
 Novel Fluorinated Probe for Medical 

Imaging 

 

 

 

A thesis submitted to the Board of the Faculty of Physical Sciences in partial 

fulfilment of the requirements for the degree of 

Doctor of Philosophy 

at the  

University of Oxford 

 

Matthew D. Robinson 

Hertford College, University of Oxford 

Trinity Term 2014



Declaration 

 

i 

Declaration 

 
The work presented in this thesis was conducted in the Chemistry Research Laboratory at the 

University of Oxford between September 2010 and April 2014 under the supervisor of 

Professor Ben Davis and Professor Christopher Schofield. All the work is my own, expect 

where otherwise stated, and has not been submitted for any other degree at the University of 

Oxford or any other university. 

Matthew D. Robinson 

6
th

 June 2014 



Abstract 

 

ii 

A Novel Fluorinated Probe for Medical Imaging 

A thesis submitted for the degree of Doctor of Philosophy, University of Oxford 

Matthew D. Robinson, Hertford College, Trinity Term 2014 

 

 

Medical imaging is an important area of scientific research with the principle aim of accurately 

diagnosing diseases to guide more effective treatment. Magnetic resonance imaging (MRI) provides 

advantageous high spatial resolution and deep tissue visualization. However, 
1
H MRI can suffer from 

low signal-to-noise ratios due to strong background signals from abundant, endogenous molecules 

such as water and fat. 
19

F MRI overcomes this drawback by directly detecting administered 
19

F-

labelled agents without any background signal. 

This thesis reports the design and development of a new fluorinated agent for medical imaging. The 

bacteriophage Qβ, which comprises 180 copies of its coat protein, was used as the scaffold for the 

imaging agent. The fluorinated amino acid trifluoromethionine (TFM) was incorporated into the Qβ 

coat protein by the sense codon reassignment method using auxotrophic E. coli. This marks the first 

example of introducing fluorine into a virus by genetic modification. Reports of previous attempts to 

incorporate TFM into proteins have shown low to good incorporation levels (the maximum being 

82%). Here, extensive optimisation of the protein production conditions resulted in unprecedentedly 

high incorporation levels (96%). Analysis of the modified Qβ-F by agarose gel electrophoresis, 

dynamic light scattering and transmission electron microscopy showed the coat protein self-assembles 

into virus-like particles (VLPs), essentially indistinguishable from the wild-type Qβ VLPs. 

The intact Qβ-F VLP gave no 
19

F NMR signal. This was rationalised in terms of the VLP’s high 

molecular weight and resulting fast transverse relaxation. Stimulating disassembly of the VLP by 

addition of dithiothreitol (DTT), sodium dodecyl sulphate (SDS), or a combination of the two resulted 

in the development of 
19

F NMR peaks. Multimers and monomers of the disassembled Qβ-F were 

distinguished by 
19

F NMR and 
19

F DOSY. This result was verified by measuring the 
19

F NMR of a 

prepared sample of alkylated Qβ-F monomer and comparing its chemical shift value with that of 

peaks from the 
19

F NMR of the disassembled Qβ-F VLP. 

Finally, initial in vivo experiments were carried out in order to investigate the biodistribution of the 

Qβ-F particle. After injection of Qβ-F VLPs into rats, organs were dissected and homogenized. The 

Qβ-F particle was found to accumulate predominantly in the liver. 
19

F NMR of the liver after sucrose 

density gradient ultracentrifugation only showed a signal on incubation with DTT, demonstrating that 

the Qβ-F particle remained intact in vivo. 
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1. Introduction 
 

1.1 Introduction 

Medical imaging is an exciting and practical area of research which has benefits to people 

with a variety of diseases. The field is characteristically interdisciplinary, with research and 

development projects concerning medical imaging expertise ranging from chemists to 

physicists, to radiologists and medical doctors. There are a number of imaging modalities 

presently available, which are being developed by many researchers. In vivo imaging requires 

administration of an appropriately distributed probe and a means to detect the probe in vivo. 

The aim of the research described in this thesis was to develop a novel 
19

F magnetic 

resonance imaging agent and to investigate its potential for use in medical imaging. In this 

introductory chapter, key imaging modalities currently used in research and in the clinic are 

introduced, then a review of available techniques for the fluorine-labelling of proteins is 

given. Finally, the aims of the work described in this thesis are outlined. 

 

1.2 Medical Imaging 

 

1.2.1  An introduction to medical imaging 

Medical imaging is used to detect and locate diseased cells either with a view to removing 

them or to guide more accurate therapy, such as radiotherapy. However, the stage of a disease 

required for anatomical detection is usually late and recovery rates when diseases are 

detected at such late stages are low. Early diagnosis of diseases can be life-saving – early 

stage-detection is a key objective of medical imaging. Often, diseases can be imaged and 

diagnosed even before noticeable symptoms have developed, thus the treatment can be more 

effective. For example, the vascular cell adhesion molecule 1 (VCAM-1) has been shown to 

be up-regulated in cerebral vessels during early stages of brain tumors in both murine models 
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and human brain tissue.
1
 Hence, MR imaging of nanoparticles conjugated to VCAM-1 

antibodies has allowed pre-symptomatic in vivo imaging of brain metastasis by targeting 

VCAM-1.
1,2

 

Such imaging as that highlighted above is termed tomographic i.e. provides anatomical 

images of sections (slices) through the body. In contrast, molecular imaging allows tissues 

and cells to be probed at a molecular level, and allows processes to be imaged through time 

as opposed to discrete “snap-shots”.
3,4

 In addition to enabling the detection of diseases at a 

curable stage, molecular imaging has the potential to provide crucial information which may 

contribute to a further understanding of diseases such as cancer. 

Further examples of molecular imaging agents include those which are activated by 

specific enzymes prevalent in particular diseased states. Myeloperoxidase (MPO) plays a 

major role in the inflammatory response in animal models of stroke and has been identified as 

a key biomarker for inflammation. For example, gadolinium-based contrast agents containing 

5-hydroxytryptamine side-groups have been shown to be oxidised by MPO resulting in 

polymerisation of the contrast agent and subsequent enhancement of neighbouring proton T1 

relaxivity.
5,6

 Another prevalent condition is Alzheimer’s disease, which is associated with 

amyloid-β plaques and tau protein aggregates.
7
 Higuchi and co-workers recently developed a 

fluorescent compound, which selectively binds tau aggregates and so can be used as a 

molecular probe for tau amyloids.
8
 Furthermore, the ligand was 

11
C-labelled and so the tau 

aggregates were also visualized by positron emission tomography (PET) in a patient.  

 

1.2.2  Imaging methods 

Currently used molecular imaging techniques include PET imaging, computed 

tomography (CT), fluorescence-based imaging, and magnetic resonance imaging (MRI). 

These are now briefly reviewed. 
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 PET uses biological molecules (tracers) which have been labelled with radioactive 

nuclei: 
11

C, 
13

N, 
15

O or 
18

F.
9
 These tracers are injected intravenously into the body and their 

uptake is monitored. Pairs of gamma rays, generated when a positron from a radioactive 

nucleus collides with an electron, are detected by a scintillator and form an image.
10,11

 The 

most commonly used tracer for PET imaging is 18-fluorodeoxyglucose (FDG),
12

 which is 

used to diagnose tumors.
13

 Cancer cells exhibit a high rate of glycolysis, even under normal 

oxygen concentrations (in normal cells oxidative phosphorylation predominates over 

glycolysis to generate energy when oxygen is present).
14

  Hence glucose transporters, termed 

Glut-1-5, are upregluated and lead to a high FDG uptake.
15,16

 Once in the cells, FDG is 

phosphorylated to 2-deoxyglucose-6-phosphate by hexokinases, which is also over-produced 

in cancer cells.
17

 2-Deoxyglucose-6-phosphate is unable to diffuse out of the cell and so the 

18
F-labelled compound builds up inside the tumor cells. FDG can therefore provide a means 

to distinguish between cancerous and benign tissue.
18

 

PET provides high sensitivity and allows imaging of biological processes. PET-FDG 

is primarily used to assess the response of tumors to therapy. However, PET scanners are 

expensive to purchase and to run, and are generally limited to hospitals associated with a 

research institute which can provide a cyclotron necessary to generate radioactive isotopes. 

Furthermore, the number of scans per patient is limited due to harmful radioactive 

exposure.
19

 

 CT is one of the most well-established imaging methods used in hospitals. In CT an 

X-ray emitter and detector are positioned on either side of the patient. Different tissue 

densities attenuate the X-ray beam by different amounts. The attenuation at each position 

along the detector is recorded. The emitter and detector move axially in a circular path around 

the patient to another position where the X-ray beams pass through a different combination of 

voxels. An algorithm is then used to determine the attenuation value for each voxel and so a 
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2D image of a slice through the body is generated.
20

 Often CT contrast agents are used to 

enhance visualization of blood vessels and so ease interpretation. CT contrast agents contain 

elements with a high atomic number e.g. iodine
21

 or bismuth,
22

 which effectively absorb X-

rays. Most CT contrast agents are based on a 2,4,6-triiodonated benzene ring.
23

 

 Fluorescence imaging uses dyes such as fluorescein and indocyanine green (ICG). 

Near-infrared (NIR) fluorescence imaging has proved useful for guiding surgery.
24,25

 In the 

procedure, a NIR fluorescent dye is injected intravenously and the operative area of the 

patient is illuminated with visible and NIR light which are merged to give an anatomical 

image and a highlight of the tissue to be excised, respectively. For example, a folate-

conjugated fluorescent agent, able to target the folate receptor-α, which is upregulated in 

ovarian cancer,
26

 has been used to visualize ovarian cancer cells during operation and allowed 

image-guided excision of tumors.
27

 However, a disadvantage of fluorescence imaging is its 

poor depth penetration (<8 mm) due to attenuation of excitation and emission signals.
28,29

 

Furthermore, high background signals can result from reflected excitation light, lowering the 

signal-to-noise ratio in the resulting image.
30

 

  There are many competing factors to be taken into account when employing an 

imaging modality as implied by the above discussion. Crucially, many imaging techniques 

suffer from low resolution; PET imaging, optical bioluminescence and fluorescence imaging 

give spatial resolutions of ~0.2-2 mm, 1-2 mm and 1-3 mm, respectively.
4
 MRI, on the other 

hand, provides resolution of µm order and allows deep tissue visualization.
4
 High resolution 

and the capability of visualizing deep below the surface are key advantages when imaging 

tumours, and so MRI provides a very powerful technique for molecular medical imaging. 
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1.2.3  Magnetic Resonance Imaging 

Magnetic Resonance Imaging (MRI) is a non-invasive imaging technique which is based 

on the principle of nuclear magnetic resonance.
31,32

 When placed in a magnetic field, the spin 

of magnetic nuclei aligns either parallel (α) or anti-parallel (β) to the applied magnetic field 

(Bo) (Fig. 1.1).
33

  

  

α spins are lower in energy than β spins and so, at equilibrium, there is an excess of α 

spins (Nβ/Nα < 1) (Fig. 1.2 A). This can be represented as a net magnetization vector along 

the z axis (Fig. 1.2 B). A radiofrequency (RF) pulse is applied which equalises the spin 

populations (Nβ/Nα = 1) (Fig. 1.2 C). The RF pulse also causes the spins to focus in the y-

direction generating phase coherence (Fig. 1.2 C) resulting in the magnetization vector to 

now lie in the xy plane (Fig. 1.2 D).
34

  The spins return to their equilibrium position (Nβ/Nα < 

1), i.e. the magnetization vector returns to the z axis, by releasing energy in a process known 

as spin-lattice relaxation. This process is characterized by the time constant T1. At the same 

time, the spins dephase in the xy plane (i.e. phase coherence is lost). This process is known as 

spin-spin relaxation and is characterized by the time constant T2. 

 

Figure 1.1 The splitting of the energy of the nuclear magnetic moment in the presence of a magnetic field (B0); 

and the resonance condition, resonance frequency, and Boltzmann distribution over the two resulting energy 

states. k = the Boltzmann constant. 

Energy

No applied 

magnetic field

Applied magnetic 

field = B0 ↑

m = -1/2 (β)

m = +1/2 (α)

ΔE

Resonance condition: ΔE = hν

Resonance frequency: ν = γB0/2π

Boltzmann Distribution: Nβ/Nα = e-ΔE/kT
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The use of magnetic resonance in medical imaging began when Damadian showed an 

increase in T1 and T2 relaxation times for tumour tissue compared to normal tissue.
35

 These 

initial experiments laid the foundations for the future development of contrast agents (vide 

infra).  

Magnetic field gradients give the nuclear frequencies a spatial dependence, which is 

translated to the positioning in the final image.
31

 The 
1
H nuclide is highly NMR-sensitive 

(compared to other magnetic nuclei; see Table 1.1) and is abundant in living tissue (from 

molecules including water and fat molecules). As a result 
1
H MRI benefits from high 

sensitivity. In data acquisition, the process of pulsing and allowing spins to relax is rapidly 

repeated to build up a signal. Therefore, spins with a short T1 contribute greater to signal 

intensity.
36

 Conversely, nuclei with a short T2, i.e. fast transverse magnetization dephasing, 

lead to weaker signals. Nuclei in different tissue types have differing T1 and T2 times and so 

there is a contrast between the signal intensities they produce. To further enhance this 

contrast at the region of interest, contrast agents are targeted to these regions. The contrast 

 

Figure 1.2  At equilibrium, there is a slight excess of α spins (A) which gives rise to net magnetization in the z 

direction, Mz (B). After a RF pulse, the number of α and β spins are equalized and focused in the y direction 

(C). This causes the net magnetization vector to tip at an angle θ to the z axis and point along the y axis (D).  

Mz

θ

x
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y

z

yx
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agent interacts with the neighbouring water protons, shortening their spin-lattice relaxation 

times (T1) or spin-spin relaxation times (T2), resulting in a higher or lower signal intensity, 

respectively, from proton spins in the vicinity of the contrast agent. However, even when 

using contrast agents, the abundance of background endogenous 
1
H in vivo means contrast 

between the region of interest and benign tissue is still generally low.  This can make image 

interpretation difficult and so limits its use for medical imaging.  

 

1.2.4  
19

F Magnetic Resonance Imaging 

19
F MRI is a promising alternative to 

1
H MRI.  Instead of using endogenous 

1
H in vivo to 

create an image, 
19

F MRI allows direct detection of an administered imaging probe. Since no 

detectable 
19

F occurs in the body, high image contrast is achieved.
37,38

 Furthermore, the 
19

F 

nuclide has a similar gyromagnetic ratio, γ, to that of 
1
H and hence: (i) its sensitivity is close 

to that of 
1
H, and (ii) conventional 

1
H MRI instruments can be used after facile modification 

of the RF coil (Table 1.1). Finally, 
19

F has 100% natural abundance, making synthesis of 
19

F-

containing markers relatively inexpensive and simple. 
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Ahrens et. al. demonstrated the promise of in vivo 
19

F MRI when they used 

perfluorocarbons to label and track dendritic cells in vivo after administration into a mouse.
40

 

Overlay of the 
1
H anatomical MR image in grayscale with the 

19
F MR image in colour allows 

visualization of the biodistribution of the 
19

F-labelled cells (Fig. 1.3). This overlay technique 

has also been used for imaging amyloid β plaques in the brain for presymptomatic diagnosis 

of Alzheimer disease and shows the potential of this technique.
41,42

 The high contrast of these 

19
F MR images demonstrate the advantage of imaging the 

19
F nucleus over the 

1
H nucleus, 

due to the absence of 
19

F signal from animal bodies. However, perfluorocarbons have 

relatively long retention times, limiting  their clinical applicability.
43

 

 
 
 
 

Isotope Spin 

Gyromagnetic ratio 

(10
7
 rad T

-1
 s

-1
) 

NMR frequency at 

2.35 T (MHz) 

Natural 

abundance (%) 

Relative 

sensitivity 
1
H 1/2 26.752 100.000 99.985 1 

2
H 1 4.107 15.351 0.015 1.45 x 10

-6
 

3
He 1/2 -20.380 76.181 1.40 x 10

-4
 5.75 x 10

-7
 

7
Li 3/2 10.398 38.866 92.58 0.272 

13
C 1/2 6.728 25.145 1.108 1.76 x 10

-4
 

14
N 1 1.934 7.228 99.63 1.00 x 10

-3
 

15
N 1/2 -2.712 10.137 0.37 3.86 x 10

-6
 

17
O 5/2 -3.628 13.562 0.037 1.08 x 10

-5
 

19
F 1/2 25.181 94.094 100 0.834 

23
Na 3/2 7.080 26.466 100 9.27 x 10

-2
 

31
P 1/2 10.841 40.481 100 6.65 x 10

-2
 

39
K 3/2 1.250 4.672 93.1 4.75 x 10

-4
 

129
Xe 1/2 -7.452 27.856 26.44 5.71 x 10

-3
 

 

Table 1.1 NMR properties of a selection of nuclei commonly exploited for NMR experiments. Reproduced by 

permission from John Wiley & Sons (39), copyright 2007. 
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The sensitivity of a 
19

F agent can be enhanced by increasing the number of equivalent 
19

F 

atoms in the imaging molecule. This has been elegantly shown by the construction of a 

molecule containing 27 symmetry-related fluorine atoms shown to give rise to a single 
19

F 

NMR peak (
19

FIT, Fig. 1.4).
44

 Similarly, Whittaker and co-workers have constructed 

hyperbranched polymers which incorporate 12 
19

F atoms and allow a high enough molecular 

mobility in each branch to give the long T2 times required for imaging.
45

  

 

 

  

Figure 1.3 In vivo MRI of PFPE-labeled DCs in mouse. The 
19

F intensity is displayed on a ‘hot-iron’ intensity 

scale, and the 
1
H images are shown in gray scale. (a) Mouse quadriceps after intramuscular injection of PFPE-

labeled DCs (the asterisk indicates the injection site). Shown (from left to right) are 
19

F and 
1
H images and a 

‘composite’ 
19

F/
1
H image. (b) Composite image of DC migration into the popliteal lymph node following a hind 

foot pad injection. Reprinted with permission from Macmillan Publishers Ltd: [Nature Biotechnology] (40), 

copyright (2005). 

  

Figure 1.4 Chemical structures of 
19

FIT and its three building blocks (I, II, and III). Reproduced by permission 

from John Wiley & Sons: [Angewandte Chemie International Edition] 
44

, copyright (2009). 
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19
F probes which are activated by a change in conditions or a biological event have been 

developed (termed smart probes). Imaging probes with a long T2, and therefore minimal MRI 

signal, can be modified such that the T2 is shortened sufficiently to give a signal. Two ways 

have been developed. First, the collapse of a self-assembled probe;
46

 second the 

disconnection of a paramagnetic moiety (e.g. Gd
3+

) which is otherwise in close enough 

proximity to 
19

F to shorten its T2.
47

 

 

1.3 Viruses and virus-like particles 

1.3.1  Virus-like particles 

Viruses protect, transport and deliver viral nucleic acids (RNA) to host cells. Viruses can 

be produced without their RNA cargo, thus leaving a non-infectious, empty capsid shell 

(virus protein coat). These empty capsid shells are known as virus-like particles (VLPs).
48,49

 

Viruses are arguably the most exquisite molecular architectures in the natural world due 

to their extensive structural refinement as a result of evolutionary development. A wide 

variety of VLP modification techniques have been investigated in the past decade and a half 

allowing the development of VLPs with useful medicinal applications, including imaging.
50–

55
 Some examples of commonly exploited VLPs are shown in Fig. 1.5. 
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Wang et. al. used the CPMV virion to demonstrate the use of VLPs as robust 

scaffolds for chemical modification, by chemically modifying cysteine residues with the 5-

maleimidofluorescein dye moiety (Fig. 1.6 A).
56

  The same group later showed that lysine 

residues could be modified in a similar way using the N-succinimidyl ester of fluorescein 

(Fig. 1.6 B).
57

 Using these bioconjugation strategies the Alexa Fluor reagent has also been 

attached to VLP surfaces.
58,59

 

 

Figure 1.5 A range of commonly studied virus-like particles with their names and average diameters. Images 

and data are from the VIPER database http://viperdb.scripps.edu.
126
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Seminal work by Sharpless and co-workers has advanced the toolkit for on-surface 

virus conjugation with the copper(I)-catalyzed azide-alkyne [3 + 2] cycloaddition reaction, 

which allows facile coupling of an azide to an alkyne.
60–63

 The addition of glycan ligands,
64,65

 

Gd
3+

 complexes for MRI contrast,
66

 and AlexaFluor488
67

 to the surface of VLPs has been 

enabled by this methodology.   

Another versatile technique for virus modification is the incorporation of an unnatural 

amino acid baring a chemically reactive functional group, e.g. an alkene,
68

 alkyne,
69

 or 

azide
69

 (Fig. 1.7). The unnatural amino acid can be installed by site-specific mutation and so 

this technique allows higher selectivity than modification of surface lysine and cysteine 

residues. 

 

Figure 1.6 Modification of the CPMV virus-like particle with 5-maleimidofluorescein dye via either: attack of 

a maleimide group by the sufhydryl group of cysteines (A), or attack of a N-hydroxysuccinimidyl ester by the 

amino group of lysines (B).  
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1.3.2  Bacteriophages 

Bacteriophages (phages) are viruses containing nucleic acids which infect, and multiply 

in bacteria.
70

 Discovered by the English bacteriologist Frederick Twort in 1915,
71

 phages 

were initially shown by d’Hérelle to be effective in the treatment of infections by specific 

bacteria.
72

 However, a lack of understanding of the microbiology of phages, difficulties with 

production and purification, and the emergence of antibiotics, caused a diminution in research 

and development of phages as antibacterial agents. 

The first single-stranded RNA bacteriophage, f2, was discovered in 1961.
73

 Since then, 

much research has been carried out on the structure and biology of RNA bacteriophages and 

most recently a resurgence in phage therapy has developed.
74

 With antibiotic resistance 

becoming an increasing problem, research into the use of phages as an alternative approach to 

combatting bacterial infections has shown increasing promise. In particular, phage cocktails 

(formulations containing 10-50 distinct phages) are being developed to broaden the infection 

types which the phage therapy can cure.
75

 

 

1.3.3  Bacteriophage Qβ 

Qβ is an E. coli single-stranded RNA bacteriophage, its capsid being a multimeric protein 

construct assembled from 180 protein monomers which self-assemble to form a virus with 

icosahedral symmetry.
76–78

 The Qβ RNA genome codes for four proteins: the coat 

 

 
Figure 1.7 Methionine and a selection of its analogues which are typically incorporated into proteins for 

bioconjugation reactions. 
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protein,
79,80

 a maturation protein (A2 protein, ~1 per virion),
81

 a read-through protein (A1 

protein, 3 to 5 per virion) resulting from occasional read-through of a UGA termination 

codon, and RNA replicase (Fig. 1.8).
82

 

 

Takamatsu and Iso elucidated the capsid substructure of Qβ, by controlled dissociation 

and analysis of the resulting components by gel electrophoresis.
83

 They isolated pentamers 

and hexamers of the coat protein as distinct chemical entities by addition of the denaturant 

sodium dodecyl sulphate (SDS). Crystallographic data show that hydrogen bonding is also 

involved in the association of adjacent coat proteins in the Qβ particle.
84

 Takamatsu and Iso 

concluded that the Qβ capsid shell is composed of ~12 pentamers and ~20 hexamers.
83

 After 

addition of the reducing agent β-mercaptoethanol and heating at 90 
o
C for 5 minutes to 

separate samples of pentamers and hexamers, electrophoresis showed a single dominant peak 

corresponding to the coat protein monomer molecular weight. It was therefore concluded that 

the coat proteins are held together to form these pentamers and hexamers principally by 

disulphide bonds.
83

 Stockley and co-workers also reported pentameric species stabilised by 

intermolecular disulphide bonds, by using mass spectrometry.
85

 Interestingly, they proposed 

that disulphide bonding was not as extensive at the 3-fold axis (i.e. in hexamers) due to 

potential flexibility in the A and C subunits, implied by the lack of electron density in the 

crystal structure data for residues 76-79 (vide infra).
84

 

A crystal structure of Qβ phage has been solved to 3.5 Å resolution in 1996.
84

 This 

structure reveals that the coat protein assumes three slightly different conformations within 

the capsid, termed A, B, and C (Fig. 1.9). Hence, Qβ has a triangulation number of T = 3 (the 

 

Figure 1.8 The genetic map of Qβ. Reproduced with permission from The Springer Index of 

Viruses.
127
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number of different conformations of the subunit for each virus
76

). Each coat protein has 7 β 

strands and 2 α helices. The FG loop of each coat protein contains two cysteine residues, one 

at position 74 and the other at position 80.  

 

The 180 Qβ coat proteins form a virus capsid with icosahedral symmetry (Fig. 1.10). At 

the vertices of the icosahedron, 5 B-conformer coat proteins are bonded together by 

disulphide bonds arranged around a 5-fold symmetry axis (Fig. 1.10 A). There are 12 such 

vertices, making 60 coat proteins in the B conformation per capsid. At the centre of a 

triangular face of the icosahedron, 3 A-conformer and 3 C-conformer coat proteins are 

bonded together by disulphide bonds in an alternating arrangement around a 3-fold symmetry 

axis (Fig. 1.10 B). There are 20 such faces, making 60 coat proteins in the A conformation 

and 60 coat proteins in the B conformation per capsid.  

Finn and co-workers used systematic mutations to study the importance of different 

amino acids in the coat protein on the structure and stability of the Qβ particle.
86

 Single and 

 
Figure 1.9 The three conformations of the Qβ coat protein: A (blue), B (red), C (green). FG loops are labelled 

but are not resolved in the published X-ray diffraction data for protein conformations A and C. N- and C- 

termini are labelled, and cysteine residues are shown as yellow spheres. Drawn in Pymol from the Qβ crystal 

structure [84]. Protein Data Bank number 1QBE. 
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double mutants C74S and C74S/C80S were both observed to form particles but with melting 

temperatures ~20 
o
C less than that of wild-type particles.

86
 This result demonstrates the 

importance of disulphide bonds to the capsid stability. Non-covalent interdimer bonding was 

shown not to have a significant effect and particles still formed correctly. However, non-

 

Figure 1.10 The icosahedral structure of Qβ with 5-fold symmetry axes at a vertex encompassing 5 B coat 

proteins (A), and 6-fold symmetry axes at a triangular face encompassing 3 A and 3 C coat proteins (B). The 

image of the VLP is from the VIPER database http://viperdb.scripps.edu.
126
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covalent intradimer bonding was crucial, particularly hydrophobic interactions. Non-covalent 

dimers are arranged such that the α-helices lie on top of the F and G β-sheets of both coat 

proteins. The interior region of this arrangement includes phenylanaline residues at positions 

94 and 96 on the G-strand, helping to make the interior hydrophobic. Substituting the 

phenylanaline residues in these positions resulted in no particles being formed. Finally, 

substitution of leucine at position 35 for tryptophan resulted in VLPs having three structural 

classes, all smaller than wild-type Qβ (28 nm). 49% of the population had an average 

diameter of 16.5 nm, 39% with an average diameter of 20 nm and 12% were elongated (23.5 

X 20 nm). 

 

1.4 Incorporation of unnatural amino acids 

1.4.1  Introduction 

Chemical methods for peptide synthesis involve the successive amide bond formation 

between amino acids using solid phase peptide synthesis
87

 and the use of peptide ligase 

enzymes.
88

 Peptides can be ligated onto recombinantly expressed proteins.
89

 However, these 

techniques are not practical for biosynthesizing large proteins or for producing large 

quantities of protein. 

In vivo methods allow co-translational incorporation of unnatural amino acids, generating 

modified proteins in high quantities. There are two strategies used for the incorporation of 

unnatural amino acids: i) sense codon reassignment (residue-specific incorporation)
90–93

 and 

ii) non-sense codon suppression (site-specific incorporation).
94–96

 

 

1.4.2  Sense codon reassignment 

Sense codon reassignment experiments originated with the landmark work of Cohen and 

co-workers, where methionine is replaced by selenomethionine, a methionine analogue, in 
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expressed  protein.
97,98

 In this technique, auxotrophic bacterial strains, which cannot 

biosynthesize a given natural amino acid, are used. Expression media deficient in this 

particular natural amino acid is doped with an unnatural analogue of the amino acid. During 

protein expression, wild-type aminoacyl-tRNA synthetases charge the unnatural amino acid 

onto the corresponding tRNAs. As a result, only unnatural amino acids which are sufficiently 

structurally similar to the natural analogue can be incorporated. Overall, the sense codon of 

the amino acid being replaced is reassigned to an unnatural analogue. Thus, a protein is 

produced in which the natural amino acid is substituted with its unnatural analogue. 

Bacteria are initially grown in media containing all 20 natural amino acids, since most 

unnatural amino acids cannot support bacterial growth without their natural analogue. Once 

cells are grown to the logarithmic stage, cells are washed with media absent of the natural 

amino acid to be replaced before being resuspended in fresh minimal media, containing only 

19 natural amino acids. A chemically defined medium is used for this purpose, such as M9 or 

derivatives thereof. The minimal medium is then supplemented with the unnatural amino acid 

to be incorporated before inducing protein expression. Tight control over expression of the 

recombinant protein is generally required since leaky expression in the growth stage, when all 

20 amino acids are present, will lead to lower levels of unnatural amino acid incorporation. 

This control is achieved by using a strongly repressed promoter. 

Van Hest et. al. showed successful incorporation of the unsaturated methionine 

analogues, homoallylglycine (Hag)
68

 and homopropargylglycine (Hpg).
99

 These residues 

represent useful chemical handles for a variety of post-translational modifications.
100

 

Similarly, incorporation of azidohomoalanine (Aha),
101

 has provided a useful tool for protein 

bioconjugation. Together, in vivo incorporation of these amino acids (Hpg and Aha) have 

enabled the use of the Cu(I)-catalyzed [3 + 2] cycloaddition reaction on proteins (vide supra). 

Davis and co-workers have incorporated Hpg into the TIM-barrel protein SsβG and the virus-
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like particle Qβ to make fluoroglycoproteins.
102

 Glycans bearing a fluorine atom and an azide 

group were coupled to the proteins using Cu(I)-catalyzed [3 + 2] cycloaddition via Hpg, 

incorporated into the proteins via reassignment of the Met ATG codon. However, no 
19

F 

NMR studies on the resulting proteins were reported. As such, novel 
19

F NMR on fluorinated 

Qβ are presented in this work (see Chapter 4). Virus-like “glycodendrinanoparticles” were 

developed by Ribeiro-Viana et. al. by conjugating mannose dendrimers onto Qβ virus-like 

particle via incorporation of Hpg.
103

 These “glycodendrinanoparticles”, presenting up to 1620 

glycans per particle, were able to block binding to the carbohydrate-binding receptor DC-

SIGN, hence inhibiting Ebola infection. 

Finally, Honek et. al. have used the sense codon reassignment method to incorporate 

fluorinated methionine analogues into proteins as a 
19

F NMR probe for protein structure 

dynamics. This work is discussed in more detail in Section 1.4.5. 

 

1.4.3  Non-sense codon suppression 

Non-sense codon suppression is a technique which allows incorporation of an unnatural 

amino acid at a specific site in the protein sequence. Key to this technique is the use of an 

aminoacyl-tRNA synthetase (aaRS)/tRNA pair which is orthogonal to the host (usually E. 

coli) translation system.  

Site-directed mutagenisis is used to insert a stop codon at the desired site of unnatural 

amino acid incorporation in the protein sequence.
104

 Non-sense suppressor tRNAs (tRNAs 

which insert natural amino acids in response to a stop codon) can be generated by mutation at 

the anticodon loop to recognize the stop codon. The suppressor tRNA must not be a substrate 

for E. coli aaRS; otherwise the suppressor tRNA would get charged with endogenous amino 

acids. The tRNA is charged with the unnatural amino acid either chemically or enzymatically 



Chapter 1 - Introduction 

 

20 

 

by an orthoganol aaRS. The orthoganol aaRS must only recognise the suppressor tRNA and 

not any of the E. coli tRNA.   

To achieve orthoganolity, aaRS/tRNA pairs are often imported from archaea or 

eukaryotes. For example, the evolved Methanococcus jannaschii tyrosyl-tRNA/synthetase 

pair was the first orthogonal E. coli pair derived from archaea.
105

 Spicer and Davis used this 

aaRS/tRNA pair to genetically incorporate p-iodophenylalanine into the maltose binding 

protein using UAG stop-codon suppression.
106

 They used this aryl halide residue to perform 

Suzuki-Miyaura coupling on the protein surface. 

 

1.4.4  Incorporation of multiple unnatural amino acids 

Incorporation of multiple amino acids into proteins is a relatively new achievement in the 

field of genetic code expansion and provides a technique for more versatile protein 

modification. This method uses nonsense-codon suppression and requires two mutually 

orthogonal aaRS/tRNA pairs and two blank codons to incorporate the two different unnatural 

amino acids. Schultz and co-workers demonstrated this method by incorporating two 

different unnatural amino acids into myoglobin.
107

 Schultz used one aaRS/tRNA pair 

containing a quadruplet codon, AGGA, derived from the archaebacterium P. horikoshii. In 

other work, Wan et. al. mutated the PylRS-pylT pair to suppress the UAA (ochre) codon.
108

 

They used this with a mutated M. jannaschii TyrRS which was able to charge p-

azidophenylalanine and install it into the protein in response to the UAG (amber) codon at a 

specific site.  

 

1.4.5  Incorporation of fluorinated amino acids 

Fluorinated amino acids were synthesized and used in growth experiments as early as the 

1940s.
109,110

  The first fluorinated amino acid shown to be incorporated into bacterial proteins 
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was p-fluorophenylanaline in 1959.
97

 Early studies in this field focused on the change in E. 

coli growth in the presence of fluorinated amino acids and the effect on activity of 

fluorinating enzymes.
111–113

 However, Sykes et. al. set the stage for the use of fluorinated 

amino acids as 
19

F NMR probes when they incorporated m-fluorotyrosine into alkaline 

phosphatase.
114

 The chemical shift of 
19

F has a much wider range than 
1
H and is extremely 

sensitive to the local environment.
115

 Together, these two features make 
19

F NMR a very 

useful tool for analysing changes in protein structure.  Thus, Sykes et. al. observed 11 distinct 

resonances in the 
19

F NMR, in line with 11 tyrosine sites in each subunit of the dimeric 

alkaline phosphatase protein. They tentatively assigned tyrosine residues buried within the 

protein based on peak broadening resulting from restricted bond rotation.
114,116

 During the 

same period Pratt et. al. successfully incorporated 4-, 5-, and 6-fluorotryptophan into lactose 

permease.
117

 

19
F NMR has been used extensively for analysis of protein structure and conformational 

changes.
118

 Significant for the work of this thesis is that of Honek and co-workers in the 

1990s who demonstrated the use of fluorinated methionine analogues as 
19

F NMR protein 

probes. Honek and co-workers achieved 70% incorporation of trifluoromethionine (TFM) 

into phage lysozyme LaL using sense codon reassignment.
119

 They found that TFM did not 

support growth of the E. coli auxotroph (B834(DE3)) and so they initially grew the cells in 

0.1 mM L-methionine before washing the cells to remove L-methionine and transferring to 

fresh minimal media supplemented only with L-TFM. Lysozyme contains three methionine 

residues (positions 1, 14, and 107), however four peaks were observed in the 
19

F NMR 

spectrum (Fig. 1.11). Integration revealed that peaks A and B each corresponded to one TFM 

whereas peaks C and D together corresponded to the third TFM. Using mutagenesis to 

systematically replace one methionine position with a leucine, they were able to assign the 

peaks. They found that trifluoromethionine at position 107 gave rise to two resonances.
120
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Interestingly, resonances for position 107 at both C and D was only observed when TFM, and 

not methionine, was at position 14. Incorporation of TFM into mutant M14L gave a peak at C 

but not D. From this, they reasoned that the increased size of TFM compared to methionine 

lead to a conformational change at position 14 in the protein that was relayed to position 107, 

giving rise to a changed environment at the latter position, hence the additional peak. 

 Honek and co-workers also investigated the use of difluoromethionine (DFM) for 

labelling proteins with a view to follow conformational changes by 
19

F NMR.
121

 They found 

that expression with L-DFM gave much higher protein yields and incorporation efficiency 

compared to expression with L-TFM. They achieved essentially 100% incorporation of DFM 

at all three methionine positions compared to 30-70% incorporation for expression with TFM 

(determined by mass spectrometry). Due to the diastereotopic relationship between the two 

fluorine atoms in DFM, the -SCHF2 group gives rise to a double doublet pattern (Fig. 1.12 

A). They used this splitting as a measure of internal amino acid packing since restricted 

 

Figure 1.11 
19

F NMR spectra of high (A) and low (B) level incorporated trifluoromethionine-labelled lysozyme. 

Reprinted with permission from [
119

]. Copyright 1997 American Chemical Society. 
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rotation about the S-C and C-C bonds of DFM leads to a greater chemical shift spread in the 

double doublet.
121

 

In view of the differences in incorporation efficiency found between DFM and TFM, the 

crystal structures of these two amino acids bound to the E. coli methionyl-tRNA synthetase 

enzyme (MetRS) was solved and compared with that of natural methionine bound to the 

enzyme.
122

 Binding of methionine by MetRS induces the rearrangement of several aromatic 

residues. W253, F300, and Y15 rock towards the bound methionine (Fig. 1.13). As a result, 

new stacking interactions between W229 and F304, and F300 and W253, are possible. The 

same conformational changes are induced on binding of DFM. However, in the case of TFM 

 

Figure 1.12 
19

F NMR spectra of: free DFM, demonstrating the ABX splitting pattern (A); completely labelled 

DFM-LaL lysozyme, indicating the identities of the three spin systems (B); DFM-LaL Met107Leu mutant, which 

lacks the Met107 signal (C); DFM-LaL in the presence of 1 mM GdEDTA
-
 (D); DFM-LaL in the presence of 7 

mM hexa-N-acetyl chitohexaose (E). Reprinted with permission from [
121

]. Copyright 1999 American Chemical 

Society. 
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binding, the movement of W253 is restricted due to the steric hindrance presented by the 

additional F atom. This is believed to be the cause of the much greater reduction of affinity of 

MetRS for TFM than DFM, compared to the native methionine.
122

 

Furter was the first to incorporate a fluorinated amino acid in vivo by stop codon 

suppression.
123

 A yeast phenylalanyl-tRNA synthetase and suppressor tRNA
Phe

 pair was used, 

since these are orthogonal to the E. coli translation system. A p-fluoro-phenylalanine (p-F-

Phe)-resistant E. coli strain, in which the PheRS excludes p-F-Phe from its binding site, was 

used. This was so that only the yeast tRNA/phenylalanyl-RS pair could deliver p-F-Phe. 

However, this did not result in site-specific incorporation, since 3-7% of all Phe residues were 

translated as p-F-Phe. Furthermore, the maximum efficiency was p-F-Phe at the stop codon 

site was 75%, the remainder being phenylalanine and lysine.  

Mehl and co-workers were the first to site-specifically incorporate a fluorinated amino 

acid into a protein.
124

 This required using an unnatural amino acid which is not recognised by 

natural E. coli tRNA synthetases. They selected, from a library of Methanococcus jannaschii 

 

Figure 1.13 Rearrangement of the methionine-binding site in free MetRS (A), and the complexes formed upon 

binding of methionine (B), DFM (C), and TFM (D). Reprinted with permission from [
122

]. Copyright 2003 

Elsevier. 
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TyrRS mutants,
125

 those mutants which supported E. coli growth in the presence of 

trifluoromethyl-L-phenylalanine (tfm-Phe). tfm-Phe was incorporated into the protein 

nitroreductase at position 124 in response to a TAG codon. No peaks corresponding to 

natural amino acid incorporation at position 124 were observed in ESI-MS analysis of the 

trypsin-digested fragment, thus demonstrating tfm-Phe had been selectively incorporated. 

 

1.5 Thesis objectives 

The initial aim of this research was to develop a new 
19

F MR imaging agent with high 

sensitivity. Based on the literature review and accompanying discussions presented in this 

chapter, two key factors are required for a high-sensitivity imaging agent: 1) the molecule 

must have a high fluorine content and 2) all 
19

F atoms should possess the same chemical 

shift. To achieve this incorporation of a fluorinated amino acid into the phage virus-like 

particle (VLP) Qβ was proposed for the following reasons. Firstly, the Qβ VLP consists of 

180 copies of the coat protein thus a high payload of fluorine could potentially be introduced. 

Secondly, the Qβ coat proteins are related by symmetry in the iscosahedral VLP, thus the 

fluorinated amino acid in each coat protein should have the same chemical shift. 

The first key objective set was to incorporate a fluorinated amino acid into the phage 

virus-like particle (VLP) Qβ.  The sense codon reassignment method was proposed to 

incorporate the unnatural amino acid trifluoromethionine (TFM) into a mutated Qβ coat 

protein gene sequence containing only one methionine codon. 

It was intended to analyse the resulting protein to establish whether the modified protein 

would maintain its ability to self-assemble into intact VLPs.  

A further aim of this work was to investigate the potential of the fluorinated VLP as a 
19

F 

MR imaging agent using 
19

F NMR. It was also intended to carry out initial in vivo studies to 

explore the potential of the fluorinated VLP as a medical 
19

F MRI probe. 
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2. Development of fluorinated Qβ  

 

2.1 Rational design of the fluorinated virus-like particle 

As described in Chapter 1, the initial aim of this project was to genetically incorporate a 

fluorinated amino acid into bacteriophage Qβ so the resultant virus-like particle (VLP) could 

be used as a 
19

F NMR/MR imaging agent. The two methods for unnatural amino acid 

incorporation in vivo, sense codon reassignment and non-sense codon suppression, are 

described in Chapter 1. An advantage of the latter method is that it allows site-specific 

incorporation, since the gene is mutated to insert a stop codon at the precise position where 

modification is desired. In contrast, sense codon reassignment leads to global replacement of 

the natural amino acid being replaced. In the context of fluorinated amino acid incorporation, 

the fluorinated amino acids at different sites would potentially have different fluorine 

chemical shifts
1–4

 and hence lead to an overall reduction in intensity of the 
19

F signal of the 

protein. Multiple peaks can also give rise to ghost images making image interpretation 

difficult.
5
  

The advantage of the sense codon reassignment method, however, is that in practical 

terms it is much simpler as it does not require development of a suppressor tRNA/aaRS pair 

and instead exploits the natural protein translational machinery of the host. The wild-type Qβ 

gene sequence
6
 (Fig. 2.1 A) does not contain Met residues, therefore it was envisaged that 

mutation of the sequence to include one Met residue at a specific site could enable ‘pseudo-

site specific’ methionine analogue incorporation via the sense codon reassignment 

methodology. Thus, replacement of one natural residue at a specific site by a fluorinated 

analogue in each monomer of Qβ should lead to 180 fluroinated residues in the assembled 

VLP in the same chemical environment and therefore with the same chemical shift (Fig. 2.1 

B). 

 



Chapter 2 – Development of fluorinated Qβ 

 

36 

 

 

  B) 

 

Figure 2.1 A: Sequence of the wild-type and K16M mutant Qβ coat proteins; B: Strategy for the genetic 

incorporation of trifluoromethionine (TFM) into bacteriophage Qβ. 

 

A further reason for choosing methionine as the residue to be substituted is the presence 

of the relatively flexible carbon chain which should result in a smaller effective rotational 

correlation time.
7,8

 Therefore, modifying the terminus of the methionine side chain with 
19

F 

nuclei should give a sharper NMR peak than fluorinated analogues of (most) other amino 
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acid residues, making it more easily detectable in larger species e.g. the VLP used in this 

project.  

Difluoromethionine (DFM) has been shown to incorporate into lambda bacteriophage 

lysozyme with a much higher efficiency than trifluoromethionine (TFM) under the same 

conditions.
3
 Despite this advantage, it was decided to use TFM in the current work since the 

two fluorine atoms in DFM are diastereotopically related and therefore are chemically 

inequivalent. The 
19

F signal of DFM gives rise to an ABX splitting pattern (two sets of 

quartets) (Figure 2.2). In view of the imaging application of the VLP, this peak splitting 

would reduce the signal-to-noise ratio, and hence the sensitivity, per 
19

F nucleus of the VLP. 

Additionally, since the DFM has a third fewer 
19

Fs compared to TFM, this effect on its own 

would reduce the overall sensitivity of the Qβ-F VLP. Since the primary goal of the project 

was to develop VLPs for imaging applications, engineering the particle such that it has 

maximal sensitivity is a key objective. Hence, work using DFM was not pursued.  

E. coli can only efficiently utilise the L-enantiomer of methionine and therefore, likely, 

the L-enantiomers of methionine analogues that are compatible with its protein biosynthetic 

machinery. However, synthesis of pure L-TFM is expensive and very time consuming. 

Therefore it was decided that the racemic form of TFM (i.e. DL-TFM) would be synthesized. 

The quantity of the racemic mixture added would simply be double that of the quantity of the 

L-enantiomer estimated to be required for a given protein production. Thus a compromise is 

made between the quantity of amino acid which can be produced and the difficulty of the 

amino acid synthesis. 
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2.2 Synthesis of DL-trifluoromethionine 

A synthesis of TFM was required for incorporation into the Qβ K16M variant (see Fig. 

2.1). Several approaches to synthesize DL-TFM were investigated - these are discussed 

below. 

2.2.1  Synthesis of DL-TFM using Togni’s reagent 

A synthetic route towards DL-TFM 1 via direct introduction of a trifluoromethyl group to 

homocysteine 2 was initially proposed (Scheme 2.1). Most sources of the CF3 synthon are 

 

Figure 2.2 Structures and schematic 
19

F NMR spectra of DFM and TFM, and the ABX splitting pattern for 

DFM. 
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nucleophilic; the most common being Ruppert’s reagent (Me3SiCF3)
9
 which  transfers a 

-
CF3 

via an anionic pentacoordinated silicon species generated by activation of the reagent with a 

fluoride anion. However, addition to the nucleophilic sulfur of homocysteine 2 would require 

an electrophilic source of CF3. Protection of the amine and carboxylic acid was deemed 

necessary to prevent their reaction with an electrophilic CF3 reagent. 

 

For some time, the only class of electrophilic sources of the CF3
+
 synthon had been the S-, 

Se, and Te-(trifluoromethyl)dibenzotihio-, -seleno, and -tellurophenium salts, which are 

relatively difficult to synthesize (Fig. 2.3).
10–12

  

 

 

Recently, a new electrophilic trifluoromethylating reagent 3 (Scheme 2.2), which is 

derived from easily accessible and inexpensive precursors, has been reported by Togni and 

co-workers.
13,14

 Scheme 2.2 shows the planned use of Togni’s reagent 3 in the synthesis of 

the target, fluorinated amino acid 1. Thus, the synthesis of Togni’s reagent 3 was attempted 

 

Scheme 2.1 Retrosynthesis of DL-TFM via trifluoromethylation of homocysteine. 

 

Figure 2.3 Electrophilic trifluoromethylating agents: 3,7-di-tert-butyl-S-(trifluoromethyl)dibenzothiophenium 

tetrafluoroborate (I), Se-(trifluoromethyl)dibenzoselenophenium triflate (II), and Te-

(trifluoromethyl)dibenzotellurophenium bromide (III). 
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(Scheme 2.3). Unfortunately, despite many different conditions attempted, the synthesis of 3 

was not achieved and in each case only intermediate 10 was isolated (see pages 70-71 of the 

Experimental section for details).  

 

 

 

In order to consider the reaction with Togni’s reagent 3 for future amino acid production, 

3 was purchased from Sigma-Aldrich. Since DL-homocysteine 2 is significantly more 

expensive than DL-homocystine 11, the synthesis of the target amino acid 1 was started from 

the disulphide 11 (Scheme 2.4). Synthesis of 1 was achieved via a slight modification of the 

 

Scheme 2.2 Retrosynthesis of DL-trifluormethionine 1 via trifluoromethylation of homocysteine 2 with Togni’s 

reagent 3. 

 

Scheme 2.3 Reagents and conditions: (i) MeOH, conc. H2SO4, reflux overnight (ii) (a) Et2O, MeMgBr, -20 
o
C, 

16 hours (b) Reflux 1.5 hours (c) 0 
o
C, NH4Cl (aq) (iii) C(CH3)3(OCl), CCl4, 30 minutes. Attempted (iv) & (v) 

(a) MeCN, KOAc (b) -17 
o
C, Me3SiCF3, TBAT in MeCN, 16 hours (c) -12 

o
C, Me3SiCF3 (d) 3 hours RT. 
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published route.
15

 It was decided to protect the amine and the carboxylic acid groups of DL-

homocystine 11 as the Boc carbamate and methyl ester, respectively, to ease purification of 

the crude reduced product by flash chromatography. Hence, 11 was methyl and Boc protected 

using standard conditions, followed by reduction of the disulphide with tributylphosphine to 

give compound 5 (38%). Subsequent reaction with Togni’s reagent 3 in methanol gave 4 in 

82% yield. Hydrolysis of the carbamate in dichloromethane and trifluoroacetic acid followed 

by hydrolysis of the methyl ester in LiOH in THF gave the desired amino acid 1 in 60% 

yield.  

 

2.2.2  Synthesis of DL-TFM using CF3I/hν (Honek’s method) 

Despite the high yield of the reaction with Togni’s reagent 3, the high cost of this reagent 

(£173.50/gram at the time of purchase) prompted me to investigate an alternative synthesis of 

the target amino acid for larger scale production. The synthesis by Honek and co-workers
1
 

was pursued (Scheme 2.5). The hydrochloride salt of homocysteine thiolactone 12 was 

neutralised with Et3N in dichloromethane to liberate the free amine. Acetylation of this amine 

was achieved by addition of acetyl chloride to afford the protected thiolactone 13. 

Methoxylation of the acetyl-protected thiolactone 13 generated the sodium thiolate in situ. 

Addition of excess trifluoromethyl iodide and subsequent ultra violet irradiation yielded the 

 
Scheme 2.4 Reagents and conditions: (i) (a) CH3COCl, MeOH (b) Boc2O, Et3N, CH2Cl2 (c) PBu3, MeOH-H2O; 

(ii) Togni’s reagent 3, MeOH; (iii) (a) CH2Cl2, TFA (b) LiOH-H2O, THF, 2 hrs RT (c) DOWEX
®

. 
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protected amino acid 14 (38%). The reaction is proposed to occur via a radical mechanism.
1
 

Deprotection of the methyl ester and the amide gave the free amino acid 1. Conditions for the 

deprotection reported by Holzberger et. al.
16

 (8 eq. NaOH heated under reflux for 3.5 hours) 

were found to give very low yields, and so the reaction was refluxed for 48 hours after which 

a higher recovery was obtained. After purification by DOWEX
®
 column, 1 was isolated in 

52% yield on gram scale (~ 1.2 g).  

 

Attempts were made at simplifying the route outlined in Scheme 2.5. It was thought that 

ultra violet radiation could be omitted by proceeding via nucleophilic attack of the thiolate to 

the electrophilic carbon of trifluoroiodomethane. DL-Homocysteine thiolactone hydrochloride 

12 was treated with 5 M NaOH to open the lactone ring and generate the thiolate anion. The 

reaction mixture was adjusted to pH 8 before adding CF3I. The product was found to be DL-

homocysteine by 
1
H and 

13
C NMR, since there was a lack of the characteristic 

13
CF3 quartet 

in the 
13

C NMR. This result supports the proposal that the reaction with CF3I and ultra violet 

light proceeds via a radical mechanism.  

In another potential alternative route, the reaction was started from the unprotected 

thiolactone hydrochloride 12, in an attempt to avoid the acetyl deprotection step. The same 

concentration of starting material 12 was used as in previous reactions starting from 13 (200 

mM). However, after addition of NaOMe, a white precipitate formed. This may be due to 

polymerisation caused by reaction of the thiolactone with a free amine of another 

homocysteine thiolactone molecule (Fig. 2.4). TLC analysis (15% acetone in water) of the 

 
 

Scheme 2.5 Reagents and conditions: (i) (a) 4 eq. Et3N, CH2Cl2, 0 
o
C (b) 1.5 eq. AcCl; (ii) (a) NaOMe/MeOH 

(b) CF3I, hν; (iii) (a) LiOH-H2O, MeOH, 1hr (b) Reflux 48 hrs. 
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product showed no target compound and only a spot at Rf = 0.0. Considering the high 

polarity of the solvent system used, such a low Rf is probably indicative of polymer 

formation. To reduce the likelihood of polymerisation, the reaction was repeated using a 

concentration of starting material ten times less than in the previous reaction (i.e. 20 mM). 

DL-TFM was isolated, however, as expected from such low dilution, the yield was low (23%) 

and so this route was not pursued. 

 

 

Deprotection of the amide group of 14 required harsh conditions which it was considered 

might be the cause of the modest yield (Scheme 2.5). To avoid the need for such conditions 

the amine of 12 was protected with a Boc group, which can be more efficiently deprotected 

than the acetamide group (Scheme 2.6). DL-Homocysteine thiolactone hydrochloride 12, 

available from Alrdich (£0.66/gram), was Boc-protected by reacting with Boc anhydride 

(Boc2O) in the presence of triethylamine in dichloromethane (Scheme 2.6 i). The crude 

product was recrystallized from hot ethyl acetate. The reaction of Scheme 2.6 i typically gave 

15 in ~50-55% yield.  

 

Figure 2.4 Proposed mechanism for the polymerisation of homocysteine thiolactone. 
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The Boc protected homocysteine thiolactone 15 was converted to the Boc and methoxyl 

protected trifluoromethionine 4 by treatment of the thiolactone 15 with NaOMe followed by 

addition of excess trifluoromethyl iodide and subsequent ultra violet irradiation (45% yield) 

(Scheme 2.6 ii). Deprotection of protected trifluoromethionine 4 was carried out under 

standard conditions: trifluoroacetic acid in dichloromethane to deprotect the carbamate, and 

lithium hydroxide in tetrahydrofuran to deprotect the methyl ester, to yield DL-TFM 1 

(Scheme 2.6 iii, 88% yield).  

2.2.3 Synthesis of DL-TFM using Birch reduction conditions 

During the course of my work, a new synthesis of trifluoromethionine was reported by 

Yasui et. al.
17

 This approach represented a great improvement as it is carried out in one pot 

from commercial homocystine and proceeds in high yield. Birch reduction conditions, 

sodium metal in liquid ammonia, were used to reduce the disulfide bond of DL-homocystine 

16 (Scheme 2.7). Excess CF3I gas was condensed into the reaction vessel and subsequently 

trapped by the thiol(ate) to form the trifluoromethylated product, the free trifluoromethionine 

amino acid 1 (Scheme 2.7). The target compound 1 was purified on a DOWEX
®
 column 

eluted with 2% NH4OH aqueous solution (89%). I was able to carry out this procedure on 10 

gram scale which enabled ready access to sufficient material for subsequent protein 

expressions. This was the method of choice for the remainder of the research described 

herein. 

 

Scheme 2.6 Reagents and conditions: (i) (a) Et3N, CH2Cl2, 0 
o
C (b) Boc2O; (ii) (a) NaOMe/MeOH (b) CF3I, 

hν (iii) (a) CF3CO2H, CH2Cl2 (b) LiOH-H2O, THF (c) DOWEX
®

. 
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2.3 Incorporation of trifluoromethionine into bacteriophage Qβ 

2.3.1 Initial expression studies 

p75M plasmids carrying the Qβ K16M gene were kindly donated by Professor M. G. 

Finn. The plasmids were transformed into E. coli B834(DE3) cells, methionine auxotrophs. 

Initially, the procedure followed for cell growth was that published by previous researchers of 

the Davis group.
18

 SelenoMet™ (Molecular Dimensions) minimal medium was used instead 

of the M9 minimal salts often used by other research groups for similar experiments.
19

 Most 

unnatural amino acids do not support growth of auxotrophic cells and so cells are initially 

incubated with all 20 natural amino acids to generate a culture of E. coli in the logarithmic 

phase of growth, to grow enough cells to produce an appreciable quantity of protein and to 

enable efficient protein expression; typically cultures are grown until OD600 = 0.6 - 1.0. Using 

minimal medium in the initial out-growth, as opposed to LB (Luria Broth), also allows 

control over the concentration of L-methionine in the medium.  

Cells were initially grown in SelenoMet™ medium supplemented with 0.27 mM L-Met 

until OD600 = 0.6 - 0.8.
18

 At this point the cells were washed thrice with SelenoMet™ base 

containing no methionine, to remove residual methionine. The cells were then transferred to 

fresh, pre-warmed medium supplemented with 1.3 mM DL-TFM. The cells were incubated at 

37 
o
C for 30 minutes and then at 30 

o
C for 30 minutes, to deplete the intracellular pool of 

methionine prior to initiation of protein expression. Protein expression was then induced by 

addition of 1 mM IPTG. After incubation at 37 
o
C for 6 hours, the cells were harvested by 

  

Scheme 2.7 Reagents and conditions: Na, CF3I, liquid  NH3, -78 
o
C.

17
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centrifugation. The cells were lysed by sonication and to the lysate was added a 1:1 v/v 

mixture of n-butanol and chloroform. This mixture denatures host proteins and causes them, 

with membrane lipids, to coagulate. These components can then be easily separated from the 

VLPs (which remain in the aqueous phase) by low-speed centrifugation. After low-speed 

centrifugation, the aqueous layer was decanted and the VLPs were precipitated by addition of 

PEG8000 and NaCl. The precipitated VLPs were collected by centrifugation and dissolved in 

tris-buffered saline (TBS). Figure 2.5 shows a SDS-PAGE gel of samples at the different 

stages of purification. Qβ protein can be clearly seen in the cell lysate amongst other proteins 

(Lane 2). A significant amount of protein impurity is removed after solvent extraction and 

precipitation with of PEG8000 and NaCl (Lane 5). The streaking observed is likely due to 

different ordered oligomers and partially assembled VLPs (Lane 5). 

 

The final purification of the intact virus-like particles was achieved by sucrose density 

gradient ultracentrifugation. Sucrose density gradient ultracentrifugation is a technique used 

to purify large protein complexes (e.g. antibodies
20

), viruses,
21

 and other cellular 

macromolecules. Solutions of different concentrations of sucrose, and therefore densities, are 

layered into an ultracentrifuge tube with the densest solution at the bottom (Fig. 2.6). The 

 

Figure 2.5 SDS-PAGE. Lane 1: Cell debris; Lane 2: Cell lysate; Lane 3: Supernatant after PEG precipitate 

A; Lane 4: Supernatant after PEG precipitate B; Lane 5: Qβ-F protein in TBS before sucrose gradient; Lane 

6:  Qβ-F protein in TBS purified by sucrose density gradient (vide infra). Protein marker: 10-225 kDa. 
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tubes are held in swing buckets which move outwards to a horizontal position when the 

ultracentrifuge is in operation. Particles in a spinning rotor experience an acceleration equal 

to ω
2
r, where ω is the angular velocity (radians per second) and r is the distance of the 

particle from the axis of rotation. Opposed to the force provided by this acceleration is a 

buoyant force, Fb, equal to -ω
2
rmo, where mo is the mass of fluid displaced by the particle 

equal to νρ, where ν is the volume that each gram of the solute occupies in solution and ρ is 

the density of the solvent. The density of the solution increases towards the outer end of the 

tube (increasing concentration of sucrose). Provided the particle density is greater than the 

solvent density, the particles move outwards. When the particles reach a region where their 

density is equal to the solvent density, the particles form a layer in the tube. Hence, the VLPs 

can be readily separated from smaller species, including Qβ monomers. Furthermore, 

aggregates of VLPs are separated so a homogeneous sample of VLPs of the same size is 

obtained. 

 

 

  

 

Figure 2.6 Sucrose density gradient ultracentrifugation. A: An ultracentrifuge tube with different sucrose 

solutions labelled as sucrose/buffer w/w ratios. B: Profile of the Beckman ultracentrifuge rotor and bucket in 

its operating configuration (adapted from the Beckman Coulter SW40 Ti rotor manual). 
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Gradients were fractionated and analysed by SDS-PAGE (Fig 2.7). Protein at ~14 kDa 

was found in the first two fractions, which corresponds to 5% w/w sucrose in TBS. It is likely 

that this protein corresponds to Qβ monomer which has not formed particles. Fractions 5 to 9, 

corresponding to 20% + w/w sucrose, clearly show pure Qβ, taken to be the intact VLPs due 

to the large sedimentation coefficient with respect to the monomers found in fractions 1 and 

2. Fraction 13, at 40% w/w sucrose, contains protein impurities in addition to Qβ. The state 

of the Qβ in this fraction is likely aggregates due to its large sedimentation coefficient with 

respect to the VLPs. Further analysis of the VLP structure is presented in Chapter 3. 

 

Fractions 5 to 9 were pooled and the VLPs were precipitated by addition of 2 M 

ammonium sulphate. The precipitate was pelleted by centrifugation and dissolved in TBS. 

The final purified protein was analysed by ESI-MS. Due to the large mass of the intact VLP, 

the VLP was reduced to the monomer by addition of TCEP (10 v/v % of 0.5 M TCEP to 

protein sample) before measuring its mass spectrum. The raw and deconvoluted mass 

spectrum of the purified protein is shown in Fig. 2.8 B. The raw mass spectrum shows the ion 

series for the protein which is deconvoluted to give the masses of the proteins detected by 

applying the MaxEnt algorithm to the mass spectrum (Masslynx software). The major peak in 

the ESI mass spectrum is mass 14179 Da, which corresponds to the calculated value of Qβ 

  

Figure 2.7 Sucrose density gradient fractions for purification of Qβ-F from the top fraction (1) to the bottom 

fraction (13). Protein marker: 15-150 kDa. 
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Figure 2.8 Raw and deconvoluted ESI-MS of Qβ K16M expressed in the presence of methionine (A) and 1.3 

mM DL-TFM (B). 
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monomer with TFM substituted for methionine. This demonstrates successful incorporation 

of TFM into the Qβ protein monomer. It is noteworthy that this is the first example of genetic 

incorporation of fluorine into a virus. However, a minor peak at 14124 Da is also observed, 

which corresponds to the calculated mass of Qβ with methionine incorporated, as apposed to 

TFM. Verification that the peak at 14124 Da corresponds to Qβ-Met was achieved by 

expressing the mutant Qβ K16M in LB (i.e. in the presence of methionine). The VLP was 

purified in the same way as described above for Qβ-F and the ESI-MS showed a peak at 

14125 Da (Fig. 2.8 A). The mass spectrum of Qβ K16M expressed in the presence of TFM 

clearly shows low levels of incorporation of the supplemented unnatural amino acid. The 

percentage incorporation (i.e. percentage of Qβ-F proteins in the sample) was calculated 

using the mass spectrum peak areas of the Qβ-Met and Qβ-F peaks and found to be 72% Qβ-

F. Details of the verification of this method are presented in the experimental section (Section 

2.6.5). In the light of this low level of incorporation, attempts were made to optimise the 

expression in order to maximise the incorporation of TFM in the Qβ protein. 

2.3.2 Optimisation of incorporation of trifluoromethionine into bacteriophage Qβ 

Incorporation of the unnatural amino acid results from misesterification of the tRNA
Met

 

by the enzyme methionyl-tRNA synthetase, during the translation process. 

Trifluoromethionine (TFM) competes with residual endogenous methionine for binding to 

methionyl-tRNA synthetase, and so the relative efficiency of these two competing processes 

has a direct effect on the percentage of incorporation of the unnatural amino acid. Therefore 

the effect of changing the concentrations of methionine and TFM on the level of 

incorporation of TFM in the Qβ protein were investigated. 

The conditions for optimal growth of the E. coli cells and maximal incorporation of the 

unnatural amino acid requires a compromise between a sufficiently high concentration of 

methionine in the initial growth to produce a sufficient quantity of bacteria for appreciable 
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protein production, without supplementing an excess which will still be residual after 

washing steps (and hence lead to reduced unnatural amino acid incorporation levels). 

Furthermore, there is a compromise between having a high enough concentration of TFM to 

enable complete incorporation into the protein without the concentration being so high that 

the bacteria cells die before expression of the protein occurs (or at least before a reasonable 

quantity of protein has been produced). The toxicity of unnatural amino acid analogues has 

been well documented.
4,22–24

  

The first report of incorporation of TFM into a protein was reported by Duewel et. al.
1
 

Their work has been discussed in Chapter 1. Their procedure was used to guide expression 

trials for optimisation in the current work.  Duewel et. al. found that B834(DE3) cells did not 

grow in the presence of L-TFM.
1
 To verify this result in the current work, B834(DE3) cells 

carrying the p75M/Qβ K16M plasmid were incubated in the presence of 0.01, 0.10, 0.20, 

0.49, and 1.00 mM of DL-TFM. Potential cell growth was monitored by absorption of 

radiation at a wavelength of 600 nm. No increase in absorbance was observed at 3, 6, 30, or 

71 hours post-inoculation. Since concentrations of L-Met as low as 0.05 mM are shown to 

support bacterial cell growth,
1
 it was concluded that DL-TFM could not support growth in the 

absence of L-Met. Hence, cultures were thereafter grown initially in the presence of L–Met, 

following previous procedures.
18

 

Next, the concentration of L–Met to be used was optimised. As mentioned above (page 

45), previously published procedures from the Davis group use 0.27 mM L-Met for initial E. 

coli cell growth when incorporating methionine analogues,
18

 hence this was used in the first 

expression.  However, Duewel et. al. use 0.1 mM L-Met for growth of E. coli cells when 

incorporating trifluoromethionine.
1
 Indeed, it has been reported that a concentration of L-Met 

as low as 0.05 mM can support cell growth (OD600 after 12 hrs: 1.070 for 0.05 mM L-Met, in 

the absence of TFM).
1
 To investigate the optimum concentration of L-Met to use for cell 
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growth in this study, the OD600 of cultures grown in different concentrations of L-Met was 

monitored and recorded (Fig. 2.9). The OD600 in the exponential phase of the bacterial growth 

was much lower when using 0.05 mM L-Met (~0.2) compared to using 0.1 mM L-Met (~0.5) 

and 0.27 mM (~0.7). 0.1 mM gives sufficient cell growth, whereas it was thought that 0.27 

mM could result in an excess of residual Met remaining after cell washing, which would 

subsequently lead to reduced incorporation of TFM. 0.05 mM clearly leads to very low cell 

densities. Considering these results, 0.1 mM L-Met was chosen and used for all subsequent 

amino acid incorporation expressions. 

 

Having decided on the concentration of L-Met to use, the concentration of DL-TFM 

supplemented into the expression media was then investigated. Expression trials were 

conducted using smaller culture volumes than used previously (~160 mL compared to ~630 

mL), so a sufficient quantity of protein to analyse by ESI-MS could be produced, but less 

unnatural amino acid would be required per expression. Once the conditions had been 

optimised, it was intended that larger scale expressions could then be used to produce a 

sufficient quantity of protein for further experiments.  

 

Figure 2.9 Variation of OD600 of E. coli cultures grown in SelenoMet™ medium supplemented with different 

concentrations of L-Met. 
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Concentrations of 2 mM and 4 mM DL-TFM were trialled. The same concentration of L-

Met (0.1 mM) in the initial growth stage was used in both cases so that the effect of doubling 

the concentration of DL-TFM could be determined. After purification of the Qβ-F protein 

using the same protocol as described above, the sample was analysed by ESI-MS (Fig. 2.10). 

The incorporation level of the Qβ K16M protein expressed in the presence of 2 mM and 4 

mM DL-TFM was calculated to be 80% and 82%, respectively. Hence, as expected, 

increasing the concentration of DL-TFM has a positive effect on the incorporation. The 

protein yield for both expressions was ~0.3 mg/L, as determined by the Bradford assay.
25,26
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Figure 2.10 Raw and deconvoluted ESI-MS of Qβ K16M expressed in the presence of 2 mM (A) and 4 mM (B) 

DL-TFM. 
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Considering the positive affect on the TFM incorporation level with increasing 

concentration of DL-TFM, increasing the concentration of DL-TFM further was next 

investigated. The potential toxicity of DL-TFM to E. coli cells has been previously reported,
1
 

hence it was expected to observe a maximum concentration of DL-TFM that could be used in 

the medium before the cells die prior to producing protein. This maximum concentration was 

next determined empirically.  

Cultures were supplemented with 6.5 mM, 8.5 mM, 10.5 mM, and 15.1 mM DL-TFM. 

Furthermore, the starvation time at 30 
o
C was increased from 30 minutes to 1 hour in an 

attempt to further deplete the endogenous pool of methionine, and hence increase the level of 

TFM incorporation. 

The Qβ protein samples were purified as described previously (pages 46-48) and SDS-

PAGE analysis of the sucrose density gradient fractions are shown in Fig. 2.11. The quantity 

of Qβ protein produced in the presence of 6.5 mM and 8.5 mM DL-TFM appears to be 

comparable. The quantity of Qβ VLPs (fractions 5-8) produced in the presence of 10.5 mM 

DL-TFM is negligible, if any; however small amounts of Qβ can be seen in the first two 

fractions, demonstrating that these are not fully formed particles (these are most likely 

monomers). The gel for the culture supplemented with 15.1 mM shows no Qβ was expressed, 

as neither bands in fractions corresponding to monomers nor to VLPs were observed. 

Interestingly, a protein of mass ~35 kDa was observed in fractions 11-14. The same protein 

band is seen in the bottom (aggregate) fraction of each of the other samples. This could 

possibly be from a particle formed from the A1 protein,
27

 a 39 kDa protein resulting from 

ribosomal read-through of the coat protein UGA termination codon.
28

 This would result in a 

particle with a higher density and hence explain the greater sedimentation coefficient 

compared to that of the coat protein VLP.  
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Protein yields were calculated as 0.2 mg/L and 0.7 mg/L for the 6.5 mM-supplemented 

and 8.5 mM-supplemented cultures, respectively. Protein concentrations were calculated 

using the Bradford assay.
25,26

 No protein was detected by Bradford assay for the 10.5 mM 

supplemented culture, presumably due to the low quantity of Qβ produced. 

The ESI-MS of the Qβ protein expressed in 6.5 mM and 8.5 mM DL-TFM are shown in 

Figure 2.12 and the incorporation level was calculated to be 84% and 64%, respectively. It is 

not clear why the Qβ K16M protein expressed in 6.5 mM DL-TFM gives a higher 

incorporation of the unnatural amino acid compared to when expressed in 8.5 mM DL-TFM. 

However, based on these results 6.5 mM DL-TFM was selected as the concentration for 

optimum incorporation and was used in all subsequent expressions. 

6.5 mM   8.5 mM 
   

  
 

 10.5 mM 15.1 mM 
  

        
 

Figure 2.11 SDS-PAGE of sucrose density gradient fractions of Qβ K16M expressed in SelenoMet™ medium 

supplemented with a concentration of DL-TFM as labelled. A 10-225 kDa ladder was used for each gel. 
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Figure 2.12 Raw and deconvoluted ESI-MS of Qβ K16M expressed in the presence of 6.5 mM (A) and 8.5 mM 

(B) DL-TFM. 
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In an attempt to further increase the level of incorporation of TFM into Qβ, varying 

expression periods were then explored. I proposed that once the intracellular supply of 

methionine (endogenous and that supplemented and remaining after cell washes) had been 

consumed, (almost) all Qβ protein biosynthesized after this point would incorporate TFM, 

since no other methionine source would be available. I therefore thought that extending the 

expression duration would increase the time for which the E. coli would be expressing pure 

TFM-incorporated protein and hence increase the proportion of TFM-incorporated protein. 

In addition to 6 hours induction used previously, induction times of 10, 12, 14 and 16 

hours were next investigated, each in the presence of 6.1 mM DL-TFM. SDS-PAGE gels of 

the sucrose density gradient fractions are shown in Fig. 2.13 and indicate that protein was 

expressed for induction times 10 and 12 hours, but no protein was expressed for induction 

times 14 and 16 hours. This could be due to protein being degraded by the E. coli when 

extended induction times are used. The protein yields for 10 and 12 hours were 0.32 mg/L 

and 0.51 mg/L, respectively, as determined by the Bradford assay.
25,26
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The ESI-MS of the Qβ proteins expressed for 10 and 12 hours are shown in Fig. 2.14. The 

results show an increase in the level of incorporation of TFM into Qβ on extending the 

duration of expression to 12 hours. More significantly, the ESI-MS for the Qβ protein 

expressed for 12 hours shows almost quantitative incorporation of TFM into the Qβ protein 

(the calculated incorporation level is 96%). This is an unprecedented result since the highest 

previous level of incorporation of TFM into any protein reported to date is 82%.
16

 

10 hours  12 hours 
  

  
 

 14 hours 16 hours 
  

        
 

Figure 2.13 SDS-PAGE of sucrose density gradient fractions of Qβ K16M expressed in the presence of 6.1 mM 

DL-TFM for durations as labelled. A 15-150 kDa protein marker was used for each gel. 

kDa 
 
150 
100 
75 
50 

35 

25 

15 

 

kDa 
 
150 
100 
75 
50 

35 

25 

15 

 

kDa 
 
150 
100 
75 
50 

35 

25 

15 

 

kDa 
 
150 
100 
75 
50 

35 

25 

15 

 

   1          2            3              4          5           6     7           8     9       10       11   12   13    1          2            3              4          5           6     7           8     9       10       11   12   13 

   1          2            3              4          5           6     7           8     9       10       11   12   13 
   1           2            3           4        5           6    7          8     9       10    11   12   13 



Chapter 2 – Development of fluorinated Qβ 

 

60 

 

 

 

Figure 2.14 Raw and deconvoluted ESI-MS of Qβ K16M expressed in the presence of 6.1 mM DL-

trifluoromethionine with expression durations of 10 hours (A) and 12 hours (B). 
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2.4 Conclusions 

The unnatural amino acid trifluoromethionine has been successfully incorporated into the 

bacteriophage Qβ for the first time as demonstrated by ESI-MS analysis. This procedure 

involves initial production of large quantities of the pure DL-trifluoromethionine for 

expression trials. After investigating several different routes, a one-step method reported by 

Yasui et. al. was used.
17

 This enabled production of 7-9 grams of material per reaction. 

Previous attempts to incorporate trifluoromethionine with high levels of incorporation 

into a variety of proteins have proved challenging and until now the maximum level achieved 

was 82%
16

 (see Table 2.1). This difficulty has been noted and rationalised in terms of the 

increased steric hindrance of the three fluorine atoms in trifluoromethionine as compared to 

the three hydrogen atoms in methionine, which leads to less efficient binding of 

trifluoromethionine to methionyl tRNA transferase than methionine (see discussion in 

Chapter 1 Section 1.4.5).
29

 

 

Group Year Reference Level of 

incorporation %  

Honek 1997 [1] 70 

Honek 1998 [30] 74 

Honek 2001 [2] 70 

Marx 2010 [16] 82 

Table 2.1 Previous reports of incorporation of trifluoromethionine into proteins using auxotrophic E. coli and 

the resulting level of incorporation. 

 

The incorporation of trifluoromethionine into bacteriophage Qβ was optimised by varying 

the initial concentration of L-methionine, the concentration of DL-trifluoromethionine, and the 

duration of protein expression. Pleasingly, the work led to optimum conditions which yielded 

protein with almost quantitative incorporation of trifluoromethionine into Qβ (96%). This 
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marks the highest incorporation level achieved for this amino acid into any protein, using the 

residue-specific method, to date. 

Unnatural amino acid incorporation is an extensively used technique in chemical biology 

today and it is hoped that the methodology described in this chapter will be used for 

optimising the incorporation of other unnatural amino acids into proteins. 
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2.6 Experimental Procedures 

2.6.1 General considerations for chemical synthesis and analysis 

NMR: Proton nuclear magnetic resonance spectra (
1
H NMR) were recorded on a Bruker DPX 

200 (200 MHz), a Bruker DQX 400 (400 MHz), or by Dr. T. Claridge or Dr. B. Odell on a 

Bruker AVC 500 (500 MHz) spectrometer. Carbon nuclear magnetic resonance spectra (
13

C 

NMR) were recorded on a Bruker DQX 400 (101 MHz), or by Dr. T. Claridge or Dr. B. 

Odell on a Bruker AVC 500 (126 MHz) and are proton decoupled. The chemical shifts of the 

spectra are calibrated by the spectrometer using the solvent peak. The spectra were processed 

using Advanced Chemistry Development/Labs (ACD/Labs) software. Chemical shifts are 

quoted on the δ scale in parts per million (ppm) and were referenced to residual solvent peaks 

using previously published solvent chemical shifts (
1
H NMR: CDCl3 = 7.26, D2O = 4.79 and 

13
C NMR: CDCl3 = 77.16).

31
 Integrations were also performed in the ACD/Labs software. 

The following splitting abbreviations have been used: s = singlet, d = doublet, t = triplet, q = 

quartet, m = multiplet, dt = doublet of triplets, td = triplet of doublets. 

Mass spectrometry: Low resolution mass spectrometry was carried out using a Micromass 

LCT Premier XE spectrometer. Samples were dissolved in MeOH prior to injection. 

Electrospray ionisation in positive (ESI+) and negative (ESI-) scan modes were used. m/z 

values were reported against their percentage abundance. Mass spectra of proteins were 

recorded using a Waters LCT Classic. This uses electrospray ionisation, a time-of-flight 

analyser and incorporates a HP1100 chromatography system. 

Melting points: Melting points were recorded using a Leica Galen III hot stage microscope 

equipped with a Testo 720 thermocouple and are uncorrected. 
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Chromatography: Thin layer chromatography (TLC) was carried out using Merk aluminium-

backed sheets coated with Kieselgel 60F254 silica gel. Visualization was achieved using a UV 

lamp (λ = 254 nm) and/or ammonium molybdate (5% in 2M H2SO4), or potassium 

permanganate (5% in 1M NaOH), or ninhydrin (1% in ethanol) followed by heat gun 

treatment. Flash column chromatography was carried out using Fluka Kiegselgel 60 220-240 

mesh silica gel. Dry loading onto TELOS (Kinesis Scientific Experts) was used for solid 

crude material. TELOS was added to a solvent solution containing the dissolved crude 

material to a 1:1 w/w ratio with respect to the crude material. The solvent was then removed 

on a rotary evaporator to give the TELOS powder with the crude material adhered. DOWEX
®

 

50WX8-200 ion exchange resins were activated by washing with acetone, water, 1M HCl, 

water, MeOH, eluting with water until the filtrate was neutral (as determined by pH paper) 

and finally drying in vacuo. 

Solvents and reagents: Unless otherwise stated, solvents and reagents were purchased from 

standard commercial suppliers and were used without further purification. Dry solvents were 

purchased from Acros Organics or Fluka and stored under argon over molecular sieves. 

“Petrol” refers to the fraction of light petroleum ether boiling in the range 40-60 
o
C. “Brine” 

refers to a saturated aqueous solution of sodium chloride.  

2.6.2 Chemical synthesis 

Methyl 2-iodobenzoate
32

 

 

Standard esterification conditions were used to achieve the transformation from 6 to 7. 2-

Iodobenzoic acid 6 (27.0 g, 0.109 mol, 1.0 eq.) was added to a flame dried 200 mL round-



Chapter 2 – Development of fluorinated Qβ 

 

67 

 

bottomed flask with a magnetic stirrer. 70 mL of anhydrous MeOH was added to the flask 

and the mixture was stirred until the 2-iodobenzoic acid 6 had dissolved. The reaction 

mixture was heated to 60 
o
C under reflux and under nitrogen. 5.5 mL of concentrated sulfuric 

acid was added to the reaction mixture dropwise. TLC (30% EtOAc in petrol) revealed the 

presence of starting material (Rf = 0.45) in the reaction mixture and so the reaction was 

stirred and heated overnight. After this a further 5.5 mL of concentrated sulfuric acid was 

added and left for 3 hours. TLC (30% EtOAc in petrol) revealed the product Rf = 0.75 against 

the starting material Rf = 0.45. The solvent was removed using a rotary evaporator and 20 mL 

of CH2Cl2 was added to dissolve the liquid product. 20 mL of H2O was added and the organic 

layer was separated. The aqueous layer was extracted with CH2Cl2 (2 x 20 mL). A saturated 

aqueous solution of Na2CO3 was added to remove the excess H2SO4. The resulting organic 

fraction was dried over MgSO4 and filtered. The remained CH2Cl2 was removed by rotary 

evaporation to give methyl 2-iodobenzoate 7 as a clear oil (26.8 g, 0.102 mol, 94%). MS m/z 

(ESI
+
): [M+Na]

+
 284.94. 

1
H NMR (CDCl3, 400 MHz): δ = 3.93 (3H, s, H5 OCH3), 7.15 (1H, 

td, J = 7.5, 2.0 Hz, H2/H3), 7.40 (1H, td, J = 7.5, 1.0 Hz, H2/H3), 7.80 (1H, dd, J = 8.0, 1.5 

Hz, H1/H4), 7.99 (1H, dd, J = 8.0, 1.0 Hz, H1/H4).   

2-(2-iodophenyl)propan-2-ol
33

 

 

The procedure of Brown et. al. was used.
33

 A 500 mL two-necked round-bottomed flask with 

an addition funnel was evacuated, flame dried and then flushed with nitrogen. Compound 7 

(26.8 g, 0.102 mol, 1.0 eq.) was dissolved in 61.4 mL of Et2O and added to the round-

bottomed flask via a syringe. The flask was cooled to -20 
o
C using a NaCl/ice bath. 1M 
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MeMgBr in Bu2O (224 mL, 0.224 mol, 2.2 eq.) was added to the addition funnel via a 

hypodermic needle. The MeMgBr solution was added dropwise over a period of 50 minutes. 

The reaction was left stirring for 16 hours. The reaction mixture was then refluxed for 1.5 

hours, then cooled to 0 
o
C (ice-water bath) and then saturated NH4Cl in H2O (22.1 mL, 0.123 

mol, 1.2 eq.) was added to quench the reaction. The organic phase was separated from the 

aqueous phase, and the aqueous phase was extracted with Et2O. The combined organic 

phases were dried over MgSO4, filtered, the solvent evaporated using a rotary evaporator and 

the residue was then dried under vacuum. Fractional distillation under vacuum was used to 

remove the remaining Et2O and Bu2O solvents. The crude product, a light yellow-coloured 

oil, was subjected to analysis by TLC and MS. This revealed 2-(2-iodophenyl)propan-2-ol 8 

(Rf = 0.20, MS m/z (ESI
+
): 285.00 [M+Na

+
]), 1-(2-iodophenyl)ethanone (Rf = 0.35 MS m/z 

(ESI
+
): 268.97 [M+Na

+
]),  and 7 (Rf = 0.50, MS m/z (ESI

+
): 284.96 [M+Na

+
]). The crude 

product was purified by column chromatography (5% EtOAc in Petrol) and 2-(2-

iodophenyl)propan-2-ol 8 was isolated as a brown oil (8.76 g, 0.033 mol, 33%). MS m/z 

(ESI
+
): [M+Na

+
] 285.00. 

1
H NMR (CDCl3, 400 MHz): δ = 1.76 (6 H, s, H5 C(CH3)2), 7.12 (1 

H, td, J = 7.0, 2.0 Hz, H2/H3), 7.43 (1 H, m, J = 7.0, 2.0 Hz, H2/H3), 7.70 (1H, dd, J = 8.0, 

1.0 Hz, H1/H4), 8.00 (1H, dd, J = 8.0, 1.0 Hz, H1/H4). 

 

t-butyl hypochlorite
34

 

 

The procedure of Du et. al. was used.
34

 An 8% commercial bleach solution (Fisher Scientific) 

was diluted with distilled water to make a 5% bleach solution. This solution (118 mL, 0.079 

mol, 0.77 eq.) was placed in a 250 mL round-bottomed flask equipped with a magnetic 

stirrer. The flask was cooled to 0 
o
C (ice-water bath) and the solution was stirred rapidly. 
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After turning off the lights in the vicinity of the apparatus, a mixture of t-butyl alcohol 17 

(9.73 mL, 0.102 mol, 1.0 eq.) and acetic acid (5.83 mL, 0.102 mol, 1.0 eq.) was added in a 

single portion to the rapidly stirring bleach solution, and stirring was continued for 5 minutes. 

The entire reaction mixture was poured into a 250 mL separation funnel. The yellow organic 

layer was washed with aqueous sodium carbonate (30 mL) and then with water (30 mL), 

dried over calcium chloride, and filtered to give t-butyl hypochloride 18 as a yellow liquid 

(5.24 g, 0.048 mol, 47%).  

 

1-Chloro-1,3-dihydro-3,3-dimethyl-1,2-benziodoxole
35

 

 

The procedure of Amey et. al. was used.
35

 Compound 8 (8.76 g, 0.033 mol, 1.0 eq.) was 

added to a 50 mL round-bottomed flask, equipped with a magnetic stirrer, and was dissolved 

in 26.3 mL of CCl4. The mixture was stirred until all of compound 8 had dissolved. 

Compound 18 (4.35 g, 0.040 mol, 1.2 eq.) was added to the mixture and the reaction was 

stirred. After 30 minutes a pale yellow powder was collected by filtration and recrystallised 

from CCl4 followed by drying in vacuo to give 1-chloro-1,3-dihydro-3,3-dimethyl-1,2-

benziodoxole 9 (6.88 g, 0.023 mol, 70 %). 
1
H NMR (400 MHz, CDCl3): δ = 1.55 (6H, s, H5 

C(CH3)2), 7.16 (1H, dd, J = 7.0, 2.0 Hz, H4), 7.54 (2H, ddd, 
3
J = 7.5, 7.0 Hz, 

4
J = 1.5 Hz, H2 

and H3), 8.02 (1H, dd, J = 8.0, 1.0 Hz, H1). 
13

C NMR (101 MHz, CDCl3): δ = 29.29 (2C, s, 

C(CH3)2), 85.23 (1C, s, OC(CH3)2), 114.72 (1C, s, aromatic ), 126.19 (1C, s, aromatic), 

128.52 (1C, s, aromatic), 130.54 (1C, s, aromatic), 131.03 (1C, s, aromatic), 149.59 (1C, s, 

aromatic).  
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Attempted synthesis of 1-trifluoromethyl-1,3-dihydro-3,3-dimethyl-1,2-benziodoxole
14

 

 

The procedure outlined in the paper by Togni et. al.
14

 was followed to try and achieve the 

above transformation. A 25 mL round-bottomed flask containing a magnetic stirrer was flame 

dried under vacuum. The flask was charged with compound 9 (0.100 g, 0.338 mmol, 1.0 eq.), 

5 mL of anhydrous MeCN was added and the reaction mixture was stirred until all of the 

starting material had dissolved. KOAc (0.056 g, 0.568 mmol, 1.7 eq.) was added to the 

reaction mixture and stirring was continued for 1 hour at room temperature. Filtration and 

washing of the remaining white solid with MeCN gave a clear, almost colourless solution to 

which further MeCN (5 mL) was added. The solution was cooled to -17 
o
C using a NaCl-ice 

bath. Me3SiCF3 (0.08 mL, 0.520 mmol, 1.5 eq.) was added to the mixture followed by 

dropwise addition of tetrabutylammonium triphenyldifluorosilicate (TBAT; 0.547 mg, 0.001 

mmol, 0.003 eq.) in 1 mL of MeCN. The reaction was stirred for 16 hours at -17 
o
C, then 

warmed to -12 
o
C, at which temperature further Me3SiCF3 was added (0.01 mL, 0.074 mmol, 

0.2 eq.). The reaction mixture was warmed to room temperature over 3 hours and then stirred 

at room temperature for a further 3 hours. After the volatile components of the mixture had 

been removed using a rotary evaporator, the residue was dried in vacuo. Pentane (20 mL) was 

added to the remaining yellow-white solid. The solid was filtered off and collected, while the 

resulting solution was filtered through a pad of Al2O3 by vacuum filtration. The clear, 

colourless solution was transferred to a round-bottomed flask and the solvent was removed 

using a rotary evaporator. Analysis by 
1
H NMR and 

13
C NMR showed that the resulting 

white solid was 1-acetoxy-1,3-dihydro-3,3-dimethyl-1,2-benziodoxole 10. 
1
H NMR (400 

MHz, CDCl3): δ = 1.52 (6H, s, H5 C(CH3)2), 2.11 (3H, s, H6 COCH3), 7.18 (1H, dd, J = 7.0, 
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1.5 Hz, H4), 7.47 (2H, m, H2 and H3), 7.80 (1H, ddd, J = 8.0, 7.5, 1.0 Hz, H1). 
13

C NMR 

(101 MHz, CDCl3): δ = 21.60 (1C, s, OCOCH3), 29.33 (1C, s, C(CH3)3), 84.67 (1C, s, 

C(CH3)3), 115.83 (1C, s, aromatic), 126.31 (1C, s, aromatic), 130.02 (1C, s, aromatic), 

130.06 (1C, s, aromatic), 130.52 (1C, s, aromatic), 149.52 (1C, s, aromatic), 177.45 (1C, s, 

OCOCH3). 

The solid that was collected before filtering through Al2O3 was anaylsed and also 

found to be compound 10. 

Several additional attempts were made to synthesize the target compound, using 

different conditions and methods. Firstly an excess amount of the reagents was used with 

respect to the starting material: 3.0 eq. of compound 9, 3.0 eq. of KOAc, 3.0 eq. Me3SiCF3 

(and then later in the reaction 0.66 eq.), and 0.009 eq. TBAT. Again, the resulting compound 

was 10. 

Secondly, a different paper
13

 was followed in which the starting material was 10, 

negating the first step in the scheme above. Compound 10 (0.544 g, 1.70 mmol, 1.0 eq.) was 

added to a flame dried 25 mL round-bottomed flask. Anhydrous MeCN (10 mL) was added 

and the mixture was stirred until all of compound 10 had dissolved. Me3SiCF3 (0.754 mL, 

5.10 mmol, 3.0 eq. (twice the number of equivalents used in the paper)) was added using a 

syringe. CsF (3.00 mg, 0.017 mmol 0.01 eq.) in MeCN (1.3 mL) was added dropwise to the 

reaction mixture. The reaction was stirred for 22 hours. After removing the solvent using a 

rotary evaporator, pentane was added to the resulting oily solid. The precipitate was filtered 

off giving a clear, colourless solution. The solvent was removed using a rotary evaporator to 

give a white solid. However, 
1
H NMR and 

13
C NMR revealed this compound was the 

unreacted compound 10. 
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N-Boc-DL-homocysteine methyl ester 

 

Anhydrous MeOH (90 mL) was added to a flame dried 250 mL round-bottomed flask 

equipped with a magnetic stirrer. The solvent was stirred and cooled to 0 
o
C and acetyl 

chloride (13.5 mL, 222 mmol, 30 eq.) was added dropwise over 5 minutes. The solution was 

stirred for an additional 10 minutes at 0 
o
C to give a concentrated solution of HCl. DL-

Homocystine 11 (2.00 g, 7.45 mmol, 1.0 eq.) was then added in one portion and the flask was 

flushed with argon. The ice bath was removed and the reaction was stirred at room 

temperature for 24 hours. The solvent was then removed using a rotary evaporator to give the 

crude homocystine methyl ester hydrochloride as a thick yellow oil. This material was used 

immediately in the next step without purification. The crude ester was suspended in CH2Cl2 

(90 mL) and cooled to 0 
o
C. Et3N (5.19 mL, 37.3 mmol, 5.0 eq.) was added carefully 

followed by di-tert-butyl dicarbonate (Boc2O, 3.58 g, 16.4 mmol, 2.2 eq.). The reaction was 

stirred at room temperature for 1.5 hours. The solvent was removed using a rotary evaporator 

and the resulting residue was redissolved in MeOH (45 mL) and H2O (20 mL). 

Tributylphosphine (2.23 mL, 8.94 mmol, 1.2 eq.) was added dropwise to the stirred solution 

and then heated at 50 
o
C for 30 minutes. TLC (50% EtOAc in petrol, KMnO4 stain) revealed 

reduction of the disulfide, with the disulfide eluting at Rf = 0.10 and N-Boc-DL-homocysteine 

methyl ester 5 at Rf = 0.50. 

The reaction was diluted with Et2O (113 mL) and H2O (56 mL). The organic phase 

was separated and the aqueous phase was extracted with Et2O (2 x 60 mL). The combined 

organic phases were washed with brine (120 mL), dried over MgSO4, and filtered. The 

solvent was removed using a rotary evaporator and the residue was purified by column 
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chromatography eluting first with two column volumes (CV) of 5% EtOAc in petrol, then 

increasing the polarity of the solvent mixture in increments of 5% up to 20% EtOAc in petrol, 

with 2 CVs used for each solvent mixture. TLC analysis (30% EtOAc in petrol) of the 

fractions revealed N-Boc-DL-homocysteine methyl ester 5 (Rf = 0.30, MS m/z (ESI
+
): 372.16 

[M+Na]
+
, 721.34 [2M+Na]

+
) and S-Boc-N-Boc-DL-homocystine methyl ester (Rf = 0.40, MS 

m/z (ESI
+
): 272.11 [M+Na]

+
, 521.24 [2M+Na]

+
). The fractions containing the pure product 

were combined and the solvent was removed using a rotary evaporator to give N-Boc-DL-

homocysteine methyl ester 5 as a clear oil (0.707g, 2.83 mmol, 38%). MS m/z (ESI
+
): 372.16 

[M+Na]
+
, 721.34 [2M+Na]

+
.
 1

H NMR (400 MHz, CDCl3): δ = 1.43 (9H, s, Boc), 1.56 (1H, t, 

3
J = 8.0 Hz, SH), 1.87-1.98 (1H, m, Hβ), 2.04-2.16 (1H, m, Hβ’), 2.49-2.66 (2H, m, Hγ), 3.76 

(3H, s, COCH3), 4.42-4.52 (1H, m, Hα), 5.06 (1H, d, 
3
J = 7.5 Hz, NH). 

13
C NMR (126 MHz, 

CDCl3): δ = 20.86 (1C, s, Cγ), 28.44 (3C, s, C(CH3)3), 33.19 (1C, s, Cβ), 52.38, 52.63 (2 x 1C, 

2 x s, Cα/OCH3), 80.81 (1C, s, C(CH3)3), 155.54 (1C, s, CONH), 172.98 (1C, s, COOCH3). 

 

N-Boc-DL-(trifluoromethyl)homocysteine methyl ester 

 

A 50 mL round bottomed-flask equipped with a magnetic stirrer was flame dried under 

vacuum and flushed with nitrogen gas. This vacuum/nitrogen cycle was repeated twice. The 

50 mL round-bottomed flask was charged with Togni’s reagent 3 (365 mg, 1.11 mmol, 1.10 

eq.) before being applied to a high vacuum line for 1.5 hours. A second, 25 mL round-

bottomed flask, equipped with a magnetic stirrer, was flame dried under vacuum and flushed 

with nitrogen. This cycle was repeated twice. A stock of 5 (0.690 g, 2.77 mmol) was put 

under high vacuum for 1.5 hours before being diluted with anhydrous MeOH (6.20 mL) to 
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give a solution of concentration 0.447 mmol/mL MeOH (as in the Organic Synthesis 

paper
31

). 2.25 mL (251 mg, 1.01 mmol, 1.00 eq.) of this solution was added to the 25 mL 

round-bottomed flask. 2.25 mL of anhydrous MeOH was added to the 50 mL round-bottomed 

flask. Both flasks were flushed with nitrogen again and then cooled to -78 
o
C (dry ice-acetone 

bath). The solution of 5 was added dropwise to the solution of 3 via a cannula over 2 minutes. 

The solution turned yellow immediately. The 25 mL round-bottomed flask was washed with 

anhydrous MeOH (2 x 1 mL) and the washing was transferred to the 50 mL round bottomed 

flask via the cannula. The solution was stirred at -78 
o
C for 30 minutes upon which it turned 

colourless. The dry ice-acetone bath was replaced with a water bath and the reaction was 

stirred for a further 30 minutes. TLC (20% EtOAc in petrol) revealed all of the initial amino 

acid had reacted and the presence of a new compound at Rf = 0.40. The solvent was removed 

using a rotary evaporator giving a pale yellow oil. The crude product was purified by column 

chromatography (10% EtOAc in petrol). TLC analysis of the fractions revealed compound 4 

(Rf = 0.15) and the reduced form of Togni’s reagent, 8 (Rf = 0.20, u.v. active on TLC plate). 

Fractions containing the titled compound 4 were combined and the solvent was removed 

using a rotary evaporator to give N-Boc-DL-(trifluoromethyl)homocysteine methyl ester as a 

clear oil 4 (0.261 g, 0.821 mmol, 82%). MS m/z (ESI
+
): 340.10 [M+Na]

+
, 657.22 [2M+Na]

+
. 

1
H NMR (400 MHz, CDCl3): δ = 1.41 (9H, s, Boc), 1.92-2.04 (1H, m, Hβ), 2.12-2.36 (1H, m, 

Hβ’), 2.91 (2H, t, 
3
J = 7.5 Hz, Hγ), 3.73 (3H, s, CO2CH3), 4.34-4.46 (1H, dd, 

3
J = 7.5, 4.5 Hz, 

Hα), 5.21 (1H, d, 
3
J = 8.0 Hz, NHCOOC(CH3)3). 

13
C NMR (101 MHz, CDCl3): δ = 25.92 

(1C, unresolved q, 
3
JCγ-F = 2.5 Hz, Cγ), 28.14 (3C, s, C(CH3)3), 33.19 (1C, s, Cβ), 52.31, 

52.52 (2 x 1C, 2 x s, Cα/OCH3), 80.25 (1C, s, C(CH3)3), 130.9 (1C, q, 
1
JC-F = 306.0 Hz, CF3), 

155.34 (1C, s, CONH), 172.17 (1C, s, COOCH3). 
19

F NMR (377 MHz, CDCl3) δ = -41.27. 
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DL-Trifluoromethionine 

 

Compound 4 (5.26 g, 16.6 mmol, 1.0 eq.) was added to a 500 mL round-bottomed equipped 

with a magnetic stirrer. CH2Cl2 (60 mL) was added to the round-bottomed flask and the 

mixture was stirred to dissolve compound 4. The flask was placed under high vacuum and 

then flushed with argon. The flask was placed under an argon atmosphere. Trifluoroacetic 

acid (60 mL, 784 mmol, 47.3 eq.) was added and the reaction was stirred at room temperature 

for 4 hours. The product formed is easily distinguished from the starting material by TLC (10 

% EtOAc in petrol) at Rf = 0.00 with the starting material at Rf ≈ 0.2. The solvent and excess 

trifluoracetic acid was removed using a rotary evaporator and the oily residue was dried 

briefly under high vacuum. The resulting residue was dissolved in THF (17 mL) and the 

stirred solution was cooled to 0 
o
C with an ice bath. A solution of 5 M LiOH was made up by 

adding H2O to 7.34 g of LiOH·H2O and making up to 35 mL. 5 M LiOH (33.2 mL) was 

added to the reaction mixture. The ice bath was removed and the reaction was stirred at room 

temperature for 2 hours. The reaction was then diluted with H2O (60 mL). The reaction was 

neutralised by addition of DOWEX
®

 50WX8-200 (H
+
) (added until pH < 7, as indicated by 

pH paper). The reaction suspension was poured into an empty column and washed with 500 

mL H2O (gravity flow) and the flow-through was discarded. The column was eluted with 5% 

NH4OH (aq.) and the fractions were collected. Fractions containing the product (as indicated 

by TLC with 10% water in acetone using ninhydrin stain) were pooled and the solvent was 

removed using a rotary evaporator (with the water bath temperature set to 60 
o
C). The crude 

product was dry loaded onto 3.5 g of TELOS and purified by silica gel chromatography (10% 

water in acetone) to yield DL-trifluoromethionine 1 as a white crystalline solid (2.02 g, 9.94 
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mmol, 60% yield). Melting point: 227-230 
o
C (Lit: 227-229 

o
C

1
). 

1
H NMR (400 MHz, D2O): 

δ = 2.27 (2H, m, Hβ), 3.10 (2H, m, Hγ). 3.85 (1H, t, J = 6.5 Hz, Hα).  

N-Acetyl-D,L-homocysteine thiolactone 

 

Compound 12 (7.00 g, 45.6 mmol, 1.0 eq.) was added to a 500 mL round-bottomed flask and 

sealed with a rubber septum. The reactant was put under high vacuum for 2 hours. 200 mL of 

CH2Cl2 was added and the mixture was stirred. The reaction was cooled to 0 
o
C (ice bath) and 

the reaction was left to cool for 5 minutes before carefully adding Et3N (25.4 mL, 182 mmol, 

4 eq.). CH3COCl (4.86 mL, 68.3 mmol, 1.5 eq.) was added dropwise over 10 minutes upon 

which the solution turned yellow-brown immediately. The reaction was stirred for 10 minutes 

before removing the ice bath and was left stirring overnight. Analysis of the reaction mixture 

by TLC (EtOAc) showed all of the starting material (Rf = 0.15) had reacted and two new 

compounds were present eluting at Rf = 0.25 (the predominant product) and Rf = 0.45. The 

reaction was washed with H2O-ice (2 x 50 mL), then NaHCO3 (2 x 50 mL) and finally 1M 

HCl (2 x 50 mL). The organic phase was separated from the aqueous phase after each 

washing. The aqueous phases were combined and extracted with CH2Cl2 (3 x 50 mL). The 

combined organic phases were dried over MgSO4 and filtered. The solvent was removed 

using a rotary evaporator and the crude product was purified by column chromatography 

eluting first with 8:2 EtOAc/petrol followed by 9:1 EtOAc/petrol, followed by pure EtOAc. 

N-Acetyl-D,L-homocysteine thiolactone 13 was isolated as a white solid (3.44 g, 21.6 mmol, 

47%). Melting point: 109.5-111.5 
o
C (Lit: 111 

o
C

36
). MS m/z (ESI

+
): 160.1 [M+H]

+
, 182.1 

[M+Na]
+
, 341.1 [2M+Na]

+
.
1
H NMR (400 MHz, CDCl3): 1.86-2.02 (1H, m, 

1
J = 7.0, 5.5 Hz, 

SCH2CH), 1.91 (3H, s, COCH3), 2.54-2.65 (1H, m, SCH2CH’), 3.10-3.18 (1H, m, SCH2), 
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3.20-3.30 (1H, td, J = 6.5, 5.0 Hz, SCH’2), 4.44-4.53 (1H, m, NHCHCO), 6.89-7.01 (1H, d, J 

= 7.0 Hz, NH). 
13

C NMR (101 MHz, CDCl3): 22.71 (1C, s, COCH3), 27.25 (1C, s, SCH2), 

31.00 (1C, s, SCH2CH2), 58.90 (1C, s, NHCHCO), 170.83 (1C, s, NHCO), 205.61 (1C, s, 

CHCOS).  

 

N-Acetyl-DL-(trifluoromethyl)homocysteine methyl ester 

 

A cold finger condenser was attached to a 250 mL, two-necked, round-bottomed flask 

equipped with a magnetic stirrer. A rubber stopper was used to seal the neck opening, and the 

pipe fixed to the outlet of the cold finger was also sealed. The closed system was flame dried 

under vacuum followed by flushing with nitrogen gas. This process was repeated three times. 

Compound 13 (5.08 g, 31.9 mmol, 1.0 eq.) was added to the round-bottomed flask and the 

closed system was evacuated and flushed with nitrogen three times, then left under high 

vacuum for 1 hour. Anhydrous MeOH (137 mL) was added to 13 via a syringe, followed by 

NaOMe solution (25 wt. % in methanol, 18.3 mL, 79.8 mmol, 2.5 eq.).  The reaction was 

stirred vigorously for 45 minutes after which TLC (EtOAc) revealed complete consumption 

of the starting material, which eluted at Rf = 0.25, and the formation of two new compounds, 

running at Rf = 0.10 and Rf = 0.45.  

 Dry ice and acetone were added to the cold finger condenser and CF3I (~25 g, 128 

mmol, 4.0 eq.) was introduced into the flask over 5 minutes. The solution was irradiated with 

long wavelength u.v. radiation for 1 hour. TCL (EtOAc) indicated formation of the product 

14 at Rf = 0.55 with persistence of the compound at Rf = 0.10. Mass spectrometry indicated 
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that these products were 14 (m/z (ESI
+
): 282.03 [M+Na]

+
, 541.09 [2M+Na]

+
) and the 

corresponding disulfide (m/z (ESI
+
): 403.10 [M+Na]

+
).  

 The solvent was removed using a rotary evaporator and the oily residue was dissolved 

in CH2Cl2 (300 mL) and washed successively with NaHCO3 (100 mL) and brine (125 mL). 

The organic phase was separated and dried over MgSO4 and filtered, and the solvent of the 

filtrate was removed using a rotary evaporator. The crude oil was purified by column 

chromatography using 1:1 EtOAc/Petroleum. N-Acetyl-DL-(trifluoromethyl)homocysteine 

methyl ester 14 was isolated as a pale orange oil (3.10 g, 12.0 mmol, 38%). MS m/z (ESI
+
): 

282.05 [M+Na]
+
,  541.11 [2M+Na]

+
. 

1
H NMR (500 MHz, CDCl3): δ = 1.99 (3H, s, 

NHCOCH3), 1.95-2.05 (1H, m, Hβ), 2.19-2.27 (1H, m, Hβ’), 2.87 (2H, t, 
3
J = 7.5 Hz, Hγ), 

3.72 (3H, s, CO2CH3), 4.66 (1H, td, J = 8.0, 5.0 Hz, Hα), 6.67 (1H, d, 
3
J = 7.5 Hz, 

NHCOCH3); 
13

C NMR (126 MHz, CDCl3): δ = 22.96 (NHCOCH3), 26.06 (unresolved q, 

3
JCγ-F = 2.0 Hz, Cγ), 32.91 (1C, s, Cβ), 51.17 (1C, s, CO2CH3), 52.72 (1C, s, Cα), 130.93 (1C, 

q, 
1
JC-F = 306.0 Hz, CF3), 170.58, 172.12 (2C, 2 x s, NHCOCH3/CO2CH3); 

19
F (377 MHz, 

CDCl3): δ = - 41.37.  

DL-Trifluoromethionine 

 

Compound 14 (2.90 g, 11.2 mmol, 1.0 eq.) was added to a 250 mL round-bottomed flask 

equipped with a magnetic stirrer, dissolved in MeOH (45 mL) and stirred at room 

temperature. To the stirring solution was added an aqueous solution of LiOH·H2O (4.70 g, 

112 mmol, 10 eq. in 45 mL H2O). The reaction mixture was stirred vigorously (open to the 

atmosphere) for 1 hour. TCL analysis (EtOAc) revealed complete consumption of the starting 



Chapter 2 – Development of fluorinated Qβ 

 

79 

 

material 14 (Rf = 0.55) and the formation of a new compound (Rf = 0.00). A condenser was 

added and the reaction mixture was heated under reflux for 48 hours. TLC (3:1:1 

EtOAc:AcOH:H2O, ninhydrin stain) revealed formation of the product (Rf = 0.40). The 

solvent was removed using a rotary evaporator before diluting the crude with H2O (25 mL). 

DOWEX
®
 50WX8-200 (H

+
) was added to neutralize the solution (pH < 7, as indicated by pH 

indicator paper). The resulting suspension was loaded onto an ion exchange column 

(DOWEX
®
 50WX8-200 (H

+
)) which was prepared by washing with two column volumes of 

H2O. The product was eluted with 5% NH4OH (aq.) and the fractions containing the titled 

compound 1 were combined. The solvent was removed using a rotary evaporator to give an 

off-white solid which was purified by column chromatography (90 g silica gel) [8:1.5:0.5 

i
PrOH:MeOH:NH4OH; Rf = 0.30] to give DL-trifluoromethionine 1 as a white solid (1.19 g, 

5.86 mmol, 52%). Melting point: 227-230 
o
C (Lit: 227-229 

o
C

1
). MS m/z (ESI

+
): 204.04 

[M+H]
+
. 

1
H NMR (500 MHz, D2O) δ = 2.26 (2H, m, Hβ), 3.09 (2H, m, Hγ), 3.82 (1H, t, 

3
J = 

6.0 Hz, Hα); 
13

C NMR (126 MHz, D2O): δ = 25.42 (1C, s, Cγ), 31.22 (1C, s, Cβ), 53.44 (1C, s, 

Cα), 130.86 (1C, q, 
1
JC-F = 305.5 Hz, CF3), 173.89 (1C, s, CO2H);

 19
F (377 MHz, D2O): δ = -

41.12.   

 

N-Boc-D,L-homocysteine thiolactone 

 

To a 2 L round-bottomed flask, equipped with a magnetic stirrer, compound 12 was added 

(10.0 g, 65.1 mmol, 1.0 eq.). CH2Cl2 (300 mL) was added to the flask and the suspension was 

stirred. Et3N (33.6 mL, 241 mmol, 3.7 eq.) was added to the suspension and the reaction was 

stirred. Boc2O (26.3 g, 121 mmol, 1.85 eq.) was added in one portion and the reaction was 
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stirred at room temperature for 4 hours. The reaction was diluted with 200 mL CH2Cl2 and 

washed with H2O (200 mL) twice, after each wash the aqueous phase was separated from the 

organic phase. The organic phase was then dried over MgSO4 and filtered. The solvent was 

removed using a rotary evaporator to give the crude product in the form of yellow-brown 

crystals. The crude product was recrystallized from hot EtOAc to yield N-Boc-D,L-

homocysteine thiolactone 15 as a white crystalline solid (7.47 g, 34.4 mmol, 52.8% yield). 

Melting point: 135-136 
o
C (Lit: 124-134 

o
C

37
). 

1
H NMR (400 MHz, CDCl3): δ = 1.38 (9H, s, 

Boc), 1.87-2.04 (1H, m, SCH2CH), 2.68-2.82 (1H, m, SCH2CH’), 3.13-3.21 (1H, m, SCH2), 

3.22-3.31 (1H, m, SCH’2), 4.17-4.31 (1H, m, NHCHCO), 5.15 (1H, d, 
3
J = 7.0 Hz, NH). 

13
C 

NMR (101 MHz, CDCl3): 27.14(1C, s, SCH2), 28.28 (3C, s, C(CH3)3), 31.84 (1C, s, 

SCH2CH2), 60.46 (1C, s, NHCHCO), 80.24 (1C, s, C(CH3)3), 155.55 (1C, s, NHCO), 205.37 

(1C, s, CHCOS).  

 

N-Boc-D,L-(trifluoromethyl)homocysteine methyl ester 

 

A two-neck 25 mL round-bottomed flask was equipped with a magnetic stirrer. A cold finger 

was attached to the top neck. Joints were lubricated with vacuum grease before fitting, and 

secured with clips. To the top of the cold finger was attached a piece of tubing, the end of 

which was plugged. The side-neck of the round-bottomed flask was plugged with a rubber 

septum. The closed system was evacuated and dried with a heat gun. The system was then 

flushed with nitrogen gas. Compound 15 (500 mg, 2.30 mmol, 1.0 eq.) was quickly added to 

the round-bottomed flask via the side-neck. The side-neck was quickly plugged again with a 
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rubber septum and the system was evacuated and then flushed with nitrogen gas. The system 

placed under high vacuum again for 1 hour. Anhydrous MeOH (14 mL), which had 

previously been cooled in an ice bath, was added to the flask via the side-neck and stirred. 

NaOMe 25 wt % in MeOH (1.32 mL, 5.75 mmol, 2.5 eq.) and the reaction mixture was 

stirred for 40 minutes. TLC (EtOAc) showed complete consumption of starting material (Rf = 

0.80, u.v. active) and formation of a new species (Rf = 0.40, u.v. inactive, stained with 

ammonium molybdate hydrate). Dry ice and acetone were added to the cold finger. CF3I 

(1.35 g, 6.90 mmol, 3.0 eq.) was slowly introduced into the reaction system via the cold 

finger. The reaction was stirred and irradiated with long wavelength u.v. radiation for 1 hour.  

A further portion of CF3I (45 mg, 2.30  mmol, 1.0 eq.) was introduced into the reaction 

system via the cold finger, the reaction was stirred and irradiated with long wavelength u.v. 

radiation for 1 hour. TLC (EtOAc) indicated formation of a new product (Rf = 0.00, u.v. 

active). The reaction mixture was then transferred to a single-necked round-bottomed flask 

and the solvent was removed using a rotary evaporator. The brown-orange oily residue was 

taken up in CH2Cl2 (30 mL). The organic phase was washed with 5% NaHCO3 (10 mL) and 

then with brine (12 mL). The organic phase was separated from the aqueous phase, dried over 

MgSO4 and filtered. The solvent was removed using a rotary evaporator and the crude 

product was purified by silica gel chromatography (10% EtOAc in petrol, 10 g silica gel, 5 

mL fraction volume) to yield N-Boc-D,L-(trifluoromethyl)homocysteine methyl ester 4 as a 

dull pink coloured oil  (325 mg, 1.02 mmol, 44.5% yield). 
1
H NMR (400 MHz, CDCl3): δ = 

1.41 (9H, s, Boc), 1.92-2.04 (1H, m, Hβ), 2.15-2.28 (1H, m, Hβ’), 2.90 (2H, t, J = 7.5 Hz, Hγ), 

3.73 (3H, s, CO2CH3), 4.32-4.44 (1H, dd, unresolved, Hα), 5.24 (1H, d, unresolved, 

NHCOOC(CH3)3). 
13

C NMR (101 MHz, CDCl3): δ = 26.06 (1C, unresolved q, 
3
JCγ-F = 2.5 

Hz, Cγ), 28.30 (3C, s, C(CH3)3), 33.33 (1C, s, Cβ), 52.50, 52.63 (2 x 1C, 2 x s, Cα/OCH3), 
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80.37 (1C, s, C(CH3)3), 130.9 (1C, q, 
1
JC-F = 306.0 Hz, CF3), 155.49 (1C, s, CONH), 172.30 

(1C, s, COOCH3). 

DL-Trifluoromethionine 

 

Compound 4 (4.21 g, 13.3 mmol, 1 eq.) was added to a 250 mL round-bottomed flask 

equipped with a magnetic stirrer. Compound 4 was dissolved in 45 mL of CH2Cl2. The flask 

was evacuated briefly and then flushed with argon. The vessel was then placed under an 

argon atmosphere. Trifluoroacetic acid (45 mL, 588 mmol, 44.3 eq.) was added to the 

reaction vessel and the reaction was stirred at room temperature for 3 hours. The solvent was 

then removed using a rotary evaporator and the residue was briefly dried under vacuum. The 

residue was dissolved in THF (13.5 mL) and the reaction was cooled to 0 
o
C using an ice 

bath. A solution of 5 M LiOH was added to the reaction (26.5 mL, 133 mmol, 10.0 eq.) and 

the reaction was stirred at room temperature for 1 hour. The reaction was diluted with H2O 

(45 mL) and neutralized by the addition of DOWEX
®
 50WX8-200 (H

+
) (pH < 7, as indicated 

by pH indicator paper). The resulting suspension was loaded onto an ion exchange column 

(DOWEX
®
 50WX8-200 (H

+
)) which was prepared by washing with H2O (500 mL).  The 

product was eluted with 5% NH4OH (aq.) and the fractions containing the titled compound 1 

were combined. The solvent was removed using a rotary evaporator to give an off-white solid 

which was purified by column chromatography (9:1 Acetone:H2O). Fractions contained the 

titled compound 1 were pooled and the solvent was removed using a rotary evaporator to give 

DL-trifluoromethionine 1 as a white solid (2.38 g, 11.7 mmol, 88%). Melting point: 227-229 

o
C (Lit: 227-229 

o
C

1
).  

1
H NMR (400 MHz, D2O) δ = 2.20 (2H, m, Hβ), 3.04 (2H, m, Hγ), 
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3.74 (1H, t, 
3
J = 6.5 Hz, Hα). 

13
C NMR (101 MHz, D2O): δ = 25.46 (1C, unresolved q, 

3
JCγ-F 

= 1.5 Hz, Cγ), 31.61 (1C, s, Cβ), 53.57 (1C, s, Cα), 130.87 (1C, q, 
1
JC-F = 305.0 Hz, CF3), 

174.87 (1C, s, CO2H). 

DL-Trifluoromethionine
17

 

 

The procedure of Yasui et. al. was used.
17

 A cold finger condenser was attached to a 500 mL 

three-necked round-bottomed flask equipped with a magnetic stirrer. A thermometer with a 

rubber seal was fitted to one side-neck, and a tap with tubing to an ammonia cylinder was 

fitted to the other side-neck. The system was dried with a heat gun under vacuum. Compound 

16 (10.0 g, 37.6 mmol, 1.0 eq.) was added to the flask before evacuating the system and 

flushing with nitrogen gas. The flask was cooled to -78 
o
C (dry ice-acetone mixture). 

Ammonia was condensed into the flask to a volume of ≈200 mL. Sodium metal (3.6 g, 157 

mmol, 4.2 eq.) was cut into pieces with a scalpel and added to the ammonia solution. The 

temperature of the solution was kept below -35 
o
C during the addition. A dark blue solution 

resulted, and CF3I (18.3 g, 93.2 mmol, 2.5 eq.) was added to the reaction mixture. The 

reaction was stirred at -78 
o
C for 20 minutes, after which the flask was removed from the dry 

ice-acetone mixture and the ammonia was left to evaporate. The resulting residue was 

dissolved in 300 mL of MiliQ water. DOWEX
®

 (H
+
) was added to the solution until pH ≈ 2 

(as indicated by pH paper). The slurry was poured into an empty column and washed with 

several column volumes of MiliQ water. The column was eluted with 0.5 % NH4OH (aq.). 

The fractions containing the pure product were pooled and water was removed using a rotary 

evaporator (water bath at 60 
o
C) to give a white crystalline solid (6.71 g, 33.0 mmol, 88.6% 

yield). 
1
H NMR (400 MHz, D2O) δ = 2.20 (2H, m, Hβ), 3.04 (2H, m, Hγ), 3.74 (1H, t, J = 6.5 
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Hz, Hα). 
13

C NMR (101 MHz, D2O): δ = 25.56 (1C, unresolved q, 
3
JCγ-F = 2.2 Hz, Cγ), 31.71 

(1C, s, Cβ), 53.75 (1C, s, Cα), 130.88 (1C, q, 
1
JC-F = 305.0 Hz, CF3), 174.97 (1C, s, CO2H). 

19
F NMR (376 MHz, D2O): δ = -41.06 ppm. 

2.6.3 General considerations for biological experiments 

The biological techniques and procedures used herein are based upon those described in 

Molecular Cloning: A Laboratory Manual (3
rd

 Edition).
38

 All growth media, vessels and 

pipette tips were autoclaved at 121 
o
C for 1 hour to sterilise using a VWR Touchclave-R 

autoclave. Preparation of bacterial colonies was conducted under a laminar flow sterile 

cabinet (Kendro HERAsafe). MiliQ water refers to water purified using a Millipore Mili-Q 

purification system with a 0.22 µm outlet filter. Deionized water refers to water deionized 

using an Millipore ELIX water purification system. Plasmids used in this work code for 

ampicillin resistance. Stock solutions of 100 mg/mL of ampicillin solutions were prepared, 

filtered through a 0.4 µm filter and stored at 4 
o
C. 

Growth Media 

Luria Broth (LB) – 25 g of LB powder was dissolved in 1L of deionized H2O and 

autoclaved. 

SelenoMet™ medium – 21.6 g of SelenoMet™ base (Molecular Dimensions) was dissolved 

in 1 L deionized H2O and autoclaved. Separately, 5.1 g SelenoMet™ Nutrient Mix 

(Molecular Dimensions) was dissolved in 50 mL deionized H2O, sterile filtered (0.2 µm 

syringe filter), and added to the SelenoMet™ base solution. 

Buffers 

1 X TBS (tris-buffered saline) – To 6.06 g of tris base (50 mmol) and 8.77 g of NaCl (150 

mmol) was added deionized H2O to a final volume of 1 L. The pH was adjusted to 7.5 and 
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the solution was vacuum filtered through a 0.2 µm membrane filter using a bottle top filter 

unit (NALGENE™). 

1 X TBS plus 2 mM EDTA (TBS + EDTA) – To 6.06 g of tris base (50 mmol), 8.77 g of 

NaCl (150 mmol), and 0.585 g EDTA (2 mmol) was added deionized H2O to a final volume 

of 1 L. The pH was adjusted to 7.5 and the solution was vacuum filtered through a 0.2 µm 

membrane filter using a bottle top filter unit (NALGENE™). 

1 X TAE – 100 mL 10 X TAE buffer (Bio-Rad) was diluted with 900 mL MiliQ H2O. 

SDS-PAGE electrophoresis 

SDS-PAGE (gel electrophoresis) analysis used 10% Bis-Tris or 12% Bis-Tris NuPAGE
®

 

Novex
®
 Mini Gels (Invitrogen) which were run in a XCell SureLock™ Mini-Cell 

(Invitrogen). MES NuPAGE
®
 running buffer (20X) was used and diluted with Mili-Q water 

accordingly (final volume 800 mL). Gel loading buffer was prepared according to a published 

recipe: 100 mM Tris-HCl (pH 6.8), 4% w/w SDS (electrophoresis grade), 2% v/v β-

mercaptoethanol, 0.2% w/v bromophenol blue, 20% v/v glycerol.
38

 After adding sample 

loading buffer (2 µL) to the sample (10 µL), the sample was heated at 90 
o
C for 10 minutes. 

Gels were run at 200 V either for 40 minutes or 60 minutes. Novagen
®

 Perfect Protein™ 

Marker, 15-150 kDa or 10-225 kDa, were used to approximate the molecular weights of the 

proteins in the samples by comparison. Proteins were visualized on the gels by staining with 

coomassie blue solution (InstantBlue™, Expedeon). Gels were destained with deionized H2O 

to give a suitable contrast. 

Agarose gel electrophoresis 

50 mL 1 X TAE buffer was added to 0.5 g of agarose (electrophoresis grade) in a 250 mL 

Pyrex conical flask and microwaved for ≈1.5 minutes. The solution was poured into a gel try 
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and a well template was placed in the solution. When the gel had set, samples of 10 µL were 

loaded and the gel was run at 60 V for 1 hour. Proteins were visualized on the gels by 

staining with coomassie blue solution (InstantBlue™, Expedeon). Gels were destained with 

deionized H2O to give a suitable contrast. 

Determination of protein concentrations 

Protein concentrations were determined using the Bradford assay.
25,26

 Coomassie Plus 

(Bradford) reagent (Thermo Scientific) was added to 10 µL protein samples. Samples of bovine 

serum albumin (BSA) protein of known concentrations were measured as standards. 

Absorbance at 595 nm was measured using a Spectrophotometer. Protein samples and BSA 

standards were measured in triplicates and a mean average value was used to plot a graph of 

absorbance/concentration for the BSA standards. The plot was fitted to a quadratic equation 

and the concentrations of the samples were determined graphically. 

 Isopropyl β-D-1-thiogalactopyranoside (IPTG)  

A stock solution of 1 M IPTG was made using Mili-Q water and filtering through a 0.2 µm 

filter. This was stored at 4 
o
C. Protein expression was induced by addition of this stock 

solution to media to give a final concentration of 1 mM IPTG. 

2.6.4 Protein Production Procedures 

2.6.4.1 Initial production and purification of Qβ K16M in the presence of DL-TFM 

Expression: Six 10 mL starter cultures of SelenoMet™ media containing 0.1 mg/mL 

ampicillin, supplemented with 40 mg/L (0.27 mM) L-Met were inoculated with 1 μL of a 

glycerol stock of E. coli B834(DE3) cells containing the p75M plasmid carrying the K16M 

Qβ gene. The starter cultures were incubated at 37 
o
C for 16 hours at 250 rpm. Flasks 

containing 625 mL SelenoMet™ medium supplemented with 0.1 mg/mL ampicillin and 40 

mg/L (0.27 mM) L-Met were inoculated with 1 mL of the same overnight culture. The cells 
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were incubated at 37 
o
C at 250 rpm until the OD600 reached 0.6 – 0.8. The cells were then 

pelleted by centrifugation (20 minutes, 8000 rpm, Beckman JLA 9.1 rotor, 4 
o
C). For each 

flask, the supernatant was discarded and the cell pellet was resuspended in 400 mL of 

SelenoMet™ (base only, no nutrient mix added, no L-Met added) supplemented with 0.1 

mg/mL ampicillin. The cells were pelleted again and washed in the same way. The cells were 

washed a total of three times. After harvesting the cells, each of the final cell pellets were 

resuspended in 20 mL of SelenoMet™ base and transferred to flasks of 625 mL of fresh 

SelenoMet™ media containing 0.1 mg/mL ampicillin, supplemented with 1.3 mM DL-TFM 

and pre-warmed to 37 
o
C. The flasks were incubated at 37 

o
C for 30 minutes, followed by 30 

o
C for 30 minutes (with 250 rpm shaking). Protein expression was then induced, by addition 

of 1 mM IPTG, and the flasks were incubated at 37 
o
C for 6 hours (with 250 rpm shaking). 

Cells were pelleted by centrifugation 20 minutes, 8000 rpm, Beckman JLA 9.1 rotor, 4 
o
C). 

Each cell pellet was resuspended in 20 mL TBS + EDTA. Each cell/buffer suspension was 

sonicated on ice (1 minute on, 1 minute off, for a total of 10 minutes). The cell debris was 

collected by centrifugation (30 minutes, 20000 rpm, Beckman JA-25.50 rotor, 4 
o
C) and the 

clear lysate from each was added to a 50 mL Falcon tube. 

Extraction of Qβ virus-like particles (VLPs): The cleared lysates were added to an equal 

volume of 1:1 v/v n-butanol:chloroform and mixed by inversion and a vortex mixer. The 

layers were separated by centrifugation (20 minutes, 6500 rpm). The aqueous layer (top) was 

removed and the VLPs were precipitated by addition of PEG 8000 (10% w/v) and NaCl (100 

mM). The mixture was vortexed and then incubated on a rocker at 4 
o
C for 30 minutes. The 

precipitated VLPs were collected by centrifugation (20 minutes, 6500 rpm) and dissolved in 

10 mL of TBS. The extraction step was repeated once more. 
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Sucrose density gradient purification of VLPs: After the second extraction, a sucrose density 

gradient was used to purify the VLPs. Solutions of 10-40 sucrose w/w % in TBS buffer, with 

5% increments, were prepared (solutions were filtered through 0.2 µm membrane). Tubes: 

Ultra-Clear, 14 X 89 mm. Ultracentrifuge: Beckman Ultracentrifuge L-90K. Rotor: SW 40 

Ti, swing bucket. The gradients were spun at 37600 rpm, 3 hrs, 4 
o
C with maximum 

acceleration and the deceleration profile set to “No brake”. The gradient was fractionated into 

1 mL aliquots by pipetting from the meniscus downwards. Samples containing the VLP (as 

determined by SDS-PAGE) were pooled and precipitated by addition of 2 M ammonium 

sulphate and allowed to rock at 4 
o
C for 2 hours. The precipitate was collected by 

centrifugation (20 minutes, 8000 rpm). The precipitated protein was resuspended in 2 mL 

TBS. 

 

ESI-MS: 3.3 µL of the protein sample was added to 46.7 µL TBS, 75 µL 8 M urea and 7.5 µL 

1 M DTT. The sample was incubated for 37 
o
C for 1 hour before injecting into the mass 

spectrometer. The resulting mass spectrum is that shown in Fig. 2.8 B. 

2.6.4.2 Production and purification of Qβ K16M in the presence of L-Met 

Expression: Two 10 mL starter cultures of LB medium containing 0.1 mg/mL ampicillin 

were inoculated with 1 μL of a glycerol stock of E. coli B834(DE3) cells containing the 

p75M plasmid carrying the K16M Qβ gene. The starter cultures were incubated at 37 
o
C for 

16 hours at 250 rpm. Flasks containing 800 mL LB medium, supplemented with 0.1 mg/mL 

ampicillin, were inoculated with 3 mL of overnight culture. The flasks were incubated at 37 

o
C at 250 rpm until the OD600 reached 0.6 – 0.8. Protein expression was then induced, by 

addition of 1 mM IPTG, and the flasks were incubated at 37 
o
C for 6 hours (with 250 rpm 

shaking). Cells were pelleted by centrifugation (10 minutes, 8000 rpm, Beckman JLA 9.1 

rotor, 4 
o
C). Each cell pellet was resuspended in 40 mL TBS + EDTA. Each cell/buffer 
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suspension was sonicated on ice (1 minute on, 1 minute off, for a total of 10 minutes). The 

cell debris was collected by centrifugation (30 minutes, 20000 rpm, Beckman JA-25.50 rotor, 

4 
o
C) and the clear lysate from each was added to a 50 mL Falcon tube. 

Extraction of Qβ virus-like particles (VLPs): The procedure used for solvent extraction of the 

Qβ VLPs was the same as that described in Section 2.6.4.1 (page 88). 

Sucrose density gradient purification of VLPs: The procedure used for sucrose density 

gradient purification was the same as that described in Section 2.6.4.1 (page 89). 

ESI-MS: 6.6 µL 0.5 M TCEP was added to 20 µL of the protein sample (0.08 mg/mL). The 

resulting mass spectrum is that shown in Fig. 2.8 A. 

2.6.4.3 Variation of the concentration of L-Met supplemented into growth medium 

Six 10 mL starter cultures of SelenoMet™ medium containing 0.1 mg/mL ampicillin were 

prepared and supplemented with L-Met to give the following final concentrations of L-Met: 

0.05 mM, 0.10 mM, and 0.27 mM (two cultures of each concentration). The started cultures 

were inoculated with 1 μL of a glycerol stock of E. coli B834(DE3) cells containing the 

p75M plasmid carrying the K16M Qβ gene and incubated at 37 
o
C at 250 rpm overnight. The 

next morning 4.2 mL of the starter cultures were each used to inoculate 420 mL of 

prewarmed (to 37 
o
C) SelenoMet™ medium containing 0.1 mg/mL ampicillin supplemented 

with the same concentration of L-Met as in the starter culture of the inoculate (i.e. 0.05 mM, 

0.10 mM,  or 0.27 mM). The absorbance at 600 nm (OD600) was measured for each of the 

flasks at the following number of minutes after inoculation: 60, 120, 180, 240, 320, 360, 420, 

480. The results were plotted to give the graph shown in Fig. 2.9. 
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2.6.4.4 Production of Qβ K16M with 2.08 mM and 4.11 mM DL-TFM 

Expression: Three 10 mL starter cultures of SelenoMet™ medium containing 0.1 mg/mL 

ampicillin and supplemented with 14.9 mg/L (0.1 mM) L-Met were inoculated with 1 μL of a 

glycerol stock of E. coli B834(DE3) cells containing the p75M plasmid carrying the K16M 

Qβ gene. The starter cultures were incubated at 37 
o
C for 15.25 hours at 250 rpm. Each of 

three 500 mL flasks containing 157.5 mL SelenoMet™ medium, supplemented with 0.1 

mg/mL ampicillin and 14.9 mg/L (0.1 mM) L-Met, were inoculated with 1.5 mL of the same 

overnight culture (final volume = 159.2 mL). The cells were incubated at 37 
o
C at 250 rpm 

until the OD600 reached 0.65. The cells were then pelleted by centrifugation (10 minutes, 

9340 rpm, Beckman JA-10 rotor, 4 
o
C). For each flask, the supernatant was discarded and the 

cell pellet was resuspended in 100 mL of SelenoMet™ (base only, no nutrient mix added, no 

L-Met added) supplemented with 0.1 mg/mL ampicillin. The suspension was shaken and 

inverted. The cells were pelleted again and washed in the same way. The cells were washed a 

total of four times. Whilst the cells were being harvested, two 500 mL flasks containing 157.5 

mL of fresh SelenoMet™ medium, 0.1 mg/mL ampicillin and supplemented with DL-TFM, 

were pre-warmed to 37 
o
C. The final concentrations of DL-TFM were 2.08 mM and 4.11 mM 

(final culture volumes after adding DL-TFM solution, 160.2 mL and 162.8 mL, respectively). 

After harvesting the cells, each of the final cell pellets was resuspended in 5 mL of the pre-

warmed medium and then added to the bulk. The flasks were incubated at 37 
o
C for 30 

minutes, followed but 30 
o
C for 30 minutes (with 250 rpm shaking). Protein expression was 

then induced, by addition of 1 mM IPTG at 37 
o
C for 6 hours (with 250 rpm shaking). Cells 

were pelleted by centrifugation 10 minutes, 9340 rpm, Beckman JA 10 rotor, 4 
o
C). Each cell 

pellet was resuspended in 15 mL TBS + EDTA. Each cell/buffer suspension was sonicated on 

ice (5 seconds on, 5 seconds off, for a total of 10 minutes). The cell debris was collected by 
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centrifugation (30 minutes, 20000 rpm, Beckman JA-25.50 rotor, 4 
o
C) and the clear lysate 

from each was added to a 50 mL Falcon tube. 

Extraction of Qβ virus-like particles (VLPs): The procedure used for solvent extraction of the 

Qβ VLPs was the same as that described in Section 2.6.4.1 (page 88). 

Sucrose density gradient purification of VLPs: The procedure used for sucrose density 

gradient purification was the same as that described in Section 2.6.4.1 (page 89). Fractions of 

the sucrose density gradient were analysed by SDS-PAGE (Fig. 2.15). Fractions 5 to 9 of 

each sample were pooled and the sucrose was removed by dialysis against 4 L TBS (Slide-A-

Lyzer, 10 K MWCO, 3-12 mL sample volume). Samples were concentrated using VivaSpin 6 

units. 

 

ESI-MS: 6.6 µL of TBS and 6 µL (0.5 M) of TCEP were added to 13.4 µL (2.9 mg/mL) of 

Qβ-F sample. The resulting mass spectra for the purified protein expression in the presence of 

2.08 mM and 4.11 mM DL-TFM are shown in Fig. 2.10 A and B, respectively. 

 

Figure 2.15 SDS-PAGE of sucrose density gradient fractions of Qβ K16M expressed in SelenoMet™ medium 

supplemented with a concentration of DL-TFM as labelled. A 15-150 kDa ladder was used for each gel. 
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2.6.4.5 Production of Qβ K16M with varying concentrations of DL-TFM 

Expression trials: Three 10 mL starter cultures of SelenoMet™ medium containing 0.1 

mg/mL ampicillin and supplemented with 14.9 mg/L (0.1 mM) L-Met was inoculated with 1 

μL of a glycerol stock of E. coli B834(DE3) cells containing the p75M plasmid carrying the 

K16M Qβ gene. The starter cultures were incubated at 37 
o
C for 14.4 hours at 250 rpm. 500 

mL flasks containing 157.5 mL SelenoMet™ medium supplemented with 0.1 mg/mL 

ampicillin and 14.9 mg/L (0.1 mM) L-Met were inoculated with 1.5 mL of the same 

overnight culture (final volume = 159.2 mL). The cells were incubated at 37 
o
C at 250 rpm 

until the OD600 reached 0.65 (≈4 hours). The cells were then pelleted by centrifugation (10 

minutes, 8000 rpm, Beckman JA-10 rotor, 4 
o
C).  For each flask, the supernatant was 

discarded and the cell pellet was resuspended in 100 mL of SelenoMet™ (base only, no 

nutrient mix added, no L-Met added) supplemented with 0.1 mg/mL ampicillin. The 

suspension was shaken and inverted. The cells were pelleted again and washed in the same 

way. The cells were washed a total of four times. Whilst the cells were being harvested, four 

500 mL flasks containing 157.5 mL of fresh SelenoMet™ medium containing 0.1 mg/mL 

ampicillin, supplemented with DL-TFM, were pre-warmed to 37 
o
C. The final concentrations 

of DL-TFM were 6.48 mM, 8.51 mM, 10.46 mM and 15.06 mM. After harvesting the cells 

after the fourth wash, each of the final cell pellets was resuspended in 5-10 mL of the pre-

warmed medium and then added to the bulk. The flasks were incubated at 37 
o
C for 30 

minutes, followed but 30 
o
C for 1 hour (with 250 rpm shaking). Protein expression was then 

induced, by addition of 1 mM IPTG at 37 
o
C for 6 hours (with 250 rpm shaking). Cells were 

pelleted by centrifugation (10 minutes, 9340 rpm, Beckman JA 10 rotor, 4 
o
C). Each cell 

pellet was resuspended in 25 mL TBS + EDTA. Each cell/buffer suspension was sonicated on 

ice (5 seconds on, 5 seconds off, for a total of 10 minutes). The cell debris was collected by 
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centrifugation (30 minutes, 20000 rpm, Beckman JA-25.50 rotor, 4 
o
C) and the clear lysate 

from each was added to a 50 mL Falcon tube. 

Extraction of Qβ virus-like particles (VLPs): The procedure used for solvent extraction of the 

Qβ VLPs was the same as that described in Section 2.6.4.1 (page 88). 

Sucrose density gradient purification of VLPs: The procedure used for sucrose density 

gradient purification of the Qβ VLPs was the same as that described in Section 2.6.4.1 (page 

89). Fractions of the sucrose density gradient were analysed by SDS-PAGE (Fig. 2.11). 

Fractions 5 to 7 of each sample were pooled and the sucrose was removed using PD-10 

desalting columns.  

ESI-MS: 6.48 mM DL-TFM sample: 2 µL of TCEP (0.5 M) were added to 10 µL of protein 

sample (0.16 mg/mL). 8.51 mM DL-TFM sample: 2.3 µL of TBS and 2 µL of TCEP (0.5 M) 

were added to 7.7 µL of protein sample (0.39 mg/mL). The resulting mass spectra for the 

purified protein expressed in the presence of 6.48 mM and 8.51 mM DL-TFM are shown in 

Fig. 2.12 A and B, respectively. 

2.3.4.6 Production of Qβ-K16M with varying expression times 

Expression: Three 10 mL starter cultures of SelenoMet™ medium containing 0.1 mg/mL 

ampicillin and supplemented with 14.9 mg/L (0.1 mM) L-Met were inoculated with 1 μL of a 

glycerol stock of E. coli B834(DE3) cells containing the p75M plasmid carrying the K16M 

Qβ gene. The starter cultures were incubated at 37 
o
C for 14.7 hours at 250 rpm. Each of four 

500 mL flasks containing 157.5 mL SelenoMet™ medium supplemented with 0.1 mg/mL 

ampicillin and 14.9 mg/L (0.1 mM) L-Met were inoculated with 1.5 mL of the same 

overnight culture. The cells were incubated at 37 
o
C at 250 rpm until the OD600 reached 0.65. 

The cells were then pelleted by centrifugation (10 minutes, 8000 rpm, Beckman JA-10 rotor, 

4 
o
C).  For each flask, the supernatant was discarded and the cell pellet was resuspended in 
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100 mL of SelenoMet™ (base only, no nutrient mix added, no L-Met added) supplemented 

with 0.1 mg/mL ampicillin. The suspension was shaken and inverted. The cells were pelleted 

again and washed in the same way. The cells were washed a total of four times. Whilst the 

cells were being harvested, four 500 mL flasks containing 157.5 mL of fresh SelenoMet™ 

media containing 0.1 mg/mL ampicillin were pre-warmed to 37 
o
C. After harvesting the cells 

after the fourth wash, each of the final cell pellets was resuspended in 5-10 mL of the pre-

warmed media and then added to the bulk. The flasks were incubated at 37 
o
C for 30 minutes, 

followed but 30 
o
C for 30 minutes (with 250 rpm shaking). DL-TFM was added to each flask 

to a concentration of 6.1 mM. The flasks were then incubated at 37 
o
C at 250 rpm for 15 

minutes before adding IPTG to a concentration of 1 mM. The four flasks were then incubated 

at 37 
o
C at 250 rpm for different periods of time: 10 hours, 12 hours, 14 hours and 16 hours. 

 

The cells were pelleted by centrifugation (10 minutes, 8000 rpm, Beckman JA-10 rotor, 4 
o
C) 

and resuspended in 25 mL TBS + EDTA. Each cell/buffer suspension was sonicated on ice in 

a glass beaker (5 seconds on, 5 seconds off, for a total of 10 minutes). The cell debris was 

collected by centrifugation (30 minutes, 20000 rpm, Beckman JA-25.50 rotor, 4 
o
C) and the 

clear lysate from each was added to a 50 mL Falcon tube. 

Extraction of Qβ virus-like particles (VLPs): The procedure used for solvent extraction of the 

Qβ VLPs was the same as that described in Section 2.6.4.1 (page 88). 

Sucrose density gradient purification of VLPs: The procedure used for sucrose density 

gradient purification was the same as that described in Section 2.6.4.1 (page 89). Fractions of 

the sucrose density gradient were analysed by SDS-PAGE (Fig. 2.13). Fractions 5 to 9 of 

each sample were pooled and the sucrose was removed by dialysis against 4 L deionized 

water (Slide-A-Lyzer, 10K MWCO, 12-30 mL sample volume). Samples were freeze-dried 

and the resulting white solid was dissolved in 500 µL of TBS.  
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ESI-MS: 10 hours expression time sample: 1 µL of DTT (1 M) and 2 µL of urea (8 M) were 

added to 10 µL of protein sample (0.08 mg/mL). 12 hours expression time sample: 1 µL of 

DTT (1 M) and 2 µL of urea (8 M) were added to 10 µL of protein sample (0.05 mg/mL). 

The resulting mass spectra for the purified proteins expressed for 10 hours and 12 hours are 

shown in Fig. 2.14 A and B, respectively. 

2.6.5 Validation of quantification of incorporation level by mass 

spectrometry  

Mass spectrometry was used to determine the percentage of Qβ-F monomers present in the 

Qβ samples purified after each attempted production of Qβ-F. It was proposed that the ratios 

of the peak areas of the Qβ-Met and Qβ-F peaks in the mass spectrum would be proportional 

to the relative amounts of the two proteins in the sample. This is based on the assumption that 

the Qβ-Met and Qβ-F ionize with the same efficiency. To validate this method and 

assumption, a sample of Qβ-F, of known concentration, was doped with Qβ-Met, of known 

concentration, and the concentration ratio was correlated with the ratio measured using peak 

areas in the mass spectrum. The procedure was carried out as follows: 

The sample of Qβ-F and the sample of Qβ-Met were diluted and their concentrations 

were measured using the Bradford assay and calculated to be 0.12 mg/mL and 0.11 mg/mL, 

respectively. Eleven protein samples were prepared by mixing the two proteins in the volume 

fractions shown in the table below. The proteins in the mixtures were reduced by addition of 

1 µL of 0.5 M TCEP per 10 µL of protein mixture prior to injection into the mass 

spectrometer. The resulting mass spectra are shown in Fig. 2.16. 

Volume fraction of Qβ-F sample Volume fraction of Qβ-Met sample 

5 0 

5 1 

5 2 
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5 3 

5 4 

5 5 

4 5 

3 5 

2 5 

1 5 

0 5 

  

  

 

 

 

 The mass spectra of the mixtures of Qβ-F and Qβ-Met proteins were deconvoluted 

using the MaxEnt algorithm (Mass Lynx software) to a resolution of 0.05 Da per channel. 

The mass spectrometry data was processed as follows. A mean value of the noise was 

calculated using the ion count data in the regions of the mass spectrum which are absent of 

the protein peaks. This method is valid on the assumption that the only mass spectrum peaks 

corresponding to protein are those of reduced Qβ-F or Qβ-Met, that is, that the protein sample 

is pure. The regions were taken to be in the intervals 10 000 Da – 13 4999.9 Da and 15 000 

Da – 20 000 Da. The ion count data for the whole spectrum was then decreased by this mean 

noise value. If the ion count was less than the mean noise value, it was set to zero and 

unaltered otherwise. The area under the peaks was calculated using the trapezium rule. The 

fraction of Qβ-Met present in the mixed samples calculated using the concentrations 

determined by the Bradford Assay and known volume dilutions was plotted against the 
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fraction of Qβ-Met present in the mixed samples calculated using peak areas in the mass 

spectrum (Fig. 2.17). A strong positive correlation was observed and so all incorporation 

levels in this chapter were calculated using the fraction of the peak areas. That is: 

% incorporation of TFM = 
area of Qβ-F mass peak

(area of Qβ-F mass peak)+(area of Qβ-Met mass peak)
 × 100 
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3. Analysis of the particle structure of Qβ-F and comparison with 

its Met analogue 

 

3.1 Introduction 

Chapter 2 described the optimisation of the methodology for the incorporation of 

trifluoromethionine (TFM) into the coat protein of Qβ bacteriophage. It was next investigated 

whether the incorporation of TFM hinders the ability of the coat protein to form intact 

icosahedral particles, as occurs for the wild-type Qβ particle (Qβ-WT). This chapter describes 

work on the analysis of the particle structure of Qβ-F using established analytical techniques 

and compares these results with those for Qβ-WT and Qβ-Met. 

3.2 Electrophoresis 

Firstly, protein samples Qβ-F, Qβ-WT, and Qβ-Met were analysed by reducing SDS-

PAGE (Fig. 3.1). The results indicate that each Qβ protein sample is highly purified with 

respect to other proteins since only a single band corresponding to the mass of a Qβ protein 

monomer (~ 14 kDa) is observed for each sample. 

 

 In order to investigate whether the Qβ-F, Qβ-WT and Qβ-Met proteins were present 

as intact particles or not, the samples were analysed by agarose gel electrophoresis. Agarose 

 

Figure 3.1 Reducing SDS-PAGE (10% Bis-Tris gel (Invitrogen), run in MES buffer. The gel was stained with 

InstantBlue  (coomassie blue solution)). Lane 1:  Qβ-F (0.03 mg/mL); Lane 2: Qβ-WT (0.04 mg/mL); Lane 

3: Qβ-Met (0.04 mg/mL). Protein markers: 15-150 kDa. 
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gel electrophoresis is commonly used for analysing and characterizing intact viruses and 

virus-like particles since the pore size of agarose matrices can be much greater than that of 

polyacrylamide matrices whilst still maintaining structural stability.
1–5

 The larger pore size of 

agarose gels compared to polyacrylamide gels allows the migration of much larger species. 

The electrophoretic mobility of a species is known to be (normally) proportional to both its 

size and its overall charge.
6,7

 

For each of the three protein samples (Qβ-F, Qβ-WT and Qβ-Met), the non-denatured 

proteins sample were run alongside the reduced species (generated by the addition of β-

mercaptoethanol-containing loading dye to the protein sample, and heating at 90 
o
C for 5 

minutes).  The non-denatured Qβ-F protein sample and the non-denatured Qβ-Met protein 

sample both show the same electrophoretic mobility, which is significantly greater than that 

for the non-denatured Qβ-WT protein (Fig. 3.2). All three protein samples show the same 

electrophoretic mobility after reducing treatment with β-mercaptoethanol-containing loading 

dye. 

 

 Previous studies have shown that treatment of Qβ particles with reducing agent gives 

the monomeric form (Mr ~14 kDa).
8
 Hence, the fact that the non-denatured samples have a 

 

Figure 3.2 Agarose gel electrophoresis (1% w/v agarose in TAE buffer solution). Lane 1: Qβ-F (0.04 mg/mL) 

native conditions; Lane 2:  Qβ-F (0.04 mg/mL) after treatment with reducing dye and heating at 90 
o
C for 5 

minutes; Lane 3: Qβ-WT (0.04 mg/mL) native conditions; Lane 4: Qβ-WT (0.04 mg/mL) after treatment with 

reducing dye and heating at 90 
o
C for 5 minutes; Lane 5: Qβ-Met (0.04 mg/mL) native conditions; Lane 6: 

Qβ-Met (0.04 mg/mL) after treatment with reducing dye and heating at 90 
o
C for 5 minutes. The gel was 

stained with InstantBlue  (coomassie blue solution). 
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different electrophoretic mobility to the samples treated with reducing agent is evidence 

suggesting that the non-denatured form is indeed the intact VLP.  

The differences in electrophoretic mobility between the Qβ-F and Qβ-Met particles and 

that of the Qβ-WT particles can be rationalised in terms of the different overall surface 

charge of the Qβ-F and Qβ-Met particles compared to that of the Qβ-WT particle. The latter 

has a lysine residue at position 16 (on the surface of the particle) which should be protonated 

at the pH of the buffer used (lysine ε-NH3
+
: pKa 10.54

9
; TAE buffer pH 8.2), whereas Qβ-F 

and Qβ-Met possess a methionine residue (or analogue thereof) at position 16, which is not 

charged. Hence the Qβ-F and Qβ-Met particles likely have a more negative overall charge 

compared to the Qβ-WT particle and so migrate through the agarose gel further.
10

 

 

3.3 Dynamic Light Scattering 

Further evidence for the VLP structure of Qβ-F was sought using dynamic light scattering 

(DLS). DLS is a technique which uses the scattering of laser light by nanoparticles in solution 

to calculate the hydrodynamic diameter of the nanoparticles. Light incident on particles with 

a diameter much smaller than the wavelength of the light is scattered in all directions 

(Rayleigh scattering). The intensity of the light scattered by a particle is proportional to the 

sixth power of its diameter.
11

 For a collection of particles the light scattered from individual 

particles interferes constructively and destructively forming a pattern of bright and dark 

areas, respectively. In a solution, the velocities of particles are constantly changing due to 

Brownian motion. Hence, the pattern formed changes with time. The Stokes-Einstein 

equation relates the rate of diffusion of a particle, D, to its hydrodynamic radius, rs, 

(assuming a spherical particle):  

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟𝑠
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where kB is the Boltzmann constant, T is the absolute temperature, and η is the solvent 

viscosity.
12

 Hence the larger the particle, the more slowly it moves in solution and so the 

more slowly the light pattern formed changes. The rate of change of the pattern is measured 

using a correlation function. The detector measures the intensity of the scattered light I(t) and  

I(t + τ), at time t and after a time delay τ, respectively. The correlation between the two 

intensities is measured using the autocorrelation function: 

𝑔2(𝜏) =  
〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
 

where the angular brackets denote the time averaged value of the enclosed function over a 

time range which is large compared to τ.
13

 When τ is zero there is no difference between I(t) 

and  I(t + τ), and so g
2
(τ) takes its maximum value - one. As τ increases, particles move 

through the solution, the difference in intensity at time t and time t + τ increases, and so g
2
(τ) 

decreases. Since larger particles move more slowly, the decrease in g
2
(τ) will be slower than 

for smaller particles. The diffusion coefficient D can be calculated from the rate of decay of 

g
2
(τ) and using the Stokes-Einstein equation the diameter of the particle is calculated. DLS is 

regularly used to characterize virus-like particles
14,15

 and to verify surface modifications by 

the resulting increase in the hydrodynamic diameter.
16,17

  

Before analysing the Qβ-Met sample by DLS, the sample was centrifuged (15.7 x 10
3
 

g for 23 minutes) to remove large aggregates. The size distribution by intensity for the Qβ-

Met sample is shown in Fig. 3.3. The data show a single population in the size distribution 

with a Z-Average of 30.2 nm and a polydispersity index of 0.085. This value is comparable 

to, but slightly greater than, previously published DLS data for Qβ-WT (28.4 nm
18

). This 

result shows that Qβ-Met successfully self-assembles into particles as with Qβ-WT; the slight 

discrepancy in value may be due to changes in solvation of the Qβ-Met particle due to its 

more hydrophobic surface compared to Qβ-WT.  
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 The size distribution by intensity of the Qβ-F sample was then measured (Fig. 3.4).  

At least three populations can be seen from these data. The first is at 33.0 nm, of the order 

expected for a Qβ particle but 2.8 nm greater than that measured for Qβ-Met; there is a 

shoulder to this peak at ~120 nm, and finally a distinct peak at ~1000 nm. It was proposed 

that these latter two, high size peaks were due to aggregates of the VLP formed in the 

solution.  

 

In an effort to separate any aggregates present, the sample was sonicated for 3 

minutes and then centrifuged (15.7 x 10
3
 g for 30 minutes). The supernatant was removed 

 

Figure 3.3 DLS size distribution by intensity of Qβ-Met VLP sample (after centrifugation). 

 

 

Figure 3.4 DLS size distribution by intensity of Qβ-F VLP sample. 
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carefully, to prevent disturbing the pelleted aggregates, and was then immediately analysed 

by DLS. The resulting intensity distribution is shown in Fig. 3.5. It can be seen that the 

shoulder of the 33.0 nm peak is no longer present and that the high aggregate peak has 

reduced in intensity with respect to the 33.0 nm peak. 

 

 Since larger particles scatter light more intensely (Rayleigh scattering, see above) the 

intensity distribution from DLS is biased towards the larger species in a given sample. The 

intensity distribution can be converted into a volume distribution (using Mie theory
19

). This 

gives a distribution such that the area under the peaks of different populations is related to the 

volume taken up by that kind of particle, and hence the distribution gives a more realistic 

sense of the differences in the different size populations. The size distribution by volume 

(Fig. 3.6) is dominated by a single symmetric peak at 30.0 nm. The tailing high-sized peak 

was not present in the size distribution by particle number, however the number distribution 

is not used here since large errors are known to be introduced when using the algorithm 

which converts the data from volume distribution to number distribution. As with Qβ-Met, 

the measured hydrodynamic diameter for Qβ-F is slightly greater than that reported for Qβ-

WT (by 1.6 nm), and could be due to the difference in solvation as a result of the more 

hydrophobic surface of Qβ-F. 

 

Figure 3.5 DLS size distribution by intensity of Qβ-F VLP sample (after vortex and sonication treatment). 
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 Overall, these data provide strong evidence that the Qβ-F protein has indeed formed 

intact VLPs of the expected diameter for the icosahedral bacteriophage Qβ particle. 

3.4 Transmission Electron Microscopy (TEM) 

Next, the protein samples Qβ-F and Qβ-WT were analysed by transmission electron 

microscopy (TEM).  Qβ  has previously been analysed by TEM and yields good quality 

micrographs in which the particle form can be clearly visualized.
8,18,20–23

 The electron 

micrographs presented in this work were taken by Dr Alaa Aljibali. Samples of VLPs of 

concentration 0.1 mg/mL, purified by sucrose density gradient, were adsorbed onto graphite 

grids and stained with uranyl acetate solution. Fig. 3.7 shows a micrograph taken of Qβ-WT 

VLPs. The micrograph clearly shows intact particles of diameter ≈30 nm and is in agreement 

with previously published TEM data of Qβ-WT, in terms of both size and morphology.
20,24

 

TEM images were then taken of a sample of Qβ-F. Again, the sample concentration was 

0.1 mg/mL and the sample had been purified by sucrose density gradient. The protein sample 

was adsorbed onto graphite grids and stained with uranyl acetate solution. Fig. 3.8 shows a 

micrograph taken of the Qβ-F sample. The micrograph clearly shows intact particles of 

diameter ≈30 nm and are indistinguishable from those of Qβ-WT. Interestingly, however, 

 

Figure 3.6 DLS size distribution by volume of Qβ-F VLP sample (after vortex and sonication treatment). 
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these preliminary results indicate that there is apparently a small fraction of incompletely 

formed shells (highlighted in Fig. 3.8 with a red box). 

 

 

Figure 3.7 TEM of Qβ-WT VLPs. 
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3.5 Conclusions 

The samples of Qβ-F, Qβ-Met and Qβ-WT were analysed by agarose gel electrophoresis. 

It was concluded from the lower electrophoretic mobility of the non-denatured samples, with 

respect to the samples heated with reducing agent, that the proteins of each sample had 

formed intact particles. The electrophoretic mobility of the Qβ-WT particles was smaller than 

that of the Qβ-F and Qβ-Met particles. This was rationalised in terms of the more positive 

overall surface charge of the Qβ-WT particle due to its lysine residue at the surface position 

16, which is protonated at the pH of the running buffer used. Qβ-F and Qβ-Met particles have 

methionine residues (or analogues thereof) at position 16, which are not protonated. 

DLS was used to measure the hydrodynamic diameter of the particles Qβ-Met and Qβ-F, 

and their values were compared with a literature value for Qβ-WT of 28.4 nm.
18

 The 

hydrodynamic diameters measured for Qβ-Met and Qβ-F were 30.2 nm and 30.0 nm, 

 

Figure 3.8 TEM of Qβ-F VLPs. The red box highlights incompletely formed viral capsids. 
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respectively. It was proposed that the increase in hydrodynamic diameter for these particles 

with respect to Qβ-WT may be due to the differing degree of solvation. 

Finally, transmission electron micrographs were taken of Qβ-WT and Qβ-F. These 

micrographs clearly showed intact particles in both samples which were comparable with 

previously reported micrographs of Qβ particles.  
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3.7 Experimental procedures 

3.7.1 Electrophoresis 

SDS-PAGE: 10% Bis-Tris, MES buffer; Lane 1: 15-150 kDa protein ladder. Lane 2: 0.03 

mg/mL Qβ-F sample; Lane 3: left blank; Lane 4: 0.04 mg/mL Qβ-WT; Lane 5: 0.04 mg/mL 

Qβ-Met. The gel was stained with coomassie blue solution and is shown in Fig. 3.1. 

 

Agarose gel Fig. 3.2: An agarose gel was set by making a 1% solution of agarose in 1 X TAE 

buffer (500 mg into 50 mL buffer), heating in a microwave before pouring into the gel box 

and allowing to cool. Lane 1: 1 µL Qβ-F sample, 7 µL TBS, and 2 µL DNA loading dye; 

Lane 2: 1 µL Qβ-F sample, 7 µL TBS, and 2 µL SDS-PAGE reducing dye, heated at 90 
o
C 

for 5 minutes; Lane 3: Blank; Lane 4: 1 µL Qβ-WT sample, 9 µL TBS, and 2 µL DNA 

loading dye; Lane 5: 1 µL Qβ-WT sample, 9 µL TBS, and 2 µL SDS-PAGE reducing dye, 

heated at 90 
o
C for 5 minutes; Lane 6: 1 µL Qβ-Met sample, 9 µL TBS, and 2 µL DNA 

loading dye; Lane 7: 1 µL Qβ-WT sample, 9 µL TBS, and 2 µL SDS-PAGE reducing dye, 

heated at 90 
o
C for 5 minutes. The final protein concentration of each sample was 0.04 

mg/mL. 

 

The gel was run at 60 volts for 1 hour and subsequently stained with coomassie blue dye and 

is shown in Fig. 3.2. 

3.7.2 Dynamic Light Scattering 

Dynamic light scattering measurements were taken using a Malvern Zetasizer Nano ZS 

instrument. Samples were 0.4–0.5 mg/mL in TBS buffer. Measurements were taken by the 

instrument every 10 seconds; 10 acquisitions were taken for each of 3 runs. The final value is 

the average of the 3 runs. 
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3.7.3 Transmission Electron Microscopy 

Transmission electron micrographs were taken using a FEI Tecnai Spirit F12 instrument at 

the Wellcome Trust, Old Road Campus, Oxford. Micrographs were taken by Dr Alaa 

Aljibali. For each sample, 30 µL of Qβ solution (TBS) was pipetted onto a carbon-coated 

copper grid. The grid was rinsed with MiliQ water to remove buffer salts. 2 µL of 2% uranyl 

acetate was pipetted onto the grid and stained for several minutes. Grids were viewed at 80 

kV.
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4. 
19

F NMR of Qβ-F 
 

4.1 Introduction 

An ideal 
19

F imaging probe should have the following characteristics: 1) a high number of 

19
F atoms per molecule in order to generate a high signal intensity, 2) the 

19
F NMR spectrum 

should have a single peak to avoid chemical shift artefacts.
1
 Using bacteriophage Qβ as a 

construct for loading 
19

F nuclei fulfils these criteria since: 1) each Qβ particle comprises 180 

monomers, hence a very large number of 
19

F nuclei can be introduced, and 2) the icosahedral 

symmetry of Qβ ensures the 
19

F-groups are symmetrically related, hence each 
19

F-group 

would be equivalent and give rise to a single NMR peak. Both of these features would 

contribute to a high NMR sensitivity.  

The first goal was to measure a 
19

F NMR signal from the fluorinated Qβ virus-like 

particle (VLP) developed in the previous chapters. 

 

4.2 19
F NMR of Qβ-F virus-like particle 

Firstly, a 
19

F NMR spectrum of DL-trifluoromethionine (DL-TFM) was measured in order 

to investigate the 
19

F chemical shift range of the SCF3 group. The spectrum was referenced to 

an internal standard (1,1,1-trifluoroacetone δF -84.60 ppm), and gave a peak at -39.12 ppm 

(Fig 4.1). 
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Next, a 
19

F NMR spectrum of a purified sample of Qβ-F VLPs (0.4 mg/mL, 0.03 mM in 

monomer) was measured at room temperature. Disappointingly, no 
19

F NMR signal was 

observed at the expected chemical shift value of the SCF3 group (Fig. 4.2 A). The peaks 

observed at -73.58 ppm and -82.73ppm both have FWHH values of ~3 Hz, and so were 

suspected to originate from small organic molecules as opposed to from a protein. On further 

inspection of the 
19

F NMR spectrum of DL-TFM, peaks were observed at -73.59 ppm and -

82.41 ppm, both with FWHH values of 2.0 Hz (peak areas: 0.08% and 0.26% that of the CF3 

peak at -39.12 ppm, respectively). Hence the peaks observed in the 
19

F NMR spectrum of 

Qβ-F VLP in Fig. 4.2 A were taken to be residual small molecule impurities from the DL-

TFM used in the production of Qβ-F VLP.  

The absence of a protein signal in the 
19

F NMR spectrum of Qβ-F VLP at 25 
o
C is most 

likely due to the large size of the Qβ-F VLP (molecular weight, Mr = 2.55 MDa, 

hydrodynamic diameter, RH = 30 nm; see Chapter 3) as will now be explained. 

 

 

 

Figure 4.1 
19

F NMR of DL-TFM. The spectrum is referenced to 1,1,1-trifluoroacetone δF = -84.60 ppm. 
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Figure 4.2 
19

F NMR of Qβ-F VLP (0.40 mg/mL) at A: 25 
o
C; and B: 60 

o
C. The spectra are referenced to 

1,1,1-trifluoroacetone δF = -84.60 ppm. C: SDS-PAGE of the NMR sample (diluted six-fold, final VLP 

concentration 0.07 mg/mL). Lane 1: DNA native loading dye, no heat treatment; Lane 2: reducing loading dye, 

sample heated at 90 
o
C for 10 minutes. A 15-150 kDa protein marker is shown. 10% Bis-Tris gel (Invitrogen), 

run in MES buffer. 
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The relationship between molecular tumbling, transverse relaxation (characterized by the 

T2 time constant), and NMR peak broadening is explained as follows. The magnetic moments 

of neighbouring magnetic nuclei interact; termed dipolar coupling. As a result, the local 

magnetic field of a given nucleus (dominated by the applied magnetic field, B0) will be 

altered by the magnetic fields produced by its neighbouring nuclei. For nucleus A at a point 

(r, θ) experiencing a magnetic field from the magnetic moment µ of neighbouring nucleus B, 

the z component of the magnetic field, is given by: 

𝐵𝜇𝑧 =  (
𝜇0

4𝜋
) (

𝜇

𝑟3
) (3𝑐𝑜𝑠2𝜃 − 1) 

where µ0 is the permeability of vacuum (4π x 10
-7

 Hm
-1

), and r and θ are as defined in Fig. 

4.3.
2
 

 

As such, as a molecule rotates in solution, r and θ are constantly varied, and the field 

experienced by a given nucleus will be modulated by this motion. Differences in local 

magnetic field cause differences in precessional frequency (since ν=γB/2π).
2
 Large proteins 

tumble slowly in solution and so exhibit a broad range of precessional frequencies. The 

transverse magnetization is therefore lost quickly, hence T2 is short. The broader range of 

precessional frequencies gives rise to a broader NMR peak.
3
 

 

 

Figure 4.3 The magnetic field from the magnetic moment µ of nucleus B, experienced by nucleus A positioned 

at a point (r, θ), with nucleus B at the origin.  
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Short T2 and consequent line broadening is a well-known NMR phenomenon, and is the 

principle barrier to NMR analysis of large molecular weight proteins.
4
 Here, it seems likely 

that the 
19

F CF3 peak has broadened so extensively that it cannot be observed. 

Following this reasoning, it was thought that increasing the temperature could result in 

the development of a peak due to the resulting increased molecular tumbling (and hence 

narrowing of the NMR peak). A 
19

F NMR spectrum was taken at 60 
o
C which also gave no 

signal at the expected region for the SCF3 group (Fig. 4.2 B). However, the development of a 

peak at -77.85 ppm, with a FWHH of 20.0 Hz, was observed. The development of the peak at 

-77.85 ppm on heating to 60 
o
C is likely due to a shift in the VLP/multimer equilibrium 

generating at least a small proportion of multimers of the Qβ-F protein in the sample which 

have a low enough molecular weight to be detected by NMR. The change in chemical shift 

from that expected for the SCF3 group (δF ~ -39 ppm, see Fig. 4.1) to -77.85 ppm was 

proposed to be due to oxidation of the thiol ether of the trifluoromethionine residue to its 

sulfone (S(O)2CF3); the rate of which is likely to be enhanced at the higher temperature. 

Evidence to support this proposal can be found from a text book value of the chemical shift 

of CF3SO3CF3 quoted as -74 ppm.
5
 Additionally, a sample of DL-TFM (10 mg) was incubated 

at room temperature with nitric acid (70%, double-distilled), a strong oxidising agent. The 
19

F 

NMR spectrum of the resulting mixture is shown in Fig. 4.4 B, below the spectrum of DL-

TFM in D2O (Fig. 4.4 A). The spectra show that after incubation in HNO3 the 
19

F NMR peak 

shifts to ~ 76 ppm. Hence, the peak observed at -77.85 ppm on heating to Qβ-F VLP to 60 
o
C 

was taken to be from Qβ-F multimers with oxidised trifluoromethionine residues.  
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 To confirm the presence of protein in the NMR sample used to give the spectra shown 

in Fig. 4.2, the NMR sample was subjected to SDS-PAGE analysis, under both non-reducing 

and reducing conditions after NMR measurements were taken (Fig. 4.2 C). No band 

corresponding to the monomeric mass (~14 kDa) was observed under non-reducing 

conditions. However streaking can be observed around 75 kDa on the SDS-PAGE gel. The 

mass of the Qβ-F pentamer and hexamer is 70.9 kDa and 85.1 kDa, respectively. Hence, the 

streaking observed may be from multimers as a result of heating the Qβ-F VLP sample to 60 

o
C. This conclusion would be in agreement with the development of the broad signal 

 

Figure 4.4 
19

F NMR spectra of A: DL-TFM in D2O-TBS, B: DL-TFM after incubation in 70% nitric acid. 
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observed in the 
19

F NMR spectrum at -77.85 ppm after heating the sample to 60 
o
C (Fig. 4.2 

B). A clear band is seen at the monomer mass when the NMR sample was heated to 90 
o
C in 

the presence of a reducing agent. 

 

4.3 19
F NMR of disassembled Qβ-F 

Since no 
19

F NMR peak at δF ~ -39 ppm was obtained from the intact Qβ-F particle, a 

signal from a lower oligomeric state of the particle, and so a lower molecular weight and 

longer T2, was sought. Takamatsu and Iso showed empirical evidence for the capsomeric 

structure of Qβ phage;
6
 each particle comprising ~12 pentamers and ~ 20 hexamers of the 

coat protein. It was shown that neighbouring multimers, held together by hydrophobic 

forces,
7
 could be separated by treatment of the denaturant SDS; and that monomers within an 

individual multimer, held together by disulphide bonds, could be separated by treatment of 

the reducing agent β-mercaptoethanol (0.43 M) and heating to 90 
o
C for 30 minutes. 

Takamatsu and Iso separated the hexamers, pentamers and monomers by gel electrophoresis.
6
 

A 
19

F NMR spectrum of the sample of Qβ-F VLP used in Fig. 4.2 (0.4 mg/mL, 0.03 

mM monomers) was taken after 14 days storage at 4 
o
C and is shown in Fig. 4.5 A. The 

sample was then treated with SDS (final concentration 0.17 M) and a 
19

F NMR spectrum was 

taken at temperatures 50 
o
C and 90 

o
C (Fig. 4.5 B and C). All spectra shown in Fig. 4.5 were 

taken using the same sample, so the protein and SDS concentrations are identical. The 
19

F 

chemical shifts were calibrated using 1,1,1-trifluoroacetone as an internal standard set to δF -

84.60 ppm. No signal was observed in the chemical shift range of the SCF3 group (δF ~ -39 

ppm, see Fig. 4.1) at 27 
o
C, which might be an indication that the Qβ-F VLP was still intact. 

(The signal at -77.83 ppm was of negligible intensity). At 50 
o
C a signal at -39.17 ppm was 

observed, showing that the particle had at least partially disassembled to a lower oligomeric 

state(s). Furthermore, a signal at -77.93 ppm was observed, presumably from the multimers 
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bearing oxidized trifluoromethionine residues (as discussed above). When heated to 90 
o
C, 

the peak at -39.17 ppm shifted to -39.32 ppm and appeared to have broadened slightly. It is 

tempting to take this peak broadening as evidence for further disassembly into two species, 

hexamers and pentamers, with different chemical shifts which are not fully resolved. 

However, firstly the differences in peak widths are within the errors for the level of digital 

resolution used here, and so such a conclusion cannot be confidently made. Secondly, at high 

temperatures, particularly at 90 
o
C, close to the solvent boiling point, shimming becomes 

difficult and peak broadening could likely be due to the inhomogeneity of the sample as a 

result of the dynamic physical changes occurring in the solution at this temperature. At 90 
o
C, 

the peak at -77.93 ppm shifted slightly, to -78.10 ppm, and, more significantly, had increased 

in intensity by a factor of 7.3, when compared to at 50 
o
C. From the data shown in Fig. 4.5 C 

it seems that the majority of the Qβ protein contains the oxidised trifluoromethionine residue.  

A 
19

F NMR spectrum was taken after leaving the sample at 4 
o
C for 20 days (Fig. 

4.6). The 
19

F NMR spectrum shows a peak -39.00 ppm, corresponding to the SCF3 group. 

This shows that the Qβ-F protein had remained in the lower oligomeric state and had not 

reassembled to the VLP. 
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Figure 4.5 
19

F NMR of Qβ-F VLP (0.40 mg/mL) treated with 0.17 M SDS and heated to the temperatures as 

labelled. The spectra are referenced to 1,1,1-trifluoroacetone δF = -84.60 ppm. 
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 Since Takamatsu and Iso had shown that the pentamers and hexamers obtained after 

treatment of Qβ VLP with 0.17 M SDS could be reduced to monomers by addition of a 

reducing agent,
6
 this procedure was next investigated to see if the change could be tracked by 

19
F NMR. Dithiothreitol (DTT) was used as the reducing agent.

8
 It was envisaged that if a 

spectrum was measured at increasing temperatures after addition of DTT, progression of the 

chemical reduction of the multimers present may be measured by differences in peak width 

(FWHH, full width at half height) and peak height. After recording a 
19

F NMR spectrum at 

room temperature (Fig. 4.7 A), DTT was added to the sample (final concentration 0.82 M) 

and heated to 50 
o
C. This was the same sample as that used in Fig. 4.5. A spectrum was 

recorded at 50 
o
C before further heating to 90 

o
C and recording a spectrum at 90 

o
C (Fig. 4.7 

C). Finally, the sample was left to stand at room temperature overnight and a spectrum was 

taken the next morning (Fig. 4.7 D). 

 
Figure 4.6 

19
F NMR of Qβ-F VLP (0.40 mg/mL) at 25 

o
C in 0.17 M SDS after storing at 4 

o
C for 20 days after 

the experiments shown in Fig. 4.5. The spectrum is referenced to 1,1,1-trifluoroacetone δF = -84.60 ppm. 
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Figure 4.7 
19

F NMR of Qβ-F VLP(0.40 mg/mL) treated with 0.17 M SDS and DTT at concentrations as labelled 

and at the temperatures shown. All spectra are plotted with the same intensity scale. The spectra are referenced 

to 1,1,1-trifluoroacetone δF = -84.60 ppm. 
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 Comparing the spectra recorded at the same temperatures for Qβ-F VLP after 

treatment of SDS with those for Qβ-F VLP after treatment with SDS and DTT, the intensity 

of the peak at ~ -39 ppm increases as temperature increases form 25 
o
C, to 50 

o
C, to 90 

o
C. 

Furthermore, when comparing measurements at 25 
o
C and 50 

o
C, the FWHH is smaller for 

samples treated with DTT. This is clear evidence for a reduction of the initial multimeric Qβ-

F species to a lower oligomer, most likely the monomer, after treatment with DTT. The data 

is summarised in Table 4.1. The slightly higher FWHH at 90 
o
C compared with at 50 

o
C is 

likely due to inhomogeneities in the solution at higher temperatures (see discussion above).  

 

 

 

 

 

 

 

 

Figure 4.7 continued. 
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Treatment Temperature Normalized Intensity FWHH 

SDS 25 
o
C 3.6 x10

-4
 9.5 Hz 

SDS 50 
o
C 4.1 x 10

-4
 6.1 Hz 

SDS 90 
o
C 7.0 x 10

-4
 6.9 Hz 

SDS + DTT 25 
o
C 3.7 x 10

-4
 8.6 Hz 

SDS + DTT 50 
o
C 6.5 x 10

-4
 5.7 Hz 

SDS + DTT 90 
o
C 8.8 x 10

-4
 7.0 Hz 

Table 4.1 
19

F NMR data for the -39 ppm peak in the spectra shown in Fig. 4.5 and Fig. 4.7. 

 

Treatment Temperature Normalized 

Intensity 

FWHH Area 

SDS 25 
o
C 3.0 x 10

-4
 - <0.00% 

SDS 50 
o
C 1.6 x 10

-3
 15 Hz 0.37% 

SDS 90 
o
C 1.1 x 10

-2
 22 Hz 2.38% 

SDS + DTT 25 
o
C 4.0 x 10

-4
 - 0.10% 

SDS + DTT 50 
o
C 1.8 x 10

-3
 55 Hz 1.06% 

SDS + DTT 90 
o
C 1.1 x 10

-2
 34 Hz 2.94% 

Table 4.2 
19

F NMR data for the -78 ppm peak in the spectra shown in Fig. 4.5 and Fig. 4.7. 

  

The FWHH of DL-TFM was found to be 2.14 Hz (Fig. 4.1). This value is smaller than 

the FWHH values recorded for the disassembled Qβ-F protein samples (Fig. 4.5 – Fig. 4.7 

and Table 4.1). This provides evidence that the 
19

F signal observed in these protein NMR 

spectra does indeed originate from fluorine bound to the Qβ protein, as opposed to a false 

positive originating from residual DL-TFM in the sample solution from protein expression. 
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 The 
19

F NMR spectrum taken after allowing the sample and spectrometer bore to cool 

to 25 
o
C shows an additional peak at δF -39.08 (indicated with an asterisk in Fig. 4.7 D). I 

thought this might have been resolution of different oligomeric states. This lead me to repeat 

these experiments with a more concentrated protein sample to investigate this further. This 

will be discussed in Section 4.5. 

4.4 A novel off-to-on 
19

F NMR switch  

A general comment in the light of the above results is that Qβ-F is NMR-silent in its 

intact VLP form, but on disassembly to lower constituent oligomers, presumably pentamers, 

hexamers and monomers, Qβ-F exhibits two distinct 
19

F NMR signals. This opens up a 

potential use for this imaging construct as an off-to-on imaging probe, only giving a 
19

F 

signal when it is activated by disassembly (Fig. 4.8). Furthermore, if the disassembly could 

be triggered by a specific biological event, this probe would be NMR-silent in vivo until it 

reaches a particular region or target of interest where activation would cause a strong 
19

F 

signal to develop. Hence, instead of relying on accumulation of the imaging agent at the 

biological target to achieve image contrast (e.g. as in the enhanced permeability effect
9
), with 

“activatable Qβ-F”, a 
19

F NMR signal would only originate from Qβ-F at the site of interest. 

Hamachi et. al. reported the first example of an off/on 
19

F probe by means of 

disaggregation of a supramolecular organic nanoparticle.
10

 (Note, the probe of Hamachi is 

termed off/on since the disassembly process was shown to be reversible). The monomer unit 

comprised a 3,5-bis(trifluoromethyl)benzene derivative attached to a benzenesulfonamide 

moiety, a ligand for human carbonic anhydrase I (hCAI), via a linker. A solution of the 

monomer, shown to be present as an aggregate of diameter 200 nm by TEM, gave no 
19

F 

NMR signal. Addition of hCAI and concomitant ligand binding resulted in a strong signal at -

62.2 ppm, suggesting disassembly of the aggregate.
10

 Gao et. al. have also exploited this 
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off/on principle using the disassembly of a micelle of copolymers which occurred on 

lowering the pH of the solution.
11

  Thus, the micelle can be used as a pH detector.  

An advantage of the current approach is the unusually high payload of 
19

F nuclei per 

imaging molecule achievable with Qβ-F VLP. Furthermore, the surface of the VLP provides 

an extremely versatile platform for loading of targeting ligands and fluorophores via chemical 

ligation of lysines, cysteines and/or incorporation of another unnatural amino acid presenting 

a chemical handle (see Chapter 1 section 1.3.1). 

 The application of Qβ-F as a probe for medical imaging is further investigated and 

discussed in Chapter 5. 

4.5 Probing the structure of Qβ phage using 
19

F NMR 

 Significant research efforts have focused on virus disassembly, the mechanism of 

which is still largely unknown. Many antiviral drugs are based upon inhibition of the 

replication process of viruses.
12–14

 Hence, a more detailed understanding of the disassembly 

process would guide the design of new antiviral drugs. Furthermore, viral nanoparticles are 

 

Figure 4.8 Potential use of Qβ-F as an off-to-on imaging switch when triggered. 

-37.5 -38.0 -38.5 -39.0 -39.5 -40.0 -40.5

Chemical shift / ppm

-37.5 -38.0 -38.5 -39.0 -39.5 -40.0 -40.5

Chemical shift / ppm

Disassembly of 

oligomeric particle 

to multimers

NMR off NMR on



Chapter 4 – 
19

F NMR of Qβ-F 

 

130 

 

being used as gene-delivery vectors
15

 and “Trojan Horses” to get drugs across the blood-brain 

barrier.
16

  

I envisaged that the Qβ-F VLP could be used as a model for virus disassembly by 

exploiting the 
19

F label to track the disassembly process of bacteriophage Qβ. Imaging of 

virus disassembly and internalization to date has predominantly used fluorescence 

microscopy
17–19

 and transmission electron microscopy (TEM).
13,20–23

 Although these 

techniques give data on the translational position and motion of viruses relative to cells, they 

do not provide information on the molecular changes of the virus during the binding and 

infecting process. Using NMR to follow a virus with an NMR-active label could allow a 

“virus eye-view” of the disassembly process.  

 Recently, 
19

F NMR has been used to probe the dynamics of protein unfolding,
24–27

 

driven by the link between misfolded proteins and a number of human diseases, such as 

Alzheimer’s.
28

 Prosser et. al. successfully characterized three distinct oligomeric states of 

mammalian prion protein (PrP) by differences in 
19

F chemical shift and FWHH.
29

 

Furthermore, Marsh et. al. used fluorine labelling to follow the time course of aggregation of 

Aβ1-40 (a peptide derived from cleavage of the amyloid precursor protein) via chemical shift 

differences in the oligomeric states.
30

  

Encouraged by these findings, it was envisaged that if disassembly experiments could 

be conducted on the fluorinated Qβ developed in this work whilst measuring 
19

F NMR, the δF 

of the multimers and monomer could be measured. This would provide a chemical shift 

signature for the disassembly components of Qβ. 

The 
19

F NMR of Qβ-F VLP treated with SDS shows, i.e. by observation of the 

development of signals, that the particle disassembles on addition of SDS (Fig. 4.5). 

However, the NMR spectra were recorded at three temperatures and so only give a “snap-

shot” of disassembly at these points (Fig. 4.5). It was envisaged that monitoring the 
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disassembly over a time course would be more informative of the mechanism of the 

disassembly and so a time course of 20-minute acquisitions taken each hour overnight was 

planned. Following previous 
19

F NMR results in this chapter and the mentioned uncertainties 

in line broadening at high temperatures, it was decided that NMR spectra would not be 

measured at a temperature greater than 37 
o
C.  Hence, I planned to incubate the sample 

overnight at 37 
o
C. This also provides a more biologically relevant model, since 37 

o
C is the 

normal human body temperature and incubation temperature for E. coli. 

SDS (final concentration 0.17 M) was added to a sample of Qβ-F VLP (1.26 mg/mL, 

0.09 mM with respect to monomer concentration). However, within the time required to take 

an initial 
19

F NMR spectrum (~5 minutes after addition of SDS) a signal was observed at ~ -

39 ppm (Fig. 4.9 B). A peak at -78 ppm was also observed, albeit at much lower intensity. 

Another spectrum was measured after a 20-minute period (incubation at 37 
o
C in NMR bore) 

but no change in the peak intensity or width was observed, suggesting that an endpoint had 

been reached (data not shown). As such, an overnight time course was not performed. A 

spectrum was then recorded at 25 
o
C to ensure a signal could also be detected at ambient 

temperature (Fig. 4.9 C). At 25 
o
C a signal was observed at -39 ppm, however no signal was 

observed at -78 ppm. It is interesting to note that when compared to the spectra of Fig. 4.5 B 

and C, the intensity of the peak at -78 ppm is significantly weaker. Since the difference 

between the conditions in Fig. 4.5 and Fig. 4.9 is the increased temperature in the former, it 

seems that the development of the peak at -78 ppm is induced by temperature. 

To investigate if the particle had reassembled, another spectrum of the sample of Fig. 

4.9 was also measured after overnight standing at room temperature (Fig. 4.9 D). A peak, of 

approximately the same peak height as in Fig. 4.9 C, was observed, showing that the protein 

remained in its multimeric state.  Note that a more concentrated protein sample was used here 

than in previous experiments (Fig. 4.5 and Fig. 4.7), giving a higher signal-to-noise ratio.  
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Figure 4.9 
19

F NMR of Qβ-F VLP (1.26 mg/mL) in 0.17 M SDS at the temperatures shown. The spectra are 

referenced to 1,1,1-trifluoroacetone δF = -84.60 ppm. 
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 Diffusion ordered NMR spectroscopy (DOSY) was next employed as a more reliable 

method for comparing the sizes of the multimers by NMR than by using peak FWHH. DOSY 

uses the pulsed-gradient spin-echo method to differentiate species according to their 

translational diffusion coefficient.
31–33

 An initial 90
o
 pulse tips the magnetization vector from 

the z axis onto the xy plane and the spin vectors begin to dephase (transverse magnetization 

decreases). After a time τ a second pulse rotates the vectors 180
o
 and the spins begin to 

rephrase along the x direction where an echo signal is detected (Fig. 4.10). In order for the 

spins to completely rephrase so that the echo signal is of the same intensity as the initial 

signal at time zero, the precession frequencies must remain constant throughout the 

experiment. However, since a gradient field is applied, the local magnetic field, and therefore 

the precession frequency of the nuclei depends on their position along the field gradient lines. 

The greater the diffusion rate of a molecule, the greater the difference in the local magnetic 

field experienced by, and therefore frequencies of, the nuclei before and after the 180
o
 pulse. 

This results in greater dephasing of the spins and ultimately a diminution of the signal. 

 
 

Figure 4.9 continued. 
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By measuring the intensity of the echo, I, of an initial signal of intensity I0, at different 

magnetic field strengths, G, the diffusion coefficient, D can be graphically determined: 

𝐼

𝐼𝑂
=  −𝑒𝑥𝑝 [𝐷𝛾2𝛿2𝐺2 (∆ −

𝛿

3
−

𝜏

2
)] 

where γ is the magnetogyric ratio of the observed nucleus and δ and τ are time durations as 

defined in Fig. 4.10.
31

 The diffusion coefficient, D, is related to the hydrodynamic radius of a 

sphere, rs, by the Stokes-Einstein equation: 

𝐷 =
𝑘𝐵𝑇

6𝜋η𝑟𝑠
 

where kB is the Boltzmann constant, T is the absolute temperature, and η is the solvent 

viscosity.
34

  

19
F DOSY was measured for the peak obtained from treatment of Qβ-F VLP with 

SDS (Fig. 4.11 A). Calculation of the diffusion coefficient D gave a value of 2.1 x 10
-11

 m
2
s

-1
. 

To compare this diffusion coefficient with that of the monomer, a sample of the monomer 

was synthesized and purified by reducing Qβ-F VLP with DTT and subsequently reacting it 

 
Figure 4.10 Sequence for the pulse-gradient spin-echo experiment used in DOSY. (Adapted from Fig. 9.1 of 

reference [3]). 
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Figure 4.11 
19

F DOSY plots for A) Qβ-F multimer, B) Qβ-F alkylated monomer, C) 1,1,1-trifluoroacetone 

reference.For each experiment, Δ = 199.9 ms and δ = 5.0 ms. 
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with iodoacetamide to alkylate the cysteines. This ensures that the protein remains in the 

monomeric state since assembly to the higher order oligomers requires formation of 

disulphides. Fig. 4.12 shows an SDS-PAGE gel of Qβ-Met VLP without (lane 1) and with 

(lane 2) reducing treatment, and Qβ-F alkylated monomer without (lane 3) and with (lane 4) 

reducing treatment. For the Qβ-Met in its VLP form, the gel shows the protein is not present 

as monomers when not treated with reducing loading buffer (lane 1), however is clearly 

present as monomers when treated with reducing agent and heating (lane 2). For the Qβ-F 

alkylated monomer, there is a distinct band for the Qβ monomer under both native conditions 

and reducing conditions (lanes 3 and 4, respectively), confirming that the sample consists of 

isolated monomers and not assembled particles. 

 

SDS was added to the monomer sample at the same concentration as that previously 

used (i.e. a final concentration of 0.17 M) since a change in concentration is likely to change 

the solvent viscosity and hence the translational diffusion of the monomer. For the same 

reason the DOSY experiment was taken at the same temperature as that of the multimer. The 

 
Figure 4.12 SDS-PAGE: Lane 1: Qβ-Met VLP (0.04 mg/mL) after non-reducing treatment; Lane 2: Qβ-Met 

VLP (0.04 mg/mL) after treatment with reducingdye and heating at 90 
o
C for 10 minutes; Lane 3: Qβ-F 

alkylated monomer (0.18 mg/mL) after non-reducing treatment; Lane 4: Qβ-F alkylated monomer(0.18 

mg/mL) after treatment with reducingdye and heating at 90 
o
C for 10 minutes. A 10-225 kDa protein marker 

is shown. 10% Bis-Tris gel (Invitrogen), run in MES buffer. The gel was stained with InstantBlue  

(coomassie blue solution). 
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diffusion coefficient calculated from the signal of the monomer was 4.4 x 10
-11

 m
2
s

-1
 (Fig. 

4.11 B), approximately twice that as for the species generated on addition of SDS to Qβ-F 

VLP. From the Stokes-Einstein equation (above), it follows that the hydrodynamic radius, rs, 

is greater for the species generated on addition of SDS to Qβ-F VLP, than for the monomer.  

This clearly shows that the species generated on addition of SDS to Qβ-F VLP is a 

multimeric state i.e. of higher molecular weight than the monomer.  Finally, as a small 

molecule reference, the diffusion constant D of the reference compound 1,1,1-

trifluoroacetone was measured and calculated to be 7.7 x 10
-11

 m
2
s

-1
 (Fig. 4.11 C). 

These multimeric states (Fig. 4.11 A) give a characteristic broad peak at -39.04 ppm, 

a higher chemical shift than that of the monomer, -39.10 ppm (Fig 4.13). Such information 

would be extremely useful to characterize the state of the Qβ bacteriophage during its 

infection cycle. This would allow in vivo virus disassembly mechanisms to be studied in 

much greater detail than has currently been possible. 

 

 

 Having analysed the disassembly of the Qβ-F VLP to a lower multimeric state 

by 
19

F NMR and 
19

F DOSY NMR, the process of disassembly from this multimeric state to 

the monomeric state of Qβ-F was next investigated. As discussed above, the disassembly of 

 
Figure 4.13 

19
F NMR Qβ-F VLP (1.26 mg/mL) treated with 0.17 M SDS (black) and Qβ-F alkylated 

monomer(1.07 mg/mL) (red). The spectra are referenced to 1,1,1-trifluoroacetone δF = -84.60 ppm. 
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the multimer to monomers can be brought about by the addition of a reducing agent.
6
 The 

sample used previously (after addition of SDS, Fig. 4.9) was used so that direct comparisons 

could be made between spectra before and after DTT treatment. DTT (100 equivalents with 

respect to Qβ-F disulfide bonds, 18 mM final concentration) was added to the sample before 

heating at 90 
o
C for 40 minutes. Fig. 4.14 A shows the resulting 

19
F NMR spectrum. A 

prominent, additional peak at -39.07 ppm was observed. This was promising as it indicated 

the presence of a species distinct from the multimer; the multimer peak still being observable 

at -39.04 ppm. The peaks were fitted using ACD software and the FWHH of the peaks at -

39.04 ppm and -39.07 ppm were 10.3 Hz and 7.0 Hz, respectively. Unfortunately, the peaks 

were not sufficiently resolved or high enough in intensity to measure the diffusion constant 

by DOSY. The peak at -39.04 ppm is taken to be the species observed on addition of 0.17 M 

SDS to Qβ-F VLP (see Fig. 4.9). Since the additional peak at -39.07 ppm resulted from heat 

treatment with DTT, and that the FWHH is smaller than that observed for the multimer peak, 

it seems reasonable to suspect that the peak at -39.07 ppm is from a reduced form of the 

multimer, that is, a lower oligomer. However, whether the peak at -39.07 ppm is from a 

monomer is not clear. In an effort to further extend the reduction of the multimer, and hence 

determine whether a separate peak corresponding to the monomer would be observed, the 

concentration of DTT was doubled to 36 mM and the sample was heated at 90 
o
C for 40 

minutes. The resulting spectrum is shown in Fig. 4.14 B. Peaks corresponding to peak I and II 

in spectrum Fig. 4.14 A were observed at -39.04 and -39.06 with FWHH values of 10.4 and 

7.1 Hz, respectively. The peak at -39.06 had increased in intensity from 4.7 x 10
-3

 to 6.0 x 10
-

3
, suggesting further reduction of the multimer to this species. In addition, a new peak at -

39.02 was observed with a FWHH value of 10.3 Hz. The spectrum after overnight incubation 

at room temperature was unchanged (Fig. 4.15).  
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Figure 4.14 Continued. 
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 Finally, the sample was treated further with DTT as follows. The final concentration 

of DTT was raised to 102 mM and then heated at 90 
o
C for 165 minutes. The final 

concentration of DTT was then raised to 169 mM and the sample was heated at 90 
o
C for a 

further 60 minutes. The 
19

F NMR spectrum of the resulting sample is shown in Fig. 4.16. 

 

Figure 4.15 
19

F NMR spectrum of Qβ-F VLP (1.26 mg/mL) treated with 0.17 M SDS and DTT after incubation 

overnight at room temperature. The spectrum is referenced to 1,1,1-trifluoroacetone δF = -84.60 ppm. 
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Figure 4.16 
19

F NMR of Qβ-F VLP (1.26 mg/mL) after further addition of DTT and heating at 90 
o
C for 225 

minutes. The spectrum is referenced to 1,1,1-trifluoroacetone δF = -84.60 ppm.  
 

A 
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F NMR spectra 

are aligned with that of the alkylated monomer (spectrum in red) and hence allows 
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observed at -39.04 ppm was attributed to a multimeric state (see above). Spectrum C is that 

shown in Fig. 4.14 A. Spectrum D is that shown in Fig. 4.14 B. Spectrum E is that shown in 

Fig. 4.16. Fig. 4.17 shows that the species present after heat treatment in 18 mM and 36 mM 

DTT at -39.06/-39.07 (shown in Fig. 4.14) was not in fact the monomer. Peak III of spectrum 

Fig. 4.16 is seen to have same chemical shift as the alkylated monomer, and required 

additional DTT and heating compared to the spectra Fig. 4.17 C and D. Based upon the 

FWHH values, the peaks labelled I and II in Fig. 4.14 can be tentatively assigned as hexamer 

and pentamer, respectively. However, further experiments are required to unequivocally 

characterize these peaks in the spectra. These experiments will be discussed at the end of this 

chapter.  
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Figure 4.17 

19
F NMR of Qβ-F VLP (1.26 mg/mL) treated with: A: 0 M SDS; B: 0.17 M SDS; C: 0.17 M SDS, 

18 mM DTT then 90 
o
C for 40 minutes; D: 0.17 M SDS, 36 mM DTT then 90 

o
C for 40 minutes; E: 0.17 M 

SDS, 102 mM DTT at 25 
o
C, then 90 

o
C for 165 minutes, then 169 mM DTT heated to 90 

o
C for 60 minutes. 

Red spectrum: Qβ-F alkylated monomer (1.07 mg/mL). The spectra are referenced to 1,1,1-trifluoroacetone 

δF = -84.60 ppm. 
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 Next, an attempt was made to track the disassembly of Qβ-F in a more dynamic 

fashion over a longer time period. It was proposed that addition of DTT followed by 

monitoring by 
19

F NMR at set time points over an extended period of time (overnight) would 

allow changes in oligomeric states to be more closely followed. A fresh sample of Qβ-F VLP 

(0.15 mM with respect to monomer) was treated with 7.6 mM DTT and incubated for 20 

minutes at room temperature before recording an initial 
19

F NMR spectrum (Fig. 4.18 

labelled 20 mins.). The sample was then heated to 37 
o
C in the NMR bore and a series of 20-

minute 
19

F NMR spectra were taken with a 40 minute wait between each measurement. 

 The 
19

F NMR spectra at each of the time points are shown in Fig. 4.18. After room 

temperature incubation with DTT (7.6 mM) for 20 minutes, a broad peak centred at -38.9 

ppm was observed. This was taken to be from an oligomeric species due to its large FWHH 

compared to that observed for the alkylated monomer in Fig. 4.13. No peak was observed at -

78 ppm, the expected region for oxidised trifluoromethionine residue. However, a broad 

signal developed at -78 ppm after 132 minutes (Fig. 4.18), which was observed to increase in 

intensity as a function of time. 

 The spectra zoomed in the region of the -39 ppm peak are shown in Fig. 4.19 for a 

representative selection of time points. After incubation at 37 
o
C, a sharp peak at -39.14 ppm 

developed, approximately equal to the chemical shift measured for the alkylated monomer 

(see Fig. 4.13). The peak at -39.14 ppm is consistent throughout the timecourse. The 
19

F 

NMR spectrum taken 532 minutes after addition of DTT, shows the main peak had split, 

which is more prominently seen after 1012 minutes. This could be due to individual 

multimers. Although it is not possible to fully characterize the individual multimers, these 

results do show a characteristic feature of a broad multimer peak centred at δF -38.9 and a 

sharp monomer peak at δF -39.14, consistent with the results shown in Fig. 4.17.   
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Figure 4.18 

19
F NMR of 0.15 mM Qβ-F VLP treated with 7.6 mM DTT taken at the labelled time after initial 

addition of DTT. The spectra were taken at 37 
o
C except for the spectrum at 20 mins., which was taken at 25 

o
C. The spectra are referenced to 1,1,1-trifluoroacetone δF = -84.60 ppm. 
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Figure 4.18 Continued. 
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Figure 4.18 Continued. 
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Figure 4.19 

19
F NMR of 0.15 mM Qβ-F VLP treated with 7.6 mM DTT taken at the temperatures shown and 

the time after initial addition of DTT. The red dotted line is at δF -39.14 ppm. The spectra are referenced to 

1,1,1-trifluoroacetone δF = -84.60 ppm. 

 

 

-38.0 -38.5 -39.0 -39.5 -40.0

Chemical shift / ppm

25 oC

20 mins

37 oC

116 mins

37 oC 

152 mins

37 oC 

532 mins

37 oC 

1012 mins

Peak 

separation



Chapter 4 – 
19

F NMR of Qβ-F 

 

149 

 

In an effort to resolve the broad multimer peaks observed at -39 ppm and -78 ppm 

(Fig. 4.18), it was decided to titrate SDS into the sample. Fig. 4.20 shows the 
19

F NMR 

spectra of the sample after addition of different amounts of SDS. The sample from Fig. 4.19 

was stored at 4 
o
C for 15 days before carrying out the SDS titration experiments shown in 

Fig. 4.20. Unexpectedly the peak at -78 ppm had increased in intensity significantly whereas 

the peak at -39 ppm remained unchanged. 

After the first addition of SDS (final concentration 1.68 mM), a sharp peak at -39.15 

ppm was observed. This is in line with the peak observed in Fig. 4.19 which was tentatively 

assigned to the monomer. A broad multimer feature is still observed around -38.90 ppm. On 

subsequent additions of SDS, the intensity of this multimer feature is seen to diminish with 

simultaneous increase in intensity of the monomer peak. This is seen more clearly in the 

spectrum zoomed in the -39 ppm region, shown in Fig. 4.21. In contrast, the peak at -78 ppm 

appears to be unaffected by the addition of SDS (Fig. 4.20). 

 The results of the work leading to Fig. 4.19 and Fig. 4.21 show that significant 

intermolecular bonding interactions exist between Qβ monomers with trifluoromethionine 

residues other than disulphide bonding, most likely involving hydrophobic interactions. The 

data also imply that these intermolecular bonding interactions are not present between Qβ 

monomers with oxidised trifluoromethionine residues since a sharp resonance with a FWHH 

close to that seen for the monomer was observed before the addition of the denaturant, SDS 

(Fig. 4.20). This may be due to changes in the secondary structure of the Qβ monomer when 

the trifluoromethionine residue is oxidised which prevents effective dimerization through 

hydrophobic interactions. 
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Figure 4.20 
19

F NMR of 0.15 mM Qβ-F VLP after treatment with 34 mM DTT and addition of SDS to a final 

concentration as indicated. The spectra are referenced to 1,1,1-trifluoroacetone δF = -84.60 ppm. 
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Figure 4.20 Continued. 
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Figure 4.21 

19
F NMR of 0.15 mM Qβ-F VLP after treatment with 34 mM DTT and addition of SDS to a final 

concentration as indicated. The spectra are referenced to 1,1,1-trifluoroacetone δF = -84.60 ppm. 

 

 

-37 -38 -39 -40

Chemical shift / ppm

-37 -38 -39 -40

Chemical shift / ppm

-37 -38 -39 -40

Chemical shift / ppm

34 mM DTT

0 M SDS

34 mM DTT

1.68 mM SDS

34 mM DTT

3.36 mM SDS

-36 -38 -40 -42

0.0

1.0x10
-3

2.0x10
-3

3.0x10
-3

4.0x10
-3

In
te

n
s
it
y
 /
 a

.u
.

Chemical shift / ppm

-36 -38 -40 -42

0.0

1.0x10
-3

2.0x10
-3

3.0x10
-3

4.0x10
-3

In
te

n
s
it
y
 /
 a

.u
.

Chemical shift / ppm

-36 -38 -40 -42

0.0

1.0x10
-3

2.0x10
-3

3.0x10
-3

4.0x10
-3

In
te

n
s
it
y
 /
 a

.u
.

Chemical shift / ppm



Chapter 4 – 
19

F NMR of Qβ-F 

 

153 

 

 

4.6 In-cell NMR 

 

The results described above for disassembly of Qβ-F in vitro, demonstrate the potential 

for this construct to be used to probe disassembly of the phage during infection of E. coli. 

Moving from in vitro NMR analysis of proteins to ex vivo (isolated living cells) and in vivo 

(inside a living body) NMR studies presents a number of challenges, including that associated 

with molecular crowding in a cellular environment. Molecular crowding causes broadening 

of resonance peaks due to increased solution viscosity and interactions of the protein of 

 
Figure 4.21 continued. 
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interest with intracellular proteins, thus making interpretation of spectra more difficult and 

ultimately reducing sensitivity.
35–38

    

RNA phages only infect F+ (male) E. coli strains;
39

 hence, for infection experiments, 

C3000 (F+) E. coli (LGC standards) were used. The cells were grown according to the 

product protocol.
40

 Cultures were grown from glycerol stocks, originating from single 

colonies, to an OD600 of 0.5 – 0.6.
41

 The cells were centrifuged and resuspended in tryptone 

medium containing D2O, since D2O is required to lock the magnetic field of the NMR 

spectrometer.  Qβ-F VLPs were added to a final concentration of 0.5 mg/mL (~35 µM in 

monomer). A control containing deuterated tryptone medium instead of cell slurry was also 

prepared. 

A 
19

F NMR spectrum of the E. coli/Qβ-F VLPs mixture was taken at 37 
o
C; the sample 

was allowed to equilibrate in the bore for 10 minutes before taking the spectrum. No signal 

was seen after 1000 scans, implying that the Qβ-F VLPs had not disassembled for a lack of 

signal at -39 ppm. In the control sample, the same amount of Qβ-F added to buffer instead of 

E. coli was measured for the same number of scans; this was also observed not to give a 

signal. This result supports the proposal that the original sample of Qβ-F was in its VLP state. 

As a positive control, to ensure the lack of signal was not due to an insufficient number of 

scans, the sample of Qβ-F used to record spectrum Fig. 4.14 B (i.e. treated with SDS and 

DTT) was measured. The concentrations of the samples were similar (control sample: 0.07 

mM; Fig. 4.14 B: 0.09 mM). A signal was observed in the positive control spectrum (run for 

1000 scans) showing that the lack of signal in the E. coli samples is not due to an insufficient 

number of scans. The E. coli/Qβ-F VLP slurry was run overnight at 37 
o
C; 24 000 scans were 

recorded, after which no signal was present in the 
19

F NMR spectrum. Together, these results 

provide evidence that no disassembly of the Qβ-F bacteriophage occurs when the 

bacteriophage is incubated with its host, male E. coli F+, at least under the tested conditions. 
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The results support work by Stockley and co-workers on the interaction of a closely related 

bacteriophage, MS2, with F-pili of its host, also F+ E. coli.
42

 Stockley’s work was based 

upon TEM images which show intact MS2 particles after incubation with F-pili. The benefit 

of the 
19

F NMR data presented here is that 
19

F NMR is acutely sensitive to the oligomeric 

state of the virus, and so can record the presence of lower oligomers which are undetectable 

by TEM.  

Since it had been determined that the Qβ-F bacteriophage remains intact on incubation 

with its host, the next aspect to determine was whether the bacteriophage entered its host cell 

or not. After overnight incubation at 37 
o
C the sample of Qβ-F and E. coli was centrifuged to 

collect the cells before removing the supernatant, resuspending the cells in 500 µL of buffer 

and lysing by sonication. The cell debris was then collected by centrifugation and 

resuspended in buffer (500 µL). 

 

 

 
 

Figure 4.22 A: SDS-PAGE. Lane 1: Supernatant after centrifuging E. coli NMR sample. Lane 2: Supernatant 

after lysing E. coli pellet from NMR sample resuspended in buffer (lysate). Lane 3: Cell debris after lysing 

cells, resuspended in buffer. B: Agarose gel. Lane 1: Qβ-Met VLP (non-reducing). Lane 2: Qβ-Met VLP 

(reduced). Lane 3: Supernatant after centrifuging E. coli NMR sample (non-reducing). Lane 4: Supernatant 

after centrifuging E. coli NMR sample (reduced). Lane 5: Supernatant after lysing E. coli pellet from NMR 

sample resuspended in buffer (lysate) (non-reducing). Lane 6: Supernatant after lysing E. coli pellet from NMR 

sample resuspended in buffer (lysate) (reduced). Lane 7: Cell debris after lysing cells, resuspended in buffer 

(non-reducing). Lane 8: Cell debris after lysing cells, resuspended in buffer (reduced). 
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 The samples were analysed by reducing SDS-PAGE and agarose gel electrophoresis. 

The samples analysed by agarose gel electrophoresis were run alongside a standard of Qβ-

Met VLP as a marker for the intact VLP (Qβ-F VLP and Qβ-Met VLP have been shown to 

co-migrate on agarose gel in Chapter 3 Page 104). The SDS-PAGE shows the presence of 

Qβ-F protein in both the supernatant after centrifuging the cells and the cell lysate. Qβ-F 

protein observed in the lysate implies the Qβ-F protein had been internalised into the E. coli 

cells. On the agarose gel, each sample was run in duplicate with the first being the non-

denatured form and the second being after treatment with reducing loading dye and heat 

treatment. The agarose gel also shows the presence of Qβ-F in both the supernatant after 

centrifuging the cells and the cell lysate. Furthermore, the agarose gel clearly shows the intact 

VLP form of the Qβ-F in the cell lysate. This is in agreement with the result that no 
19

F NMR 

signal was observed in after incubation of Qβ-F with the E. coli cells (discussed above).  

 The 
19

F NMR and electrophoretic results above together provide strong evidence to 

show that the Qβ-F particle does not disassemble when incubated with its host, F+ E. coli. 

However, these results do not conclusively determine whether the Qβ-F particle is 

internalised into the F+ E. coli cells since the Qβ-F detected in the cell lysates by the SDS-

PAGE and agarose gels could have been associated with the cell outer surface, as opposed to 

actually being inside the cells. To investigate whether the Qβ-F particle is internalized into its 

host E. coli, the surface of the particle could be labelled with a fluorophore. The process 

could then be imaged by fluorescence microscopy. 

4.7 Conclusions and future work 

The above results demonstrate that fluorine labelling of the Qβ VLP and monitoring of 

19
F NMR spectra during disassembly provides a new way of analysing virus disassembly. 

The constituent oligomeric states of the capsid can be characterized by their differing 
19

F 

chemical shifts. Furthermore, I believe this 
19

F-labelling technique could be generalised to 
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other viruses. Of particular interest will be application of the labelling procedure to 

mammalian viruses where 
19

F NMR could be used to assign a more detailed mechanism of 

infection and thus guide rational design of potent antivirus molecular therapeutics. For 

example, the Hepatitis B virus (HBV) is being extensively researched due to its cause of viral 

infection killing 1 million people annually.
43–45

 Thus, 
19

F labelling of HBV would be of 

interest. 

The peak in the 
19

F NMR spectrum of disassembled Qβ-F corresponding to the monomer 

has been assigned by matching the chemical shift with that of an isolated sample of the 

purified fluorinated Qβ monomer. The other peaks in the spectrum of disassembled Qβ-F are 

still to be assigned. This could be done using a similar technique to that used here for the 

monomer. Pentamers and hexamers of the virus can be obtained by treatment of the VLP with 

SDS.
6
 The pentamers and hexamers could then be separated either by size-exclusion 

chromatography or ion-exchange chromatography. If successful, 
19

F NMR spectra of the 

separated hexamers and pentamers could be measured to obtain a fluorine chemical shift for 

these species. Possible difficulties with this approach could be the potential loss of protein 

sample to the chromatography system and column.  

 Finally, the potential for using Qβ-F VLP as an in vivo off-to-on imaging agent was 

proposed (Fig. 4.8). To this end, it will be important to analyse Qβ-F VLP incubated with 

mammalian cells. Finn and co-workers have shown that Qβ modified with the glycoprotein 

transferrin can be internalised into mammalian cells by the transferrin receptor.
18

 This was 

achieved by labelling the surface of Qβ with AlexaFluor 568 and imaging stained cells by 

fluorescence microscopy. However, the reported results do not show whether Qβ 

disassembles when internalized into the cells. Qβ-F VLP would show this since it would 

produce a 
19

F NMR signal if disassembly occurred. Hence, future work could be guided 

towards modification of the lysine residues of Qβ-F VLP with transferrin. 
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4.9 Experimental procedures 

All 
19

F NMR spectra were referenced to the internal standard 1,1,1-trifluoroacetone which 

was set to δF = -84.60 ppm. 

  19
F NMR of DL-TFM 4.9.1

DL-Trifluoromethionine (10 mg) and 1,1,1-trifluoroacetone (5.8 mg) were added to a glass 

vial and dissolved in deuterated TBS buffer (500 µL). The solution was transferred to a NMR 

tube using a needle and syringe. The spectrum was measured on a Bruker AVB500 

spectrometer and is shown in Fig. 4.1. 

  19
F NMR of Qβ-F VLP with varying temperatures 4.9.2

A sample of Qβ-F in TBS was concentrated as follows. The solution was exchanged into H2O 

using a PD-10 column (GE Healthcare). Fraction volumes of 8 drops ≈ 300 µL were taken. 

The fractions were analysed by Nanodrop Spectrophotometer (Thermo Scientific) at 280 nm 

and fractions containing protein were pooled. The sample was freeze-dried to remove H2O 

and the resulting white powder was dissolved in 400 µL deuterated TBS. The solution was 
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added to an NMR tube. The concentration of the sample was measured using the Bradford 

assay (Pierce) giving a value of 0.4 mg/mL. A spectrum was measured on a Bruker AVB500 

spectrometer at 25 
o
C and is shown in Fig. 4.2 A. The temperature of the NMR bore was then 

increased to 60 
o
C. The sample was left to equilibrate in the bore for approximately 15 

minutes before a spectrum was taken and is shown in Fig. 4.2 B. 

SDS-PAGE of the NMR sample was next taken. Lane 1:  2 µL NMR sample, 8 µL TBS 

buffer, 2 µL  DNA native loading dye, no heat treatment. Lane 2: 2 µL NMR sample, 8 µL 

TBS buffer, 2 µL SDS-PAGE reducing dye, sample heated at 90 
o
C for 10 minutes. A 15-150 

kDa protein marker was also loaded. A 10% Bis-Tris gel was used with MES buffer. The gel 

was run for 40 minutes at 200V. The gel was stained with coomassie solution (InstanBlue™, 

Expedeon) to afford the gel shown in Fig. 4.2 C. 

  19
F NMR of Qβ-F VLP treated with SDS 4.9.3

To the NMR sample used in Fig. 4.2, SDS (19.35 mg) was added to give a final SDS 

concentration of 0.17 M. A spectrum was measured on a Bruker AVB500 spectrometer at 27 

o
C and is shown in Fig. 4.5 A. The temperature of the NMR bore was then increased to 50 

o
C. 

The sample was left to equilibrate in the bore for approximately 15 minutes before a 

spectrum was taken and is shown in Fig. 4.5 B. The temperature of the NMR bore was then 

increased to 90 
o
C. The sample was left to equilibrate in the bore for approximately 15 

minutes before a spectrum was taken and is shown in Fig. 4.5 C. 

This sample was stored at 4 
o
C, and after 20 days of storage a 

19
F NMR spectrum was 

measured. A spectrum was measured on a Bruker AVB500 spectrometer at 25 
o
C and is 

shown in Fig. 4.6.  
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  19
F NMR of Qβ-F VLP treated with SDS and DTT 4.9.4

A spectrum of the NMR sample used in Fig. 4.6 was measured on a Bruker AVB500 

spectrometer at 25 
o
C and is shown in Fig. 4.7 A. Then 63 mg of DTT was added to the NMR 

sample giving a final DTT concentration of 0.816 M. The temperature of the NMR bore was 

then increased to 50 
o
C. The sample was left to equilibrate in the bore for approximately 15 

minutes before a spectrum was taken and is shown in Fig. 4.7 B. The temperature of the 

NMR bore was then increased to 90 
o
C. The sample was left to equilibrate in the bore for 

approximately 15 minutes before a spectrum was taken and is shown in Fig. 4.7 C. Finally, 

the sample was left to stand at room temperature overnight and a spectrum was taken at 25 
o
C 

the next morning (Fig. 4.7 D). 

The right side 
19

F NMR spectrum shown in Fig. 4.8 is that of Fig. 4.7 D. 

  19
F NMR of Qβ-F  VLP treated with SDS 4.9.5

A new sample of Qβ-F was prepared as follows. A solution of 1.87 mg Qβ-F in 6.6 mL TBS 

buffer was dialysed into H2O using a Slide-A-Lyzer dialysis cassette with a 10 kDa molecular 

weight cut-off. The solution was extensively dialysed by repeated refreshing of H2O to 

remove TBS salts from the sample. The sample was then freeze-dried to remove H2O and the 

resulting white powder was dissolved in 1 mL deuterated TBS and 600 µL TBS. The final 

solution was 2 mL, and its concentration was 1.26 mg/mL as determined by the Bradford 

assay.
46,47

 450 µL of this solution (0.567 mg Qβ-F) was used for the 
19

F NMR spectra shown 

in Fig. 4.9. The bore of a Bruker AVB500 spectrometer was heated to 37 
o
C, the NMR 

sample was left to equilibrate in the bore for approximately 15 minutes before a spectrum 

was taken (Fig 4.9 A). 22.8 mg of SDS was added to the sample to give a final concentration 

of 0.17 M and the sample was placed back in the NMR bore. A 
19

F NMR spectrum was 

recorded immediately (approximately 5 minutes after the addition of SDS). Another 
19

F 
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NMR spectrum was recorded 30 minutes later, no change was observed in the spectrum. The 

NMR bore and sample were allowed to cool to 25 
o
C. A 

19
F NMR spectrum was recorded 15 

minutes after the temperature had been reached. The sample was left to stand overnight at 

room temperature, after which another 
19

F NMR spectrum was recorded (Fig. 4.9 D). 

  Preparation of the alkylated Qβ-F monomer 4.9.6

A solution of Qβ-F VLPs (9.5 mL, 44 µg/mL) was concentrated using a Viva Spin 6 tube 

with a 10 kDa molecular weight cut off. The final volume was 5 mL. 10 mg of DTT was 

added to this solution, and the sample was heated at 95 
o
C for 20 minutes. A solution of 

iodoacetamide (≈100 mM) was made up in a foil-wrapped Eppendorf tube: 526 µL of H2O 

was added to 9.46 mg of iodoacetamide. Once the protein solution had been heated with 

DTT, 236 µL of the iodoacetamide solution (≈100 mM) was added, the reaction was allowed 

to proceed in the dark at room temperature for 20 minutes.  The reaction mixture was then 

loaded onto a sucrose density gradient (5%-40% w/w sucrose in TBS). The gradients were 

ultracentrifuged: Beckman Coulter Optima™ L-90K, 37600 rpm, 4 
o
C, 3 hours, with 

maximum acceleration and deceleration set to “No brake”. After ultracentrifugation, the 

sucrose gradients were fractionated into 1 mL fractions. The fractions were then analysed for 

protein content using a Nanodrop Spectrophotometer. Protein was detected in the first three 

fractions and none in the fractions where VLPs are expected, thus confirming the monomeric 

state of the Qβ-F protein. Fractions were pooled and concentrated to 5 mL using a Viva Spin 

with a 5 kDa cut-off. The sucrose was removed from the solution using a PD-10 column. The 

column was eluted with TBS so the final solution was in the buffer. 

The Qβ-F alkylated monomer was analysed by SDS-PAGE. Lane 1: 1 µL Qβ-Met VLP, 9 µL 

TBS, 2 µL DNA native loading dye, no heat treatment. Lane 2: 1 µL Qβ-Met VLP, 9 µL 

0.244 M SDS solution, 2 µL SDS-PAGE reducing dye, 90 
o
C for 10 minutes. Lane 3: 2 µL 
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Qβ-F alkylated monomer in TBS, 8 µL TBS, 2 µL DNA native loading dye, no heat 

treatment. Lane 4: 2 µL Qβ-F alkylated monomer in TBS, 8 µL 0.244 M SDS solution, 2 µL 

SDS-PAGE reducing dye, 90 
o
C for 10 minutes. A 10-225 kDa ladder was also loaded. A 

10% Bis-Tris gel was used with MES buffer. The gel was run for 40 minutes at 200V. The 

gel was stained with coomassie solution (InstanBlue™, Expedeon) to afford the gel shown in 

Fig. 4.12. 

  19
F NMR of Qβ-F VLP treated with SDS and DTT  4.9.7

To the NMR sample of Qβ-F from Fig. 4.9 (0.576 mg Qβ-F, 0.17 M SDS) was added DTT 

(to a final concentration of 18 mM). The NMR sample was then heated at 90 
o
C for 40 

minutes. A 
19

F NMR spectrum was then recorded and is shown in Fig. 4.14 A. A further 

addition of DTT was made to give a final DTT concentration of 36 mM (i.e. the 

concentration of DTT was doubled). The sample was heated at 90 
o
C for 40 minutes. A 

19
F 

NMR spectrum was then recorded and is shown in Fig. 4.14 B. 

A further addition of DTT was made to give a final DTT concentration of 102 mM. The 

sample was heated at 90 
o
C for 165 minutes. The final concentration of DTT was then raised 

to 169 mM and the sample was heated at 90 
o
C for 60 minutes. A 

19
F NMR spectrum was 

then recorded and is shown in Fig. 4.16. 

  19
F NMR of Qβ-F VLP with overnight incubation with DTT 4.9.8

A fresh sample of Qβ-F VLP was prepared (0.15 mM of the monomer). DTT was added to 

the sample to give a final concentration of 7.6 mM. The sample was incubated at room 

temperature for 20 minutes before recording a 
19

F NMR spectrum which is shown in Fig. 

4.18 and Fig. 4.19. The temperature of the NMR bore was then raised to 37 
o
C. The 

temperature was held at 37 
o
C overnight and a 

19
F NMR spectrum (20 minute-scan) was 

recorded every 40 minutes.  
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  19
F NMR of Qβ-F with titration of SDS 4.9.9

The DTT concentration of the sample from Fig. 4.18/4.19 was then raised to 34 mM and 

incubated at 37 
o
C overnight. SDS was added to the sample to give a final concentration of 

1.68 mM. A 
19

F NMR spectrum was recorded. SDS was added to the NMR sample in 

increments and a 
19

F NMR spectrum was measured for each increment. Resulting spectra are 

shown in Fig. 4.20 and Fig. 4.21. 

 Growth of E. coli strain C-3000 4.9.10

C-3000 is an F
+
 (male) E. coli strain and has been used before for investigating the infection 

of E. coli by bacteriophages.
48

 The E. coli C-3000 cells were purchased from ATCC (product 

number 15597) and prepared according to the product information sheet.
40

  

4.9.10.1 Preparation of growth medium 

Nutrient solution was made of as followed and filtered through a 0.2 µm syringe filter:  

Reagent Mass Volume of H2O 

Glucose 1 g 9 mL 

CaCl2∙H2O 0.294 g 2 mL 

Thiamine 10 mg 1 mL 

 

Bulk medium was made up by adding the following reagents to 1 L of deionized water and 

then autoclaving: 

Reagent Mass 

Tryptone 10 g 

Yeast extract 1.0 g 
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NaCl 8.0 g 

Agar 15 g 

 

The nutrient solution was then added to the bulk medium to give the growth medium. 

The resulting solution was poured into petri dishes (≈20 mL for each petri dish). The plates 

were allowed to cool. 

The growth medium (6 mL) (without agar) was used to hydrate the E. coli cells as purchased. 

100 µL of this solution was used to inoculate an agar plate. Three agar plates were prepared 

and were incubated at 37 
o
C for 16.5 hours. A single colony was used to inoculate a fresh 

solution of medium (10 mL). The culture was incubated at 37 
o
C for 16 hours (OD600 = 1.0). 

A glycerol stock of the culture was prepared by adding 1 mL of the culture to 1 mL 50% 

glycerol (aqueous), snap freezing in liquid nitrogen and then storing at -80 
o
C. Each glycerol 

stock was prepared from a single colony. 

4.9.10.2 19
F NMR of Qβ-F with E. coli C-3000 

The growth media (15 mL) was inoculated with a glycerol stock of E. coli C-3000. The 

culture was incubated at 37 
o
C until OD600 = 0.52 (≈6 hours). Two 1 mL aliquots of the 

culture were removed and the cells were harvested by centrifugation (400 g, 20 minutes, 

room temperature). The cells were resuspended in tryptone medium (43% D2O). 250 µL of 

the cell slurry was added to each of two NMR tubes. 250 µL of Qβ-F VLPs (1.0 mg/mL) was 

added to one NMR tube containing cells. As a control, to the other NMR tube containing 

cells was added 250 µL growth medium (43% D2O). The temperature of the NMR bore was 

set to 37 
o
C and a 

19
F NMR spectrum was taken after the sample was allowed to equilibrate in 

the bore for 10 minutes. 
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1000 scans were measured for each sample. No 
19

F NMR signal was observed for either the 

Qβ-F VLPs incubated with E. coli nor the control of the Qβ-F VLP without E. coli. As a 

positive control, to ensure the lack of signal was not due to an insufficient number of scans, 

the sample of Qβ-F used to record spectrum Fig. 4.14 B (i.e. treated with SDS and DTT) was 

measured. The concentrations of the samples were similar (control sample: 0.07 mM; Fig. 

4.14 B: 0.09 mM). A signal was observed in the positive control spectrum (run for 1000 

scans). 

The Qβ-F/E. coli sample was run overnight (24 000 scans) at 37 
o
C, no signal was observed.
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5. In vivo studies of Qβ-F VLP 
 

5.1 Introduction 

Since the ultimate application proposed for the Qβ-F virus-like particles (VLPs) is in 

vivo imaging, initial studies to investigate its tissue biodistribution were required. Viral 

nanoparticles for use in medicine are currently extensively researched, and must undergo 

tests to determine whether they are safe to use in animals and what pharmacological 

properties they display.
1–3

 Modifications are often made after these initial tests, for example 

PEGylation to reduce nonspecific interactions with endogenous biomolecules and increase 

the circulation time.
2,4,5

 

The only published experiments on the biodistribution of Qβ involved Gd(DOTA)-

labelled Qβ and used atomic emission spectroscopy to measure the concentration of labelled 

virion in tissues by measuring the gadolinium concentration.
6
 Here, the 

19
F tag on the Qβ 

nanoparticle was exploited to detect the Qβ-F protein by using 
19

F NMR. This should allow 

determination of the biodistribution of Qβ-F since any 
19

F signal detected from ex vivo 

samples must originate from the Qβ-F administered (since no 
19

F occurs in the body).  

 

5.2 In vivo tissue biodistribution of Qβ-F VLP 

Male Wistar rats (200 g, Charles River) were injected with a solution of Qβ-F VLPs 

(200 µL, 90 ng). After 240 minutes, the rats were euthanized and dissected. These in vivo 

experiments were carried out by Dr Daniel Anthony. To detect the Qβ-F VLPs in the organs, 

two different analytical techniques which have been previously used in this work were used: 

sucrose density gradient with agarose gel electrophoresis, and 
19

F NMR.  

First, each organ was homogenized in 700 µL of TBS for 5 minutes before removing 

the debris by centrifugation and subsequently subjecting the supernatant to sucrose density 

gradient ultracentrifugation, to separate potentially present Qβ-F VLPs from organ proteins 
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and other macromolecules. The gradients were fractionated and the fractions analysed by 

native agarose gel electrophoresis (Fig. 5.1). A sample of purified Qβ-Met VLPs, which have 

been shown to co-migrate with Qβ-F VLPs (see Chapter 3, Fig. 3.2), was run on each agarose 

gel as a marker for detection of Qβ-F VLPs. The agarose gel for the purified liver extract 

Brain         Liver           Kidney 

 

Heart         Spleen           Gut 

 

Lung 

 

Figure 5.1 Agarose gel electrophoresis (1% w/v agarose in TAE buffer solution). Sucrose density gradient 

fractions of homogenized rat organs as labelled. M = Qβ-Met VLP; 1 – 13 = sucrose gradient fractions, where 

1 = top fraction and 13 = bottom fraction. The gels were stained with InstantBlue  (coomassie blue solution). 

 

1 2 3 4 5 6 7 8 9 10111213 1 2 3 4 5 6 7 8 9 10111213 1 2 3 4 5 6 7 8 9 10111213MM M

1 2 3 4 5 6 7 8 9 10111213 1 2 3 4 5 6 7 8 9 10111213 1 2 3 4 5 6 7 8 9 10111213M M M

1 2 3 4 5 6 7 8 9 10111213M
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clearly shows Qβ particles present in fractions 4 and 5 (and in 6 and 7, albeit at lower 

concentrations). No bands corresponding to the Qβ-F VLPs were observed in the agarose gels 

of the other organs. 

In addition to its co-migration with Qβ-Met in the agarose gel, further evidence that 

Qβ was present in the liver is provided by the sedimentation coefficient of the species 

detected in fractions 4 and 5 (i.e. sucrose density gradient fraction number that the protein 

occurs in) of the homogenized liver, which is the same as that of Qβ particles purified after 

Qβ protein production by E. coli (see Chapter 2). If these bands are indeed Qβ-F VLP, they 

should show a gel shift after reducing treatment corresponding to reduction to the monomer 

(as observed in Chapter 3, Fig. 3.2). To test for this, the sucrose gradient fractions of the 

homogenized liver were treated with reducing SDS-PAGE loading buffer and heated at 90 
o
C 

for 10 minutes. The resulting agarose gel is shown in Fig. 5.2 and clearly shows no bands at 

the position expected for Qβ-F VLP in fractions 4, 5, 6, and 7 (proposed to contain Qβ-F 

VLPs) and instead bands corresponding to the Qβ monomer are observed.  

 

To further confirm that the bands detected in fractions 4 to 7 by agarose gel 

electrophoresis of the homogenized liver did indeed correspond to Qβ-F VLP, these fractions 

 
 

Figure 5.2 Agarose gel electrophoresis (1% w/v agarose in TAE buffer solution): Sucrose density gradient 

fractions of homogenized liver after treatment with reducing SDS-PAGE loading dye and heating at 90 
o
C for 

10 minutes. Qβ-Met VLP non-denatured (M) and after treatment with reducing SDS-PAGE loading dye and 

heating at 90 
o
C for 10 minutes (R) are also shown for reference. The gels were stained with InstantBlue  

(coomassie blue solution). 
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were analysed by 
19

F NMR. Fractions 4 to 7 were pooled, sucrose was removed using a PD-

10 column, and the sample was concentrated using a VivaSpin 500. The 
19

F NMR of the 

resulting solution is show in Fig. 5.3 A. No peak was observed at the expected chemical shift 

of the SCF3 group or the S(O)2CF3 group. SDS was then added to the sample (final 

concentration 0.17 M) and a 
19

F NMR spectrum was recorded (Fig. 5.3 B). Finally, DTT was 

added to the sample (final concentration 10 mM) and the sample was incubated at 37 
o
C for 

30 minutes before recording another 
19

F NMR spectrum (Fig. 5.3 C).  

No signal was observed at the chemical shift expected for the SCF3 group after 

treatment with SDS or after subsequent incubation with DTT. However, after incubation of 

the sample with DTT, a peak was observed at -78.24 ppm. This chemical shift corresponds to 

that of the peak assigned to the sulfone of the trifluoromethionine residue (see Chapter 4). 

This provides robust evidence for the presence of Qβ-F in the liver sample. Furthermore, the 

fact that a peak was only observed after incubation with DTT at 37 
o
C shows that the Qβ-F 

VLP remained intact in vivo. This result shows that the Qβ-F VLP is stable in vivo, at least 

for the duration in vivo used in this investigation (240 minutes).  In vivo stability of the Qβ-F 

VLP is important for its intended application as an imaging agent, since uncontrolled 

disassembly, before reaching the desired biological target, would lead to false positive 

signals. 
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Figure 5.3 
19

F NMR spectra of collected sucrose density gradient fractions of homogenized liver A: in TBS, B: 

after treatment with 0.17 M SDS, C: after adding 10 mM DTT then heating at 37 
o
C for 30 minutes following 

treatment with 0.17 M SDS. The spectra are referenced to 1,1,1-trifluoroacetone δF = -84.60 ppm. 

-72 -73 -74 -75 -76 -77 -78 -79 -80 -81 -82 -83 -84 -85 -86 -87 -88

Chemical shift / ppm
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5.3 Conclusions 

Together, the sucrose density gradient and agarose gel electrophoresis, and 
19

F NMR 

results show that after intravenous injection of Qβ-F VLP into rats, the Qβ-F VLPs 

accumulate in the liver. This conclusion agrees with data obtained by Prasuhn et. al. for 

Gd(DOTA)-labelled Qβ
6
 and by Singh et. al. for the plant VLP, CPMV.

7
 

Furthermore, the results from the sucrose gradient and agarose gel show that the Qβ-F 

VLP remained intact, i.e. it was not degraded in vivo. This is very promising when 

considering the utility of Qβ-F VLP as an in vivo off-to-on imaging agent as in vivo 

degradation would lead to false positive results. However, additional experiments should be 

carried out recovering the VLP at differing times post-injection. This would establish the in 

vivo stability half-life of Qβ-F VLP. 
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5.5 Experimental procedures 

Animal experiments were carried out by Dr Daniel Anthony at the Department of 

Pharmacology, University of Oxford with UK Home Office Approval (licence 30/3076). 

A solution of purified Qβ-F virus-like particle (VLP) of concentration 0.98 mg/mL 

(100 µL) was diluted with sterilised saline solution (100 µL). The resulting solution was 

intravenously injected into the tail veins of male rats (200 g, Wistar (Charles River)). After 

240 minutes, the rats were euthanized and dissected. The following organs were isolated, 

placed in 1.5 mL Eppendord tubes and immediately stored at -80 
o
C: gut, liver, heart, brain, 

kidney, lung, spleen. 

Preparation of the samples and sample analysis was carried out by Mr Matthew Robinson. 

Each organ was thawed separately, combined with 0.7 mL of TBS buffer, and 

homogenized with a hand-held homogenizer for 5 minutes. The samples were then 

centrifuged to collect tissue debris (14 000 g, 20 minutes, 4 
o
C). The supernatant was 

carefully removed with a 1 mL pipette and transferred to a fresh 1.5 mL Eppendorf tube.  

Each supernatant was loaded onto a sucrose density gradient (5% - 20% 1 mL layers, 

25% - 40% 2 mL layers) and centrifuged for 3 hours at 37 600 rpm (178 530 g) at 4 
o
C in a 

Beckman ultracentrifuge. The acceleration was set to maximum and the deceleration was set 

to “No brake”. The gradients were subsequently fractionated; 1 mL fractions were collected 

in Eppendorf tubes and analysed by native agarose gel electrophoresis: 500 mg agarose 

(electrophoresis grade) was dissolved in 50 mL 1 X TAE buffer. The solution was 

microwaved for ~ 2 minutes, poured into a gel tray and allowed to set. For each set of sucrose 

gradient fractions (i.e. each organ), a sample of intact Qβ-Met VLP was loaded. One lane was 

left empty before loading samples of consecutive fractions. The agarose gels were run at 60 
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volts for 1 hour. The resulting gels were stained with coomassie blue and are shown in Fig. 

5.1
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6. Summary and discussion 

This thesis describes the design and development of a new 
19

F MR imaging agent. 
19

F 

MRI has a significant advantage over 
1
H MRI since no covalently bound 

19
F occurs naturally 

in vivo and so the only signal detected in a 
19

F MR image is that from the administered 
19

F-

labelled agent. However, the principle disadvantage of MRI, that of low sensitivity, is still an 

issue with 
19

F MRI as with conventional 
1
H MRI. Hence, at the outset of this research, the 

primary goal was to develop a highly sensitive 
19

F imaging agent. 

The bacteriophage Qβ virus-like particle (VLP), a multimeric protein construct with 

iscosahedral symmetry, was used as the scaffold for the imaging agent. Qβ was chosen for 

two main reasons: firstly it comprises 180 coat proteins, thus allowing a large number of 
19

F 

atoms to be loaded onto the VLP; and secondly, because the coat proteins are symmetrically 

related in the VLP and so the 
19

F group of each modified Qβ monomer should have the same 

chemical shift. Using a protein scaffold such as Qβ could also allow further modification via 

other residues to introduce antibodies or glycans for cell targeting, and/or fluorescent labels 

for microscopy imaging.
1–7

 

 The Qβ VLP could have been modified chemically to bear 
19

F atoms by chemically 

reacting either the lysine or cysteine residues on the surface of the VLP with fluorinated 

tags.
8–10

 However, it was decided to use genetic incorporation of a fluorinated unnatural 

amino acid to introduce the 
19

F-group since this would allow greater selectivity than chemical 

modification and so would lead to 
19

F groups being more regularly disposed over the VLP 

surface. The sense codon reassignment method has been used extensively to incorporate 

unnatural amino acids, including fluorinated amino acids, into many different proteins (see 

Chapter 1 Section 1.4.2). Here, it was envisaged that this method could be used to incorporate 

a fluorinated amino acid into the Qβ coat protein thus producing the desired fluorinated 

imaging agent. The wild-type Qβ coat protein does not contain methionine residues, hence a 
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mutant gene sequence (K16M), containing a single methionine residue, was used so that the 

sense codon reassignment method would incorporate a single fluorinated methionine 

analogue, site-specifically, into each Qβ coat protein. Trifluoromethionine (TFM) was chosen 

as the fluorinated methionine analogue since it bears three chemically equivalent 
19

F atoms, 

hence giving rise to a single 
19

F NMR peak. 

 Previous reports of incorporation of TFM into proteins in the literature have made 

apparent the difficulty of achieving high levels of incorporation with this particular unnatural 

amino acid.
11,12

 Indeed, the first attempt to incorporate TFM into the Qβ protein in this work 

gave an incorporation level of 72%. In an attempt to increase this incorporation level, the 

protocol for incorporation of TFM into Qβ K16M was optimised. The level of incorporation 

of TFM into Qβ for each set of conditions was determined by calculating the ratio of the 

areas of the Qβ-Met peak and the Qβ-F peak in the mass spectrum.  

Firstly, the effect of different concentrations of L-methionine (L-Met) in the growth 

medium on the growth of auxotrophic E. coli cells was investigated. It was decided that 0.1 

mM was the lowest concentration of L-Met which could be used whilst still amassing an 

acceptable quantity of viable E. coli cells for protein production. The concentration of DL-

TFM in the growth medium was next investigated since it was expected that a higher 

concentration of DL-TFM in the growth medium would result in a higher incorporation level 

of the amino acid into the Qβ protein. Toxicity effects of DL-TFM on E. coli cells has been 

reported in the literature,
11

 and so a maximum concentration of DL-TFM which could be 

tolerated by the E. coli cells was expected. From the concentrations tested in this work, 6.5 

mM DL-TFM was selected as the maximum concentration of DL-TFM to be used. Finally, the 

duration for which protein production was carried out was varied based on the assumption 

that the pool of residual Met in the E. coli would be depleted before that of TFM and so any 

protein production beyond this point would incorporate TFM. Protein production times of 10 
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hours, 12 hours, 14 hours and 16 hours were tested. Interestingly, when protein production 

was allowed to proceed for 14 hours and 16 hours no protein was isolated. It was proposed 

that the lack of protein produced was due to degradation of the protein at these extended 

times. An incorporation level of 96% was achieved using the optimised protocol, which 

shows a substantial improvement on previously reported incorporations of TFM.
11,12

 

Furthermore, this is first time a fluorinated amino acid has been incorporated into a virus 

assembly.  

As explained above, it was initially envisaged that a single 
19

F NMR peak be 

observed from Qβ-F VLP, with each TFM residue contributing to the same peak due to the 

equivalence of the TFM residues through symmetry. However, initial 
19

F NMR 

measurements of the Qβ-F VLP showed no signals.  Guided by the work of Takamatsu and 

Iso, who worked on wild-type Qβ,
13

 Qβ-F VLP was disassembled using the denaturant 

sodium dodecyl sulphate (SDS), and this disassembled form was shown to give 
19

F NMR 

signals. A signal was observed at -39.04 ppm, as expected for the TFM residue, and another 

signal also observed at ~ -78 ppm, proposed to originate from protein assemblies of Qβ-F in 

which the TFM residue had oxidised to its corresponding sulfone. After addition of SDS, the 

Qβ-F sample was heat treated with dithiothreitol (DTT), which yielded an additional 
19

F 

NMR peak at -39.10 ppm, arising from the monomer of Qβ-F. 
19

F DOSY was used to 

confirm that the broad peak at -39.04 ppm and the sharper peak at -39.10 ppm corresponded 

to Qβ-F multimers and Qβ-F monomers, respectively. Additional peaks were observed in the 

region of -39 ppm at a disassembly stage between partial disassembly and complete reduction 

to the monomer. These are likely to correspond to different multimeric states of the Qβ-F 

VLP (hexamer, pentamer, and dimer). Hexamer and pentamer peaks were tentatively 

assigned based upon their respective FWHH values. These results show the potential of 

fluorinating virus monomers to follow the disassembly of a virus by 
19

F NMR. Future work 
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should focus on characterizing the peaks other than that of the monomer in terms of the 

multimeric state of the protein species.  

Finally, preliminary in vivo experiments were carried out to investigate the stability 

and biodistribution of Qβ-F VLP with a view to establish its potential as a medical imaging 

agent. “Spike-recovery” experiments were performed by injecting rats with Qβ-F VLP and 

analysing the homogenized organs. Qβ-F VLP was found to accumulate predominantly in the 

liver. Importantly, it was shown that they remained intact in vivo. This is an important result 

in terms of using Qβ-F VLP as an off-to-on imaging agent, since non-selective degradation of 

Qβ-F VLP would lead to false positive 
19

F MRI signals. 

The 
19

F NMR results presented in Chapter 4, combined with the preliminary in vivo 

experiments of Chapter 5 show that there is great potential in the Qβ-F VLP construct 

developed in this thesis for a novel medical imaging agent. The next key questions to 

investigate are: 1) Can Qβ-F VLP be targeted to cells presenting specific biomarkers for 

diseases? 2) On reaching its target site, can Qβ-F VLP be made to disassemble in vivo and 

hence give a measurable signal? 

M. G. Finn and co-workers have shown that Qβ can be targeted to the transferrin 

receptor by conjugating the glycoprotein transferrin onto the surface of Qβ.
14

 Furthermore, it 

was shown, by fluorescence microscopy, that the Qβ was internalised into monkey kidney 

epithelial cells. However, these results do not show whether Qβ remained intact once 

internalized, or became disassembled. Hence, one possible starting point for work following 

the current thesis would be to modify Qβ-F VLP with transferrin, incubate the resulting 

construct with cells bearing the transferrin receptor and measure the 
19

F NMR of the resulting 

mixture.  The development of a 
19

F NMR signal would indicate the disassembly of the 

particle. If successful, in vivo 
19

F MRI with mouse models with and without transferrin 

receptors could be carried out. 
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