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Abstract 

NMR crystallography is a new and developing area.  Unlike solution state NMR, solid state 
NMR has the potential for structural studies of large, motionally restricted biological 
macromolecules, such as proteins in crystals which may, or may not, diffract.  However, 
finding the best and the most useful sample form and geometry is still a major obstacle to 
rapid progress.  Little has been reported about protein sample preparation for any class of 
protein for NMR crystallography, mainly since the availability of NMR labelled proteins is still 
not routine, especially for eukaryotic membrane proteins.   
 
The amino acid L-glutamate is the major excitatory neurotransmitter in the brain.  Details of 
glutamate binding to any of its main brain or sensory receptors are not well resolved at the 
atomic level.  In an effort to resolve the glutamate binding mechanism by solid state NMR 
methods, full-length taste and brain mGluR4 were expressed in E. coli, but proved to be toxic 
for the cells. The ligand-binding domains (LBD) of mGluR4, with various fusions for the 
periplasmic expression and with various fusions for expression in the cytoplasm therefore, 
were used.   
 
Solubilisation and then purification of the LBD from inclusion bodies is still under way, no 
crystals of mGluR4 for NMR were, therefore, grown.  Initial NMR spectra of labelled 13C, 15N 
and 17O glutamate have been recorded to verify sensitivity requirements.  Using homology 
modelling, a model for the truncated version of the ligand binding domain of mGluR4 has 
been constructed as a basis for designing solid state NMR experiments to probe the ligand 
binding site in the receptor. 
 
Bacteriorhodopsin is a large membrane protein and a model for G-protein coupled receptors 
(GPCRs). Spectra of bacteriorhodopsin produced in H. salinarium in purple membrane are 
reported here and compared to spectra of the protein crystallised from bicelles.  Optimal 
conditions for producing spectra suitable for spectral assignment are reported as an initial step 
towards spectral resolution.  Three differently labelled samples of bacteriorhodopsin were 
prepared to test the applicability of the various assignment strategies and the effects of 
deuteration on quality of solid state NMR spectra of a large, crystalline membrane protein. 
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Chapter 1 Introduction 
 

 

 

1.1 Studying Biological Macromolecular Structures 

Protein structure determination is one of the primary goals in biophysics research because 

knowledge of the 3D molecular structure of proteins leads to a mechanistic understanding of 

biological function.  The number of structures deposited in the Protein Data Bank (PDB), a 

web based single worldwide database of 3D biological macromolecular structures [28], grows 

exponentially every year since the first two structures were deposited in 1972.  The majority, 

now 32 000 in number, of the structures have been solved by X-ray crystallography (85%) and 

solution NMR (15%).  However, 99.8 % come from soluble proteins and only 0.2 % are of 

membrane proteins.   

 

Membranes play a vital role in both the structure and function of living cells.  They serve not 

only to compartmentalize the cell, but also regulate the passage of information and material in 

and out of these compartments.  Integral membrane proteins are tightly associated with the 

lipid bilayer, which forms the structural component of biomolecules and are only released in 

the presence of membrane disrupting agents such as detergents.   

 

Most of the structural information regarding integral membrane proteins has been inferred 

through functional analysis, a variety of biophysical techniques, chemical labelling and site 
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directed mutagenesis.  The most common biophysical techniques to probe membrane protein 

structures include X-ray crystallography, solution NMR, solid state NMR, electron 

paramagnetic resonance (EPR), electron microscopy and atomic force microscopy (AFM) [17].   

 

1.2 The Importance of Membrane Proteins 

Integral membrane proteins play a crucial role in many cellular processes, acting as channels, 

pumps, receptors and enzymes.  Membrane proteins are estimated to constitute a third of the 

human genome [29], but proteomically they represent only about 1-2% of cellular protein.  So 

far, we only have 20-30 unique crystal structures of integral membrane proteins.  Some of 

them, for example the G-protein coupled receptors (GPCRs), are a specific family of 

membrane proteins which are thought to consist  about 1% of the genome and represent 

primary receptor targets for drug discovery [30].  A better understanding of their structure and 

workings would help drug design and development, their use in bionanotechnology and in 

better understanding of cell function. 

 

1.3 The Challenge of Studying Membrane Proteins 

Membrane proteins in general, present particular difficulties in the determination of high-

resolution structural studies by conventional biophysical techniques such as solution NMR and 

X-ray crystallography, since they are difficult to express and purify and are not readily soluble in 

aqueous solution.  In addition, they are especially difficult to crystallize, thus only a few (80) 

crystal structures are available [31].  Solution NMR has limitations in the study of insoluble 

macromolecules and large (radius r) complexes, due to their slow tumbling rate 1/τr ∞ r3.  
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Although there are some notable accomplishments in assignments (e.g. KcsA [32]) and 

structure determination of small membrane proteins such as  β-barrel proteins [33-39] synthase 

subunit c [40] and crambin [41], these are limited to (Mr<14kDa) small membrane proteins.  

Solid state NMR spectra are more complex than solution NMR spectra because the full effect 

of anisotropic or orientation-dependent interactions are observed in the spectra, effects which 

are averaged out in solution for small molecules due to rapid random tumbling.    

 

Large membrane proteins are often difficult to keep solubilised and at a sufficiently high 

concentration (>mM) to obtain spectra with a high signal-to-noise ratio and resolution.  In 

these cases the lipid bilayer is absent, or at best replaced by micelle detergent. 

 

Solid state NMR is emerging as a promising alternative technique which allows for the study of 

membrane proteins in various membrane mimic environments, including detergent 

microcrystals, precipitates, bicelle-protein suspensions, nanodiscs, or embedded in the native 

membrane [42, 43]. 

 

Integral membrane proteins are stable in the membrane, and there has been increasing evidence 

that lipid species play an important structural, stability and functional role [44]. Some of these 

lipids may have relevance to the function of the protein [45-47], whereas others promote the 

formation of highly ordered crystals [48-51].  The purification of integral membrane proteins 

requires that they must be extracted from the membrane and rendered water-soluble.  After 

detergent solubilisation membrane proteins often become unstable and quickly lose activity. 

Once the membrane proteins are purified, solid state NMR is a good biophysical method to 
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study them.  General introduction to the principles underlying nuclear magnetic resonance 

spectroscopy in general is given in Section 1.6, the underlying principles of this biophysical 

method are described in Section 1.7 and the basic solid state NMR experiments that will be 

used are introduced in Section 1.8  

 

1.4 Secondary Structure 

Secondary structure defines the way in which a protein primary sequence is folded.  Most 

frequently, integral membrane proteins are structured into α-helices and β-sheets linked by 

loops.  In X-ray crystallographic studies, these secondary structure elements are often well 

resolved since they are relatively rigid, whereas loops are relatively mobile.  

 

In solid state NMR studies, there is a strong correlation between protein secondary structure 

and NMR chemical shifts [52-54].  All resonances from α helices or β sheets have severe 

spectral overlap, due to their close chemical similarities.  Mixed secondary structure elements 

facilitate assignments in structural studies since chemical shift will resolve the secondary 

structural features from each other.  Thus, proteins of mixed secondary elements are more 

accessible for NMR studies.  Protein stability (folding/unfolding) can be monitored by 

observing chemical shift perturbations of specific resonances - a shift usually indicates a change 

in the secondary structure [52, 54, 55].  Broadening of line widths is also a general indication of 

denaturation or conformational changes. 
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1.5 Introduction to G-Protein-Coupled Receptors 

G-protein coupled receptors (GPCRs) are integral membrane proteins which function as 

receptors in diverse stimulus-response pathways.  They share a common structural motif of 

seven putative transmembrane α-helices from computer-aided predictions, connected by three 

intracellular and three extracellular loops.  Two cysteine residues found in two extracellular 

loops are conserved in most GPCRs, form a disulfide.  Most GPCRs respond to the binding of 

a ligand and undergo multiple conformational changes upon agonist binding [56].  The binding 

of an extracellular signal (ligand) to the receptor triggers a cascade of intracellular responses.  

There are a wide variety of specific ligands, which range from photons, Ca2+ ions, and small 

organic molecules to complex polypeptide hormones and different effectors (adenyl cyclase and 

cGMP phosphodiesterase).  GPCRs have very diverse physiological functions, affecting almost 

all aspects of cellular function.  Nearly half of them serve as sensory receptors, e.g. olfactory 

receptors which bind odorants and pheromones, or retinal and opsins which convert incoming 

photons of light into a chemical message.  GPCRs play an important role in intracellular 

communication between cells of the immune system, are involved in behavioural and mood 

regulation, and regulate both the sympathetic and parasympathetic nervous systems.  In spite of 

their importance, little high resolution structural information is available for GPCRs and only 

rhodopsin has a crystal structure solved [57]. 

 

GPCRs are classified into several subfamilies made up of several families, depending on the 

type of ligand they bind and sequence variation.  Aside from sequence variation, GPCRs differ 

in the length and function of their N-terminal extracellular domain, their C-terminal 
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intracellular domain and their loops.  Figure 1.1 shows the three main GPCR families.  Family 1 

consists of receptors for odorants; small ligands including rhodopsin and β-adrenergic 

receptors where the binding sites are localised within the seven transmembrane region; 

receptors for peptides and glycoprotein hormone receptors characterised by a large extracellular 

domain.  Family 2 GPCRs bind high molecular weight hormones and Family 3 contains the 

mGluRs and the Ca2+ sensing receptors [58]. 

 

 

 

The GPCR in this study, metabotropic glutamate receptor 4 (mGluR4), is a member of family 3 

and is discussed in detail below, after a general introduction of metabotropic receptors. 

Figure 1.1 Classification of GPCRs.  The three main families of GPCRs with their topography and 
conserved amino acids highlighted, adapted from [5]. 
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1.5.1 Metabotropic glutamate receptors 

Metabotropic glutamate receptors (mGluRs) are G-protein coupled receptors which are 

activated by glutamate, a major excitatory neurotransmitter, through a metabotropic process, 

unlike the ligand-gated cation channels termed ionotropic glutamate receptors (iGluRs) which 

are activated upon glutamate binding [59]. mGluRs are 7 transmembrane (TM) G-protein 

coupled receptors (GPCRs), with a large extracellular region of more than 500 amino acids [9] 

in which the ligand binding domain is located (Figure 1.2). To date, 8 subtypes of mGluRs have 

been characterised and each mGluR subtype is coupled to a G protein.  There is a stretch of 

around 70 amino acids with 9 cysteines at the C terminus of the mGluR extracellular region, 

which is conserved among all mGluR subtypes [60].  mGluR4 together with mGluR6, mGluR7 

and mGluR8, constitute the group III subclass of mGluRs. 

 

1.5.2 The brain and putative taste mGluR4 receptors 

The brain metabotropic glutamate receptor 4 subtype (mGluR4) is a presynaptic receptor that 

modulates neurotransmitter release.  The umami receptor is a GPCR, and the term umami is 

used for the taste that the glutamate moiety in monosodium L-glutamate (L-MSG) elicits.  This 

compound is found naturally in protein-rich and other foods.  In taste receptors, molecular, 

physiological and behavioural evidence suggests that a receptor similar or identical to mGluR4 

is involved in taste transduction of L-glutamate.  mGluR4 is expressed in rat taste buds, and 

stimulating rat taste buds with glutamate triggers a signalling cascade where cellular cAMP is 

decreased and this alters membrane conductances.  The findings suggest that the transduction 

of L-glutamate is mediated by an mGluR4-like receptor, however, some questions remain.  For 
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example, 1-3 mM glutamate is required to elicit taste, whereas mGluR4 binds glutamate in the 

micromolar range [61], and the umami taste receptor is not blocked by a known antagonist of 

mGluR4.  This casts some doubt on the proposed role of mGluR4 as a taste receptor.  Since 

the ligand binding region of mGluR4 is of interest, the ligand binding domain of mGluR1, an 

mGluR4 homologue will be discussed in the next section.  The ligand binding domain of 

mGluR1 has been resolved by x-ray crystallography [9]. 

 

 

 

 

ATD

CRD 

TMD 

CTD

Intracellular domain

Extracellular domain 

Figure 1.2 Topology of an mGluR.  mGluRs have an extracellular region which contains the 
subunit where the ligand binds, called the amino terminal domain (ATD) that is relatively 
large (600 amino acids), a cysteine rich domain (CRD), a transmembrane domain (TMD) and 
an intracellular region called the  carboxy terminal domain (CTD) [12].  
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1.5.3 Glutamate-binding sites in mGluR1 

Five crystal structures of the ligand binding region (LBR), residues 33-522 of rat mGluR1 are 

available [9, 62] (Table 1).  Two structures are ligand free, one has glutamate bound to the 

receptor; and in another an agonist is bound, and the last structure has a glutamate and a 

gadolinium ion (Gd3+) both bound to the LBR [63].   

 

 

 

Biochemical and structural studies have revealed that the mGluR1-LBR is a homodimer.  Each 

protomer consists of two lobes, LB1 and LB2 (Figure 1.3) connected by a hinge region, giving 

rise to a closed and open form [64].  The glutamate binding site in mGluR1 is thought to 

contain 13 amino acid residues shared between the LB1 and LB2 domains of the protomer.  

The ligand binding domain exists in a dynamic equilibrium between the activated state and the 

resting state, which have different dimer crystal structures [64]. 

 

Table 1 Different mGluR1 crystal structures of LBR of mGluR1 and their respective PDB IDs 

1ISSComplexed with an antagonist

1ISRComplexed with glutamate and Gd3+

1EWVLigand free form II

1EWTLigand free form I

1EWKComplexed with glutamate

PDB file nameCrystal Structure of Metabotropic Glutamate Receptor Subtype1

1ISSComplexed with an antagonist

1ISRComplexed with glutamate and Gd3+

1EWVLigand free form II

1EWTLigand free form I

1EWKComplexed with glutamate

PDB file nameCrystal Structure of Metabotropic Glutamate Receptor Subtype1
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The interaction of glutamate with LB1 is initiated mainly through hydrogen bonds (Figure 1.4), 

and with LB2, binding is through hydrogen bonds and salt bridges.  Cation-π interaction with 

Tyr236 is also thought to contribute to stabilising the binding.  Seven invariant residues which 

may contribute to ligand binding are conserved in the whole mGluR family (Arg 78, Ser 165, 

Thr 188, Asp 208, Tyr 236, Asp 318 and Lys 409) [9]. 

 

 

 

The space between LB1 and LB2 (Figure 1.3) undergoes a change between the free form I and 

the glutamate-bound form.  Upon glutamate binding the distance between LB1 and LB2 is 

reduced by more than 20 Å.  The crystal structure of the glutamate bound form to LBR of 

mGluR1 is shown in Figure 1.4, and a schematic representation of the amino acids in the 

binding site in the closed and open form of the protomer is shown in Figure 1.5.   

 

Figure 1.3 The LB1 and LB2 domains which constitute an LBR, are coloured blue and red, 
respectively.  Numerical positions of the primary amino acids are indicated a).  Spatial 
arrangements of a dimer of the LBR of mGluR1.  The 2 protomers are distinguished by dark and 
light colouring.  The yellow spheres indicate the ligand, glutamate b) [3].  
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Figure 1.5 Schematic representation of the recognition of glutamate observed in the closed and 
open protomers of mGluR1.  Yellow boxes represent the residues that form direct contacts and 
green boxes represent the residues that form water mediated interactions with the ligand.  The 
water molecules are shown as the circled W.  The ligands are recognised via polar interactions 
[3].  The blue and the red colour are as in Figure 1.4. 

Figure 1.4 Crystal structure of glutamate bound form of the ligand binding region (LBR) of mGluR1.  
Two orthogonal views are shown here.  The bound glutamate is shown in yellow space-filled model 
and the disordered region that contains the potential inter-protomer disulphide bridge is represented 
with dotted lines [9]. The blue and the red colour match the two protomers that comprise the LBD. 
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1.6 Nuclear Magnetic Resonance  

Nuclear magnetic resonance (NMR) spectroscopy can provide atomic resolution structures of 

biological molecules such as proteins [65].  The nuclear spin is associated with a magnetic 

moment and defines the basic resonance frequency. The exact resonant frequency depends on 

the chemical environment of each spin.  As a result, the NMR spectrum of a protein will show 

signals with slightly different frequencies (called chemical shifts).  The use of NMR 

spectroscopy in biological research has a long and successful history.  Most of these NMR 

studies have been performed in solution and were conducted primarily for structure elucidation 

of biomacromolecules of Mw < 30 kDa. 

 

More recently, solid-state NMR spectroscopy has been used to provide high-resolution 

structural information of selected parts of biomolecules forming micro-crystalline or lyophilised 

powders [66-70].  It can also be used to give detailed structural, dynamic and electronic 

information about drugs and ligands while constrained at their site of action in membrane 

embedded receptors at near physiological condition (natural membrane fragment or 

reconstituted complexes) [71-74].  Furthermore, solid-state NMR can be used to provide 

structural information about the conformation of peptides [75-79], and the oligomers they form 

in biological membranes [80] as well as characterise small molecules in the solid-state and help 

drug development [81]. 
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Over the past few years, the remarkable advances in solid-state NMR (SSNMR) approaches 

have contributed significantly to the characterisation of membrane protein and amyloid system 

structure and function [82-86]  X-ray crystallography requires high quality crystals and is a long 

range method more suited to determining structures of large complexes, while solution state 

NMR being a short-range method, is ideal for smaller proteins. In addition, there is often 

overlapping and overcrowding of information in NMR spectra and simplification is required. 

 

In contrast, in most solids, fast molecular tumbling is absent and anisotropic interactions like 

chemical shift anisotropy (CSA), dipolar interactions and, for spins >1/2, quadrupolar 

couplings, lead to resonance broadening.  To overcome this problem, two general approaches 

for obtaining high resolution solid state NMR spectra have been developed.  The first approach 

relies on oriented samples such as membranes layered on glass slides (Figure 1.6) [3, 87].  

 

 

 

Figure 1.6 Membranes layered on glass slides and packed into a MAS rotor (MAOSS) [3]. 
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Orientational restraints are derived from dipolar couplings and chemical shift interactions, 

whose values depend on the alignment of the molecule relative to the external magnetic field.  

For example polarisation inversion spin exchange at the magic angle (PISEMA) is an 

experiment on oriented samples.  Here, the orientation of secondary structure elements is 

studied by exploiting 15N chemical shift anisotropy in labelled peptides [88, 89].  The second 

approach for obtaining high-resolution spectra is the magic-angle spinning (MAS) technique, 

where the spectral resolution is improved by mechanically rotating the sample at the ‘magic’ 

angle that is around an axis that is tilted 54.7 º relative to the external magnetic field [13, 90, 91].  

MAS can be applied to random dispersions of molecules. 

 

MAS NMR applied to oriented and non-oriented samples produces sufficiently resolved 

spectra and allows the detection of the isotropic chemical shift.  Analysis of chemical shift 

differences in solution and solid-state may provide structural information about the contact 

interface or, in the case of ligand-receptor binding studies, to probe the binding sites. 

 

In solid state NMR no maximum molecular weight limit exists for the complex to be studied, 

and it can be used to supplement other techniques as long as site-specific labelling is possible.  

Recoupling methods can be used to determine distances to sub- Å resolution.  The chemical 

shifts yield electronic detail at precise locations.  Anisotropic details are accessible in ordered 

systems and provide orientational description at a molecular and atomic level.  Dynamic 

information over a ps-ms time scale range can be obtained.  Dynamics and motion are crucial 

to function [92].  Recently, a great variety of techniques have been developed: for resonance 
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assignments RFDR, SPC5 etc, for torsion angle measurements DQ coherence, for distance 

measurements RR, REDOR, 13C and 1H Spin Diffusion, DARR, etc. 

 

Even when a crystal structure is available, the ligand (if present) is resolved from residual 

electron density after backbone refinement. Only one membrane protein bound to the ligand 

has been resolved by X-ray crystallography, the P-type Ca2+-ATPase in its E1 state bound to 

calcium, and in its E2 state in the absence of Ca2+ but in the presence of the potent inhibitor 

thapsigargin (Figure 1.7) [4].  Solid state NMR methods can give a more direct approach to 

ligand-receptor interactions [93, 94].   

 

 

Figure 1.7 Ribbon representation of a sarcoplasmic reticulum Ca2+ ATPase in the Ca2+-bound 
state (E1Ca2+) and in the absence of Ca2+ but in the presence of thapsigargin labelled TG[4].  
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Some examples of solid state NMR being applied to membrane receptor-ligand interactions are 

bacteriorhodopsin [95], rhodopsin [72, 96], the H+/K+-ATPase - a gastric peptic ulcer target 

[18], nicotinic acetylcholine receptor (nAchR) [97] , neurotensin [98], and other membrane 

proteins.  In addition, protein-membrane complexes are generally too large to tumble 

sufficiently rapidly to produce the averaging effects required for high-resolution NMR structure 

determination.  Solid state NMR does not require isotropic tumbling and is therefore applicable 

to these systems where Mw>30kDa.   

 

In the nicotinic acetylcholine receptor, a ligand-gated ion channel recognised as a target for a 

range of neurological diseases, direct observation of the agonist in its binding site in the 

membrane bound to a functional nicotinic acetylcholine receptor was studied [98].  For the 

ATP-driven cation pump, Na+/K+-ATPase, which binds cardiac glycosides such as oubain,  

detailed structural information about the inhibitor has been obtained using high resolution SS 

NMR methods to measure inter-atomic distances within the molecule at its pharmacological 

site of action [71].  Cross polarisation magic angle spinning (CP MAS) and rotational echo 

double resonance (REDOR) NMR experiments have been performed to determine the 

complete structure of the bound inhibitor of the imidazopyridine class of gastric proton pump 

inhibitors Figure 1.8 [74, 99]. 

 

In addition, SS NMR is used to probe dynamics of both lipids and proteins, using 31P, 2H and 

13C nuclei [100].  In particular wide-line static 2H SS NMR [101] can be used to probe the 

mobility of the inhibitor.  In this technique narrow lines correspond to highly mobile inhibitor 

and broad powder pattern are ascribed to a motion-restricted inhibitor.   
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Here, it was proposed to use SS NMR to determine distance constraints on the glutamate 

bound to the receptor.  The method lends itself to studying the conformation of the ligand 

before and after binding to the receptor, as well as the conformation of the receptor itself, both 

with and without ligand.  

 

1.7 Introduction to Principles of NMR 

1.7.1 Spin and magnetic moment 

Some nuclei possess an intrinsic property, angular momentum, called spin.  Nuclear magnetic 

resonance (NMR) exploits the properties of these spins as non-perturbing probes to determine 

the magnetic environment of a nucleus.  The response of a spin to the local environment can 

provide an insight into bond angles, internuclear distances and the orientation of nuclei with 

5.28Å 

NMR data 

6.35Å 

Simulation  

d

Figure 1.8 Three dimensional structure of the first drug at a membrane target binding site as 
resolved using solid state NMR. The reversible inhibitor TMPFIP using distance measurements 
(REDOR) and simulation using a docking algorithm to compare with experimental data [18].  
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respect to the external applied field [102].  The nuclear spin (I) can be related to a nuclear 

magnetic moment (μ) by  

 

μ=γI 

 

where γ is the gyromagnetic ratio.  The gyromagnetic ratio is characteristic of each nuclear 

isotope.  When nuclei exist in different electronic environments they will show NMR signals 

with slightly different frequencies.  The values for the gyromagnetic ratio of the most 

commonly used nuclei in biological NMR are given in Table 2.  

 

 

 

Table 2 Nuclei important for NMR spectroscopy of biological molecules and the nuclear 
properties of these nuclei [1]. 
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1.7.2 NMR interactions 

 

When a nuclear spin is placed in a magnetic field B0, the spin precesses around the field with a 

precession frequency ωo.  The precession frequency is called the Larmor frequency and is given 

by: 

 

ω0= -γ B0 

 

where B0 is the applied magnetic field and γ is the gyromagnetic ratio.   

 

The complete spin Hamiltonian (H) for a nuclear spin is given by. 

 

H= HZ + HCS + HD + HJ + HQ 

 

Where HZ is the Hamiltonian of the Zeeman interaction which describes the interaction 

between a nuclear spin I and the external magnetic field B0, and determines the resonant 

portion of the NMR spectrum.  

HZ = -γ B0 IJZ 

where I and B0 are  vectors. 

 

Transitions between the Zeeman state are induced by an oscillating magnetic field B1 which is 

induced by applied radiofrequency (RF) pulse. 
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The remaining terms of the Hamiltonian give rise to the characteristic features of an NMR 

spectrum.  These are the chemical shift Hamiltonian HCS, the dipolar Hamiltonian HD, the J-

coupling Hamiltonian HJ and the quadrupolar coupling Hamiltonian HQ. 

 

The chemical shift Hamiltonian can be written as  

 

HCS = γ I σ B0 

 

where σ is the shielding tensor that describes the effect of the electronic distribution around 

the nuclear spin.  Because the electronic distribution is not isotropic, the chemical shift 

interaction depends on the orientation of the nucleus with respect to B0.   

 

The dipolar Hamiltonian HD describes the through-space coupling between two nuclear spins II 

and IJ  

 

HD = II D IJ 

 

where D is the dipolar coupling tensor, which describes how the field due to the spin I varies 

with the orientation of the I-J internuclear vector in the applied field (θIJ).  The dipolar coupling 

has an r -3 distance dependence, where r is the internuclear distance which provides the origin 

of distance restraints in NMR.   
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J-couplings are dipolar couplings that are mediated through bonds by the electrons.  In the 

solid-state J-couplings are much smaller than the dipolar interactions and are often masked by 

line-broadening or other information. 

 

The quadrupolar coupling Hamiltonian HQ is non-zero only for nuclei with spins greater than 

½, and is proportional to the electric-field gradient tensor V. 

 

1.8 Basic Solid-State NMR Techniques 

In solution NMR, all anisotropic interactions are averaged out because molecules in solution 

isotropically tumble faster than the frequency of the interactions.  Solid state NMR on the other 

hand, includes the anisotropic interactions and is a powerful technique because the spectra 

contain significant structural information.  Protons are not the preferred nuclei for observation 

in solid state NMR because they are involved in a strong dipolar coupled network of spins, 

resulting in broadened spectra.  In protein solid state NMR, structural details are primarily 

obtained from the low-γ and dilute I=1/2 spins i.e. 13C and 15N.  The detection of low 

abundance 13C and 15N and 2H nuclei usually requires isotope enrichment for sensitivity 

enhancement.  To further increase the sensitivity and resolution of solid-state spectra, MAS is 

combined with high-power proton decoupling [103] and cross-polarisation (CP) [104, 105].  

 

1.8.1 Magic angle spinning  

Magic-Angle spinning (MAS) as demonstrated first by Andrew and Lowe [106, 107] is an 

essential technique in solid-state NMR for obtaining high resolution spectra.  The technique 



DPhil Thesis Chapter 1 Introduction 

 

 

 33

leads to a significant simplification of solid-state NMR spectra by reducing the powder pattern 

to an average isotropic value where the observed signals are narrowed (Figure 1.9).   

 

 

 

The method consists of rapidly spinning the sample container (rotor) into the spinning module 

of the probe shown in Figure 1.9 about an axis of 54.74°, the magic-angle, with respect to the 

MAS at 54.7°

Figure 1.9 Solid state 15N-NMR spectra of glycine illustrating the effects of solid state magic 
angle spinning (MAS) NMR to study biomolecules.  Without MAS, broad unresolved 
resonances result from the chemical shift anisotropy (νCSA) and a typical powder pattern (upper 
slide) spectrum is obtained [13].  In MAS NMR the rotor is set at the ‘magic angle’ which is 
54.7° with respect to the z axis of the static magnetic field.  As the spinning frequency (ωr) is 
increased, the broad powder spectrum breaks into narrow resonances at the isotropic chemical 
shifts and sets of rotational side bands spaced by the spinning frequency (the next two spectra 
below the powder spectrum).  When the MAS frequency is much larger than the breadth of the 
chemical shift anisotropy, only the isotropic resonance is observed (the bottom spectrum).  
Spectra were acquired on a 500 MHz Infinity Plus spectrometer, with a 4 mm double resonance 
MAS probe at room temperature. 

050100150200250

ωr > νCSA 
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static field B0.  Chemical shielding, dipolar and quadrupolar interaction both contain a (3cos2θ-

1) dependent term with respect to the magnetic field.  In solution, rapid isotropic tumbling (if 

the tumbling rate is τr
-1>> νCSA, νD) averages this spatial component to zero, while in the case of 

solids, another way to average this angular component is to average it mechanically.   

 

The rate of MAS (ωr) must be greater than or equal to the magnitude of the anisotropic 

interaction to average it to zero (i.e. most anisotropic interactions with a magnitude below the 

frequency of spinning of the sample are averaged).  This leads to a decrease in the sideband 

intensities, and an increase in the centre band intensity because the isotropic shift interactions 

and the isotropic J-couplings are left, giving high-resolution solid-state NMR spectra similar to 

those seen in solution NMR.  The disadvantage is that the spectrum loses all the molecular 

geometry information.   

 

The MAS technique is of limited use for “high-gamma” nuclei like protons and fluorine, which 

can have dipolar coupling in excess of 100 kHz, where such high spinning rates cannot be 

achieved.  If the sample is spun at a rate less than the magnitude of the anisotropic interaction, 

a manifold of sidebands becomes visible, which are separated by the rate of spinning (in Hz).  

However, analyses of the residual sidebands pattern can also provide valuable orientational 

information. 
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Practically, the samples are often finely powdered, crystalline or for membrane proteins 

reconstituted in lipid bilayers (i.e. large size and slow tumbling rate) and packed tightly into the 

rotor, which are then spun at rates from 1 to 35 kHz, depending on the rotor size and type of 

experiment being conducted. 

 

A B 

Figure 1.10 A) Magic angle spinning (MAS) rotor B) A spinning module (Stator) of a Varian 
MAS probe.  MAS solid-state NMR samples are loaded into zirconium rotors with various 
diameters.  In figure A, a Varian rotor of 3.2 mm outer diameter is shown in the middle.  The 
components of the rotor are displayed on the right.  From top to bottom: drive-tip, spacer, end-
cap.  A British one pound coin is shown (left) for size reference.  B) The rotor is mechanically 
rotated in the probe-spinning module by blowing high-pressure compressed air or nitrogen gas 
at the drive tip, while the rotor floats on a bearing air.  The maximum rotation frequency for a 
3.2 mm standard wall Varian rotor is currently 25 kHz.  The spacer and end-cap seal the rotor 
and hold the sample in place.  This rotor can hold up to 15 μl of sample [15, 24]. 
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1.8.2 Cross polarisation  

The sensitivity of rare spin species (S-spins) with low gyromagnetic ratio, such as 13C and 15N 

can be enhanced by transferring magnetisation from abundant spin species (I-spins) with high 

gyromagnetic ratio, such as 1H, 19F and 31P [104, 105].  In a CP experiment, the field strengths 

are set to the Hartmann-Hahn condition (Figure 1.12). Polarisation is transferred when a spin-

lock field is applied to I and S simultaneously, called the contact time.   

 

 

Figure 1.12 The classic Hartmann-Hahn condition for a non-spinning sample that allows transfer 
of polarisation from 1H to low-γ nucleus such as 13C.  For a spinning sample the MAS frequency 
has to be taken into account and the matching condition becomes: ω1H – ω13C= ± n ωr 

ZL 

B0 
βRL 

ωR 

ZR 

Figure 1.11 Schematic diagram for magic angle spinning (MAS). ZL is z-axis of laboratory frame 
which is aligned with the external magnetic field B0 and a rotor is spinning at ωR around z-axis of 
rotor frame which is tilted by the magic angle βRL.  Taken from [11]. 
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γ Brf +/-nωr 

Where n= 1, 2 

|γIBI
rf |= |γS BS

rf| 

 

where BI
rf and BS

rf are rf fields applied to spin I and S, respectively and γI and γS.  The standard 

pulse program for a CP experiment is shown in Figure 1.13 with a 1H excitation 90º- pulse and 

then magnetisation transfer from 1H to the low frequency channel (e.g 13C or 15N) by the 

matched pair of CP pulses.  In the presence of molecular motion or with increasing spinning 

frequency, problems in establishing and maintaining the Hartmann-Hahn matching condition 

can be encountered.  Recently, it has been shown that a ramped pulse on one of the channels 

improves signal stability, compensates for B1 inhomogeneity and increases sensitivity [108, 109].  

The signal enhancement in CP is due to two factors.  First, the larger gyromagnetic ratio of 

protons (e.g γH is 4 times bigger than γC) creates a larger 1H polarisation which is transferred to 

the low-γ nucleus.  Second, the repetition time of the experiment is determined by the shorter 

1H relaxation time relative to low-γ spins and hence the experiment repetition rate can be 

increased.   

 



DPhil Thesis Chapter 1 Introduction 

 

 

 38

 

 

1.8.3 Proton decoupling  

The 1H nucleus has a large gyromagnetic ratio and almost 100% natural abundance (Table 2).  

Especially in biomolecules, there are a huge number of protons and their spin interactions with 

the other low γ nuclei such as 13C and 15N complicate the spectrum.  1H decoupling therefore is 

necessary to remove residual 1H-13C dipolar couplings under MAS and 1H-13C residual J-

couplings, which are not averaged with the sample spinning at the magic angle.  Decoupling 

field strengths of 80-100 kHz are now commonly used.  The simplest decoupling method 

involves continuous rf irradiation of fixed phase during the acquisition of the FID and is called 

continuous wave (CW) decoupling [103]. Recently, more sophisticated methods have been 

introduced, which significantly improve the decoupling efficiency [110].  Two-pulse phase 

modulation (TPPM) consists of two π pulses and their rapid phase switching.  Experimentally it 

was found that TPPM decoupling is very sensitive to the parameter setting of the two values, 

the pulse length and the phase angle [111].  There is also X inverse-X (XiX) decoupling 

I 

S 

Figure 1.13 Standard CP pulse sequence with decoupling scheme during the signal acquisition 

CP Decoupling 

CP 

(π/2)y 
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scheme, which is a simple high-decoupling scheme that improves decoupling compared to 

other available sequences such as CW and TPPM.  It consists of continuous irradiation of the 

protons with pulses of equal width τp and with a phase difference of 180˚.  For XiX, the 

performance depends only on the pulse width τp in units of the rotor period, τr=1/ωr [112]. 

 

1.8.4 Recoupling methods 

The dipolar coupling between nuclei in specific sites in solids is an important structural 

parameter due to its r-3 dependence, where r is the internuclear distance, but it is reduced 

dramatically by rapid MAS.  However, these interactions contain valuable structural and 

dynamic information.  This information can be brought back by employing so-called 

‘recoupling methods’ to recover the dipolar interactions lost during MAS.  Different techniques 

have been developed for recoupling dipolar interactions, which are based on the application of 

rf pulses to disrupt the averaging due to samples rotation.  These techniques can be separated 

into two general categories: techniques that recouple dipolar couplings between homonuclear 

spins such as dipolar recoupling at the magic angle (DRAMA)  [113] and radiofrequency driven 

recoupling (RFDR) [114] and techniques that measure dipolar couplings between heteronuclear 

spins (rotational-echo double resonance) REDOR and CP between 13C/15N.  The application 

of homonuclear dipolar correlation spectroscopy on uniformly 13C-labelled systems is 

important for assignment strategies in solid-state NMR.  13C-homonuclear correlation 

experiments are used for the identification of amino-acid side-chains.  2D and 3D 

heteronuclear experiments like NCO, NCA, NCOCX, NCACX, on the other hand, have 

become very important for sequential assignment information. 



DPhil Thesis Chapter 1 Introduction 

 

 

 40

1.8.5 Solid-state NMR of quadrupolar nuclei 

Quadrupole nuclei have a spin >1/2 and an asymmetric distribution of nucleons which give 

rise to a non-spherical positive electric charge distribution.  The asymmetric charge distribution 

in the nucleus is described by the nuclear electric quadrupole moment, eQ, which is an intrinsic 

property of the nucleus and is the same regardless of the environment.  Quadrupolar nuclei 

interact with electric field gradients in the molecule, which are spatial changes in electric field in 

the molecule.  The magnitude of the quadrupolar interaction is given by the nuclear quadrupole 

coupling constant, which accounts for both the intrinsic property of the nucleus and for its 

environment.   

 

The double orientation rotation (DOR) technique is a solid-state NMR technique which is used 

for studying half integer quadrupole nuclei.  This technique removes quadrupole interactions 

that are not removed by MAS.  Consequently, narrower lines can be obtained and different 

sites can be resolved more easily and with greater accuracy.  However it is an extremely difficult 

technique to implement and narrowing of the lines removes useful information.  The limited 

spinning rates and large coil-part of the experiment mean that strong dipolar coupling to 

hydrogen/protons cannot be completely removed. As a result spectrum with O-H 17O peaks 

are broadened to the extent that they are not seen.  
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Oldfield [115] introduced a technique, using standard equipment, originally proposed for 

second order powder pattern lineshapes for low γ nonintegral spin quadrupole nuclei.  The 

Oldfield echo (Figure 1.14) uses the full phase-cycling rules to provide a 16-step sequence that 

removes unwanted signals and probe-ringing from the two pulses.  When the echo signal is 

measured the probe has had time to recover, and hence the echo contains only signals from the 

sample that is being measured.  This technique combined with high speed MAS and very strong 

decoupling effectively produces high resolution quadrupole spectra.   

 

1.8.6 Static NMR experiments of oriented samples 

Static solid-state NMR spectroscopy on macroscopically oriented lipid bilayers is an alternative 

approach to structural and functional elucidation of structure of membrane-bound peptides 

and proteins [116-121].  By aligning the sample on a solid support that has itself a specific 

direction with respect to the external magnetic field, orientationally dependent parameters like 

the chemical shift anisotropy of appropriate nuclei is determined to give direct molecular 

Figure 1.14 Schematic representation of Oldfield echo two pulse sequence, where n is an integer 
and τr is a rotor period combined with the XiX decoupling sequence.
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structure for specifically introduced nuclei such as 2H which shows quadrupolar anisotropy, or 

13C, 31P, or 15N which show chemical shift anisotropy and dipolar coupling for each labelled 

position [122].   

 

Static 31P NMR can be used to probe lipid alignment and membrane morphology.  It is a highly 

sensitive method to characterize the degree of alignment and functional integrity of the bilayer 

lipids by probing the phospholipids [123].  Biological alignment takes advantage of the natural 

liquid crystalline arrays of certain membranes.  The CSA tensor is axially symmetric for 

phospholipids undergoing fast rotation around an axis perpendicular to the bilayer plane [124].  

For randomly, unoriented multilamellar bilayer dispersion, a broad spherically averaged powder 

spectrum is obtained.  For a specific phospholipid in an oriented bilayer, the 31P NMR 

spectrum consists of a single resonance line whose frequency νCSA increases with the angle θ 

between the membrane normal and the magnetic field.  The static 31P NMR spectra of lipids are 

governed by the asymmetric electronic distribution around the phosphate group within the 

lipid.  The orientation dependence of 31P spectra oriented lipid bilayer systems can be seen in 

Figure 1.16. 
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1.9 Aims and Objectives 

The main aim of the thesis is to resolve methodologies suitable for the study of crystalline 

membrane proteins by solid-state NMR, with mGluR4 and bacteriorhodopsin as case studies 

for NMR crystallography. 

 

For the mGluR4 protein 

It was planned to express and purify the active ligand-binding domain of mGluR4 in E. coli in 

sufficient amounts that will enable the ligand receptor interactions to be probed to high 

31P Chemical shift (ppm)

Figure 1.16 Orientational dependence of 31P NMR spectra (at 36.4 MHz) of planar multi-bilayers of 
phosphatidylcholine, where δ is the angle of the applied field with respect to the membrane normal at 
T=77°adapted from [10] 

Figure 1.16 Orientational dependence of 31P NMR spectra (at 36.4 MHz) of planar multi-bilayers of 
phosphatidylcholine, where δ is the angle of the applied field with respect to the membrane normal at 
T=77°adapted from [10] 
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resolution using solid-state NMR.  Another aim was to crystallise the protein and examine the 

effects of crystallisation on 13C NMR linewidths. 

A homologue, mGluR1 has been crystallised and its structure resolved by x-ray crystallography 

[9]. A homology model was built based on the mGluR1 sequence and molecular dynamics 

simulations performed to support the NMR studies.  Structural information, such as the 

conformation and the orientation of the bound-ligand obtained from NMR experiments should 

provide a detailed view of the ligand binding site.   

 

Another aim was to characterise the ligand and assign its resonances using solid-state NMR to 

permit assignment of the resonances for glutamate when bound to mGluR4. 

 

For the bacteriorhodopsin protein 

Three dimensional (3D) crystals of bR have been produced in the context of solid state “NMR 

crystallography” and the effect it has on the quality of the spectra on the selectively 15N labelled 

bacteriorhodopsin investigated.  The ultimate goal of the bR crystallisation trials described was 

to produce highly homogeneous three dimensional bR crystals for MAS NMR and compare 

their resolution with the resolution of the purple membrane which is a natural 2 dimensional 

(2D) crystal.  Alternative means of sample preparation like Lipodisqs™, which may find 

application for preparing samples for solid state NMR of strongly hydrophobic peptides, was 

studied by transmission electron microscopy in order to determine the diameter and the 

homogeneity.  31P static solid state NMR was used to study the orientation of Lipodsiqs™ in a 

magnetic field. 
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One aim of this study is to investigate whether an improvement of spectral resolution in solid-

state NMR 13C linewidths could be achieved by deuterating U-13C, 15N bacteriorhodopsin.  

Three differently uniformly labelled bacteriorhodopsin samples were prepared: fully deuterated 

U-13C, 15N, 50% deuterated U-13C, 15N and fully protonated U-13C, 15N.  Effects of deuteration 

on the quality of solid-state NMR spectra will be examined.   

 

Another aim of the study of U- 13C, 15N labelled bR, was to establish the feasibility of 

sequential, site specific assignment of uniformly 13C, 15 N labelled protein bacteriorhodopsin 

(bR) in the purple membrane using solid state NMR.  Bacteriorhodopsin is a 248 amino acid, 

mostly α-helical 7 transmembrane protein consequently resonance assignment is expected to be 

challenging, but a prelude to studies on GPCRs and other polytopic membrane proteins. 

 

 



DPhil Thesis Chapter 2 Metabotropic Glutamate Receptor 4 

 

 

 46

Chapter 2 Metabotropic Glutamate Receptor 4: 
Ligand Studies by Solid State NMR, Homology 
Modelling, Cloning and Expression  

 

 

 

2.1 Introduction  

This chapter describes the steps undertaken to lay the groundwork necessary for studying 

ligand-receptor binding studies by solid state NMR of a novel protein.  The chapter contains 

three parts: the first reports on the 13C, 15N and 17O solid state NMR characterisation of the 

ligand for the mGluR4 receptor: L-glutamic acid.  The second part of this chapter describes 

the building of a homology model to predict the structure of mGluR4, since there is no 

structural information available for it.  The third part is concerned with the cloning and 

expression of mGluR4 in E. coli, in order to obtain sufficient amounts of functional receptor 

for solid state NMR studies.  Clones of the full length receptor and the ligand binding domain 

for different expression pathways with different fusion tags were examined. 

 

2.1.1 Ligand studies by solid state NMR 

Before ligand bound to receptor studies could be attempted, it was necessary to study the 

ligand alone.  This assists with assignment and characterisation of the spectra of the ligand-

receptor complex later on in the studies.  Details about the 13C and 15N CP MAS NMR 
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technique used is described in Chapter 1.  A more detailed description of 17O solid state NMR, 

which is of particular interest to ligand-binding studies, is given here.  

 

17O is the only NMR-active oxygen isotope, with spin I = 5/2. It possesses a quadrupole 

moment which leads to significantly broadened lines from solids and the fast relaxation time 

makes it unsuitable for solution state NMR.  In addition it has a low natural abundance 

(0.037%) [125] which makes its use relatively uncommon.  The advent of higher magnetic 

fields, faster MAS and techniques for improving resolution, has made the use of 17O solid-state 

NMR more accessible.  17O  has been used in the study of biological materials in addition to 

the traditional inorganic materials such as glasses and zeolites [126, 127].  17O -NMR study of 

17O-labelled biomaterials is very sensitive to changes in the bonding environment, in particular 

H-bonding, which is important in ligand binding [128].  

 

2.1.2 Homology modelling of the ligand binding domain of mGluR4 

The structure of mGluR4 has not been resolved yet by any structural method.  In the absence 

of high resolution structural data, model building on the basis of the known 3D structure of 

homologous proteins is a useful method to obtain structural information.  Comparative or 

homology modelling combines the sequence of a macromolecule of unknown structure with 

the template [129] of one or several other homologous macromolecules, whose structures 

serve as starting points for the unknown structure.  Homology modelling is considered to be 

one of the most accurate prediction methods [130, 131] and is useful for planning labelling 

schemes and experiments.  
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In this case, the homologous protein on which the mGluR4 homology model is going to be 

predicted is the ligand binding domain of mGluR1.  There are several structures of mGluR1 

available that have been resolved by x-ray crystallography.  mGluR1 shares 30% sequence 

identity with mGluR4 which is sufficient for predicting an mGluR4 homology model.  The 

next step in homology modelling is to align the template and the target sequence.  Several 

models are generated by MODELLER, a program used for homology and comparative 

modelling and the models are validated by one of the softwares programs available.  

 

2.1.3 Molecular biology of mGluR4 

The mGluR4 receptors, both the brain and putative taste receptor, were described in Chapter 

1.  At the beginning of the study the focus was on the putative taste receptor, which is a 

truncated version of the brain mGluR4.  The putative taste receptor shares the same amino-

acid sequence as the brain mGluR4 receptor, except for the first 265 amino acids at the N-

terminal which are missing from the taste receptor.  The schematic representation of the 

modular parts of the putative taste and the brain mGluR4 compared to the brain mGluR1 

receptor can be seen in Figure 2.1. Although the expression of taste- and brain-mGluR4 

mRNAs in same tissue have been demonstrated, the expression of the putative taste mGluR4 

protein in taste tissues is not conclusive. Consequently, the focus here was broadened to the 

brain mGluR4 receptor, which is a receptor for L-glutamic acid, a major excitatory 

neurotransmitter in the central nervous system.  It is the binding site of glutamate which is the 

focus of the NMR study. 
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In order to study ligand-receptor conformational changes by solid state NMR, the ligand 

binding domains (LBD) of mGluR4 alone will be sufficient, since they retain the ligand-

binding capacity and ligand selectivity comparable to the full length receptor [132].   

 

 

 

However, the full length mGluR4 receptor including the transmembrane and intracellular 

region is of interest as well.  Hence, the LBD and the full length mGluR4 receptors of both the 

brain and the putative taste receptor will be cloned and their expression attempted in E. coli. 

 

The disulfide bridges present in the LBD are predicted to make this protein insoluble in E. coli, 

due to the reducing nature of the cytosol in E. coli.  Different fusion tags at either the N or the 

33
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Brain mGluR4 

Taste-mGluR4 

Figure 2.1 Modular parts of mGluR1 and mGluR4.  The beginning of the domains are denoted 
by the number of the residue.  The mGluR receptors consist of extracellular domain, cystein 
rich domain, transmembrane region and an intracellular C-terminal domain. 
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C terminus to keep the protein soluble will be used as well as different cloning strategies, such 

as expression in the cytoplasm or periplasm, which is more favourable for disulfide bridge 

formation will be tried to overcome this problem and are discussed in the Materials and 

Methods section.  

 

Expression of a full length active GPCR, the neurotensin receptor, in E. coli has been achieved 

in this laboratory [133].  The same cloning strategy will be applied to the full length mGluR4 

receptor in order to obtain soluble, functionally active mGluR4 in E. coli. 

 

There are three aims of this study.  The first aim is to study the ligand of mGluR4- L-glutamic 

acid by solid state NMR, the second is to build a homology model which will be used for 

planning the labelling schemes of the protein and planning of the solid state NMR 

experiments.  The third aim is to obtain sufficient amounts of functional receptor in E. coli for 

ligand binding and high resolution structural NMR studies of the receptor. 

 

2.2 Materials and Methods 

2.2.1 Solid state NMR of the ligand 

2.2.1.a 13C and 15N CP MAS solid-state NMR of L-glutamic acid 

One dimensional (1D) spectra were obtained using cross polarisation-magic angle spin (CP-

MAS) SS NMR at a field of 9.4 T in a 4 mm standard rotor, on a 13C uniformly labelled L-

glutamic acid (BDH Chemicals) and 15N uniformly labelled L-glutamic acid.  The sample was 

spun at a frequency of 7 kHz.  The experiments were carried out at room temperature (RT).  
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For the 13C CP MAS experiment the contact time during CP was 2.5 ms.  Pulse delay was 2 

seconds and 1756 scans were collected.  The spectral width was 50 kHz.  13C frequency was 

100.0575 MHz.  Proton decoupling during acquisition was 70 kHz and 1024 data points were 

collected. 

 

For the 15N CP MAS crystallised 15N labelled L-glutamic acid was packed into a 4 mm standard 

rotor.  MAS frequency was 7 kHz and the experiment was carried out at RT.  Contact time 

during CP was 2 ms.  Proton decoupling during acquisition was 70 kHz. 5000 scans were 

collected.  The L-glutamic acid was crystallised by V. Lemaitre. 

 

2.2.1.b 17O Solid-state NMR of L-glutamic acid 

An 17O solid-state NMR spectrum of L-glutamic acid was recorded at a Larmor frequency of 

81.370 MHz and a spinning rate of 20 kHz.  A Varian/Chemagnetix Infinity spectrometer was 

used, which was equipped with a 14.1 Tesla (600 MHz for 1H) wide-bore magnet and a Varian 

3.2-mm-rotor MAS probe.  High-power 1H decoupling, B1 was approximately 130 kHz, using 

the XiX scheme [134].  It was necessary for the magic angle to be as accurate as possible 

because echo and 1H decoupling produce very high quality second-order quadrupolar line 

shapes [135].  The spectrum was referenced to distilled water at 0 ppm.  17O uniformly labelled 

L-glutamic acid was synthesised and prepared by V. Lemaitre [136]. 
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2.2.2 Homology modelling of the ligand binding domain of the taste 

mGluR4 

The first step in homology modelling is to select a template.  Since 2000, the crystal structures 

of the ligand binding region (LBR) of mGluR1 (listed in Table 3) have been solved at different 

resolutions.   

 

 

 

The crystal structure of the LBR mGluR1 complexed with glutamate solved to 2.2 Å [62] was 

selected as a template for modelling studies because it shares more than 30% sequence identity 

and the crystallographic data is with the best resolution.  The next step in homology modelling 

is to align the template and the target sequence.  Good sequence alignment is very important in 

generating a satisfactory homology model.  The sequence identity between the template and 

the target is 30.02%, and sequence homology 64.39%.   

 

Table 3 Solved crystal structures of LBR of mGLuR1, their PDB file names, resolution and date of 
deposition 

[96] 20013.31ISSWith an antagonist

[96] 200141ISRWith glutamate and Gd+

200041EWVLigand free form II

20003.71EWTLigand free form I

[95]20002.21EWKWith glutamate

ReferenceDeposited (year)Resolution (Ǻ)PDB  
ID

Crystal structures of 
mGluR1

[96] 20013.31ISSWith an antagonist

[96] 200141ISRWith glutamate and Gd+

200041EWVLigand free form II

20003.71EWTLigand free form I

[95]20002.21EWKWith glutamate

ReferenceDeposited (year)Resolution (Ǻ)PDB  
ID

Crystal structures of 
mGluR1
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2.2.2.a Model generation 

MODELLER builds a model using distance and dihedral angle restraints on the target 

sequence derived from its alignment with the template 3D structure.  MODELLER requires 

two types of input, the sequence alignment between the target and a template sequence and the 

structural data of the template protein in the PDB format.   

 

2.2.2.b Model validation 

In order to refine this group of models, the candidates were evaluated using parameters 

provided by PROCHECK, ProSa 2003 and Accelerys DS ViewPRo 5.0.  PROCHECK is used 

to check the model stereochemistry. G factor is a log-odds score based on the observed 

distribution of the parameters taken into account by PROCHECK.  These parameters include 

main chain bond length and bond angles; the distribution of φ, ψ and χ torsion angles. The G 

factor provides a measure of how normal, or alternatively unusual, the stereochemical 

properties are.  Ideally, the G factor value should be above -0.5. Models with values for the G 

factor below -1.0 may need further investigation [137].   

 

Another software program used to validate the models was ProSa 2003, a successor of Prosa 

II.  It is software that allows analysis of three-dimensional structure of proteins.  The program 

generates scores reflecting the quality of the structure.  Z-score is a parameter generated by 

ProSa 2003 that indicates the quality of the protein structure and is based on water soluble 

proteins, not transmembrane proteins.  For native folds, there is a correlation between the Z-

score values and the sequence length.   
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2.2.3 Molecular Biology of mGluR4 

The aim of this section is to describe the cloning and expression of several different mGluR4 

constructs in E. coli with the aim to obtain large quantities of functional protein sufficient for 

structural studies.  mGluR4 contains 2 disulfide bridges, a cysteine-rich domain and GPCR 

expression in general is challenging. 

 

The first clone was of the LBD of the putative taste receptor, it was assumed that it might be 

soluble in E. coli since it is the soluble part of the protein, and it is a small fragment, however it 

resulted in insoluble protein.  The focus then was broadened to the brain mGluR4, and 

strategies for improving the solubility of the protein in E. coli were looked into and they are 

described after the cloning and expression tests of the putative LBD.  The cloning and 

expression of the putative taste LBD was done entirely by me, whereas the cloning and 

expression for the brain mGluR4 were discussed with Dr Simon Ross and he carried out the 

cloning and expression of the constructs.  

 

2.2.3.a Cloning and expression of the taste mGluR4 LBD 

The E. coli vector pCR T7 /NT-TOPO was chosen for the expression of the ‘taste’ ligand 

binding domain because of the size of the gene of interest, the ease and efficiency of cloning 

associated with this vector, the His-tag which allows affinity purification, the Express tag 

which aids specific detection with monoclonal antibodies and the T7 promoter.   
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The truncated version of mGluR4 was amplified using a AmpliTag® polymerase supplied in a 

GeneAmp High Fidelity PCR kit (Applied Biosystems).  Details of the concentration of the 

reagents and the cycling parameters are listed in Table 4. 

 

 

 

The PCR product was cloned into a pCR T7 /NT-TOPO vector (Invitrogen; Figure 2.2.).  A 

50 μl aliquot of chemically competent E. coli cells, strain-BL21 (DE3), was taken out of the -80 

˚C storage and thawed on ice.  1 μl of the ligation mixture was added to the cells and left on ice 

for 30 minutes.  The cells were heat-shocked at 42 ˚C for 30 seconds, transferred into 250 μl 

SOC medium, which is a nutritionally rich bacterial growth medium used to maximise 

transformation efficiency and incubated for 1 hour at 37 ˚C.  The culture was plated onto agar 

containing ampicillin (50 μg/ml) and left overnight at 37 ˚C.   

 

Table 4 Components of the PCR reaction and the cycling parameters 

Forward primer 300 nM
Reverse primer 300 nM
MgCl2 2.5 mM
dNTP 200 μM
Enzyme 2.5 Units 
Buffer (x10) x1
DNA template 100ng

Component Final concentration

Forward primer 300 nM
Reverse primer 300 nM
MgCl2 2.5 mM
dNTP 200 μM
Enzyme 2.5 Units 
Buffer (x10) x1
DNA template 100ng

Component Final concentration

130072Final 
extension

3015
30
105

94
61
72

Denaturation
Annealing
Extension

112094Initial 
denaturation

CyclesTimes  (sec)Temperature 
(˚C)

Step

130072Final 
extension

3015
30
105

94
61
72

Denaturation
Annealing
Extension

112094Initial 
denaturation

CyclesTimes  (sec)Temperature 
(˚C)

Step

2.5 mM
200 μM
2.5 Units 
x1

2.5 mM
200 μM
2.5 Units 
x1

Forward primer 300 nM
Reverse primer 300 nM
MgCl2 2.5 mM
dNTP 200 μM
Enzyme 2.5 Units 
Buffer (x10) x1
DNA template 100ng

Component Final concentration

Forward primer 300 nM
Reverse primer 300 nM
MgCl2 2.5 mM
dNTP 200 μM
Enzyme 2.5 Units 
Buffer (x10) x1
DNA template 100ng

Component Final concentration

130072Final 
extension

3015
30
105

94
61
72

Denaturation
Annealing
Extension

112094Initial 
denaturation

CyclesTimes  (sec)Temperature 
(˚C)

Step

130072Final 
extension

3015
30
105

94
61
72

Denaturation
Annealing
Extension

112094Initial 
denaturation

CyclesTimes  (sec)Temperature 
(˚C)

Step

2.5 mM
200 μM
2.5 Units 
x1

2.5 mM
200 μM
2.5 Units 
x1
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Successful cloning and correct orientation of the insert were checked by double restriction 

digests with BamHI and EcoRI Figure 2.17, and double checked by DNA sequencing with T7 

forward and reverse primers.   

 

 

 

2.2.3.b Expression of the taste mGluR4 LBD in E. coli  

Starter cultures for expression of the LBR of the putative taste mGluR4 were set up by 

inoculating 5 ml LB containing ampicillin (50µg/ml) with the correctly oriented clones and 

were grown overnight.  They were transferred into 50 ml LB containing ampicillin (50µg/ml).  

The cultures were grown at 37˚C in a 200 rpm shaker until they reached OD600 of ~0.5 at 

which point expression was induced by addition of IPTG to a final concentration of 1mM.  

Figure 2.2 Map of the expression vector pCR T7/NT-TOPO.  This vector contains a gene 
conferring Ampicillin resistance for bacterial selection. A T7 promoter is included as is the 6 
His tag which allows detection and purification, and Express tags which is used for detection 
purposes [6]. 
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After four hours induction, the cells were collected by centrifugation (3000 rpm; 20 m; 4˚C).  

Samples were taken at each stage for analysis by SDS-PAGE. 

 

2.2.3.c Small scale taste mGluR4 LBD purification 

The cell pellet was lysed in buffer containing 10 ml 50 mM Tris-HCl (pH 8), 100 mM NaCl 

and 1 mM β-mercaptoethanol containing EDTA-free protease inhibitor cocktail (Roche), and 

then disrupted by sonication on ice.  The cell lysate was centrifuged (120 000g; 4˚C; 40 m) to 

isolate inclusion bodies.  The supernatant was loaded onto an equilibrated 2 ml Ni2+-NTA-

Agarose column (Qiagen) and the pellet was dispersed in the lysis buffer containing 6M 

GuHCl and then shaken overnight (200 rpm, at 4˚C) and centrifuged  again at (120 000 g, 4˚C, 

40 minutes).  After centrifugation the supernatant was loaded onto the Ni2+-NTA-Agarose 

column.  The column was washed three times with three column volumes lysis buffer 

containing 5 mM imidazole. The protein was eluted in 200 mM imidazole.   

 

2.2.3.d Protein detection 

In order to detect the protein, the samples were separated by SDS-PAGE (Tricine 10-20% 

gels, Invitrogen, Novex).  Two methods for protein detection were used: Coomassie brilliant 

blue staining and Western blot.  Western blotting allows detection of epitope-tagged proteins 

in complex mixtures such as cell extracts and is more specific than Coomassie staining [138].  

The anti-Express antibody (Invitrogen) was used to detect the truncated LBR of mGluR4.  In 

E. coli there are histidine rich proteins, which reduce specificity of detection.   
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In Western blotting the electrophoretically separated proteins were transferred onto 

nitrocellulose membranes in a semi-dry system with transfer buffer.  The membranes were 

blocked with 0.05% Tween/PBS (PBS-T) containing 5% non-fat milk for 1 hour at RT, 

followed by incubation with 1:5000 dilution of peroxidase-conjugated monoclonal mouse anti-

Express IgG (Invitrogen) in 5% non-fat milk-PBS-T.  After the incubation with the antibody 

the membranes were washed in 5% non-fat milk PBS-T 3 times for 5 m and 3 times for 15 m 

in PBS/T.  ECL detection reagents (Amersham Pharmacia Biotech) were added to membrane 

for 1 minute and results were visualised by autoradiography.  This clone resulted in an 

insoluble protein. 

 

Alternative cloning strategies were looked into, because they can affect the choice of vector 

due to the need for restriction site and reading frame compatibility.  Many pET vectors from 

Novagen share common restriction site configurations, which will make it possible to clone 

the target gene into several vectors with a single preparation of the insert.  The reason the pET 

vectors were chosen is because these vectors can enhance solubility and or folding in one of 

three ways: 1) provide for fusion to a polypeptide that itself is highly soluble [e.g. glutathione-

S-transferase (GST), thioredoxin (Trx), maltose binding protein (MBP)], 2) provide for fusion 

to an enzyme that catalyzes disulfide bond formation (e.g. Trx, DsbA, DsbC), or 3) provide a 

signal sequence for translocation into the periplasmic space (pelB, DsbA, DsbC).  An 

alternative strategy to obtain active, soluble proteins is to use vectors that enable export into 

the periplasm, which is a more favourable environment for folding and disulfide bond 

formation.  For this purpose vectors carrying signal peptides are used.  DsbA and DsbC are 

periplasmic enzymes that catalyse the formation and isomerisation of disulfide bonds in pET-
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39b (+) and pET40b (+).  The His-tag sequence is very useful as a fusion partner for protein 

purification, and is optional in the pET vectors.   

 

Several constructs with different fusion tags were made of the full length and LBD of both the 

rat putative taste receptor and the brain mGluR4 receptors.  Since more than 16 clones were 

prepared, they are numbered for ease of reference and summarised in Table 5.  Clones 4-8 are 

clones of the full length mGluR4s and 1-3 and 9-16 are clones of the ligand binding domain of 

mGluR4. 

 

 

 

 

Table 5 Summary of the clones of mGluR4 prepared, the target sequence, the E. coli vector 
used, the fusion tags and the destination of the expressed protein.

PeriplasmMBPpNTR1Brain LBD16

PeriplasmMBPpNTR1Brain LBD15

CytoplasmMBPpET21MBPBrain LBD14

CytoplasmHis6pET-22 b(+)Brain LBD13

PeriplasmDsbC, His6pET-40 b(+)Brain LBD12

PeriplasmDsbA, His6pET-39 b(+)Brain LBD11

CytoplasmTrxApET-32 b(+)Brain LBD10

CytoplasmHis6pET-22 b(+)Brain LBD9

Cell membraneTrxA, His10pNTR1Full length,
no C-terminal

8

Cell membraneMBP, TrxApNTR1Full length receptor7

Cell membraneMBPpNTR1Full length receptor6

Cell membraneMBP, His10pNTR1Full length receptor5

Cell membraneMBP, TrxA, His10pNTR1Full length receptor4

CytoplasmHis6, ExpresspCR T7/NT-TOPOTaste LBD3

Destination of Expressed
Protein

Fusion TagsVectormGluR4 target sequenceClone 
No

PeriplasmMBPpNTR1Brain LBD16

PeriplasmMBPpNTR1Brain LBD15

CytoplasmMBPpET21MBPBrain LBD14

CytoplasmHis6pET-22 b(+)Brain LBD13

PeriplasmDsbC, His6pET-40 b(+)Brain LBD12

PeriplasmDsbA, His6pET-39 b(+)Brain LBD11

CytoplasmTrxApET-32 b(+)Brain LBD10

CytoplasmHis6pET-22 b(+)Brain LBD9

Cell membraneTrxA, His10pNTR1Full length,
no C-terminal

8

Cell membraneMBP, TrxApNTR1Full length receptor7

Cell membraneMBPpNTR1Full length receptor6

Cell membraneMBP, His10pNTR1Full length receptor5

Cell membraneMBP, TrxA, His10pNTR1Full length receptor4

CytoplasmHis6, ExpresspCR T7/NT-TOPOTaste LBD3

Destination of Expressed
Protein

Fusion TagsVectormGluR4 target sequenceClone 
No
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2.2.3.e Molecular biology of the full length mGluR4 

Since the putative taste LBD of mGluR4 resulted in insoluble protein it was decided to use 

cloning strategies which will enhance solubility of the protein in the cytoplasm of E. coli or  

Generation of expression constructs.  The cloning strategy of the full length mGluR4 was 

based on the strategy of Grisshammer for cloning of the neurotensin 1 receptor (NTR1), with 

which maximum 800 neurotensin receptor binding sites per cell are achieved [139].  For this 

strategy, in Clone 4 the full length mGluR4 gene was amplified by polymerase chain reaction 

(PCR) with primers 5MGLUR4 and 3MGLUR4.  The PCR product was digested with 

BamHI/EcoRV and cloned into the BamHI/SmaI site of pNTR1 (MBP-N10-Tev-rT43NTR-

N5G3S-Tev-G3S-TrxA-H10) to replace the NTR1. 

(ATCTGAGGATCCAAGCCCAAGGGTCACCCCCACATGAA) and 

(GCGTGTGATATCCGATGGCATGGTTGGTGTAGGTGACGTA) respectively, between 

the MBP and thioredoxinaA (TrxA) fusions (Figure 2.3).  The vector contains a lac promoter 

which is a very low expression promoter [139].   

 

 

 

Maltose binding protein mGluR4 Thioredoxin His10 tag

Figure 2.3 Schematic diagram representing the fusions used to express mGluR4 in the 
neurotensin vector 
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Another clone of the full length mGluR4 was Clone 5, in which mGluR4 with an N-terminal 

MBP and a C-terminal His tag fusion only has been cloned.  The mGluR4 gene was amplified 

by PCR with 5MGLUR4 and 3MGluR4 primers, and like Clone 4 it was cloned into 

BamHI/EcoRV site into pBluescript vector (Stratagene).  pBluescript vector is a vector which is 

designed for propagation of the constructs and to simplify commonly used cloning and 

sequencing procedures. The fragment was digested from pBluescript with EcoRV and cloned 

in His-tag linker TGCATCACCATCACCACCATCACCATCACCATTAATAAGAT such 

that the stop codons are at the C-terminus.  The fragment was cut out with Sph/HindIII and it 

replaced the BamHI/SmaI fragment of construct 4. 

 

Clone 6 is a clone of the mGluR4 receptor with an N-terminal MBP fusion and no c-terminal 

fusions.  The mGluR4 gene was amplified by PCR using the 5MGLUR4 primer above and 3’ 

primer 3GR4 

(GCGTGTGATATCTCACTAGATGGCATGGTTGGTGTAGGTGACGTA) and cloned 

into the BamHI/EcoRV site of pBluescript and then digested with SphI/HindIII, the fragment 

was used to replace the SphI/HindIII fragment in construct 4. 

 

Clone 7 of the full length ‘taste’ receptor was cloned between MBP and TrxA fusion in the 

pNTR1.  The gene was amplified by PCR with primers (5’-3’) 

(ATCTGAGGATCCATGGGTTCTGATAGCTGGGGCTCCAAG) and 3MGLUR4 3’ 

primer.  It was cloned into the BamHI/EcoRV site of pBluescript and then digested with 

BamHI/SmaI and replaced the BamHI/SmaI fragment of construct 4. 
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Clone 8 is a clone of mGluR4 with the C-terminal cytoplasmic domain removed, and the 

fragment was cloned between MBP and TrxA fusions in the pNTR1 vector.  The gene was 

amplified with 5MGLUR4 and Terminated C-terminal primer 

(GCGTGTGATATCCGTTCTGCTCCGGGTGGAAGAGGATGATG), digested with 

BamHI/EcoRV and cloned into the BamHI/SmaI site of pNTR1 to replace the neurotensin 1 

receptor. 

 

 

2.2.3.f Expression of the full length mGluR4 

Expression of clone 4 was tried in DH5α, BL21(DE3) and C43(DE3) competent cells.  

Methods of tighter induction control were looked into, which led to expression in Rosetta-

gami 2 strain of competent cells.  The Rosetta gammi competent cells are designed to enhance 

cytoplasmic disulfide bond formation and enhanced expression of eukaryotic proteins that 

contain codons rarely used in E. coli. 

 

2.2.3.g Molecular biology of the of brain mGluR4 LBD 

Several ligand binding domain (LBD) constructs were cloned and expressed in BL21 

competent cells with rare tRNA plasmid.   

 

Clone 9 is a clone of the LBD of the mGluR4 cloned into pET-22 b(+) (Figure 2.4) for export 

into the periplasm with no N-terminal fusion.  The gene was amplified by PCR with full and 

3prime primers (AGTACTGCGGATCCGAAGCCCAAGGGTCACCCCCACATGAA and 
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GATATCAAGCTTGGAGCGCGGCAGCTGCTGGCCAC) and cloned into the SmaI site 

of pBluescript.  The clone was digested with BamHI/HindIII and cloned into BamHI/HindIII 

site of pET22b (+) (Figure 2.4) (Novagen) between the NdeI and HindIII.  There was no N 

terminal fusion domain except for a few amino acids in order to take into account potential 

bacterial secretion inhibitory effect of positive charge in eukaryotic mGluR4 sequence within 

the first few amino acids after the signal peptide [140], and it contains a C-terminal His-tag.  

The full length ligand binding domain has a lot of positive charges at the beginning of the 

sequence; consequently the signal from the mRNA was omitted.  The clone starts with the first 

amino acid of the protein sequence.  It is homologous to the crystal structure of mGluR1 

[141].   

 

 

Figure 2.4 Vector map of pET22b (+) from Novagen.  The pET22b (+) vector carries an N-
terminal pelB signal sequence for potential periplasmic localisation, plus an optional C-terminal 
His tag [2].   
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Clone 10 is a clone of the ligand binding domain of mGluR4 cloned into pET32 (+) (Figure 

2.5) for cytoplasmic expression with an N-terminal TrxA fusion.  The mGluR4 gene was 

amplified with the Full and 3’ primers 

(AGTACTGCGGATCCGAAGCCCAAGGGTCACCCCCACATGAA and 

GATATCAAGCTTGGAGCGCGGCAGCTGCTGGCCAC) and cloned into the SmaI 

restriction site of pBluescript.  It was digested with BamHI/HindIII and cloned into 

BamHI/HindIII cloning site of pET32b (+). 

 

 

Figure 2.5 Vector map of pET-32a(+) (Novagen). This vector is prepared for high-level expression 
of polypeptides fused with the 109 amino acid thioredoxin (Trx) protein which aids solubilisation of 
proteins.  Fusion proteins also contain cleavable His-tag [2].  The map of pET-32b(+) is the same as 
pET-32a(+) with the exception that pET-32b(+) is 5899 base pairs 
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Clone 11 is a clone of the mGluR4 ligand binding domain cloned into pET39b (+) vector for 

export into the periplasm of E.coli with a DsbA N-terminal fusion and C-terminal His-tag.  

The disulphide bond protein –DsbA can promote disulphide bonding and is exported via the 

co-translational export pathway.  It may counteract any blocking of export due to rapid folding 

of the protein on the cytoplasmic side of the membrane.  The mGluR4 gene was amplified by 

PCR with the Full and 3’ primers 

(AGTACTGCGGATCCGAAGCCCAAGGGTCACCCCCACATGAA) and 

(GATATCAAGCTTGGAGCGCGGCAGCTGCTGGCCAC) and cloned into SmaI site of 

pBluescript. The fragment was digested with ScaI/HindIII and cloned into the ScaI/HindIII 

cloning site of pET39b (+) vector (Figure 2.6). 

 

 

 

Figure 2.6 Vector map of pET-39b (+) from Novagen [2].  Vector pET-39b(+) is designed 
for expressing DsbA fusion proteins.
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Clone 12 is a clone of mGluR4 ligand binding domain cloned into pET40b (+) for export into 

periplasm and contains a DsbC N-terminal fusion with C-terminal tag.  mGluR4 was amplified 

with Full and 3’ primers 

(AGTACTGCGGATCCGAAGCCCAAGGGTCACCCCCACATGAA) and 

(GATATCAAGCTTGGAGCGCGGCAGCTGCTGGCCAC) and clone into SmaI site of 

pBluescript. The fragment was digested with ScaI/HindIII and clone into the ScaI/HindIII 

cloning site of pET40b (Figure 2.7).  In construct 12, pET40 vector was used which contains 

the DsbC N-terminal fusion with C-terminal His-tag.  This fusion promotes rearrangement of 

incorrectly folded disulphide bonds and when attached to ScFv antibodies, can promote their 

correct folding and solubility [142].   
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Clone 13 is a clone of mGluR4 ligand binding domain with fusion tags cloned behind a T7 

promoter for cytoplasmic expression in the pET-22b (+) vector. mGluR4 gene was amplified 

by PCR with new Full primer 

(AGTACTCATATGAAGCCCAAGGGTCACCCCCACATGAA) and 3’ primer  and 

digested with NdeI/HindIII, subsequently cloned into the pET-22b (+) (Figure 2.4) 

NdeI/HindIII site. 

Figure 2.7 Vector map of pET-40b(+) (Novagen) [2].  The pET-40b(+) vector is designed for 
expression of DsbC fusion proteins.
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Clone 14 is a clone of mGluR4 ligand binding domain cloned behind a T7 promoter for 

cytoplasmic expression with an MBP N-terminal fusion in the p-ET21MBP vector.  mGluR4 

was amplified with Econde 5’ primer 

(GAATTCCATATGAAGCCCAAGGGTCACCCCCACATGAA) and 3’ newsal3 primer 

(GGTACCGTCGACGATCTTATCGTCGTCATCCTTGTAATCGTCGGAGCGCGGCA

GCTGCTGGCCAC), digested with SalI/EcoRI and cloned into the SalI/EcoRI site of p-

ET21MBP vector from Nie and colleagues [143]. 

 

Figure 2.8 Vector map of pET-21a(+) from Novagen.  pET-21a(+) carries an N-terminal T7 tag 
sequence plus an optional C-termianl His-tag.  A C-terminal His-tag is available [2]. 
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Clone 15 is a construct of the mGluR4 ligand binding domain cloned behind the MBP fusion 

in the pNTR1 vector, so that it is exported as an N-terminal fusion with MBP into the 

periplasm from a lac promoter.  mGluR4 was amplified with 5MGLUR4  and 3primenewsal3 

primers, digested with KpnI/BamHI and cloned into BamHI/KpnI site of pNTR1 vector to 

replace the neurotensin 1 receptor. 

 

Clone 16 is a clone of the mGluR4 ligand binding domain cloned behind the MBP fusion in 

the nts1 backbone vector so it is exported as an N-terminal fusion with MBP into the 

periplasm from a lac promoter with an increased hydrophobic signal peptide.  The cloning 

strategy was the same as for construct 15 except that the signal peptide was altered using the 

primer CCTCGCATTATTCGCATTAATGCTGATGATGTTTTCCGCCTCGGCTCTCG. 

 

Exporting the LBD behind a weak promoter (clone 15) was also tried.  The same construct 

was used with a more hydrophobic signal peptide (clone 16) to try and divert the construct 

into the co-translational export pathway in case the protein was getting blocked in the 

membrane due to premature cytoplasmic folding [144]. 

 

Plasmids (10 ng) were amplified by PCR with Phusion polymerase from NEB.  Volume of the 

total PCR reactions was 50 μl.  The PCR parameters for the LBD of brain mGluR4 are listed 

in Table 6 below, the PCR reactions for the other clones were similar to this one, the only 

difference was the length of the extension time which depends on the number of base pairs 

that need to be amplified and the annealing temperature which depends on the melting 

temperature of the primers.  The number of cycles was constant. 
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The ligation reactions were carried out by running 5 μl of the completed PCR reaction on an 

agarose gel.  The band was cut out and purified with a Qiagen PCR kit, the fragment was 

isolated.  Ligation of the fragment to pET 22-b(+) was achieved with a NEB ligase.  (30 ng) of 

backbone vector and twice as many molecules for the insert were used.  The ligation reaction 

was left to incubate overnight at 14 °C. 

 

Correct amplification and ligation were confirmed by DNA sequencing and expressed in 

BL21- Codon Plus (DE3)-RIL from Stratagene with 1 mM isopropyl-beta-D-thiopyranoside 

(IPTG) at 37ºC.  This particular strain of competent cells was used due to its suitability for the 

T7 RNA polymerase promoters for high-level expression.  The BL21-CodonPlus expression 

strains naturally lack the Lon protease, which can degrade recombinant proteins. They are 

deficient for the OmpT protease and contain a colE1 compatible, pACYC-based plasmid 

Table 6 Typical PCR parameters used for amplifying DNA fragments.  The length of 
the annealing or extension cycles were modified depending on the length of the DNA 
amplified. 
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which contains extra copies for rare tRNAs in E.coli such as argU, ileY leuW.  In addition, 

BL21-CodonPlus (DE3)-RIL cells contain a gene that encodes endonuclease I (endA), an 

enzyme that rapidly degrades plasmid DNA isolated by most miniprep procedures, has been 

inactivated in these cells.  There was no expression of this construct in either BL21 or C43.  

The rare codons AGG and AGA comprise 2% and 4%, respectively, of the arginine codons of 

E. coli K-12, and their cognate tRNAs are sparse.  High AG content interferes with expression 

because frame shift can occur.   

 

2.2.3.h Expression of the brain mGluR4 LBD 

Cultures were grown in 2x YT medium supplemented with the appropriate antibiotic for each 

vector and grown until A600 ~1.  Induction was initiated with the appropriate level of IPTG.  

After 4 h incubation at 37 °C cells were harvested for analysis. 

 

For the periplasmic expression cells were transformed by electroporation.  The vector carrying 

the mGluR4 sequence was introduced into the host cells by applying an electric pulse of 1.450 

Volts during 6.5 ms.  The sample was then quickly placed in LB media containing 10 mM 

MgCl2 and shaken for 1 h at 37 °.  Aliquots of the cultures were plated on agar plates 

supplemented with 1% glucose, 75 μg/ml streptomycin, 34 μg/ml chloramphenicol and 100 

μg/ml ampicillin.  The next day, starter cultures were prepared by inoculating 15 ml LB media 

supplemented with 2% glucose and the appropriate antibiotics and shaken at 180 rpm in an 

orbital shaker at 37 °C.  Once grown the starter cultures were transferred into 500 ml 2xYT 

media flasks supplemented with antibiotics and 0.2% glucose.  The OD of the growing 

cultures were checked regularly and when they reached OD600 of 0.5, were induced with 0.25 
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mM IPTG and the temperature was decreased from 37 °C to 20 °C and the cultures were left 

overnight. 

 

2.2.3.i Periplasmic isolation 

Once the cells reached an OD600 ~2, the cells were harvested by centrifugation (6000 g, 15 

min, 4 °C).  The supernatant was removed and the cells were washed and resuspended into 6 

ml of 10 mM Tris, 150 mM NaCl, pH 8.0.  The prep was centrifuged (6000 g, 15 min, 4 °C), 

the supernatant removed and the pellet was resuspended in 8 mM Tris,  3 mM EDTA, 20% 

sucrose and 20  μl of 1mg/ml lysozyme was added and 0.6 ml of ice cold water were added.  

The solution was left at RT for half an hour, then centrifuged (10000 g, 45 min, 4 °C) and the 

periplasmic fraction is in the supernatant, whereas the cytoplasmic fraction is the pellet. 

 

The periplasmic fraction was collected and centrifuged (100 000 g, 30 min, 4 °C) in order to 

remove remaining pieces of membrane and cell debris.  Samples were taken from each fraction 

for Western blot analysis.  

 

2.2.3.j Western blot analysis 

4-12% Tris-Glycine (Invitrogen) SDS-PAGE was conducted on the samples of the soluble and 

insoluble parts of the cytoplasmic and periplasmic fractions.  The proteins were transferred 

onto a nitrocellulose membrane and Western blotted.  
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2.3 Results and Discussion 

2.3.1 Ligand studies by solid state NMR 

2.3.1.a 13C CP MAS solid-state NMR of L-glutamic acid 

In Figure 2.9 the 13C CP MAS spectrum of crystallised L-glutamic acid is shown.  Resonances 

of the two carboxyl carbons and the Cβ-Cγ carbons respectively are very close to each other.  

It may be necessary to use higher magnetic field, higher MAS frequency and high proton 

decoupling power to resolve fully these two peaks. 

 

 

 

α
β

γ
ε

α
β

γ
ε

α
β

γ
ε

Figure 2.9 13C CP-MAS natural abundance spectrum of crystallised L-glutamic acid (BDH 
Chemicals) recorded on a 400 MHz Varian/Magnex spectrometer.  The CP-MAS experimental 
conditions were ωr= 7 kHz, contact time 2.5 ms.  Proton decoupling during acquisition was 
70kHz, 2.0 s pulse delay time and 1023 complex date points were obtained, 1755 scans were 
collected, resolution 124 Hz.  Resonances of the two carboxyl carbons and the Cβ and Cγ carbons 
respectively are very close due to the symmetry of the molecule 
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2.3.1.b 15N CP MAS solid-state NMR of L-glutamic acid 

The 15N CP MAS spectrum of 15N labelled L-glutamic acid is shown in Figure 2.10.  There is 

only one 15N resonance.  The chemical shift is very sensitive to the local environment of the 

nucleus, when the ligand will be bound to the receptor; a shift of the 15N chemical shift is 

expected, due to changes in local environment. 

 

 

 

The 17O solid-state NMR spectrum from L-glutamic acid shown in Figure 2.11 contains two 

main resonances.  Each resonance is composed of two strongly overlapping lines.  There is a 

large increase in the resolution of the spectrum by employing the Oldfield echo coupled with 

strong decoupling.  The spinning speed of 20 kHz can be identified from the spinning side 

bands.  The assignment of the spectrum is shown in different colours.  Although all 8 sites 

cannot be resolved completely, inspection of the spectrum shows that the oxygens occupy four 

Figure 2.10. 15N CP-MAS spectrum of crystallised 15N uniformly labelled L-glutamic acid.  
Experimental conditions were: ωr= 7 kHz, 2.0 ms contact time, 5000 scans, resolution 106 Hz, 
2048 complex data points 
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pairs of very similar sites.  Higher resolution techniques than MAS are necessary to reveal the 

differences.  The ability to resolve the different sites and detect bonding changes suggests 17O 

solid-state NMR can be used for biochemical investigation on ligand-receptor interaction as 

planned here, and shown for a membrane embedded peptide [128].   

 

 

 

2.3.2 Homology modelling 

2.3.2.a Model generation and validation 

The sequence alignment, which was performed by Clustal X [145]  and the results are shown in 

Figure 2.12.  The structural data from the template in a PDB form, file name 1EWK was used 

Figure 2.11 17O MAS NMR (14.1 T) spectrum of L-glutamic acid hydrochloride.  MAS at 20 kHz, 
proton XiX decoupling during acquisition was 130 kHz, 20000 acquisitions were recorded, the 
pulses were 50 µs apart with an echo period of one rotor period.  The XiX-scheme decoupling 
utilised 1.85 rotor periods and for the 90˚ pulse ~ 120 kHz was used and for the 180˚ ~16 kHz.  
The spectrum contains 20Hz exponential broadening and represent spinning side-bands 
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to predict the mGluR4 homology model.  Initially, 20 models were constructed for the 

truncated extracellular region of mGluR4 using MODELLER [130].   

 

 

The Z-score of the generated models is -5.17 to -5.39 (Table 7).  Because the template is 183 

amino acids long, the Z value should be between -4.5 to -8.  The homology models are within 

the observed range of values.  Low Z-score of a model means that the model has a good 

quality of protein structure.  Zp is a Z-score of protein and Z1 is Z-score of fragment of low 

energy found in the protein.  Zp-comb is the overall Z score and for the models.  

 

Figure 2.12 Sequence alignment of the LB regions of mGluR4 with mGluR1.  Heights of the bars 
show the magnitude of homology.  The alignment was realised by CLUSTAL X. The red square 
represents the conserved amino acids in the ligand binding site and the blue square represents the 
mutated residue involved in binding the ligand. 

Table 7 Z-scores of the chosen models 

-5.1718

-5.3915

-5.226

Zp-combinedmGluR4 homology model number

-5.1718

-5.3915

-5.226

Zp-combinedmGluR4 homology model number
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Considering the results of several evaluation programs, model 15 shown in Figure 2.14 was 

chosen as the final model for the truncated LBR of mGluR4 based on homology with 

mGluR4.   

Figure 2.13 Ramachandran plot of the mGluR4 LBR homology model.  Glycine residues are 
shown as triangles; all other residues are represented as squares.  No residues are found in the 
disallowed regions and the residues have about 90 % of the phi and psi backbone torsion angles 
within the most favoured region.  A single letter code identifies which region of the 
Ramachandran plot the residue is in.  For end residues and glycines this assignment does not 
apply.   
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The Ramachandran plot of the predicted models (Figure 2.13) after energy minimisation was 

calculated with PROCHECK and revealed a rather good stereochemistry, judging by the 

values of the torsion angles. 

 

2.3.2.b Visual assessment of models 

Visual inspection was performed using the graphic viewers PyMol and Accelerys DS ViewPro 

5.0.  Direction of the residues especially those surrounding the binding site were examined. 

 

 

 

Models were selected according to their low G factors, low disallowed positions of the amino 

acid residues and high percentage of amino acids in the allowed region.  They were also 

checked for the position of bad contacts.  The model with the lowest G factor value was not 

chosen as the best model because it contained a lot of bad contacts (Table 8).  Bad contacts are 

defined as any pair of non-bonded atoms that are at a distance of ≤ 2.6 Å from one another.  

Table 8 Comparison of values for the stereochemical parameters and G factors given by 
PROCHECK for the homology models of the truncated of LBR of mGluR4 

-0.07-0.210.0150.0%9.0%90.4%mGluR4_6

-0.06-0.180.0030.0%9.0%89.8%mGluR4_18

-0.06-0.200.0220.0%9.6%89.3%mGluR4_15

G
overall

G
covalent

G
Dihedral angles

Bad
contacts

DisallowedAllowedCoreModel

-0.07-0.210.0150.0%9.0%90.4%mGluR4_6

-0.06-0.180.0030.0%9.0%89.8%mGluR4_18

-0.06-0.200.0220.0%9.6%89.3%mGluR4_15

G
overall

G
covalent

G
Dihedral angles

Bad
contacts

DisallowedAllowedCoreModel
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For the other models a check was made to ensure that the bad contacts were not in the 

binding site.   

 

 

Figure 2.14 Three dimensional side view of A the LBR of the putative mGluR1, the template.  The 
structures represented with grey colour are the truncated residues.  B the truncated LBR of mGluR4 
homology model generated by MODELLER6v2.  The figure was generated by PyMol. 

A

B
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Once ss NMR data for ligand-bound structure (distances and conformation) is obtained, it 

could be used to refine the ligand, receptor and the ligand-receptor structure.  The 3D model 

allows investigation of the binding pocket and which residues interact with the ligand.  Once 

the key residues are identified, based on the mGluR1 studies and NMR data, further research 

can be done on which part of the residues interacts and what type of interaction is involved.  

Glutamate is a negatively charged amino acid so the receptor likely has a positively charged 

residue which has been confirmed with analysis of the sequence alignment.  Residue K409 has 

a positive charge, which interacts with the oxygen from glutamate in mGluR1 and probably a 

hydrogen bond interaction involved which should be visible by SS NMR.  In the taste mGluR4 

nine out of fourteen residues that are important in ligand binding are truncated.  Two 

conserved residues in all mGluRs, D318 and K409, have not been removed by truncation.  

However, in mGluR4 residue R323 has been substituted with K323.  This mutation may 

contribute to the lower affinity of the putative taste GluR4 for the ligand compared to the 

brain mGluR4. 

 

2.3.3 Molecular biology of mGluR4 

The mGluR4 protein is a structurally uncharacterised member of the metabotropic glutamate 

receptor family.  Structural studies by solid state NMR require high amount of protein, in the 

mg range.  This section presents and discusses the results of cloning and expression studies of 

mGluR4.  The cloning of the full length and the LBD of mGluR4 was done by Dr Simon 

Ross, after the cloning strategy was discussed.  The results of only the putative taste mGluR4 

will be presented here.  The clones of the LBD will be discussed only, since all produced 

insoluble protein. 
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The full length mGluR4 protein was expressed in the neurotensin receptor plasmid.  

Depending on the growth conditions varying degrees of degradation were seen.  Expression 

yield was increased by co-expressing a plasmid which provides rare bacterial tRNAs.  At that 

stage expression was very toxic and inhibited cell growth when induced.  The temperature was 

reduced down to as low as 15 °C to reduce toxicity, using none or low amounts of inducer but 

the result was the same in that a plateau of expression was reached which then stopped the cell 

growth.  The level of protein expression was very low.  The full length protein was detectable 

using anti His-tag antibodies.  The expression of the ‘taste’ version of mGluR4 between the 

maltose binding protein (MBP) and TrxA fusions in the pNTR1 vector was also tried.  It 

resulted in same low level expression.  The TrxA tag was taken off the C-terminus of the full 

length mGluR4 construct and replaced with no tag or His-tag to no great effect on the overall 

expression levels of the protein.   

 

 

Figure 2.15 Coomassie stained SDS-PAGE of the brain LBD mGluR4 in pET22 Novagen vector 
expressed in Rosetta-gami 2 cells.  The receptor was in lane 1, which is the insoluble fraction, 
whereas lane 2 is the soluble fraction.  The cells were induced overnight at 25 °C with 0.02 mM 
IPTG.

LBD mGluR4 
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The LBD of mGluR4 with various fusions to control expression in the cytoplasm or periplasm 

were used (Figure 2.15).  For the expression in the cytoplasm, Origami™ competent cells were 

used.  For expression in the periplasm mGluR4 was expressed as a fusion protein in E. coli 

BL21(DE3)RIL competent cells (Stratagene) from the pNTR1 vector.  Chaperon proteins are 

required to ensure that the refolding of mGluR4 will take place.  Therefore, pTum4 helper 

plasmid was used, which codes for 4 established periplasmic molecular chaperones and folding 

catalysts: the thiol-disulfide oxidoreductases DsbA and DsbC that catalyse the formation and 

isomerisation of disulfide bridges and the petydil-prolyl cis/trans isomerase with chaperone 

activity, FkpA and SurA.  Another helper plasmid was introduced into the competent cells, 

pRARE plasmid which contains the genes that encode transfer RNA for the rare codons in E. 

coli: AGA, AGG (Arg), GGA (Gly), AUA (Ile), CUA (Leu), CCC (Pro).  Two controls were 

used to check that the protein was expressed in the periplasm. 

 

The most promising result was obtained with clone 15.  In this clone mGluR4 is ligated into 

the pNTR1 vector with an MBP fusion at the N-terminus and a membrane-targeting signal 

peptide targets it in the periplasm.  The pNTR1 has the lac promoter which is a weak 

promoter.  pTUM4 for expression of chaperones and pSC101 (streptomycin alternative to the 

pRARE plasmid for rare tRNA, different selection gene and origin of replication had to be 

considered) were transformed into the competent cells.  The presence of pTUM4 seemed to 

make a big difference. 

 

The Western blot (Figure 2.16) indicated that the protein gets into the periplasmic space but 

the protein could not be isolated and purified. 
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For the cytoplasmic expression constructs with MBP and TrxA were made, which resulted in 

insoluble mGluR4.  The yeast Pichia pastoris was used to express the full length mGluR4 

without success, possibly due to codon incompatibility of the recombinant mGluR4 with the 

host P. pastoris.  The cloning and expression of mGluR4 in P. pastoris was attempted by L. Grgic 

from Roslyn Bill’s group at Aston University, Birmingham.   

 

2.3.3.a Molecular biology of the full length mGluR4 

The mGluR4 was amplified by PCR using gene-specific primers.  The gene was cloned into the 

pNTR1 vector. The expression of mGluR4 protein was tested in DH5α, BL21(DE3) and 

C43(DE3) and analysed by Western blot analysis with an antibody derived against the hexa-

histidine tag.  Only in C43(DE3) competent cells with pREP-4 plasmid expression could be 

detected with anti-MBP antibody.  The transformation of the clone repeatedly resulted in 

many small and few large colonies.  Toxicity was reduced by adding 0.2% glucose to the 2 YT 

media [146].  Addition of 0.2% glucose prevented the appearance of two different size 

colonies.  No large colonies were observed, only small uniform colonies. 

 

Due to codon bias when expressing heterologous proteins in E. coli, in this case arg and agg 

codons which code for arginine are rare in E. coli [147], codon usage of the rat mGluR4 gene 

had to be optimized.  Plasmid pRARE2 which encodes tRNAs for mammalian codons that 

rarely occur in E. coli was used.  It enhanced the expression level of the protein in C43 (DE3) 

competent cells which was limited by codon usage and it restored it in Rosetta 2 (Novagen) 

cells.  The expression level improved with supplementation of rare tRNAs, but it made the 
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increase in concentration of the protein toxic for the cell.  The cells stopped growing when 

induced with higher concentrations of IPTG.  Toxicity was troubleshooted by addition of 2% 

glucose and varying the temperature (15º, 20º and 25 ºC) during expression.  Samples were 

taken at 4, 5, 20 and 40 h after induction and different IPTG concentrations 5, 35 and 250 μM 

were tested. 

 

The use of benzyl alcohol in order to induce chaperon networks was tested to improve 

expression [148].  PMSF in growth media was used to try and stop degradation but there was 

no positive effect.  Induction at OD600 0.9 for 4 h was tried.  Different carbon sources were 

not tested.  2 YT media with 0.2% glucose was used only [146].  Optimal yield was achieved by 

leaving the colonies uninduced overnight.  The level of expression was 1/25th of the 

neurotensin receptor expression, which was too low to obtain enough material for a binding 

assay.  The expression of the full length putative ‘taste’ mGluR4 was also tried between the 

MBP and TrxA fusions in the same plasmid resulting in the same low level expression yield. 

 

2.3.3.b Molecular biology of the ligand binding domain of brain mGluR4 

Construct 13, a clone of the LBD with no fusion tags, was insoluble when expressed in the 

cytoplasm.  The protein obtained from this clone was used for in vitro refolding trials.  In 

construct 14, the mGluR4 LBD was cloned behind MBP and expression was tried in the 

cytoplasm using the same vector used for successful expression in the cytoplasm of E. coli of a 

LBD of a class C GPCR [143].  Induction at 37 °C with 0.1 mM IPTG resulted in expression 

of insoluble protein.  Lower IPTG concentration was tried (0.05 mM) at 20 °C in Rosetta-gami 

(DE3)pLysS competent cells from Novagen.  These cells contain rare tRNA plasmid and allow 
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disulphide bond formation in the cytoplasm.  Another strain of competent cells that was tried 

for expression was BL21(DE3)RIL from Stratagene, which contain 3 rare tRNAs (arginine, 

isoleucine and leucine).  The constructs were all again insoluble.  Construct 14 was expressed 

in C43(DE3) with pRARE2, but it resulted in insoluble protein.   

 

The expression of the LBD constructs was also tried in BL21 cells with pSC based rare tRNA 

plasmid with and without sorbitol and pTUM4 [149].  Plasmid pTUM4 expresses 4 established 

periplasmic chaperons and folding catalysts: the thiol-disulfide oxidoreductase DsbA and DscC 

that catalyse the formation and isomerisation of disulfide bridges and the peptidyl-prolyl 

cis/trans isomerases with chaperon activity, FkpA and SurA.  A combination of Dsb co-

expression and sorbitol has been shown to enhance soluble expression of Dsb co-expression 

of scFv antibodies in E. coli [150].  pTUM4 at 20 °C  and 0.25 mM IPTG had dramatic effect 

on the solubility of the products with the majority in the soluble fraction, but degradation was 

present.  When only the periplasmic proteins were isolated, it was found that the large majority 

of the product remained associated with the membrane.  Purifying the periplasmic protein on 

His-tag column was tried, but the eluate showed many bands on a gel.   

 

2.3.3.c Periplasmic expression of mGluR4 

The periplasmic expression of the LBD of mGluR4 requires helper plasmid which provides 

tRNAs and chaperone proteins, which are not native in the host cell.  The periplasmic and 

cytoplasmic fractions had to be separated carefully for analysis of their contents.   
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In Figure 2.16, Western blot analysis of two clones of mGluR4 LBD: clone 15 and clone 14 

and a control in which the chaperone DsbC is expressed on its own are shown.  The same 

figure shows the isolated soluble and insoluble fractions of the cytoplasm and periplasm of E. 

coli in which clone 15 was expressed.  In the control, DsbC was transported to and expressed 

in the periplasm, although high concentration of the protein was found in the insoluble 

fraction of the cytoplasm.  In addition the control confirms that the periplasmic isolation was 

efficient.   

Figure 2.16 Western blot of expression of the molecular chaperone DsbC, clone 15 - the 
periplasmic construct of mGluR4 LBD coexpressed with DsbC and clone 14 - the cytoplasmic 
construct of mGluR4 LBD expressed without DsbC.  The control of DsbC expression only 
indicates that the DsbC was expressed in the periplasm and that the soluble periplasmic fraction 
(ps) was successfully isolated from the soluble and insoluble cytoplasmic fractions (denoted ci and 
cs, respectively).  The receptor was found in large quantities in the insoluble cytoplasmic fraction 
as well as in small amount in the periplasmic insoluble fraction (pi).  The expression of clone 14- 
the cytoplasmic construct of mGluR4 LBD, resulted in solely insoluble protein in the cytoplasmic 
fraction and it shows that no mGluR4 was exported to the periplasm without the helper plasmids 
which codes for DsbC.  The expression of the periplasmic construct of mGluR4 LBD-clone 15 did 
produce receptor in a soluble state in the periplasm (circled in red), and a small fraction was 
present in an insoluble state in the periplasm, however most of it was insoluble in the cytoplasm. 
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The control in which only the cytoplasmic construct of mGluR4 was expressed confirms that 

mGluR4 cannot be exported to the periplasm without helper plasmids. A fraction of the 

expressed mGluR4 was found as soluble protein in the periplasm but a large part remained in 

the cytoplasm.  It seems that the transport mechanism across the inner membrane of E. coli 

becomes saturated before all the expressed mGluR4 is transported to the periplasm.  

Improving the transport to the periplasm and increasing the yield of soluble mGluR4 LBD will 

constitute future work for this project. 

 

2.3.3.d Molecular biology of the ligand binding domain of the 

putative taste receptor 

The DNA agarose gel (Figure 2.3) showed two inserts, the upper one, 2.8 kbp corresponds to 

the size of the vector and the lower one, ~620 bp corresponds to the size of the insert.  The 

Coomassie stained gel showed an over-expressed band of the right size, which was not present 

in the negative control (Figure 2.18).  The negative control consisted of cell lysate from 

BL21(DE3) grown under the same conditions, but without the gene. 

 

The Western blot Figure 2.19 confirmed a band of the right size (30 kDa), and a band with a 

smaller intensity which corresponds to a dimer. 
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Figure 2.18 Coomassie stained SDS-PAGE gel of cell lysates of BL21(DE3) E. coli strain.  Detection 
of the truncated ligand binding domain was done by Coomassie brilliant staining.  Sample A is a 
negative control, BL21(DE3) without the plasmid.  Sample B is the cell lysate of BL21(DE3) 
expressing the soluble domain of mGluR4 taste LBD.  The overexpressed mGluR4 (30 kDa) is seen 
as a darker band where as in the negative control it is missing. 

Figure 2.17 Agarose gel showing the results from the double digest with BamHI and EcoRI of 
pCR T7 /NT-TOPO containing the ~618 base pairs long truncated version of the extracellular 
soluble part of mGluR4, from minipreped plasmid DNA.  The first lane on the left is a 1 kb 
DNA (New England BioLabs). 
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2.4 Conclusions 

A homology model of the LBD of mGluR4 was constructed based on the crystal structure of 

the closed confirmation of the LBD of mGluR1 bound to glutamate (pdb code: 1ewk).  This 

structure was chosen because the protein was going to be cloned, expressed and then studied 

by solid state NMR bound to the ligand.  Distance measurement of a small molecule bound to 

a receptor is limited by the strength of the dipolar coupling, therefore distance range that can 

be covered is 1-15 Å [151].  Modelled structures can be useful for identifying suitable sites for 

NMR labels, either by giving the distance between the nuclei or by predicting which residues 

will be involved in the binding site.  The homology model of the mGluR4 LBD was eventually 

going to be refined with experimental data. 

 

The L-glutamic acid was characterised by 13C, 15N and 17O MAS solid state NMR.  Even if the 

receptor protein cannot be obtained in isotope-labelled form, it will still be possible to study 

Figure 2.19 Western Blot using monoclonal anti-Express antibody (Invitrogen) shows a protein 
of 30 kDa, which corresponds to the protein of interest.  Band of higher molecular weight 
(about 60 kDa) are possible dimers, and subsequent higher bands must be multimers of the 
protein.  The Express epitope is very specific for the Express tag.    
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ligand-binding to the receptor [43].  Advantage can be taken of the high sensitivity of the 

isotopic NMR resonance frequency to local structure, like Cα and Cβ chemical shifts δCα and 

δCβ which are particularly sensitive to the protein backbone conformation [152, 153] and may 

be used to obtain conformation-dependent chemical shifts in the solid-state.  The natural 

abundance of 13C is about 1%; consequently it can be used combined with a few labelled sites 

for one-dimensional cross polarisation. If the protein can be obtained in isotope-labelled form 

either selectively or uniformly, the studies can be extended to the structure of the protein itself. 

 

 The LBR of the brain and taste mGluR4 have been cloned successfully and its expression 

yielded relatively high amounts of LBR mGLuR4.  Despite cloning several clones of the LBD 

of mGluR4 with various fusions to improve solubility and aid refolding most of the clones 

resulted in insoluble protein. 

 

The full length of the brain and taste mGluR4 protein were expressed in the neurotensin 

receptor plasmid-pNTR1 the expression was toxic consequently the level of expression was 

very low.  Removal of the TrxA tag from the C-terminus of the full length mGluR4 construct 

and replaced with no tag or His-tag to no great effect on the overall expression levels.   

 

Even expression in specifically tailored competent cells to aid insoluble proteins did not make 

a difference.  In E.coli the yield of the LBD of mGluR4 was always high, but the protein was in 

most cases insoluble.  The most promising result was obtained with the periplasmic construct 

for which the Western blot indicated that the protein is transported into the periplasmic space 
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but the protein could not be isolated and purified.  Preparation of inclusion bodies and 

screening for optimal refolding conditions is described in the next chapter, Chapter 3. 

 

The yeast Pichia pastoris was used to express the full length mGluR4 without success, possibly 

due to codon difference of the recombinant mGluR4 with the host P. pastoris.   

 

 



DPhil Thesis Chapter 3 Refolding of mGluR4 

 

 

 92

Chapter 3 Refolding of  mGluR4 
 

 

 

3.1 Introduction  

3.1.1 Expression of protein into inclusion bodies 

Successful expression and purification of proteins in an active form is essential for structural 

and biochemical studies.  General expression systems on the basis of host used are bacterial, 

insect, yeast, and mammalian.  Bacterial expression systems are often used because they deliver 

the highest protein yield per volume of culture.  E. coli remains the first host choice for 

expression due to its speed, simplicity [154] and usability such as for NMR labelling.  However, 

due to high-level expression and simple protein folding machinery, proteins obtained from 

bacteria are typically found to be insoluble, forming dense aggregates of misfolded polypeptide 

termed inclusion bodies (IBs) [155].  Inclusion body proteins are devoid of biological activity 

and need elaborate solubilisation, refolding and purification procedures to recover functionally 

active product [156-158].  Although protein expression in the form of IBs is often considered 

undesirable, their formation can be advantageous because the protein is expressed in high yield, 

more than 30% of the total protein content of the cell in some cases, and the IBs can be 

isolated easily from the cell due to differences in their size and density.  They are less 

susceptible to proteolytic degradation by proteases and are more homogenous which reduces 

the number of purification steps to recover pure protein. 
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3.1.2 Characteristics of protein aggregates in inclusion bodies 

IBs are found both in the cytoplasmic and periplasmic spaces of E.coli during high-level 

expression of heterologous protein.  Non-native proteins, especially highly hydrophobic ones, 

are more prone to accumulation in IBs [159].   

 

Proteins having disulfide bonds are expected to form IBs as the bacterial cytosol is reduced and 

inhibits formation of disulfide bonds.  Inclusion bodies have higher density (~1.3 mg ml-1) than 

many of the cellular components [159-161], thus they can be easily  separated by high-speed 

centrifugation after cell disruption.  IBs, despite being dense particles, are highly hydrated and 

have a porous architecture [160, 162].  They contain very little host protein, ribosomal 

components or DNA/RNA fragments [163, 164].  Their formation in E. coli is reported to be 

due to an unbalanced equilibrium between aggregated and soluble protein [165].  Significant 

features of protein aggregates in IBs are the existence of native-like secondary structure of the 

expressed protein and resistance to proteolytic degradation.  Purification of the IBs can be 

achieved by washing with detergents, low concentrations of salt and urea [160, 166, 167].  The 

presence of contaminating proteins reduces the refolding yield of denatured proteins, isolation 

and purification of IBs to homogeneity before solubilisation improves the recovery of bioactive 

protein from IBs [154]. 

 

3.1.3 Preparing purified and denatured protein 

Methods for preparing denatured protein involve isolation of inclusion bodies, with removal of 

contaminants, followed by solubilisation with a denaturant [154].  IBs are usually released 



DPhil Thesis Chapter 3 Refolding of mGluR4 

 

 

 94

mechanically or chemically from the cell, followed by a centrifugation or filtration.  There is 

increased evidence that contaminants present in preparations of IBs can significantly reduce 

refolding yield [168]. Good cell breakage is important and washing the pellet to get a 

homogeneous preparation.  Generally if there is good expression, and in some instances if the 

inclusion preparation consists of 50% or more of the protein of interest; than an inclusion body 

preparation can be used directly for refolding trials.  

 

A combination of enzymatic and mechanical disruption of harvested cells, enzymatic digestion 

of DNA, treatment with Triton -X 100 and centrifugation are used to harvest the IBs.  

Following preparation of pure IB paste, IB solubilisation is usually conducted in concentrated 

denaturant which can be urea,  guanidium chloride or detergents  [169].   

 

The aim of this chapter is to describe the isolation of the insoluble LBD of the brain and taste 

mGluR4 of clones 3 and 13 from the previous chapter.  Another aim is to describe the 

solubilisation of the IBs and the refolding screening of these two proteins using a commercially 

available kit with 96 refolding conditions and the scale-up of the refolding conditions. 

 

3.1.4 Characteristics of protein aggregates in IBs 

In general, IBs are solubilised by use of a high concentration of denaturants such as urea or 

guanidium hydrochloride, along with a reducing agent or detergents such as SDS, N-cetyl 

trimethyl ammonium chloride and sarkosyl (sodium N-lauroyl sarcosine).  Additional reducing 

agents like β-mercaptoethanol, dithiothreitol or cysteine are also often used for solubilisation of 

IB proteins.  These agents maintain cysteine residues in a reduced state and thus prevent non-
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native intra- or inter-disulfide bond formation in highly concentrated protein solutions [159].  

Chelating agents like EDTA are frequently used in the solubilisation buffer to prevent metal-

catalyzed air oxidation of cysteine.  Solubilised proteins are then refolded by slow removal of 

the denaturant [156, 170].  In the case of proteins having multiple disulfide bonds, they need 

the presence of optimal concentrations of both oxidizing and reducing agents for the formation 

of disulfide bonds.  Oxidation can also be achieved by adding a mixture of oxidized and 

reduced thiol reagents such as reduced/ oxidized glutathione (GSH/GSSG), DTT/GSSH, 

cysteine/cystine, and cysteamine/cystamine at a total 5-15 mM  with a molar ratio of reduced 

to oxidized compounds of 1:1 to 5:1, respectively [170, 171]. Refolding is usually followed by 

purification to remove high molecular weight aggregates, along with contaminants.  One of the 

reasons for poor recovery of refolded protein from solubilisation mixture is aggregation.  

Protein aggregation is a higher order reaction while refolding is a first-order reaction [172].  

Unimolecular intrachain interactions promote the formation of the native state, while 

multimolecular interchain interactions increase with the concentration of the refolding protein 

and lead to misfolding and aggregation [173, 174].  Kinetic studies suggest that aggregation 

occurs very early during refolding through non-specific hydrophobic interactions [174]. 

Additives have been used such as L-arginine, low-concentration (1-2 M) urea or guanidine 

hydrochloride and detergents.  These additives influence the stability and solubility of the 

unfolded protein [175].  Protein refolding using pulse renaturation, size-exclusion and 

adsorption chromatography has been used.  Different dialysis and dilution methods have been 

used.  Pulse renaturation consists of addition of small amount of solubilised protein in the 

renaturation buffer at successive intervals [176].  Protein concentrations in the range of 10-50 

μg ml-1 are typically used during refolding [175], [176].  
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There is no universal method for refolding and there are many factors to be considered in 

finding a suitable protocol.  A simple, guaranteed method does not exist.  If an effective 

refolding protocol is defined, scaling-up is the next step which may incur further changes in 

procedure. 

 

3.2 Materials and Methods 

3.2.1  Extraction of IBs 

In this section the extraction of the brain and taste mGluR4 LBD IBs is described. The taste 

mGluR4 IBs were purified on a Ni-affinity column directly from the insoluble fraction of the 

cell lysate.  The brain mGluR4 LBD IBs were extracted following the instructions from the 

Novagen Refolding Kit protocol. 

 

For the brain mGluR4 LBD IBs, a cell pellet of cultures expressing the brain mGluR4 LBD, 

weighing 2.2 g was resuspended in 22 ml of resuspension buffer (50 mM Tris-HCl, 50 mM 

NaCl, 1 mM TCEP, 0.5 mM EDTA, and 5% glycerol, pH 8.0), and 20 μl per 1 g cell paste 

Benzonase (Novagen) was added to the lysate to reduce viscosity.  The cells were sonicated (for 

6 m; 10 s bursts; 20 s breaks; 4 °C).  TritonX-100 was added to a final concentration of 1% 

(v/v) and stirred slowly (15 m; RT).  The mixture was centrifuged (8000 x g; 15 m; 10 °C),  the 

supernatant discarded and the pellet was washed by resuspending it in wash buffer (50 mM 

Tris-HCl, 50 mM NaCl, 1 mM TCEP, 0.5 mM EDTA, 5% glycerol and TritonX-100 pH 8.0) at 

a ratio of 10 ml buffer per 1 g original cell paste.  The contents were centrifuged (8000 x g; 15 

m; 10 °C) and the supernatant discarded.  The wash step was repeated one more time.  To 
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remove residual Triton-X 100, the pellet was resuspended in cell resuspension buffer at a ratio 

of 10 ml per 1 g cell paste and centrifuged (8000 x g; 15 m; 10 °C) and the supernatant 

discarded.  The wash step was repeated one more time and the pellet was weighed. A sample 

(20 μl) of resuspended IBs was collected for SDS-PAGE analysis.  The brain LBD IBs were 

used directly for screening since the IB prep consisted of more than 60% mGluR4 LBD as 

determined by SDS-PAGE analysis.   

 

The putative taste LBD pellet was weighed and dissolved in denaturant buffer (0.1 M Tris, 6 M 

Guanidinium HCl, 20 mM DTT and 1 mM EDTA pH 8.0) and purified on a Ni- Affinity 

column to remove contaminants.  The cell lysate was centrifuged (10 000 g; 15 m; 15°C), and 

the insoluble fraction was solubilised in a denaturant buffer containing 6M Guanidium HCl 

with 5 mM β-mercaptoethanol.  The column was washed with 5 column volumes (cv) 20% 

ethanol, and then equilibrated with 5 cv of the denaturant buffer plus 5 mM β-

mercaptoethanol.  The sample was loaded onto the column and washed with 10 cv sample 

buffer plus 10 mM Imidazole.  The bound protein was eluted in 5 cv elution buffer which was 

the same as the equilibration buffer containing 300 mM Imidazole.  A second elution was done 

with elution buffer containing 500 mM Imidazole.  The Ni-affinity purified IBs were dialysed 

out of the elution buffer overnight against MilliQ H2O. The protein precipitated once the 6M 

Guanidium HCl was removed.  The precipitate was centrifuged (25 000 x g; 40 m; 4°C).  Both 

the isolated brain mGluR4 and purified taste mGluR4 were denatured in the same way 

described in the next section. 
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3.2.2  Denaturation of the IBs 

Extracted IBs of brain mGluR4 LBD and Ni-affinity purified, precipitated IBs of taste LBD 

mGluR4 (0.5 g wet weight each) were dissolved in 10 ml denaturation buffer (50 mM Tris-HCl, 

50 mM NaCl, 5 mM TCEP, 0.5 mM EDTA, 5% glycerol pH 8.0) separately and disrupted 

using a glass homogenizer.  The sample was sonicated for (3 m) and then N-lauroylsarcosine 

was added (3% final concentration) and stirred at RT until the solution cleared.  A 

centrifugation step followed (25 000 x g; 15 m; 4 °C), and 10-15 ml supernatants were dialysed 

against 2 L dialysis buffer (10mM Tris-HCl, 0.05 mM EDTA, 0.1 mM TCEP and 0.06% (w/v) 

N-lauroylsarcosine, pH 8.0) in order to remove the detergent.  Snake skin pleated dialysis 

tubing (Pierce) with a 7 kDa molecular weight cut-off was used (even though the molecular 

weight of the protein is ~50 kDa); because the protein is assumed to be denatured (linear 

chain) and may pass through a larger molecular weight cut-off membrane, a lower molecular 

weight cut-off membrane is used.  The dialysed sample was centrifuged (25 000 g for 15 m; 4 

°C) to remove any aggregates.   

 

The protein concentration was estimated either by A280 measurement, using the protein factor 

for this protein (1.169) which was calculated by entering the amino acid sequence of the protein 

into the ProtParam service on the ExPASy  proteomics server [177] or by using a BCA Protein 

Assay Kit (Pierce). This commercial assaying kit was used because it is compatible with protein 

samples that contain up to 10 mM TCEP.  mGluR4 (27 mg) was dissolved from 0.5 g Ni-

affinity purified IBs wet weight.  Solubilised IBs (56.3 mg) of the putative taste LBD were 

isolated.  Samples were taken at each step of the procedure for SDS-PAGE analysis. 
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3.2.3 Screening for optimal folding conditions 

Protein solution (50 μl 1 mg/ml) was added to each of the 96 wells of the iFOLD Protein 

Refolding plate (Novagen), a commercial refolding kit, which contained refolding buffer (450 

μl) in each well with the exception of 2 wells which are reserved for controls.  The IBs were 

mixed rapidly into the refolding buffers by pipetting up and down at least 10 times.  The 

refolding 96-well plate was gently shaken overnight at room temperature.  The components of 

the wells are shown in Figure 3.1. The buffer in all wells is 50 mM Tris and the ionic strength 

was 100 mM or 250 mM NaCl and as a detergent trap 12.5 mM β-Cyclodextrin is used.  The 

redox reagents were 1 mM TCEP or 3.8/1.2 mM GSH/GSSG. As additives 20% (v/v) 

glycerol, 0.1% (w/v) PEG 6000, 500 mM L-Arg, 500 mM GuHCl, 1 mM CaCl2/MgCl2 or 1mM 

EDTA were tested.   

 

3.2.4 Measuring refolding  

Although no universal, accessible, high-throughput method is available to monitor protein 

refolding, sample absorbance at 340 nm (A340) provides an initial screen for refolding efficiency.  

It is used as an indicator of the degree of aggregation in the solution as a result of turbidity. 

 

Twenty-two conditions were chosen for further investigation by SDS-PAGE, mainly ones with 

low turbidity, but also a few with high aggregation to serve as negative controls.  Refolding 

reactions (100 μl) were taken and alkylated and run on a SDS-PAGE gel.  Samples were 

alkylated (100 mM alkylating reagent, iodoacetamide), and the reaction was incubated in a water 
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bath at 37 °C for half an hour. Alkylation allows the proteins to run on the gels with the same 

molecular weight as they would in solution [178].  

 

3.2.4.a Scale-up of the refolding reaction 

From the results from both the SDS-PAGE and the OD measurements several refolding 

conditions were scaled-up to 50 ml containing final concentration 0.1 mg/ml receptor.  After 

refolding, the reactions were concentrated to 5 ml in 20 ml Vivaspin concentrators (5000 g, 4 

°C).  After concentration the receptor was dialysed overnight in binding assay buffer (30 mM 

HEPES, 110 mM NaCl, 5mM KCl, 1.2 mM MgCl2 6 H2O, 2.5 mM CaCl2, pH 8.0) [179] with a 

10 kDa molecular cut off membrane [180].  After dialysis the samples were centrifuged (139 

000 g; 1 h; 4 °C).  Samples were taken at each step and analysed by Tris-Glycine SDS-PAGE.   

 

3.2.4.b Ni- affinity purification of refolded mGluR4 

Protein binding to Ni-affinity superflow beads (Qiagen) was checked.  A bead volume of 175 µl 

was equilibrated with 50 mM NaH2PO4, 300 mM NaCl, 10 mM Imidazole pH 8.0, 5 bead 

volume (bv).  The beads were separated by a short spin in a bench top centrifuge (13 000 x g; 1 

m; RT) and the supernatant aspirated.  The beads were incubated overnight at 4 ºC.  The 

sample was then centrifuged (13 000 x g; 1 m; RT) and the supernatant removed and the beads 

were washed with 10 bv wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM Imidazole, pH 

8.0).  The sample was eluted in 2 cv, samples were taken at each step during the purification 

and separated on a Tris-Glycine 12 % SDS PAGE.   
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Figure 3.1 Components of the Novagen iFold Protein Refolding System and their concentrations 
and pH 
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3.2 Results and Discussion 

3.2.1 Extraction and denaturation of IBs 

From one litre culture of the brain and taste LBD of mGluR4 about 2.2-2.5 g of cell pellet was 

obtained.  The protein was concentrated in the IBs and wash steps further remove 

contaminants.  It was important for the IBs to be denatured thoroughly.  Mechanical disruption 

of the cells with a glass homogeniser, followed by sonication was used to achieve the desired 

denaturation.  The denaturant, in this case the detergent N-lauroyl sarcosine was removed by 

dialysis before the protein was added to the refolding buffer. The amount of protein was 

assessed by taking a A280 reading and using the protein factor for the brain mGluR4 LBD 1.469.  

From 0.5 g IB prep, 45 mg receptor was obtained (Figure 3.2).   

 

 

 

In Figure 3.2 the purity of the isolated brain mGluR4 LBD IBs, and be seen and Figure 3.3 

shows the Ni-affinity purification steps of taste mGluR4 LBD analysed by SDS-PAGE.  The 

Figure 3.2 Inclusion bodies of brain mGluR4 LBD, isolated according to the Novagen iFold 
protocol.  1L cell culture produced 2.2 g of cell pellet and the isolated IBs from the cell 
pellet weighed ~ 1 g. 

62 kDa
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protein binds to the Ni-affinity column in the presence of 6M GuHCl and most impurities 

were seen to be removed with this step.   

 

 

 

3.2.2 Screening for optimal folding conditions 

96 conditions were tested in a 96-well Novagen iFold refolding plate by adding 50 μl of the 

1mg/ml receptor to each well of the plate.  The state of refolding was followed by measuring 

A340. 

 

3.2.3 Measuring refolding 

The extent of precipitation in the wells was estimated by measuring the A340 using dd H2O as a 

blank.  Smaller A340 values denote less precipitation.  The A340 measurements of the taste 

mGluR4 LBD refolding screening are shown in Figure 3.4.  Readings are represented in a bar 

chart for better visualisation in Figure 3.5.  It seems that most of the taste mGluR4 LBD 

Figure 3.3 Coomassie stained SDS-PAGE gel of the Ni-affinity purification steps of taste 
mGluR4 LBD IBs.  A) cell lysate B) the wash with 10 mM imidazole, C) 300 mM imidazole 
elution, and D) 500 mM imidazole elution. 

27kDa

A  B  C   D

27kDa

A  B  C   D
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protein stays in solution around pH 8.0 (Figure 3.5), which is the optimal pH for disulfide bond 

formation.   

 

For the brain mGluR4 LBD the A340 measurements are shown in Figure 3.6 and in a form of a 

bar chart in Figure 3.7.  It seems that for the brain mGluR4 LBD, the protein is most soluble in 

pH 8.5 (Figure 3.7). 

 

 

 

Figure 3.4 A340 readings for each well of the plate from the iFold Refolding screen 
(Novagen) for the taste mGluR4 LBD to monitor aggregation of refolded mGluR4 at  22 
°C.  Green wells with A340 readings ≤0.02, white wells with A340 readings >0.02, orange wells 
with A340 readings >0.5 
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Figure 3.5 Aggregation of the taste LBD mGluR4 refolded at 22 °C determined by A340.  The buffer 
contents of the wells can be seen in Figure 3.1.

A340 

Figure 3.6 A340 readings of the iFold Refolding screen (Novagen) to monitor aggregation of refolded 
brain LBD mGluR4 at 22 °C 
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0.1870.187 0.1090.109 0.010.01 0.1860.186 0.0130.013 0.1650.165 0.0130.013 0.0110.011 0.0760.076 0.160.16 0.0040.004 0.2260.226

0.2960.2960.000
4

0.000
4

0.0070.007 0.0290.029 0.1140.114 0.0050.005 0.3490.349 0.0080.008 0.0230.023 0.1470.147 0.2430.243 0.0150.015

0.010.01 0.2230.223 0.0180.018 0.0210.021 0.2320.232 0.0070.007 0.0310.031 0.0650.065 0.020.02 0.1590.159 0.2440.244
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Next, 22 conditions were selected for further analysis.  Results of the SDS-PAGE for the brain 

mGluR4 LBD can be seen in Figure 3.8 and for taste mGluR4 LBD in Figure 3.9. 

 

 

 

Figure 3.7 Aggregation of the brain LBD mGluR4 refolded at 22 °C determined by A340.  Buffer 
components are shown in Figure 3.1. 

Figure 3.8 SDS PAGE of brain mGluR4 LBD (arrow shows expected Mw) IBs in 22 refolding 
conditions.  96 refolding conditions were tested on the Novagen kit.  After OD measurements, 22 
conditions were selected and run on a gel. The refolding conditions in which most protein is in 
solution were used for scaling up experiments by preparing the corresponding buffers in a 
larger volume. 
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Of the 22 conditions from the optimising of the taste mGluR3 LBD, 7 conditions were chosen 

where most of the protein was in solution.  The 500 μl screen refolding reactions were scaled 

up to 20 ml Figure 3.10.  Out of the 7 conditions 4 were narrowed down, and scaled up to 50 

ml and analysed by SDS-PAGE (Figure 3.11). 

 

From the gels, some conclusions could be drawn about the parameters that affect the solubility 

of this protein.  For the taste mGluR4 LBD (Figure 3.8) the receptor precipitated in the 

presence of divalent cations (lanes 5, 8, 22), cyclodextrin (lanes 2, 7, 11, 19, 22) and PEG 6000 

(lanes 9 and 12). pH 8.0 seemed to allow most of the protein to stay in solution, which is the 

optimal pH for the formation of disulfide bonds.  Most of the protein stays in solution in 

refolding buffer containing 250 mM NaCl, GSH/GSSG 3.8 mM, 1 mM EDTA remains in 

solution. This agrees with the fact that there are two disulfide bridges and an oxido-reductive 

system is necessary for disulfide bond formation.   

 

Ni-affinity purification of refolded taste LBD mGluR4 resulted in some bands purified, lanes 8-

11 and 19-21 in Figure 3.12, however the amount of purified protein was low and it was not 

possible to repeat the Ni-affinity purification when the refolding reactions were scaled-up.  In 

the flow through there was a smear at the higher molecular weight which indicates the protein 

is not properly solubilised 

 



DPhil Thesis Chapter 3 Refolding of mGluR4 

 

 

 108

 

 

 

Figure 3.9 Coomassie stained SDS-PAGE gel of taste mGluR4 LBD in 22 different refolding 
conditions from Novagen iFOLD Protein Refolding screening.  The components of the refolding 
conditions are listed below the gels. 

Figure 3.10 Coomassie stained SDS_PAGE gel of alkylated samples from a 20 ml scale up of 
refolding of taste mGluR4 LBD (arrow shows expected Mw) separated on Tris-Glycine 12% 
SDS-PAGE. 1. L-Arg, EDTA; 2. L-Arg, TCEP; 3. 250 mM NaCl, GSH/GSSG, EDTA; 4. 100mM 
NaCl, TCEP, EDTA, L-Arg; 5. 250 mM NaCl; 6. 250 mM NaCl, GSH/GSSG, EDTA, L-Arg; 7. 
250 mM NaCl, TCEP; 8. IBs. 
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From the 50 ml scale up reaction for taste mGluR4 LBD, we were able to calculate how much 

protein remained in solution after removal of the denaturant. Five mg of protein was added at 

the beginning of the reaction.  After concentration, dialysis and ultracentrifugation, 3.02 mg of 

protein that can be seen in lane D2 on the gel in (Figure 3.11) remained in solution, which 

corresponds to 60 % of the starting material.  

 

The next step consisted of dialysing out the refolding buffers.  The solutions turned cloudy 

after  dialysis in assay buffer (30 mM HEPES, 5mM KCl, 100 NaCl, 1.2 mM MgCl2, 2.5 mM 

CaCl2  pH 8.0).  Detergent precipitation was visible, possibly due to the low temperature, or 

mre likely due to the low ionic strength of the buffer.  Components of other dialysis buffers 

that were tested are listed in Table 9.  The protein precipitated in these dialysis buffers as well. 

 

 

For the brain mGluR4 LBD protein, the protein was mainly soluble in a buffer containing 100 

mM NaCl and TCEP reducing reagent (Table 10). Divalent cations seemed to cause the protein 

to precipitate 

Table 9 Components of the buffers tested to transfer the protein from the refolding buffer by 
dialysis for the brain mGluR4 LBD

0.03% Brij 35

2.5 mM CaCl210% glycerol5 mM DTT

1.2 mM MgCl20.03% Brij 350.03% Brij 352.5 mM CaCl2

5 mM DTT100 mM NaCl5 mM DTT5 mM DTT1.2 mM MgCl2

10% glycerol0.03% Brij 355 mM KCl150 mM NaCl150 mM NaCl150 mM NaCl

buffer 4 buffer 430 mM hepes-
sodium

20 mM Tris-
HCl

20 mM Tris-
HCl20 mM Tris-HCl

6   (pH 8)5   (pH 8)4-Assay buffer 
(pH 8)3   (pH 8)2  (pH7)1   (pH 8)

0.03% Brij 35

2.5 mM CaCl210% glycerol5 mM DTT

1.2 mM MgCl20.03% Brij 350.03% Brij 352.5 mM CaCl2

5 mM DTT100 mM NaCl5 mM DTT5 mM DTT1.2 mM MgCl2

10% glycerol0.03% Brij 355 mM KCl150 mM NaCl150 mM NaCl150 mM NaCl

buffer 4 buffer 430 mM hepes-
sodium

20 mM Tris-
HCl

20 mM Tris-
HCl20 mM Tris-HCl

6   (pH 8)5   (pH 8)4-Assay buffer 
(pH 8)3   (pH 8)2  (pH7)1   (pH 8)
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Figure 3.11 Scale-up of refolding reaction of taste mGluR4 LBD (50 ml).  The arrow in gel A shows 
the expected Mw.  The buffer was 50 mM Tris, the refolding was done at room temperature.  Buffer 
1 and 3 are at pH 7.0, Buffer 2 and 4 are at pH 8.0.  All the samples were alkylated with 100 mM 
iodoacetic acid for 30 minutes at 37°C and treated with Strataclean beads before loading the gel. 
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Figure 3.12 Silverstained protein SDS-PAGE  gel of Ni-affinity purification of scaled-up of taste 
mGluR4 LBD (arrows show the expected Mw).  The refolding buffer was 50 mM Tris, 1 mM 
TCEP, 3.8/1.2 mM, 500 mM L-Arg, 1 mM EDTA 

0.0020.000pH 8.5250 mM NaCl, TCEPG6

0.0010.000pH 8.5100 mM NaCl, TCEP, 20% glycerolG3

0.0200.000pH 8.0250 mM NaCl, GSH/GSSG, EDTAF5

0.2580.000pH 8.0100 mM NaCl, TCEPE3

0.0010.017pH 7.5250 mM NaCl, GSH/GSSG, EDTAD5

0.2030.018pH 7.0250 mM NaCl, cyclodextrin L-ArgB10

0.0090.033pH 7.0100 mM NaCl, 20% glycerolA10

A340 
(after 7 
days)

A340Buffer 
pH

Buffer CompositionBuffer 
name

0.0020.000pH 8.5250 mM NaCl, TCEPG6

0.0010.000pH 8.5100 mM NaCl, TCEP, 20% glycerolG3

0.0200.000pH 8.0250 mM NaCl, GSH/GSSG, EDTAF5

0.2580.000pH 8.0100 mM NaCl, TCEPE3

0.0010.017pH 7.5250 mM NaCl, GSH/GSSG, EDTAD5

0.2030.018pH 7.0250 mM NaCl, cyclodextrin L-ArgB10

0.0090.033pH 7.0100 mM NaCl, 20% glycerolA10

A340 
(after 7 
days)

A340Buffer 
pH

Buffer CompositionBuffer 
name

Table 10  Refolding buffers which enhanced the solubility of the brain mGluR4 IBs.  The turbidity 
of the protein was checked after a week. 
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3.3 Conclusions 

The isolation of IBs of brain mGluR4 LBD resulted in high purity of about 85% receptor of 

the total protein (Figure 3.2).  From 1 L culture, ~ 200 mg of receptor in IBs was isolated for 

both the brain and taste mGluR4 LBDs, and about the same for the taste mGluR4 LBD.  The 

refolding screening showed parameters which enhanced the solubility of the protein in the 

refolding buffer (Table 10) and the pH profile coincided with the optimal pH for disulfide 

bridge formation, around pH 8.0 (Figure 3.5) for the taste mGluR4 LBD and between pH 8.0 

and pH 8.5 (Figure 3.7) for the brain mGluR4 LBD.  The results were reproducible and 

repeated at least 3 times.  There was protein in solution in the refolding buffer (Figure 3.8 and 

Figure 3.9), and it was possible to scale up the reactions (Figure 3.11).  It was, therefore not 

possible to exchange the refolding buffer with an assay buffer, because the protein usually came 

out of solution once it was in the assay buffer, and whatever protein remained in solution 

precipitated during concentration.  There was never enough protein after concentration to carry 

out ligand binding studies.  It was therefore not possible to obtain enough soluble mGluR4 

LBD outside the refolding buffer with the refolding conditions we used, hence preventing any 

attempts at crystallisation or NMR.  The mGluR1 crystal structure was resolved using mGluR1 

expressed in baculovirus, without the need for refolding.  Other modification which could be 

included in this system are trying to refold the protein at a lower concentration than 100 μg/ml, 

and more detergents in the dialysis buffer. 
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Chapter 4 Solid State NMR Studies of  Selectively 
Labelled Bacteriorhodopsin 

 

 

 

4.1 Introduction 

Chapters 4 and 5 are related; both chapters describe solid state NMR experiments carried out 

on bacteriorhodopsin (bR).  This chapter reports on three dimensional (3D) crystallisation 

trials of bR in the context of solid state NMR sample preparation and its effect on the quality 

of the selectively 15N labelled bacteriorhodopsin spectra.  Chapter 5 presents the studies of 

uniformly 13C, 15N labelled bacteriorhodopsin with different levels of deuteration.   

 

The ultimate goal of the bR crystallisation trials described in Chapter 4 is to produce highly 

homogeneous 3D bR crystals for MAS NMR crystallography experiments and to compare 

critically their resolution with the resolution obtained from the purple membrane, which is a 

natural two dimensional (2D) crystal.  Another goal is to look into alternative means of sample 

preparation for solid state NMR.  Nanodiscs called Lipodisqs™ are formed when a patented 

polyacrylamide polymer solution is mixed with a lipid solution.  They are very robust and can 

solubilise very hydrophobic materials, thus Lipodisqs™ may find application in preparing solid 

state NMR samples of highly hydrophobic proteins, such as membrane proteins.  Lipodisqs™ 

are visualised by transmission electron microscopy (TEM) to determine their shape and to 
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measure the diameter of the particles.  31P static solid state NMR of the Lipodisqs™ has been 

performed in order to study their orientation in the magnetic field. 

 

4.1.1 The Importance of Sample Preparation for Solid State NMR 

Successful spectral assignment and determination of structural constraints in isotopically 

enriched materials (mostly 13C, 15N) is still limited by resolution and sensitivity.  Sample 

preparation is perhaps the most important factor for obtaining high-quality protein spectra.  

The structural homogeneity of the sample determines line widths and hence affects spectral 

resolution.  Peak doubling, unexpected multiplets and line broadenings, indicate structural 

heterogeneity.  Different sample preparation conditions have been compared for solid state 

NMR spectral resolution [19, 181-186]. 

 

4.1.2 Different Sample Forms Used for Solid State NMR 

There have been examples of solid state NMR studies of proteins as lyophilized powders, 

microcrystal precipitated by organic molecules, membrane proteins in membranes, and frozen 

protein solutions [17] (Figure 4.1).  

 

In early studies, lyophilisation (freeze-drying), the simplest method of making a solid protein 

sample, was often used.  Frozen or dried pellets cause signal broadening, with linewidths 

typically 1-2 ppm, which is not sufficient for most structural studies [182].  Both the freezing 

and drying steps may denature the proteins or alter their secondary structure.  This is 

consistent with the observation that NMR lines of lyophilised proteins are usually 
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inhomogeneously broadened, but addition of cryoprotectant such as  polyethylene glycol 

(PEG) or trehalose, have been found to improve protein line widths [19].  However, even if 

the protein backbone is correctly folded, the side chain conformations may be variable, 

resulting in sample heterogeneity.   

 

 

 

Great progress has been made by discovering that microcrystalline protein samples yield 

narrow resonance lines for soluble proteins [19, 25, 187].  There is accumulating evidence that 

protein precipitates, formed in a controlled manner, yield equivalent spectral resolution as 

medium or X-ray quality crystals [19, 182, 188].  The precipitating conditions can strongly 

influence the NMR line width – several precipitation conditions may have to be screened for a 

Different sample forms used for solid state NMR 

Figure 4.1 Sample preparation in different types of ssNMR: MAS, MAOSS and static NMR.  
Different nature and state of samples can be used for solid state NMR: membranes, membrane 
proteins in membranes or detergent micelles or bicelles, proteins in frozen solution, lyophilised or 
precipitated in microcrystalline form and insoluble proteins amyloid and prion proteins.  Adapted 
from [15]. 
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high resolution NMR sample.  For instance, ubiquitin can be crystallized both from 

polytheylene glycol (PEG) 8000 and 2-methyl-2,4-pentanediol (MPD), however the MPD-

induced crystals have much narrower lines for natural abundance ubiquitin than for PEG-

induced crystal formation [187].   

 

For membrane proteins, there are only a few studies available on optimisation of sample 

preparation for solid state NMR study.  Optimal sample preparation for membrane proteins 

seems to be different for each membrane protein with few generalisations.  Detergent purified 

membrane proteins can be precipitated as microcrystals or reconstituted into lipid bilayers to 

form proteoliposomes or 2D crystals.  The available, limited studies suggest that 

proteoliposomes yield the worst resolution spectra among these methods. Oschkinat and 

colleagues reconstituted the purified E. coli outer membrane protein G (OmpG) into E. coli 

total lipid extract in 1:2 and 3:2 (w/w) lipid-to-protein ratios to yield 2D crystals and 

proteoliposomes, respectively [186].  Spectra obtained from 2D crystals showed better resolved 

lines than spectra from proteoliposomes. In another study, Glaubitz and coworkers [185] 

report that microcrystalline diaglycerol kinase (DGK) yielded better resolution spectra than 

proteoliposomes.  McDermott and colleagues [17] showed that U-13C, 15N KcsA potassium ion 

channel was precipitated by polyethylene glycol (PEG) in detergent micelles, where the 

linewidth of a single 13C peak was about 80-100 Hz, similar to the linewidth of 2D crystals of 

OmpG [186] and of bacteriorhodopsin.  Structural homogeneity of a sample is essential to 

achieve high resolution spectra.   
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Another concern when preparing samples for ssNMR is the dehydration of the sample.  At 

high spinning rates and over time, water may escape from the sample through tiny holes 

around the spacers used in assembling the rotor.  Various methods have been suggested to 

prevent dehydration, for instance an application of o-rings and thin film of a fluorotube wax 

[189].   

In another study, NMR samples of solid Src homology domain (SH3) domain were generated 

in four different ways (denoted as I, II, III and IV), and their 13C CPMAS spectra have been 

compared [19].  Sample I was lyophilised from an aqueous low salt solution, sample II was 

supplemented by a drop of water, resulting in a moist sample. Sample III was lyophilised from 

an ammonium sulphate solution, which additionally contained PEG 8000 and sucrose.  The 

linewidths of the signals in 1D CP MAS 13C spectra of these four preparations are decreased 

successively from sample I to IV, with the signals of the microcrystalline sample IV giving the 

best with respect to resolution. Thus the partial assignment of 2D 13C-13C RFDR spectrum of 

the microcrystalline sample was accomplished due to the sufficient resolution obtained.  The 

further structural investigation and complete sequence assignment were eventually achieved on 

this microcrystalline high resolution sample (Figure 4.2) [19].  

 

The prospect of studying proteins as precipitates is a particularly significant benefit for 

membrane proteins.  The amphiphilic nature of membrane proteins implies that crystallisation 

is difficult and detergents have to be used to isolate and purify them.  Since high X-ray quality 

crystals are not required for structural studies by NMR [190, 191], membrane proteins can be 
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studied in high resolution and under variable conditions precipitated in detergent micelles or 

bicelles by solid state NMR.   

 

 

4.1.3 Alternative means of sample preparation- Lipodisqs™ 

Lipodisqs™ are nanoparticles (Malceutics) and formed when mixing a polymer solution with a 

lipid solution.  They are thought to mimic the natural lipoproteins.  They form clear and 

colourless nanoemulsions as aqueous solutions or aqueous based gels.  They are stable in 

aqueous solutions and gels in the pH 5.0 to 8.0 range.  Lipodisqs™ can be freeze-dried after 

incorporation of an active compound, which can be strongly hydrophobic, and readily 

reconstituted.  The materials are not very expensive, and Lipodisqs™ are effective at taking up 

Figure 4.2 Four different U-13C, 15N enriched samples of the solid SH3, i)  lyophilized from 
an aqueous low-salt solution, ii) supplemented by a drop of water, iii) lyophilized from a 
(NH4)2SO4, PEG8000 and sucrose solution, iv) precipitated from a (NH4)2SO4 rich solution  
by changing its pH [19]. 
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agents such steroids and hydrophobic peptides.  This may be useful in preparing solid state 

NMR samples, but had not been characterised.   

 

4.1.4 Introduction to the Structure and Function of the Purple Membrane 

and Bacteriorhodopsin 

The purple membrane (PM) from the extreme halophilic archaeon Halobacterium salinarium  is 

one of the best-characterised natural membranes [192, 193].  Under anaerobic conditions the 

archaea can exist by fermentation.  When both oxygen and arginine are unavailable the 

archaeon synthesizes the purple membrane. 

 

The PM is a two dimensional hexagonal crystal lattice in which the main constituent is 

bacteriorhodopsin (bR).  Bacteriorhodopsin forms a trimer surrounded by archaeal lipids.  The 

dry weight distribution of the membrane is 25% lipid and 75% protein [26].  About 90% of the 

total lipids in H. salinarium are polar lipids and are derivatives of a branched glycerol diether, 

2,3-di-O-phytanyl-sn-glycerol, diphtytany phosphophatidylglycerolphosphate (DPhPGP) and a 

glycolipid sulphate (DPhGLS) [194]. 

 

Bacteriorhodopsin contains seven transmembrane α-helices and relatively short loops (Figure 

4.3) and is bound stoichiometrically to the chromophore- retinal which is covalently bound to 

Lys216 by a Schiff base [193, 195, 196].  The composition and structure appears to be closely 

related to the visual pigments of higher animals.   
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The function of bR as a proton pump is based on a thermo-reversible all-trans to 13-cis 

photoisomerisation of the retinal moiety to which the transient deprotonation of the 

protonated Schiff base is connected.  This initiates a thermal photocycle of events, resulting in 

the unidirectional transport of a proton across the membrane.  The photocycle of the molecule 

is comprised of a number of intermediate conformations [197].  The proton motive force 

generated by this photocycle is used by the organism for the ATP synthesis required for its 

metabolism under nonrespiratory conditions (such as low oxygen) [198]. 

 

 

 

Bacteriorhodopsin is very stable in films, maintains structural and functional integrity under a 

wide range of pH, temperature, humidity or chemical environment [199].  It is easy to obtain 

large amounts (10s mg) of selectively/uniformly labelled bacteriorhodopsin [200]. 

Figure 4.3 Three dimensional model of bacteriorhodopsin showing the trans-membrane region [20, 
21].  The chromophore retinal is represented in green.
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Bacteriorhodopsin has been extensively studied by several spectroscopic methods not only to 

elucidate its biological activity, but also as a model for G-protein coupled receptors [201].  

Because bacteriorhodopsin naturally forms a two dimensional crystal, the PM pellet gives 

reasonably narrow NMR signals in MAS spectra [202].  The aim of this chapter is to compare 

the resolution of 3D bR crystals with the resolution of 2D arrays of bR in purple membrane 

(MAS and MAOSS).  The ultimate goal is to evaluate whether it is possible to generalise a 

method for membrane proteins sample preparation for solid state NMR. 

 

Figure 4.4 Bacteriorhodopsin is a well studied protein.  Models for the ground state only of 
bacteriorhodopsin by EM or X-ray are summarised in table, and are adapted from [16]. There 
is a remarkable agreement among the different coordinate sets in the transmembrane region, 
but less so in the loop region. 
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4.2 Materials and Methods 

4.2.1 Bacteriorhodopsin production 

Halobacterium salinarium (S9) was cultured in a synthetic medium containing nutrients essential 

for normal growth [203].  15N-L-methionine (0.19 g/L) was added to the medium in place of 

the natural abundance L-methionine.  With this method all 9 methionines can be labeled with 

minimal scrambling.  The position of the 9 labelled methionines can be seen in Figure 1.4.  

After 5 days of incubation (110 rpm, 37 º C, in the dark), when the OD660 has peaked, the cells 

were harvested and the purple membranes were purified according to the method of 

Oesterhelt and Stoekenius [204].  Samples containing purified purple membrane were washed 

in MilliQ water and resuspended in 20 mM Na3Citrate buffer (pH 6.0). 

 

 

 

Figure 4.5 Bacteriorhodopsin 3D structure indicating the positions of the nine 15N labelled 
methionine residues, with six located in the transmembrane helices (Met-20, Met-56, Met-60, Met-
118, Met-145 and Met-209) the two in the loops (Met-68 and Met-163), and one (Met- 32) at the loop 
helix interface of helix A.  The figure was generated using RASMOL with coordinates 2BRD from 
the Protein Databank, which is a structure of the protein embedded in the membrane [25-27] 
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4.2.2 Preparation of 3D crystals 

Two different methods of producing 3D bR crystals were tested.  One method involved the 

crystallisation of bR from a monomeric form with the archael lipid removed [205].  The other 

method utilised the crystallisation of bR from the PM from DMPC:CHAPSO bicelles 

according to the method of Faham and colleagues [206].  In this method the membrane 

protein is crystallized from the bilayer.   

 

4.2.2.a Monomerisation of bR and crystallisation trials of monomeric, 

delipidated bR 

Purple membrane suspension containing 3.6 mg of bR in 1 ml of 10 mM HEPES, 50 mM 

NaCl and 0.025% Na azide pH 7.0 was dissolved in 2 ml solubilisation buffer (1% Triton, 10 

mM NaH2PO4, pH 5.6).  The mixture was stirred overnight in an orbital shaker at 37 °C, 

protected from light.  After ultracentrifugation (100 000 g, 20 m, 4 °C), the supernatant 

containing the monomeric bR, which is a lighter purple colour than the PM, was collected.  

The pellet, which contained the unsolubilised bR and denatured protein was removed.  The 

solubilisation buffer was exchanged by binding the bR to a DEAE-Sephacel column, which 

was previously equilibrated with exchange buffer (1% DDM or OG, 10 mM NaH2PO4 pH 

5.6).  The bR was washed on the column slowly with the exchange buffer.  The monomeric bR 

was eluted in high salt concentration elution buffer 1% DDM or OG, 500 mM NaH2PO4, pH 

5.6.  The eluate was dialysed overnight against low salt buffer (10 mM NaH2PO4 pH 5.6) and 

subsequently concentrated in an Amicon tube.   
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The concentration of the bR monomer was monitored by reading the absorbance at 552 nm, 

the wavelength at which the bR monomer absorbs [8].  Triton X-100 is a good solubilising 

detergent for membrane proteins, however bR-Triton X-100 complexes do not form crystals 

[205], so it is necessary to exchange the Triton with a different detergent.  According to 

Schertler and colleagues [207], the best crystals can be obtained by using pipecolinic acid and 

benzamidine hydrochloride as amphiphiles.  

 

 

 

4.2.2.b Crystallisation trial of bR in DMPC/CHAPSO bicelles 

The other crystallisation method attempted utilised bicelles.  The bicelles consist of long-chain 

phospholipids that form planar bilayers and short-chain lipids that “cap” the rim of the bilayer 

Figure 4.6 Outline of the crystallisation trial of the delipidated monomeric bacteriorhodopsin 

Purple membrane

↓
Solubilisation of PM (in Triton X-100)

↓
Exchange detergent to 1%DDM or OG by DEAE-Sephacel column

↓
Set up crystallisation of bR, using a sitting drop with a final volume of 10µl using 

additives: 0.5 part 3M sodium phosphate, 0.5 part volume 4M ammonium sulphate, 
different pHs were tested
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made up of 3-(cholamidopropyl) dimethylammonium-2-hydroxyl-1-propane-sulfonate 

(CHAPSO) and 1, 2-dimyrisotyl-sn-glycero-3-phosphocholine (DMPC) (Figure 4.7).  

 

 

 

DMPC was purchased from Avanti Polar Lipids and CHAPSO was purchased from Sigma-

Aldrich.  40%, 2.8:1 (DMPC:CHAPSO) bicelles mixture was prepared, and then mixed with 

the protein in a 4:1 (protein:bicelles) ratio.  Crystals were grown by the hanging drop method 

in 1-2 weeks, by mixing 4 μl protein/bicelles mixture with 1.5 μl precipitant solution.  The 

precipitant solution was used as mother liquor in the well. 

 

Batch crystallisation method was tried as well; however the hanging drop method gave more 

uniform results and was easier to reproduce.  The precipitant solution contained 2.45 M 

NaH2PO4 pH 3.7, 180 mM hexanediol, and 3.5% triethyleneglycol.  The protein/bicelles 

mixture was kept on ice to ensure its fluidity and was homogenized by pipetting up and down.  

Crystal trays were kept at RT in the dark.   

 

Figure 4.7 Schematic representation of DMPC:CHAPSO bicelle containing a protein molecule [17]. 
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4.2.3 Alternative means of sample preparation- Lipodisqs™ 

Lipodisq™ samples were prepared by mixing a 2.5% polymer sample supplied by Malceutics 

Ltd was mixed with 2.0% DMPC (Avanti Polar Lipids) in 50 mM Tris HCl (pH 8.0) in a 

polymer: lipid weight ratio of 1.25:1.  The mixtures had to be mixed for the Lipodisqs™ to 

form. Once formed the Lipodisqs™ were colourless and liquid. 

 

4.2.4 Solid state NMR 

For the ease of comparison, all the ss NMR experiments were performed at the same probe 

temperature of 253 K and MAS frequency of 10 kHz.  Ramped-amplitude cross polarisation 

(CP) was performed with contact time always 1 ms and two pulse phase modulated [207] 

decoupling during the acquisition period.  Dwell was 10 μs and spectral width 100 kHz in all 

four experiments.  All the spectra were referenced externally to NH4Cl [208]. 

 

4.2.4.a Experiments acquired on a 800 MHz proton frequency 

Varian/Magnex Spectrometer 

One comparison of the spectra from the purple membrane and microcrystals was performed 

on the 18.8 T (800 MHz proton frequency) Varian/Magnex Infinity + solid-state NMR 

spectrometer in a 3.2 mm Balun probe.  The pulse delay between transients was 2 s.  The 

spectra were referenced to NH4Cl at 39.27 ppm [208]. 
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For the 15N CP MAS spectrum of purple membrane (23 mg), the 1H and 15N field strengths 

were 57 kHz and 46-29 kHz during CP, respectively.  TPPM proton decoupling of 74 kHz was 

applied during the 41 ms of 15N acquisition.  24 k scans were collected.  For the 

bacteriorhodopsin crystal spectrum, 24 mg of bR crystals were packed into a 3.2 mm thin wall 

rotor.  The 15N polarization was established using ramped-amplitude cross-polarization (CP) 

from proton to nitrogen with a contact time of 1 ms: the 1H and 15N field strengths were 57 

kHz and 46-29 kHz during CP, respectively.  TPPM proton decoupling of 80 kHz was applied 

during the 51.2 ms 15N acquisition time. 28 k scans were collected. 

 

4.2.4.b Experiments acquired on a 500 MHz proton frequency 

Varian/Magnex Spectrometer 

The other set of purple membrane and bacteriorhodopsin crystals spectra comparison was 

carried out on a lower magnetic field 11.7 T (500 MHz proton frequency) Varian Infinity Plus 

spectrometer in a 4 mm APEX HX probe.  Using Teflon spacers the sample was positioned in 

the centre of the rotor to achieve optimal field homogeneity.  The acquisition time for both 

experiments was 51.2 ms, the dwell 10 μs and spectral width was 100 kHz.  The pulse delay for 

these experiments was 4 s. 

 

15N-Met labelled bR crystals (60 mg) were packed into a 4 mm standard rotor.  Proton 

decoupling during acquisition was 75 kHz.  Resolution was 0.4 ppm.  Proton 90 degree pulse 

on 497.91 MHz was 75.6 kHz.  1H field strength during the tangent CP was 62 kHz, and the 
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field strength on 15N 50.45886 MHz was 42-50 kHz.  Proton decoupling during acquisition was 

77 kHz. 32 k scans were acquired. 

 

15N Met labelled PM (18.9 mg) in Na citrate buffer pH 6.0 was packed into a 4 mm standard 

rotor. The experimental conditions for the 1D tangent shaped CP experiment were the same 

as for the bR crystals apart from the 90 degree pulse on 1H was 83.3 kHz.  1H and 15N field 

strength during the tangent shape CP pulses were 64 kHz and 42-50 kHz, respectively. Proton 

decoupling of 75 kHz was used during acquisition.  

 

4.2.5 Transmission Electron Microscopy 

Lipodisq™ was adsorbed for 10s to parlodion carbon-coated grids rendered hydrophilic by 

glow discharged at low pressure in air.  Grids were washed with tour drops of double-distilled 

water and stained with 2 drops of 0.75% uranyl formate.  Images were recorded on Eastman 

Kodak Co. SO-163 sheet films with a Hitachi H-7000 electron microscope operated at 100 kV. 

 

4.2.6 Static 31P solid state NMR experiments acquired on a 400 MHz 

proton frequency Bruker Spectrometer 

One dimensional 31P spectra of Lipodisqs™ (with oriented lipids on glass slides parallel and 

perpendicular to the magnetic field) were recorded using a Hahn-echo pulse sequence under 

conditions of proton decoupling during the acquisition.  The spectra were recorded on a 400 

MHz Bruker spectrometer using a static probehead and 1028 scans were collected at room 
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temperature.  The effect of higher temperature on the orientation of Lipodisqs™ was tested by 

repeating the experiment at 296 K.  

 

4.3 Results and Discussion 

4.3.1 Crystallisation trials of bR  

The progress of 3D crystallisation of membrane proteins is generally slow and every protein 

requires different conditions for crystallisation.  There are more parameters that have to be 

varied than with the soluble proteins, and integral membrane proteins generally do not form 

well-ordered crystals as readily as soluble ones.  The goal of the work presented in this chapter 

was to produce three-dimensional crystals of bacteriorhodopsin and to compare by solid state 

NMR their resolution with the resolution of the purple membrane, which is naturally a 2D 

crystal.  For 3D crystallisation, bR was solubilised into monomers which were used for 

crystallisation.  The purity of the detergents has been reported to be important for crystal 

formation in this protocol [205].  Solubilisation and detergent exchange are also very 

important.  However, the crystallisation trials of delipidated, monomeric bR did not result in 

3D crystals, possibly because the detergent was not replaced completely, insufficient protein 

was present in the drops or impurities such as the dimeric or trimeric forms of bR, and lipid 

molecules might have interfered with the crystallisation.  The monomeric bR in the sitting 

drops lost its purple colour after a few months, which indicates the protein became denatured. 
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The other crystallisation approach using bicelles, resulted in diamond-shaped 3D crystals that 

formed relatively quickly and reproducibly (Figure 4.8).  The protein is thought to pack in 

layers inside the crystal and the packing within each layer remains the same [8] and the crystal 

appears to be stacked sheets of two-dimensional (2D) crystals.  The sheet structures in the 

crystals are the same, but the way the sheets stack is thought to be different in each crystals.  It 

has been suggested that there is a probability that crystal growth is nucleated by the formation 

of the 2D crystals onto each other.  The bicelles method is based on the ability to control the 

liquid to gel phase transition. 

 

 

 

Microcrystals Larger crystals ~100 μm 

15N Methionine labelled bacteriorhodopsin crystals 

Figure 4.8 15N Methionine labelled bacteriorhodopsin three dimensional crystals, grown at room 
temperature in DMPC:CHAPSO bicelles [8].  The crystals are diamond-shaped.  Small, microcrystals 
formed at the nucleation sites (left) and larger crystals (right) about 100 μm in length.   

100 μm100 μm
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4.3.2 Solid state NMR experiments of 15N Met labelled bR 

1D 15N CP MAS spectra were collected for both PM and the 3D crystallised bR on 500 MHz 

and 800 MHz Varian/Magnex Infinity + spectrometers.  In the 1D 15N spectra of 15N-Met 

labelled bacteriorhodopsin collected on 500 MHz and 800 MHz Varian/Magnex Infinity + 

spectrometers (Figure 4.9 and Figure 4.10), at least six out of the nine methionine resonances 

are resolved in the 248 residue bR.  In our hands PM seems to be more homogeneous.  It was 

not possible to resolve all nine methionines. 

 

 

Figure 4.9 Overlay of 1D 15N spectra of 15N-Met labelled 23 mg purple membrane sample (black 
spectrum) and 24 mg bR microcrystal sample packed in a 3.2 thin wall rotor (red spectrum) 
collected in a 3.2 mm Balun probe on an 18.8 T Varian Infinity + solid state NMR spectrometer.  
Spinning frequency was 10 kHz and probe temperature 253 K.  1H decoupling of 74 kHz was 
applied during the 41 ms 15N acquisition.  For more experimental detail see Material and Method 
section in this chapter. 
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In Table 11 chemical shifts of the samples collected on the 500 MHz and 800 MHz 

Vairan/Magnex Infinity + spectrometer were compared to chemical shifts resolved previously 

[22].  There is a general agreement of the chemical shifts that are fully resolved; however there 

are several unresolved resonances in our samples.  Further orientation of the purple membrane 

on glass slides may improve resolution, but this was not tried. 

Figure 4.10 Overlay of 15N CP MAS spectra of 18.9 mg purple membrane sample in Na citrate buffer 
pH 6.0 (black spectrum) 57344 acquisitions with the 59.8 mg microcrystal spectra of bacteriorhodopsin 
(red spectrum) 43008 acquisitions recorded on the 500 MHz Varian/Magnex Infinity + Spectrometer in 
a 4mm HX APEX probe.  The probe temperature was 253 K and the MAS frequency was 10 kHz.  The 
FID was acquired for 51.2 ms and 75 kHz TPPM proton decoupling was applied during acquisition.   
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4.3.3 Studies of alternative means of sample preparation for solid state 

NMR 

The Lipodisqs™ were visualised by transmission electron microscopy (TEM) in the Müller 

Institute for Structural Biology in the University of Basel by members of the group of 

Professor Engel in order to determine their shape and measure their diameter.   The 

Lipodisqs™ were prepared in 50 mM Tris buffer (pH 8.0).  Individual Lipodisqs™ can be 

recognised and are pointed with white arrows in the TEM micrograph in Figure 4.11.  The 

preparation seems to be quite homogeneous; however the discs have a tendency to form 

aggregates.  The frames of the enlarged areas in Figure 4.11  are 25.6 nm long. 

Table 11 15N Chemical Shifts identified in the 15N CP MAS spectrum of (±0.1 ppm).  The chemical 
shift of the purple membrane sample we prepared (recorded on the 500 MHz and 800 MHz 
Varian/Magnex Infinity + spectrometers) match the chemical shift resolved previously [22]. 

Residue number 
MAS (600 MHz)

Summurised 
 

MAS  
(800 MHz) 

Spectrometer 
Purple membrane

MAS  
(500) 

Spectrometer 
Purple Membrane 

M118 125.3 125.4 125.2 

M 123.0 Not observed 124.3 

M32 122.2 Not observed Not observed 

M68 121.6 121.8 121.4 

M163 Not observed Not observed Not observed 

? 120.1 120.1 Not observed 

? 119.7 Not observed 119.7 

M145 118.3 118.4 118.0 

M20 115.7 115.5 115.8 
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It is of interest to find out whether the Lipodisqs™ orient in a magnetic field.  Phosphorus-31 

NMRspectra for Lipodisq™ shown in Figure 4.12 and Figure 4.13 respectively show that the 

Lipodisqs™ do not orient in the magnetic field.  The narrow isotropic peak at 0 ppm is from 

the Lipodisqs™.  Oriented egg phosphatidyl choline (PC) lipid bilayer was used as a control.  

 

Figure 4.11 TEM micrograph of negatively stained Lipodisqs™ prepared in 50 mM Tris buffer 
with pH 8.0.  This is a homogeneous particle population, with a diameter of about 11 nm.  
Individual Lipodisqs™ selected with the white arrows were magnified and are displayed in the 
gallery.  The discs tend to form aggregates.  The scale bar represents 200 nm, and the frame size 
of the magnified particles in the gallery is 25.6 nm.  The TEM micrograph of our sample was 
taken in the Müller Institute for Structural Biology, University of Basel by Dimitrios Fotiadis in 
the Group of Andreas Engel.   
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4.4 Conclusions 

In our hands, PM seems to be more homogeneous than the 3D bR microcrystals.  Thus, we 

proceeded with the purple membrane preparation for further experiments reported in Chapter 

5.  Inhomogeneity of 3D crystals could have been caused by one of several possibilities.  For 

x-ray crystallography studies a single crystal of highest quality is picked, in our study many 

crystals were used indiscriminately.  Other possibilities include using a different method for 

Figure 4.12 31P static NMR spectrum of Lipodisqs™ made of 20% DMPC and Lipodisq™ 
solution with 1.25:1 polymer:lipid weight ratio.  The Hanh echo spectrum was taken on a 400 
MHz Bruker Avance spectrometer in a static probe at 310 K.  1028 scans were collected.  The 
Lipodisqs™ were placed in the coil of the static solid state probe against oriented lipid bilayer 
(Egg PC) for ease of comparison, where lipids are oriented parallel to the magnetic field at 25 
ppm.  The isotropic peak of Lipodisqs™ is at 0 ppm. 

31P Chemical shift pmm 
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harvesting the crystals and packing as an option, because the harvesting and packing might 

influence the integrity of the crystals.  The crystallisation method can be further optimised 

towards obtaining homogeneous crystals for NMR.  Crystals can be washed with the buffer of 

same concentration with a lower salt concentration, instead of MilliQ H2O.  Optimising batch 

crystallisation to produce more homogeneous crystals may improve the quality of the crystals.  

 

 

 

Figure 4.13 31P static solid state NMR spectrum of Hanh echo experiment of Lipodisqs™ made up 
of 100 μl 2% DMPC and 1.25:1 polymer:lipid weight.  The spectrum was recorded on a 400 MHz 
Bruker solid state NMR magnet using a static probe. 1028 scans collected at 310 K against 
oriented lipid bilayer (Egg PC oriented with the bilayer normal perpendicular to the magnetic 
field, gives rise to the peak at -15 ppm) for ease of reference.  The peak at 0 ppm is that of the 
lipodisq.  This frequency indicated that the Lipodisqs™ have rapid isotropic motion.  The effect 
of higher temperature on the orientation of Lipodisqs™ was tested (results not shown) by 
repeating the experiment at 296 K, but result were the same. 

31P Chemical Shift (ppm) 
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2D crystals in purple membranes are more suitable for solid state NMR studies than 3D bR 

crystals (under current crystallisation conditions), which could be due to different types of 

crystalline forms. 

 

As an alternative mean of sample preparation TEM of negatively stained Lipodisqs™ revealed 

a homogeneous population of discoid particles with a great tendency to aggregate.  The 

measured diameter of the particles was 11 nm.  31P static solid state NMR studies of 

Lipodisqs™ revealed that the particles do not orient in a magnetic field without protein.  
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Chapter 5 Solid State NMR of  U- 15N, 13C, 2H Labelled 
Bacteriorhodopsin 

 

Varga, K., Aslimovska, L., Parrot, I., Dauvergne, M-T., Haertline, M., Forsyth, T. and 

Watts, A.  (2007) NMR Crystallography: The effect of deuteration on high resolution 13C solid 

state NMR spectra of a 7-TM protein (in revision) BBA 

 

5.1 Introduction  

The assignment of integral membrane proteins by solid state NMR is still a difficult challenge, 

largely because of their size and difficulty in obtaining enough material.  The main aim of the 

research reported in this chapter is to establish the feasibility of sequential, site specific 

assignment of uniformly 13C, 15N labelled bacteriorhodopsin (bR) in the purple membrane by 

solid state NMR crystallography.  Bacteriorhodopsin is a 248 amino acid, mostly α-helical 7 

transmembrane protein from H. salinarium.  Prior to assignment studies optimal conditions for 

producing spectra suitable for spectral assignment were investigated by studying the effects of 

deuteration on the solid state NMR spectral resolution of large membrane proteins by 

deuterating a U-13C, 15N bacteriorhodopsin.  Comparison of 13C linewidths of highly deuterated -

more than 50 %, 50% deuterated and non-deuterated U-13C, 15N labelled bR 2D crystals in 

purple membrane, its natural environment have been made and the sample with optimal 

deuteration level be used for protein assignment.  Another aim is to find the best experimental 

methods for completing the assignment.  The assignment work is still in progress.  Further 

experiments, which would assist in confirming and completing the assignment, will be discussed.   
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The photoreceptor bacteriorhodopsin (bR) was chosen as a model system because of its 

stability; bR is stable at room temperature for extended periods of time.  It is a tightly associated 

trimer and very well characterised structurally and functionally.  Long sample life time and 

thermal stability make bR a suitable system for solid state NMR studies.  Sample heating is 

another general consideration at MAS high frequency (~10 - 13 kHz).  Even more importantly, 

hydrated protein samples which contain salt buffers are prone to heating caused by high rf power 

pulses, especially during long proton decoupling.  Another reason for choosing bR is its 

availability and relative ease.  For most membrane proteins, overexpression and purification is 

still a challenge, as discussed in Chapter 1.  Bacteriorhodopsin is readily available from H. 

salinarium and the purification is well established [209].  It is possible to label uniformly the 

protein with 13C, 15N and 2H [24].  In addition, bR has a secondary structure which resembles 

GPCRs; bacteriorhodopsin is an integral seven transmembrane protein in a mostly α-helical 

confirmation [27].  There is a strong correlation between protein secondary structure and 

chemical shifts, as discussed in Chapter 1.  The feasibility of the resonance assignment on bR 

may be indicative of the feasibility of assignment techniques for other structurally unresolved 

receptors, including GPCRs. 

 

Bacteriorhodopsin is therefore a very well studied membrane protein and the above mentioned 

characteristics make it an ideal system for study here.  Three differently labelled samples of 

bacteriorhodopsin were prepared to test the applicability of the various NMR assignment 

strategies, and the effects of deuteration on a large membrane protein, for solid state NMR 

investigation. 
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5.2 Use of Deuteration in NMR 

5.2.1 Use of deuteration in solution state NMR 

Deuteration has been used routinely in solution NMR for 13C, 15N labelled protein assignment 

studies [210].  Deuteration of the non-exchangeable proton sites, except the HN protons, 

improves the sensitivity of the experiment due to two effects: first, the nuclei, in particular the 

13C, relax more slowly thus allowing more magnetisation to be transferred between J-coupled 

nuclei; second, the slower relaxation of 1HN nuclei results in sharper, more intense lines in the 

observed spectrum. In addition, the slower relaxation of 13C makes it possible to extend the 

length of the evolution period, thus to obtain higher resolution in the indirect dimension.  The 

suppression of scalar couplings (JH-H) further improves linewidths in solution NMR studies of 

membrane proteins, which routinely suffer from poor spectral resolution due to the large size of 

detergent micelle-protein complexes [211]. 

 

5.2.2 Use of deuteration in solid state NMR 

In solid state NMR (ssNMR), deuteration has been mainly used as a tool to study protein and 

lipid dynamics [211].  Deuterium has a gyromagnetic ratio ~6.5 times lower than that of 1H, 

which greatly reduces dipolar couplings.  Deuterium has low natural abundance of 0.02 %.  In 

deuterium NMR experiments, the quadrupolar interaction (~170 kHz) is much larger than the 

chemical shift anisotropy and homo- and heteronuclear dipolar couplings [211].  In ssNMR, 

deuteration is also used for the purpose of diluting 1Hs to eliminate the strong 1H homonuclear 

dipolar couplings, resulting in narrow 1H lines without the need for multiple pulse 1H 

homonuclear decoupling [212].   
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To date, only a few studies are available on the effect of deuteration on 13C and 15N linewidths of 

soluble, microcrystalline proteins [213-215], and none have been reported for membrane 

proteins [215-217].  Moreover, the findings from these studies are not consistent with each 

other.  On the one hand, high resolution 13C spectra which were obtained for ubiquitin, where 

the linewidths were found to be identical between the protonated and deuterated samples when 

proton decoupling was applied [215].  On the other hand, proton decoupling was not sufficient 

to achieve high resolution 13C spectra for the SH3 domain, and deuterium decoupling 

significantly improved 13C linewidths [217].  In another study, on the Crh receptor, deuteration 

did not improve 13C linewidths relative to the protonated Crh, and the line broadening could not 

be recovered with 2H decoupling [216].  Here, the effect of deuteration on line widths and 

spectral resolution of U-13C, 15N labelled bacteriorhodopsin was studied. 

 

5.2.3 Effects of deuteration  on CP-efficiency 

The 13C cross polarisation (CP) magic-angle spinning (MAS) NMR of deuterated proteins can be 

expected to be less efficient than for protonated proteins [218].  By diluting the 1H pool there is 

less 1H magnetisation available for CP, and therefore the ultimate enhancement of the 13C signal 

will be lessened.  Diluting the 1H bath would also be expected to increase the 1H T1 time, 

requiring the recycle delay to be lengthened in any 13C and 15N observed CP MAS experiments.  

These potential drawbacks did not, in fact, present significant difficulties to 13C CP MAS 

spectroscopy of some heavily deuterated proteins [215].  Reasonable CP efficiency was obtained 

for CO and Cα carbons in deuterated samples in the study of Morcombe and colleagues [215].  

Deuteration has surprisingly little effect on both 1H and 13C longitudinal relaxation times.  A 

comparison of 1H decoupled 13C line widths for Cα carbons in protonated and deuterated 
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ubiquitin by Morcombe and colleagues [215] discovered no statistically significant differences, 

and therefore deuteration decoupling was not deemed necessary .  

 

Deuteration has, however, been found to provide significant advantages in many applications. 

By employing deuteration, the 13C resolution in 2D and 3D experiments need not be limited by 

decoupler heating.  If 1H decoupling is not applied, the CO and deuterated Cα carbon line 

widths only increase by a modest 0.08 ppm at a MAS rate of 20 kHz [215].  Since deuteration 

also provides for very high resolution in the amide 1H spectrum, this aspect can be taken 

advantage of in 1H/15N/13C triple resonance experiments where the 1H decoupling is critical for 

optimizing the 15N resolution.  Proteins that prove to be too sensitive to decoupler heating to be 

studied by the standard CP MAS methods, may also become accessible with extensive 

deuteration.  Perdeuteration is also useful for correlation spectroscopy experiments and helps 

circumvent truncation problems by simplifying the spin system [215]. 

 

5.3 Introduction to NMR Spectroscopy Assignment of Proteins 

For investigation of proteins by either solution or solid-state NMR spectroscopy, independent 

of whether structural or dynamic information is extracted from the spectrum, the resonance 

assignment of individual sites of the system is necessary [205].  Assignment of resonance peaks 

means correlation of the correct chemical shift of the observed resonances to the corresponding 

amino acid site in the protein.  In solution NMR, multidimensional homonuclear and 

heteronuclear chemical shift correlation methods based on scalar couplings are used to transfer 

the coherence between spins and provide a basis for the resonance assignment of proteins.  
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Analogous correlation schemes can be employed when designing multidimensional magic angle 

spinning (MAS) experiments for the resonance assignment of solid proteins.  With the MAS 

methods, the observed isotropic shift allows identification of the different amino-acid types by 

means of the characteristic side-chain correlation patterns, as in solution NMR.  However, 

different from solution NMR, in solid-state experiments dipolar couplings are used for 

coherence transfer as well as the scalar couplings [65, 212, 219-223].  Under MAS, homonuclear 

and heteronuclear dipolar couplings can be reintroduced by various radio-frequency sequences 

[224].   

 

One main difference between the solution and solid state NMR techniques is the type of spins 

usually observed.  In solution NMR, assignment experiments involve proton detection, as well as 

13C and 15N detection.  In solid-state NMR 1H detection is not routine because of strong dipolar 

couplings between protons which give rise to broad lines, even when using sophisticated 

resolution enhancement techniques combined with fast MAS of the currently highest available 

magnetic field (21.1 T).  Since low-γ nuclei, such as 13C and 15N have smaller dipolar couplings 

and a larger chemical shift range, they give rise to much better resolved spectra and are the 

nuclei of choice for detection.  A potential assignment strategy for solid state NMR involves 13C 

and 15N.  First, 13C resonances belonging to the same residue type are identified in 2D 

homonuclear 13C correlation spectra [114, 225-228].  The second step of the assignment 

procedure concerns the sequential site specific assignment, that consists in correlating the side-

chain signals to the backbone resonance in such a way that the sequential number can be 

assigned to the identified residue.  For this purpose, heteronuclear 13C, 15N spectrum can be 

recorded where selective transfer between the 15N backbone signal and the Cα or CO signals is 
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achieved.  These experiments will be referred to as the NCA and NCO experiments in the text.  

A schematic diagram of the magnetization transfer and the pulse sequence of the NCA and 

NCO are shown in Figure 5.2. 

 

 

Figure 5.1 Schematic representation of the pulse sequence used for the 2D heteronuclear NCA and NCO 
correlation experiments and the magnetization transfer in these experiments.  Heteronuclear decoupling 
can be achieved by the two pulse phase modulation (TPPM) [19] [25] decoupling method  during 
evolution and acquisition, while continuous wave (CW) decoupling can be applied during the specific-
CP step, which is indicated with red arrow.  Magnetisation from the neighbouring protons is 
transferred to 15N. With a second, selective CP the magnetization can further be transferred onto the 
neighbouring Cα indicated with a black arrow or CO indicated with a red arrow.  If the resolution is 
good enough, sequential assignment for the backbone is possible based on the NCA and NCO spectra.  
However, for uniformly labelled large proteins the 2D NCA and NCO spectra are too congested to be 
able to resolve most of the peaks.  Therefore, these spectra are often used as a preparation for 3D 
structure determination 
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5.3.1 Residue type assignment  

5.3.1.a Two dimensional dipolar assisted rotational resonance 

2D DARR (dipolar assisted rotational resonance) is a recoupling mechanism, which uses a 

combination of mechanical rotation of the sample and homonuclear dipolar coupling [229].  

Magnetisation is exchanged when a spinning sideband of one spin overlaps with the isotropic 

resonance or sideband of another.  Irradiation of the protons at the rotational resonance 

condition recouples the 13C-1H dipolar interaction, broadening the lines in the carbon spectrum.  

 

 

 

 The pulse sequence of DARR is shown in Figure 5.2.  After cross polarization from proton 

magnetisations, longitudinal magnetisation of 13C spin is obtained by a π/2 rf pulse.  The length 

tmix

Figure 5.2 Pulse sequence for the 2D DARR 13C-13C correlation experiment.  Following 1H excitation, 
a ramped cross-polarisation between 1H and 13C creates an initial 13C magnetisation.  Following 13C 
evolution, a 90° pulse on 13C brings back the magnetisation along the z-axis.  During the mixing time 
(tmix) low proton field is applied and polarisation transfer between 13C-13C occurs in through proton 
dipolar couplings.  A second 90° pulse on 13C pushes the magnetisation in the x-y plane.  During all 
evolution periods (t1 and t2), proton decoupling is applied, using the two-pulse phase modulation 
technique (TPPM) decoupling scheme. 
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of the mixing time determines the number of bond transfers of the magnetisation.  In DARR, 

reintroduction of 1H- 13C dipolar coupling is utilised by continuous wave (CW) 1H irradiation 

with the intensity satisfying the rotary resonance condition ω1=n x ωR,, n=1 or 2, where ω1 is the 

field strength of the recoupling 1H pulse and ωR is the rotor spinning frequency.  Finally the 

magnetisations are converted to observable (-1)-quantum coherences by the last π/2 pulse on 

the 13C channel.  The DARR experiment is more effective than radio frequency driven 

recoupling (RFDR) (described next) at measuring long range, through-space correlations that 

carry the most information concerning structure, and DARR is less sensitive to inhomogeneous 

B1 fields than RFDR [228, 230].  The DARR sequence has been reported to solve problems 

associated with dipolar truncation [231].  

 

5.3.1.b 2D Radio frequency-driven dipolar recoupling (RFDR) 

The second 2D type of 13C-13C homonuclear correlation experiment to be used here is radio 

frequency driven recoupling (RFDR) which is used for measuring 13C-13C through space 

correlations [229].  A rotor-synchronised sequence of π-pulses, which satisfies the echo 

condition (tmix=n*Tr, where Tr is the rotor period and is equal to the inverse of sample rotation 

frequency), is applied to partially reintroduce dipolar coupling over the mixing time [229].  The 

pulse train, Figure 5.3, reintroduces the zero quantum (flip-flop) part of the dipolar coupling 

term of the spin Hamiltonian, allowing for magnetisation exchange between coupled spins.  The 

exchange rate (t-1) is relatively rapid.  Drawback of RFDR is that the refocusing of the 

magnetisation for acquisition is sensitive to precise setting of the 180° pulses; as a result B1 

inhomogeneity causes significant dephasing of the signal when the sample is not constrained to 
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the centre of the rotor.  The length of the mixing time and the observable distance is limited by 

the capabilities of the hardware and sample heating due to this requirement for high 1H power. 

 

 

 

5.3.2 Site-specific assignment 

Site-specific assignments can be made based on 3D spectral assignments and backbone walk.  In 

the 3D 15N-13C-13C spectrum, the 13C spectral congestion is relieved by the dispersion of the 15N 

chemical shifts.  Unique side-chain shifts can further improve resolution.  3D NCACX and 

NCOCX, where CX refers to any carbon, spectra can be acquired by the DCP-DARR sequence  

[114] which combines a selective double cross polarization (DCP) [232] sequence and DARR.  

Tr 

1H 

13C 

cp 

TPPM TPPM 

π ππ/2 π/2 

CW decoupling 

π/2 

t1 

cp 

t2

Figure 5.3 Schematic representation of the RFDR pulse sequence.  The sequence begins with a CP 
using a ramped pulse on the 13C channel.  After the evolution period t1, a 90° pulse moves the 
magnetisation along the z- axis where the mixing occurs with high power 1H decoupling. In RFDR 
experiment, the mixing is driven by a train of rotor synchronised 180 ° pulses on the 13C channel.  
Two pulse phase modulated decoupling is used during acquisition and evolution [23, 24]. 
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The double cross-polarisation sequence (DCP) can be used to selectively direct polarization 

from 15N to 13CA or 13CO, which was then transferred to other 13C nuclei by DARR.  The 

polarization transfer scheme is shown in Figure 5.4. 

 

 

Figure 5.4 3D DCP-DARR pulse sequence and schematic representation of the polarisation transfer 
pathways on the backbone.  The intra-residue transfer pathway (NCACX) is indicated with black 
arrows, and the inter-residue pathway (NCOCX) is indicated with red arrows [17]. 
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5.4 Materials and Methods 

5.4.1 Preparation of deuterated U- 13C, 15N labelled bacteriorhodopsin  

This section describes three differently labelled bacteriorhodopsin samples prepared, in order to 

study the effect of deuteration on solid state NMR spectra.  The samples are all U -13C, 15N 

labelled with different deuteration levels: one is fully protonated, the other one is 50% 

deuterated and the third sample is heavily deuterated, grown in more than 50% deuterated 

media.  There is one described method in the literature for deuterated U- 13C, 15N labelling of bR 

[24] using 2H, 15N or 13C, 15N-labelled media prepared from Scenedesmus obliquus algae and 

Chenopodium rubrum cell cultures respectively. Here two commercially available labelling media 

Silantes and Celtone were tested.  Celtone was found to be better suited for Halobacterial 

growth.  The growth conditions were further optimised and used for labelling.  The testing, 

optimisation and labelling procedures are reported here. 

 

5.4.1.a Strain of H. salinarium used and growth conditions 

For the expression of bR the Halobacterium salinarium strain S9 was used.  The S9 strain is a 

bacteriorhodopsin overproducer, it is a derivative obtained from a mutagenised culture of wild 

type R1 and is gas vacuole-deficient (Vac-) which aids the isolation of cell membrane [233, 234] 

The comparison of the phenotypes of the wild type and the S9 strain can be seen in Table 12. 

 

Halobacterial cells grow at temperatures as high as 57 °C, however evaporation of water 

becomes a problem at that temperature and therefore 37 °C is usually used [235].  Growth of 

Halobacterial cells is followed by measuring the absorbance of the cultures at 660 nm and 
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synthesis of purple membrane (PM) is measured by absorbance of the purple membrane fraction 

at 560 nm.  A sharp increase in the synthesis of the PM occurs at the end of the exponential 

growth phase.  Small differences in culture conditions may result in almost complete loss of 

purple membrane.  This was taken into account when growing the uniformly labelled deuterated 

bacteriorhodopsin.  Among other parameters, light and the O2 tension in the culture medium are 

crucial [204].  Growth at low O2 levels, 37 ° C and illumination favors bR production.  In some 

cases, the purple membrane can represent as much as 50% of the total cell surface area  in H. 

salinarium [236].  Synthesis of bacterioruberin may impinge on PM synthesis because 

bacterioruberins share common biosynthetic pathway with retinal [237].  Conditions which 

favoured bacterioruberin over bR production, such as aeration and insufficient amounts of 

vitamins like thiamine, folic acid and biotin, were avoided.   

 

 

 

5.4.1.b Choosing the optimal labelling medium and cell growth 

conditions 

For the production of triple labelled (2H, 13C, 15N) bR, two commercially available labelling 

media were compared: Celtone from (Spectra Isotope Laboratories) and Silantes media 

W. StoeckeniusVac- Rub+ Pum++S9

Vac+ Rub+ Pum+Wild type (R1)

SourcePhenotypeStrain

W. StoeckeniusVac- Rub+ Pum++S9

Vac+ Rub+ Pum+Wild type (R1)

SourcePhenotypeStrain

Table 12 Comparison of the wild type R1 and S9 H. salinarium strains phenotypes.  S9 is a gas 
vacuole deficient (Vac-), ruberin synthesising (Rub+) and purple membrane overproducing (Pum++) 
derivative of the wild type [14] 
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(Silantes).  The growth of H. salinarium in these labelling media was checked against the growth 

in the bacteriological peptone non-labelling media from Oxoid in which the cells grow optimally.  

H. salinarium grew better in Celtone medium than in Silantes, hence Celtone was used to 

optimise and prepare uniformly 13C, 15N  labelled bR. 

 

Comparison of growth of H. salinarium in Peptone (OxoidL37) and Celtone-CN was made using 

25 ml volume cultures.  The archaea grow exponentially at the same rate (results not shown 

here) until day 3.  After day 3 the archaea in peptone medium continue to grow faster than the 

archaea in the hydrogenated Celtone medium.  Effects of aeration, illumination, vitamins and 

minerals on growth were tested. 

 

When the starter cultures were at the mid log phase, they were transferred into flasks containing 

500 ml media and incubated in an orbital shaker at 37 °C for 10 days with a shaking speed of 

110 rpm under illumination for about 5 days.  Growth was monitored at OD660 and visual 

inspection of the pellet colour was used as an indicator of bR production. The cultures were 

harvested by centrifugation when the optical density at 660 nm had peaked.  The growth of 

labelled medium was optimized and the highly deuterated CN-bR and 50% HDCN-bR were 

produced in the ILL-EMBL Deuteration Laboratory at the Partnership for Structural Biology in 

Grenoble, France.  
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5.4.2 Media preparation  

5.4.2.a Celtone media preparation.   

All three samples were U-13C, 15N labelled using the Celtone medium obtained from Spectra 

Stable Isotopes but with different level of deuteration.  One sample was grown in fully 

protonated medium, the other one was grown in 50/50 mixture of H2O/D2O and the third one 

was grown in 50% deuterated medium dissolved in 100% D2O.  The procedure for preparation 

of all three differently labelled Celtone media was the same, the only difference is the use of the 

Celtone powder with the appropriate labelling scheme (Celtone-CN for the fully protonated, 

Celtone-dCN 50% for the 50% deuterated sample and Celtone dCN 97% for the fully 

deuterated) and the appropriate percentage of D2O used to prepare the media (0% D2O for the 

fully protonated, 50% D2O for the 50% deuterated and 99.9% D2O for the fully deuterated bR 

sample). 

 

For volume of 500 ml cultures the following were weighed: 125 g NaCl, 1 g KCl, 10 g MgSO4, 

1.5 g sodium citrate (Na3C6H5O7) and 2.5 g of the appropriate Celtone powder (Celtone CN for 

the fully protonated, Celtone-dCN 50% for the 100% deuterated sample and Celtone dCN 97% 

for the fully deuterated)  pH 6.46.  The growth media were also supplemented with trace metals 

of MnSO4 (0.3 μg/l), FeCl2*4H2O (3.6 μg/l), ZnSO4*7H2O (0.44 μg/l), and CuSO4*5H2O (0.05 

μg/l), and sterilised either by autoclaving or by heating to dissolve the salts and powder, and 

then passing through 0.2 µm Millipore filter.  
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5.4.2.b Silantes media preparation.   

Silantes media was a ready made media provided by the supplier ready for testing, however 125 g 

of NaCl, 1 g of KCl, 10 g of MgSO4, 1.5 g of sodium citrate (Na3C6H5O7) were also added and 

sterilised by filtering.  

 

5.4.2.c Peptone media preparation.   

For 1L Bacteriologial Peptone media (Oxoid) 250g NaCl, 20g MgSO4 * 7H2O, 3 g of sodium 

citrate *2H2O, 2 g of KCl, 0.2 g of CaCl2 and 10g of Oxoid L37 peptone were weighed and 

dissolved in water.  The growth media were also supplemented with trace metals of MnSO4 (0.3 

μg/l), FeCl2*4H2O (3.6 μg/l), ZnSO4*7H2O (0.44 μg/l), and CuSO4*5H2O (0.05 μg/l) and the 

pH was adjusted to 7.4 with NaOH solution.  The medium was sterilised by autoclaving. All the 

media and their labelling schemes used to produce labelled bR are listed in Table 13. 

 

 

Table 13 Labelling media tested and used for deuteration and U 13C, 15N labelling of 
bacteriorhodopsin 
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5.4.3 Growth, purple membrane isolation and purification 

The cells were grown under illumination, in air-tight conditions, and the yield of purple 

membrane increased.  Trace metals were also added to enhance cell growth: MnSO4, FeCl2 

*4H2O, ZnSO4 7*H2O, CuSO4 *5H2O. 

 

The purple membrane was isolated as described in reference by Oesterhelt and Stoeckenius 

[204].  The sizes of the pellets are indicative of the yield of cells.  Deuteration of bR increased 

the weight of the protein.  The % of the sucrose gradient had to be altered from 25%-45% to 

25%-70% to improve the purification step.   

 

5.4.4 Crystallisation of fMLF model peptide 

Met, Leu, Phe (fMLF) peptide is a model compound used for testing solid state NMR pulse 

sequences and optimising acquisition parameters.  It was necessary to crystallise it before using 

it.  The manufacture’s protocol crystallisation was followed.  Hence, 10mg 98% U-13C, 15N 

labelled fMLF with 40 mg natural abundance fMLF peptide from Cambridge Isotope 

Laboratories were dissolved in 12-20 ml isopropanol by stirring it at elevated temperature ~55 

°C and sonication, for up to 20-30 minutes. The cycle of stirring it at elevated temperature and 

sonicating it for 20-30 minutes was repeated several times until the solution became clear.  Once 

it was clear it was allowed to evaporate slowly.  Complete evaporation occurred in about 1-3 

days. 
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This preparation procedure resulted in 2 fractions, one that precipitated at the surface of the 

solution and another one that coated the walls of the vessels.  The precipitate at the surface of 

the solution was collected and used for solid state NMR experiments.  Great care was taken not 

to contaminate this fraction with the isoform precipitate which formed on the walls of the 

vessel. 
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5.4.5 Solid state NMR spectroscopy - acquisition parameters 

 

5.4.5.a 1D 13C CP MAS spectra 

One set of one dimensional spectra were collected on an 800 MHz Varian/Magnex Infinity 

+ spectrometer in a 3.2 mm HCN Balun probe, using 74 kHz proton decoupling during 30 

ms acquisition.  The MAS frequency was 10.776 kHz.  1024 transients were signal averaged 

with 4 s pulse delay.  The spectral width was set to 100.00 kHz.  1H-13C cross polarisation 

(CP) was achieved with a 57 kHz 1H and 39-55 kHz tangent ramped 13C pulse 0.8 ms for 

the fully protonated,  and 1.25 ms for the 50% deuterated and highly deuterated U-13C, 15N 

bR samples.   

 

The other set of one dimensional spectra were collected on the 500 MHz Infinity Plus 

spectrometer in a 4 mm HXY Apex probe.  MAS frequency was 11.574 kHz and the 

temperature was 263 K for all three 1D spectra.  1024 transients were signal averaged with 

4 s pulse delay.  The spectral width like for the 1D spectra collected on the 800 MHz was 

set to 100 kHz.  Contact time during CP was 1.2 ms for the deuterated, 1.75 ms for the 

50% deuterated and 0.8 ms for the fully protonated bR sample.  The field strength of 13C 

and 1H were 46-36 kHz and 54 kHz respectively.  Acquisition was 30 ms and proton 

decoupling during this period was 72 kHz.   

 

CP build up curves were acquired by arraying the contact from 100 μs during to 3.5 ms in 

steps of 100 μs during a 1H-13C CP pulse at 58 kHz and 47 kHz (no ramp) for 1H and 13C 

respectively.  The FIDs were collected for 20.0 ms.  
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5.4.5.b 2D 13C-13C DARR homonuclear experiments of highly 

deuterated U-13C, 15N bR recorded on a 500 MHz spectrometer 

40 mg of highly deuterated U-13C, 15N purple membrane was packed into a 4 mm standard 

wall solid state NMR MAS rotor.  2D 13C-13C homonuclear correlation spectra (DARR) 

were collected on a Varian Infinity Plus 500 spectrometer (11.7 T) at -20 °C VT inlet gas 

temperature and at 11.548 kHz spinning frequency using a 4 mm HX Apex probe.  The 

DARR mixing time was carried out with an n=1 rotary resonance condition for the 

protons, and a mixing time of 15 ms in order to identify 2-3 bond contacts.  Cross 

polarization was achieved using a 50.1 kHz square 1H pulse at 497.910 MHz and a 23.2-

44.3 kHz tangent ramped 13C pulse at 125.211 MHz for 1 ms.  There were 2048 points and 

840 points collected in direct and indirect 13C dimensions for 29 ms and 12 ms, 

respectively.  During acquisition, 70.4 kHz two pulse phase-modulated (TPPM) decoupling 

was applied on the 1H channel.  32 scans were collected, using 3 s pulse delay.  The 

spectrum was processed using sinebell apodisation function in both the direct and indirect 

dimensions.  The carbon dimension was referenced externally using the 13C adamantane 

methylene peak [236]. 

 

5.4.5.c 2D 13C-13C DARR experiments of the fully protonated U-13C, 

15N bR sample on the 800 MHz spectrometer 

Two dimensional (2D) 13C-13C homonuclear correlation spectra of bR were collected using 

the DARR pulse sequence [238] for 28 hours for each sample.  The number of acquisitions 

was 32 for each FID with a 3 s pulse delay.  The CP conditions were the same as for the 

1D spectra described previously, acquired on the 800 MHz Varian/Magnex Infinity + 

spectrometer, in a 3.2 mm HCN Balun probe.  During the 20.5 ms and 11.9 ms acquisition 
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time in the direct and indirect dimensions respectively, 74 kHz two-pulse phase-modulated 

(TPPM) [110] proton decoupling was applied.  The dwell was set to 10.0 μs and 11.6 μs for 

the direct and indirect dimensions respectively.  Homonuclear 13C mixing was obtained 

with the n=1 rotary resonance condition on the protons for a 3, 15 ms and 30 ms mixing 

time.  The spectra were apodised by cosine shifted sine bell function.  The carbon 

dimension was referenced externally to DSS using the downfield 13C adamantine methylene 

peak at 40.48 ppm [239].   

 

5.4.5.d 2D 13C-13C DARR with 3 ms and 13 ms mixing time of 

highly deuterated U-13C, 15N labelled bR  recorded on at 800 MHz  

The 2D 13C-13C DARR experiments with 13 ms and 15 ms mixing time was performed at a 

field of 18.8 T on a Varian/Magnex 800 MHz Infinity Plus wide-bore solid state NMR 

spectrometer, equipped with a 3.2 mm triple resonance Balun probe operating at 799.16500 

MHz and 200.96813 MHz for 1H and 13C.  The 2D DARR spectrum with 13 ms mixing 

time was acquired with a MAS frequency of 8.33 kHz at 253 K probe temperature.  64 

scans were acquired over 55 h total experimental time.  There were 2048 points and 1024 

points collected in the direct and indirect 13C dimensions for 20 ms and 10 ms, respectively.  

During acquisition 71 kHz proton decoupling was applied.  64 scans were collected, using 3 

s pulse delay.   

 

The other 2D DARR spectrum with 15 ms mixing time was acquired at a 10.776 kHz MAS 

frequency.  The apparent sample temperature was regulated to be 263 K.  The experimental 

time was 28 h.  The CP conditions were the same as for the 1D spectrum of the highly 

deuterated U-13C, 15N labelled.  During the data acquisition periods of 20 ms and 12 ms in 
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the direct and indirect dimensions respectively, 74 kHz two-pulse phase-modulated 

(TPPM) [110] decoupling was applied on the 1H channel.  The dwell was set to 10.0 μs and 

11.6 μs in the direct and indirect dimensions respectively. 

 

5.4.5.e 2D 13C-13C DARR with 13 ms mixing time of 50% 

deuterated U-13C, 15N labelled bR sample recorded at 800 MHz 

The experimental conditions were the same as for the fully deuterated U-13C, 15N labelled 

bR sample with 15 ms mixing time.  The only difference is the contact time during CP was 

1.25 ms HDCN-bR. 

 

5.4.5.f 2D 13C-13C RFDR homonuclear experiment of the model 

compound fMLF 

Polycrystalline U-13C, 15N labelled fMLF (5.5 mg) was packed into a 4 mm standard rotor.  

The sample was prepared by diluting the U-13C, 15N labelled fMLF fivefold in natural 

abundance fMLF to reduce the influence of intermolecular dipole-dipole interactions.  The 

sample was recrystallised by slow evaporation from isopropanol.  The spectrum was 

recorded at 303 K probe temperature and MAS was 11.574 kHz.  1H frequency was 

497.9088 MHz and that of 13C was 125.2128 MHz.  Contact time during CP was 2 ms.  The 

field strength of 1H and 13C were 68 kHz and 50 kHz respectively.  Pulse delay between 

transients was 3 seconds.  After the evolution period, the magnetisation was placed along 

the z-axis with a 50 kHz 90 degree pulse on the 13C channel, and after the RFDR mixing 

time the magnetisation was returned to the x-y plane with another 50 kHz 90 degree pulse.  

During the mixing period (1.03 ms of 20 π pulses) continuous wave 1H decoupling was 

implemented with the amplitude of 73 kHz.  Dwell was 14.4 μs in both the direct and 
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indirect dimension.  TPPM proton decoupling during evolution and acquisition was 71 

kHz.  Acquisition time was 14.74 ms.  16 scans were collected.  1024 and 512 points were 

collected in the direct and indirect dimensions, respectively. 

 

5.4.5.g 2D RFDR of 100% deuterated U-13C, 15N labelled bR sample 

100% deuterated U- 13C, 15N labelled purple membrane (40 mg) was packed in a 4 mm 

standard rotor. The 2D 13C-13C RFDR experiment with 2.25 ms mixing time was 

performed in a HXY probe on a 500 MHz Varian/Magnex Infinity + spectrometer at a 

temperature of 263 K.  The 1H and the 13C frequencies were 497.9088 MHz and 

125.210875 MHz respectively.  MAS frequency was 11.574 kHz. The initial 90 degree pulse 

on 1H was 76 kHz. 64 scans were collected with a pulse delay of 3 seconds.  Dwell in the 

direct and indirect dimension, were 14.4 μs.  Contact time for the ramped CP was 1.2 ms.  

The CP filed strengths for 13C and 1H were 53.2 kHz and 50.8 kHz, respectively. TPPM 

proton decoupling of 72 kHz was applied during evolution and acquisition.  Acquisition 

time was 20.16 ms.  Longitudinal magnetisation of the 13C spin was obtained by a 90 pulse 

with 60 kHz field strength.  The RFDR π pulses were set to 55.5 kHz. 1400 and 1024 

points were collected in the direct and indirect dimensions respectively.  

 

5.4.5.h 2D RFDR with 2ms of the 50% deuterated U-13C, 15N 

labelled bR sample 

50% deuterated U-13C, 15N labelled bR in purple membrane in 20 mM Na citrate pH 6.0 

containing 0.01% NaN3.  The experiment was performed on 500 MHz Varian/Magnex 

Infinity + solid state NMR spectrometer, in a 4 mm HXY probe.  The probe temperature 

was set to 263 K.  Spinning frequency of the rotor was 11.574 kHz.  The 1H and the13C 



DPhil Thesis Chapter 5 Solid State NMR of U-15N, 13C, 2H Labelled Bacteriorhodopsin 

 

 

 161

frequency were 497.90625 MHz and 125. 2103575 MHz.  Contact time during CP was 1.75 

ms. Dwell 14.4 μs.  Pulse delay was 3 seconds.  Dwell in the indirect dimension was 14.4 

μs. The 90° pulse on 1H was 75.8 kHz. The CP conditions were the same as for the 100% 

U-13C, 15N deuterated bR sample. Acquisition time was 20.16 ms.  TPPM proton 

decoupling in the direct and the indirect dimensions was during acquisition was 72 kHz.  

Decoupling during the mixing time was 72 kHz.   

 

5.4.5.i 2D 13C-15N NCA  heteronuclear correlation experiment 

For the 2D heteronuclear NCA and NCO correlation experiments 28 mg of U- 13C, 15N 

labelled and >50 % deuterated purple membrane was packed into a 3.2 mm rotor.  The 2D 

dipolar NCO and NCA correlation experiments were performed at 18.8 T using a wide-

bore Varian 800 MHz Infinity Plus spectrometer.  The spectrometer was equipped with a 

3.2 mm T3 Balun probe. MAS frequency was 8.33 kHz at 253 K.   

 

For the 2D 15N-13C NCA correlation spectrum of U-13C, 15N, 2H enriched purple 

membrane the cross polarization unit contained a tangent shape spin-lock pulse on the 15N 

nucleus with a frequency of 81.04842 kHz to broaden the CP matching profile at high 

MAS frequencies.  A moderate proton RF power corresponding to a 1H nutation frequency 

of 52 kHz was applied.  The contact time during the second CP from 15N with to 13C with a 

Larmor frequency for the Cα 201.10985 mHz was 4 ms, during which the 15N field strength 

was 22.6 kHz and the 13C field strength was 12.8 kHz.  Proton decoupling was achieved by 

use of the two-pulse phase modulation (TPPM) with a 70 kHz field strength .Over a 29 h 

total experimental time, 2048 and 180 points were recorded in the direct and indirect 

dimensions respectively. 192 scans with 3 ms pulse delay were collected.   
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5.4.5.j 2D 15N-13C NCO heteronuclear correlation experiments  

For the 2D 15N-13C NCO correlation experiment of U-13C, 15N, 2H enriched purple 

membrane a moderate proton RF power corresponding to a 1H nutation frequency of 52 

kHz was applied.  The contact time during the second CP from 15N to 13C with a Larmor 

frequency for the CO 201.132969 MHz was 3.5 ms, during which the 15N field strength 

was 20.9 kHz and the 13C field strength was 25.0 kHz.  Proton decoupling was achieved by 

use of the two-pulse phase modulation (TPPM) with 70 kHz field strength.  Over a 30 h 

total experimental time, 2048 and 186 points were recorded in the direct and indirect 

dimensions respectively. 192 scans with a 3 ms pulse delay were collected.  All the samples 

used in the study are listed in Table 14. 

 

 
 

 

 

Table 14 Sample list of all the differently labelled purple membrane samples used 
in this study, the rotors they were packed in and the amount packed.  The sample 
buffer was always 20 mM sodium citrate pH 6.0 with 0.01% NaN3. 
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5.4.6 Data processing 

All 1D spectra were processed by sineball square (cosine shifted) apodisation and zero 

filled to 16 K points before Fourier transform in Spinsight (Varian).  Signal-to-noise and 

integral measurements were also carried out with Spinsight. All 2D solid-state data were 

processed with NMRpipe [240] software and subsequently analysed and assigned using the 

program Sparky, version 3.1 [241]. All DARR spectra were sine bell square apodised, then 

zero filled to 4 k points in both dimensions before being Fourier transformed.  For the 

DARR spectrum of the fully deuterated sample in Figure 5.24 line broadening was applied 

as specified in the figure legend.  One set of the heteronuclear correlation spectra were 

further processed by applying exponential line broadening in both the direct and indirect 

dimension.  All data was zero filled once before being Fourier transformed. 

 

5.5 Results and Discussion 

5.5.1 Preparation of deuterated U- 13C, 15N labelled bacteriorhodopsin  

 Celtone growth-media proved to be a better starting material for optimisation of 

deuteration and U-13C, 15N labelling of bR than Silantes labelling media. The culture grown 

in Celtone was compared to the ones in peptone media from Oxoid.  There was no purple 

colour in the Silantes grown cultures which is indicative of poor bR production.   

 

Test cultures of 100 ml Celtone medium were used.  If the cultures were not sealed well, 

separation of the medium was observed.  The flasks had to be air-tight.  The yield of the 

fully deuterated sample was very low. Optimising the media for uniform labelling showed 

that adding CaCl2 (0.2 g/L) improves cell growth yield by 20%.  Addition of folic acid, 

biotin and thiamine to the cultures also improved growth.   
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For the bR cultures, cell growth rates were slower in D2O than in H2O.  Illumination 

increased the bR production.  Growth media had different colours which can be seen in 

Figure 5.5 and the OD660 readings of the cultures are listed in Table 15.  The samples were 

centrifuged, and the size and the intensity of colour of the pellets can be seen in Figure 5.6.  

The U 13C, 15N, 50% 2H labelled bR has higher molecular weight than unlabelled bR, 

therefore the sucrose gradient had to be modified for the purification of the deuterated 

samples.  A sucrose solution with higher 25% - 70% percentage was used than for the 

protonated sample.   

 

 

 

 

Figure 5.5 Different colour of the labelling media.  The first 2 cuvettes are media alone. 
The other numbered cuvettes are H. salinarium grown in 1. Oxoid medium; 2. Oxoid 
medium; 3. H Celtone; 4. 50% d Celtone at 50% d Celtone 

Table 15 OD660 reading of the different media after H. salinarium growth. 

0.551.050.470.351.40OD660

50% deuterated50% deuterated CeltonH CeltoneOxoidOxoidMedia

54321Tube Number

0.551.050.470.351.40OD660

50% deuterated50% deuterated CeltonH CeltoneOxoidOxoidMedia

54321Tube Number
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The lag phase of H salinarium in fully deuterated Celtone was increased compared to H 

salinarium in fully protonated Celtone, however the growth rate stayed the same (results not 

shown). H. salinarium grew better in Celtone medium than Silantes, subsequently the 

optimisation of the yield of uniformly labelled bR was carried out on the Celtone medium.   

 

H. salinarium (strain S9) was inoculated into Celtone medium (Spectra Stable Isotopes) with 

the appropriate isotopic enrichment Table 13.  The pellets from 30 ml cultures after the 

final wash after sucrose gradient can be seen in Figure 5.7.  Again the increase in the size of 

deuterated bR is observed.  Hence, the 50 % deuterated U-13C, 15N PM migrated to the 

bottom of the 25-45% sucrose gradient. Figure 5.8 , whereas it was between the 45% and 

60% sucrose band in the 25% to 70% sucrose gradient (Figure 5.8). 

 

Figure 5.6 Colour of the pellets from 1 ml of the cultures from Figure 5.5 after centrifugation.  H. 
salinarium grown in peptone medium has the strongest purple colour and largest pellet.  The 
pellet from 50% d Celtone at OD660 1.05 in Eppendorf 4 is purple/brown colour. The brown 
colour of the pellet grown in Celtone medium is due to the medium which is dark brown.   
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Figure 5.7 Harvested cell pellets from 30 ml bacteriorhodospin cultures from the three different 
growth media 

Oxoid H-Celtone DCN-CeltoneOxoid H-Celtone DCN-CeltoneOxoid H-Celtone DCN-Celtone

Figure 5.8 Isolation of 50% U-13C, 15N labelled bacteriorhodopsin on a 25%-70% sucrose gradient.  The 
purple membrane appears as a purple ring at different positions on the same sucrose gradient after 
ultracentrifugation due to heavier molecular weight of the 50% deuterated bR. The fully protonated bR 
is lighter 

H-Celtone 50% 2H-Celtone
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The yield for the three differently deuterated U-13C, 15N labelled bR samples per 1 L culture 

were: 17.3 mg fully protonated, 5.5 mg 50% deuterated bR and 3.75 mg >50% deuterated.  

To check for the purity of the isolated purple membrane, aliquots of each sample were run 

on a 12% Tris-Tricine SDS-PAGE Figure 5.11. 

 

 

Figure 5.9 Purification of the 50% deuteration U-13C, 15N labelled purple membrane from H. 
salinarium on a sucrose gradient.  After dialysis and centrifugation, the bR pellet was 
resuspended in MilliQ water and layered on top of a sucrose gradient.  A part of the 50% 
deuterate bR was isolated by a 25% to 45% sucrose gradient (left).  In this case, the membrane 
was at the bottom of the tube, whereas in the 25% to 70% sucrose gradient, it was located 
between the 45% and 60% sucrose solutions.  The purification is more efficient with the 25%-
70% sucrose gradient, thus this gradient was used for purification of the sample. 

Impurities, remaining media 

Bilirubin, monomers 

50% deuterated U-13C, 15N 
labelled bR

Impurities, remaining media 

Bilirubin, monomers 

50% deuterated U-13C, 15N 
labelled bR

Oxoid H-Celtone DCN-CeltoneOxoid H-Celtone DCN-Celtone

Figure 5.10 Isolated purple membrane from the sucrose gradient and washed in 
MilliQ H2O from three different growth media.
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5.5.2 Solid State NMR Experiments 

Three differently labelled bacteriorhodopsin (bR) samples were compared to find out 

which one is the most suitable for assignment.  This is what is discussed in the first part of 

the section.  In the next part, the preliminary results towards site-specific assignment will 

be presented. 

 

5.5.2.1 Effects of deuteration on solid state NMR spectra 

5.5.2.1.a Effects of deuteration on the linewidth of 13C spectra 

One set of the 1D spectra (A, B and C) shown in Figure 5.12 of the three bR with various 

deuteration levels samples was acquired at -10 °C on an 18.8 T (800 MHz for proton) 

Varian/Magnex Infinity + spectrometer.  The other set (D, E and F) was acquired on an 

11.7 T (500 MHz for proton) Varian/Magnex Infinity + spectrometer.  Comparison of the 

Figure 5.11 12% Tris-Tricine SDS-PAGE of purified bacteriorhodopsin: M: Biorad markers 
Samples: 1. From Oxoid non-labelling medium after the 0.1M NaCl dialysis, 2. From H Celtone 
after the 0.1 M NaCl dialysis 3. From 50% D2O-DCN celtone after the 0.1 M NaCl dialysis 4. 
From Oxoid medium after the sucrose gradient 5. From H Celtone after the sucrose gradient 6.  
From 50% D2O-DCN Celtone after the sucrose gradient 
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spectra of the differently labelled bR samples indicate that the fully protonated bR 

spectrum has the best resolution among the 1D spectra, which is particularly obvious in the 

spectra collected on the 800 MHz Varian/Magnex Infinity + spectrometer.  The resolution 

of the deuterated 1D spectrum did not change when the temperature was varied from - 20 

° C to 20 ° C (data not shown). 

 

 

 

Figure 5.12 1D 13C NMR spectra of fully protonated (A, D), 50% deuterated (B, E), and highly 
deuterated- (C, F) U-13C, 15N labelled bR, with 24-27 mg of purple membrane per sample fully 
hydrated in sodium citrate buffer (pH 6.0).  The spectra were collected under very similar 
conditions, at -10 oC and at a spinning frequency of 10.776 kHz. Each spectrum was signal 
averaged by 1K scans with 74.0 kHz 1H decoupling for 30 ms.  Spectra A, B and C were 
collected on the 800 MHz Varian/Magnex Infinity + Spectrometer and D, E and F on the 500 
MHz Varian/Magnex Infinity + Spectrometer. 
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1D solution state NMR spectrum of U-13C, 15N labelled bR in micelles by Patzelt and 

colleagues [7] is presented in Figure 5.13.  The resolution of this spectrum is comparable 

with the resolution of the solid state NMR spectrum of U-13C, 15N labelled bR, in addition 

the signals from the detergents in the micelles is absent in the solid state NMR spectrum. 

 

 

To investigate the origin of the broadening of the lines of the 1D spectrum, 2D 13C- 13C 

DARR spectra were acquired (Figure 5.14).  The increased resolution of this method allows 

comparison of some specific individual resonances.  Comparison of the 2D DARR spectra 

reveal that the individual peak resolution of the fully deuterated sample is similar to the 

protonated bR sample, however there was peak doubling, even tripling in the 50% and 

highly deuterated U-13C, 15N labelled bR.  After collecting the 2D experiments, it was clear 

that the loss of resolution was due to peak doubling, which is particularly obvious in the 

case of isoleucine shown in Figure 5.15.  In the deuterated sample many peaks are weak or 

Figure 5.13 1D Solution state NMR 1D 13C spectrum [7] of bacteriorhodopsin in micelles at 
40 °C collected on a Bruker AMX600.  The regions with the protonated Schiff base carbon 
(around 160 ppm) are shown in larger scale.  The signals marked wih an x are due to 
detergent present in the micelles. 
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missing compared to the protonated.  This could be due to low 1H magnetisation source, 

dynamics and/or inefficient 1H-13C recoupling due to low 1H pool.  

 

The experiments were taken under very similar experimental conditions and the contours 

of spectra in Figure 5.14 were cut at the same level for ease of comparison.  

Bacteriorhodopsin contains 29 alanines, most of which have similar chemical shifts due to 

their backbone position.  However, at least 6 alanine Cβ-Cα resonances which are shown in 

the enlarged regions (D, E and F) of Figure 5.14 can be clearly resolved in the fully 

protonated U-13C, 15N labelled bacteriorhodopsin.  These 6 peaks can also be seen 

distinguished in the 50% and highly deuterated bR sample spectrum Figure 5.14 E and F.  

Although the peaks can be distinguished in the 50% and highly deuterated bR samples 

Figure 5.14 E and F, the resolution is greatly reduced due to peak multiplicity the peaks are 

at least doubled or even tripled.  For the 50% deuterated sample, which was grown in 

50/50 1H/2H medium, this spectral multiplicity can be explained by the presence of 1H-

13Cα coupled to 1H3-Cβ, 1H2
2H-Cβ, 1H2H2-Cβ, and 2H3-Cβ. 

 

5.5.2.1.b Effects of deuteration on spectral resolution 

Even though the highly deuterated sample was grown in >50% deuterated medium, the 

residual protonation of the covalently, non-exchangeable protons are the source of the 

presence of multiple resonances.  The reason for the missing alanine peaks in spectrum F 

in Figure 5.14 is probably due to interference of deuteration with protein dynamics.  These 

are probably resonances situated in the loop region, based on their chemical shift [242], and 

may be cross polarised from the few 1Hs in the protein and the buffer.   
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Another relatively well resolved region in the 2D DARR spectrum shown in Figure 5.15 is 

the isoleucine sidechain region (9-40 ppm).  Peak doubling is also apparent in this region of 

the deuterated bR sample (blue spectrum).  This is attributed to two very similar 

conformations of bR present in the native purple membranes within 0.2-0.3 ppm.  The two 

forms are present in roughly equal percentages, based on the signal amplitude of the 

isolated peaks.  The preparation of the purple membrane was similar for all the preparation 

studied; hence it is not clear as to what is the origin of the different isoforms.   
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Figure 5.14 2D DARR 15 ms mixing time spectra of (A) highly protonated U-13C, 15N bR; (B) 50% 
deuterated U-13C, 15N bR and (C) fully deuterated U- 13C, 15N bR recorded on a 800 MHz 
Varian/Magnex Infinity + spectrometer.  In the deuterated sample many cross peaks are weak or 
missing compared to the protonated.  Detailed comparison of the 2D spectra reveals that the 
broadened 1D spectra of the deuterated sample is due to peak doubling, depicted in the enlarged area 
of alanine Cβ-Cα region.  The alanine Cβ-Cα enlarged regions are of (D) fully protonated U-13C, 15N 
bR, (E) 50% deuterated U-13C, 15N bR and (F) highly deuterated U-13C, 15N bR 2D 13C-13C DARR 
spectra.  The 6 resolved peaks of the fully protonated bR spectrum are numbered for easy 
comparison between the spectra.  All three spectra were acquired under identical conditions for all 
parameters except for the contact time which was sample dependent.  See materials and Methods 
section for further experimental details and the text for discussion. 
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The individual linewidths for the isoleucine Cγ1, Cγ2 and Cδ crosspeaks were estimated to 

be 0.5-0.55 ppm for both the highly deuterated and fully protonated bR samples.   

 

 

5.5.2.1.c Isotope effect 

There is observable upfield deuterium isotopic shift of the 13C resonances in the 50% and 

>50% deuterated sample compared to the protonated bR sample, of about 0.3-0.5 ppm 

depending on the number of deuterons attached to the 13C (Figure 5.16).  It is well known 

from solution state NMR studies that deuterium isotope effects in partially deuterated 

samples lead to multiple 13C resonances, which could induce line-broadening.  This line-

broadening can be due to residual protonation which was observed for methyl groups, 

which may correspond to 1H3-Cβ, 1H2
2H-Cβ, 1H2H2-Cβ, and 2H3-Cβ groups [216].  Carbon 

resonances were observed to be equally broadened in highly deuterated Cα and a shift of 

the isotropic 13C frequencies of about 0.3 ppm per directly attached 2H for deuterated sites, 

and assignments of the deuterated carbons that can be estimated from the assignments 

Figure 5.15 Peak doubling observed in the 2D DARR 15 ms isoleucine region of fully 
protonated (red spectrum) and highly deuterated (blue) U-13C, 15N labelled bR. 

13C Chemical Shift (ppm)
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made on protonated sample.  These sizeable isotope shifts complicate the transfer of 13C 

resonance assignment from a hydrogenated sample directly to spectra acquired for 

deuterated protein.   

 

 

5.5.2.1.d CP efficiency in deuterated samples 

One of the potential drawbacks of the highly deuterated sample is the low CP efficiency.  

All three bR samples were purified in protonated buffers which allow all the exchangeable 

Figure 5.16 The deuterium isotope effect seen by overlaying the 2D RFDR 2 ms mixing time 13C 
spectra of 50% deuterated (red) and highly deuterated (blue) taken on the 500 MHz 
Varian/Magnex Infinity + magnet.  Upfield shift of 13C spectrum of highly deuterated U-13C, 15N 
bacteriorhodopsin with respect to the 50% deuterated U-13C, 15N bR.  The 13Cβ resonances in the 
highly deuterated bacteriorhodopsin are shifted upfield by 0.3 to 0.6 ppm (selected in the box) 
depending on how many 2H are attached to the 13C, due to the 2H isotope effect. 
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deuterons to be replaced with protons, about 25% of the total protons in the protein.  

Amide sites buried in the α-helical regions are not accessible to deuterium/proton 

exchange [243], hence only the loops are susceptible to exchange the deuterons with 

protons, which could in theory further decrease CP efficiency.  Considering the above 

mentioned disadvantage, the CP efficiency of the highly deuterated U -13C, 15N bR sample 

was reasonably good compared to the protonated sample. 

 

In order to compare numerically the CP-efficiency build up rate of the highly-deuterated U 

-13C, 15N bR sample and the fully-protonated U -13C, 15N bR sample, build up curves were 

plotted in Figure 5.17.  The contact time during the 1H-13C CP was varied and plotted 

against the integral of the spectral intensity of CO, Cα and the sidechain regions.  The fatty 

acid sidechains of the purple membranes are also uniformly labelled; consequently the 

presence of lipid signals in the sidechain region complicates the comparison of the CP 

efficiency.  No ramp was used during the CP and the contact time was arrayed.  The same 

matching condition was used for both the protonated and deuterated samples (5.4 x ωr and 

4.4 x ωr) for the best match.  The match conditions were similar for the different regions, 

however, they were not the same; hence the match condition was chosen to be closest to 

both Cα and CO signal.  The build up curves Figure 5.17 show that the CP buildup was 

only slightly slower for the deuterated bR sample.  The CP build up is fast for the Cα 

spectral region of the protonated sample (0.1 ms) and for the deuterated bR sample the 

buildup levels off after 0.4 ms contact time.  The CO buildup levels off at 0.4 and 0.6 ms 

for the protonated sample.  The sidechains reach maximum intensity at 0.3 ms for both 

samples.  The curves were not corrected for relaxation.  The above results imply that the 
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most deuterated sample does not require significantly longer contact time during CP when 

there is residual protonation present. 

 

 

 

For an estimation of the CP efficiency in the membrane samples, the largest integral from 

the CP buildup curve was picked.  The comparison showed the CP transfer efficiency of 

the highly deuterated relative to the fully protonated bR sample was 56%, 51% and 77% 

for the CO, Cα, and the sidechains respectively. 

 

The similarity in the CP efficiency for the CO  spectral regions is consistent with the 

suggestion based on the 1D spectra of ubiquitin [215],  the CO transfer magnetisation 

comes mainly from the H(N) protons.  Based on the observation of the 2D 13C-13C DARR 

Figure 5.17 CP buildup curves for the fully protonated U-13C, 15N-bR (A) and highly deuterated 
U-13C, 15N-bR samples (B).  The contact time was varied from 0.1 to 3.5 ms in steps of 0.1 ms and 
plotted vs. the integral of various regions of the spectra.  The integrals of various regions of the 
1D spectra were estimated by the program Spinsight to compare CP buildup: 164-189 ppm for 
CO (circles with blue line),  44-75 ppm for Cα (squares connected with red line), and 9-44 ppm 
for the protein sidechain region (triangles with green line), which includes the lipid fatty acid 
chains as well.  The integrals of the 100% deuterated U-13C15N-bR sample were scaled to correct 
for a slight difference in sample amount (~11%).   
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spectra in Figure 5.14 most resonances present in the protonated spectrum are present in 

both (50% and >50%) deuterated bR spectra with 15 ms DARR mixing time.   These 

observations imply that sufficient proton pool is present in the sample for both the 1H-13C 

CP and DARR mixing even in a membrane protein which was produced in a highly 

deuterated (>50%) crystalline membrane environment. 

 

5.5.2.1.e Decoupling efficiency in deuterated samples 

 1H decoupling on the fully protonated bR sample and deuterated sample was also 

investigated.  Proton decoupling had less effect on the deuterated bR sample than on the 

protonated bR sample as judged from the 1D spectra where continuous wave decoupling 

was applied.  The intensity of the Cα resonance group at 58.0 ppm for the fully protonated 

bR (at 57.7 ppm for the fully deuterated bR), was measured in the 1D spectra.  When the 

decoupling decreased from 74.0 kHz to 43.0 kHz, for the fully deuterated bR sample, the 

intensity decreased only to 86% of the original value, while the intensity of the fully 

protonated dropped to 71%.  Hence, the deuterated sample may be advantageous for 

samples for which the application of lower decoupling levels may be preferably for sample 

stability. 

 

5.5.2.2 Assignment studies of bacteriorhodopsin 

There are several types of 2D homonuclear 13C-13C correlation experiments commonly 

used in assignment strategies.  Here we applied the dipolar assisted rotational resonance 

(DARR) [229] and radiofrequency driven recoupling (RFDR) [114].  The 2D 13C-13C 

homonuclear spectra of 13C uniformly labelled proteins are often the first spectra collected 

for the resonance assignment procedure; they provide an indication of the feasibility of the 
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assignment as well as indication of protein secondary structure.  The 2D spectra are 

relatively simple to set up and can be used to monitor protein stability when needed.  

DARR spectra with different mixing times give different information; short mixing times 

show short distance correlations and longer mixing times show long range correlations 

DARR spectra with different mixing times were collected.  

 

5.5.2.2.a Assignment studies based on homonuclear 2D 13C-13C 

correlation spectra 

Initially the two- dimensional (2D) solid-state 13C-13C homonuclear radiofrequency driven 

dipolar recoupling experiment (RFDR) on crystallised model compound N-formyl 

methionine-leucine-phenylalanine (fMLF) (Cambridge Stable Isotopes) model compound 

was conducted in order to test and optimise the experimental conditions and to 

demonstrate the assignment strategy that is being used for assignment of bR. fMLF is a 

tripeptide, which is a highly suitable model compound because it has only a few, well 

resolved peaks and gives  crosspeaks with high signal-to-noise ratio.  For the crystallisation 

protocol of fMLF see the Materials and Methods section of this chapter. 

 

The 2D 13C-13C RFDR spectrum of the fMLF in Figure 5.18 shows the assignment strategy 

that is applied for the assignment of bR.  The assignment is mainly based on the statistics 

on the 13C chemical shifts derived by studies of proteins in solution [244] and can be used 

as a guide for the identification of the different amino-acid networks. Correlation pattern 

connectivies are shown for the leucine residue in Figure 5.18, where the cross peak which 

line up are connected with a black line. 
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As the first sample to be studied was the fully deuterated bR, the RFDR was used because 

it usually gives stronger crosspeaks in the CO region than the DARR sequence, see Figure 

5.19.  For the fully protonated sample the signal-to-noise of the CO region crosspeaks was 

high, therefore there was no need to use RFDR.   

 

There are two problems associated with 2D methods of chemical shift resolution in 

biological solid-state NMR.  One is the loss of signal due to the dephasing of magnetisation 

by inhomogeneous B1 fields.  The other problem is dipolar truncation, where a weak 

correlation between two spins is not observed if one or both of the spins is also strongly 

dipolar coupled to other spins [17].  The DARR experiment is more effective at measuring 

long range, through-space correlations that carry the most information concerning 

structure, and DARR is less sensitive to inhomogeneous B1 fields than RFDR [105, 228].  

The DARR sequence has been reported to solve problems associated with dipolar 

truncation [231].   

 

Amino acid types and protein secondary structure elements are often confirmed in 2D 

DARR spectra as the initial step of the assignment process.  13C chemical shifts in proteins 

are sensitive to backbone dihedral angles (φ,ϕ).  13C shift deviation from random coil values 

is referred to as the secondary shift [152, 245].  Spera and Bax [152] showed that in 

peptides and proteins, the helical 13Cα isotropic chemical shift is approximately +3 ppm 

higher than the random coil value, while for β-sheet conformation there is about -1 upfield 

shift.   
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Recent advances in protein assignment by solid state NMR initiated the comparison of 

solid state NMR chemical shifts to solution chemical shifts, and the evaluation of 

secondary shifts for solid state samples [208, 246].  The statistics for solid state chemical 

shifts are limited, since only a few proteins have been assigned, however it was reported for 

these proteins that the chemical shifts agree very closely between the solid state and 

solution assignments for the vast majority of the amino acids. 

 

Figure 5.18 Assigned 2D 13C-13C RFDR with 1.03 ms mixing time spectrum of the U-13C, 15N 
labelled model compound fMLF obtained in a 4 mm standard rotor on a 500 MHz 
Varian/Magnex Infinity + spectrometer.  The experiment was conducted at 303 K probe 
temperature and 11.574 kHz MAS frequency.  Proton decoupling during evolution and 
acquisition was 71 kHz.  Acquisition time was 14.74 ms during which 16 scans were collected with 
3 s pulse delay.  The 2D RFDR spectrum on the model compound MLF shows the assignment 
strategy that was going to be applied on bR.  The assignment strategy is demonstrated on the 
leucine residue, where the crosspeaks which line up are connected with a black line. 
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Amino acid type identification was possible based on accumulated chemical shift statistics 

[244] and the DARR spectra of U- 13C, 15N labelled bR which exhibit mostly α-helical 

chemical shifts.  One and two bond transfers are very strong in the DARR with 15 ms 

mixing time spectra of the fully protonated bR sample.  Cross peaks are weaker in the 

deuterated sample, however with line broadening some 3 bond transfers show up as well in 

the deuterated sample (Figure 5.24).  Since bacteriorhodopsin is a large, mostly α-helical 

protein (248 amino acids), there are a lot of cross peaks, thus the spectrum is very crowded.  

The same amino acid types have similar chemical shifts, which results in spectral overlap.  

Figure 5.19 Overlay of 50% deuterated U 13C, 15N labelled bR 2D DARR 3 ms mixing time 
(blue) and 2D RFDR 2 ms mixing time (red) spectra taken on the 500 MHz Infinity plus 
spectrometer.  The RFDR recoupling experiment is more efficient for CO-Cα magnetisation 
transfer. 

CO Region Aliphatic RegionCO Region Aliphatic Region
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Peaks of certain amino acids based on the chemical shift and connectivity can be identified 

(Figure 5.21).   

 

The 2D DARR spectrum of the fully protonated sample (Figure 5.21) has the highest 

resolution and implies that the sample is homogeneous, as discussed in section 5.5.2.1, 

which is an advantage for assignment.  The observed 13C linewidths of 0.5-0.55 ppm not 

only are consistent with the linewidths other studies of membrane proteins by solid state 

NMR are reporting [185, 186, 247, 248], but confirm that high-resolution solid state NMR 

spectra can be obtained for membrane proteins in their natural environment.   

 

In the 2D DARR spectra in Figure 5.20 of 3 ms (red spectrum) and 15 ms (blue spectrum) 

mixing time of fully protonated sample collected on the 800 MHz Varian/Magnex Infinity 

+ spectrometer are shown. In the DARR spectrum with 3 ms mixing time, mostly one 

bond transfers are visible, in the DARR spectrum with 15 ms mixing time, crosspeaks with 

even three bond transfers can be detected (Figure 5.20 spectrum D).  Thus the 15 ms 

mixing time spectrum is much more crowded in the 20-25 ppm region (Figure 5.20 

spectrum D), and the crosspeaks of the two or three bond transfers can overlap the one 

bond transfer crosspeaks.  This is illustrated in Figure 5.20 C and D, which show the valine 

and proline Cα-sidechain and Threonine Cβ-Cγ correlations.  In Figure 5.20 D (15 ms 

DARR mixing), the valine Cα-Cγ1 and valine Cα-Cγ2 peak group overlaps with the 

threonine Cβ-Cγ region.  In Figure 5.20 C (3 ms DARR mixing) however, one bond 

threonine Cβ-Cγ transfers are observed.  Thus, it is advantageous in the assignment process 

to the collect DARR spectra with different mixing times.   
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In the aliphatic and carbonyl regions of the 13C-13C DARR spectrum of fully protonated U-

13C, 15N labelled bR amino acid type assignments are shown Figure 5.21.  Although site 

specific assignments cannot be made in a 2D 13C-13C spectrum the connectivities of many 

Figure 5.20 2D DARR spectra of 3 ms (red spectrum) and 15 ms (blue spectrum) mixing time 
of fully protonated sample collected on the 800 MHz Varian/Magnex Infinity + spectrometer. 
In the DARR spectrum with 3 ms mixing time mostly one bond transfers are visible, while in 
the DARR spectrum with 15 ms mixing time, crosspeaks with even three bond transfers can 
be detected.  Thus the 15 ms mixing time spectrum is much more crowded, and the crosspeaks 
of the 2 or 3 bond transfers can overlap the one bond transfer crosspeaks.  The two bond 
transfer peaks are coloured orange.  This is illustrated in figure C and D, which show the 
valine and proline Cα-sidechain and Threonine Cβ-Cγ correlations.  In figure D (15 ms DARR 
mixing), the valine Cα-Cγ1 and valine Cα-Cγ2 peak group overlaps with the Threonine Cβ-Cγ 
region.  In figure C (3 ms DARR mixing) however, one bond Threonine Cβ-Cγ transfers can 
be observed.   
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residues peaks can be identified thus the amino acid type and the resonances which belong 

to the same amino acid can be identified.  Isoleucine sidechains have chemical shifts which 

do not overlap with the other residues.  For bR, the isoleucine sidechains have good 

chemical shift dispersion and many individual peaks can be resolved.  Isoleucines are 

labelled by letters (eg. IleA – IleJ). 

 

 

Figure 5.21 The aliphatic and carbonyl regions of a 2D DARR with 15 ms mixing time spectrum of 
a fully protonated U-13C, 15N recorded on the 800 MHz Varian/Magnex Infinity + Spectrometer at 
263 K.  The MAS frequency was 10.776 kHz.  Amino peak clusters are present but there are many 
resolved peaks.  The spectrum was processed with sine-bell apodisation function in both the direct 
and indirect dimensions.   
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Spectra showing bond transfers can be seen in Figure 5.23.  At least 10 out of 15 

isoleucines can be assigned based on their connectivities.  Solid state NMR chemical shifts 

of isoleucine are shown in Figure 5.23. 

 

In spite of the lower resolution due to peak doubling and lower signal-to-noise ratio, it was 

possible to study amino acid connectivities in the fully deuterated bR sample (Figure 5.22 

and Figure 5.24).  The signal-to-noise ratio of these spectra was improved by alternative 

Figure 5.22 Proline connectivites in the aliphatic region of a 2D 13C-13C DARR spectrum of the highly 
deuterated U-13C, 15N bR.  Proline peaks can be identified and partially resolved in the 2D 13C-13C 
DARR spectrum according to their characteristic chemical shift and connectivity.  The aliphatic region 
of the DARR spectrum is shown on the left with the enlarged region (on the right) highlighted. 28 mg of 
purple membrane was packed into a 3.2 mm thin wall solid state NMR MAS rotor.  The 2D 13C-13C 
homonuclear correlation spectra (DARR) were collected on a 800 MHz Varian/Magnex Infinity + 
spectrometer (at 18.8 T) at –20 oC VT inlet gas temperature and at 8.333 kHz spinning frequency using 
a 3.2 mm Balun probe. The DARR mixing was carried out with an n=1 rotary resonance condition for 
the protons, and a mixing time of 13 ms in order to identify 2-3 bond contacts.  There were 2048 points 
and 1024 points collected in the direct and indirect 13C dimensions for 20 ms and 10 ms, respectively.  
During acquisition 71 kHz proton decoupling was applied. 64 scans were collected, using 3 s pulse delay.  
The spectrum was processed using 30 Hz exponential line broadening in both the direct and indirect 
dimensions.   
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processing scheme whereby exponential line broadening (also called exponential 

multiplication) was applied in each dimension.  This type of processing can lead to loss of 

resolution for peaks with similar chemical shift due to line broadening, but it is extremely 

practical for the identification of isolated, otherwise weak or even unobservable peaks.   In 

the case of the 2D DARR spectra of the highly deuterated sample line broadening had to 

be used to detect isolated peaks such as the isoleucines (Figure 5.22) and prolines (Figure 

5.24).   

 

 

Figure 5.23 A) Connectivity of isoleucines a 2D DARR 15 ms mixing time spectrum of the fully 
protonated U-13C, 15N bR sample acquired on the 800 MHz Varian/Magnex Infinity + 
spectrometer.  The bR sequence contains 15 isoleucines of which at least 10 out of 15 isoleucines 
in bR are resolved and assigned based on their connectivities.  Typical linewidths in this area is 
0.55 ppm.  The spectrum was processed with sinebell apodisation in both dimensions. B) 
Isoleucine structural formula with the statistics on the 13C chemical shifts denoted in red 
numbers 

B 

A 
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Figure 5.24 Isoleucine connectivity observed in the aliphatic region of the 2D 13C-13C DARR 
spectra of >50 % deuterated U-13C, 15N bR. (A) is a section of a 2D DARR spectrum (15 ms mixing 
time) acquired on a 500 MHz Varian/Magnex Infinity + NMR spectrometer.  Figure (B) displays 
the identical section of a 2D DARR (13 ms mixing time) spectrum taken on an 800 MHz 
Varian/Magnex Infinity + NMR spectrometer.  In order to enhance signal-to-noise of weak isolated 
peaks, 0.25 ppm and 0.16 ppm exponential line broadening were applied in both dimensions of 
spectrum (A) and (B) respectively.  The isoleucine residue labelled IsoA is an isoleucine outlier, 
whose connectivity can be observed.  The IsoACγ2-Cγ1 crosspeak is only visible in the DARR 
spectrum collected on the 800 MHz Varian/Magnex Infinity + and connects to the IsoACδ-Cγ1.  
The IsoACδ-Cα connects well with the IleA Cα-Cβ cross peak in section (C) of the 800 MHz 
spectrum, which is enlarged in section (D).  With the combination of the 500 MHz and 800 MHz 
data sets most of the isoleucine A connectivities can be resolved.  For additional experimental 
details see Materials and Methods section. 
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5.5.2.2.b Assignment studies based on heteronuclear 2D 15N-13C correlation 

spectra 

Part of the assignment studies are 2D heteronuclear correlation NCA and NCO spectra, 

which facilitate backbone walk.  However, only NCA (Figure 5.25) and NCO (Figure 5.26) 

spectra of the highly deuterated sample were collected and these spectra are not resolved 

well enough to do the backbone walk.  The resolution of the NCO and NCA spectra of the 

fully deuterated U-13C, 15N bR sample is poor.  In the NCA spectrum (Figure 5.25) 

assignment efficiency was further limited by particularly weak peaks in regions with 15N 

chemical shifts lower than 115 ppm or higher than 130 ppm.  Usually these are the regions 

where outliers are found which often facilitate the assignment process.  For the 

identification of peaks in these regions, the spectra had to be processed with exponential 

line broadening.  In the NCA spectrum in Figure 5.26 tentative assignments are shown.  

Residues with chemical shift less than 115 ppm in the 15N dimension most likely belong to 

serine, glycine or threonine.  The NCO and NCA spectra will be used together with future 

3D experiments for assignment.  In the 3D spectra, the 15N dimension dramatically should 

improve resolution for some of the very congested regions of the 2D 13C-13C spectrum. 

 

For the protonated bR sample the experiments are still in progress.  Similar peak 

congestion is expected for the protonated sample as for the deuterated sample, even with 

the better resolution due to the absence of peak doubling.  The reason why greater 

improvement in the resolution for the protonated sample is not expected is because bR is a 

large protein, 248 amino acids, the NCO and NCA spectra will still be congested.  The 

carbonyl region is approximately 8 ppm wide and most 15N peaks are located within 18 

ppm.  Over 250 peaks in this region (248 amino acids plus side chain 15N) will result in a 



DPhil Thesis Chapter 5 Solid State NMR of U-15N, 13C, 2H Labelled Bacteriorhodopsin 

 

 

 190

crowded spectrum.  The Cα region is 27 ppm wide, consequently the resolution for the 

NCA spectrum should be better than for the NCO.  To resolve the congestion it will be 

necessary to do selective labelling, or acquire 3D experiments, as planned.  

 

 

Figure 5.25 2D 15N-13C NCA correlation spectrum of 28.4 mg more than 50% deuterated U-13C, 
15N, enriched purple membrane packed into a 3.2 mm thin wall rotor.  The spectrum was 
acquired on an 800 Varian/Magnex MHz Infinity + spectrometer at 253 K probe temperature 
and MAS was 8.33 kHz. 192 scans were acquired and the total experimental time was 29 h.  The 
two spectra in the figure are the same but with different processing: the top spectrum is 
processed without, and the bottom spectrum with the tentative amino acid assignments is 
processed with 0.5 ppm line broadening to increase signal-to-noise ratio.  
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5.5.3 Conclusions 

From the initial 13C solid state NMR crystallography studies of bR it has been found that 

deuteration does not improve the resolution, however it may be beneficial for samples in 

which low decoupling powers are needed.  Line widths of 13C are sufficient for structural 

analyses (0.5-0.6 ppm) using multidimensional approaches and are little affected by 

covalent deuteration.  The known deuterium isotope effect on 13C solid state NMR spectra 

complicates analysis between differently deuterated samples.  As a result of the sensitivity 

of the chemical shifts to local differences in electronic field effects, sample homogeneity 

can be readily detected.  The 2D 13C-13C DARR spectrum of the highly deuterated U-13C, 

15N bR sample exhibited peak doubling which resulted in lower resolution than the 

Figure 5.26 2D 15N-13C NCO correlation spectrum of 28.4 mg >50% U-13C, 15N enriched purple 
membrane packed into a 3.2 mm thin wall rotor.  The spectrum was acquired on an 800 MHz 
Infinity + spectrometer at 253 K probe temperature and MAS was 8.33 kHz. 192 scans were 
acquired, over a total experimental time of 30 h.  The two spectra in the figure are the same but 
with different processing: left spectrum without, and right spectrum processed with 0.5 ppm line 
broadening to increase signal to noise.  



DPhil Thesis Chapter 5 Solid State NMR of U-15N, 13C, 2H Labelled Bacteriorhodopsin 

 

 

 192

protonated bR.  This can be attributed to inherent sample inhomogeneity.  The 2D 13C-13C 

DARR spectrum of the fully protonated U-13C, 15N bR sample on the other hand had good 

signal-to-noise and no peak-doubling was observed, which suggests the sample is 

homogenous.  Finally, structural studies are possible for membrane-embedded receptors 

although spectral crowding may need to be relieved by selective labelling. 

 

The preliminary data collected towards assignment of bR structure shows the feasibility of 

the assignment on this large membrane protein.  However, more multidimensional 

experiments will be needed to make site-specific assignments based on backbone walk.  

The connectivities in the 2D DARR spectra, such as the isoleucine region, look very 

promising.  Most of the assignment in this chapter is residue type assignment, and the 

groundwork for the assignment of bR has been laid. 

 

It is necessary to acquire 3D experiments such as NCOCX for inter-residue backbone-

backbone and backbone-sidechain correlations and NCACX for intra residue correlations, 

to improve resolution.  Backbone walk will be necessary for the obtaining sequential 

assignments.  

 

During the assignment process, peaks identified in the 3D spectra will be cross-checked 

against peaks observed in 2D 13C-13C DARR spectra.  Close agreement is expected for the 

peaks in the 2D and 3D spectra.  Residue type identification will be achieved by 3D 

experiments in which many residue types can be identified based on the backbone and 

side-chain chemical shifts.  Sequential assignment will be accomplished by 3D experiments 

as well.  Further data collection and analysis of spectra are necessary to accomplish the 

assignment of bR.  It is remarkable that for a membrane protein of its size the resolution in 
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the 2D DARR spectra is of good quality.  The most obvious improvement will be to 

collect the 3D experiments at the highest available magnetic field, 18.8 T in our case.  

Sample availability is not a limiting factor.  3D pulse sequences implemented with 

homonuclear 13C J decoupling during evolution in the indirect dimension could also 

significantly improve resolution [249]. 

 

Here it has been demonstrated that solid-state NMR crystallography provides a promising 

approach which may have potential for application to large biological systems which may, 

themselves, not be amenable to X-ray crystallography. 
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Chapter 6 Conclusions 
 

 

 

The work presented in this thesis demonstrates that it is possible to study large membrane 

proteins with solid state NMR, and that sample preparation of membrane proteins is crucial, 

often taking most of the experimental time. 

 

mGluR4 

As described in Chapters 2, a homology model of the truncated ligand binding domain (LBD) 

of mGluR4 was created and the ligand itself, L-glutamic acid, was characterised by 13C, 15N and 

17O solid state NMR.  The full length mGluR4 protein was expressed in the neurotensin 

receptor plasmid.  The level of expression was very low and had to be improved by co-

expressing a plasmid which provides rare bacterial tRNAs.  At that stage expression was very 

toxic and inhibited cell growth when induced.  The temperature was reduced down to as low 

as 15 °C, using none or low amounts of inducer but the result was the same in that a plateau of 

expression was reached which then stopped the cell growth.  The expression of the full length 

‘taste’ version of mGluR4 between the MBP and TrxA fusions was also tried.  It resulted in 

same low level expression.  Removal of the TrxA tag from the C-terminus and replacing it with 

no tag or His-tag had no great effect on the overall expression levels.   
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The ligand binding domain of mGluR4 with various fusions to the periplasmic and with 

various fusions for expression in the cytoplasm were used.  For the expression in the 

cytoplasm, Origami™ competent cells were used.  For expression in the periplasm, helper 

pTum4 was used, which codes for a molecular chaperon.  The most promising result was 

obtained with the periplasmic construct for which the western blot indicated that the protein 

gets into the periplasmic space but the protein could not be isolated and purified. 

 

For the cytoplasmic expression constructs with maltose binding protein and Thiorodoxin A 

were made, which resulted in insoluble mGluR4.  The yeast Pichia pastoris was used to express 

the full length mGluR4 without success, possibly due to codon difference of the recombinant 

mGluR4 with the host P. pastoris.   

 

In E.coli the yield of the LBD of mGluR4 was always high, but the protein was mainly 

insoluble.  Solubilisation of the LBD from inclusion bodies was not achieved despite the 

several different approaches to cloning and different in vitro refolding conditions employed.  

The in vitro refolding and screening conditions used, even though there were indications that 

the conditions in which the protein was soluble in the refolding buffer might be suitable, it was 

not possible to dialyse the protein in assay buffer, possibly because it was not properly 

solubilised.  There was never enough protein in solution to concentrate and continue with 

binding assays.  The in vitro refolding of the inclusion bodies of mGluR4 did not result in a 

properly soluble and active receptor, despite the extensive screening for refolding conditions 

and dialysis buffers.  The results of the refolding screening looked promising as there was a 

pattern of solubility of the protein in similar refolding conditions.  When the protein was 
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dialysed out of the refolding conditions with most soluble protein into an assay buffer it 

precipitated which indicates that it was either not properly solubilised or that more additives in 

the activity buffer should be tested.  Since solubilisation and then purification of the LBD 

from inclusion is still under way, no crystals of mGluR4 were grown for possible solid state 

NMR studies with bound glutamate, both to unlabelled and labelled receptor, which was the 

original aim of the project. 

  

Future work for mGluR4 

The cloning and expression of different constructs of mGluR4 in Pichia pastoris will be 

continued.  Use of rare codons in P. pastoris will be looked into as it may improve expression.  

Use of additives in the activity buffer will be tested. 

 

Bacteriorhodopsin 

Optimal conditions for producing spectra suitable for spectral assignment were tried as an 

initial step towards spectral resolution.  Three dimensional crystallisation trials of bR of the 

monomeric, delipidated form and the PM in bicelles were tried.  The first crystallisation trial of 

the monomeric, delipidated bR did not result in 3D crystals, only in the purple membrane in 

bicelles produced 3D crystals.  Their resolution was compared by solid state NMR with that of 

bacteriorhodopsin in the purple membrane.  The purple membrane was more homogeneous 

than the 3D bR crystals and this sample form was used for subsequent assignment 

experiments. 

 



DPhil Thesis Chapter 6 Conclusions 

 

 

 197

Three differently labelled samples of bacteriorhodopsin were prepared: highly deuterated 

>50% deuterated, 50% deuterated and fully protonated U-13C, 15N bR in purple membrane for 

two purposes, one was to test the applicability of the various assignment strategies and other 

one was to test the effects of deuteration on quality of solid state NMR spectra of a large, 

crystalline membrane protein.  Comparison of the 13C linewidth of the three samples by solid 

state NMR was done and showed that the fully deuterated bR sample did not have better 

linewidth than the fully protonated U-13C, 15N bR as expected, mainly due to peak doubling.  

This indicates sample inhomogeneity.  The fully protonated bR spectrum gave the best 

resolution and sensitivity, and the CP transfer efficiency was the best in this sample.  A notable 

upfield isotropic shift for 13C resonance was observed in the deuterated samples, which 

complicates spectral analysis between differently deuterated samples. 

 

The preliminary assignment studies show the feasibility of the assignment of this large 

membrane protein and potentially structural studies.  However, more multidimensional 

experiments will be needed to make site-specific assignments and then resolution of the 

structure of membrane embedded bR. 

 

Future work for bacteriorhodopsin 

Three dimensional experiments on the U-13C, 15N bR will be carried out to do site-specific 

assignment.  A backbone walk will be necessary for the sequential assignment. 
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Appendix  
 

 

Bacterial growth media 

SOC medium 

Per litre: 20 g bacto-tryptone, 5 g yeast extract, 0.5 g NaCl were added to 950 ml of MilliQ 

H2O and stirred until all solutes dissolved.  Then 10 ml of a 250 mM KCl solution was added 

and the pH was adjusted to 7.0 and the volume made up to 1 L with MilliQ H2O.  The 

medium was sterilised by autoclaving for 20 m at 120 °C 

 

Luria-Bertani (LB) bacterial growth medium 

Per litre: 10 g bacto-tryptone, 5 g yeast extract and 10 g NaCl were added to 950 ml of MilliQ 

H2O and stirred until solutes dissolved.  The pH was adjusted to 7.0 and the volume made up 

to 1 L with MilliQ H2O before sterilisation by autoclaving for 20 m at 120 °C. 

 

2x TY 

Per litre: 16 g bacto-tryptone, 10 g yeast extract and 5 g NaCl were added to 950 ml of pure 

water and shaken well until all the solutes were dissolved.  The pH was then adjusted to 7.0 

and the volume made up to 1 litre with pure water before sterilisation by autoclaving for 20 m 

at 120 °C. 
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