the cleaved receptor.

3.1.4 Aim

Having demonstrated the successful application of DEER to study the structure and function

of a more stable membrane protein system, the prokaryotic peptide transporter PepTSo

(Chapter 2), the rest of this thesis will focus on to the biophysical investigation of a more

challenging mammalian system. This chapter is aimed at adapting and improving the current

expression and puri�cation protocol of the non-thermostabilised NTS1B construct in order

to obtain samples of su�cient quality and concentration to be amenable to FRET, EPR, and

other biophysical techniques. Furthermore, to be able to site-directedly label the receptor

for EPR and FRET studies with small labels, cysteine mutants of the receptor need to be

produced, their activity veri�ed, and an e�cient labelling protocol needs to be established.
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3.2 Materials and method

3.2.1 NTS1 construct

The NTS1B fusion construct of rat neurotensin receptor 1 was used; rat NTS1 has 84%

amino acid identity and 92% similarity with human NTS1, and is thus thought to exhibit

similar pharmacological properties, making it a good model for the human receptor [300].

The fusion protein has a deca-His-tag attached to the C-terminus to facilitate immobilised

metal a�nity chromatography (IMAC) puri�cation. Another construct, NTS1BH6, was

made containing an additional His6-tag at the C-terminus of NTS1 before the TEV protease

recognition site facilitating IMAC on the TEV-cleaved receptor (Figure 3.1).

Figure 3.2: Serpentine representation of NTS1 with labelling sites highlighted. Amino
acid sequence of NTS1 is shown in a snake plot. Helices are as in the 4GRV and 3ZEV crystal struc-
tures (TM7 as in 3ZEV). The extracellular loops (EC), intracellular loops (IC) and transmembrane
helices are numbered. N-terminal glycosylation sites, which are absent in the NTS1B constructs,
are indicated. Native cysteines that have been mutated to serine/alanine in the ∆C-NTS1B back-
ground mutant are highlighted in blue. The remaining native cysteines are inaccessible for labelling
(highlighted green), as they are buried or engaged in a conserved disul�de bond. Sites where cys-
teines were introduced for site-directed labelling are highlighted in purple, except for all the H8
residues (374-393) that were sequentially mutated to Cys for an EPR secondary structure scanning
experiment.
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3.2.2 Site-directed mutagenesis

For site-directed labelling of cysteines with �uorophores or spin labels, a Cys-depleted back-

ground mutant (∆C-NTS1B) was used, in which native accessible cysteines are mutated

to alanine or serine (see Appendix A.5.1).1 Cysteine-mutations were introduced into ∆C-

NTS1B on the helix/loop interfaces of all TMs (see Table 3.1). As this work was carried out

before the publication of the �rst NTS1 crystal structure, residues were chosen based upon

alignment with successful labelling sites in a previous SDSL study of rhodopsin [314]. Other

sites were also tried and/or used for a number of TMs: for TM3 C1723.55/IC2 was employed

more often than L1693.52 to make use of the naturally occurring cysteine; for TM4 T1864.42

was used more often than R1834.39, as it was a more conservative mutation; for TM5 ini-

tially A272IC3 was used more often as it was further down the helix and thus potentially

better exposed for labelling, but after labelling procedures were improved, A2615.52/IC3 was

employed in later studies as it is more likely to be in a less �exible position on the helix

rather than in IC3; for the same reasons E296IC3 was initially used and later V3076.34 in

TM6; in H8 sequential cysteine mutants of all residues were made for EPR secondary struc-

ture scanning experiments, and typically Q3788.52 was used in other experiments as it is in

the middle of the putative helix. The superscript (X.Y) for each residue number represents

its Ballesteros-Weinstein numbering, where X is the TM segment and Y the number of the

residue with respect to the most conserved residue of the segment which is given number

50 [315]. Residues that do not fall within predicted TM segments (or H8) are labelled with

the corresponding protein region. Residues with both a number and IC segment, are on the

edge of TM segments and fall within the TM for some topology predictions.

3.2.3 NTS1 expression and puri�cation

NTS1B and its derivatives were expressed in E. coli and puri�ed by IMAC and ligand a�n-

ity chromatography, as described in [313], with a few modi�cation described in this chapter

and summarized in detail in Appendix A.5.2.3. Brie�y, the NTS1B construct, and mutants

thereof, were expressed in BL21 (DE3) cells. The cell pellet from typically 10-20 L of cell

culture was homogenised, lysed by addition 1 mg/mL lysozyme, and left stirring for ~6 h

after addition of detergents DDM, CHAPS and CHS (�nal concentration of 1%, 0.5% and

0.1% (w/v), respectively) to solubilise the membranes. Unsolubilised material was removed

by centrifugation and the receptor was puri�ed by IMAC on a 5 mL HisTrap nickel column.

The IMAC eluate could then be cleaved by TEV protease if required, and was further pu-

ri�ed by ligand a�nity chromatography using NT-funtionalized resin, eluting the receptor

1The ∆C-NTS1B construct was made by me under the supervision of Marcella Orwick-Rydmark, during
an internship in the group of Prof. Anthony Watts.
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Table 3.1: NTS1 cysteine mutants used in site-directed labelling. Cysteine-mutations were
introduced into ∆C-NTS1B on the helix/loop interfaces of all TMs. Residues were chosen based upon
alignment with successful labelling sites in a previous SDSL study of rhodopsin [314], and additional
mutants were created for some TMs, and in some cases used instead of the rhodopsin-based site.
Ballesteros-Weinstein numbering is given for each residue (X.Y), where X is the TM segment and Y
the number of the residue with respect to the most conserved residue of the segment which is given
number 50. Residues that do not fall within predicted TM segments (or H8) are labelled with the
corresponding protein region (IC, intracellular loop; C-term, C-terminus beyond the predicted H8).

TM/H Rhodopsin
residue

Corresponding
residue in NTS1

NTS1 residues used

1 V631.58 A901.58 A901.58

2 Y742.41 Y1042.41 Y1042.41

3 V1373.52 L1693.52 L1693.52, C1723.55/IC2

4 N1514.40 R1834.39 R1834.39, T1864.42

5 Q2255.50 V2595.50 V2595.50, A2615.52/IC3,
V266IC3, A272IC3

6 A241IC3, R2526.35 G298IC3, L3086.35 E296IC3, G298IC3,
R304C6.31/IC3, V3076.34

7 M3087.55 L3717.55 L3717.55

8 N326C-term P389C-term Whole helix: A374-H393

with high salt bu�er (1 M NaCl). The �nal sample was concentrated, initially using centrifu-

gal concentrators, although this approach was later abandoned as it negatively a�ected the

speci�c activity of the sample as discussed below; later a 1 mL HisTrap nickel column was

used to concentrate large volumes of NT column eluate, followed by either simple dilution

to lower imidazole concentrations or gel �ltration. The amount of functionally active (i.e.

ligand-binding) receptor was initially measured using a saturation radio-ligand binding assay

(see Appendix A.5.6), and was assumed to be similar for subsequent puri�cations employing

ligand-a�nity columns that would retain only ligand-binding, and thus functional protein.

DDM concentrations were determined by a colorimetric assay for glycosidic detergents as

described by Urbani et al. [316].

Ligand binding a�nities of WT and cysteine mutant NTS1 were tested by MST (see ap-

pendix A.10). MST data was analysed in NTAnalysis software (NanoTemper Technologies)

and binding curves were �tted in OriginPro 8.5 (OriginLab) using a one-site binding model

based on the law of mass action (taking into account ligand-depletion, see section 6.2.5).

3.2.4 NTS1(B) labelling

Labelling conditions were initially tested by electrophoretic mobility shift assays. NTS1(B)

was incubated with varying concentrations of DTT or TCEP for 1 h at room temperature
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(RT) or 3-4 h at 4 °C, and reducing agent was removed using a P30 biospin spin column

(Bio-Rad). Receptor was then incubated with a 5 to 20-fold molar excess of cysteine-

reactive polyethylene glycol maleimide (PEGm, 5 kDa, dissolved at 5 mg/mL in DMSO),

and subsequently analysed by SDS-PAGE. Gels were either stained with silver stain, or

used for western blotting (see section A.7), and relative band intensities were analysed

using ImageJ [317]. Incubation time, temperature, and reductant concentration were varied

to �nd optimal conditions. Fluorophore and spin labelling was performed as described in

Appendix A.5.3.

3.3 Results and discussion

3.3.1 Cysteine mutants

Expression levels of NTS1B cysteine mutants in large-scale expression (>8 L) and puri�ca-

tion tests were found to be approximately half that of WT by radio-ligand binding assays,

with WT-NTS1B yielding 0.7 ± 0.4 mg of active receptor per 60 g of cell pellet (typical

preparation size, see Figure 3.3). Western blotting of small-scale extracts of mutant receptor

together with WT controls suggested lower overall expression levels (Figure 3.4), indicating

that the lower amounts of functional protein are more likely due to impaired expression,

than due to reduced ligand-binding activity; using an antibody against MBP, WT-NTS1B

samples show more intense bands corresponding to the receptor than the mutant samples,

while expression levels of MBP, a native E. coli protein, and thus a control marker for total

protein concentration, are similar for all samples.

Native-like activity of cysteine mutants in detergent was veri�ed by ligand and G protein

binding experiments using MST. Cysteine-depleted NTS1 was shown to bind �uorescent

NT (NT-Cy5) with an a�nity similar to that observed for WT, giving a�nity dissociation

constants Kd ≤ 2 nM and Kd ≤ 10 nM, respectively (Figure 3.5). Kd values are given as

an upper limit, as the symmetric error distribution assumed by the �tting procedure would

give rise to negative values, but the Kd can thus also be lower. These values are in good

agreement with previously reported low-nanomolar (1-2 nM) values [318, 319]. Radio-ligand

binding assays showed that spin labelling with MTSL also did not a�ect ligand-binding in

NTS1B, with 100± 20 % activity retained (n=6, for two double TM5-6 cysteine mutants).

G protein (Gαi1) binding to cysteine mutants was tested for Alexa Fluor 488-labelled T186C

(TM4) and V307C (TM6), compared to WT-NTS1, labelled through the native cysteines

(see Figure 3.6). G protein binding a�nities of T186C and V307C were lower than those

observed for WT (Kd = 1.0± 0.2 µM for both mutants, and 220± 90 nM for WT), Never-

theless, binding a�nity was reduced in the presence of GTPγS (non-hydrolysable analogue
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Puri�cation step Active receptor
(mg/60 g pellet)

Relative yield
(%)

Solubilised, before IMAC 2.9±0.1 100±3
IMAC eluate 1.9±0.6 60±20
Concentrated IMAC eluate 1.2±0.5 40±20
NT-column eluate 0.7±0.4 20±10

Figure 3.3: Yield of active receptor for tested cysteine mutants compared to WT
NTS1B. The relative amount of active mutant NTS1B compared to WT obtained by large scale
(10-25 L) expression in BL21 cells, normalised to 60 g cell pellet as determined by radio-ligand
activity assay is given. Yield is given for di�erent stages of the puri�cation: solubilised material
before IMAC, after IMAC, after dilution and concentration after IMAC, and after the NT-column
step. The table also gives the relative yield (%) at the di�erent stages for WT-NTS1B. Error bars
give standard deviations calculated using data from di�erent expression and puri�cation batches
where available (n=3 for WT, n=5 for A272C-E296C and n=2 for V266C-E296C).

of GTP) by at least and order of magnitude, proving the speci�city of the interaction for

both WT and mutants. It is possible that although G protein can still interact speci�cally

with the receptor the position of the relatively large �uorophores in the mutants interferes

with the G protein interaction. It can however not be excluded that the labels on WT-NTS1

(also) a�ect the observed Kd; while exact labelling sites for WT are not known, the most

likely exposed cysteines are in the IC3 and the C-terminus, which have both been implicated

in G protein coupling [320]. No Kd values for Gαi1 binding to NTS1 could be found in the

literature, but it has been shown by radioactivity assays that detergent-solubilised NTS1

catalyses GTP exchange at the Gαqβ1γ2 heterotrimer with an apparent EC50 of ~145 nM,

which is of the same order of magnitude as the values found here [321].
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Figure 3.4: Relative expression levels of NTS1B mutants. Western blot (antibody against
MBP) of small-scale extract from E. coli cells of the �nal ∆C mutant and the cysteine NTS1B
mutants, V266C, E296C, R304C and two double mutants, A272C-R304C and V266C-R304C. Control
WT-NTS1B samples expressed simultaneously on a small scale for each mutant trial expression are
also included. Expression levels of MBP (42.5 kDa, lower band, **) are similar for WT and mutants,
while the expression levels of NTS1B (upper band, *) are lower for mutants compared to WT.

3.3.2 NTS1(B) puri�cation

3.3.2.1 Detergent concentration vs. receptor activity

NTS1(B) sample preparation for biophysical applications typically involves one or more con-

centration steps using a centrifugal concentrator [206]. However, a signi�cant drop in the

fraction of functional receptor for was observed after centrifugal concentration, concomitant

with an increase in the DDM concentration (see Table 3.2), even when using devices with a

MWCO of 100 kDa (with micellar size DDM being ~70 kDa). This suggests that such high

detergent concentrations are deleterious to native protein activity and/or folding. To avoid

this loss of sample activity, another method for concentrating NTS1(B) in detergent was

tested; the NT column eluate of one or multiple NTS1(B) preparations is loaded onto a 1

mL Ni2+-column, which can easily be eluted in a narrow band, giving a more concentrated

sample. In an initial test, a WT-NTS1B sample was concentrated approximately 18-fold on

the nickel column, after which the sample was further concentrated 20-fold using a centrifu-

gal concentrator. The sample after IMAC contained a higher proportion of active receptor

(~5-7× increase) than samples concentrated in centrifugal concentrators (Table 3.2). The

detergent concentration was determined to be 0.11±0.01% (w/v) after the IMAC concen-

tration step, rising to 1.1±0.4% after the �nal concentration step accompanied by a drop in

ligand-binding activity. Consequently, the use of centrifugal concentrators was abandoned,

and samples were only concentrated by small-volume IMAC, combining multiple prepa-

rations where concentrated detergent samples were required, and membrane reconstituted
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Figure 3.5: ∆C-NTS1 NT binding a�nity compared to WT. Binding a�nity of the cysteine
depleted mutant of NTS1 was tested by MST; 10 nM NT-Cy5 was added to a dilution series of WT
or ∆C-NTS1 (0.02-750 and 0.02-600 nM, respectively), in duplicate for WT and triplicate for mutant
NTS1 (error bars represent standard error). Control with denatured protein showed no binding (not
shown). Fitted dissociation constants (Kd) are shown.

samples were used when possible.

Final sample concentration was further optimised by inverting the �ow during elution of

the 1 mL Ni2+ column, as most protein bound to the top of the column. Further, when

high protein concentration was required (e.g. for nanodisc production, see chapter 6) salt-

exchange spin columns, instead of gel �ltration columns attached to a pump, were used

to remove imidazole after the �nal IMAC concentration step, as these give better yields

and lower dilution factors; in this manner NTS1 detergent samples of ~5-10 µM could be

obtained.

3.3.2.2 TEV cleavage of NTS1

For proteolytic cleavage of NTS1B to remove the fusion partners MBP and TrxA, TEV

protease was produced expressed and puri�ed as described in Appendix A.3 giving a yield of

5.5±0.7 mg/L cell culture (see Figure 3.7). The receptor was cleaved after IMAC puri�cation

of the cells lysate, and cleavage e�ciency was gauged from SDS-PAGE analysis (Figure 3.8).

From the relative intensities of the MBP and NTS1 band after cleavage, which should be

near 1 to 1, it is apparent that NTS1 understains compared to MBP. This was observed both

for Coomassie Brilliant Blue staining (~4× understained) and, more dramatically, for silver

staining (~10×). This understaining leads to an underestimation of protein concentration

by comparing intensities of gel bands to simultaneously run BSA standards. Thus to avoid

the further use of radioactive material, protein was assumed to be active after ligand-a�nity
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Figure 3.6: Cys-mutant NTS1 Gαi1 binding a�nity compared to WT. Binding a�nity of
WT-NTS1 (left), T186C (middle), and V307C (right) and was tested by MST; 40 nM of labelled
NTS1 was incubated with a dilution series of Gαi1 (0.5 nM to 62.5 µM), in the presence of 5 µM
NT8-13 (top panels), or 5 µM NT8-13 and 0.5 mM GTPγS (negative control, bottom panels). Error
bars represent standard errors of at least two experiments (n=8 for WT+NT, n=6 WT+GTPγS,
n=2 for T186C+NT, n=5 for T186C+GTPγS, n=2 for V307C, n=5 for V307C+GTPγS). Fitted
dissociation constants (Kd) are shown.

puri�cation, and the absorption at 280 nm (OD280) was used to determine puri�ed NTS1

concentrations.

TEV cleavage did result in lower �nal yields of ~60% compared to uncleaved WT receptor

(9± 3 and 15± 2 nmol per 60 g of solubilised cell pellet, respectively, see Figure 3.9). The

yield reported here for WT-NTS1B is approximately double the yield originally obtained

(Figure 3.3), due to the omission of centrifugal concentrators. Yields of cleaved receptor

are approximately half of those for uncleaved receptor after the NT column. Yields for

cleaved and uncleaved mutants after the 1 mL Ni2+ column are similar however, as in later

puri�cations with cleaved receptor the �ow-through of the Ni2+ column was reloaded, which

was not done for earlier puri�cations with uncleaved receptor, resulting in lower losses in

this step.

3.3.2.3 Optimising ligand-a�nity puri�cation

The NT column protocol [322] was optimised to yield cleaner samples, by testing higher

NaCl washing concentrations (>70 mM, see Figure 3.10). A persistent low molecular weight

contaminant could only be removed with 150 mM NaCl (subsequent testing with 100 and

125 mM NaCl, not shown, gave similar results). Thus in future puri�cations NT150 was

used as a washing bu�er, while incubation and elution conditions were kept the same.
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Table 3.2: NTS1B activity during puri�cation vs. detergent concentration. Yield is given
for di�erent stages of the puri�cation (concentration in µg/mL and total amount of receptor in
mg): after dilution and concentration after IMAC (IMAC), after the NT-column step (NT), after
concentration using a centrifugal concentrator (Conc), after concentration on a 1 mL Ni2+column
(1mL IMAC), and after salt-exchange by gel �ltration after the 1 mL Ni2+column concentration
step (SE). The total amount of protein is determined by comparing the density of gel bands to BSA
standards, and the amount of active receptor is determined by radio-ligand binding assay. The table
also gives the relative amount of functional receptor (ratio of active receptor to total receptor in
%). DDM concentrations were determined by colorimetric assay. Standard deviations, where given,
were calculated by performing the ligand binding or detergent assay in triplicate.

Total Active Functional
receptor (%)

[DDM]
(%)(µg/mL) (mg) (µg/mL) (mg)

A272CE296C

IMAC 125 1.7 38±1 0.62±0.02 36 -
NT 15 0.31 14±1 0.29±0.04 93 0.13±0.02
Conc 500 0.06 34±1 0.004±0.001 7 5.5±0.6

V266C

IMAC 210 3 68±4 1.0±0.2 33 -
NT 35 0.7 11±2 0.22±0.03 31 0.13±0.01
Conc 1000 0.2 56±6 0.008±0.002 5 5.6±0.9

WT

IMAC 150 1.8 40±1 0.48±0.01 27 -
NT 10 0.3 11±5 0.3±0.1 100 0.17±0.08
1mL IMAC 180 0.2 60±5 0.060±0.005 33 0.11±0.01
SE 15 0.02 2.1±0.1 0.0031±0.0002 13 0.19±0.08
Conc 300 0.02 21±2 0.0017±0.0002 7 1.1±0.4

3.3.3 Optimising site-directed labelling

Labelling conditions were initially tested by electrophoretic mobility shift assays using

PEGm. Pegylation of cysteines on the receptor through the maleimide functional group

of PEGm (5 kDa) results a band shift on an SDS-PAGE, allowing easy visualisation of

the labelling e�ciency [323]. NTS1B was initially incubated with PEGm at 4 °C for 20-

48 h showing negligible labelling (Figure 3.11), while the receptor readily labelled at room

temperature (Figure 3.15).2 Titration of reductant concentration suggested an optimal con-

centration of reductant of 0.2 mM and 0.5 mM TCEP and DTT, respectively (Figure 3.15).3

Higher concentrations appeared to be detrimental to labelling e�ciency, potentially because

the reductant could not be removed completely by the spin columns, and thus interfered

with the labelling [324]. Thus other strategies to remove reductant were used for FRET

and EPR samples (see Appendix A.5.3), e.g. extensive washing of the protein bound to an

2These tests were carried out by me during an internship in the group of Prof. Anthony Watts, under
the supervision of Marcella Orwick-Rydmark, and by Alan Goddard.

3Results were kindly provided by Alan Goddard.
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Figure 3.7: Puri�cation of TEV protease. TEV protease was expressed as described in Ap-
pendix A.3. Protein was puri�ed from cell lysate by IMAC on a 5 mL Ni2+ column (HisTrap HP, GE
Healthcare). Elution protocol was optimised to obtain a cleaner sample; speci�cally, an imidazole
step gradient (75, 100, 150, and 400 mM) was employed as indicated. Fractions were analysed by
SDS-PAGE (bands corresponding to TEV are marked with *), and fractions 27-40 were pooled.

a�nity column, or salt exchange using a larger desalting column (5 mL HiTrap Desalt, GE

Healthcare) as shown in Figure 3.13. As labelling e�ciency is easier to determine for �uo-

rophores than for spin labels, the former were used in further optimisation of the labelling

procedure. Labelling was tested after the NT column step, and after the 1 mL Ni2+ column

(Figure 3.14); protein was incubated at room temperature with maleimide �uorophores, af-

ter which excess dye was removed and the labelling e�ciency was gauged from the relative

absorption of the dye and the protein (using equation A.2). Labelling after the 1 mL Ni2+

column concentration step was found to be most e�cient. Higher protein concentrations

typically give better labelling e�ciencies presumably as the likelihood of protein-label colli-

sions is increased; receptor concentrations can be as much as ten to twenty-fold higher after

the 1 mL Ni2+ column concentration step (6-fold in Figure 3.14), explaining the increase in
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Figure 3.8: TEV Cleavage of NTS1. NTS1B IMAC eluate was incubated with a molar excess of
TEV protease overnight (recommended TEV:NTS1 ratio is 1:1 [312]), aliquots from before (IMAC
eluate) and after (Aft. TEV) cleavage were analysed by SDS-PAGE. Here two examples are given
stained with Coomassie Brilliant Blue (left) and Silver Stain Plus (Bio-Rad). Bands corresponding
to NTS1B are indicated with *, MBP with **, NTS1 with #, and TrxA with ~. NTS1 bands should
theoretically be as intense as MBP bands, but NTS1 appears to understain. This is also visible in
Figure 3.10.

Figure 3.9: Yields cleaved and uncleaved NTS1B. Yields of total NTS1(B) in nmol per 60
g of solubilised cell pellet are given for the �nal stages of the puri�cation (after the NT a�nity
column, grey bars, and the 1 mL Ni2+ column concentration step, blue bars) as determined by
absorbance at 280 nm. Yields are given for WT receptor and a number of cysteine mutants, with
dark-coloured bars for the uncleaved receptor, and light-coloured for cleaved receptor. Error bars
give the standard error (n=4 WT-NTS1B, n=6 WT-NTS1, n=2 T186C-NTS1B, n=5 T186C-NTS1,
n=3 A261C-NTS1B, n=2 A261C-NTS1, n=3 V307C-NTS1B, and n=7 V307C-NTS1).
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Figure 3.10: Optimizing wash step NT a�nity column. NTS1 Cys mutant L371C (after TEV
cleavage, Load) was incubated with NT resin (3 h at 4 ◦C). The �ow-through (FT) was collected and
the resin was washed with NT column bu�er with increasing concentrations of NaCl (5 mL fractions
of the wash were collected). Most contaminants (and a small amount of NTS1, marked with *) could
be washed o� with 70 mM NaCl. A low molecular weight contaminant (marked with **) was only
washed o� with 150 mM NaCl. NTS1 eluted with 250-500 mM NaCl. No further elution of NTS1
was observed when using higher NaCl concentrations (1-2 M).

labelling e�ciency. Indeed to rule out dye or bu�er e�ects, labelling of T186C after the 1

mL Ni2+ column was performed for the same protein preparation and the same dye at 1.2

µM and diluted to 0.4 µM (Figure 3.14B); even this modest three-fold increase in concen-

tration greatly improved labelling e�ciency, while requiring lower dye-excess and a shorter

incubation period. Thus, in further experiments, the 1 mL Ni2+ column eluate was labelled,

after which excess label and imidazole was removed by gel �ltration.

To determine the amount of non-speci�c labelling, the ∆C mutant was incubated with

PEGm. For low protein concentrations (0.15 µM) using high molar excess of PEGm (20×)
and long incubation times (1 h) no non-speci�c pegylation was observed (Figure 3.12A).

Similar labelling conditions were used in CW-EPR experiments to study NTS1 dynamics

(Chapter 4), as labelling e�ciency does not a�ect these experiments. However, for FRET

and DEER experiments, high labelling e�ciency is required and thus protein was labelled

at higher concentrations; at receptor concentrations of 0.8 µM non-speci�c labelling (~50%

singly labelled) was observed under the same conditions, which was reduced to ~20% at

lower labelling excess (5×). Thus, label excess and time were minimised (typically 2 to 5-

fold molar excess, labelling for 5-30 min) for labelling NTS1 at high concentrations to reduce

non-speci�c labelling, relative to the more readily occurring speci�c cysteine labelling.
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Figure 3.11: Electrophoretic mobility shift assay for labelling e�ciency at 4 °C. NTS1B
(0.15 µM) was incubated with a 20× excess of PEGm for 48 hours, and aliquots were taken after 20,
24, 30, and 48 hours to check the extent of labelling. The in�uence of adding a 10× excess of NT
to the labelling e�ciency was also tested. Controls with no PEGm and/or no NT were performed.
Aliquots were run on a 4-12% Bis-Tris gradient gel and protein was stained using silver staining.

Figure 3.12: Titration of reductant by electrophoretic mobility shift assay for labelling
at room temperature. NTS1B (0.2 µM) was incubated with either TCEP (0-50 mM) or DTT
(0-10 mM) for 1 h at room temperature. Reductant was removed using a P30 spin column and the
protein was incubated with a 20× excess of PEGm for 1 h at room temperature. Samples were
run on a 4-12% Bis-Tris SDS-PAGE gel and protein was detected by western blotting with antibody
against His-tag (left) or using silver staining (right). Results were kindly provided by Alan Goddard.

3.4 Conclusions

Expression and puri�cation of WT-NTS1, and cysteine mutants thereof for FRET and EPR

studies, were optimized to purify the receptor to near-homogeneity, and to relatively high

protein concentrations (several micromolar), without having to use centrifugal concentra-

tors as those proved to be deleterious for protein activity. Final yields per litre are still low

(210± 30, 50± 20, and 40± 10 µg/L, for WT-NTS1B, WT-NTS1 and cysteine mutants of

NTS1(B), respectively), compared to literature values for some other GPCRs (e.g. 1.5 mg/L

for the β2-adrenergic receptor expressed in Sf9 insect cells [325]), but this probably re�ects

the poor stability of NTS1 in detergent compared to other GPCRs [293]. The origin thereof

is unclear, but indicative of the importance of the membrane in the study of membrane
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Figure 3.13: Removing reductant using salt-exchange column. Reductant (here 1 mM
DTT) can be separated from the protein by salt-exchange chromatography (5 ml HiTrap Desalt, GE
Healthcare). The UV trace corresponds to the protein, and the conductance trace to the reductant.
Columns were connected in tandem for larger volumes, using one column per 1.4 mL of sample, or
to obtain better separation for larger molecules e.g. MTSL.

proteins. Indeed, NTS1 was found to be more stable when incorporated into lipid bilayers,

e.g. during early CW-EPR trials at room temperature, spectra of NTS1 reconstituted in

liposomes remained unchanged over the course of the experiment (~1 h), while spectra of

detergent solubilised receptor were altered (not shown). Therefore, the rest of this thesis will

aim to study the receptor in an as native a system as possible, i.e. liposomes or nanodiscs.

Labelling of cysteine mutants was optimised to give good labelling e�ciency. Tests on the

background Cys-less mutant showed that labelling was speci�c at low protein concentra-

tions, while some non-speci�c labelling was observed at high protein concentration in label

excess-dependent manner. Thus lower dye excess and shorter labelling times were used in

subsequent FRET studies, so as to yield overall labelling e�ciency of 100%. Although non-

speci�c labelling at high protein concentration cannot be excluded, this component is likely

to be the similar for all samples, as labelling conditions were kept similar throughout. Thus,

analyses of relative di�erences between samples (e.g. relative FRET e�ciencies, or relative

average distances from DEER) should not be compromised.

The cysteine mutations did not appear to hamper NTS1 ligand-biding in detergent giving

a�nities similar to those observed for WT, and �uorescently labelled cysteine mutants could

still couple speci�cally to G protein in a GTP-dependent manner, albeit with reduced a�nity

compared to labelled WT receptor. Furthermore, radio-ligand activity assays showed that

spin labelling did not detrimentally a�ect ligand-binding activity. Although not all mutants

were tested, the inclusion of a ligand-a�nity column step in all puri�cations, ensures that
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Figure 3.14: Optimizing �uorophore labelling of T186C-NTS1. NTS1 mutant T186C
was incubated with maleimide �uorophores and labelling e�ciency was calculated from the relative
intensity of the dye (555 or 490 nm) and protein (280 nm) peaks using equation A.2 (percentage
shown). (A) Labelling with Cy3 before (light blue, 0.2 µM T186C, 1 h at RT with 10× molar
excess dye) or after the 1 mL Ni2+ column concentration step (blue, 1.2 µM T186C, 1 h at RT
with 5× molar excess dye). (B) Labelling with Alexa Fluor 488 (A488) after after the 1 mL Ni2+

column concentration step for protein at 1.2 µM (green, 30 min, 3× molar excess dye) or for the
same sample diluted to 0.4 µM (light green, 1 h, 20× molar excess dye). Absorption spectra have
been normalised to the peak at 280 nm for clarity.

Figure 3.15: Incubation of ∆C-NTS1B with PEGm. (A) ∆C-NTS1B (0.15 µM) was incu-
bated with either TCEP (0.2 mM) for 4 h at 4 °C. TCEP was removed with a P30 spin column
and the protein was incubated with a 20× excess of PEGm for 1 h at room temperature. Samples
were run on a 4-12% Bis-Tris SDS-PAGE gel and protein was detected by silver staining (top) and
western blotting with antibody against MBP (bottom). The in�uence of ligand (NT), and omission
of TCEP was also tested. (B) Repeat test at 0.8 µM ∆C-NTS1; protein was incubated with 5 or
20× excess PEGm.

non-functional protein is discarded. This work provides a good basis for further FRET and

EPR studies.



4 | CW-EPR study of NTS1 structure
and dynamics

4.1 Introduction

4.1.1 GPCR activation

GPCR activation through binding of ligands is a topic that has been, and still is, under

much investigation. As crystallisation of GPCRs only became feasible relatively recently,

a wide range of other biochemical and biophysical techniques, such as EPR, NMR, FRET,

computer modelling, disul�de cross-linking, and mutagenesis, has been applied to the ques-

tion of how ligand binding a�ects GPCR conformation. Studies on class A GPCRs e.g.

rhodopsin [290, 314, 326�328], the β-adrenergic receptors [297, 329�334], the M3 muscarinic

acetylcholine receptor [335, 336], and the A2A adenosine receptor [337] suggest that upon

ligand binding, TM6 undergoes the largest movement, and that IC3 must undergo some con-

formational change (reviewed in [99, 338, 339]). Mutagenesis studies of NTS1 have shown

that IC3 is implicated in activation of Gq [340]. A growing number of agonist-bound GPCR

crystal structures have been published over the past few years, namely for rhodopsin, the β1-

and β2-adrenergic receptors, the A2A adenosine receptor, the M2 muscarinic acetylcholine

receptor, the 5HT1B and 5HT2B serotonin receptors, the purinergic P2Y12 receptor, and

NTS1 (recently reviewed in [99, 341], and see also Table B.1 for PDB IDs and individual

references). These structures agreed with the consensus that TM6 undergoes the largest

conformational change upon agonist binding, opening up a cavity to accommodate G pro-

tein interaction (Figure 4.1). Atomistic insight into the mechanism of activation has come

mostly from mutagenesis studies, high-resolution crystal structures, and molecular dynamics

simulations (reviewed in [99]). These studies have revealed conserved motifs that have a role

as functional microdomains [342]. The most important of these motifs/domains are: (1) the

"ionic lock", (2) the hydrophobic Arg cage, (3) the NPxxY motif in TM7, and (4) the "ro-

tamer toggle switch". The ionic lock describes the interaction between the conserved Arg3.50

of the (D/E)R(Y/M) motif on TM3, with D/E3.49 and the partially conserved D/E6.30 on

TM6. The disruption of this salt bridge by protonation of D/E6.30 is thought to play a role in

85
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Figure 4.1: Conformational changes in β2-adrenergic receptor activation. The activated
structure of the agonist-bound β2-adrenergic receptor (β2AR)-Gs complex (blue, PDB ID: 3SN6,
ligand shown in magenta) is compared to inactive inverse-agonist (carazolol)-bound β2AR (grey,
PDB ID: 2RH1, ligand not shown); a side view perpendicular to the membrane (left), with extra-
cellular side (EC) at the top, and a top view from the intracellular side (IC, right) is shown. The
activated structure reveals that TM5 extends on the cytoplasmic face by 2 helical turns, and TM6
moves outwards by ~14 Å compared to the inactive state. Modelled on �gure from [104].

GPCR activation, allowing the outward movement of TM6, although MD simulations have

shown that it can also break and form spontaneously, suggesting that it is a dynamic process

[334, 343]. The second motif is composed of conserved hydrophobic amino acids at positions

3.46 and 6.37 (L, V, I, and M) that form a cage restraining the conserved Arg3.50 of the ionic

lock, aiding appropriate salt bridge formation [344]. The conserved NPxxY motif found in

TM7 is involved in interaction with H8 (through Y7.53 to F8.50) or with TM2 (through Y7.53,

via a water molecule to R2.40); the positioning of the Y residue is thought to either allow or

block movement of TM6, an thus receptor activation [345]. Lastly, the rotamer toggle switch

describes the interactions of aromatic residues in the vicinity of a conserved Pro on TM6

(of the CWxP motif) that are thought to undergo ligand-induced rotamerisations, a�ecting

the ionic lock [346]. However, crystal structures of activated rhodopsin and β2-adrenergic

receptors did not show such rotameric transitions, suggesting that they may not be required

for receptor activation [345].

Crystallography and NMR data have lead to a three-state model of GPCR activation in

which in the absence of ligand the receptor is in equilibrium between inactive states and

intermediate active states (Figure 4.2, reviewed in [347]); agonists favour active states, while

inverse agonists push the equilibrium towards the inactive states. The fully activated states
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are promoted by di�erent signalling e�ectors such as G protein and β-arrestin.

Figure 4.2: Three-state model of GPCR activation. Schematic describing a model for the
transition between inactive and active states in GPCRs. In the absence of ligand the receptor is in
equilibrium between inactive states (R) and intermediate active states (R*). Agonists favour R*,
while inverse agonists push the equilibrium towards R. The fully activated states (R**, R", and R#)
are promoted by di�erent signalling e�ectors such as G protein (G) and β-arrestin (βarr). Figure
adapted from [347].

4.1.2 GPCR structure: the eighth helix

In addition to seven transmembrane helices, many crystal structures of GPCRs seem to

indicate the presence of an eighth helix (helix 8, or H8) following TM7. It has been observed

in all published crystal structures for class A GPCRs, except for the CXCR4 chemokine

receptor [292], the protease-activated receptor 1 [348], and one NTS1 structure (PDB ID:

4GRV) [294]. It follows the conserved NPxxY motif in TM7, and lies perpendicular to the

TM helix bundle. Sequence analysis suggests that it forms an amphipathic helix, which

could interact with the lipid membrane (Figure 4.3). Indeed, it is followed by a pair of

semi-conserved C-terminal cysteines, which are a target for palmitoylation, anchoring the

C-terminus into the membrane. The importance of the membrane for the structure of H8

has also been established by CD and NMR studies on the β2-adrenergic receptor [350] and

the CB1 cannabinoid receptor [351]. Both studies showed that a peptide corresponding to

H8 was α-helical in the presence of detergent (DPC or SDS) or in membrane mimicking

solvent (DMSO), whereas the sequence was unstructured in water. A computational study

on class C GPCR metabotropic glutamate receptor type 2 (mGlu2) also showed that helix 8

was stabilized in the presence of cholesterol [352]. It was proposed that this could either be

due to direct interaction with TM1, 7 and H8, or due to an increase in membrane thickness

which allowed the helix to interact with the membrane, thus stabilizing its conformation.

Physiological studies have shown H8 to be important for surface expression of GPCRs, for

receptor tra�cking, and for G protein activation [353�357]. For the bradykinin B2 receptor

it was reported that inserting a proline in the middle of the proposed H8 sequence reduced

surface expression and receptor tra�cking [358]. This e�ect could be overcome by the

addition of an antagonist, as was also seen for the muscarinic M1 receptor [359] and the
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H8 residue

8.42 8.43 8.44 8.45 8.46 8.47 8.48 8.49 8.50 8.51 8.52 8.53 8.54 8.55 8.56 8.57 8.58 8.59

Consensus
sequence

F L - - - N K K F R K/R A F K K L L C
37% 19% 99% 99% 99% 26% 23% 15% 67% 61% 20% 23% 34% 19% 16% 23% 44% 17%

Apolar (%) 78 73 - - - 15 21 12 91 11 14 48 88 44 22 70 88 51
Polar (%) 2 24 - - - 64 73 83 6 86 82 45 9 52 73 25 9 41

NTS1 L V - - - S A N F R Q V F L S T L A

Figure 4.3: H8 sequence. The consensus sequence of H8 derived from alignment of all class
A GPCR sequences available from the GPCR database (GPCRDB, [349]). The table shows the
percentage identity for each of the amino acid in the consensus sequence over all of the aligned
sequences for each residue position, as well as the percentage of apolar or polar residues found at
each residue position. The sequence of the corresponding NTS1 H8 region is also given. Percentages
do not add up to 100%, as some residues are lacking for certain receptors. The consensus and NTS1
H8 sequences are also shown in a helical wheel diagram where polar residues are coloured blue,
apolar residues grey, and aromatic residues black. The consensus and NTS1 sequence clearly appear
to form an amphipathic helix with clustering of polar/apolar residues. The Arg in the hydrophobic
cluster of the NTS1 wheel can possibly "snorkel" to a more polar environment as is common for this
type amino acid.

leukotriene B4 type 2 receptor [356]. This suggest that the presence of H8 might have an

e�ect on receptor conformation, and that in the absence of a functional H8 the receptor can

be stabilised in the right conformation for tra�cking by antagonist. Mutation and deletion

studies, and studies with GPCR chimeras where H8 was replaced by that of another GPCR

showed that this part of the protein is important for G protein activation and G protein

speci�city [358, 359].

4.1.3 Current structural data on NTS1

As mentioned in the previous chapter, two agonist-bound crystal structures of engineered

NTS1 have been published to date [294, 295]. Although the receptors are both agonist-

bound, the authors speak of an 'active-like' state as the position of TM6 was not as outward

as expected for a fully activated GPCR able to accommodate G protein (Figure 4.4).
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Figure 4.4: Crystal structures of NTS1. Two structures of thermostabilised NTS1 have been
published to date: one with T4L introduced in IC3 (PDB ID: 4GRV), and one without T4L, but with
a substantial deletion in IC3 (PDB ID: 3ZEV). (A) Shows both structures (with T4L removed for
4GRV), with the thermostabilising mutation sites highlighted in blue for unique mutations and red
for mutations shared between the two construct, and the residues corresponding to H8 highlighted
in pink. (B) Overlay of the two structures showing the di�erence in the positions of TM6 and 7
especially (adapted from [295]). (C) Superposition of 3ZEV (blue) with dark-state bovine rhodopsin
(green) and the active structure of the G protein-bound β2-adrenergic receptor (salmon, adapted
from [295]). (D) Superposition of 4GRV (green) with dark-state rhodopsin (yellow) and its active
meta-II state (blue), and (E) with the inactive (pale mauve) and active G protein-bound state (pale
grey) of β2-adrenergic receptor (adapted from [294]).

It has to be noted that both receptors were impaired in their ability to couple to G pro-

tein in functional assays, which could account for the limited outward movement observed

for TM6, although there is no structure available for NTS1 in a basal state to compare

to. The function and indeed the presence of H8 in NTS1 is still unclear, with only one
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of the published crystal structures (3ZEV) exhibiting a H8 [295]. Both NTS1 structures

were produced using di�erent thermostabilised mutants of the receptor. 4GRV contains six

mutations (A86L1.54, E166A3.49, G215AEC2, L310A6.37, F358A7.42, and V360A7.44) as well

as a substitution of IC3 (residues 269-299) for T4 lysozyme. This construct was expressed

in insect cells, allowing post-translational modi�cations such as palmitoylation, which might

be important for anchoring a putative H8 to the membrane. Crystals were produced in the

lipidic-cubic phase, which is a more native system than detergent micelles. Nevertheless, no

H8 was observed in the crystal structure, and instead, TM7 appeared to be extended by two

turns compared to the other structure. The authors brie�y suggested that the lack of H8

could be a native feature of NTS1 or a result of crystallisation conditions. 3ZEV was pro-

duced without using a T4L insertion, and instead IC3 was truncated (residues 280-295) to aid

crystallisation. This construct contained eleven mutations (A86L1.54, H103D2.40, H105Y2.42,

A161V3.44, R167L3.50, R213LEC2, V234LEC2, I253A5.54, H305R6.32, F358V7.42, S362A7.46),

and was produced in E. coli, and thus not post-translationally modi�ed. The receptor was

crystallised in detergent supplemented with a cholesterol analogue (CHS). Despite these

seemingly less native crystallisation conditions, this structure did include an α-helical H8.

The authors argued that although they observed H8, the helix not very stable in NTS1 as

elevated B-factors were obtained in the H8 region, and the helix is not observed in the other

crystal structure of NTS1, while other GPCRs, notably the adenosine A2A receptor, exhibit

a canonical H8 in all resolved crystal structure models [360]. They argued that H8 is more

stable in the adenosine A2A receptor due to stabilising interactions between TM7 and H8,

which are impeded in NTS1 due to neighbouring residues. The authors further argued that

the presence or absence of H8 could be involved in GPCR activation. However, the role of

the membrane in stabilising H8 is not taken into account, which as discussed above, has

been shown to be important. The authors also pointed out that a canonical H8 perpendic-

ular to TM7 would not be possible in the crystal lattice of 4GRV as it would clash into a

neighbouring molecule, leading to the observed extension of TM7. Thus, it seems possible

that H8 is a real feature of NTS1, and the lack thereof in 4GRV is due to crystallisation

conditions.

4.1.4 Aim

The protein engineering typically required for obtaining high resolution structures of GPCRs

often renders the resulting protein inactive/unable to couple to G protein. Furthermore, the

concern remains that the changes observed in the crystal structures may not accurately rep-

resent the behaviour of the receptors in their native membrane [159], or at least, provide an

oversimpli�ed picture of GPCR activation. Studying GPCR activation for a more native,
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active receptor, in a membrane environment is therefore of great interest.

This chapter aims to obtain structural and dynamic information on NTS1, and on how the

receptor is in�uenced by ligand binding using SDSL and CW-EPR measurements. Specif-

ically, cysteine mutants of NTS1B are spin labelled close to the intracellular loop/helix

interface of each TM and reconstituted into liposomes. The EPR spectra for each of these

spin-labelled mutants is recorded in the presence and absence of the agonist neurotensin, to

study the e�ect of ligand binding on the dynamics of the di�erent helices at the nanosecond

time-scale.

In addition the presence of H8, is probed using residue scanning; a series of sequential cys-

teine mutants were studied by SDSL CW-EPR, to assess the secondary structure of this

C-terminal stretch of the receptor reconstituted into lipid bilayers. Again, the in�uence of

receptor activation through ligand binding on this stretch of the protein is assessed.

4.2 Materials and method

4.2.1 NTS1(B)

Cysteine mutants of NTS1B were produced, expressed, puri�ed as described in Appen-

dices A.5.1, A.5.2.3, and A.5.3. Cysteine mutants were labelled with MTSL ((2,2,5,5-

tetramethyl-δ-3-pyrroline-1-oxyl-3-methyl)-methanethiosulfonate) as described in Appendix

A.5.3. Additionally, a 1:3 (mol:mol) mix of MTSL and MTS ((1-acetoxy-2,2,5,5-tetramethyl-

δ-3-pyrroline-3-methyl)-methanethiosulfonate), the NO-acetylated diamagnetic form of MTSL,

was also used to label a double cysteine mutant. For the �rst part of the chapter (e�ect

of ligand on TM dynamics) the intact fusion construct (NTS1B) was used, to maximize

protein yields. Labelling was carried out after the NT column, and free label was removed

by extensive washing during the 1 mL Ni2+ column concentration step. For the second part

of the chapter (H8 residue scanning), the fusion partners were removed by TEV protease

cleavage (see Appendix A.3), yielding NTS1, to ensure that the secondary structure would

not be perturbed by the fusion partners. Labelling was carried out after the 1 mL Ni2+

column concentration step, removing excess label and imidazole by salt-exchange on two in

tandem connected 5 mL HiTrap Desalt columns. By using a ligand a�nity column in the

puri�cation, it was ensured that all mutants were indeed able to bind ligand, and thus that

the �nal samples were active. Labelled NTS1(B) was reconstituted into liposomes (brain

polar lipid), in the presence or absence of a 5× molar excess of NT, and loaded into glass

capillaries �ame-sealed at one end. Initial lipid-to-protein ratios were 2000:1 and 1750:1 for

the TM dynamics and H8 experiments, respectively.
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4.2.2 EPR

EPR spectra were recorded at 277 and 170 K, using a nitrogen cryostat on an X-band Bruker

EMX spectrometer controlled by Bruker Xenon software as described in Appendix A.8.1.

Microwave power was adjusted to avoid saturation. Speci�cally, all H8 samples were mea-

sured conservatively with 10 and 0.1 mW power at 277 and 170 K, respectively. For the less

concentrated NTS1B TM samples all spectra were recorded with 20 mW power at 277 K,

and the microwave power was adjusted between 1-10 mW on an individual sample basis for

spectra recorded at 170 K. Between 5-125 scans per sample were collected and averaged.

4.2.3 EPR data analysis

Polynomial baseline correction, and normalisation of the EPR spectra to the integrated

intensity of the absorption spectra was carried out using OriginPro 8.5.1 (OriginLab). Mo-

bility parameters ∆H0, A′zz, and (see section 1.4.2.6) were determined from the EPR spectra

recorded at 277 K. The rigid-limit parameter ARzz, and the interspin distance-dependent ratio

k (equation 1.18) was determined from spectra collected at 170 K. Approximate rotational

correlation times were calculated using equation 1.17b, with literature values a = 8.52×10−10

and b = −1.16, on the basis of the observed low �eld peak width (∆H ≈ 5 − 6 G) of the

spectra from frozen samples with immobile labels [184]. The spectral second moment was

calculated from the baseline-corrected absorption spectrum S(B) in MATLAB 2013 (Math-

Works) by 〈
H2
〉

=

∫
(B − 〈H〉)2S(B)dB∫

S(B)dB
(4.1)

where 〈H〉 is the spectral mean

〈H〉 =

∫
BS(B)dB∫
S(B)dB

(4.2)

and B is the magnetic �eld. Plotting of the inverse second moment of the spectra 〈H2〉−1

vs. ∆H−10 , is used to assess the overall mobility of residues by comparing to empirically

determined ranges.

4.3 Results and discussion

4.3.1 Local TM helix dynamics

CW-EPR spectra were recorded for nine NTS1B cysteine mutants, labelled with MTSL

(R1) reconstituted in brain polar lipid liposomes (Figure 4.5): singly labelled mutants

A90R11.58 (TM1), Y104R12.41 (TM2), L169R13.52 (TM3), R183R14.39 (TM4), T186R14.42

(TM4), L371R17.55 (TM7), and doubly labelled mutant A272R1IC3-E296R1IC3 (TM5-6).
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Figure 4.5: Label sites NTS1B TM helices. Mutants of NTS1B with cysteines at the IC
side of each TM were labelled with MTSL: single Cys mutants A90C1.58 (TM1), Y104C2.41 (TM2),
L169C3.52 (TM3), R183C4.39 (TM4), T186C4.42 (TM4), L3717.55 (TM7), and double Cys mutant
A272CIC3-E296CIC3 (TM5-6). Label sites are highlighted here on the 3ZEV crystal structure. As
A272C and E296C are not present on this structure, the nearest residues Q270 and P297 are high-
lighted instead. The expected A272R1-E296R1 distance is ~14 Å, as determined by rotamer analysis
using MMM software [361].

The double cysteine mutant was labelled with either a mix of MTSL and diamagnetic MTS

to examine the compounded dynamics of these sites in the absence of intramolecular in-

teractions (spin-diluted), or with only MTSL to also examine the interactions between the

labels. This double mutant was chosen as the consensus is that TM6 undergoes outward

movement upon ligand binding (up to ~14 Å, Figure 4.1), which could be re�ected in the

TM5-6 distance which is expected to be in the CW-EPR accessible range (~7-20 Å).

EPR spectra recorded at 277 K and 170 K are shown in Figure 4.6 and D.2, respectively,

and derived mobility parameters are presented in Table 4.1. All spectra were complex, con-

taining multiple dynamic components; a more (τc ≈ 30 − 200 ns) and a less (τc ≈ 2 ns)

motionally restricted component can be distinguished, labelled "1" and "2", respectively,

in Figure 4.6. These two components could arise from di�erent conformational states of

the receptor, or from spin label rotamers with di�erent interactions with their environment,

making them more or less immobilised, due to a decrease in the amplitude of the motion

(increased order), in the rate of motion, or both [362]. Changes in the intensity of these

components re�ect changes in the population of the corresponding protein states or spin

label rotamers. The outer splittings (2A′zz) re�ect the mobility of the more restricted com-

ponent "1", and the spectral second moment 〈H2〉 is dominated by this component, while

the width of the central resonance line is biased by the more mobile spectral component "2"

[363, 364].
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Figure 4.6: EPR spectra of NTS1B labelled on the IC side of the TMs. EPR spectra were
recorded at 277 K for mutants spin labelled at the TM/loop interfaces. Spectra were recorded in the
absence and presence of agonist neurotensin (+NT), and the di�erence spectra ("+NT" minus "no
NT") are shown in grey. The spectra of the double cysteine mutant labelled with a 1:3 (mol:mol) mix
of MTSL:MTS are labelled "dil". All spectra contain two components, a more and a less motionally
restricted component labelled 1 and 2, respectively.

The large 2A′zz observed for all samples suggests strong local motional restriction of the

spin label (Table 4.1), which is con�rmed by plotting of 〈H2〉−1 vs. ∆H−10 (Figure 4.7),

where all data points fall within the "buried helix" range (see Figure 1.16) [178, 179]. The

strong immobilisation of the spin label observed in this environment, could in part be due

to interactions of the spin labels with the lipid bilayer. Indeed, spectra re�ecting similar

dynamics were previously observed for rhodopsin, both in detergent and phospholipid bilay-

ers, in which the three measured TM-labelled samples gave rise to an immobilised spectral

component that was more prominent in the membrane-reconstituted sample [363].

4.3.2 E�ect of NT on local TM helix dynamics

Spectra recorded in the presence of agonist show only modest changes compared to the spec-

tra obtained for the unliganded receptor, for a few mutants (Figure 4.6, red and black lines,

respectively). For TM1 mutant A90R1, the spectrum is virtually unchanged on NT binding,
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Figure 4.7: Two-dimensional mobility plot for NTS1B labelled on TMs. The inverse of the
second moment is plotted against the inverse of the central linewidth for NTS1B cysteine mutants
labelled at the IC end of the TM helices. Samples for the same mutant in the absence and presence
(+) of NT are given the same colour to aid visual inspection. All points fall within the empirically
determined topological "helix/buried" region (see Figure 1.16) [178, 179].

emphasized by the featureless di�erence spectrum and nearly overlapping points in the two-

dimensional mobility plot (Figure 4.7), suggesting little conformational rearrangement of the

helix. Similarly, the spectrum of L371R1 (TM7) shows little change, except for the region of

the mobile component, which is most likely due to subtraction of a small free spin label com-

ponent (~0.5% of total integrated intensity) that was present in the raw data (Figure D.1).

For the two TM4 mutants, binding of NT has a smaller e�ect on the spectrum of R183R1,

which is located in the IC2, than on that of T186R1 which is located on the edge of the helix

(Figure 4.5). For both, the overall mobility of the spin label appears to modestly increase on

NT binding, as evidenced by a small decrease in ∆H0 (-0.4 G for both, Table 4.1), although

the relative contributions of the two spectral components does not change. The same is

observed for Y104R1 (TM2), where the change in ∆H0 is even smaller (-0.2 G). For the

TM3 mutant L169R1, a clear increase in the population of the more motionally restricted

component is observed on NT binding, as well as an increase in the outer splitting (+0.6 G),

while the more mobile spectral component remains largely unchanged. For Q378R1 (H8),

the opposite is observed, with a slight increase of the mobile component, although ∆H0 and

2A′zz remain virtually unchanged (-0.1 and -0.2 G, respectively). For the double mutant

A272R1-E296R1, more signi�cant di�erences are observed: �rstly, in the MTSL (doubly)

labelled sample upon addition of NT the intensity of mobile spectral component increases,

accompanied by a small decrease in the maximum outer splitting 2A′zz, suggesting an overall

increase in spin label mobility. The same is observed, albeit to a lesser degree, for the spin-
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Table 4.1: Mobility parameters from CW-EPR spectra of NTS1B labelled on TMs.
Outer splittings of (2A′zz) were determined for the two distinguishable dynamic components of each
spectrum recorded at 277 K ((1) the more and (2) the less immobilised component), as well as
the width of the central resonance line ∆H0. Approximate rotational correlation times (τc) were
calculated using the rigid-limit value 2AR

zz, determined from the spectra recorded at 170 K. The
interspin distance-dependent ratio k (equation 1.18) was determined from spectra collected at 170
K.

Residue 2A′
zz(1)

(G)
2A′

zz(2)
(G)

∆H0

(G)
2AR

zz

(G)
τc(1)
(ns)

τc(2)
(ns)

k

90 - 68.8 36.3 8.5 69.8 120 2.0 0.36
+NT 68.9 36.3 8.5 69.8 140 2.0 0.34

104 - 66.4 37.8 7.0 69.2 35 2.1 0.39
+NT 66.4 37.4 6.8 69.8 28 2.1 0.39

169 - 67.7 37.2 7.6 69.2 71 2.1 0.37
+NT 68.3 37.4 7.8 69.3 110 2.1 0.37

183 - 68.3 35.9 7.3 70.2 54 2.0 0.33
+NT 68.1 36 6.9 70.1 51 2.0 0.35

186 - 67.6 36.1 9.2 69.7 49 2.0 0.37
+NT 67.8 35.7 8.8 69.2 78 2.0 0.36

371 - 67.6 36.2 8.5 68.2 210 2.1 0.33
+NT 68.1 36.4 8.3 68.9 150 2.0 0.34

378 - 68.1 36.6 7.4 68.9 130 2.0 0.36
+NT 67.9 35.6 7.3 68.7 150 2.0 0.36

272-296
- 68.4 38.3 9.0 69.7 83 2.1 0.37
+NT 68.0 37.3 9.0 69.3 84 2.1 0.38

272-296
(dil)

- 68.7 36.9 7.6 70.9 47 2.0 0.34
+NT 67.9 37.1 7.4 70.9 33 2.0 0.34

diluted MTS/MTSL-labelled A272R1-E296R1 sample; these spectra show a larger mobile

component, and overall increase in mobility of both components (larger 〈H2〉−1 and ∆H−10 ,

see Figure 4.7) compared to the MTSL-only labelled sample. This suggests that a degree of

the line-broadening observed originated from interspin interactions. Indeed, the peak ratio

k which correlates with interspin interactions is larger for the doubly labelled (0.38) than for

the spin-diluted A272R1-E296R1 sample (0.34, Table 4.1). Thus the observed increase in

mobility upon NT binding could be due to a portion of the motionally restricted interacting

spin labels moving apart due to movement of TM5 and or 6, as is expected from studies of

other GPCRs. This is however not re�ected in the value for k (0.38 for the doubly labelled

A272R1-E296R1 +NT sample), suggesting that the interspin distance is not a�ected by the

addition of NT, or that only a minor population of the receptor is a�ected.
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Figure 4.8: Label sites on H8 of NTS1. H8 is shown viewed (A) perpendicular to the plane
of the membrane, (B) from the IC side, and (C) from the end of the helix in the plane of the
membrane. Sequential cysteine mutants of NTS1 with mutations introduced in the C-terminus from
residue 374 to 393 were labelled with MTSL. Here residues 374-386 are indicated on the 3ZEV
crystal structure (later residues are not resolved). TM7 residue Y3697.53 is thought to stabilise H8
in other GPCRs, through π-π stacking with F3768.50, but cannot do so in the NTS1 3ZEV structure
due to steric hindrance of N3707.54.

4.3.3 H8 sequence scanning

CW-EPR spectra were recorded for sequential cysteine mutants of the C-terminal residues

374 to 393 (Figure 4.8) reconstituted in brain polar lipid liposomes, at 277 and 170 K

(Figure 4.9 and D.3, respectively). The good signal-to-noise ratio of the EPR spectra

indicates that all mutants labelled well, with the exception of V379C, which gave poor

spectra for two separate sample preparations, suggesting that this residue is not as accessible

as the others, and possibly in an relatively buried position.

The secondary structure of the probed sequence can be assessed by plotting the inverse

central linewidth ∆H−10 vs. residue number (Figure 4.10). Figure 4.10A shows that a sine

function with a period of 3.6, corresponding to the periodicity of an α-helix, can only be

properly �tted to the �rst half of the probed stretch, running from residue 374 to 385,

after which the periodicity in the data is lost. This periodicity implies that NTS1 does

have an α-helical H8, in agreement with the 3ZEV crystal structure, for which H8 stretches

from residues 374 to 384. The polarity of the local environment of spin label in�uences the

maximum outer splitting (2ARzz, see section 1.4.2.3), with larger splitting corresponding to a

more polar environment. Plotting 2ARzz against residue number again reveals a pattern with

a periodicity of roughly 3.6 for residues 374-384 (Figure 4.10B). This periodicity is consistent

with an amphipathic helix lying along the membrane, where some residues will be buried
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Figure 4.9: EPR spectra H8 and C-terminus. EPR spectra were recorded at 277 K for residues
along the C-terminal stretch after TM7, encompassing the putative H8. Spectra were recorded in
the absence and presence of agonist neurotensin (+NT).
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Figure 4.10: CW-EPR analysis of H8 periodicity. (A) ∆H−10 was determined from spectra
recorded at 277 K, plotted against residue number and found to roughly �t a sine with a periodicity
of 3.6, corresponding to α-helical structure for residues 374 to 385, after which the periodicity is
lost. This pattern was similar for samples including agonist (+NT). Overlay of data for NTS1 in
the absence (apo) and presence (+NT) of agonist is shown in the right panel. (B) Similar analysis
is shown for the polarity parameter AR

zz determined from spectra recorded at 170 K. Error bars
are given for residues for which multiple samples were measured (n=2 for all except 377apo for
which n=3) and represent the standard error of the mean; all other data points represent single
experiments.

in the phospholipid headgroup region, and others more water exposed. Residues A374R1

and L381R1 show the smallest 2ARzz, consistent with a membrane-buried conformation, as

would be expected for the native apolar Ala and Leu residues. This observation is also

consistent with the position of these residues in the middle of the apolar patch of the

helical wheel prediction for NTS1 (Figure 4.3). By extension, this observation suggests that

the spin labelling did not disturb the naturally expected conformation and orientation of

the helix. The later C-terminal residues (385-393) show larger 2ARzz, consistent with an

extramembranous environment.

4.3.4 E�ect of NT on helix 8

The e�ect of agonist on H8 structure was also investigated by measuring the spectra in the

presence of saturating amounts of NT. Periodicity of the mobility parameters was retained

in the presence of NT (Figure 4.10), suggesting that the overall conformation of H8 remains

unaltered. Indeed, the overlaid spectra for each mutant in the presence and absence of

ligand show little di�erence, suggesting that overall the local e�ect of NT on R1 dynamics

is small (Figure 4.9). A few exceptions, out of the twenty positions monitored, are residues
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R377R1, F380R1, S382R1, C388R1, and P389R1, with the �rst four showing an increase in

the mobile component, and the last one showing a decrease of the mobile component of the

EPR spectrum. The �rst three sites are part of the helix, as demonstrated above, but are not

all expected to be on the same side of the helix (i, i+3, i+5, Figure 4.3). It is thus di�cult

to assign the observed e�ect of agonist to an overall structural change, such as a rigid body

movement or rotation of H8, as this would be not be expected to give a consistent e�ect over

all helix interfaces. It is thus more likely that the observed increases in mobility are due

to local e�ects. The other two residues (C388R1 and P389R1) lie in the C-terminal stretch

beyond H8. C388R1 is normally palmitoylated in cells, and anchored to the membrane,

and is thus not expected to undergo great dynamic changes upon ligand binding in vivo.

The observed e�ect is thus more likely to originate from interactions with other residues

which do normally undergo changes upon ligand binding. The neighbouring P389R1 residue

shows an opposite e�ect, with the mobile component of the spectrum decreasing relative

to the immobile component upon ligand binding. The proline-to-cysteine mutation can of

course have perturbed the natural conformation of this residue, as prolines have a very

distinct biochemical character. Nevertheless, as this stretch of the protein appears to be

unstructured from the EPR sequence scanning data (Figure 4.10), the proline-to-cysteine

mutation might not be so perturbing, and it is still possible that ligand binding a�ects this

site in vivo. Indeed, from Figure 4.10B, it seems that the C-terminal stretch beyond H8

becomes overall somewhat less mobile in the presence of agonist. Figure 4.11 suggests that

overall all the residues probed, including those in the seemingly unstructured C-terminal

stretch beyond H8, are motionally restricted. This is most likely due to interactions of the

C-terminus with the membrane.

4.4 Conclusions

In agreement with the existing consensus on GPCR activation mechanism [99, 345], addi-

tion of agonist appeared to induce the largest changes in TM5-6, with NTS1 labelled at

intracellular of TM5-6 showing a more mobile CW-EPR spectrum (Figure 4.6), suggestive

of either increased backbone mobility, or simply less restricted motion of the spin label due

to a conformational change in the receptor. TM3, and to a lesser extent 4, were the only

other TMs to display modest spectral changes upon addition of agonist, showing a decrease

and increase in overall spin label mobility, respectively (Figure 4.6). This could re�ect the

role of the proposed "ionic-lock" between TM3 and 6 in receptor activation, leading to re-

arrangement of the helix and thus di�erent spin label environment, which could also be

carried forward to the relatively close TM4. As the spectra are complex, with at least two

resolved components, and the spin labels probe dynamics locally, it is hard to draw any
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Figure 4.11: Two-dimensional mobility plot for NTS1 H8. The inverse of the second moment,
〈H2〉−1, is plotted against the inverse of the central linewidth, ∆H−10 , for NTS1 sequential cysteine
mutants labelled on the putative H8 stretch (circles) and the rest of the C-terminus (triangles) in
the absence and presence ("+") of NT. Samples for the same mutant in the absence and presence of
NT are given the same colour to aid visual inspection. Empirically determined topological regions
of the protein [178, 179] are indicated by shaded boxes.

conclusions on overall (whole-body) protein dynamics. The previously mentioned CW-EPR

study of rhodopsin showed signi�cant spectral changes for spin labels on TM3, 5, 6 upon light

activation [363]. TM6 spin-labelled rhodopsin showed strong changes at 293 K both in deter-

gent and lipid bilayers on photo-activation, in agreement with the consensus role of this TM

in GPCR activation, while for TM3 and 5 spin-labelled samples photo-activation-induced

changes were greatly dampened in lipid bilayers compared to detergent. The magnitude of

the e�ect was also shown to be temperature dependent for the TM3 spin-labelled sample,

with a much more pronounced e�ect at 308 K compared to 293 K. The results obtained in

the rhodopsin EPR study [363] are in agreement with the suggestion that GPCR activation

is a dynamic process, where the energy barriers and/or energy di�erences, and thus the equi-

librium between di�erent states is in�uenced by ligand binding (see Figures 4.2 and 4.12);

therefore, an increase in kinetic energy due to higher temperature makes activation more

likely, leading to more pronounced e�ects in the EPR spectra. The e�ects seen here for

NTS1 were more modest than those observed in the rhodopsin study. This could be due

to the combined e�ect of the lipid bilayer and the relatively low temperature (277 K) at
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Figure 4.12: Energy landscape of GPCR activation. A schematic showing the di�ering
models for activation of rhodopsin and other GPCRs. (A) Rhodopsin shows no basal activity as
it is naturally covalently bound to its inverse agonist 11-cis-retinal, meaning the energy barrier to
activation is relatively high. Light-induced isomerisation of the retinal lowers the energy barrier to
the active conformation of the receptor, leading to the transducin (Gt) bound signalling complex.
(B) Other class A GPCRs, such as the β2-adrenergic receptor (and NTS1) do show basal activity
and have been proposed to be more conformationally dynamic, due to smaller energetic di�erences
between the di�erent activation states (inactive, intermediate, and active) of the receptor. Agonist
and G protein binding decreases the energy levels of intermediate and active states, respectively,
e�ectively lowering the energy barrier and shifting the equilibrium towards the activation of the
receptor. Figure adapted from [365].

which the experiments had to be performed, due to the poor thermal stability of NTS11,

dampening protein motion. Furthermore, it has been argued that rhodopsin has a some-

what di�erent mode of activation compared to other GPCRs as it is covalently bound to its

inverse agonist 11-cis-retinal, and shows no basal activity (Figure 4.12A) [365]. Most other

GPCRs, including NTS1, do show basal activity, and have thus been proposed to be more

conformationally dynamic, due to smaller energetic di�erences between the various activa-

tion states (inactive, intermediate, and active) of the receptor (Figure 4.12B). Agonist and

G protein binding decreases the energy levels of intermediate and active states, respectively,

and/or lower the energy barrier between states, thus shifting the equilibrium towards the

energetically more favourable active state of the receptor. Thus, the changes between the

1NTS1 has a melting temperature of ~24 °C in detergent [293] compared to ~72 °C for rhodopsin in
native membranes [366].



CW-EPR study of NTS1 structure and dynamics 103

unliganded and agonist-bound ensemble averages for di�usible ligand-binding GPCRs are

expected to be smaller than those observed on photo-activation of rhodopsin, which might

contribute to the lack of large changes in the CW-EPR spectra of NTS1B upon addition of

agonist.

CW-EPR sequence scanning con�rmed the presence of the α-helical C-terminal segment

H8, for the non-thermostabilised, lipid bilayer-reconstituted receptor. Unlike proposed by

Eglo� et al. [295], the overall structure of H8 does not appear to change in the presence of

agonist, and thus the lack of an H8 in the 4GRV structure appears to be a crystallographic

artefact. The two-dimensional mobility plot (Figure 4.11) suggest residues in H8 and the C-

terminal stretch beyond are motionally restricted, which could re�ect tertiary contacts with

the protein, and the bilayer as expected for H8, and as previously observed for rhodopsin

[367]. Indeed, polarity analysis is consistent with an amphipathic helix along a membrane

surface (Figure 4.10B). Since NTS1 samples were produced in E. coli, the protein was not

post-translationally modi�ed. Thus, palmitoylation of the C-terminus, as present in vivo,

does not appear to be required for H8 helicity, although it might have a stabilising e�ect.

The presence of ligand does not a�ect the overall structure of H8 (Figure 4.10), although it

has some local e�ects, with spin labels at certain positions within the helix becoming more

mobile (Figure 4.9). It is thought that interactions between the Tyr7.53 of the conserved

NPxxY motif and H8 are broken upon activation (as discussed in section 4.1.1), and this

interaction is not observed in the "active-like" 3ZEV crystal structure (Figure 4.8). It is

thus possible that such a change in the interaction between TM7 and H8 leads to an increase

in local dynamics of H8 as observed in the EPR spectra. C-terminal residues beyond H8

appear to become more motionally restricted in the presence of agonist, although the over-

all polarity of the local environment is not a�ected (Figure 4.10). Although no secondary

structure formation is evident this could re�ect propagation of conformational changes in the

overall receptor required for G protein binding; indeed, residues 372-401 of the C-terminus

of NTS1 have been shown to be involved in coupling to Gs and Gi-mediated pathways [368].

The work presented here suggests that, despite the agonist-bound crystal structures of NTS1

only showing an "active-like" receptor state, binding of agonist alone already has an e�ect

on NTS1 structure and/or dynamics, and consequently that thermostabilised crystals do

not necessarily re�ect the structure of the receptor in solution. This conclusion stresses

the importance of studying membrane proteins in a more native environment to obtain an

accurate picture of their function in vivo, and this study forms a good starting point for

future work in the presence of G protein to shed more light on the activation mechanism of

NTS1.



5 | Oligomerisation of NTS1 studied by
FRET and DEER

5.1 Introduction

5.1.1 GPCR oligomerisation

Over the past few decades, evidence for GPCR oligomerisation has been accumulating that

challenges the idea that GPCRs function as isolated monomeric receptors in the cell mem-

brane (reviewed in e.g. [369�371], see also Table 5.1). It is now widely accepted that for class

C GPCRs constitutive dimerisation is essential for receptor activity [372�375]. For example

co-expression of the GABAB1 with the GABAB2 receptor is required for GABAB1 to reach

the plasma membrane, where the two receptor isoforms form a functional heterodimer in

which the GABAB1 subunit binds the ligand and the GABAB2 subunit couples to the G

protein [374, 376]. Using a variety of techniques, such as resonance energy transfer (RET),

chemical cross-linking, co-immunoprecipitation [377], a large number of class A GPCRs have

also been observed to oligomerise in vitro and in vivo, e.g. the β1- and β2-adrenergic re-

ceptors, the dopamine D2 and D3 receptors, the δ-, κ- and µ-opioid receptors, and CXCR4,

CCR2 and CCR5 chemokine receptors (reviewed extensively in e.g. [369�371, 378]). The

function, and indeed the existence of class A GPCR oligomers in situ, however remains

controversial, as studies with monomeric GPCRs reconstituted into nanodiscs (e.g. the β2-

adrenergic receptor [380], rhodopsin [381], and the µ-opioid receptor [382]) or monomeric

receptors in detergent (e.g. rhodopsin [383] and NTS1 [321]) have shown that monomeric re-

ceptors can e�ciently couple to G proteins. However, while these studies show that GPCRs

can function as monomers in vitro, they do not exclude the existence of functional oligomers

in vivo. Indeed, other studies have suggested that receptor oligomerisation might be neces-

sary in receptor tra�cking to the plasma membrane [384, 385], provides means for regulation

of ligand binding [386�388] and G protein activation [389�392], and/or is involved in recep-

tor internalisation [393, 394] (Figure 5.1).

Numerous observations of cooperativity in ligand-binding studies have strengthened the case

104
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Figure 5.1: Potential functional implications of GPCR oligomerisation. GPCR homo- and
hetero-oligomerisation has been observed to in�uence (1) maturation of receptors and tra�cking to
the cell surface. (2) Ligand-controlled oligomerisation has been observed, as well as (3) negative or
positive cooperativity in ligand binding to the second protomer when the �rst is ligand occupied
(here shown for heterodimers, but also observed for homodimers). (4) Stimulation/attenuation of
G protein activity, or G protein selectivity has also been documented. Finally, (5) hetero- and
homo-oligomerisation has been shown to in�uence ligand-induced internalisation of GPCRs. Figure
adapted from [379].

for functional oligomerisation (reviewed in [395]). For example, for the adenosine A3 recep-

tor expressed in CHO cells it was found that the dissociation rate of a �uorescent agonist was

a�ected by the presence of the unlabelled agonist which is not consistent with ligand disso-

ciation from a monomer, and was thus interpreted as evidence for crosstalk within receptor

dimers [386]. The same was observed for the adenosine A1 receptor, albeit to a lesser extent

[386]. Another example of cooperativity is given by an in vitro study on detergent-solubilised

leukotrine B4 (LTB4) receptor (BLT1) [396]; using a mixture of wild-type receptor and a

ligand-binding-de�cient form of the receptor that contained only one tryptophan that could

report on conformational changes of the receptor, it was shown that addition of agonist LTB4

induced conformational changes in the binding-de�cient (thus apo) protomer. Allostery was

also shown in native tissue using time-resolved FRET with �uorescent ligands [388]; FRET

signals were detected for the oxytocin receptor in mammary gland patches (but not in brain)

consistent with receptors with a quaternary structure. Results further showed a stoichiom-

etry of one agonist molecule per dimer, consistent with negative cooperativity (which was

not observed for labelled antagonists) [388]. Functional crosstalk between receptors has also

been shown in situ [397]; in a study of the luteinizing hormone receptor, mice expressing
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only a ligand-binding de�cient or G protein-coupling de�cient form of the receptor were

crossed to produce co-expression of the two individually inactive forms, in the absence of

wild-type receptor. This resulted in rescue of function, implying intermolecular functional

complementation between the two forms and by extension their dimerisation [397]. This

interpretation was however challenged by Zhang et al., who argued that the lack of function

of the mutants could also have been due to lack of cell-surface delivery [398].

Despite the earlier mentioned observation that monomeric GPCRs can couple to G pro-

tein, modulation of G protein activity ascribed to oligomerisation has also been observed;

e.g. leukotrine BLT2 dimers were shown to activate puri�ed G protein less e�ciently than

monomers [390]; for serotonin 5-HT2C, it was observed that binding of agonist to both pro-

tomers of a dimer is needed to generate maximal function [392]; and for the related serotonin

5-HT4, it was shown that activation of both protomers in a dimer results in greater activa-

tion of G protein, than activation of a single protomer in a dimer does [391].

Hetero-oligomerisation of di�erent GPCR subtypes has also been observed, with functional

implications for ligand binding and G protein selectivity (reviewed in e.g. [399�402]), but

will not be further discussed here.

The apparent role of GPCR oligomerisation in the �ne-tuning of GPCR function provides

therapeutic potential for targeting GPCR oligomers to regulate receptor activity [403].

5.1.2 Morphology of GPCR oligomers

5.1.2.1 Oligomerisation interface

Part of the controversy surrounding GPCR oligomerisation is due the lack of consensus

on morphological aspects, such as the receptor interfaces involved in oligomerisation, the

size of the oligomers (dimers or higher-order oligomers), and their possible dynamic nature

(constitutive vs. transient, e.g. ligand-induced, oligomers).

While class C GPCR oligomers are believed to be relatively stable due to disul�de bonds

between the extracellular segments of the protomers and/or intracellular coiled coils [369],

class A GPCRs do not have the large N-termini found in class C GPCRs, and oligomerisation

is thus believed to occur primarily through (hydrophobic) interactions between the TM

domains [404]. Given the structural homology found in the TM domain of class A GPCRs,

a common structural mechanism for dimerisation of receptor protomers might be envisaged.

Detailed structural data of class A GPCR dimers however remains largely elusive, and often

con�icting (see Table 5.1). Crystal structures of GPCRs have included parallel dimers in

the crystal lattice, which have in some instances been interpreted as revealing a potential

dimerisation interface for these receptors. The β2-adrenergic receptor was crystallized with

interprotomer contacts mediated through H8 stabilised by hydrophobic interactions with
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six cholesterol and two palmitic acid molecules located between the monomers [284]. This

observation was speculated to play a role in dimerisation in vivo, although the authors

recognized con�icting studies in cell membranes where TM6 was found to be the likely

dimerisation interface [405]. A later publication of a crystal structure for the β1-adrenergic

receptor speculated more freely that the crystallisation interfaces found, namely TM1-2-H8-

EC1 an TM4-5-IC2-EC2, could represent oligomeric interfaces of the receptor [406]. Other

crystallographic evidence comes from the CXCR4 chemokine receptor (TM5-6) [292], the

κ-opioid receptor (TM1-2-H8) [407], and the µ-opioid receptor (TM1-2-H8 and TM5-6)

[408]. Whether these crystallographic dimers accurately re�ect the (dynamic) situation in

membranes, or are simply due to non-speci�c crystal packing is uncertain.

Other structural data on GPCR dimer structure comes largely from mutagenesis, chemical

cross-linking, RET and TM helix competition studies (see Table 5.1). The data do not show

a clear consensus, with every receptor segment being implicated thus far in di�erent studies,

and even di�erent studies on the same receptor subtype giving varying results.

5.1.2.2 Oligomeric state

Besides no clear consensus existing on the oligomerisation interface, di�erent oligomeric

states have also been found; although many studies report dimers (e.g. based an analytical

ultracentrifugation [321] or FRET saturation experiments [206] for NTS1), higher-order

oligomers have also been found. For example for the β2-adrenergic receptor, FRET studies

on the puri�ed receptor in liposomes showed predominantly tetramers [409]. The same

was found for muscarinic M2 acetylcholine receptor in live cells [433]. The muscarinic M3

acetylcholine receptor was found to be present as both dimers and tetramers in HEK cells,

and co-immunoprecipitation showed dynamic interchange between these species [434]. The

range within which expression levels could be varied in this these studies was insu�cient to

determine whether the proportion of tetramers relative to dimers varied with receptor density

at the membrane, as would be expected from the law of mass action [370]. Another study

however suggested stable oligomerisation could be detected for the dopamine D2 receptor

over a 100-fold range of expression levels [418].

5.1.2.3 Oligomerisation dynamics

The dynamics of oligomerisation are also matter of debate. Studies using ensemble tools such

FRET, cross-linking an co-immunoprecipitation, generally suggested that oligomerisation is

constitutive [435]. More recent studies however, using single-molecule imaging techniques

(reviewed in [204]), have revealed a potential transient nature for GPCR oligomers. Re-

cently, the stability of GPCR oligomerisation was assessed in two cell-based studies in which
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Table 5.1: Class A GPCR dimerisation interfaces. A (non-extensive) list of reported struc-
tural elements of class A GPCRs implicated in oligomerisation is presented here. Abbreviations:
Ref., references; AFM, atomic force microscopy; ECD, extracellular domain.

Receptor Implicated elements Techniques Ref.

β1-adrenergic TM1-2-H8 and TM4-5-IC2 Crystallography; cross-linking [406]

β2-adrenergic TM6 TM/peptide competition [405]
H8 + cholesterol Crystallography [284]
H8, not TM6 FRET [409]

Rhodopsin TM4-5 Cross-linking; AFM; modelling [410]
TM4-5 Cross-linking; FRET [411]

M3 muscarinic
acetylcholine

TM3-EC2 Mutagenesis [412]
TM1-5-7 Mutagenesis; BRET [413]
TM5-IC3 Cross-linking; computational modelling [414]

dopamine D2 TM6-7 TM/peptide competition [415]
TM4 (and other unidenti�ed) Mutagenesis [416]
TM4 Cross-linking [393, 417]
TM4-5 Cross-linking [393]
TM1-4 Cross-linking; RET [418]

CCR5 chemokine N-terminus-TM1 Mutagenesis; yeast two-hybrid [419]
TM1-4 Mutagenesis; TM/peptide competition [420]

CXCR4 chemokine TM5-6 and TM3-4 Crystallography [292]
TM4 + cholesterol TM/peptide competition; cholesterol depletion [421]

Bradykinin B2 ECD Mutagenesis [422]
N-terminus (not EC loops) TM/peptide competition; cross-linking [423]

α-factor TM1-2 Mutagenesis; FRET [424]
TM1-4 Cross-linking [425]
N-terminus Cross-linking [426]

δ-opioid C-terminus Mutagenesis [427]

κ-opioid TM1-2-H8 Crystallography [407]

µ-opioid TM1-2-H8 and TM5-6 Crystallography [408]

NTS1 TM1-2-4 Computational modelling [428]

Serotonin 5HT2C TM1-4-5 Cross-linking [429]

Adenosine A2A TM5 Mutagenesis; TM peptide study [430]

Adenosine A1B TM4 Mutagenesis; FRET [431]

BLT1 leukotrine TM6 TM/peptide competition [432]

a portion of the expressed receptor was immobilised by interaction with speci�c antibod-

ies, and the mobility of the remainder was probed by FRAP (�uorescence recovery after

photobleaching) [436, 437]. Contrary to the previously observed stable dimerisation for the

dopamine D2 receptor [418], the FRAP study showed transient interactions between pro-

tomers, which could be stabilised by cross-linking at TM4, suggesting that the lifetime of the

oligomers was short compared to the time scale of macroscopic di�usion [437]. While FRAP

studies were consistent with stable β2-adrenergic receptor higher-order oligomers containing

at least 4-5 protomers, they showed transient oligomerisation of the β1-adrenergic receptor

on the time scale of seconds that could be stabilised by chemical cross-linking [436]. For

both adrenergic receptors no e�ect of agonist or inverse agonist was observed [436]. Expres-
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sion levels for the β1 receptor were higher than those for the β2 receptor, suggesting that

the di�erence was probably not due to crowding, although the authors note that expression

levels could still be well above native levels [436]. Single-molecule imaging studies on the

M1 muscarinic acetylcholine receptor using (slowly-dissociating) �uorescent ligand showed

that the receptor formed homomers with a lifetime of ~0.5 s and no more than ~30% of the

receptor was dimeric at a given time [438]. The authors used the �uorescence intensity of

a single spot, and the number of steps in which this photobleached to show the presence of

multiple ligands within one spot (i.e. of receptors within less than 200 nm of each other,

the spatial resolution being limited by the di�raction limit). However, the assumption made

that each protomer within an oligomer would bind ligand might not be valid, as there are nu-

merous examples of negative cooperativity of ligand binding within GPCR dimers (reviewed

in [395]), although this has not been studied for this receptor subtype. It could thus be that

the results re�ect a dimer-tetramer rather than a monomer-dimer equilibrium. Kasai et al.

also used single-molecule imaging with �uorescent ligands to study the oligomerisation equi-

librium of N -formyl peptide receptor (FPR) in live cells at physiological expression levels;

FPR was found to form transient dimers with a lifetime of 91 ms, with 41% of the receptor

population present as dimers [439]. Direct receptor labelling with SNAP-tags was also used

in a single-molecule study of the β1- and β2-adrenergic receptor, again using spot intensity

and photobleaching steps to infer oligomeric state [440]; this study showed longer homodimer

lifetimes of ~4 s, which was speculated to be due to the lower temperature used in this study

(20.5 °C) compared to the study of Kasai et al. (37 °C) and Hern et al. (23 °C), or to be a

receptor subtype-speci�c e�ect [439]. Further, as seen in the earlier FRAP study [436], the

β2-adrenergic receptor showed a higher proportion of dimers relative to monomers than the

β1-adrenergic receptor, with 60% dimeric species at low densities (0.15-0.3 particles/µm2)

compared to 30%, respectively [440]. Higher-order oligomers were observed for both sub-

types with the extent of oligomerisation increasing with particle density [440].

These studies provide compelling evidence for the possibility that GPCR oligomers are dy-

namic species. The observed interactions are not necessarily random as the stability of

membrane protein quaternary structures varies from very stable interactions as seen for

oligomeric ion-channels such as KcsA, to transient interactions as seen for receptor tyro-

sine kinases that are thought to exist in a monomer-dimer equilibrium at the membrane,

showing that biologically signi�cant protein-protein interactions can be transient [441]. It

has been proposed that transient oligomerisation might facilitate the exchange of protomers

during receptor activation, potentially contributing to signal ampli�cation, providing scope

for physiological or pharmacological regulation [371].
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5.1.3 NTS1 dimerisation

Biophysical studies on the oligomerisation behaviour of NTS1 have thus far been limited.

The receptor has been shown to heterodimerise with other neurotensin receptors (NTS2

and 3) in cell-based studies, with functional consequences for receptor tra�cking and NT-

mediated receptor activity [442�444]; NTS1 surface expression was shown to be downreg-

ulated by co-expression of NTS2, and NTS1 signalling through adenylyl cyclase and phos-

pholipase C was suppressed [442�444]. NTS1 has also been shown to heterodimerise with

dopamine receptors (D2 and D3), where NT-induced activity of NTS1 was observed to have

antagonistic e�ect on dopamine release in in vivo studies in rats, and in cell-based studies

[445�447].

Homodimerisation of NTS1 has thus far only been investigated in vitro and in silico. Co-

immunoprecipitation studies on NTS1 showed that the receptor homodimerises in HeLa

cells, but the functional implications were not studied [444]. A FRET study with puri�ed

NTS1 fused to �uorescent proteins (CFP/YFP) showed that the receptor can dimerise in

lipid bilayers but not in detergent concentrations typically used in GPCR puri�cations (0.1

% DDM, w/v) [206]. Competition with untagged receptor veri�ed the speci�city of the

interaction. FRET saturation experiments, in which the ratio of acceptor-to-donor-labelled

NTS1 was varied, indicated that the receptor was predominantly present as a dimer rather

than a higher-order oligomer [206]. Dimerisation was further shown to be independent of

agonist binding, consistent with a constitutive dimer [206]. However, using SEC-MALS

(size exclusion chromatography multi-angle light scattering) White et al. found that the

receptor could dimerise at lower detergent concentrations (0.01% DDM, w/v) and in a re-

ceptor concentration dependent manner [321]. This suggests that NTS1 does not form a

constitutive dimer, but rather is present in a monomer-dimer equilibrium, for which a Kd

for dimerisation of ~2-20 nM was determined [321]. Dimeric NTS1 further showed positive

cooperativity in ligand binding, and catalized G protein nucleotide exchange with lower

a�nity than monomeric receptor [321].

The only published data on the possible dimerisation interface of NTS1 homodimers comes

from in silico studies by Casciari and co-workers [428]. Using an approach based on rigid-

body docking of an homology model based on rhodopsin, the authors generated dimer models

which were in agreement with the expected free energy of dimerisation (as calculated from

the Kd obtained by White et al. [321]). The highest-ranking dimer model from this study

showed a dimerisation interface comprising TM1, 2, and 4, stabilised by hydrophobic and

electrostatic interactions (Figure 5.2) [428].

An unpublished TM competition study, in which the e�ect of single TM segments of NTS1
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Figure 5.2: Model of NTS1 dimer from computational study. (A) Cartoon representing
the two highest ranking models for the NTS1 dimerisation interface from a computational study
based on rigid body docking, viewing the dimers from the intracellular side [428] (B) Residues that
contribute to the dimer interface are indicated, coloured in accordance with their TM location as in
(A). Figure adapted from [428].

on the observed FRET e�ciency between CFP/YFP-tagged NTS1 reconstituted into lipo-

somes was studied, is presented in Figure 5.3 (Attrill, Verdurmen, Oates et al., unpublished

results). Disruption of the NTS1-CFP-NTS1-YFP oligomers would result in a reduction

of the relative FRET e�ciency (as demonstrated by a positive control in which unlabelled

NTS1 was included). Most of the tested TM-peptides could not reduce the observed relative

FRET e�ciency to greater extent than a non-related TM peptide (walp, negative control),
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Figure 5.3: TM competition study of NTS1. Results form an TM competition study are
presented here (Attrill, Verdurmen, Oates et al., unpublished results); the e�ect of single TM seg-
ments of NTS1 on the observed FRET e�ciency between CFP/YFP-tagged NTS1 reconstituted
into liposomes was studied. FRET e�ciency is normalized to the e�ciency observed in the absence
of single TM peptides. A positive control including a 5× molar excess of unlabelled NTS1 showed
strongly reduced FRET e�ciency, due to disruption of the NTS1-CFP-NTS1-YFP oligomers. Pep-
tides corresponding to individual TM segments of NTS1 were added at a 5× and 50× molar excess.
A negative control testing the e�ect of an unrelated TM peptide (walp) was also included.

although the strongest e�ect was seen for a peptide corresponding to TM4 at high (50×)
molar excess (Figure 5.3). This suggests that NTS1 dimerisation does not critically depend

on the intermolecular interactions of one speci�c TM domain (although the e�ect of TM5

was not studied here).

5.1.4 Aim

This chapter aims to elucidate the dimerisation interface of NTS1 dimers in membrane bilay-

ers. To this end, spin-labelled or �uorescently labelled NTS1 is reconstituted into liposomes

and interlabel distances are measured by FRET or DEER. By measuring apparent interpro-

tomer FRET e�ciencies for NTS1 labelled with �uorophores on di�erent TMs, the relative

proximity of each TM to its analogue in the other protomer within the NTS1 dimer can

be determined, and thus its proximity to the dimer interface compared to the other TMs

(Figure 5.4). DEER distance measurements are preformed to provide insight into the confor-

mational heterogeneity of NTS1 dimers. This represents the �rst detailed study into GPCR

dimer structure in a membrane bilayer exploiting the bene�ts of site-directed labelling with

small probes and DEER. Furthermore, in collaboration with Mark Wallace (Department of

Chemistry, University of Oxford) and Oliver Castell (previously Department of Chemistry,

University of Oxford, now University of Cardi�), single-molecule FRET studies on NTS1
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dimerisation were set up using �uorescently labelled NTS1 as used in the bulk FRET studies,

reconstituted in a model bilayer system. These single-molecule experiments should provide

additional information on the dynamics of NTS1 oligomerisation, and the oligomerisation

state equilibrium which is not accessible by the ensemble techniques. Single-molecule FRET

has the bene�t over single-molecule studies using co-localisation and spot intensity (as dis-

cussed in section 5.1.2.3) that it can probe interactions on shorter distance ranges (3.5-14

nm), overcoming to some extent the limitations imposed by the di�raction limit, providing

stronger evidence for direct protein-protein interactions.

Figure 5.4: Label sites on NTS1. A cartoon of an NTS1 dimer (3ZEV crystal structure,
dimer based on the proposed interface in [428]) is shown with numbered TM/H segments. Single
cysteine mutants of NTS1 with cysteines at the IC side of each TM were labelled with �uorescent
dyes or spin label for FRET and DEER studies, respectively: A90C1.58 (TM1), Y104C2.41 (TM2),
S(C)172C3.55 (TM3), T186C4.42 (TM4), A261C5.52 (TM5), V307C6.34 (TM6), L3717.55 (TM7), and
Q378C8.52 (H8) are highlighted in the structure. If a TM segment is present in the dimer interface,
the interlabel distances will be shorter (e.g. blue line for TM2) than if a TM segment is at the distal
side of the dimer (e.g. yellow line for TM5), thus (average) interlabel distances can be used to probe
the dimerisation interface.

5.2 Materials and method

5.2.1 FRET

Cysteine mutants of NTS1 were �uorescently labelled with Alexa Fluor dyes as described

in Appendix A.5.3. Eight single cysteine mutants were used for site-directed labelling,

with cysteines introduced at the helix/loop interface on the intracellular side of NTS1:

A90C1.58 (TM1), Y104C2.41 (TM2), S(C)172C3.55 (TM3)1, T186C4.42 (TM4), A261C5.52

(TM5), V307C6.34 (TM6), L371C7.55 (TM7), and Q378C8.52 (H8) (Figure 5.4). Each mu-

tant was labelled with Alexa Fluor 488 (A488), and Alexa Fluor 555 (A555), to serve as
1Native Cys, reintroduced into the cysteine-depleted background mutant where it is mutated into a Ser.
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the donor and acceptor, respectively. Protein stock concentrations were determined through

absorption measurements and bicinchoninic acid colorimetric assays against bovine serum

albumin standards. Per sample 0.15-0.2 nmol of donor and/or acceptor (each) was used,

and the �nal sample was resuspended in 110-200 µL of liposome bu�er giving a maximal

�nal concentration of ~1 µM. Samples were reconstituted in brain polar lipid (BPL, Avanti

polar lipids) liposomes, using Bio-Beads (Bio-Rad) for detergent removal as described in

Appendix A.5.4. Donor and acceptor were reconstituted together at a 1:1 molar ratio for

FRET samples, as well as separately for donor-only, and acceptor-only controls. The recep-

tor was reconstituted at high lipid-to-protein ratio to avoid crowding artefacts. The donor

and acceptor only samples were reconstituted at an initial lipid-to-protein ratio of 12,000:1

(mol:mol), while 6,000:1 was used for the mixed samples as they contained twice the amount

of protein, keeping total amount of lipid in each sample constant to maintain light scattering

at the same level. Samples were prepared in triplicate (or more) where possible, for at least

two individual sample preparations. Fluorescence emission spectra were recorded at room

temperature on a Perkin-Elmer LS-50B �uorimeter (slit widths 4.5 nm for excitation and

5 nm for emission, to optimize the signal-to-noise ratio). For FRET samples (containing

both donor and acceptor), and acceptor-only samples emission spectra with excitation at the

donor (490 nm) and acceptor (555 nm) wavelength were recorded (over 495-600, and 560-600

nm, respectively). For donor-only samples only the emission spectrum with excitation at

the donor wavelength was recorded. A background sample consisting of empty liposomes

was also prepared and measured to correct for any background �uorescence and scatter-

ing e�ects from the sample spectra. The FRET data was processed as discussed in [448].

First, the background spectrum (empty liposomes) was subtracted from all spectra. Spectra

were smoothed using Savitzky-Golay �ltering (10 nm window, 2nd order polynomial) using

OriginPro 8.5 to minimize noise artefacts in the determination of spectral maxima. Then,

the FRET spectrum (mixed sample at donor excitation) was corrected for bleedthrough

by subtracting the donor-only spectrum, scaled to the donor peak in the FRET spectrum

(Figure 5.5A), and the uncorrected FRET ratio (A) was then calculated

A =
F em:A
ex:D

F em:A
ex:A

(5.1)

where F em:A
ex:D is the �uorescence intensity of bleedthrough-corrected FRET spectrum at the

acceptor emission maximum, and F em:A
ex:A the intensity of the FRET sample at the acceptor

maximum upon acceptor excitation (Figure 5.5B). The crosstalk ratio was determined from

the acceptor-only sample (ratio A0),

A0 =
F em:A
ex:D

F em:A
ex:A

(5.2)
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Figure 5.5: Processing of FRET data. (A) After correction for liposome scattering (not
shown), FRET data is corrected for bleedthrough (BT), by subtracting the donor-only spectrum
(D), scaled to the donor peak in the FRET spectrum (at excitation wavelength 490 nm). (B) Data
is corrected for crosstalk (CT) using the ratio of the emission intensity (I) of the acceptor-only sample
(A) excited at 490 nm and 555 nm, and this ratio is used to calculate the corrected FRET ratio as
described in the text. (C) Subtraction of the scaled crosstalk contribution of the acceptor from the
bleedthrough-corrected FRET spectrum, gives the e�ective FRET spectrum (FRET-(BT)-(CT)).

where F em:A
ex:D and F em:A

ex:A are the �uorescence intensity for the acceptor-only sample at the ac-

ceptor emission maximum upon excitation at the donor or acceptor wavelength, respectively

(Figure 5.5B). The bleedthrough-corrected FRET ratio (FR) was calculated (Figure 5.5C)

FR =
A

A0
(5.3)

from which the apparent FRET e�ciency (Eapp) was calculated,

Eapp = (FR− 1)
ε490nmA

ε490nmD

(5.4)

correcting for the extinction coe�cient ratio of the acceptor (εA) and the donor (εD) �u-

orophores at the donor excitation wavelength used, which in the case for Alexa Fluor 555

(5.5a) and 488 (5.5b), corresponds to 15.2% and 81.7% of the maximum extinction coe�-

cients, respectively:

ε490nmA = 0.152× εA,max

= 0.152× 150, 000M−1cm−1
(5.5a)

ε490nmD = 0.817× εD,max

= 0.817× 71, 000M−1cm−1.
(5.5b)

The apparent FRET e�ciency was further corrected for the donor-to-acceptor ratio (rDA)

in the FRET samples. The rDA was determined from the �uorescence emission spectra,

correcting for quenching of the donor emission due to FRET as described in [449]:

FD = F em:D
ex:D + FFRET,cor

ΦD

ΦA
(5.6)
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where FFRET,cor is the FRET signal (so F em:A
ex:D for the mixed donor-acceptor sample) cor-

rected for bleedthrough and crosstalk as described in Figure 5.5, and ΦD and ΦA the �uo-

rescent quantum yield of the donor and acceptor �uorophores, respectively, and were taken

to be 0.92 and 0.10, respectively, as speci�ed by the manufacturer. As the �uorescence

emission is proportional to the sample concentration, multiplied by the quantum yield and

the extinction coe�cient, the donor-to-acceptor ratio rDA can be calculated using

rDA =
FD
FA

ΦAεA
ΦDεD

(5.7)

where FA = F em:A
ex:A , i.e. the emission of acceptor in the mixed FRET sample, upon excitation

at the acceptor maximum. The corrected FRET e�ciency Ecor is calculated from Eapp and

rDA:

Ecor = Eapp
(1 + rDA)

rDA
(5.8)

as derived in [214], assuming random association of donor- and acceptor-labelled NTS1.

This correction accounts for the dimerisation of like �uorophore-tagged receptors (i.e. NTS1-

A488-NTS1-A488 and NTS1-A555-NTS1-A555 dimers), which leads to an underestimation

of the FRET e�ciency.

The corrected FRET e�ciencies from multiple FRET samples were then averaged, and

subjected to statistical analysis using R in RStudio software (RStudio, Inc.) and the BEST

method [450], which is a Bayesian alternative to the two-sample t-test, to test the di�erence

between the samples, and the in�uence of agonist.2 More details on the Bayesian data

analysis can be found in Appendix E.

5.2.2 DEER

Cysteine mutants of NTS1 were spin labelled with maleimide PROXYL as described in Ap-

pendix A.5.3. Spin-labelled receptor was reconstituted at a lipid-to-protein ratio of 1500:1

(mol:mol). DEER samples were reconstituted in POPC:POPE:cholesterol (15:15:10 molar

ratio), which supports NTS1 ligand binding activity, and dimerisation to the same extent as

BPL [40, 448]. A lower lipid-to-protein ratio than in the FRET samples was used to reduce

the volume of the lipid pellet and thus maximize the concentration of the �nal sample as

DEER is less sensitive than FRET (100s µM required at X-band), and the �nal sample was

resuspended in 30 µL of liposome bu�er. Spin-diluted samples were prepared to allow for

short-distance determination by second moment analysis (see below): spin-labelled recep-

tor was reconstituted together with unlabelled receptor at a 1:3 molar ratio, to reduce the

amount of dimers with two labelled protomers compared to those with only one labelled

2R script for statistical analysis was set up with help from Stijn van Weezel (Department of Economics,
Royal Holloway, University of London).
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protomer (the dimers with two unlabelled protomers are EPR silent), thus giving an overall

spectrum close to that of dimers without intradimeric dipolar interactions. DEER traces (3p

and 4p) were recorded and stitched as described in Appendix A.8.2. Brie�y, samples were

loaded into 3 mm quartz tubes, �ash-frozen in liquid nitrogen, and measured at X-band on

an ELEXYS E580 (Bruker), at 50 K, using a 3 mm split-ring resonator (ER-4118X-MS3,

Bruker). The samples were later transferred to 1.6 mm quartz tubes and measured at Q-

band (~33.4 GHz) on an ELEXYS E580 equipped with a SuperQ-FT bridge (Bruker)3, at

50 K, using a 2 mm split-ring resonator (EN-5107D2, Bruker).

The average relaxation time T2 of the samples was estimated (as described in Appendix A.8.2)

to be 780±60 ns (ranging between 660-1020 ns, data not shown). DEER experiments were

performed using both 4-pulse and the 3-pulse DEER sequence (see 1.19). Resulting DEER

traces were phase-corrected using DeerAnalysis 2013 [202] and then stitched together using

MATLAB 2013 (MathWorks) by least-squares �tting as per the DEER-Stitch method de-

scribed by Lovett et al. [197]. Distance distributions were derived from stitched data using

DeerAnalysis 2013.

5.2.3 Second moment analysis

Second moment analysis was used to calculate short-range internitroxide distances (<2

nm) using �eld-swept X-band absorption spectra recorded for the DEER samples (see

Appendix A.8.2). The spectral second moment (
〈
H2
〉
) was calculated from the baseline-

corrected absorption spectrum, as described in section 4.2.3, for a spectrum with interacting

nitroxides (reconstitution of only spin-labelled NTS1),
〈
H2
〉
D
, and for a spectrum corre-

sponding to non-interacting nitroxides (reconstitution of spin-labelled NTS1 together with

non-labelled NTS1 at a molar ratio 1:3 of to dilute the internitroxide interactions),
〈
H2
〉
S
.

The internitroxide distance (r in nm) is calculated using the relation

r =
2.32

(〈∆H2〉 · 108)1/6
(5.9)

where 〈
∆H2

〉
=
〈
H2
〉
D
−
〈
H2
〉
S

(5.10)

in T2. Absorption spectra were collected at 50 K on a Bruker Elexys E580 and baseline

corrected using OriginPro 8.5, after which the second moment and internitroxide distance

was calculated using MATLAB 2013 (MathWorks).

3Courtesy of Mark Newton, University of Warwick.
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5.2.4 Single-molecule FRET4

Single-molecule FRET experiments on NTS1 were conducted in collaboration with Oliver

Castell (Department of Biochemistry, University of Oxford, now University of Cardi�)�see

footnote 4 of this chapter for details. NTS1 Cys-mutant T186C (TM4) was labelled with Cy3

(donor) and Cy5 (acceptor) dyes (GE Healthcare) in the same manner as for the bulk FRET

experiments. Donor- and acceptor-labelled receptor were then reconstituted together by

Oliver Castell into droplet-interface bilayers (DIBs) to be imaged by total internal re�ection

�uorescence (TIRF) microscopy as described in [451] (Figure 5.6). DIBs were made with

1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) in which NTS1 had been shown to

be able to dimerise and bind ligand (personal communication Alan Goddard). Receptor

was reconstituted at a protein density of ~2.4 molecules/µm2. Fluorescence emission from

the donor (NTS1-Cy3, 550-615 nm) and acceptor (NTS1-Cy5, 650-750 nm), were registered

side by side by a CCD sensor. The two images were translated if required to spatially

register the two images. Spots corresponding to donor (D) and acceptor (A) were tracked in

time and then cross-correlated, correcting for background, bleedthrough and crosstalk. The

intensities of the D and A were extracted from the corrected images, and used to calculate

apparent FRET e�ciencies for every detected track, and tracks were �ltered to only include

those with an acceptor signal signi�cantly above background.

5.2.5 Lipid-to-protein ratio

Sucrose density gradients were used to determine the lipid-to-protein (L:P) ratio after re-

constitution. A sucrose density gradient with concentrations steps of 5% from 35 to 5%

sucrose (w/v) added to reconstitution bu�er was prepared. The reconstituted sample was

layered on top of the gradient, and the gradients were centrifuged overnight in a swing-out

rotor (SW41, Beckman Coultier) at 28,500 rpm (~100,000×g). The sucrose gradient was

then fractionated and the presence of reconstituted receptor, veri�ed by SDS-PAGE anal-

ysis. The position of the proteoliposome band on the gradient was used to estimate the

density and thus the L:P ratio of the samples using the equation derived by Barber [452]

ρ(T ) = (B1 +B2T +B3T
2) + (B4 +B5T +B6T

2)Y + (B7 +B8T +B9T
2)Y 2 (5.11)

4For this work, I only produced the labelled NTS1 and was involved in the discussion on the design
of the experiment. Reconstitution into the DIB was initially optimized by Alan Goddard (Department of
Biochemistry, University of Oxford, now University of Lincoln) and Oliver Castell (Department of Chemistry,
University of Oxford, now University of Cardi�) with NTS1 produced by Alan Goddard, using NTS1 Cys-
mutants produced by me. Under supervision of Mark Wallace (Department of Chemistry, University of
Oxford), Oliver Castell reconstituted the �nal labelled NTS1 samples (produced by me) into DIBs, performed
single-molecule FRET experiments and analysed the data.
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Figure 5.6: Set-up single-molecule FRET experiments. (A) Schematic of a droplet-interface
bilayer (DIB); agarose is spin-coated on top of a coverslip on which a lipid monolayer (in hexadecane)
is deposited. Addition of receptor in aqueous solution to the lipid-hexadecane mix results in the
formation of a lipid monolayer around the aqueous droplet. The settled droplet fuses with the
monolayer on the agarose, forming a lipid bilayer into which the receptor inserts. The size of the
bilayer (and thus receptor density) can be controlled by mechanical manipulation of the droplet.
More details are given in [451]. The receptor �uorescence is imaged by total-internal re�ection
(TIR) �uorescence microscopy. (B) Experimental set-up of the TIRF microscope. The laser beam
(L) at the donor wavelength is focussed on the sample (S) through the objective (O), using a dichroic
mirror (DM). The emitted �uorescence passes the DM and an emission �lter (EF), after which it
is split by a second DM, separating the emission from the donor (Cy3, 550-615 nm) and acceptor
(Cy5, 650-750 nm), which are registered side by side by a CCD sensor. Images were adapted from
�gures provided by Oliver Castell.

where ρ is the density (kg/dm3), T the temperature (◦C), Y the fraction of sucrose in solution

and B1−9 are constants (B1 = 1.00037, B2 = 3.96805× 10−5, B3 = −5.85133× 10−6, B4 =

0.389824, B5 = −1.05789×10−3, B6 = 1.23928×10−5, B7 = 0.1700976, B8 = 4.75301×10−4,

B9 = −8.92397 × 10−6). The partial speci�c volume (v in mL/g) which follows from that

(as the reciprocal of the density) can be used to estimate the L:P ratio (w/w) by solving

vproteoliposomes = xvlipid + (1− x)vprotein (5.12)

for x (fraction of lipid). The vproteoliposomes is the partial speci�c volume of the sample

determined from the sucrose gradient, vlipid is the contribution of the lipid and can be

determined by running a lipid-only sample on a sucrose gradient (~0.986 mL/g for BPL was

determined in our laboratory), and vprotein is the contribution of the protein and can be

calculated from its amino acid composition using the relation derived by Cohn and Edsall

[453] modi�ed for the e�ect of temperature [454]

vprotein,T = v25 + 4.25× 10−4(T − 25) =

∑
niMivi∑
niMi

+ 4.25× 10−4(T − 25) (5.13)
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where vprotein,T is the partial speci�c volume at temperature T , and v25 that at 25 ◦C,

calculated from the number of moles (ni) for each particular amino acid (i) with molecular

weight Mi and partial speci�c volume vi. The fraction of lipid x in w/w can then be used

to calculate a molar L:P ratio using the molecular weight of the lipid and protein.

5.3 Results and discussion

5.3.1 Lipid-to-protein ratio

Discontinuous (5-35%) sucrose-density gradients were run of liposome-reconstituted NTS1 to

estimate the lipid-to-protein ratio as described in section 5.2.5. Samples were reconstituted

at initial lipid-to-protein ratios of 1500:1 and 6000:1 (mol:mol) for the DEER and FRET

samples, respectively. The density of the proteoliposomes was taken to be the same as

the density of the sucrose solution with which the sample aligned on the gradient (with a

resolution of 5% (w/v) as a step-gradient was used); the observed density for three separate

gradients for the FRET samples, and four for the DEER samples was averaged. The FRET

samples ran as a single band, while for the DEER samples a second band corresponding

to empty liposomes was observed (as veri�ed by SDS-PAGE analysis). The �nal lipid-to-

Table 5.2: Estimation of lipid-to-protein ratio from sucrose density gradients. The
density ρPL of proteoliposome samples prepared for FRET and DEER experiments was estimated
by running the samples on a sucrose density gradient, using equation 5.11, from which the partial
speci�c volume vPL of the proteoliposomes was calculated. The lipid-to-protein ratio (L:P, w/w)
was calculated using equation 5.12, using vlipids =0.986 mL/g [206] and vprotein =0.735 mL/g
(equation 5.13). The weight ratio was converted to a molar ratio assuming an average molecular
weight of 650 g/mol for BPL.

Initial L:P
(mol:mol)

ρPL

(kg/dm3)
vPL

(mL/g)
Final L:P
(w/w)

Final L:P
(mol:mol)

Receptors/
vesicle

Density (103

copies/µm2)

FRET
6000:1 1.03±0.2 0.97±0.2 12±2 840±20 90±20 1.6±0.3
DEER
1500:1 1.05±0.2 0.95±0.2 6±1 410±10 180±40 3.1±0.6

protein ratios were substantially lower than the initial ratios used in the reconstitution,

with estimated ratios of 840±20 (6000:1 initial) and 410±10 (1500:1 initial) for the FRET

and DEER sample, respectively (Table 5.2). The origin hereof is unclear, but it has been

observed earlier for detergent-mediated reconstitution of NTS1 [206], and could in part

be due to absorption of lipids by the hydrophobic Bio-Beads used in the reconstitution

procedure [455], and due to not all liposomes incorporating protein (as a band corresponding

to empty liposomes was seen on the sucrose gradients of NTS1 DEER samples).

The lipid-to-protein ratio can be used to estimate the receptor density in the proteoliposomes
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as described in [206]. Assuming the vesicle radius to be 500 Å (as unilamellar liposomes were

created by extrusion through 100 nm �lters), and the internal radius as 460 Å (subtracting

a bilayer thickness of 40 Å), the total surface area of the liposome bilayer is estimated at

5.8× 106 Å2 (including both surfaces of the bilayer). Using the total area (AT ), the number

of receptor molecules (nR) per vesicle can be estimated from

AT = nLAL + 2nRAR (5.14a)

and with lipid-to-protein ratio r = nL/nR it follows that

nR =
AT

rAL + 2AR
(5.14b)

where AR and AL are the surface area of the receptor and the lipid molecules, which were

taken to be 71.1 Å2 (area of a POPC molecule [456]) and 1350 Å2 (protein size estimated

from crystal structure ~30×45Å [295]), and nL is the number of lipids. The factor 2 for

AR in equation 5.14a accounts for the contribution of NTS1 to the surface area on both

sides of the membrane. Thus, the number of receptors per vesicle were estimated to be

90 ± 20 and 180 ± 40, corresponding to a receptor density of 1.6 ± 0.3 × 103 and 3.1 ±
0.6×103 molecules/µm2 for the FRET and DEER samples, respectively (Table 5.2). This is

similar to receptor densities reported in the literature for cell studies based on heterologous

over-expression of the β2-adrenergic receptor [457], but is similarly well above expected

physiological densities of ~6000 copies/cell (~2 molecules/µm2) [439]. However, the BRET

e�ciency due to β2-adrenergic receptor dimerisation in the cell-based study was constant

over the same density range as used here, suggesting that bystander BRET (or FRET) due

to crowding is minimal under these conditions [457]. Indeed, a previous FRET study on

NTS1 under similar conditions did not see dependence of the apparent FRET e�ciency on

the lipid-to-protein ratio [206].

5.3.2 Ensemble FRET

5.3.2.1 Interprotomer FRET e�ciency for di�erent TMs

Interprotomer resonance energy transfer e�ciencies (Ecor) for each TM and H8 were cal-

culated as described in section 5.2.1. As Ecor relates to the distance between �uorophores

(see section 1.4.4.1) it can be used to gauge spatial proximity. A high Ecor for a certain TM

(relative to the other TMs) would mean that it is relatively close to its counterpart on the

other protomer within the dimer; for a symmetric dimer this translates to it being closer to

the dimer interface, on average, than the other TMs (see Figure 5.4). All of the di�erent

label positions seem to give a signi�cant amount of FRET (Table 5.3). The data suggests
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that certain TMs (TM1, 4 and 7) have lower average FRET e�ciencies than others (TM2, 5,

6 and H8), and the di�erences were found to be statistically signi�cant (see Appendix E, and

Table E.1). The lowest Ecor was found for TM7 (0.68±0.07, Table 5.3). Using the literature

Table 5.3: Bulk interprotomer FRET e�ciency for di�erent TMs. NTS1 Cys-mutants
labelled with Alexa Fluor 488 (donor) or 555 (acceptor) on TM1-7 or H8, are reconstituted at
equimolar ratio in brain polar lipid liposomes, with (+NT, 5 µM) or without agonist. Data is
corrected for bleedthrough, crosstalk and donor-to-acceptor ratio for n replicate experiments, and
the resulting mean corrected FRET e�ciency Ecor and standard error of the mean are given. The
di�erence between the mean apparent FRET e�ciencies (∆µ) for each mutant in the presence and
absence of neurotensin agonist is also given. Bayesian data analysis methods are used to calculate
the probability (Pr) that this di�erence is non-zero, and the probability of ∆µ being larger or smaller
than zero is given (see Appendix E).

TM/H
(Residue)

Ecor n Ecor

(+NT)
n ∆µ Pr

(∆µ> 0)
Pr
(∆µ< 0)

1 (A90C) 0.73 ±0.03 13 0.77 ±0.04 9 -0.038 0.73 0.27
2 (Y104C) 0.9 ±0.1 6 0.9 ±0.1 6 0.054 0.40 0.60
3 (S172C) 1.03 ±0.05 5 1.02 ±0.02 5 0.0056 0.49 0.51
4 (T186C) 0.77 ±0.03 13 0.78 ±0.04 10 -0.010 0.57 0.43
5 (A261C) 0.98 ±0.06 6 1.05 ±0.09 6 -0.073 0.70 0.30
6 (V307C) 0.99 ±0.04 11 0.82 ±0.04 7 0.17 0.99 0.01
7 (L371C) 0.68 ±0.07 6 0.7 ±0.1 4 -0.073 0.67 0.33
8 (Q378C) 0.89 ±0.02 8 0.89 ±0.02 8 0.0047 0.43 0.57

value of 70 Å for the Förster radius (R0) [458], that Ecor corresponds to an average TM7-

TM7 interprotomer distance of 62±6 Å. With the diameter of a monomer being ~40 Å, this

longest found average distance is shorter than what would be expected for TMs on the distal

side of the dimer (i.e. 2 × 40 = 80 Å). A potential explanation is that the �exible linkers

of the dyes (~15 Å) could lead to the dyes pointing towards the dimer interface, which if

stabilised in such a position by (non-)speci�c interactions with the rest of the protein, could

lead to a smaller average distance than expected from the Cα-Cα distance. No evidence

for this exists however, and computational studies to calculate �uorophore rotamer libraries

suggest that �uorophores with long linkers sample a great number of conformations, and

thus extreme positions (pointing maximally towards or away from the dimer interface) are

likely to be averaged out [231]. These calculations are conducted in the absence of explicit

water and electrostatic interaction, however, which could still stabilize certain label rotamers

above others, thus this possibility cannot entirely be excluded [231]. However, as ensemble

FRET experiments give an average FRET e�ciency of all protein conformations, and or-

ganisations, another explanation for this observed relatively short average distance is that it

arises due to multiple dimer interfaces. In that scenario no single TM is at the most distal
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position at all times, thus leading to a lower maximal average interprotomer distance. This

also agrees with the observation of signi�cantly higher FRET e�ciencies for several TMs,

namely TM2, 3, 5 and 6 (Table 5.3), which is not consistent with a single dimer interface. A

dimer interface comprising TM3 and 5 could explain the high e�ciency seen for TM3, 5 and

6, but not TM2 which is on the opposite side of the monomer (see Figure 5.4). Again, the

average distances corresponding to these FRET e�ciencies (between ~30-50 Å) are longer

than would be expected for TM segments directly at the interface, and shorter than those

for TMs at the periphery of the dimer. Taken together these observations support the notion

of multiple dimer interfaces. The FRET e�ciency observed for TM3 is signi�cantly higher

than that observed for TM2 (Tables 5.3 and E.1), suggesting that, on average, TM3 is closer

to, or present more often in the dimer interface than TM2. Other di�erences between TM2,

3, 5 and 6 were not found to be statistically signi�cant, suggesting equal likelihood of �nding

the TMs at the dimer interface.

5.3.2.2 The e�ect of agonist on FRET e�ciency

Bulk FRET experiments were also performed in the presence of agonist, NT. Table 5.3

summarises the statistical Bayesian analysis on the e�ect of agonist on Ecor for each of the

TMs, giving the probability for ∆µ (di�erence in average FRET e�ciency) being larger or

smaller than zero (see also Appendix E). Thus for sites where Pr(∆µ< 0) and Pr(∆µ> 0)

di�er greatly (i.e. where a non-zero di�erence has a probability of at least 0.68 (one standard

deviation), 0.95 (two standard deviations), or 0.997 (three standard deviations)) NT can be

said to have a reasonably likely e�ect on Ecor, and the sign of ∆µ gives the direction of the

e�ect, that is, whether Ecor is lower (-) or higher (+) in the absence of NT. The analysis

shows that the largest (and most probable) e�ect of NT is observed in TM6, with a ~99%

probability that NT decreases Ecor, followed by smaller e�ects on TM1 and 5, with a small

probability of ~73% and ~70%, respectively, that NT decreases Ecor. For all other TMs

smaller e�ects and/or e�ects with lower probabilities (<0.68) were observed, implying that

NT has no statistically signi�cant e�ect on these TMs (within the dimer). The pattern of

Ecor is largely unchanged for the di�erent TMs, with TM2, 3 and 5 still giving the highest

Ecor (Table 5.3). The main di�erence is seen for TM6, with a large decrease in observed

mean Ecor upon addition of NT, reducing its statistically signi�cant distinguishability from

the "low Ecor" samples (TM1, 4 and 7, see Table E.1). Considering the consensus that

TM6 undergoes the largest conformational change upon activation by agonist binding (see

section 4.1.1, Figure 4.1), these �ndings suggest that agonist does not a�ect the dimerisation

interface itself, but does a�ect the receptor conformation in the dimer in a similar manner

as it does in the monomer.
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5.3.3 DEER

5.3.4 Data processing

Distance distributions for the interprotomer distances between the di�erent TMs (1-7) and

H8 were initially determined from X-band DEER experiments. DEER-Stitch was employed

to maximize tmax and thus the longest mean distances that can be reliably observed. A

shorter 4-pulse DEER trace (tmax = 800−1200 ns) was "stitched" to a longer 3-pulse DEER
trace (tmax = 1600−2000 ns), through least-square analysis. Experiments for TM1-7 were

repeated at Q-band, where the increased sensitivity of the experiments allowed for longer

DEER traces to be recorded (tmax,4p = 1400 ns and tmax,3p = 2400−3000 ns).

Analysis of the DEER data obtained at both X- and Q-band was complicated due to un-

certainty in the background correction. Reliable background �tting requires traces to be

recorded beyond the decay of the dipolar modulation, or in other words, the longest de-

tectable distance (equation 5.15), determined by the distance between the two π probe

pulses, tmax, must exceed the longest intramolecular distance in the sample [198].

rmax,〈r〉 ≈ 5 3

√
tmax
2µs

nm (5.15)

As the dimer sample is likely to contain long distances (up to 9 nm can be expected), this

condition can not be met as it would mean that traces of at least 11.7 µs would need to be

recorded�which is practicably impossible for membrane proteins under these conditions.

The improved sensitivity of Q-band vs. X-band did allow for signi�cantly longer traces to

be recorded, but the low-power set-up used, limited the experiments to relatively long pulse

lengths (60 ns pump and 30/60 ns probe pulses vs. 12-24 ns and 32 ns at X-band), negatively

a�ecting the modulation depth, and further complicating background correction.

To aid background correction, an experimental background sample was prepared and mea-

sured for one of the mutants (S172C). Fitting a stretched exponential to this sample re-

vealed a background dimensionality of 2.3. The same dimensionality could however not

be e�ectively used for all other samples, suggesting that there was some variation between

preparations. Unfortunately, the large amount of protein required to prepare these sam-

ples (interspin contributions need to be diluted by the addition of an excess of unlabelled

protein) made it impracticable to prepare experimental background samples of su�cient

quality for all mutants. Furthermore, while the dimensionality for that particular mutant

could be determined, the starting point for background �tting still resulted in uncertainties;

examination of the Pake pattern calculated from the resulting dipolar evolution function

after background correction, as typically recommended when using DeerAnalysis software,
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again relies on the aforementioned assumption that the longest detectable distance exceeds

the longest intramolecular distance in the sample, and could thus not be reliably used here.

Indeed, using the validation tool in DeerAnalysis to systematically vary the background

starting time showed that there was great uncertainty, with the goodness of �t improving

signi�cantly when later background �t starting times were used than those chosen based

on Pake pattern inspection. In fact, varying the dimensionality of the background between

2.3-3.0 also a�ected the goodness of �t, with better �ts obtained at higher dimensional-

ities. However, as some information on the correct dimensionality (2.3 for S172C) was

known from the experimental background, a value of 2.5 was chosen for the �nal analysis,

to accommodate all samples without biasing individual �ts. Validation tests varying the

background starting point were subsequently run in DeerAnalysis, to assess the uncertainty

in the distance distributions.

5.3.5 Distance distributions

X- and Q-band DEER data were analysed using model-free Tikhonov regularisation; �tted

dipolar evolution functions after background correction, and corresponding distance distri-

butions are shown in Figure 5.7. At Q-band, modulation depths were poor for all samples,

due to limited excitation bandwidth as discussed in the previous section. Low modulation

depths were found for some samples at X-band (TM1, 3 and 5 in particular), despite the

use of shorter pulse lengths, and thus greater excitation bandwidth compared to the Q-

band experiments. This could be due to (1) poor labelling e�ciency, (2) low dimerisation

rate, and/or (3) distances outside of the observable range (both longer and shorter). Poor

labelling e�ciency of the maleimide spin label is not expected, given that maleimide �uo-

rophores used in the FRET experiments reacted very readily with the same mutants. The

high FRET e�ciencies found here (section 5.3.2) suggest substantial dimerisation of the re-

ceptor. Indeed, the dimerisation rate of NTS1 in liposomes has been previously determined

to be 89.2 % by FRET saturation experiments at higher lipid-to-protein ratios than used in

for the DEER samples (initial ratios of 6000:1 vs. 1500:1 used here) [206], and is therefore

likely to be similar, if not higher, in these experiments. Thus, it seems that the poor modula-

tion depth for these samples at X-band is most reasonably explained by the presence of short

(<1.8 nm) or long (>6 nm) distances. Indeed, comparison of the �eld-swept echo absorption

spectra recorded for the DEER samples with those for the same mutants spin-diluted with

unlabelled receptor, clearly show signs of dipolar broadening for all mutants, indicative of

short distances, which can be estimated by second moment analysis (see Figure 5.8). The

distance distributions derived from the background corrected data are shown in Figure 5.7B

and D for X- and Q-band measurements, respectively.
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Figure 5.7: X- and Q-band DEER on NTS1 dimers. DEER traces were recorded at X-
(A, B) and Q-band (C, D) for NTS1 samples spin-labelled at the intracellular side of TM1-7 and
H8. The background-corrected dipolar evolution functions and �ts thereof (red line) are shown (A,
C). The corresponding distance distributions are shown (B, D). Grey shaded areas in the distance
distributions correspond to the estimated error for the probability for each of the distances in the
distribution, covering the mean value of the probability plus/minus two times its standard deviation
(determined by varying the background correction starting time). The dipolar evolution functions
before background correction are shown in Figure F.1.
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Figure 5.8: Second moment analysis of NTS1 dimer EPR absorption spectra. Field-swept
echo absorption spectra were recorded for NTS1 spin-labelled at the intracellular side of TM1-7 and
H8 (red line, same samples as used for DEER measurements). Dipolar broadening is observed
compared to spin-labelled mutants reconstituted together with an excess (1:3) of unlabelled sample
to dilute the spin-spin interaction (black line). Second moment analysis of the two spectra gives an
estimate of short distances present in the samples.

The estimated error for the probability for each of the distances in the distribution is

indicated by the grey shaded areas (covering the mean value of the probability plus/minus

two times its standard deviation), determined by varying the background correction starting

time (as discussed in section 5.3.4). The uncertainty in background correction is re�ected in

the large errors estimated for the found distances, especially for the longer distances (>4 nm)

in the X-band dataset, which cannot be reliably determined from the short DEER traces.

Wide distributions with multiple peaks are observed for all mutants, especially at X-band.

The shorter distances observed at X-band are less prominent in the Q-band analysis. This

is in part due to the poor modulation depth observed at Q-band, which hampered correct

background subtraction, and led to less reliable �tting, especially of the early part of the

DEER trace that contains information on the short distances (Figure 5.7C). Suppression of

the small short-distance peaks in the Q-band distance distributions led to a very poor �t of

the early part of the DEER time traces, suggesting that these contributions to the overall

distribution are not artefactual. Further, the data collected at Q-band suggests the presence

of longer distances than could be measured at X-band (Figure 5.7D), which is due to the

fact that up to 1.4 µs longer DEER traces could be collected due to the improved sensitivity

at Q-band.

Great uncertainty in correct background subtraction leading to uncertainty the determined

distances, taken together with the fact that short distances which are present in the sample
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(as evident from dipolar broadening of the absorption spectra, Figure 5.8) are not re�ected in

the distributions, and as well as the likelihood non-represented longer distances (maximum

intradimer distance ~8 nm), means the respective contribution of the di�erent peaks cannot

reliable be interpreted. Nevertheless, it can be concluded from this data that broad distance

distributions in Figures 5.7C and D, spanning over 3.0 nm cannot be solely due to spin label

rotamers�as the tethers can only extend to 1.0 nm at most, giving a maximum spread of

2.0 nm�and must be due to multiple protein conformations. As this is seen for all mutants,

this, taken together with the FRET data, provides strong evidence that NTS1 has multiple

dimer interfaces.
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Figure 5.9: Average distances found by DEER compared to FRET e�ciencies. Average
distances calculated from the DEER distance distributions for data obtained at X-band (black) and
Q-band (grey) are shown alongside the inverse of the FRET e�ciencies for NTS1 mutants labelled
on TM1-7 or H8. The inverse of the FRET e�ciency is used as a proxy for the relative corresponding
distances as a distance could not be determined reliably for all samples, as FRET e�ciencies very
close to 1 (or higher, due to uncertainties in the measurements) were found.

A comparison of the average distance obtained from the DEER experiments with the inverse

of the FRET e�ciencies determined for the di�erent mutants is shown in Figure 5.9. The

inverse of the FRET e�ciency is a good proxy for relative corresponding distances and is

used as a distance could not be determined reliably for all sites, as FRET e�ciencies very

close to 1 (or higher, due to uncertainties in the measurements) were found. Unfortunately,

the pattern found in the FRET experiments is not mirrored in the DEER experiments (at

either X- or Q-band). This is most likely due to the limited distance range that can be

probed by DEER (~2-5 nm) compared to the expected distances (~0.5-8 nm), which is

better suited to the distance range that can be probed by the �uorophore pair used in the

FRET experiments (~3-14 nm). The DEER data is thus not as suited as the FRET data

to make predictions about the (average) relative proximity of the di�erent TM segments to
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the dimer interface.

5.3.6 Single-molecule FRET

In collaboration with Oliver Castell (Department of Chemistry, University of Oxford, now

University of Cardi�) and Mark Wallace (Department of Chemistry, University of Oxford,

see footnote 4 of this chapter for details) single-molecule FRET experiments were conducted

on �uorophore-labelled NTS1 reconstituted in arti�cial DPhPC bilayers, to gain insight into

the dynamics of NTS1 dimerisation (see Figure 5.6 for experimental set-up). Experiments

were performed at low receptor densities (~2.4 molecules/µm2), to mimic native conditions.

Preliminary results for NTS1 labelled at TM4 (T186C) are shown in Figure 5.10. TIRF

microscopy was employed for imaging of the receptor in the bilayer; �uorescence emission

from the donor (NTS1-Cy3, 550-615 nm) and acceptor (NTS1-Cy5, 650-750 nm), were

registered side by side by a CCD sensor (Figure 5.10A). As the sample was excited at

the donor-wavelength, �uorescence observed at the acceptor wavelength (after appropriate

corrections) corresponded to a FRET signal, i.e. to a likely dimerisation event (with donor-

and acceptor-labelled NTS1 within approximately one Förster radius, ~6.0 nm [459], of each

other).

From the amount of donor spots vs. acceptor spots, it could be determined that only ~5%

of the receptor population was dimeric at any given time.

Single-molecule tracking of cross-correlated donor and acceptor spots allowed following a

FRET (i.e. dimerisation) event in real-time, with a resolution of 10 ms. Two such tracked

FRET events are shown in Figure 5.10B and C; excisions of donor (D) and acceptor (A)

ROIs are shown here, as well as their combined intensity (C). The �gures show "�lmstrips",

of the �uorescence observed for each of the ROIs in time, with time-steps of 10 ms. The �rst

event (Figure 5.10B) shows a long dimerisation event persisting for ~250 ms. The other event

(Figure 5.10C) shows shorter protein association of 10 to a few 10s of milliseconds. Thus,

these preliminary experiments show that, at low receptor densities, dimerisation appears

to be transient with a dimer lifetime of ~10s-100s ms (exact lifetime has not yet been

determined).

Interestingly, the acceptor �uorescence intensity (and thus FRET e�ciency) appears to vary

over time, and was not the same for all dimerisation events observed; Figure 5.10D shows a

histogram compiling FRET e�ciencies calculated for >3000 FRET events. A distribution

of apparent FRET e�ciencies can be observed with a peak centred around ~0.3, and a

second peak at 1, consistent with multiple dimer interfaces. The peak at 1 corresponds to

the maximum FRET e�ciency that would be observed for inter�uorophore distances shorter

than ~0.5×R0, i.e. ~3 nm.
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Figure 5.10: Single-molecule FRET on NTS1 dimerisation. Preliminary results on NTS1
dimerisation studied by single-molecule FRET are shown here for NTS1 labelled at T186C (TM4)
with Cy3 (donor) and Cy5 (acceptor). Experiments and data analysis were performed by Oliver
Castell (University of Oxford, now University of Cardi�). (A) Fluorescence from donor-labelled
NTS1 and acceptor-labelled NTS1 are measured simultaneously (left panel). Single particles are
detected (middle panel), and tracked in time (right panel). Trajectory linking of donor and acceptor
tracks enables calculation of FRET e�ciency (after appropriate corrections). (B,C) Excisions of
donor (D) and acceptor (A) ROIs for two dimerisation events are shown here, as well as their
combined intensity (C). The "�lmstrips" show the �uorescence observed for each of the ROIs in
time, with time-steps of 10 ms. (D) Histogram compiling FRET e�ciency calculated for >3000
FRET events.
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5.4 Conclusions

In agreement with recent data obtained for other GPCRs [204], the combined ensemble

FRET, EPR, and single-molecule FRET data presented in this chapter supports the notion

of a dynamic NTS1 dimer, with possibly some preferred dimer interfaces. Relatively high

ensemble FRET e�ciencies were found for TM 2, 3, 5 and 6, compared to the other TM he-

lices, suggesting that they are closer to the dimerisation interface than the other TMs (under

the assumption that NTS1 forms a symmetric homodimer, suggested from dimeric GPCR

crystal structures [292, 406�408]). This result cannot be explained by a single oligomerisa-

tion interface, as TM2 faces to the opposite side of the protein compared to TM3, 5 and 6,

suggesting the presence of multiple quaternary arrangements (see Figure 5.11). The notion

of multiple oligomerisation interfaces is also in agreement with the earlier TM competition

study on NTS1, where no single TM was able to disrupt dimerisation (see Figure 5.3). Thus,

Figure 5.11: Proposed oligomerisation interfaces. Relatively high ensemble FRET e�ciencies
were found for TM 2, 3, 5 and 6, compared to the other TM helices, suggesting that they are closer
to the dimerisation interface than the other TMs, and that NTS1 has multiple oligomerisation inter-
faces, e.g. comprising (A) TM2 or (B) TM3-5-6. Cartoon representation of possible interfaces are
shown here, but these will need to be veri�ed by molecular modelling, or protein docking approaches.

interfaces comprising TM2, 3, 5 and/or 6 are predicted from the ensemble FRET data. An

interface comprising TM2 will however also lead to proximity of TM1 and 4 to the interface
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(Figure 5.11A), despite relatively low FRET e�ciencies being observed for NTS1 labelled

at the latter TMs (Table 5.3). The average FRET e�ciency for TM2 is (statistically sig-

ni�cantly) lower than TM3 (Table E.1). It is thus possible that a TM1-2-4 interface (as

previously proposed from computational modelling [428]) is also present, but that a TM3-

5-6 interface is preferred. It can however not be excluded that the relatively high FRET

e�ciency seen for TM2 is due to �exibility in the �uorophore linker, while this is less likely

for TM3, 5, and 6 as here all three neighbouring TMs show elevated FRET e�ciencies.

Investigation of the primary sequence of the di�erent NTS1 TM segments shows that TM3

and 6 contain a relatively large number of residues/motifs implicated in TM-TM interac-

tions compared to the other TMs (see Figure 5.12): (1) residues capable of acting both as

an H-bond donor and acceptor, (2) Cys residues which can form disul�de bonds, and/or

(3) GxxxG or GxxxxxxG-like motifs (where G can also be A, or S), which promote close

interhelical packing, thus promoting interhelical van der Waals interactions [460]. Likewise,

T M 1
T M 2
T M 3
T M 4
T M 5
T M 6
T M 7

0 1 2 3 4 5 6 7 8 9 1 0
F r e q u e n c y

 C y s
 G x x x G - l i k e  m o t i f
 H - b o n d  D / A

Figure 5.12: Sequence analysis of TM segments for oligomerisation propensity. The
primary sequence of the di�erent NTS1 TM segments was investigated to determine the frequency
of (1, dark grey) residues capable of acting as an H-bond donor and acceptor (i.e. N, E, D, Q or
H), (2, light grey) GxxxG or GxxxxxxG-like motifs (where G can also be A, or S), and (3) Cys
residues, which can all promote TM-TM interactions, either by direct interactions (1 and 3, blue),
or by promoting close interhelical packing, thus promoting interhelical van der Waals interactions
(2).

TM2 and 5 contain a relatively high amount of residues capable of forming interhelical H-

bonds, compared to TM1 and 4. However, TM7 also contains many H-bond donor/acceptor

residues, while it showed the lowest ensemble FRET e�ciency (Table 5.3). Thus more

detailed modelling of dimerisation interfaces will be required to elucidate the molecular

origin of the proposed TM interfaces, as has been done for the proposed interfaces of the
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β-adrenergic receptors [461].

The preliminary single-molecule FRET data presented here represents the �rst single-molecule

FRET study into GPCRs dimerisation. Previous single molecule studies have relied on

co-localisation and step-photobleaching techniques [438�440], which are less reliable in de-

termining bona �de protein-protein interactions compared to FRET, which requires the

receptors to be within at least 1.4 nm of each other, thus providing >100-fold improved

spatial resolution compared to the other di�raction-limited techniques.

The data presented here suggests that NTS1 dimerisation is transient with a dimer lifetime

of 10s-100s ms. This is agreement with recent studies on other class A GPCRs, which have

found transient dimers with lifetimes ranging from ~100 ms to ~5 s [438�440]. The disso-

ciation constant of dimerisation has previously been estimated for NTS1 in detergent to be
~2-20 nM [321]. From thermodynamics, it follows that the half-time of a complex is related

to its Kd as t1/2 = 6.93 × 107/Kd [404]; a Kd of 2-20 nM, thus corresponds to a lifetime

in the order of seconds (35-350 s). Although this is longer than observed in the study pre-

sented here, which might re�ect di�erent experimental conditions (e.g. detergent-solubilised

vs. bilayer-reconstituted receptor), this also supports the �nding that NTS1 dimers are tran-

sient.

Furthermore, a wide distribution of apparent FRET e�ciencies was found for NTS1 labelled

on TM4, with two apparent peaks; a main peak centred around 0.3 and a smaller peak at 1

(Figure 5.10D), corresponding to a longer and a shorter distance, respectively. This �nding

suggests the presence of multiple dimer interfaces. In agreement with the ensemble FRET

data, the fact that the main peak for this mutant was seen at lower apparent FRET e�cien-

cies, suggests that TM4 is not the preferred dimerisation interface, although this will need to

be veri�ed by conducting single-molecule experiments with NTS1 labelled at a di�erent TM,

e.g. TM6. Interestingly, only ~5% of the receptor appeared to be dimeric at any given time,

which is a smaller oligomeric population than observed for other GPCRs in single-molecule

studies (with oligomeric species representing ~30-60% of the receptor population [438�440]),

at similar receptor densities (~2.4 vs. ~0.5-2 copies/µm2), which are similar to receptor den-

sities as found in the cell [439]. This suggests that NTS1 dimers might be less stable than

dimers of other GPCRs. However, although NTS1 was seen to dimerise in DPhPC (Alan

Goddard, personal communication), it cannot be excluded that the low dimerisation rate

seen in the single-molecule FRET is in part due to the di�erent lipid composition used in

this study compared to the more native (BPL, or POPC/POPE/cholesterol) liposomes used

in the FRET and DEER studies. DPhPC was used as preliminary trials with BPL did not

lead to the formation of stable bilayers in the droplet-bilayer-interface system, and future
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work will aim to produce bilayers of more native lipid-composition. Nevertheless, the obser-

vation that dimers may be transient, does not exclude their physiological relevance, as other

proteins, such as receptor tyrosine kinases have been observed to exist in a monomer-dimer

equilibrium, with dimerisation required for their activity [462].

The observation of multiple dimerisation interfaces in the data presented in this chapter,

suggests the possibility of higher-order oligomers, speci�cally dimers of dimers. Although

predominantly dimeric species were observed in bulk FRET saturation experiments [206],

evidence for higher-order oligomers of NTS1 exists from CW-EPR studies on NTS1-lipid

interactions (Bolivar Gonzalez et al., unpublished results, reproduced in Figure 5.13). As

Figure 5.13: Number of lipids solvating NTS1B. The immobilisation of spin-labelled DOPC
lipids (due to contact with the protein) in an unlabelled DOPC background as calculated from
the amount of slow-motion component compared to fast-motion component in the EPR spectrum
(slow/fast) is plotted against lipid-to-protein ratio. The results reveal that at low lipid-to-protein
ratios (<80:1 molar ratio) NTS1B is solvated by 11±4 PC lipids (from the intercept, Nb, of the
extrapolated data with the x-axis), and that this ratio is constant over the studied lipid-to-protein
ratios (40-80 to 1). Experiments were performed by Juan Bolivar Gonzalez, unpublished results.

shown in Figure 5.13, experiments in which NTS1 was reconstituted at di�erent lipid-to-

protein ratios in a DOPC bilayer in the presence of 1%-mol of spin-labelled DOPC, revealed

that, under the very high protein densities used (with molar lipid-to-protein ratios <100:1),

NTS1 has an annular lipid ring of 11±4 lipids per protomer. This result is consistent with

NTS1 forming higher-order oligomers, as GPCR monomers and dimers are estimated to

have an annular lipid ring of ~23 and ~19 lipid molecules, respectively [45]. The fact that

higher-order oligomers were not consistent with bulk FRET saturation experiments at lower

receptor densities (~500-1000:1, molar lipid-to-protein ratio) [206], suggests NTS1 can form

higher-order oligomers in a concentration-dependent manner, with higher-order oligomers

(potentially dimers of dimers) being the predominant species at very high protein densities,

dimers at intermediate protein densities (~1-3×103 copies/µm2) [206], and monomers at the

low protein densities used in the single-molecule experiments and observed in cells (~1-3

copies/µm2). Indeed, the law of mass action would predict that for transient dimers the
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monomer-dimer equilibrium is biased towards dimers at higher receptor densities.

Agonist did not appear to have a pronounced e�ect on the overall ensemble FRET e�ciency

(Table 5.3). Only TM6 was signi�cantly a�ected, in agreement with previous observations

for other GPCRs that TM6 undergoes the largest conformational change upon receptor

activation [99]. These results suggest that the overall dimer morphology is retained upon

agonist stimulation, and that agonist induces similar conformational changes in the dimer as

observed in the monomer, and by extension that the dimer might be signalling-competent.

Indeed, NTS1 dimers have been shown to couple to G protein in detergent [321]. Although

the physiological signi�cance of NTS1 homodimerisation is as yet unknown, as NTS1 dimeri-

sation has not yet been studied in situ, dimers were shown to couple less e�ciently to G

protein in detergent [321]. It is tempting to speculate that the apparent concentration

dependency of dimerisation could be a way of regulating receptor signalling at varying ex-

pression levels, in a negative feedback mechanism, where NT-induced increased expression of

NTS1 [463], leads to increased dimerisation at high receptor concentration and concomitant

down-regulation of signalling. However, such a mechanism would need to be veri�ed by in

vivo studies.



6 | NTS1 signalling studied by
microscale thermophoresis

6.1 Introduction

6.1.1 GPCR-G protein interaction

Upon ligand binding on the extracellular side of the membrane, GPCRs undergo conforma-

tional changes which lead to exchange of GDP for GTP in the α subunit of heterotrimeric G

proteins on the intracellular side, and activation of downstream signalling pathways (see Fig-

ure 1.7). The speci�c cell response depends on the G protein subtype, and speci�c GPCRs

can couple through one or more G protein subtypes. Di�erent families of G proteins are

associated with di�erent pathways. Cloning studies have identi�ed 35 human G protein

genes, 16 encoding Gα, 5 Gβ and 14 Gγ subunits [464, 465]. The trimer is typically classi-

�ed by the α subunit, with four families identi�ed to date: Gs, Gi, Gq, and G12. Typically

signalling through Gαs or Gαi increases or decreases cAMP levels through stimulation or

inhibition of adenylyl cyclase, respectively. Gαq activates phospholipase C (PLC) leading

to increased levels of diacylglycerol and IP3 and raised calcium levels. The Gα12 members

signal through the activation of GTP-binding proteins (e.g. of the Rho family), and are

involved in communication between G protein-linked signalling pathways.

The Gα subunit is ~40-45 kDa in size and consists of two domains: a GTPase domain and

an α-helical domain, with three switch regions that change conformation from the GDP- to

the GTP-bound form. The C-terminal α-helix (α5) has been shown to convey speci�city,

and to bind to a crevice formed in the activated receptor by outward movement of TM5 and

6, where the G protein C-terminus forms polar and non-polar interactions with the TM core

(TM3, 5 and 6) and IC2-3 [99, 104, 326, 466, 467]. Crystallography con�rmed earlier EPR

observations, that this leads to a large conformational change of the helical domain relative

to the GTPase domain (Figure 6.1) [104, 468]. The smaller Gβ and Gγ subunits (~35 and

8-10 kDa, respectively) have also been shown to activate a wide variety of e�ectors, such as

ion channels, lipid kinases and phospholipases. Most combinations of Gβγ can form func-

tional heterodimers, and while the role of speci�c combinations is still not well understood,

136
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Figure 6.1: Conformational changes in the Gα subunit. Crystal structures solved for G
proteins in di�erent states illustrate the conformational changes the protein undergoes upon activa-
tion, with the α subunit shown in dark blue (with its C-terminus that interacts with the receptor
highlighted in teal), the β subunit in green, the γ subunit in yellow, the receptor in grey (with its
ligand in orange), and the G protein-bound nucleotide in pink. Structures are shown for a G protein
heterotrimer bound to GDP (PDB ID 1GOT, Gαt/iβ1γ1); a nucleotide-free heterotrimer bound to
receptor (PDB ID 3SN6, Gαsβ1γ2 bound to β2-adrenergic receptor, with T4-lysozyme and stabilis-
ing nanobody not shown); and Gαt bound to a non-hydrolysable analogue of GTP, GTPγS (PDB
ID 1TND). An overlay of the GTP bound (light blue) form and the nucleotide-free form bound to
receptor (dark blue) shows the large displacement of the helical Gα domain relative to the GTPase
Gα domain (~127° rotation about the junction between the domains).

it has been suggested that they convey functional selectivity (reviewed in [469]).

Ligand-GPCR-G protein interactions have been postulated to follow a cubic ternary com-

plex model (CTC) (Figure 6.2) [470]. This model assumes that receptors have two distinct

binding sites, one for ligands and one for G proteins; that receptors exists in two states

with respect to their ability to activate G proteins, active (R*) and inactive (R); that the

interactions between ligand, G protein and receptors are governed by the law of mass ac-

tion; and that all possible interactions between ligands, G proteins, and receptor states are

potentially signi�cant and represented. Thus, in this model of G protein-GPCR interaction,
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GPCRs can be in an active or inactive state, and can bind ligand and/or G proteins in both

states; in addition, pre-coupled, inactive or non-ligand-bound GPCR-G protein complexes

are possible, as well as basal receptor activity in the absence of ligand. Furthermore, the

model describes how the apparent binding a�nities of G protein to the receptor can be

modulated by the binding of ligand, and vice versa.

Figure 6.2: Cubic ternary complex model of ligand-GPCR-G protein interaction.
Schematic of the CTC model with equilibrium association constants as de�ned in [470], where
R and R* represent the inactive and active state of the receptor, G the G protein, and A the ligand.
Factors α, β, γ, and δ describe how agonist binding a�ects the activation of the receptor, how G
protein binding a�ects receptor activation, how agonist binding a�ects G protein coupling to the
receptor, and how G protein binding a�ects ligand binding, respectively. If these factors are >1 then
the one interaction is facilitated by the other.

6.1.2 Ligand binding and G protein coupling in NTS1

NTS1 has been shown to couple through three G protein subtypes: Gs, Gi and Gq (reviewed

in [320]). Mutagenesis studies have suggested that di�erent regions of the receptor are re-

quired for binding to the di�erent G proteins; deletions in IC3 (residues 270-296) negatively

a�ected NT-induced PLC activation, but not cAMP production [340], while deletions in

the �rst half of the C-terminus (residues 372-401) had the opposite e�ect [368, 471]. These

results suggest that interactions with IC3 are crucial for Gq activation, while Gs and Gi

couple to the �rst half of the C-terminus.

Besides its natural ligand neurotensin, NTS1 also binds the native peptide neuromedin N,

which is a six amino acid NT-like peptide (KIPYIL), originating from the same 170 amino

acid precursor as NT. It binds the receptor with similar low nanomolar a�nity, but has a

reduced signalling potency [471]. A variety of synthetic peptidic agonists, analogues of the

C-terminal NT hexapeptide NT8-13 which can cross the blood-brain barrier, have also been
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produced [471�473]. These analogues typically bind with similar a�nities and lead to gen-

eration of the same second messengers as NT. More recently, non-peptidic (partial) agonists

and have been documented, although these show much lower (typically micromolar) a�nity

for the receptor [474, 475].

Figure 6.3: Structure of NTS1 antagonists and the NTS1 ligand binding site. (A)
Chemical structure of two NTS1 antagonists is shown, SR48692 and SR142948A, both developed by
Sano�-Recherche. (B) Homology model of NTS1 (courtesy of S. Tapaneeyakorn) based on rhodopsin
for the transmembrane regions and the β-adrenergic receptors for the loop regions viewed from the
side (left) and top (right). Residues involved in binding of neurotensin (W339, F344 and Y347,
cyan), inverse agonist SR48692 (Y324, Y351, T354, F358 and Y359, green) or both (M208, F331
and R327, magenta), as determined from mutagenesis studies (reviewed in [476]), are highlighted
(reproduced from [166]).
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Two synthetic non-peptidic antagonists developed by Sano�-Recherche have also been de-

scribed in the literature: SR48692 and SR142948A (Figure 6.3A) [477, 478]. Both show low

nanomolar a�nity for the receptor, and compete with NT binding [472, 479, 480]. Muta-

genesis studies have been used to map out the binding site of NT and SR48692 and these

studies have shown that the binding sites indeed partially overlap with each other, with

both ligands binding between TM6 and 7 (Figure 6.3B, reviewed in [476]). SR48692 shows

a markedly higher a�nity for NTS1 over NTS2 (IC50 of 5.6 and 300 nM, respectively [477]),

while SR142948A shows similar Kd for both receptors (3.4 and 4.8 nM, respectively [480]).

SR142948A was shown to have a broader spectrum of antagonist activity in mice compared

to SR48692, but this was ascribed to be potentially due to its higher a�nity for NTS2 [472].

Cell studies showed that SR48692 blocks the action of both Gq and Gi [481, 482]. Other

studies however suggest that its antagonist action might be cell-type speci�c, but this may

also simply re�ect the cell-type speci�c pharmacology of NTS1 [478, 482�484]. Data on the

e�ect of SR142948A on speci�c G protein pathways is more scarce; one study suggests that

SR142948A inhibits Gq-mediated e�ects in a cell-type speci�c manner [485]. In another

study it was observed that SR142948A was a less potent antagonist than SR48692 in NTS1

transfected CHO (Chinese hamster ovary) cells, for the blockage of NT-induced ELK-1 ex-

pression [486], which has been linked to Gq- and Gi-mediated pathways [487].

Biased agonism has also been observed for the NT8-13 analogue EISAI-1 ((Me)RKPW-tert-

LL-OEt) favouring Gs/Gi- over Gq-related pathways [471], which was argued to be due to

di�erential stabilisation of functionally di�erent receptor conformational states [488]. Fur-

thermore, the constitutively activating mutation of F3587.42 in NTS1, was shown to yield

elevated basal activity with respect to IP3, but not cAMP production [489]. SR48692 acted

as an inverse agonist on the F358A mutant, suggesting that TM7 is involved in conforma-

tional changes leading to Gq activation, consistent with its role in ligand binding.

6.1.3 Lipid dependence of NTS1 function

Ligand-binding to NTS1 has been shown to be sensitive to its lipid environment (see Fig-

ure 6.4) [40]. The presence of PE was found to be speci�cally required, with no discernible

activity in POPC alone. While the presence of the cholesterol analogue CHS increased the

stability of the receptor (i.e. increased its half-life), CHS or cholesterol were not required for

ligand binding. Indeed, ligand binding to NTS1 has been shown earlier in E. coli membranes

which lack cholesterol [302]. BPL (porcine brain polar lipid extracts, headgroup composition

given in the table in Figure 6.4 as speci�ed by the manufacturer, Avanti Polar Lipids), best

supported receptor ligand-binding activity [40].

A recent study investigated ligand and G protein binding to NTS1 reconstituted into POPC
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BPL (Brain Polar Lipid)

Component (w/w %)
PC 12.6
PE 33.1
PI 4.1
PS 18.5
PA 0.8
Unknown 30.9

Figure 6.4: Lipid dependence of NTS1 activity. Activity of NTS1 reconstituted into liposomes
of di�erent lipid compositions was tested by radio-ligand binding assays in [40] (for NTS1 puri�ed
both with and without CHS present). Harding et al. (unpublished) also tested the reconstitution
e�ciency (top panel) and dimerisation rate (bottom panel) for di�erent lipid compositions; they only
found three compositions that supported lipid binding activity all including POPE, and cholesterol
contrary to the �ndings in [40]. In both cases BPL (porcine brain polar lipid extracts, headgroup
composition given in the table as speci�ed by the manufacturer, Avanti Polar Lipids), best supported
receptor ligand binding activity.

only, POPC/POPG (1:1), or POPG-only nanodiscs [42]. In this study, radioactivity binding

assays suggested that ligand binding occurred with similar a�nity for all lipid compositions,

while the apparent a�nity of Gq coupling increased with increasing POPG content, as

gauged by higher radio-labelled GTPγS turnover. Thus, these studies show that membrane

lipid composition are important for NTS1 activity.

6.1.4 Nanodiscs: practical considerations

Nanodiscs are disc-like bilayers stabilised by the belt protein MSP (membrane sca�old pro-

tein), and are a powerful method for membrane protein reconstitution, allowing access to

both sides of the incorporated membrane protein (see section 1.3.5). Nanodiscs are self-

assembling and can in principle be made with any bilayer-forming lipids to suit individual

protein requirements. In practice however, some lipids yield better results than others, and

particular empirically determined experimental conditions need to be adhered to for optimal

results (see Table 6.1) [139]. Additionally, they form most e�ciently at temperatures close

to the phase transition of the lipids used [139]. The optimal ratio of lipid-to-MSP, and of
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target protein-to-MSP needs to be determined empirically for each membrane protein and

lipid composition. When choosing the MSP-to-target-protein ratio, it has to be considered

that at lower ratios, the chance of incorporating more than one target protein per discs in-

creases. Although theoretically, if a small enough MSP construct is chosen, steric constraints

would make this highly unlikely, it cannot be completely excluded.

6.1.5 Aim

The aim of the study presented in this chapter is to study the G protein-GPCR interaction

of NTS1 and how this is modulated by lipids and receptor-ligand interactions. While a

previous study suggested that negatively charged lipids are important for this interaction

[42], the e�ect of using more native lipid environments on G protein a�nity will be tested

here. To this end, NTS1 will be reconstituted into nanodiscs of di�erent lipid compositions.

Nanodiscs will be engineered so as to make them suitable for microscale thermophoresis

(MST) measurements to study biomolecular interactions. Furthermore, the e�ect of NTS1

ligands, i.e. its native agonist NT, and two antagonists SR48692 and SR142948A, on G

protein a�nity will also be investigated, for the receptor in detergent and in nanodiscs of

di�erent lipid composition.

6.2 Materials and method

6.2.1 Gαi1

G protein was expressed and puri�ed as described in Appendix A.6. The activity of Gαi1 was

veri�ed by �uorescence polarisation saturation-binding experiments with guanosine 5'-O-(3-

thiotriphosphate) BODIPY thioester (BODIPY-GTPγS) as also described in Appendix A.6.

6.2.2 Reconstitution of NTS1 in �uorescent nanodiscs

To produce �uorescently labelled nanodiscs for MST experiments without having to label

the receptor, MSP was labelled, since this would allow better control over labelling e�ciency

than, for example, using labelled lipids, and thus produce a more uniform sample. MSP

naturally contains a relatively large number of lysines (8% of all residues), but as these are

likely to be integral to its amphiphilic nature, and thus its function, a cysteine was intro-

duced in the MSP construct which does not contain any native cysteines (see Appendix A.4).

The Cys was introduced at the N-terminus after the TEV protease recognition site, as the

N-terminus of MSP is amenable to modi�cation [138]. The new Cys-MSP construct was

expressed in E. coli and puri�ed by IMAC on a nickel column as previously described in

[139] with a few modi�cations (see Appendix A.4). The TEV site was used to remove the



NTS1 signalling studied by microscale thermophoresis 143

His6-tag by proteolytic cleavage, to allow enrichment of nanodiscs loaded with NTS1-His6

on a nickel a�nity column, separating out the empty, non-His-tagged discs. Cleavage was

done by overnight incubation with TEV at a 1:10 (TEV:MSP) molar ratio and 5 mM DTT

(see Figure 6.5). Cleaved MSP was then separated from TEV and uncleaved material by

Figure 6.5: MSP test cleavage by TEV protease. MSP was incubated overnight at 4 ◦C with
varying amounts of TEV (1 to 10, 4, 2, 1 and 0.75 TEV:MSP molar ratio). Aliquots of each reaction
were analysed by SDS-PAGE alongside uncleaved MSP (apparent molecular weight of the SeeBlue
Plus2 Pre-Stained Standard are indicated). The gel was stained by Coomassie blue (left) and a
western blot was developed using an anti-His antibody (right). Cleavage appears to be complete
even at the lowest TEV:MSP ratio (lane 1). The band at ~20 kDa corresponds to MSP, while the
higher band at ~28 kDa corresponds to TEV protease (which also contains a His-tag).

a second round of IMAC, by collecting the �ow-through, and labelled with Alexa Fluor

647 maleimide dye (A647) as described in Appendix A.4. The pH was controlled to ensure

pH<7.5 to favour Cys labelling over Lys labelling. By comparing the absorption at 280 nm

with that of the �uorophore maximum, correcting for the contribution of the �uorophore

at 280 nm (see equation A.2), the labelling e�ciency was determined to be 93.5%, giving

roughly two �uorophores per nanodisc on average.

Nanodiscs were then prepared as described in Appendix A.5.5 (Figure 6.6). Brie�y, a lipid

�lm of the appropriate lipid (mixture) was prepared (see section A.5.4) and lipids resus-

pended in sodium cholate bu�er (50 mM Tris-HCl pH 7.4, 50 mM NaCl, 1 mM EDTA, 100

mM sodium cholate) to give a �nal concentration of 20-40 mM lipid. Lipids were sonicated

(3×1 min) using a bath sonicator, followed by 5-10 freeze-thaw cycles in liquid nitrogen.

Lipid was added to NTS1, followed by MSP, and the sample was incubated for 1 h on a

rotating wheel at 4 ◦C, after which Bio-Beads (Bio-Rad) were added for detergent removal

overnight. The ratios at which the components (lipid, NTS1, MSP) are mixed are vital to

the e�ciency of nanodisc formation. These ratios have to be determined empirically for each

target protein and each lipid composition, adhering to guidelines determined by Sligar and

co-workers [139]. The lipid-to-MSP ratio and the MSP-to-NTS1 ratios used for the di�erent

lipid compositions are given in Table 6.1. Optimisation of the lipid-to-MSP ratio for BPL

nanodiscs is shown in Figure G.1.
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Figure 6.6: Schematic of NTS1 nanodisc production. Nanodiscs were made by mixing lipids
solubilised in sodium cholate with detergent-solubilised His-tagged (H6) NTS1 and the MSP belt
protein. Detergent is removed by incubation with Bio-Beads overnight, after which nanodiscs are
separated from larger aggregates by gel �ltration. Finally, NTS1-loaded nanodiscs are separated
from empty nanodiscs by IMAC facilitated by the His-tag on NTS1.

Table 6.1: Experimental conditions for nanodisc formation. Optimal conditions as de-
termined by Sligar and co-workers are stated next to the conditions used in this chapter for
nanodisc formation using three di�erent lipid compositions, namely POPC:POPC (1:1, mol:mol),
POPC:POPG:BPL (1.5:1:1.07), and BPL alone. Optimal MSP-to-lipid and target protein-to-MSP
ratios have to be empirically determined for each individual lipid-protein combination.

Reagent Optimal
conditions

POPC:POPG
(1:1)

POPC:POPG:BPL
(1.5:1:1.07)

BPL

[NTS1] (µM) ~1 1.5-2.1 1.7-2.0 1.7-2.0
[MSP] (µM) ~120-140 120 90-120 120
[Glycerol] (%) <4 1.9-2.6 3 2.2-2.8
[Cholate] (mM) 12-40 18-19 15-27 19-27
[Lipid] (mM) 4-18 7.3-7.5 6.0-7.8 7.8-8.3
MSP:Lipid Empirical 1:60 (loaded)

1:65 (empty)
1:65 (loaded)
1:70 (empty)

1:65 (loaded)
1:70 (empty)

NTS1:MSP Empirical 1:50-80 1:50-80 1:60-80

Nanodiscs were separated from larger aggregates by gel �ltration (10/30 Superdex 200 col-

umn, GE Healthcare). For NTS1 containing nanodiscs, preparations were enriched by sepa-

rating empty from loaded discs by IMAC. Pooled fractions were loaded onto a 1 mL HisTrap

HP column equilibrated with nanodisc gel �ltration bu�er, washed with 50-90 CV of gel �l-

tration bu�er supplemented with 2-4 mM imidazole, after which NTS1 containing nanodiscs

are eluted with 500 mM imidazole. Peak fractions were pooled, and dialysed against 5 L of

gel �ltration bu�er overnight at 4 ◦C, and the �nal sample concentration was determined

from the absorption spectrum.
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6.2.3 Fluorescent labelling of NTS1 for MST

Puri�ed WT-NTS1 in detergent was labelled as described in section A.5.3. WT-NTS1

naturally contains �ve potentially exposed cysteines (i.e. located in a loop, or at the TM/loop

interface), and was thus incubated with a 40× molar excess (i.e. 8× per cysteine) of Alexa

Fluor 488 (A488). Free dye was removed by gel �ltration and, �nal protein concentration (2.1

µM) and labelling e�ciency (~1.15 labels per NTS1 molecule on average) were determined

from the absorption spectrum.

6.2.4 MST

Microscale thermophoresis experiments were carried out on a Monolith NT.115 (NanoTem-

per Technologies) with blue/red �lter set, using the blue �lter set for A488-labelled samples

and the red for A647. Samples were centrifuged (10,000×g, 10 min) and/or �ltered (0.2 µm

centrifugal �lter) to remove any aggregates. Dilution series (12-16 points) of the unlabelled

binding partner were prepared ensuring that no additional gradient (salt, glycerol, imidazole,

DMSO etc.) was created by careful bu�er matching. Where used, agonist (NT), antago-

nist (SR48692 or SR142948A), and/or GTPγS were added at saturating concentrations (5

µM, 5 µM, and 0.5 mM, respectively) to all components (�uorescent binding partner, non-

�uorescent binding partner, and bu�er) of the titration series. To minimize adsorption of

the sample to the reaction tubes, LoBind tubes (Eppendorf) were used. Furthermore, for

experiments with detergent-solubilised NTS1 0.1 mg/mL BSA was added to passivate the

reaction tube surface. For nanodisc samples 0.006% Tween-20 (w/v) was included. Passi-

vating agents were again added to all separate components to avoid creation of a gradient in

the dilution series. Under these conditions the �uorescence was found to be constant (within

±10%) for all points in the titration curve. The minimum amount of �uorescent binding

partner needed was determined by a capillary scan, adjusting the LED power to give �uo-

rescence counts between 200-1500, typically using 95% LED power for samples containing

5-25 nM of the �uorescent binding partner. Dilution series were left to incubate at 4 ◦C for

at least 30-60 min after which they were loaded into hydrophilic capillaries (NanoTemper

Technologies) by capillary action. Thermophoresis was measured at varying MST power

(20, 40 and 80%), with 80% usually giving the best results.

6.2.5 MST data analysis

In section 1.4.5.3 it was already shown that for a binding event

A+B � AB
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the law of mass action dictates that the equilibrium dissociation constant Kd can be de-

scribed by

Kd =
([A]− [AB])([B]− [AB])

[AB]

where [A] and [B] are the total concentrations of A (not-observed, titrated partner) and

B (�uorescent, constant partner) and [AB] that of the complex AB, and that solving this

equation for the fraction of bound molecules gives a direct relation between Fnorm and the

Kd which can then be obtained by �tting the MST data. This approach is to be preferred

over using a simple, approximate one-site binding model for saturation binding experiments,

such as

[AB] = Bmax[A]/(KD + [A]) (6.1)

where Bmax is the experimental estimate of the maximum binding capacity, as these models

are only valid under the assumptions that [A] � [B] and [B]free ≈ [B] [490]. Under these

approximations, the depleting e�ect on the free concentration of B is not taken into account,

which is expected to be substantial under the experimental conditions used in MST as the

�uorescent binding partner B is only added at very low (nM) concentrations. Thus, one

should use the full quadratic solution to equation 1.41b for the fraction of bound �uorescent

partner, [AB]/[B]:

Kd =
([A]− [AB])([B]− [AB])

[AB]
(6.2a)

[AB]Kd = ([A]− [AB])([B]− [AB]) (6.2b)

0 = [AB]2 − ([A] + [B] +Kd)[AB] + [A][B] (6.2c)

which is a quadratic equation of the type 0 = ax2 + bx+ c with solutions x = −b±
√
b2−4ac
2a ,

thus

[AB]

[B]
=

[A] + [B] +Kd −
√

([A] + [B] +Kd)2 − 4[A][B]

2[B]
(6.2d)

As Fnorm linearly reports on [AB]/[B] as discussed in section 1.4.5.3

Fnorm = (1− x)Fnorm,unbound + xFnorm,bound

where x = [AB]/[B] it follows that

x =
Fnorm − Fnorm,unbound

(Fnorm,bound)− Fnorm,unbound
(6.3a)

which combined with equation 6.2d gives the following expression for Fnorm

Fnorm =Fnorm,unbound+

(Fnorm,bound − Fnorm,unbound)
[A] + [B] +Kd −

√
([A] + [B] +Kd)2 − 4[A][B]

2[B]
(6.3b)
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which can be directly �tted to the MST binding isotherm where Fnorm,unbound represents the

plateau at low concentrations of A where most �uorescently labelled B is free (unbound), and

Fnorm,bound the plateau at high concentrations of A where binding should reach saturation.

6.3 Results and discussion

6.3.1 G protein expression and activity assay

Gαi1 was puri�ed to near homogeneity by IMAC on a nickel column (Figure 6.7), yielding

22.1± 0.7 mg of protein per litre of culture. Fluorescence polarisation experiments veri�ed

Figure 6.7: Puri�cation of Gαi1. Gαi1 was puri�ed by IMAC (elution pro�le showed here (left))
as described in section A.6. Purity of the fractions was veri�ed by SDS-PAGE analysis (right) to be
>95%.

the activity of two separate preparations of Gαi1; both were found to speci�cally bind

�uorescently labelled GTPγS with nanomolar a�nity (Kd = 40 ± 2 nM and Kd = 44 ± 2

nM, Figure 6.8), which close to an earlier reported value of Kd = 150± 50 nM [491].

6.3.2 Nanodisc formation

Nanodiscs of di�erent lipid composition were prepared to assess the e�ect of lipids on the

GPCR-G protein interaction (Figure 6.9). POPC:POPG (1:1 molar ratio, referred to as

PCPG from here onwards) discs formed most e�ciently, as evident from the relatively small
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Figure 6.8: GTP binding capability of Gαi1 veri�ed by �uorescence polarisation. The ac-
tivity of Gαi1 was veri�ed by �uorescence polarisation saturation-binding experiments to guanosine
5'-O-(3-thiotriphosphate) BODIPY thioester (BODIPY-GTPγS); the a�nity (Kd) was determined
by incubating serial dilutions (in triplicate) of Gαi1 with 25 nM BODIPY-GTPγS for 1 h, and
recording the endpoint �uorescence polarisation. Non-speci�c binding was tested by repeating the
experiment in the presence of 1 mM unlabelled GTPγS. Speci�c binding (total minus non-speci�c)
was �tted in OriginPro 8.5 (OriginLab) using a one-site binding model, accounting for ligand deple-
tion. Error bars represent the standard error of three experiments.

peak at the void volume of the gel �ltration column (~8 mL, Figure 6.9), containing aggre-

gated material, compared to the void volume peaks of the other two lipid compositions.

POPC:POPG:BPL (1.5:1:1.07, referred to as PCPGBPL from here onwards) nanodiscs

preparations gave a slightly larger aggregate peak, but the nanodiscs had a similar elution

pro�le and retention time to the PCPG discs, suggesting that they were not very di�erent.

The BPL nanodisc formed less e�ciently. Firstly, samples were still cloudy after incuba-

tion with the Bio-Beads overnight, and thus a signi�cant (lipid) pellet was formed upon

centrifugation before the gel �ltration column compared to that observed for PCPG and

PCPGBPL. Indeed, whereas both the PCPG and the PCPGBPL lipid mixtures were trans-

parent when resuspended in the sodium cholate reconstitution bu�er, the BPL suspension

was still cloudy after sonication and numerous freeze-thaw cycles. The BPL gel �ltration

chromatogram also looks markedly di�erent from the other two; the aggregate peak (at ~8

mL) is more prominent, and the nanodisc peak is less uniform. Fractions corresponding to

the early shoulder at 12.8 mL elution volume were pooled, as these were likely to contain

the larger, NTS1-loaded, nanodiscs, while later fractions were more likely to contain pre-

dominantly empty discs (as con�rmed by SDS-PAGE, Figure 6.9).

The hydrodynamic radius of the nanodiscs was estimated to be ~4.5-5 nm from the gel

�ltration elution volumes (Figure G.2). The morphology of the nanodiscs was examined by

negative-stain electron microscopy (EM).1 EM images were obtained for Alexa Fluor-labelled

1Uranyl acetate staining and transmission electron microscopy was carried out by Roslin Adamson (De-
partment of Biochemistry, University of Oxford).
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Figure 6.9: Gel �ltration of nanodiscs. Nanodiscs of di�erent lipid compositions were prepared:
POPC:POPG (1:1), POPC:POPG:BPL (1.5:1:1.07), and BPL nanodiscs, with lipid ratios given in
mol:mol, assuming an average molecular weight of 650 g/mol for BPL. Gel �ltration traces of the
separation of nanodiscs from other material are shown (top) as well as corresponding SDS-PAGE
analyses of the fractions, stained with silver stain (bottom). Gel bands corresponding to MSP are
marked with #, and bands corresponding to NTS1 are marked with *. Shaded area in the gel
�ltration traces indicate the fractions pooled for further enrichment.

PCPG and BPL discs (see Figure 6.10). Both lipid compositions appear to generate a rel-

atively homogeneous population of discs of roughly the expected size (~10 nm diameter),

showing that �uorescently tagging MSP does not a�ect overall nanodisc morphology. To

address the question of whether the BPL nanodiscs did indeed contain all components of

the initial BPL lipid mixture, thin layer chromatography (TLC) was performed.2 To this

end, nanodiscs were lyophilised, resuspended in methanol:chloroform (4:1 v:v) and run on

silica-coated glass plates along reference samples (BPL, sphingomyelin, and cholesterol, see

Figure 6.11 for details). The analysis of the chromatograms is complicated by the di�erent

solvents used for the sample (methanol:chloroform 4:1) and the reference samples (chloro-

form only), resulting in di�erent retention on the silica for the same compounds. This is

overcome to some extent by also running both samples together, through subsequent ap-

plication on the same spot; thus, for all chromatograms three spots were run, from left to

right (1) "unknown", (2) "unknown" and "reference" spotted on top of each other, and (3)

"reference". Comparing the BPL reference to the nanodiscs, molybdenum blue spray (Fig-

ure 6.11A) shows that the phospholipid content of nanodiscs is the same as that found in

2TLC was performed with the aid of Peter Fisher (Department of Biochemistry, University of Oxford).
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Figure 6.10: Negative stain electron microscopy on nanodiscs. Uranyl acetate staining and
transmission electron microscopy were used to image (A) POPG:POPC and (B) BPL nanodiscs.
Imaging was carried out by Roslin Adamson (Department of Biochemistry, University of Oxford).

BPL, with two spots appearing for both the standard and the reference. The third, lowest

spot visible for the BPL reference with the molybdenum blue spray is less clear for the ND

sample, which is less concentrated overall, but becomes clearly visible after charring (Fig-

ure 6.11B). Charring further reveals two higher spots on the TLC in the BPL lane, that

are not phospholipids. Spots at similar height are vaguely visible for the nanodisc sample,

and the spots are roughly in the same place in the middle "mixed" lane, suggesting that

they should indeed be at the same height in the sample and the reference. Furthermore the

spots appear to be more intense in the middle lane, than in the right lane, suggesting the

ND sample is contributing to them, but it cannot be excluded that this is due to slightly

di�erent loading, and that the presumed spots in the left lane are just background charring.

A separate test for the presence of sphingomyelin (Figure 6.11C) reveals that the second

spot from the bottom in the BPL sample corresponds to this lipid type, and that it is indeed

present in the nanodisc preparation. Surprisingly, cholesterol does not appear to have been

incorporated into the nanodiscs (Figure 6.11D), despite TLC of BPL itself showing that

the mixture does contain a signi�cant amount of cholesterol (Figure 6.11E; the amount of

cholesterol present in BPL is not speci�ed by the supplier). Thus, BPL nanodiscs contain

most of the components of BPL except for cholesterol.

The high MSP-to-NTS1 ratio used ensures that most of the discs contain only one receptor.

Assuming a Poisson distribution, using a 50:1 MSP ratio would result in <1% of the loaded

nanodiscs containing more than one NTS1 molecule, assuming multimeric insertions are
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Figure 6.11: TLC of BPL nanodiscs. Lipid content of brain polar lipid (BPL) nanodiscs (NDs)
was evaluated using thin layer chromatography. Lyophilised ND resuspended in methanol:chloroform
(4:1 vol:vol) were run alongside reference samples in chloroform. For all chromatograms three spots
were run, from left to right (1) "unknown", i.e. ND (A-D) or BPL (E), (2) "unknown" and "ref-
erence" spotted on top of each other, and (3) "reference". (A) ND run with BPL stained with
molybdenum blue spray (Sigma) to visualize phospholipids only, and (B) then charred. (C) ND
run with sphingomyelin and charred. (D) ND run with cholesterol and (E) BPL (standard) run
with cholesterol, both charred. (A-C) were run using chloroform:methanol:ammonium hydroxide
(65:30:3 vol:vol) as solvent, and (D-E) were run in hexane:ether (50:50 vol:vol).

equally likely as monomeric insertions.3 The �xed size of the MSP belt however, imposes

steric constraints on the size of the properly formed nanodiscs; thus insertion of two NTS1

molecules with an diameter of ~4 nm into discs with a diameter of ~10 nm (as determined

by EM and from the elution volume on the gel �ltration column, in agreement with the

expected literature value [138]) is likely to be less favourable than the insertion of a single

NTS1 molecule. Furthermore, the calculated probability of multimeric insertion is based

on the incorporation of NTS1 and MSP with the same probability, while from SDS-PAGE

analysis it is evident that a larger proportion of NTS1 is not incorporated into nanodiscs,

eluting as part of larger aggregates in the early void volume fractions (Figure 6.9). This

results in a lower e�ective NTS1-to-MSP ratio, and thus even lower, negligible proportions

of multimeric nanodisc insertion. The �nal sample can thus be regarded as representing the

monomeric receptor.

3A 1:50 NTS1-to-MSP ratio (the highest used), gives a maximum 0.04 success rate of an NTS1 loaded
disc (with 2 MSP molecules per disc). Assuming a Poisson distribution the probability of one NTS1 per disc
is 0.038, and more than one is 0.00078, giving a 0.99% probability for multimeric insertion.
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6.3.3 NTS1 ligand binding

Agonist and antagonist binding activity of the receptor was tested by label-free MST, ex-

ploiting the native Trp �uorescence of the protein (Figure 6.12).4 The dissociation constant

of <20 nM determined for NT binding (Figure 6.12A) is in agreement with previous SPR

data showing a Kd of 1-2 nM for NTS1B [319]. Interestingly, binding of the agonist reduced
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Figure 6.12: NTS1B ligand binding tested by label-free MST. (A) Neurotensin is titrated to
a constant concentration of NTS1B (150 nM). (B) The antagonist SR48692 is titrated to a constant
concentration of NTS1B (150 nM) in the absence (black) and the presence (red) of a saturating
amount of NT (1 µM). Protein was thermally denatured as a control (blue), showing binding. Data
was normalised to the amplitude of the sigmoidal binding isotherm and �tted with a one-site binding
model accounting for ligand depletion (the corresponding Kd values are shown).

the thermophoretic mobility of the complex (∆Fnorm decreases with increasing receptor

concentration), while the opposite was observed for the antagonist SR48692. While these

opposite e�ects could be due to the di�erent chemical structures of the two ligands, their

small size (<2 kDa) compared to the size of the receptor (~100 kDa) makes it more likely

that this di�erence is due to changes in the receptor itself. This observation could thus re-

�ect the di�erent structural e�ects the agonist and antagonist have on the receptor, with NT

promoting an active receptor conformation, while SR48692 locks the receptor in an inactive

conformation, giving rise to di�erences in the hydration shell and thus the thermophoretic

properties of the receptor-ligand complexes.

MST experiments to determine the a�nity of NT for nanodisc-reconstituted NTS1 were

also attempted using Alexa Fluor 488 labelled NT (NT-A488), titrating the Alexa Fluor

647 labelled nanodiscs and detecting at the ligand wavelength. Unfortunately, due to the

low concentration of the nanodisc samples (135 nM and lower), the receptor could not be

4Label-free measurements were carried out by Stefan Duhr (NanoTemper Technologies) on a Monolith
NT.LabelFree (NanoTemper Technologies). Results previously published in [166].
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titrated to saturation, and no clear results were obtained. The reverse experiment, titrat-

ing unlabelled NT to a constant amount of �uorescent nanodiscs did also not elicit any

detectable changes, presumably due to the relatively small size of the ligand compared to

the nanodisc. Binding of NT to nanodiscs-reconstituted samples has been shown before by

radio-ligand binding assays [42], and by SPR (Adamson and Watts, unpublished results).

Thus, despite not being able to show ligand binding by MST, samples were assumed to be

active.

6.3.4 GPCR-G protein interaction and its modulation by ligand

Binding of the G protein α subunit Gαi1 to �uorescent nanodisc-reconstituted and detergent-

solubilised NTS1 was investigated in the presence of agonist (NT) and antagonist (SR48692

or SR142948A, which will be referred to as SR48 and SR14, respectively, in the rest of this

section). The a�nity of the Gαi1-NTS1 interaction was determined by �tting MST-derived

binding curves (Figure 6.13) with a one-site binding model accounting for ligand depletion,

and the corresponding Kd values are compiled in Table 6.2. Interestingly, the a�nity of the

G protein appears to be dependent on the lipid composition of the nanodiscs, with highest

a�nity observed for BPL in the presence of agonist (Kd = 140± 60 nM, vs. 700± 300 and

600±300 nM for PCPGBPL and PCPG, respectively). For detergent-solubilised NTS1, the

a�nity (Kd = 220±90 nM) is similar to that of BPL nanodiscs, and higher than the PCPG

an PCPGBPL nanodiscs, suggesting that the detergent might better support native activity

than non-native lipid bilayers. In the absence of any ligand, the a�nity of the G protein for

the receptor decreases for the BPL nanodiscs (from Kd,NT = 140 ± 60 nM to Kd,NoLig =

300 ± 100 nM). Thus, although NT binding could not be directly detected by MST, this

result implies that the agonist does bind to, and activates the receptor. The e�ect of agonist

was also seen for PCPG nanodiscs (from Kd,NT = 600 ± 300 nM to Kd,NoLig = 1.9 ± 0.8

µM), but was not observed for PCPGBPL-reconstituted or detergent-solubilised NTS1. This

could re�ect the poor resolution that was obtained for the PCPGBPL sample in the absence

of ligand, with rather large uncertainty in the Kd value (Kd,NoLig = 700±500 nM), masking

any small di�erence, although the upper boundary of the determined dissociation constant

is above that observed for PCPGBPL in the presence of agonist (Kd,NoLig = 700±300 nM).

The resolution for the DDM/CHS detergent sample was better however, and the lack of

agonistic e�ect suggests that the conformation of the receptor in detergent is di�erent from

that in liposomes, giving rise to di�erent pharmacological behaviour. Addition of antagonist

SR48 decreased the a�nity of the G protein for NTS1 in all environments except PCPG.

The largest decrease in a�nity was observed for BPL and PCPGBPL nanodiscs (4.3×
increase of the mean Kd for both), while the e�ect in detergent was more modest (1.7×
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Table 6.2: A�nity of Gαi1 for NTS1 determined by MST. The dissociation constants (Kd)
for the interaction between Gαi1 and NTS1 in the presence of di�erent ligands, as determined from
MST experiments shown in Figure 6.13, are given. A�nity was determined for NTS1 reconstituted
into nanodiscs of di�erent lipid composition (PCPG, PCPGBPL, and BPL) and for detergent-
solubilised NTS1 (DDM/CHS). The interaction between Gαi1 and empty nanodiscs (ND) was also
studied (Figure 6.14). As a negative control the interactions were studied in the presence of GTPγS,
which decouples the G protein from the receptor in vivo. Kd values were determined with a one-site
binding model accounting for ligand depletion, using the average of n experiments, and the error
estimate of the �t is given.

Interaction PCPG PCPGBPL BPL DDM/CHS

No ligand 1.9± 0.8 µM 700± 500 nM 300± 100 nM 140± 70 nM
(n = 3) (n = 4) (n = 3) (n = 4)

+NT 600± 300 nM 700± 300 nM 140± 60 nM 220± 90 nM
(n = 4) (n = 4) (n = 4) (n = 6)

+SR48692 500± 300 nM 3± 2 µM 600± 300 nM 370± 70 nM
(n = 3) (n = 4) (n = 4) (n = 2)

+SR142948A 600± 300 nM 500± 300 nM 300± 100 nM 50± 20 nM
(n = 3) (n = 4) (n = 4) (n = 1)

+NT+GTPγS 4± 2 µM 9± 5 µM 1.5± 0.8 µM 5± 4 M
(n = 2) (n = 4) (n = 3) (n = 2)

(Empty ND)
+NT

800± 600 nM 400± 200 nM 200± 100 nM -
(n = 4) (n = 4) (n = 4)

(Empty ND)
+NT+GTPγS

5± 4 µM 2± 1 µM 30± 20 µM -
(n = 3) (n = 3) (n = 3)

increase of the mean Kd) and less certain due to overlapping error margins. Interestingly,

for these three conditions the antagonist SR14 had a weaker antagonist e�ect than SR48

(BPL: Kd,SR14 = 300 ± 100 nM vs. Kd,SR48 = 600 ± 300 nM), or even slightly agonistic

e�ect compared to NT, or the basal receptor state (PCPGBPL: Kd,SR14 = 500±300 nM vs.

Kd,NT = 700±300 nM; DDM: Kd,SR14 = 50±20 nM vs. Kd,NT = 220±90 nM). For PCPG,

neither antagonist lowered the a�nity of the G protein to NTS1 with respect to the agonist-

bound state, although higher a�nity was observed for both the SR48 and SR14-bound

receptor than for receptor in the basal state (Kd,SR48 = 500± 300 and Kd,SR14 = 600± 300

nM, respectively, vs. Kd,apo = 1.9± 0.8 µM). This suggests that the antagonists do bind to

the PCPG-reconstituted receptor, but remarkably, that their e�ect on the G protein-NTS1

interaction is the same as that of agonist. Whether this result is relevant to in vivo conditions

is unclear, as the PCPG lipid composition is quite di�erent from the native, mammalian

environment of NTS1. It is thus possible, that this lipid composition does not support native

NTS1 activity, as suggested by poor ligand-binding compared to BPL previously observed

in liposomes (Figure 6.4).
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As a negative control G protein was incubated with GTPγS, a non-hydrolysable analogue of

GTP, the binding of which decouples the G protein from the receptor in vivo. An increase

in Kd was observed under all conditions, suggesting that the G protein-NTS1 interaction is

indeed speci�c (Table 6.2).

6.3.5 G protein interaction with lipid

G protein was also incubated with empty nanodiscs to investigate the interaction of the pro-

tein with the di�erent bilayer compositions (Figure 6.14). Again, as a control experiment the

interaction was also tested in the presence of GTPγS. As seen for the receptor in section 6.3.4,
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∆
 

α

 PCPG(empty) +NT

 Fit K
d
= 800 M

∆
 

α

 BPL(empty) +GTPγS+NT

 Fit K
d
= 30 µM

∆
 

α

 BPL(empty) +NT

 Fit K
d
= 200 M

∆
 

α

 PCPGBPL(empty) +GTPγS+NT

 Fit K
d
=2 1 µM

∆
 

α

 PCPGBPL(empty) +NT

 Fit K
d
=400 200 nM

∆
 

α

Figure 6.14: Lipid-G protein interaction studied by MST. The a�nity of Gαi1 nanodiscs of
di�erent lipid composition was determined by MST experiments: PCPG (left), PCPGBPL (middle),
and BPL (right). Measurements were performed in the presence of (A) NT, and (B) GTPγS as a
negative control. Data was normalised to the amplitude of the sigmoidal binding curve and �tted
with a one-site binding model accounting for ligand depletion (the corresponding Kd values are
shown). Error bars represent standard error of at least two experiments (see Table 6.2).

the a�nity of Gαi1 for empty nanodiscs, i.e. not containing NTS1, appears to be lipid com-

position dependent: G protein interacts with BPL nanodiscs with a Kd of 200 ± 100 nM,

while lower a�nity interaction with Kd = 400±200 nM and Kd = 800±600 nM is observed

for PCPGBPL and PCPG discs, respectively (Table 6.2). Addition of GTPγS signi�cantly

increased the Kd for all lipid compositions, proving the speci�city of the interaction. The

dependence of the a�nity on the lipid composition suggests that these experiments demon-

strate pre-coupling of the G protein to lipid, with Kd values similar to those observed for

the receptor (Table 6.2).
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6.3.6 Conclusion

The use of �uorescently labelled MSP is established here as a novel method for performing

MST on membrane proteins in a native environment, allowing the use of native, unlabelled

receptor. The use of labelled MSP provides improved �exibility in assay set-up compared to

conventional label-free MST, which is limited to systems in which only one of the two bind-

ing partners exhibits native UV �uorescence. Furthermore, as the nanodisc-reconstituted

membrane protein is the �uorescent species in this approach, the experiments require only

relatively small amounts of membrane protein at low concentrations (~5-25 nM), making

the approach amenable to di�cult systems, such as GPCRs.

The work presented here provides insight into the importance of the lipid environment in the

early stages of GPCR signalling, using a minimal system of only the (lipid-reconstituted)

receptor, the G protein α subunit and ligand. Firstly, the Gαi1 was shown to interact with

empty nanodiscs, in a GTPγS-dependent manner, implying the interaction is speci�c. Fur-

thermore, the interaction was also shown to be lipid dependent, with higher a�nity found

for nanodiscs with higher BPL content (Table 6.2 and Figure 6.14). It has previously been

shown that GDP-bound Gi heterotrimers and the Gβγ heterodimers preferentially interact

with PE liposomes, compared to PC liposomes, in a PE-ratio dependent manner, while

GTPγS-bound Gαi1 showed the opposite behaviour [492]. Indeed, the a�nity of GTPγS-

bound Gαi1 was lowest for BPL nanodiscs, which contains the highest proportion of PE

lipid of the three lipid mixtures studied here. As the conformation of Gαi1 in the present

study in the absence of GTPγS is likely to represent the inactive conformation found in the

heterotrimer, in agreement with [492], the higher a�nity of the Gαi1 for BPL nanodiscs ob-

served here might thus be due to the PE content of the discs. PE is a lipid with a propensity

to form non-bilayer phases, and is predominant in the membranes of the neural system, and

it is thought that the curvature that it induces in membranes contributes to the dependence

of protein function on the membrane lipid composition [5]. Furthermore, the PE headgroup

can form much stronger, direct hydrogen-bonds than other types of lipids, which could con-

tribute to lipid-protein interactions [4].

It has to be noted that in the work presented here, Gαi1 was expressed in E. coli, and thus not

post-translationally modi�ed. The study by Vögler et al. [492] however, used myristoylated

Gαi1, and α subunit acylation has been shown to be important for membrane association

in the absence of the βγ dimer [493, 494]. Although the lack of myristoylation greatly

hampered membrane association in these studies, it was not entirely abolished [493, 494].

Expression levels in these cell-based studies are likely to be in the same concentration range

as the dissociation constants observed here for the lipid-G protein interaction (~100s nM,
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Table 6.2 and Figure 6.14)5; furthermore, it is possible that the a�nity determined here in

this minimal system overestimates the a�nity in vivo, due to competitive interactions with

other cytosolic components or di�erences in viscosity due to cellular crowding, and/or pH

or ionic strength [235, 236]. Thus, taking this into consideration, at expression levels that

are likely to be below the Kd, indeed a large fraction of G protein would be expected to

not be associated with the membrane, as observed in the cell-based studies [493, 494], while

under the minimal conditions used in the work presented here the interaction can still be

observed. It is thus likely that myristoylation increases the a�nity of the G protein for the

membrane, although the lipid speci�city does not appear to be a�ected.

Interestingly, the same pattern of lipid dependence was observed for the G protein-GPCR

interaction, with higher a�nities obtained for the BPL nanodiscs, which correlates well with

the previously observed lipid requirements of the receptor for NT binding (Figure 6.4) [40].

The observation that the receptor and G protein appear to favour the same lipid environ-

ment, could mean that in vivo this shared preference leads to locally elevated concentrations

of both signalling partners, which would be bene�cial for rapid cell response to ligand stim-

ulation. In turn, the reduced a�nity of activated (GTP-bound) Gα for the receptor and

the lipid membrane, under all studied lipid compositions, ensures the decoupling of the α

subunit, allowing it to interact with cytosolic downstream signalling targets.

In accordance with a earlier plasmon-waveguide resonance study on opioid receptors [495],

the a�nity of the G protein for NTS1 appeared to be ligand-dependent, which was most

clear for the BPL nanodiscs where agonist increased the basal a�nity, while antagonists

decreased the a�nity, or kept the a�nity at basal levels (Table 6.2), in accordance with

their pharmacological e�ect of stimulation or inhibition of signalling. Another interesting

observation was the di�erence between the two antagonists, with SR48692 reducing the G

protein a�nity for the receptor more strongly than SR142948A (in all cases but PCPG), in

accordance the study cited in section 6.1.2, which showed SR142948A to be a less potent

antagonist than SR48692 [486]. However, the broad range of antagonist activity observed

for SR142948A in mice [472], and cell-based studies on the inhibition of Gq [485], suggest

that the lower antagonist e�ect of SR142948A compared to SR48692 could be G protein

subtype-dependent. Future studies with other G protein subtypes could further address this

possibility of biased antagonism.

Lipid-dependence of the G protein-GPCR interaction has previously been shown for other

GPCRs. In agreement with the results presented here, PE lipids have been shown to be

important for the activation of rhodopsin and the a�nity of transducin for the receptor

5At an average cell size of ~17 µm (COS-M6, Life Technologies), high expression levels of 16 molecules/cell
(expression levels are not speci�ed in [493, 494]) would result in a cellular concentration of ~1 µM.
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[496, 497]. However, Gt has also been shown to be associated with negatively charged PS

lipids [498]. Such a preferential interaction of G protein with negatively charged lipids could

explain the seemingly contradicting results observed in the study on NTS1 by Inagaki et

al. [42], where the apparent a�nity of Gq for NTS1 showed positive correlation with the

POPG content relative to POPC. However, the e�ect of PE lipids was not investigated in

that study; it is thus possible that negatively charged lipids do lead to increased G protein

interaction with the membrane, compared to a zwitterionic PC background, but that PE

lipids do so to a greater extent, supporting native receptor function, as observed here. How-

ever, as a di�erent G protein subtype was studied here (Gi vs. Gq), it cannot be excluded

that the lipid-dependence of G protein interaction is also G protein-subtype speci�c. Indeed,

NTS1 has been shown to couple through three G protein subtypes, and it is possible that

the lipid environment of the receptor plays a role in the G protein subtype selectivity.

Thus, lipid-dependence, combined with ligand-dependence of G protein a�nity, provides

great scope for GPCR modulation, and could play a role in biased signalling of the recep-

tor. This study provides a good basis for future study on how GPCR signalling is further

modulated by other signalling components, such as other G protein subtypes, the βγ dimer,

and post-translational modi�cation of receptor and G protein, ultimately giving a detailed

insight into the regulation of the early stages of GPCR signalling.



7 | Conclusions and future work

Recent experimental progress in the �eld of membrane proteins, such as improved expression

techniques, protein engineering strategies to improve stability and/or reduce conformational

heterogeneity, the use of small antibodies to stabilise protein conformations, and the use of

lipidic-cubic-phase for crystallisation, has lead to an exponential growth in the number of

available high-resolution crystal structures (see section 1.4.1). The �eld of GPCR structural

biology in particular has relied heavily on the use of protein engineering strategies, such

as the use of thermostabilising mutations, deletion of �exible, but functionally important,

unstructured regions of the protein (e.g. IC3 and C-terminus), or the insertion of soluble

proteins into said regions, which has been shown to hamper receptor activity (reviewed

in Chapter 3). Indeed, crystal structures of wild-type receptors have so far only been ob-

tained for rhodopsin, which is thought to be conformationally more homogeneous than other

GPCRs, due to covalent binding of its inverse agonist ligand, and it may be that crystalli-

sation of other wild-type GPCRs is not feasible due to their inherent �exibility precluding

the long-range order required in crystal formation. Consequently, other biophysical methods

such as FRET, EM, AFM, NMR and EPR which do not require crystallisation provide great

scope for further study on membrane protein structure and function, particularly as they

are compatible with more native membrane-reconstituted preparations. This thesis presents

examples of the application of a variety of biophysical techniques to the study of membrane

protein structure and function, using di�erent membrane reconstitution methods to study

the proteins in a native-like environment.

Chapter 2 presents the �rst example of a DEER study using liposomes to create an elec-

trochemical gradient for the study of gradient-driven membrane protein transporters. The

DEER-Stitch method used proved to be highly suited to the study of membrane proteins

reconstituted into liposomes, which often su�er from short relaxation times due to the high

local concentrations, compared to isotropic detergent-solubilised samples [499]. While fur-

ther study is required to draw robust conclusions about the transport mechanism of PepTSo,

the �ndings reported here demonstrate the importance of the electrochemical gradient for

160
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substrate-induced conformational changes in the transporter. However, conformational equi-

libria, as gauged from the DEER distance distributions, were only modestly a�ected by

the presence of substrate and an electrochemical gradient. This observation might in part

be due to the symmetric protein insertion into the liposomes which is expected to result

from the reconstitution method used [500]. Although this should not hamper the purely

substrate-driven experiments, for the gradient-driven experiments symmetric insertion of

the transporter results in a portion of the transporters to be oriented against the generated

electrochemical gradient. The e�ect of this random protein distribution has not yet been

investigated in transport assays. Future work could aim at silencing the spin labels on the

"wrongly oriented" transporters by the addition of a reducing agent, such as ascorbic acid;

by adding reductant on the outside of the liposomes in samples of PepTSo labelled on the

cytoplasmic face of the transporter, signals arising from PepTSo reconstituted in the wrong

orientation with respect to the gradient, i.e. with the cytoplasmic side of the transporter

pointing out of the liposomes, could be silenced so that these signals do not contribute to

the observed distance distribution. To silence unwanted signals from PepTSo labelled at the

periplasmic face of the transporter reducing agent would have to be included in the internal

liposome bu�er. However, as in the current reconstitution protocol the internal liposome

bu�er is also present outside the liposomes before the bu�er is exchanged, this strategy

would be limited to silencing cytoplasmic labelled sites. Furthermore, such a strategy would

be technically challenging, as it would greatly reduce the absolute signal measured, although

the sensitivity issue could in part be overcome by using Q-band rather than X-band instru-

mentation, which greatly improves the sensitivity of the DEER experiment (see Chapter 5).

Alternatively, the reconstitution procedure could be optimised so as to obtain asymmetric

insertion of the transporter, as has been achieved for other membrane proteins [501].

Rotamer analysis was used to predict spin label distance distributions for di�erent residue

pairs, in an attempt to attribute observed distances to speci�c states of the receptor in the

transport cycle. This approach showed that although distinguishable interlabel distances

might be expected from Cα-Cα distances derived from structural models, the conformational

�exibility of the spin label can lead to overlapping distance distributions, which cannot be

readily distinguished in the DEER experiment. Therefore, future work will aim at using the

knowledge gained from rotamer analysis in choosing informative labelling sites. Further-

more, if by such an approach residue pairs can be found that report on the conformational

state of the transporter, i.e. residue pairs with DEER distance distributions in which peaks

can clearly be attributed to di�erent conformational states, then DEER measurements on

such samples can be used in future functional studies of the transporter, where not only the

e�ect of substrate and/or gradient can be investigated, but also the functional implications
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of di�erent receptor mutants might be linked to transporter structure.

The rest of this thesis focuses on an experimentally more challenging membrane protein

system, the GPCR NTS1. Various structural and functional aspects of the receptor are

investigated including receptor activation, G protein binding, and receptor oligomerisation.

The NTS1 puri�cation protocol was further optimised, and a labelling protocol for site-

directly labelling of NTS1 cysteine mutants was established in order to obtain samples of

su�cient quality amenable to FRET, EPR and other biophysical techniques (Chapter 3).

CW-EPR was then used to study the e�ect of agonist on the local dynamics of spin probes

at the intracellular side of the protein (Chapter 4). Observed e�ects of agonist were rela-

tively modest with the largest changes occurring in TM5-6, in agreement with the consensus

model of GPCR activation. Improvements in sample preparation that have been made since

the execution of these early CW-EPR studies mean that shorter EPR measurement times

would now possible, opening up the possibility of repeating the measurements at slightly

higher temperatures, which could lead to more pronounced e�ects as previously observed for

rhodopsin [363]. Furthermore, it would be interesting to study the e�ect of G protein on the

EPR spectra, as it has been postulated that the presence of G protein is required to stabilise

the active state of the receptor [345, 365]. In addition, a CW-EPR sequence scanning study

presented in Chapter 4 con�rmed the presence of an α-helical C-terminal H8 segment for

the non-thermostabilised, membrane-reconstituted receptor, settling the controversy raised

by con�icting crystallographic results of two di�erent thermostabilised NTS1 mutants. The

helical structure was observed both in the presence and absence of agonist, suggesting that

H8 secondary structure is not involved in receptor activation. Some modest changes in

spin label dynamics were however observed upon addition of agonist. Again, it would be

interesting to study how the presence of G protein a�ects the agonist-induced changes in

H8 dynamics observed by EPR. Circular dichroism studies on a peptide corresponding to

H8 are planned in order to determine the e�ect of the membrane environment on H8 sec-

ondary structure, by measuring peptide helicity in the presence and absence of liposomes.

Furthermore, molecular dynamics simulations on the receptor embedded in lipid bilayers of

di�erent lipid compositions are under way in order to obtain more detailed insight into the

molecular interactions between H8 and the rest of the protein, and the lipid bilayer, and

how these relate to its stability.

In Chapter 5 ensemble and single-molecule FRET were combined with DEER to investi-

gate the oligomerisation interface and oligomerisation dynamics of NTS1. Whereas previous

research had suggested that NTS1 forms constitutive dimers [206], the work presented here is
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consistent with more recent single-molecule studies on GPCR oligomerisation, showing that

oligomerisation is transient (with a dimer lifetime of ~10s-100s ms) and that the interface

of the dimer is dynamic. The data is consistent with the presence of multiple dimerisa-

tion interfaces, and revealed a concentration dependence of the extent of oligomerisation, in

agreement with the law of mass action. Agonist did not appear to a�ect the overall extent

of oligomerisation observed in the ensemble FRET experiments, nor the proposed dimeri-

sation interfaces, and only signi�cantly a�ected the FRET e�ciency observed for NTS1

labelled on TM6. This result is in agreement with the CW-EPR data (Chapter 4) and

the consensus on GPCR activation, that TM6 undergoes the largest conformational change

upon ligand binding, suggesting that agonist induces similar conformational changes in the

dimer as observed in the monomer, and by extension that the dimer might be signalling

competent. The physiological signi�cance of NTS1 homodimerisation is as yet unknown,

although detergent studies have shown that dimers couple less e�ciently to G protein in

detergent [321]. Future studies using the in vitro systems established here, and in particular

the single-molecule FRET system, could further study the e�ect of agonists, antagonists

and/or the presence of G proteins on the dynamics of NTS1 dimerisation. Furthermore, in

vivo studies of NTS1 oligomerisation at varying expression levels, combining single-molecule

FRET techniques to look at the extent of dimerisation, with functional assays, could shed

light the role of dimerisation on receptor signalling, and test the negative feedback mecha-

nism proposed in Chapter 5 (i.e. that NT-induced increased expression of NTS1 [463], leads

to increased dimerisation at high receptor concentration and concomitant down-regulation

of signalling).

While the DEER studies presented here suggested the presence of multiple dimerisation

interfaces, the quality of the data (i.e. limited tmax at X-band, and poor modulation depth

at Q-band due to the limited excitation bandwidth) was not su�cient to use con�dently in

determining which helices participate in the oligomerisation interface. This could be greatly

improved by performing Q-band DEER measurements using higher-power equipment, which

would improve the excitation bandwidth of the experiment. However, the information on

preferred oligomerisation interfaces gained by FRET could already be used in a molecular

modelling, or protein docking approaches, to gain more insight on the molecular origin of

the proposed TM interfaces, as has been done for the proposed interfaces of the β-adrenergic

receptors [461].

In Chapter 6, the signalling mechanism of NTS1, was investigated using the novel bio-

physical method of microscale thermophoresis (MST) to assess the a�nity of the receptor

to G protein in vitro in the absence of ligand, or in the presence of agonist or antagonist. To
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assess the in�uence of the lipid environment on the receptor function, MST measurements

were preformed in detergent and in nanodiscs of di�erent lipid compositions. Nanodiscs in

which the MSP belt protein, surrounding the lipid bilayer of the nanodisc, was �uorescently

tagged were successfully formed, and their disc morphology was con�rmed by EM. Thus,

the use of �uorescently labelled nanodiscs is established here as a novel, general method for

performing MST on membrane proteins in a native environment, allowing the use of native,

unlabelled receptor. Using NTS1 reconstituted into labelled nanodiscs, it was shown that

G protein has a higher a�nity for the receptor in lipid mixes closer to native conditions

(i.e. lipid mixes with higher BPL content), suggesting an important role for the lipids in

receptor activity. Furthermore, the possibility of biased antagonism was raised, as while

one of the tested antagonists (SR48692) increased the Kd of the G protein-receptor interac-

tion compared to agonist, the other (SR142948A) only showed a modest e�ect on the Kd.

Tests with empty nanodiscs also suggested preferential interaction of the G protein with

BPL over POPC-POPG lipid mixtures. This work provides a good basis for future study on

how GPCR signalling is further modulated by other signalling components; e.g. experiments

with other G protein subtypes and/or other ligands could further explore the possibility of

biased-signalling. In addition, the e�ect of the G protein βγ subunits could be tested, as

well as post-translational modi�cations of the receptor and G protein, or interactions with

β-arrestins, and other regulatory components [502].

In summary, this work represents the �rst CW-EPR (Chapter 4), pulsed EPR (Chapter 5),

single-molecule FRET (Chapter 5), and MST (Chapter 6) studies on a lipid-embedded

GPCR binding a di�usible ligand. As well as providing considerable insight into a variety of

functional aspects of NTS1, this thesis opens up several promising lines of research for future

study of NTS1 and other membrane proteins in physiologically relevant environments.



A | Materials and methods

Brief material and methods are provided in each chapter. This appendix provides a more

detailed overview of the experimental conditions for the work presented in this thesis.

A.1 Bu�ers

Note: Temperature-sensitive bu�ers (e.g. Tris-HCl bu�ers) are adjusted to the required pH

at the temperature that the bu�ers will be used.

A.1.1 Growth media

Luria-Bertani (LB): Bought from BD (Per litre: 10 g bacto-tryptone, 5 g yeast extract,

10 g NaCl) for DH5α cells; supplemented with 1% glucose (w/v) for BL21 cells.

LB Agar: Bought from BD (Per litre: 10 g bacto-tryptone, 5 g yeast extract, 10 g NaCl,

15 g agar) for DH5α cells; supplemented with 1% glucose (w/v) for BL21 cells.

SOC medium: Per litre: 20 g bacto-tryptone, 5 g yeast extract, 0.5 g NaCl, 2.5 mM KCl,

10 mM MgCl2, 20 mM glucose, adjusted to pH 7.0.

2×YT: Per litre: 16 g peptone, 10 g yeast extract, 5 g NaCl, adjusted to pH 7.0. Supple-

mented with 0.2% glucose (w/v) for NTS1 expression.

TB medium for MSP expression: Per 900 mL, 12 g peptone, 24 g yeast extract, 4 mL

glycerol, to which is added 100 mL 0.17 M KH2PO4, 0.72 M K2HPO4 (sterilised separately

from rest of the medium).

A.1.2 NTS1B puri�cation

Protease inhibitors: Leupeptin, pepstatin A, aprotinin, at a �nal concentration of respec-

tively 2 µg/mL, 2 µg/mL and 3 µg/mL.

2× Solubilisation bu�er: 100 mM Tris-HCl, pH 7.4, 400 mM NaCl, 60% glycerol (v/v),

protease inhibitors.

NiA: 50 mM Tris-HCl, pH 7.4, 200 mM NaCl, 10% glycerol (v/v), 0.5% CHAPS (w/v),

0.1% DDM (w/v), 0.1% CHS (w/v), 50 mM imidazole, protease inhibitors.
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NiB: 50 mM Tris-HCl, pH 7.4, 200 mM NaCl, 10% glycerol (v/v), 0.5% CHAPS (w/v),

0.1% DDM (w/v), 0.1% CHS (w/v), 500 mM imidazole, protease inhibitors.

NT0: 50 mM Tris, pH 7.4, 10% glycerol, 0.1% DDM (w/v), 0.01% CHS (w/v).

NT70, NT150, NT1: Same as NT0, supplemented with 70, 150 or 1000 mM NaCl, re-

spectively.

NiA0 for 1 mL Ni2+ column concentration: 50 mM Tris-HCl, pH 7.4, 200 mM NaCl,

10% glycerol (v/v), 0.1% DDM (w/v), 0.01% CHS (w/v).

NiB- for 1 mL Ni2+ column concentration: Same as NiA0, supplemented with 500

mM imidazole.

SE bu�er: 50 mM Tris-HCl pH 7.4, 10% glycerol (v/v), 50 mM NaCl, 0.1% DDM (w/v),

0.01% CHS (w/v), 1 mM EDTA.

Assay bu�er for detergent samples: 50 mM Tris-HCl pH 7.4, 0.1% DDM (w/v), 0.01%

CHS (w/v), 1 mM EDTA, 0.1 mg/mL BSA.

Liposome bu�er: 50 mM Tris-HCl pH 7.4, 50-200 mM NaCl (depending on end use), 1

mM EDTA, saturate bu�er with N2 before use.

Nanodisc lipid bu�er: 50 mM Tris-HCl pH 7.4, 50 mM NaCl, 1 mM EDTA, 100 mM

sodium cholate.

Nanodisc GF bu�er: 50 mM Tris-HCl pH 7.4, 50 mM NaCl, 5 mM MgCl2.

A.1.3 TEV puri�cation

Sample bu�er: 50 mM Tris-HCl pH 7.4, 300 mM NaCl.

Wash bu�er: 50 mM Tris-HCl pH 7.4, 300 mM NaCl, 30 mM imidazole.

Elution bu�er: 50 mM Tris-HCl pH 7.4, 300 mM NaCl, 500 mM imidazole.

Dilution bu�er: 50 mM Tris-HCl pH 7.4, 300 mM NaCl, 50% glycerol (v/v).

A.1.4 MSP puri�cation

Resuspension bu�er: 20 mM phosphate bu�er, pH 7.4, protease inhibitors.

Wash bu�er 1: 40 mM Tris-HCl pH 8.0, 0.3 M NaCl, 1% Triton X-100 (v/v).

Wash bu�er 2: 40 mM Tris-HCl pH 8.0, 0.3 M NaCl, 50 mM sodium cholate, 20 mM

imidazole.

Wash bu�er 3: 40 mM Tris-HCl pH 8.0, 0.3 M NaCl, 50 mM imidazole.

Elution: 40 mM Tris-HCl pH 8.0, 0.3 M NaCl, 0.4 M imidazole.

Dialysis bu�er: 20 mM Tris-HCl pH 7.4, 0.1 M NaCl, 0.5 mM EDTA.
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A.1.5 Gαi1

Equilibration bu�er: 50 mM Tris-HCl pH 8.0, 20 mM β-mercaptoethanol, protease in-

hibitors.

Wash bu�er: 50 mM Tris-HCl pH 8.0, 20 mM β-mercaptoethanol, 0.5 M NaCl, 10 mM

imidazole, protease inhibitors.

Elution bu�er 1: 50 mM Tris-HCl pH 8.0, 20 mM β-mercaptoethanol, 100 mM NaCl, 10

mM imidazole, 10% glycerol.

Elution bu�er 2: 50 mM Tris-HCl pH 8.0, 20 mM β-mercaptoethanol, 100 mM NaCl, 500

mM imidazole, 10% glycerol.

Dialysis bu�er: 50 mM Tris-HCl pH 7.4, 50 mM NaCl, 10% glycerol (v/v), 5 mM MgCl2.

A.1.6 SDS-PAGE and western blotting

2× Sample bu�er: 200 mM Tris-HCl (pH 8.8), 20% glycerol (v/v), 5 mM EDTA, 0.02%

bromophenol blue (w/v). To a 700 µL aliquot, 200 µL 20% SDS (w/v) and 100 µL 0.5 M

DTT is added before use.

Tris-Glycine SDS running bu�er: 25 mM Tris pH 8.3, 192 mM Glycine, 0.1% SDS

(w/v).

MES running bu�er: 20× stock bought from Invitrogen (50 mM Tris base, 50 mM MES

(2-(N-morpholino)ethanesulfonic acid), 1 mM EDTA, 0.1% SDS at pH 7.3).

Tris-Glycine transfer bu�er: 12 mM Tris-HCl pH 8.3, 96 mM Glycine.

Coomassie Brilliant Blue staining solution: Coomassie Brilliant Blue R250 (0.25%

w/v), methanol (45% v/v), MilliQ H2O (45% v/v), glacial acetic acid (10% v/v).

Coomassie destain solution: Methanol (45% v/v), MilliQ H2O (45% v/v), glacial acetic

acid (10% v/v).

A.2 PepTSo

PepTSo cysteine mutants were expressed and puri�ed by Simon Newstead and Nicolae Sol-

can (Department of Biochemistry, Oxford), as described previously [254]. Puri�ed samples

were reduced for one hour at room temperature (RT) in 10 mM TCEP in bu�er (20 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 0.03% DDM (w/v), 30% glycerol (v/v)). The solution

was diluted to a �nal volume of 1.5 mL and reductant was removed by size-exclusion chro-

matography (5 mL HiTrap Desalt, GE Healthcare; two columns were connected in tandem

for larger sample volumes) on an ÄKTA puri�cation system (GE Healthcare - all column

chromatography reported in this thesis was performed on an ÄKTA system unless stated
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otherwise). Spin label, (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)-methanethiosulfonate

(MTSL), was obtained from Toronto Research Chemicals. MTSL was dissolved in DMSO

(10 mg/mL) and added at a tenfold molar excess over each cysteine labelling site, and incu-

bated with the sample for three hours at RT. The sample was concentrated to 500 µL using

a vivaspin500 concentrator with a 50 kDa molecular weight cut-o� (Sartorius Stedium), and

run on a Superdex 200 10/30 gel �ltration column (GE Healthcare) pre-equilibrated with

reconstitution bu�er (50 mM KPi, 150 mM KCl, 0.3 % (w/v) n-decyl-β-D-maltoside (DM)

at pH 7); this was done to remove excess spin label, and to exchange the detergent DDM

for DM as the latter has a ~10-fold higher CMC and is thus easier to remove for lipid re-

constitution. Samples were reconstituted by Nicolae Solcan into liposomes of acetone-ether

washed E. coli total lipid extract and POPC (Avanti Polar Lipids) at a 3:1 ratio (w/w) by

rapid dilution (see also [267]). Lipids were resuspended in liposome bu�er (50 mM Kpi at

pH 7), and added to the protein at a 1000:1 molar ratio, followed by rapid (150-fold) dilution

into liposome bu�er, to dilute the DM concentration below its CMC, and ultracentrifuga-

tion (130,000×g) to pellet proteoliposomes. Pellets were resuspended in storage bu�er to
~0.4 mg/mL, followed by �ve freeze-thaw cycles to scramble the protein orientation in the

membrane [500]. To have the desired internal and external bu�er for transport assays and

DEER experiments, samples were extruded, as that breaks open the liposomes, allowing for

replacement of the internal bu�er. To this end proteoliposomes were pelleted (50,000 rpm,

TLA 100.2 rotor, Beckman Coultier, 30 min at 4 °C), resuspended in the desired internal

bu�er, and extruded through 400 nm polycarbonate �lters (Avanti Polar Lipids) 11 passes

using a mini-extruder (Avanti Polar Lipids). Proteoliposomes were then again pelleted (as

before but at 15 °C to prevent membrane fusion) and resuspended in 15 µL of the desired

external bu�er.

Transport was either initiated in a electrochemically (∆Ψ) driven manner, or substrate-

gradient-driven manner (counter�ow). For the ∆Ψ-driven experiment, liposomes were cre-

ated with a high concentration of K+ ions in the internal bu�er (120 mM) and resuspended

in external bu�er without K+ (but otherwise balanced in charge, by 120 mM Na+) con-

taining the K+-ionophore valinomycin (10 µM). Valinomycin-mediated K+ e�ux from the

liposomal lumen creates an electrical potential, ∆Ψ, across the membrane (positive out,

negative in), as described by Viitanen et al. [503]

∆Ψ(mV) = −59 log
([
K+
]
in
/
[
K+
]
out

)
(A.1)

where [K+]in and [K+]out are the concentrations of K+ ions inside and outside of the li-

posomes. The excess of positive charge outside the liposomes leads to protonation of the

transporter, facilitating transport of di-alanine (di-Ala, 3H-labelled for the transport assay,
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unlabelled in the DEER experiments). For transport assays, radio-ligand accumulated in-

side the liposome is quanti�ed by scintillation counting (Perkin Elmer, Wallac 1409 DSA

liquid scintillation counter).

In counter�ow conditions, internal and external bu�er have the same ion concentrations,

and instead 10 mM of di-Ala is added to the internal bu�er. This leads to transport of

the unlabelled diAla down its concentration gradient, and concomitant uptake of 3H-diAla

which is included at low concentrations (5 µM) in the external bu�er for activity assays,

until the di-Ala gradient is equilibrated, after which accumulated radio-ligand is quanti�ed.

This latter transport mechanism is uncoupled from proton transport. Internal and external

bu�ers for both experimental set-ups are given in Table A.1.

Table A.1: PepTSo bu�er conditions for transport. Internal and external liposome bu�er
was adjusted to initiate substrate (diAla) transport in a electrochemically driven manner (∆Ψ) or by
a substrate gradient (counter�ow) as discussed in the text. All bu�ers were adjusted to pH 6.5. The
amount of peptide added to the external bu�er (tritium labelled for transport assays, unlabelled in
the DEER experiments) is also given.

Bu�er
Experimental set-up

∆Ψ-driven Counter�ow

Internal 20 mM KPi, 100 mM Kac, 2
mM MgSO4

20 mM KPi, 2 mM MgSO4,
10 mM (cold) diAla

External 120 mM NaPIPES, 2 mM
MgSO4, 10 µM valinomycin

20 mM KPi, 2 mM MgSO4

(3H-)diAla 15 µM 5 µM

Thus, DEER samples were prepared in 4 conditions: with electrochemical gradient and

substrate (∆Ψ+diAla), with electrochemical gradient, without substrate (∆Ψ apo), without

gradient with substrate (counter�ow, CF+diAla), and without gradient without substrate

(CF apo). A �fth condition was tested for one mutant, where the same bu�ers as for the ∆Ψ

samples were used, but without valinomycin, to control for any bu�er e�ects (∆Ψ control).

As transport assays show that transport of added substrate completes within ~5-15 min, 10

µL of the external bu�er was added shortly before transfer into high-precision 3 mm quartz

tubes (Wilmad-LabGlass) to initiate transport. Samples were then quickly �ash-frozen in

liquid nitrogen to trap the protein in a transporting state, and to avoid water crystallisation.

A.3 TEV protease

Starter cultures (7.5 mL LB, 50 µg/mL kanamycin) were inoculated with a single culture

of TEV plasmid-transformed BL21(DE3) each, and incubated overnight at 37 ◦C and 200

rpm. In 2 L conical �asks, aliquots of 500 mL 2×YT medium supplemented with 50 µg/mL
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kanamycin were inoculated with 5 mL of starter culture each, and incubated at 37 ◦C at

120 rpm, usually growing 10 L of culture at a time. When the culture reached an OD600

of 0.25 the temperature was lowered to 20 ◦C. Expression was induced at an OD600 of 0.6

by addition of IPTG to a �nal concentration of 0.4 mM, and cells were grown overnight.

Cells were harvested by centrifugation (7,000×g, 4 ◦C, 15 min) and stored at -80 ◦C or used

directly. Cell pellet (~40-60 g) was resuspended in a minimal volume (~1:1) of TEV sample

bu�er supplemented with protease inhibitors. Cells were incubated on ice with DNase I (~1

mg) and lysozyme (1 mg/mL) for 20 min and then lysed using a French press (3 rounds at

1,000 psi). Cell debris was separated from lysate by centrifugation (70,000×g, 50 min, 4
◦C). Supernatant was �ltered through a 0.2 µm syringe �lter and imidazole was added to a

�nal concentration of 30 mM, before loading the sample onto a 5 mL HisTrap HP column

(GE Healthcare), pre-equilibrated with sample bu�er supplemented with 30 mM imidazole.

The sample was washed with ~50 CV of 30 mM imidazole sample bu�er and then eluted

with an imidazole step gradient of 100 mM for 4 CV, 150 mM for 4 CV, 200 mM for 2 CV,

and 350 mM for 6-8 CV. Fractions were analysed by SDS-PAGE and the cleanest fractions

were pooled and concentrated using a centrifugal concentrator (vivaspin20, 10,000 MWCO,

Sartorius Stedium Biotech) and diluted in sample bu�er with 50% glycerol (v/v) to dilute

the imidazole concentration below 100 mM. Final TEV concentration was determined by

A280 (ε280 = 32, 290 M−1cm−1).

A.4 Membrane sca�old protein (MSP)

The membrane sca�old protein (MSP) construct MSP1D1 was altered to include a cysteine

at the N-terminus after the TEV protease recognition site for labelling purposes, yielding

the construct CysMSP.1 The cysteine was introduced by QuickChange site-directed muta-

genesis as described in section A.5.1 using primers listed in Table A.2 (all primers used in

this thesis were purchased from Sigma-Aldrich). MSP was expressed and puri�ed as previ-

ously described in [139] with minor modi�cations. Brie�y, starter cultures (7.5 mL LB, 50

µg/mL kanamycin) were inoculated with a single culture of CysMSP plasmid-transformed

BL21(DE3) each, and incubated overnight at 37 ◦C and 200 rpm. In 2 L conical �asks,

aliquots of 500 mL TB medium supplemented with 50 µg/mL kanamycin were inoculated

with 5 mL of starter culture each, and incubated at 37 ◦C at 200 rpm, usually growing

10 L of culture at a time. When the culture reached an OD600 of 1.4-1.6 expression was

induced by addition of IPTG to a �nal concentration of 1 mM. Cells were harvested 3 h

1The primers were designed by myself, but the PCR was carried out by Alan Goddard (Department
of Biochemistry, University of Oxford, now University of Lincoln) and Adriana Cherskov (Department of
Biochemistry, University of Oxford, visiting student from Princeton University).
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Table A.2: Primers for Cys mutation to MSP1D1. A cysteine was introduced at the N-
terminus after the TEV protease recognition site for labelling purposes, to avoid labelling the nu-
merous lyseines which are likely important for function.

Primers

For: 5' G TAT TTT CAG GGT TCT ACC TGC TTC AGT AAA CTT CGC GAA C 3'
Rev: 5' G TTC GCG AAG TTT ACT GAA GCA GGT AGA ACC CTG AAA ATA C 3'

post-induction by centrifugation (7,000×g, 4 ◦C, 15 min) and stored at -80 ◦C. Thawed cell

pellet (~40-60 g) was resuspended in 100 mL of 20 mM phosphate bu�er pH 7.4, supple-

mented with protease inhibitors and ~1 mg of DNase I. Triton X-100 (Sigma-Aldrich) was

added to a �nal concentration of 1% (v/v), and the cells were lysed by sonication (3×1
min) with a probe sonicator. Cell debris was separated from the lysate by centrifugation

(30,000×g, 30 min). Imidazole was added to the supernatant (20 mM), and the lysate was

loaded on an 5 mL HisTrap HP column (GE Healthcare), equilibrated with 40 mM phos-

phate bu�er pH 7.4. The column was washed with 50-70 CV of each of the washing bu�ers:

(1) 40mM Tris-HCl pH 8, 0.3 M NaCl, 1 % Triton-X (v/v); (2) 40mM Tris-HCl pH 8, 0.3

M NaCl, 50 mM sodium cholate, 20 mM imidazole; and (3) 40mM Tris-HCl pH 8, 0.3 M

NaCl, 50 mM imidazole. MSP was then eluted with 400 mM imidazole. Cleanest fractions

(as determined by SDS-PAGE) were pooled and concentrated in centrifugal concentrators

(vivaspin20, 10,000 MWCO), and diluted in and/or dialysed against 20 mM Tris-HCl pH

7.4, 0.1 M NaCl, 0.5 mM EDTA at 4 ◦C. Final MSP concentration was determined by A280

(ε280 =21,430 M−1cm−1).

If required, the N-terminal His6-tag was cleaved o� by overnight incubation with TEV

protease at a 10:1 (MSP:TEV) molar ratio in the presence of 5 mM DTT. Cleaved MSP

was separated from TEV protease, any uncleaved MSP and cleavage products by IMAC.

MSP was dialysed or diluted so that the imidazole concentration was below 20 mM. The

sample was passed over a 1 mL HisTrap HP column (GE Healthcare), and �ow-through was

collected, followed by a 20 mM imidazole wash to remove non-speci�cally bound cleaved

MSP. Fractions of �ow-through and wash were inspected by SDS-PAGE, pooled and re-

concentrated it if needed in a centrifugal concentrator. Final cleaved MSP concentration

was determined by A280 (ε280 =18,450 M−1cm−1).

For MST experiments with �uorescent nanodiscs, the cleaved MSP was labelled with Alexa

Fluor 647 (A647, Life Technologies). The concentrated sample was reduced with 10 mM

DTT for 1 h at room temperature, after which the reductant was removed by gel �ltration

using two 5 mL HiTrap Desalt columns (GE Healthcare) connected in tandem, equilibrated
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with MSP dialysis bu�er. The freshly reduced sample was then incubated with a small ex-

cess (1.7:1 mol:mol) of A647 for 3 h at room temperature. The pH was controlled to ensure

pH <7.5 to favour Cys labelling over Lys labelling. Excess dye was then removed by gel

�ltration on a 10/30 Superdex 75 column (GE Healthcare), equilibrated with MSP dialysis

bu�er. Labelling e�ciency was determined by comparing the absorption at 280 nm with

that of the �uorophore maximum, correcting for the contribution of the �uorophore at 280

nm:

Elabelling =
[Label]

[Protein]
=

AFluor/εFluor
(A280 − CF ×Afluor) /εProtein

(A.2)

where AFluor and A280 are the maximum absorption of the �uorophore and the absorption

at 280 nm, respectively, εFluor the extinction coe�cient of the �uorophore at its maximum,

and εProtein that of the protein at 280 nm. CF is a correction factor to account for the

contribution of the �uorophore at 280 nm which is determined from the excitation spectrum

of the free �uorophore in solution as the percentage absorption at 280 nm compared to its

maximum absorption.

A.5 Neurotensin receptor 1

A.5.1 Site-directed mutagenesis

For site-directed labelling of cysteines with �uorophores or spin labels, a Cys-depleted back-

ground mutant (∆Cys-NTS1B) was used, in which native accessible cysteines are mutated

to alanine or serine. The existing NTS1B construct naturally contains two cysteines in the

TrxA stretch and nine cysteines in the NTS1 stretch, of which seven are putatively ex-

posed (i.e. not buried in the transmembrane region). The exposed TrxA cysteines (C32 and

C35 in native TrxA) and �ve of the exposed NTS1 cysteines (C1723.55, C278IC3, C3326.59,

C386C-term, and C388C-term in NTS1) were mutated to serines, and one alanine for C388.

The two remaining "exposed" NTS1 cysteines (C1423.25 and C225EC2) were not mutated, as

they are likely to form a disul�de bridge that is conserved in family A GPCRs, and mutating

either cysteine results in an inactive complex.2 However, when treated with reductant the

receptor remains active (i.e. ligand-binding), suggesting that these disul�de bridge cysteines

are inaccessible for spin labelling. Similar results were obtained in a �uorescence labelling

study of the β2-adrenergic receptor, where the corresponding disul�de bond cysteines were

also left unmutated [409]. New cysteine mutations at selected sites were introduced in this

background mutant, for site-directed labelling (see Tables A.4 and A.5).

In addition to Cys mutants, a new NTS1 construct based on NTS1B, NTS1BH6, was made

2Unpublished results, H. Attrill.
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Table A.3: ∆Cys mutants of NTS1B. Native accessible cysteines are replaced by serines and
one alanine. The C388A mutation was made after the C386S mutation, and thus includes this
mutation in the primer sequence. Ligand-binding activity of the individual mutants was previously
shown to be similar to WT (unpublished results).

Residue Primers

C172S For: 5' GTG GAG CGC TAC TTG GCC ATC AGC CAT CCC TTC AAG GCC AAG ACC 3'

Rev: 5' GGT CTT GGC CTT GAA GGG ATG GCT GAT GGC CAA GTA GCG CTC CAC 3'

C278S For: 5' GAG CAG GGC CGA GTG AGC ACC GTG GGC ACA CAC 3'

Rev: 5' GTG TGT GCC CAC GGT GCT CAC TCG GCC CTG CTC 3'

C332S For: 5' CGA CGC CTG ATG TTC AGC TAT ATC TCG GAT GAA 3'

Rev: 5' G TTC ATC CGA GAT ATA GCT GAA CAT CAG GCG TCG 3'

C386S For: 5' CTG TCC ACG CTG GCC AGC CTT TGT CCT GGG TGG 3'

Rev: 5' CCA CCC AGG ACA AAG GCT GGC CAG CGT GGA CAG 3'

C388A For: 5' ACG CTG GCC AGC CTT GCG CCT GGG TGG CGC CAC 3'

Rev: 5' GCG GCG CCA CCC AGG CGC AAG GCT GGC CAG CGT 3'

C32STrx & For: 5' TTC TGG GCA GAG TGG AGC GGT CCG AGC AAA ATG ATC GCC CCG 3'

C35STrx Rev: 5' CGG GGC GAT CAT TTT GCT CGG ACC GCTCT CCA CTC TGC CCA GAA 3'

that has an additional His6-tag at the C-terminus of NTS1 between the TEV recognition

sites. This construct was created to allow IMAC on cleaved NTS1B (i.e. NTS1), and specif-

ically, the use of a 1 mL nickel column to combine and concentrate several batches of NT

column eluate (see section A.5.2.3). The primers used to do this (designed by Alan Goddard)

are shown in Table A.6. This mutation was also introduced in the ∆Cys-NTS1B mutant,

and cysteine mutants thereof. These NTS1BH6 mutants were all exclusively used when

cleaved NTS1 was the desired end-product. All work with the full-length fusion construct

was performed using the original NTS1B construct.

Site-directed mutagenesis was performed based on the QuickChange II protocol (Strata-

gene). 2.5 U of PfuUltra HF DNA polymerase (2.5 U/µL) was added to the PCR reaction

mixture (Table A.7). The temperature was cycled according to Table A.8. The annealing

temperature and number of cycles were varied if required. Parental DNA was digested for

1 hour at 37 ◦C by addition of 10 U DpnI restriction enzyme (10 U/µL, Life Technologies).

All mutations were veri�ed by gene sequencing (SourceBioscience).

A.5.2 Expression and puri�cation

A.5.2.1 Transforming E. coli

A 50 µL aliquot of DH5α (for site-directed mutagenesis) or BL21(DE3) (for expression)

competent cells (Novagen), was incubated on ice with ~250 ng of plasmid DNA stock for

30 min. Cells were heat shocked (90 s at 42 ◦C) and placed on ice for 2 minutes. 500 µL



Materials and methods 174

Table A.4: Cysteine mutants of NTS1. Residues on the helix/loop interfaces were chosen
based on alignment with successful labelling sites in previous SDSL studies of rhodopsin. Cysteines
were introduced at the chosen sites by site-directed mutagenesis using the primers listed here.

Residue Primers

TM1 A90 For: 5' GCC TTC ACT CTA TGC CGG AAG AAG TCA CTG C 3'
Rev: 5' G CAG TGA CTT CTT CCG GCA TAG AGT GAA GGC 3'

TM2 Y104 For: 5' CAG AGC ACT GTG CAT TGC CAC CTG GGC AGC CTG 3'
Rev: 5' CAG GCT GCC CAG GTG GCA ATG CAC AGT GCT CTG 3'

TM3 L169 For: 5' AGT GTG GAG CGC TAC TGC GCC ATC AGC CAT CCC 3'
Rev: 5' GGG ATG GCT GAT GGC GCA GTA GCG CTC CAC ACT 3'

C172 For: 5' CGC TAC TTG GCC ATC TGC CAT CCC TTC AAG GCC 3'
Rev: 5' GGC CTT GAA GGG ATG GCA GAT GGC CAA GTA GCG 3'

TM4 R183 For: 5' ACC CTC ATG TCC TGC AGC CGC ACC AAG 3'
Rev: 5' CTT GGT GCG GCT GCA GGA CAT GAG GGT 3'

T186 For: 5' TCC CGC AGC CGC TGC AAG AAA TTC ATC 3'
Rev: 5' GAT GAA TTT CTT GCA GCG GCT GCG GGA 3'

TM5 V259 For: 5' TCC ATC CTA AAC ACC TGC ATT GCC AAC AAA CTG 3'
Rev: 5' CAG TTT GTT GGC AAT GCA GGT GTT TAG GAT GGA 3'

A261 For: 5' CTA AAC ACC GTG ATT TGC AAC AAA CTG ACA GTC 3'
Rev: 5' GAC TGT CAG TTT GTT GCA AAT CAC GGT GTT TAG 3'

A272 For: 5' ATG GTG CAC CAG GCC TGC GAG CAG GGC CGA GTG 3'
Rev: 5' CAC TCG GCC CTG CTC GCA GGC CTG GTG CAC CAT 3'

TM6 E296 For: 5' TTC AAC ATG ACC ATC TGC CCG GGT CGT GTC CAG 3'
Rev 5' CTG GAC ACG ACC CGG GCA GAT GGT CAT GTT GAA 3'

G298 For: 5' ATG ACC ATC GAG CCG TGT CGT GTC CAG GCC CTG 3'
Rev: 5' CAG GGC CTG GAC ACG ACA CGG CTC GAT GGT CAT 3'

R304 For: 5' CGT GTC CAG GCC CTG TGC CAC GGA GTC CTC GTC 3'
Rev: 5' GAC GAG GAC TCC GTG GCA CAG GGC CTG GAC ACG 3'

V307 For: 5' GCC CTG CGC CAC GGA TGC CTC GTC TTA CGT GCT 3'
Rev: 5' AGC ACG TAA GAC GAG GCA TCC GTG GCG CAG GGC 3'

TM7 L371 For: 5' CCC ATC CTC TAC AAC TGC GTC TCC GCC AAC TTC 3'
Rev: 5' GAA GTT GGC GGA GAC GCA GTT GTA GAG GAT GGG 3'

H8 Q378 For: 5' TCC GCC AAC TTC CGC TGC GTC TTT CTG TCC ACG 3'
Rev: 5' CGT GGA CAG AAA GAC GCA GCG GAA GTT GGC GGA 3'

of SOC medium was added and the cells were subsequently incubated at 37 ◦C for 1 h.

The culture was then plated onto LB agar plates supplemented with 100 µg/mL ampicillin

(Sigma-Aldrich), and 1% glucose (w/v) for the BL21 cells, and incubated overnight at 37
◦C.

A.5.2.2 Expression in E. coli

Starter cultures (7.5 mL LB, 1% (w/v) glucose, 100 µg/mL ampicillin) were inoculated

with a single culture of NTS1B(H6) plasmid-transformed BL21(DE3) each, and incubated
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Table A.5: Cysteine mutants helix 8 NTS1. Individual cysteine mutants were made for the
sequence predicted to form H8 in NTS1, for secondary structure analysis by SDSL CW-EPR.

Residue Primers

A374C For: 5' TAC AAC CTG GTC TCC TGC AAC TTC CGC CAG GTC 3'
Rev: 5' GAC CTG GCG GAA GTT GCA GGA GAC CAG GTT GTA 3'

N375C For: 5' AAC CTG GTC TCC GCC TGC TTC CGC CAG GTC TTT 3'
Rev: 5' AAA GAC CTG GCG GAA GCA GGC GGA GAC CAG GTT 3'

F376C For: 5' CTG GTC TCC GCC AAC TGC CGC CAG GTC TTT CTG 3'
Rev: 5' CAG AAA GAC CTG GCG GCA GTT GGC GGA GAC CAG 3'

R377C For: 5' GTC TCC GCC AAC TTC TGC CAG GTC TTT CTG TCC 3'
Rev: 5' GGA CAG AAA GAC CTG GCA GAA GTT GGC GGA GAC 3'

Q378C As in Table A.4

V379C For: 5' GCC AAC TTC CGC CAG TGC TTT CTG TCC ACG CTG 3'
Rev: 5' CAG CGT GGA CAG AAA GCA CTG GCG GAA GTT GGC 3'

F380C For: 5' AAC TTC CGC CAG GTC TGT CTG TCC ACG CTG GCC 3'
Rev: 5' GGC CAG CGT GGA CAG ACA GAC CTG GCG GAA GTT 3'

L381C For: 5' TTC CGC CAG GTC TTT TGC TCC ACG CTG GCC AGC 3'
Rev: 5' GCT GGC CAG CGT GGA GCA AAA GAC CTG GCG GAA 3'

S382C For: 5' CGC CAG GTC TTT CTG TGC ACG CTG GCC AGC CTT 3'
Rev: 5' AAG GCT GGC CAG CGT GCA CAG AAA GAC CTG GCG 3'

T383C For: 5' CAG GTC TTT CTG TCC TGC CTG GCC AGC CTT GCG 3'
Rev: 5' CGC AAG GCT GGC CAG GCA GGA CAG AAA GAC CTG 3'

L384C For: 5' GTC TTT CTG TCC ACG TGC GCC AGC CTT GCG CTT 3'
Rev: 5' AAG CGC AAG GCT GGC GCA CGT GGA CAG AAA GAC 3'

A385C For: 5' TTT CTG TCC ACG CTG TGC AGC CTT GCG CCT GGG 3'
Rev: 5' CCC AGG CGC AAG GCT GCA CAG CGT GGA CAG AAA 3'

S(C)386C For: 5' CTG TCC ACG CTG GCC TGC CTT GCG CCT GGG TGG 3'
Rev: 5' CCA CCC AGG CGC AAG GCA GGC CAG CGT GGA CAG 3'

L387C For: 5' TCC ACG CTG GCC AGC TGT GCG CCT GGG TGG CGC 3'
Rev: 5' GCG CCA CCC AGG CGC ACA GCT GGC CAG CGT GGA 3'

A(C)388C For: 5' ACG CTG GCC AGC CTT TGC CCT GGG TGG CGC CAC 3'
Rev: 5' GTG GCG CCA CCC AGG GCA AAG GCT GGC CAG CGT 3'

P389C For: 5' CTG GCC AGC CTT GCG TGT GGG TGG CGC CAC CGC 3'
Rev: 5' GCG GTG GCG CCA CCC ACA CGC AAG GCT GGC CAG 3'

G390C For: 5' GCC AGC CTT GCG CCT TGC TGG CGC CAC CGC CGA 3'
Rev: 5' TCG GCG GTG GCG CCA GCA AGG CGC AAG GCT GGC 3'

W391C For: 5' AGC CTT GCG CCT GGG TGC CGC CAC CGC CGA AAG 3'
Rev: 5' CTT TCG GCG GTG GCG GCA CCC AGG CGC AAG GCT 3'

R392C For: 5' CTT GCG CCT GGG TGG TGC CAC CGC CGA AAG AAG 3'
Rev: 5' CTT CTT TCG GCG GTG GCA CCA CCC AGG CGC AAG 3'

H393C For: 5' GCG CCT GGG TGG CGC TGC CGC CGA AAG AAG AGG 3'
Rev: 5' CCT CTT CTT TCG GCG GCA GCG CCA CCC AGG CGC 3'
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Table A.6: Primers for inserting His6-tag in NTS1B between TEV recognition sites.
An additional His6-tag was inserted into NTS1B at the C-terminus of NTS1 between the TEV
recognition sites. This construct was created to allow IMAC on cleaved NTS1B (i.e. NTS1).

Primers

For: 5' C ACC AGC GCC ACC CGG CAT CAT CAT CAT CAT CAT GAG AAC CTG TAC TTC C 3'
Rev: 5' G GAA GTA CAG GTT CTC ATG ATG ATG ATG ATG ATG CCG GGT GGC GCT GGT G 3'

Table A.7: PCR reaction mixture.

Volume Component

5 µL 10× PfuUltra Bu�er
0.5 µL template DNA (~5-50 ng)
x µL 125 ng of forward primer
x µL 125 ng of reverse primer
1 µL dNTP mix (10 mM each)
1 µL PfuUltra DNA polymerase (2.5 U/µL)

50− (7.5 + 2x) µL ddH2O (to bring �nal volume to 50 µL)

Table A.8: PCR temperature cycling scheme.

Segment Cycles Temperature Time

1 1 95 ◦C 60�

2 151 95 ◦C 30� melt

55 ◦C2 60� anneal

68 ◦C 10' extend

F 1 68 ◦C 10'

1 4 ◦C ∞
1 The number of cycles in segment 2 was increased to 18 if 15 cycles
appeared to be insu�cient.
2 The annealing temperature was varied between 50 to 63 ◦C if re-
quired.

overnight at 37 ◦C and 200 rpm. In 2 L conical �asks, aliquots of 500 mL 2×YT medium

supplemented with 0.2% glucose, and 100 µg/mL ampicillin were inoculated with 5 mL of

starter culture each, and incubated at 37 ◦C at 200 rpm, usually growing 10 L of culture at

a time. When the cultures reached an OD600 of 0.3 the temperature was decreased to 26 ◦C,

until the cultures reached an OD600 of 0.5, at which point expression was induced by addition

of IPTG (Sigma-Aldrich) to a �nal concentration of 0.25 mM. Cells were harvested by

centrifugation (7,000×g, 4 ◦C, 15 minutes) after overnight expression and either solubilised

directly or �ash-frozen in liquid nitrogen and stored at -80 ◦C.
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A.5.2.3 Puri�cation

All puri�cation steps were carried out at 4 ◦C unless stated otherwise. For receptor solu-

bilisation, cell pellet was resuspended in 2 mL 2× solubilisation bu�er (supplemented with

protease inhibitors as described in Appendix A.1) per gram of pellet using a hand-held

blender (Breville). Cells were incubated for 20 min with 1 mg DNase I and lysozyme (both

Sigma-Aldrich) at a �nal concentration of 1 mg/mL under gentle stirring. DDM, CHAPS

(both Melford) and CHS (Sigma-Aldrich) were added drop-wise to a �nal concentration of

1%, 0.5% and 0.1% (w/v), respectively. MilliQ H2O was added to give a �nal volume of 4

mL per gram of pellet, and the cells were left to stir for 6 h. Unsolubilised material was

pelleted by centrifugation (70,000×g, 4 ◦C, 60 min). The solubilised fraction (supernatant)

was �ltered through a 0.2 µm syringe �lter (Millipore) and imidazole (Merck) was added

to a �nal concentration of 50 mM, before loading the sample onto a freshly charged, 5 mL

HisTrap HP column (GE Healthcare), pre-equilibrated with NiA bu�er. The column was

washed with 35-40 CV of NiA bu�er and the protein was eluted by step gradient (67% for

NTS1B, 100% for NTS1BH6) with bu�er NiB, giving an e�ective imidazole concentration of

350 mM for NTS1B, or 500 mM for NTS1BH6. A280 was monitored and the peak fractions

were pooled, concentrated if needed using a centrifugal concentrator (vivaspin20, 100,000

MWCO, Sartorius Stedium Biotech), and diluted �ve-fold with NT0 bu�er. The recep-

tor was further puri�ed by ligand a�nity chromatography, using resin funtionalized with

neurotensin (NT): either (1) biotinylated NT immobilized on Tetralink tetrameric avidin

resin (Promega), or (2) N-terminally Cys-derived NT (Cys-NT) immobilized on Ultralink

iodoacetyl resin (Pierce, Thermo Scienti�c). Biotinylated NT had been synthesised in-house

using standard solid phase synthesis techniques, and Cys-NT (CELYENKPRRPYIL) was

purchased from Alta Bioscience; each was bound to the resin as directed by the manufac-

turer's instructions. For NT column puri�cation, the diluted IMAC eluate was incubated

with approximately 1-2 mL of resin for 2-3 h at 4 °C on a rotating wheel. NT resin was

washed with 50-70 CV of NT70 bu�er (70 mM NaCl), followed by an optional 50 CV wash

with NT150 bu�er (150 mM NaCl), after which the sample was eluted with NT1 bu�er (1 M

NaCl). Apart from a high level of purity, the ligand a�nity column ensures only active, i.e.

ligand-binding, receptor is retained. The NT column eluate was concentrated using a 1 mL

HisTrap Ni2+-column (GE Healthcare). The sample was loaded onto the column at 0.5-1

mL/min. Flow-through was collected and optionally re-applied to the column. The col-

umn was washed with NiA0 bu�er (30-100 CV, depending on whether reductant/unreacted

label needed to be removed), and eluted with an 80% step gradient of NiB- (400 mM imi-

dazole). The eluate thereof was either diluted 3-5× in NT0 bu�er (to lower the imidazole

concentration to <100 mM and the sodium chloride concentration to ~50 mM in the �nal
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sample to allow salt-sensitive ligand binding), or desalted using a 5 mL HiTrap Desalt col-

umn (GE Healthcare), or multiple columns in tandem for larger sample volumes (roughly

1.4 mL/column can be loaded), pre-equilibrated with SE bu�er to remove the imidazole

and lower the NaCl concentration to 50 mM. Alternatively, Zeba Spin Desalting Columns,

MWCO 7K (Pierce, Thermo Scienti�c) equilibrated with SE bu�er were used to bu�er ex-

change the sample.

If required, NTS1B fusion partners MBP and TrxA were removed by cleavage with TEV

protease: 5 mM DTT was added to the IMAC eluate before the NT column. Previously, a

1:1 NTS1B:TEV molar ratio was determined to be su�cient for full cleavage [312]. As the

receptor was not pure at this stage of the puri�cation, exact NTS1B concentrations were

hard to determine; thus, typically 80-150 nmol of TEV protease was added, which is well

in excess over typical NTS1B yields at that stage of the puri�cation. The sample was then

incubated 6-12 h at 4 °C on a rotating wheel, after which it was �ltered and incubated with

the NT resin as per usual to purify the receptor from remaining contaminants, cleaved fusion

partners and TEV.

The �nal receptor concentration was determined from A280 (ε280 138,660 and 56,840 M−1cm−1

for NTS1B and NTS1, respectively), gel electrophoresis against BSA standards, and/or BCA

(bicinchoninic acid) colorimetric protein assays against BSA standards (Pierce, Thermo Sci-

enti�c). The amount of functionally active (i.e. ligand-binding) receptor was initially mea-

sured using a saturation radio-ligand binding assay (see section A.5.6). Puri�ed samples

were �ash-frozen in liquid nitrogen and stored at -80 ◦C.

A.5.3 NTS1 labelling

Fluorescent labels used were Alexa Fluor dyes (Molecular Probes, Life Technologies), namely

Alexa Fluor 488 and Alexa Fluor 555 (A488 and A555 respectively), and Amersham CyDye

Fluors (GE Healthcare), namely Cy3 and Cy5. For spin labelling either MTSL ((2,2,5,5-

tetramethylpyrroline-1-oxyl-3-methyl)methanethiosulfonate, Toronto Research Chemicals)

or maleimido-PROXYL (3-Maleimido-2,2,5,5-tetramethyl-1-pyrrolidinyloxy, Sigma-Aldrich)

was used. Cysteine mutants of NTS1 were labelled with �uorophores or with spin labels

using one of two labelling protocols. Labelling was either (1) carried out after NT column

puri�cation after which the sample was concentrated and excess label was removed by IMAC

(1 mL HisTrap HP), or (2) after concentration of the NT column eluate by IMAC, after

which excess label was removed by size-exclusion chromatography. In the �rst scenario,

receptor was reduced with 5-10 mM DTT or TCEP during incubation with the NT resin.
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Reductant was removed by washing the resin as normal. The NT column eluate was then

labelled at room temperature for maximally 1 h.3 The sample was then bound to the 1 mL

nickel column (1 mL HisTrap HP), and washed extensively (70-100 CV) to remove excess

label, after which the labelled NTS1 was eluted. In the second scenario, 5-10 mM DTT was

added to the NT column eluate, which was then concentrated on a 1 mL nickel column as per

usual, washing extensively (70-100 CV) to remove reductant prior to labelling. The 1 mL

nickel eluate was then labelled at RT for maximally 1 h, after which free label was removed

by size-exclusion chromatography, using 1-3 5 mL HiTrap Desalt columns (GE Healthcare)

connected in tandem, depending on the size of the label to be separated and the volume

of the sample. Alternatively, Zeba Spin Desalting Columns, MWCO 7K or 40K (Pierce,

Thermo Scienti�c) were used to remove excess label.

The pH was controlled to ensure e�cient and speci�c labelling. For labelling with maleimides,

the pH was kept between 7-7.4 (to avoid labelling of lysines which is more favourable at pH

8). For labelling with MTSL (more favourable at pH ~8) the pH was kept at 7.4. As Tris

bu�er was used, the pH at RT (and thus during labelling) was higher than the pH at 4 ◦C

(during the rest of the puri�cation). Thus, bu�ers to be used in labelling procedures were

pH-adjusted at RT. For spin labelling, the sample was incubated with a 20× molar excess

of spin label (using A280 to determine protein concentration) for 1 h at RT. For �uorophore

labelling the sample was incubated with 2-20× molar excess of label for 5-60 min at RT. La-

bel excess and labelling time was optimised for each mutant using absorption spectroscopy

to gauge the labelling e�ciency (equation A.2).

A.5.4 Reconstitution into liposomes

Lipids were purchased from Avanti Polar Lipids, either in powder-form or dissolved in

chloroform. For powdered lipids, the appropriate amount of lipid was dissolved chloro-

form:methanol (50:50), or chloroform only to approximately 10-25 mg/mL in a round-bottom

�ask. The lipid solution was dried down to a lipid �lm either under nitrogen, or using a

rotary evaporator. The �lm was dried further overnight in a desiccator under vacuum and

stored at -20 ◦C until needed or used immediately. The lipid �lm was suspended in lipo-

some bu�er to give a �nal concentration of 5 mg/mL, and sonicated (3×1 min) using a

bath sonicator, followed by 10 freeze-thaw cycles using liquid nitrogen. The liposomes were

then extruded through a 100 nm polycarbonate �lter using a mini-extruder, for at least 11

passes to obtain a homogeneous distribution of liposomes of 100 nm in diameter. DDM

was added to the lipid suspension at a �nal concentration of 0.025 % (w/v) and the lipids

3Labelling protocol optimisation showed that NTS1 does not label e�ciently at 4 ◦C, but readily labels
at RT.
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were gently stirred for 1-3 h. The detergent-liposome mix was then added to the receptor

at the desired lipid-to-protein ratio, and incubated for 1 h at 4 ◦C. Bio-Beads (Bio-Rad),

washed with methanol, followed by MilliQ water, and equilibrated with liposome bu�er,

were then added at 0.3 g/mL (wet weight) and the sample was left to incubate overnight on

a rotating wheel at 4 ◦C. Bio-Beads were then removed, and proteoliposomes were harvested

by centrifugation (~100,000×g, 3 h, 4◦C). The supernatant was removed and the pelleted

proteoliposomes resuspended in liposome bu�er adjusting the volume to satisfy the concen-

tration requirements for the end-use of the sample. Proteoliposomes samples were either

used directly, or stored at -80 ◦C (or in liquid N2 for spin-labelled DEER samples).

A.5.5 Reconstitution into nanodiscs

A lipid �lm was prepared as described in section A.5.4, and MSP was produced and puri�ed

as described in section A.4. The lipid �lm was suspended in nanodisc lipid bu�er containing

100 mM sodium cholate to give a �nal concentration of 20-40 mM lipid, and sonicated (3×1
min) using a bath sonicator, followed by 5 freeze-thaw cycles in liquid nitrogen. Lipid was

added to NTS1, followed by MSP, and the sample was incubate for 1 h on a rotating wheel

at 4 ◦C. Bio-Beads were equilibrated in liposome bu�er and added to the sample (~1 g of

wet Bio-Beads for a preparation with 1-4 nmol of NTS1), which was incubated overnight on

a rotating wheel at 4 ◦C. After overnight incubation, the Bio-Beads were exchanged (0.5-1

g) and the sample was incubated for an additional 2 h, after which the sample was taken

o� the Bio-Beads and concentrated to 500 µL using a vivaspin6 concentrator with a 50

kDa molecular weight cut-o� (Sartorius Stedium) Aggregates were removed by centrifuga-

tion (10,000×g, 10 min, 4 ◦C) and the supernatant was �ltered (Nanosep MF low-volume

0.2 µm centrifugal �lter, PALL Corporation). Samples were run on a gel �ltration column

(10/30 Superdex 200 column, GE Healthcare) to separate nanodiscs from larger aggregates.

Fractions were analysed by SDS-PAGE and peak fractions were pooled. If required, NTS1

containing nanodiscs were separated from empty discs by IMAC (which required to use of

cleaved MSP, i.e. without the His-tag, described in section A.4): the pooled fractions were

loaded onto a 1 mL HisTrap HP column equilibrated with nanodisc GF bu�er, washed with

50 CV of GF bu�er supplemented with 2-4 mM imidazole, after which NTS1 containing

nanodiscs were eluted in GF bu�er with 500 mM imidazole. Peak fractions were pooled,

and dialysed against a total of 5 L of GF bu�er overnight at 4 ◦C.

The ratios in which the components (lipid, NTS1, MSP) are added during nanodisc for-

mation are vital to its e�ciency. These ratios have to be determined empirically for each

target protein and each lipid composition, adhering to guidelines determined by Sligar and
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co-workers [139] as detailed in Table A.9 (also shown in Chapter 6). The lipid-to-MSP ratio

and the MSP-to-NTS1 ratios for the di�erent lipid mixes used in this work are also given in

Table 6.1.

Table A.9: Experimental conditions for nanodisc formation. Optimal conditions as deter-
mined by Sligar and co-workers are stated next to the conditions used in this thesis for nanodisc
formation using three di�erent lipid mixes, namely POPC:POPC (1:1, mol:mol), POPC:POPG:BPL
(1.5:1:1.07), and BPL alone. Optimal MSP-to-lipid and target protein-to-MSP ratios have to be em-
pirically determined for each individual lipid-protein combination.

Reagent Optimal
conditions

POPC:POPG
(1:1)

POPC:POPG:BPL
(1.5:1:1.07)

BPL

[NTS1] (µM) ~1 1.5-2.1 1.7-2.0 1.7-2.0
[MSP] (µM) ~120-140 120 90-120 120
[Glycerol] (%) <4 1.9-2.6 3 2.2-2.8
[Cholate] (mM) 12-40 18-19 15-27 19-27
[Lipid] (mM) 4-18 7.3-7.5 6.0-7.8 7.8-8.3
MSP:Lipid Empirical 1:60 (loaded)

1:65 (empty)
1:65 (loaded)
1:70 (empty)

1:65 (loaded)
1:70 (empty)

NTS1:MSP Empirical 1:50-80 1:50-80 1:60-80

A.5.6 Radio-ligand biding assay

A 3H-neurotensin radio-ligand binding assay was used to quantify amounts of active (i.e.

ligand-binding) receptor. Reaction samples were prepared in triplicate by mixing bu�er, un-

labelled NT, 3H-NT(New England Nuclear), and receptor as summarised in Table A.10, in

that order on ice. Samples were diluted in assay bu�er and incubated with 9 nM 3H-NT pep-

tide (speci�c activity of 3.33 TBq/mmol, PerkinElmer) for 1 hour at 4 ◦C (see Table A.10).

Non-speci�c binding was assayed by competition with excess (4 µM) unlabelled peptide.

Receptor-bound ligand was separated from unbound ligand by gel �ltration using P30 spin

columns (Bio-Rad). Scintillation vials were �lled with 5 mL scintillation �uid (ScinitSafe

3 Liquid Scintillation Cocktail, Fischer Scienti�c), to which the gel �ltration eluate was

added, and the samples were mixed by vortexing. The number of counts for each sample

was measured on a scintillation counter (Perkin Elmer, Wallac 1409 DSA Liquid Scintillation

Counter), and used to calculate the amount of bound ligand, and thus the amount of active

receptor, in the sample [313]. Speci�c binding was determined by subtracting non-speci�c

cpm from total cpm.
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Table A.10: Reaction mixture radio-ligand activity assay for NTS1 in detergent.
Reaction samples were prepared in triplicate by mixing activity assay bu�er, unlabelled NT,
3H-NT and receptor in that order on ice.

3H-NT (µL)1 Assay bu�er (µL)2 NTS1 (µL)3 NT (µL)4

Total 5 30 25 �
Non-speci�c 5 28 25 2

1 100× dilution of 3H-NT stock, in assay bu�er vortexed thoroughly ensure homogeneous distribution.
2 50 mM Tris-HCl pH 7.4, 0.1% DDM, 0.01% CHS (w/v), 1 mM EDTA, 0.1 mg/mL BSA.
3 Dilute sample to nanomolar concentrations such that cpm~1000-5000.
4 Unlabelled NT stock added is 120 µM, giving a �nal concentration of 4 µM.

A.6 Gαi1

The construct for Gαi1 was kindly donated by Renaud Wagner (University of Strasbourg,

France). Gαi1 was expressed and puri�ed as described in [504]), with minor modi�cations.

Starter cultures (7.5 mL LB, 100 µg/mL ampicillin) were inoculated with a single culture

of Gαi1 plasmid-transformed BL21(DE3) each, and incubated overnight at 37 ◦C and 200

rpm. In 2 L conical �asks, aliquots of 500 mL enriched medium (see Appendix A.1) supple-

mented with 100 µg/mL ampicillin were inoculated with 5 mL of starter culture each, and

incubated at 30 ◦C at 200 rpm, usually growing 10 L of culture at a time. When the culture

reached an OD600 of 0.5-0.7, expression was induced by addition of IPTG to a �nal concen-

tration of 0.1 mM, and cells were grown overnight. Cells were harvested by centrifugation

(7,000×g, 4 ◦C, 15 min) and stored at -80 ◦C or used directly. Cell pellet (~40-60 g) was

resuspended in a minimal volume (~1:1) of equilibration bu�er (20 mM Tris-HCl pH 8, 20

mM β-mercaptoethanol) supplemented with protease inhibitors. Lysozyme was added to 1

mg/mL, and cells were incubated on ice for 30 min, after which MgSO4 (5 mM) and DNase

I (~1 mg) were added, and cells were lysed either using a French press (3 rounds at 1,000

psi), or by sonication with a probe sonicator (4-7×1 min). Cell debris was separated from

lysate by centrifugation (70,000×g, 30 min, 4 ◦C). Supernatant was �ltered through a 0.2

µm syringe �lter, before loading the sample onto a freshly charged, 5 mL HisTrap column

(GE Healthcare), pre-equilibrated with equilibration bu�er. The sample was washed with
~70 CV of wash bu�er (10 mM imidazole, 0.5 M NaCl) and then eluted with an imidazole

gradient of 10-150 mM (over ~8 CV), followed by ~4 CV of 150 mM imidazole, and ~8 CV

of 500 mM imidazole elution bu�er to ensure all protein was eluted. Fractions were analysed

by SDS-PAGE and the cleanest fractions were pooled, concentrated using a centrifugal con-

centrator (vivaspin20, 10,000 MWCO), and dialysed overnight against 2 L of dialysis bu�er

(50 mM Tris-HCl pH 7.4, 10% glycerol (v/v), 50 mM NaCl, 5 mM MgCl2) at 4 ◦C. The

sample was further dialysed for 4 h against 2 L of dialysis bu�er, followed by another 1 L
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for 3 h, after which the sample was recovered and the �nal concentration was determined

by A280 (ε280 =35,780 M−1cm−1).

G protein activity was tested by saturation-binding experiments to guanosine 5'-O-(3-

thiotriphosphate) BODIPY thioester (BODIPY-GTPγS, Molecular Probes, Life Technolo-

gies); the a�nity (Kd) was determined by incubating serial dilutions (in triplicate) of Gαi1

(0.3 nM to 10 µM �nal concentrations) with 25 nM BODIPY-GTPγS for 1 h, and recording

the endpoint �uorescence polarisation at 520 nM using a Pherastar �uorescence plate-reader

(BMG). Non-speci�c binding was tested by repeating the experiment in the presence of 1

mM unlabelled GTPγS. Data was �tted in OriginPro 8.5 (OriginLab) using a one-site (total

minus non-speci�c) binding model, accounting for ligand depletion.

A.7 SDS-PAGE and western blotting

Proteins were separated using a X-cell Surelock minicell and pre-cast Tris-Glycine (12%, or

4-12%), or NuPAGE Bis-Tris (12%, or 4-12%) gels (Invitrogen), using either Tris-Glycine

running bu�er (150 V, 60 min) or MES running bu�er (200 V, 35 min). Protein samples

were mixed 1:1 with 2× sample bu�er, and denatured at ~100 ◦C for 3-5 minutes. For

Coomassie staining, gels were incubated for 1 h Coomassie Brilliant Blue staining solution,

and destained overnight with destaining solution. For silver staining, gels were stained using

Silver Stain Plus (Bio-Rad). For western blotting, proteins were separated on an SDS-PAGE

gel and transferred to a nitrocellulose or PVDF membrane (GE Healthcare) by semi-dry

transfer (Trans-Blot, Bio-Rad) for 1-2 h at 100 mA. NTS1B was detected using a mouse

anti-His or anti-MBP antibody (Sigma-Aldrich) using WesternBreeze Chromogenic Western

Blot Immunodetection (Invitrogen). NTS1 was detected using a polyclonal goat anti-NTS1

antibody and a mouse anti-goat secondary antibody (NTR-20, Santa Cruz Biotechnology).

A.8 EPR

A.8.1 CW-EPR

For CW-EPR experiments, approximately 10-40 µL of spin-labelled NTS1(B) was loaded

into a ~0.5 mm glass capillary (Blaubrand intraMARK disposable glass micropipettes,

BRAND, or Sigma-Aldrich capillaries) �ame-sealed at one end. Spectra were recorded on an

X-band CW spectrometer (Bruker EMX, controlled by Bruker Xenon software) at ~9.2-9.8

GHz, using a X-band Super High Sensitivity Probehead (Bruker). The temperature was

controlled (277 or 170 K) using a nitrogen cryostat coupled to a variable temperature unit

(Oxford Instruments). Spectra were typically collected with a sweep width of 200 G (centre

�eld set to coincide with the central peak), at 45-70 s per scan, and the time constant was
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adjusted to ~1/10 of the conversion time to maximize the signal-to-noise ratio. The mod-

ulation amplitude was set at 2 or 3-4 G for spectra recorded at 277 or 170 K, respectively.

Receiver gain was set at 40-60 dB, and microwave power was adjusted to avoid saturation

(10-20 mW at 277 K, and 0.1-2 mW at 170 K). Between 5-125 scans were collected and

averaged.

A.8.2 DEER

Approximately 30 µL of spin-labelled sample was loaded into a high-precision 3 mm quartz

tube (Wilmad-LabGlass). Pulsed EPR experiments (T2-measurements, �eld-swept absorp-

tion spectra, and DEER) were performed on an X-band pulsed spectrometer (Bruker Elexys

680) at 30-70 K using a helium cryostat controlled by a variable temperature unit (Oxford

Instruments), and a 3 mm split-ring resonator (ER-4118X-MS3, Bruker).

T2-measurements were performed by a two-pulse echo experiment (π/2 � T0 + τ � π�

T0+τ � Echo, where T0 = 200 ns, π = 32 ns and π/2 = 16 ns) detecting the echo amplitude

as a function of the interpulse delay τ (varied by 8 ns steps). Exponential �t of the decay

gave the T2 relaxation time.

Field-swept absorption spectra (used for short distance determination by second moment

analysis) were recorded by applying a Hahn echo sequence (π/2 � τ � π � τ � Echo,

where τ = 200 ns, π = 32 ns and π/2 = 16 ns), and detecting the echo amplitude at varying

magnetic �eld position (sweep width 150 G).

DEER experiments were performed using 4-pulse (4p) and 3-pulse (3p) DEER sequences

(see Figure 1.19). The start time t0 for the pump pulse was to 0 (for 3p) or 80 ns (for 4p)

after the �rst π observer pulse and incremented by 8 ns. The �rst π/2 pulse was phase-cycled

(+x/-x, 8 steps) to eliminate receiver o�sets. At X-band, for both the 3p and 4p the probe

π and π/2 pulses were set to 32 ns, and the pump π pulse was set to 12-24 ns, so as to

obtain complete echo inversion at maximum power (minimum ELDOR attenuation) while

minimizing any proton modulation induced by pulse overlap not averaged out by varying τ1

pulse delays. The probe frequency was set to coincide with the maximum of the nitroxide

spectrum, and the pump frequency was set 65 MHz up�eld.

For Q-band (~33.4 GHz) DEER, samples were transferred to high-precision 1.6 mm quartz

tubes (Wilmad-LabGlass), and measured on an ELEXYS E580 equipped with a SuperQ-FT

bridge (Bruker)4, at 50 K using a helium cryostat controlled by a variable temperature unit

(Oxford Instruments), and a 2 mm split-ring resonator (EN-5107D2, Bruker). The same

pulse sequences were applied as at X-band, except probe pulses were set at 30 and 60 ns

(π/2 and π, respectively), positioning the pump pulse at the nitroxide maximum, and the

4Courtesy of Mark Newton, University of Warwick.
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probe pulse ~55 MHz down�eld. The exact frequency di�erence between the probe and

pump pulse was calculated for each sample from the positions of the spectral maximum

and high�eld local maximum as determined from the �eld-swept absorption spectra. Pump

pulse length was set to 58-64 ns so as to obtain complete echo inversion at maximum power

(minimum ELDOR attenuation).

The τ1 pulse delay was set to 200 ns for all experiments, while the τ2 pulse delay (or τ ′ in

the 3p pulse scheme, Figure 1.19) was adjusted per sample, depending on its (T2) relaxation

rate, �nding a compromise between high signal-to-noise ratio and maximum dipolar evolu-

tion time tmax (and thus maximum observable distance). Typically, a shorter 4-pulse DEER

trace (tmax = 800−1600 ns) and a longer 3-pulse DEER trace (tmax = 1600−3500 ns) were
recorded. The shot-repetition time was set between 1-2 ms to minimize saturation.

Raw data was phased using DeerAnalysis 2013 software [202], to correct for any experi-

mental data acquired in the imaginary channel. Distorted data points were removed from

the end of the 4p and the beginning of the 3p trace, and each trace was background-corrected

simultaneously assuming a homogeneous, spatially con�ned background,

B(t) = exp−ktd/3 (A.3)

where k is inversely related to the spin concentration, and d is the background dimension

(typically set between 2-2.5 for liposomal samples). k is varied so that the di�erences between

the background decay of the two traces is minimized, to obtain the best �t between the 3p

and 4p data, by least-squares �tting using MATLAB 2013 (MathWorks) as per the DEER-

Stitch method by Lovett et al. [197]. Distance distributions were derived from stitched data

using DeerAnalysis 2013.

A.9 Ensemble FRET

Cysteine mutants of NTS1 were �uorescently labelled with Alexa Fluor dyes as described in

Appendix A.5.3. Alexa Fluor 488 was used as the donor �uorophore and Alexa Fluor 555

as the acceptor. Donor and acceptor were reconstituted together at a 1:1 ratio for FRET

samples, as well as separately for donor-only, and acceptor-only control samples. Receptor

was reconstituted in brain polar lipid at 6,000:1 lipid-to-protein ratio (mol:mol) for the

mixed FRET sample, or at 12,000:1 for the control samples, to keep the total amount of

lipid in each sample constant to keep light scattering at the same level. Per sample 0.15-0.2

nmol of donor and/or acceptor (each) was used, and the �nal sample was resuspended in

110-200 µL of liposome bu�er giving a maximal �nal concentration of ~1 µM. Samples were

prepared in triplicate where possible, for at least two individual preparations per mutant.
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A background sample consisting of empty liposomes was also prepared and measured to be

able to subtract any background �uorescence and scattering e�ects from the sample spectra.

Fluorescence emission spectra were recorded at room temperature on a Perkin-Elmer LS-50B

�uorimeter (slit widths 4.5 nm for excitation and 5 nm for emission, to optimize signal-to

-noise ratio). For FRET, acceptor-only, and liposome background samples emission spectra

with excitation at the donor (490 nm) and the acceptor (555 nm) wavelength were recorded

(over 495-600, or 560-600 nm, respectively). For donor-only samples only the emission

spectrum with excitation at the donor wavelength was recorded. The FRET data was

processed as discussed in [448] (see also Chapter 5).

A.10 MST

Fluorescently labelled NTS1 detergent and nanodisc samples were prepared as described in

sections A.5.3, A.4 and A.5.5. Gαi1 was prepared as described in section A.6. Labelled NT

was produced by Alan Goddard and Eleanor Healey (University of Oxford) by labelling a

N-terminal cysteine derivative of neurotensin (Alta Bioscience) with Alexa Fluor 488 (Sigma-

Aldrich) or Cy5 (GE Healthcare) by mixing the dye with a threefold excess of the peptide,

adjusting the pH to 7 and incubating for 1 h at RT. Labelled NT was puri�ed by HPLC

(20-60% acetonitrile gradient, semi-preparative C18 column), and labelling and purity were

veri�ed by mass spectrometry. Labelled NT was lyophilised and subsequently stored in 50

mM Tris pH 7.4.

Samples were centrifuged prior to use to remove any large particles (10,000×g, 10 min)

and/or �ltered (Nanosep MF 0.2 µm centrifugal �lter, PALL Corporation). Dilution series

(12-16 points) of the unlabelled binding partner were prepared ensuring that no additional

gradient (salt, glycerol, imidazole, DMSO etc.) was created by careful bu�er matching. To

test their e�ect on G protein binding, agonist (NT8-13, Sigma-Aldrich), antagonist (SR48692

or SR142948A, both Sano�-Aventis), and/or GTPγS (Roche) were added at saturating

concentrations (5 µM, 5 µM, and 1 mM, respectively) to all components (�uorescent binding

partner, non-�uorescent binding partner, and bu�er). To minimize adsorption of the sample

to the reaction tubes, LoBind tubes (Eppendorf) were used. Furthermore, for experiments

with detergent-solubilised NTS1 0.1 mg/mL BSA was added to passivate the reaction tube

surface. For nanodisc samples 0.006% Tween-20 (w/v) was included. Passivating agents

were again added to all separate components to avoid creation of a gradient in the dilution

series. The minimum amount of �uorescent binding partner needed was determined by

a capillary scan adjusting the LED power to give �uorescence counts between 200-1500,

typically using 95% LED power for samples containing 5-25 nM of the �uorescent binding

partner. Dilution series were left to incubate at 4 ◦C for 30-60 min, after which they
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were loaded into hydrophilic capillaries (NanoTemper Technologies) by capillary action.

Thermophoresis was measured on a Monolith NT.115 (NanoTemper Technologies), using

the blue �lter set for A488 or the red for A647, at varying MST power (20, 40 and 80%),

with 80% usually giving the best results. Ligand binding a�nity was also tested by label-

free MST on a Monolith NT.LabelFree (NanoTemper Technologies)5, with 20% LED and

40% MST power (as described in [166]). Laser on- and o�-times were set at 30 and 5 s,

respectively, for all measurements. Data analysis procedures are detailed in Chapter 6.

5Label-free MST measurements were performed by Stefan Duhr (NanoTemper Technologies) at Nan-
oTemper Technologies in Munich, Germany.
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Table B.1: Published high-resolution GPCR structures Table lists GPCRs for which structures have been solved,
grouped per GPCR family. Where a ligand was bound to the receptor it is listed, as well as the state the receptor appeared to
be in: R, inactive/basal state; R*, (fully) active state; R*I, intermediate, "active-like" state; G/n indicates that the receptor was
bound to a G protein or C-terminal peptide of the Gα subunit, or to a G protein-mimicking antibody; O* is an activated state of
rhodopsin, like R* but without any retinal present. Structures are of human receptors unless indicated otherwise. Abbreviations:
IA, inverse agonist; Ant, antagonist; A, agonist; pA, partial agonist; bA, biased agonist; AM, allosteric modulator; G-CT, C-
terminal peptide of the Gα subunit; G-Nb, G protein-mimicking nanobody.

Receptor State Ligand/Complex PDB codes References

Class A

Rhodopsin
Bovine R 11-cis-retinal 1F88, 1HZX, 1L9H, 1GZM,

1U19, 2I35, 2I36, 2J4Y,
3C9L, 3C9M

[505�512]

R 11-cis-retinal (IA) +
beta-ionone (AM)

3OAX [513]

R 9-cis-retinal (IA) 2PED [514]
O* No retinal 3CAP, 4BEZ1 [290, 515]
O*G No retinal + G-CT 3DQB, 2X721, 4J4Q [326, 516, 517]
R* all-trans-retinal (A) 2G87, 2HPY, 23I7, 4BEZ2 [510, 515, 518,

519]
R*I all-trans-retinal (A;

MetaII state)
3PXO [520]

R*IG all-trans-retinal (A;
MetaII state) + G-CT

3PQR [520]

R*G all-trans-retinal (A) +
G-CT

4A4M1 [521]

Squid R 11-cis-retinal (IA) 2ZIY, 2Z73 [522, 523]
R 9-cis-retinal (IA) 3AYN [524]
R*I all-trans retinal (A;

Batho intermediate)
3AYM [524]

Adrenergic recepors
β2 R Carazolol (IA) 2RH1, 2R4R, 2R4S, 3KJ63,

4GBR
[284, 525, 526]

R Timolol (IA) 3D4S [527]
R ICI 118,551 (IA) 3NY8, 3NY9 [528]
R Alprenolol (Ant) 3NYA [528]
R*I FAUC50 (irreversible A) 3PDS [529]
R*In BI-167107 (A) + G-Nb 3P0G, 4LDE [530, 531]

(Continued on next page)
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(Table B.1 Continued)

Receptor State Ligand/Complex PDB codes References

R*G BI-167107 (A) + Het-
erotrimeric G protein

3SN6 [104]

R*In Hydroxybenzylisopro-
terenol (A) + G-Nb

4LDL [531]

R*In Adrenaline (A) + G-Nb 4LDO [531]
R*In FAUC50 (irreversible A)

+ G-Nb
4QKX [532]

Turkey β1 R Cyanopindolol (Ant) 2VT4, 2YCX, 2YCY, 4BVN [533�535]
R Dobutamine (pA) 2Y004, 2Y014 [329]
R Carmoterol (A) 2Y024 [329]
R Isoprenaline (A) 2Y034 [329]
R Carazolol (IA) 2YCW [534]
R Iodocyanopindolol (Ant) 2YCZ [534]
R Bucindolol (bA) 4AMI [536]
R Carvedilol (bA) 4AMJ [536]
R No ligand 4GPO [406]
R 4-methyl-2-(piperazin-1-

yl) quinoline (Ant)
3ZPR, 3ZPQ [537]

A2A adenosine
receptor

R ZM241385 (Ant) 3EML, 3PWH, 4EIY5 [291, 296, 538]
R*I UK-432097 (A) 3QAK [360]
R*I Adenosine (A) 2YDO [539]
R*I NECA (A) 2YDV [539]
R xhantine XAC (Ant) 3REY [296]
R ca�eine (Ant) 3RFM [296]
R 1,2,4-triazine isomers

(Ant)
3UZA, 3UZC [540]

R ZM241385 + allosteric IA
Nb

3VG9, 3VGA [541]

Chemokine recpetors
CXCR4 R CVX15 (Ant) 3OE0 [292]

R IT1t (Ant) 3OE6, 3OE8, 3OE9, 3ODU [292]
CXCR1 R No ligand 2LNL6 [542]
CCR5 R Maraviroc (AM-Ant) 4MBS [543]

Muscarinic acetylcholine receptors
M2 R 3-quinuclidinyl-benzilate

(Ant)
3UON [544]

R*n iperoxo (A) + G-Nb 4MSQ [545]
R*n iperoxo (A) + LY2119620

(AM) + G-Nb
4MQT [545]

M3 R tiotropium (IA) 4DAJ [336]

Opioid receptors
κ R JDTic (Ant) 4DJH [407]
µ R β-funaltrexamine (Ant) 4DKL [408]
δ R Naltrindole (Ant) 4EJ4 [546]

R Naltrindole (Ant)+Na+

(AM)
4N6H [547]

Serotonin 5HT receptors
2B R*I Ergotamine (A) 4IB4, 4NC37 [548, 549]

(Continued on next page)
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(Table B.1 Continued)

Receptor State Ligand/Complex PDB codes References

1B R* Ergotamine (A) 4IAR [550]
R* Dihydroergotamine (A) 4IAQ [550]

D3 dopamine R Eticlopride (Ant) 3PBL [551]

H1 Histamine R Doxamine (Ant) 3RZE [552]

Nocicpetin/ or-
phanin FQ receptor

R Peptide mimetic C24
(Ant)

4EA3 [553]

Protease-activated
receptor 1

R Vorapaxar (Ant) 3VW7 [348]

rat Neurotensin
receptor 1

R*I Neurotensin (A) 4GRV, 3ZEV, 4BUO, 4BV0,
4BWB

[294, 295]

Spingosine 1-
phosphate receptor

R Sphingolipid mimic
ML056 (Ant)

3V2W, 3V2Y [554]

Purinergic P2Y12

receptor
R AZD1283 (Ant) 4NTJ [555]
R*I 2MeSADP (A) 4PXZ [556]
R*I 2MeSATP (ATP-

derivative of A)
4PY0 [556]

Free fatty acid re-
ceptor 1

R TAK-875 (AM A) 4PHU [557]

Class B

Corticotropin re-
leasing factor re-
ceptor 1

R CP-376395 (Ant) 4K5Y [558]

Glucagon receptor R NNC0640 (Ant) 4L6R [559]

Class C

Metabotropic glutamate receptors
mGlu1 R FITM (AM Ant) 4OR2 [560]
mGlu5 R mavoglurant (AM Ant) 4OO9 [561]

Frizzled/Taste Family

Smoothened
receptor

R LY2940680 (Ant) 4JKV [562]
R Cyclopamine (Ant) 4O9R7 [563]
R ANTA XV (Ant) 4QIM [564]
R SANT-1 (Ant) 4N4W [564]
R*I SAG1.5 (A) 4QIN [564]

1 Structure carrying G90C disease mutation.
2 Structure of constitutively active mutant.
3 Structure of methylated receptor.
4 Structure of agonist-bound receptor, but thermostabilised in the R (inactive) state.
5 Chimera of A2A and BRIL
6 NMR structure of receptor backbone in phospholipid bilayers of native receptor.
7 Structure determined using free electron laser x-ray serial femtosecond crystallography.



C | DEER data PepTSo

C.1 DEER data

Dipolar evolution time domain data corresponding to the background-corrected data in

Figures 2.6, 2.7, and 2.8 is shown here. The �tted stretched exponential background is also

shown (background dimensionality was varied between 2 and 3 to obtain the best �t shown

here). The dipolar spectra (Fourier transformation of the background-corrected dipolar

evolution data) are presented alongside the raw data.

C.2 Gaussian deconvolution of distance distributions

The distance distributions obtained from the DEER data by Tikhonov regularisation were

subjected to Gaussian deconvolution (see Figures C.4, C.5, and C.6) to obtain peak centres

and widths summarised in Table C.1 (also reported in Chapter 2).
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Figure C.1: R201/E364: Dipolar evolution time domain data and dipolar spectra. Raw
DEER data, and the �tted background (grey, d=2.2 for all) are shown (left), as well as the dipolar
spectra (right) for experiments performed in the presence of a valinomycin-induced electrochemical
gradient (∆Ψ) with or without di-alanine peptide present (+diAla or apo, respectively); or under
counter�ow conditions (CF), i.e. no chemical gradient, but with high concentrations of peptide
in the +diAla sample to induce transport. A "∆Ψ control" sample was measured under the same
conditions as "∆Ψ apo" but without valinomycin.
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Figure C.2: S141/S432: Dipolar evolution time domain data and dipolar spectra. Same
as Figure C.1, but without the "∆Ψ control" sample. Background dimensionality was 3 in this case.
Dimensionalities closer to the theoretically expected 2 gave very poor �ts.

Figure C.3: N174/S466: Dipolar evolution time domain data and dipolar spectra. Same
as Figure C.1, but without the "∆Ψ control" sample. Background dimensionality was 2.4 in this
case.
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Table C.1: DEER distances extracted by Gaussian deconvolution. Distance
distributions obtained from DEER measurements on the three mutants were subjected
to Gaussian peak-�tting in OriginPro 8.5 (OriginLab). The centre of each of the �tted
Gaussian peaks (R) is given (± the half-width at half-height) as well as the relative
contribution to the total area (A).

N174/S466 S141/S432 R201/E364

R (Å) A (%) R (Å) A (%) R (Å) A (%)

CF apo 19± 2 5 21± 4 41 45± 4 100
39± 2 17 32± 4 53
47± 3 78 38± 1 6

+diAla 19± 2 3 22± 4 42 45± 3 100
39± 1 16 33± 4 58
47± 3 81

∆Ψ apo 21± 4 10 23± 4 41 45± 2 93
45± 5 90 33± 4 59 57± 31 7

+diAla 21± 3 12 22± 4 41 24± 3 12
41± 2 35 33± 4 59 39± 3 35
48± 3 53 45± 43 53

control - - - - 45± 4 100
1 Distance most likely a �tting artefact (not stable with variable background subtraction).
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Figure C.4: R201/E364: Gaussian peak �tting of distance distribution. Distance distri-
butions obtained from DEER measurements were subjected to Gaussian peak-�tting in OriginPro
8.5 (OriginLab), for experiments performed in the presence of a valinomycin-induced electrochemical
gradient (∆Ψ) with or without di-alanine peptide present (+diAla or apo, respectively); or under
counter�ow conditions, i.e. no chemical gradient, but with high concentrations of peptide in the
+diAla sample to induce transport. A "∆Ψ control" sample was measured under the same conditions
as "∆Ψ apo" but without valinomycin..
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Figure C.5: S141/S432: Gaussian peak �tting of distance distribution. Same as Fig-
ure C.4, but without the "∆Ψ control" sample.
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Figure C.6: N174/S466: Gaussian peak �tting of distance distribution. Same as Fig-
ure C.4, but without the "∆Ψ control" sample
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Further CW-EPR spectra of NTS1(B) referred to in chapter 4 are presented here.

3 2 5 0 3 3 0 0 3 3 5 0 3 4 0 0
B  ( G )

 L 3 7 1 C
 L 3 7 1 C + N T

* *

3 2 5 0 3 3 0 0 3 3 5 0 3 4 0 0

 A 9 0 C
 A 9 0 C + N T

B  ( G )

**

Figure D.1: Spectra of spin-labelled A90C and L371C before subtraction of free spin
label component. CW-EPR spectra recorded at 277 K showed evidence of a minor free spin label
component (marked with *) for A90C and L371C. The integrated intensity of these components
was ~1 and 0.5% of the total intensity, respectively. The component was removed by matching
a spectrum of free MTSL selected from a library of MTSL spectra recorded at di�erent glycerol
concentrations to the experimental spectrum and subtracting it from the NTS1B spectrum. The
resulting spectra are shown in Figure 4.6.

198



CW-EPR NTS1(B) 199

3 2 5 0 3 3 0 0 3 3 5 0 3 4 0 0
B  ( G )

1 7 0 K
 Q 3 7 8 C  
 Q 3 7 8 C + N T  

3 2 5 0 3 3 0 0 3 3 5 0 3 4 0 0
B  ( G )

1 7 0 K
 L 3 7 1 C  
 L 3 7 1 C + N T  

3 2 5 0 3 3 0 0 3 3 5 0 3 4 0 0
B  ( G )

1 7 0 K
 T 1 8 6 C  
 T 1 8 6 C + N T  

3 2 5 0 3 3 0 0 3 3 5 0 3 4 0 0
B  ( G )

1 7 0 K
 R 1 8 3 C  
 R 1 8 3 C + N T  

3 2 5 0 3 3 0 0 3 3 5 0 3 4 0 0
B  ( G )

1 7 0 K
 L 1 6 9 C  
 L 1 6 9 C + N T  

3 2 5 0 3 3 0 0 3 3 5 0 3 4 0 0
B  ( G )

1 7 0 K
 Y 1 0 4 C  
 Y 1 0 4 C + N T  

3 2 5 0 3 3 0 0 3 3 5 0 3 4 0 0
B  ( G )

1 7 0 K
 A 9 0 C  
 A 9 0 C + N T  

3 2 5 0 3 3 0 0 3 3 5 0 3 4 0 0
B  ( G )

1 7 0 K
 A 2 7 2 C - E 2 9 6 C ( d i l )  
 A 2 7 2 C - E 2 9 6 C ( d i l ) + N T  

3 2 5 0 3 3 0 0 3 3 5 0 3 4 0 0
B  ( G )

1 7 0 K
 A 2 7 2 C - E 2 9 6 C  
 A 2 7 2 C - E 2 9 6 C + N T  

Figure D.2: Rigid-limit CW-EPR spectra of NTS1B cysteine mutants. Spectra were
recorded at 170 K in the absence and presence of agonist neurotensin (+NT).
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5 0  G

Figure D.3: Rigid-limit CW-EPR spectra H8 and C-terminus. Rigid-limit EPR spectra
were recorded at 170 K for residues along the C-terminal stretch after TM7, encompassing the
putative H8. Spectra were recorded in the absence and presence of agonist neurotensin (+NT),
except for mutant V379C for which only the sample without NT was recorded at 170 K as the S/N
ratio for this mutant was poor.



E | Bulk FRET Analysis

E.1 Introduction

Bulk FRET data was analysed using the Bayesian statistical method BEST (Bayesian es-

timation) as described by Kruschke in [450], which is a Bayesian alternative to the t-test.1

Instead of assuming the collected data points are a representative sample of a population

that is normally distributed with the same mean (µ) and standard deviation (σ) as the mea-

sured sample, Bayesian estimation uses the data to infer a population distribution. This is

done by a Markov chain Monte Carlo (MCMC) algorithm, which generates large number of

population distributions with parameters (µ and σ) that accommodate the observed data

(see Figure E.1A); the generated MCMC chain (containing all the �tting distributions) is

averaged to give a distribution which credibly accommodates the data. From this averaged

MCMC distribution, parameters of interest such as µ and σ can be derived (Figure E.1B);

parameter distributions generated for two datasets, can be used to examine the credible

di�erence between parameters of the two datasets (e.g. µ1-µ2) by computing the di�erence

between the distributions (see Figure E.1C). The method generates a complete distribution

of credible values for the group means and their di�erence, providing more information than

the typical t-test.

Thus, to test whether the values found for a parameter (such as the mean, µ) are signi�-

cantly distinguishable between two data sets, the probability that the di�erence is non-zero

can be gauged by what percentage of the generated population distribution of the di�erence

∆µ falls above the ∆µ=0 line (probability of a di�erence greater than zero), and what per-

centage falls below it (probability of a di�erence smaller than zero, i.e. a negative di�erence,

see Figure E.1C).

The threshold for reasonable distinguishability is chosen judiciously, and often the 68-95-

99.7 rule is employed, where results are binned according to whether they fall within one,

1R script for statistical analysis was set up with help from Stijn van Weezel, Department of Economics,
Royal Holloway, University of London.
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Figure E.1: Example of Bayesian BEST method. Two data sets are compared; (A) histograms
of the data in the two groups (grey bars) are shown, with representative examples of MCMC gener-
ated distributions describing the data (posterior predictive distributions, Post. Pred.) superimposed
(blue lines). (B) Histograms for the probability of the derived mean (µ) and standard deviation
(σ), derived from the averaged MCMC chain are shown for both data sets. (C) The probability
distributions of the di�erences between the means of the two data sets (µ1−µ2) and their standard
deviation σ1−σ2) as calculated from the parameter distributions shown in (B) are shown here; the
probability of a di�erence below or greater than zero is highlighted (pink dotted line) for each. (E)
Diagram illustrating the probability distribution of a parameter described by a normal distribution
with mean value µ and standard deviation σ; 68.27% of the values lie within one standard deviation
of the mean; 95.45% of the values lie within two standard deviations of the mean; and 99.73% of
the values lie within three standard deviations of the mean. Figure adapted from [450].

two, or three standard deviations of the mean, i.e.

Pr(µ− σ ≤ x ≤ µ+ σ) ≈ 0.6827 (E.1a)

Pr(µ− 2σ ≤ x ≤ µ+ 2σ) ≈ 0.9545 (E.1b)

Pr(µ− 3σ ≤ x ≤ µ+ 3σ) ≈ 0.9973 (E.1c)

where x is a normally distributed variable with mean µ and standard deviation σ (see

Figure E.1E).

E.2 Bayesian analysis of bulk FRET data

Firstly, the di�erence between the mean FRET e�ciencies (∆µ) for each mutant compared to

the others (TMi-TMj) was tested (Table E.1). The probability that the di�erences between
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sites are non-zero (Pr(∆µ6= 0)) was calculated, and thus whether sites can be reasonably said

to have di�ering FRET e�ciencies. The threshold for reasonable distinguishability was set

at one standard deviation (0.683), in accordance with the 68-96-99.7 rule, and results were

binned according to having probabilities Pr(∆µ6= 0) in accordance with values falling within

one (at least 0.683), two (at least 0.955), or three (at least 0.997) standard deviations.

The cells in Table E.1 are shaded for visual guidance, with probabilities for a particular

mutant (row) to have Ecor bigger or smaller than another mutant (column) being shaded

red or blue, respectively. Darker shading corresponds to a higher probability (see also table

legend).

The analysis con�rms that indeed for TM1, 4 and 7 there is a high probability of observing

lower Ecor compared to TM2, 3, 5, 6 and H8. Among the low Ecor sites (TM1, 4, and 7) in

the absence of NT, the results can only be distinguished with low probability (one standard

deviation), with TM7 giving lowest Ecor, followed by TM1, and TM4, respectively. For

the group of high Ecor sites (TM2, 3, 5, 6 and H8) in the absence of NT, the only likely

di�erence observed is for H8 having lower Ecor than TM3, 5 and 6 (at least two σ), with

other di�erences having a low probability of one σ or smaller.

Table E.2 summarizes the Bayesian analysis on the e�ect of agonist on Ecor for each of

the TMs, giving the probability for ∆µ being larger or smaller than zero. Thus for sites

where Pr(∆µ< 0) and Pr(∆µ> 0) di�er greatly (or, using the same threshold as above, one

of them is above 0.68 (one σ) or 0.95 (two σ)) NT can be said to have a reasonably likely

e�ect on Ecor, and the sign of ∆µ gives the direction of the e�ect, that is, whether Ecor

is lower (-) or higher (+) in the absence of NT. The analysis shows that the largest e�ect

of NT is observed in TM6, with a ~99% probability that NT decreases Ecor, followed by

TM1 and 5, with a small probability of ~73% and ~70%, respectively, that NT decreases

Ecor (Table E.2). For all other TMs smaller e�ects and/or e�ects with lower probabilities

(<0.68) were observed. This e�ect of agonist of course in�uences the di�erences between the

individual TMs (Table E.1, bottom half), but the overall pattern is largely unchanged, with

high probabilities for observing high Ecor for TM3 and 5 in particular. The main di�erence is

seen for TM6, with the large decrease in observed mean Ecor upon addition of NT, reducing

its distinguishability from the "low Ecor" samples (TM1, 4 and 7) to only distinguishable

with a probability of ~0.7-0.8 (corresponding to one standard deviation). Among the low

Ecor sites (TM1, 4 and 7) in the presence of NT, the results are now indistinguishable under

the chosen threshold.
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Table E.1: Bayesian analysis of di�erence in Ecor in NTS1 dimers for samples labelled
at di�erent sites. The di�erence between the mean apparent FRET e�ciencies for all possible
pairs of mutants in the absence (top) and presence (bottom) of neurotensin agonist is analysed by
Bayesian methods to calculate the probability that the di�erences between sites are non-zero, or
in other words that the likelihood of �nding the same FRET e�ciency for both sites is small, and
thus that the sites can be reasonably said to have di�ering FRET e�ciencies. Probabilities for a
particular mutant (row) to have Ecor bigger (>, red shading) or smaller (<, blue shading) than
another mutant (column) are classi�ed as being <0.683 (bellow one standard deviation, σ, light
shading), and thus not likely distinguishable, or at least 0.683-0.955 (σ, medium shading), 0.955-
0.997 (2σ, dark shading), or >0.997 (3σ, darkest shading), and thus reasonably distinguishable.

TM/H
(Residue)

1
(A90C)

2
(Y104C)

3
(S172C)

4
(T186C)

5
(A261C)

6
(V307C)

7
(L371C)

8
(Q378C)

1 (A90C) - <0.896 <0.992 <0.770 <0.990 <1 >0.722 <0.999
2 (Y104C) >0.896 - <0.735 >0.855 <0.624 <0.681 >0.911 >0.591
3 (S172C) >0.992 >0.735 - >0.989 >0.684 >0.659 >0.988 >0.949
4 (T186C) >0.770 <0.855 >0.989 - <0.981 <1 >0.830 <0.977
5 (A261C) >0.990 >0.624 <0.684 >0.981 - <0.573 >0.979 >0.860
6 (V307C) >1 >0.681 <0.659 >1 >0.573 - >0.992 >0.977
7 (L371C) <0.722 <0.911 <0.988 <0.830 <0.979 <0.992 - <0.974
8 (Q378C) >0.999 <0.591 <0.949 <0.977 <0.860 <0.977 >0.974 -

+NT

1 (A90C) - <0.758 <0.998 <0.566 <0.974 <0.774 >0.522 <0.978
2 (Y104C) >0.758 - <0.856 >0.738 <0.832 >0.622 >0.703 <0.553
3 (S172C) >0.998 >0.856 - >0.998 <0.590 >0.993 >0.923 >0.993
4 (T186C) >0.566 <0.738 <0.998 - <0.946 <0.743 >0.563 <0.977
5 (A261C) >0.974 >0.832 >0.590 >0.946 - >0.946 >0.909 >0.910
6 (V307C) >0.774 <0.622 <0.993 >0.743 <0.946 - >0.669 <0.869
7 (L371C) <0.522 <0.703 <0.923 <0.563 <0.909 <0.669 - <0.808
8 (Q378C) >0.987 >0.553 <0.993 >0.977 <0.910 >0.869 >0.808 -

Table E.2: Bayesian analysis of agonist e�ect on Ecor in NTS1 dimers. The di�erence
between the mean apparent FRET e�ciencies (∆µ) for each mutant in the presence and absence of
neurotensin agonist is given. Bayesian data analysis methods are used to calculate the probability
that this di�erence is non-zero, and the probability of ∆µ being larger or smaller than zero is given.

TM/H
(Residue)

∆µ Pr(∆µ> 0) Pr(∆µ< 0)

1 (A90C) -0.038 0.73 0.27
2 (Y104C) 0.054 0.40 0.60
3 (S172C) 0.0056 0.49 0.51
4 (T186C) -0.010 0.57 0.43
5 (A261C) -0.073 0.70 0.30
6 (V307C) 0.17 0.99 0.01
7 (L371C) -0.073 0.67 0.33
8 (Q378C) 0.0047 0.43 0.57
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Figure F.1: Dipolar evolution functions before background correction for X- and Q-
band DEER on NTS1 dimers. DEER traces were recorded at (A) X-band and (B) Q-band for
NTS1 samples spin-labelled at the intracellular side of TM1-7 and H8. Recorded dipolar evolution
functions (black) and �tted stretched exponential backgrounds (d=2.5, red) are shown. Fitted data
and derived distance distributions are shown in Figure 5.7.
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G | Nanodisc preparation

For the production of BPL nanodiscs, the optimal lipid-to-MSP ratio was determined em-

pirically to be 70:1 (mol:mol), assuming an average molecular weight of 650 g/mol for BPL

(Figure G.1).
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*
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Figure G.1: Optimisation of BPL nanodisc formation. The formation of BPL nanodisc was
tested at di�erent lipid-to-MSP ratios, 50:1, 60:1 and 70:1 (mol:mol, assuming an average molecular
weight for BPL of 650 g/mol). The void volume peak (indicated by *) was smaller, and a more
symmetric peak around 12.5 mL (corresponding to a hydrodynamic radius of ~10 nm, indicated by
dashed grey line) at higher lipid-to-MSP ratios.
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The hydrodynamic (Stokes) radius (Rst) of NTS1 nanodiscs was determined by analytical

gel �ltration. Standards of known Rst (GE Healthcare) were run on the same Superdex 200

10/300 gel �ltration column (GE Healthcare) used for nanodisc separation.1 The partition

coe�cient Kav was determined from the elution volume Ve of the samples by

Kav =
Ve − V0
Vc − V0

(G.1)

where V0 is the void volume of the column (determined to be 8.03 mL by passing Blue

dextran (GE Healthcare) over the column in a separate run, not shown here), and Vc is

the geometric column volume of the column (24 mL, as speci�ed by the manufacturer). A

calibration curve can be created by plotting of
√
− logKav versus Rst, and �tting a linear

function to the data (Figure G.2). The Kav for each of the nanodisc preparations (PCPG,

PCPGBPL, and BPL) was then determined from the gel �ltration elution volume of the

nanodisc peak, and the corresponding stokes radius was calculated from the calibration

curve (shown in table in Figure G.2).
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Figure G.2: Hydrodynamic radius of nanodiscs determined by analytical gel �ltration.
Using a calibration curve of reference samples, the hydrodynamic radii (or Stokes radii, Rst) for
nanodisc preparations of PCPG, PCPGBPL, and BPL lipid composition were determined from
their gel �ltration partition coe�cients Kav calculated from their elution volume, as described in
the text.

1Run of standard samples was performed by Roslin Adamson (Department of Biochemistry, University
of Oxford.)



H | CW-EPR: brief experimental
background

H.1 CW-EPR experimental set-up

Figure H.1 gives a simpli�ed scheme of a CW-EPR spectrometer [565]. The microwave source

(a klystron or a Gunn oscillator) produces the electromagnetic radiation, and an in-line

attenuator controls the power that reaches the sample. EPR uses re�ection spectrometers:

Figure H.1: Schematic of CW-EPR experimental set-up. Based on �gure from [565]. A
klystron or a Gunn oscillator produces microwaves. Output power is controlled by an attenuator.
Microwaves coming in port 1 of the circulator only go to the cavity via port 2 and not directly to
the detector via port 3, and re�ected microwaves are directed only to the detector and not back to
the microwave source. Other parts are discussed in the text.

these measure the changes (due to spectroscopic transitions) in the amount of radiation

re�ected back from the cavity that holds the sample. The circulator ensures that only

re�ected microwaves reach the detector. The resonator cavity is a metal box that helps

amplify the weak sample signals by resonating with the microwaves. At resonance the cavity

stores the microwave energy, and no microwaves are re�ected back (Figure H.2). Cavities

are characterized by their quality factor (Q),

QL =
νmwL

R0n2 + r
(H.1)

where νmw gives the microwave frequency, L is the inductivity of the resonator, R0 the
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Figure H.2: Re�ected microwave power from a resonant cavity. Idealized microwave mode
(dip) with QL = 100 at a frequency of 9.6 GHz. At the 3-dB points, the power that enters the
resonator is half as large as that on resonance (ν − νmw = 0). The 3-dB resonance bandwidth (∆ν)
in this example is 96 MHz. Adapted from [565].

impedance of the line that transmits the microwave power from the source to the resonator, n

a parameter that characterizes the coupling between the transmission line and the resonator,

and r the impedance of the resonator. The impedance of the resonator varies between

samples due to dielectric microwave losses in the sample, but it does not include the resonant

microwave absorption of electron spin. With the electron spins o�-resonance, the re�ected

power should be zero, which is achieved by critical coupling of the resonator. The coupling

is adjusted by the iris (opening between the cavity and the waveguide) so that the condition

R0n
2 = r (H.2)

is ful�lled, and all microwave power that enters the resonator is converted to heat in the

impedance r. When during a �eld sweep the electron spins resonate and the sample absorbs

additional microwave power the impedance of the resonator increases due to the additional

losses, which means that the cavity is no longer critically coupled (i.e. equation H.2 is

no longer ful�lled), and microwave power is re�ected from the resonator to the detector,

resulting in an EPR signal.

The re�ected signal is detected by using a barrier diode that converts the microwave power to

an electrical current. The reference arm supplies the diode additional microwave power (bias)

to ensure that its current is in the linear regime (i.e. that its output power is proportional

to the input microwave power). The phase shifter in the reference arm ensures that the

microwaves coming from this arm are in phase with the re�ected signal microwaves when

these both reach the diode.

EPR uses phase sensitive detection to enhance sensitivity (see Figure H.3). The derivative

of the absorption spectrum is recorded by modulating the magnetic �eld B0 sinusoidally at

the modulation frequency (typically 100 kHz). For an EPR signal which is approximately
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Figure H.3: Frequency modulation in CW-EPR. In EPR the �rst derivative (B) of the
absorption spectrum (A) is detected by �eld modulation with amplitude ∆B0 (modulation coils
in H.1). The signal after the microwave diode oscillates with the frequency of the �eld modulation
and with amplitude ∆V . The signal after the phase-sensitive detector is a DC (direct-current) signal
with amplitude ∆V . The peak-to-peak linewidth in the derivative spectrum, ∆Bpp, corresponds to
the �eld di�erence between the in�ection points of the absorption peak. Adapted from [565].

linear over an interval as wide as the modulation amplitude, the EPR signal is transformed

into a sinusoid with an amplitude proportional to the slope of the signal, which is measured

with a phase-sensitive detector, giving the derivative spectrum. This results in an increased

signal-to-noise ratio, as noise that does not oscillate with the modulation frequency and

non-resonant microwave absorption that does not depend on the magnetic �eld are rejected.

In addition to this, the derivative spectrum is better resolved than the absorption spectrum

(linewidths can be easily measured, as these are the peak-to-peak distance in the derivative

spectrum, see Figure 1.11). A disadvantage is that signals that are much broader than the

maximum modulation amplitude can be hard to detect, as �eld modulation then causes only

very small signal oscillations.
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