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Conjugation reactions on proteins have been used to access various post-translational 

modifications, for targeted delivery of drugs, for microscopy,  and in studying receptor-ligand 

interactions. However, the ability to modify native proteins is constrained by the reactive 

functionalities of naturally occurring amino acids. This has driven research into the 

incorporation of unnatural amino acids (UAAs) into proteins. Research in this area has been 

motivated both by the possibility of increasing the breadth of chemical techniques for protein 

modification by introducing novel 'bio-orthogonal' reactive groups via UAA incorporation, as 

well as generating well-defined conjugates by the site-selective incorporation of these UAAs 

into proteins. The objective of this thesis is to both expand the diversity of UAAs for access 

to new metal-mediated reactions on proteins, as well as to utilise these reactions to reveal 

functional information about a range of biological systems. A brief introduction into current 

protein conjugation and UAA incorporation methods will be made in Chapter 1. 

In Chapter 2, the genetic incorporation of alkene-bearing UAAs into recombinant proteins 

expressed in both bacterial and mammalian systems is discussed. This technique is 

demonstrated to enable Ru-catalysed olefin cross-metathesis (CM) reactions on the resultant 

proteins. This work builds upon previously established methods to chemically incorporate 

CM handles onto proteins. The rational design of UAAs, as well as assays and modelling 

studies to screen them for  recognition by the cellular incorporation machinery are discussed 

in detail. The expression of a range of alkene-tagged recombinant proteins, their complete 

characterisation, as well as the development of a more general protocol for on-protein CM is 

elucidated. 

In Chapter 3, the utility of UAA incorporation to probe mammalian cell translation systems is 

examined. Incorporation of an azide-bearing UAA, in addition to heavy stable-isotope 

labelled amino acids is used to uncover a previously unreported system of protein synthesis in 

mammalian cell nuclei, along with rapid metabolic degradation of the synthesised peptides. 

Various orthogonal methods for the detection of this system as well as possible reasons for its 

conservation are discussed. 

In Chapter 4, UAA incorporation and metal-mediated bioconjugation reactions are utilised in 

the development of a novel and generally applicable proteomics technique. This technique is  

used to determine quantitative changes in cell proteomes in response to external stimuli, and 

may be applied to systems to which traditional proteomics techniques cannot, such as ex vivo 

primary cells. 

Finally, in Chapter 5, further applications of UAA incorporation are discussed. Preliminary 

results are reported in efforts to use UAAs in the vibrational Raman microscopic imaging of 

biological systems, in generating HIV vaccines, and inducing T-cell stimulation. 
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Chapter 1 

Introduction: Unnatural Amino Acids as Metal-

mediated probes of biological function 

 

1.1: Introduction 

Proteins are biomacromolecules which perform a vast range of functions in biological 

systems, including providing mechanical structure, catalysis of metabolic reactions, cell 

signalling, and transport. Proteins predominantly comprise 20 naturally occurring α-amino 

acids, which differ in their side chain lengths and chemical properties. The sequence and 

composition of its constituent amino acids are major factors in dictating a protein's structure 

and function. However, most proteins are subsequently further modified chemically or 

enzymatically via diverse processes, known collectively as post-translational modification 

(PTM), which may significantly modify their structure and function.
1
  

PTMs are intimately involved in a number of cellular processes. The phosphorylation of 

serine, threonine and tyrosine residues is often used by biological systems as switches to 

regulate protein activity, cellular signalling, and metabolic regulation.
2-5

 The acetylation of 

lysine residues on histone proteins is regulated by histone acetyltransferases (HATs) and 

histone deacetylases (HDACs), and plays a vital role in gene transcription regulation by 

modifying DNA binding.
6,7

 Acetylation of non-histone proteins
8
 also has been implicated in 

regulating the activity and stability of proteins spanning a vast range of cellular function 

including transcription factors,
9
 cellular transport proteins,

10
 cytoskeletal proteins,

11
 DNA 

repair proteins,
12

 and chaperones.
13

 Other important PTMs include glycosylation
14-16

 and 

sumoylation
17

 which modify protein stability, activity, folding, localisation, and 

immunogenicities. Protein lipidation is implicated in the membrane localisation of proteins,
18

 

while ubiquitination targets proteins for degradation.
19

 

The significance of PTMs is underscored by the fact that their disruption, and mutation of 

PTM sites, is implicated in a number of diseases
1,20

 including cancer,
21,22

 cardiovascular 

disorders,
23

 liver disease,
24

 and Alzheimer's disease.
25,26

 This has led to several PTMs being 

considered as molecular targets for drug therapies.
27

 However, the study of PTMs is 
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complicated by several factors. PTMs which serve as regulatory markers are often reversible 

in biological systems, in addition to existing at low levels, thus hindering the isolation of 

homogenous protein constructs.
28

 This is further complicated when the protein target has 

multiple possible modification sites.  

In order to access homogenous PTM constructs, the chemical modification of proteins may be 

employed to conjugate the requisite modifications onto protein scaffolds. Techniques for the 

protein modification, however, have usually been limited not only by the range of side-chain 

functionalities in constituent amino acids, but also by the need of the reactions to be 

compatible in aqueous media, and be minimally perturbative to protein structures as well.
29

 

 

1.2: Modification Reactions on Proteins 

Traditionally, conjugation reactions on proteins have utilised the reactivity of naturally 

occurring amino acids such as lysine and cysteine. Techniques included the use of 

nucleophiles,
30

 reductive aminations,
31-34

 native chemical ligation (NCL) reactions,
35-40

 

disulfide formation,
41,42

 thiol-ene,
43,44

 and thiol-yne coupling reactions.
45,46

 In addition to 

accessing PTMs, bioconjugation reactions have been instrumental in developing strategies for 

targeted delivery of drugs and imaging agents,
47

 single molecule fluorescence spectroscopy,
48

 

and in studying receptor-ligand interactions.
49

 However, a common drawback of all of these 

techniques include the fact that lysine and cysteine (and more generally, amine and thiol 

functional groups) are highly biologically abundant. Conjugation techniques which rely upon 

functionalisation of these groups then are not site-specific, and both off-site and multi-site 

reactivity are inevitable in complex biological systems. 

Alternative strategies to bioconjugation involve the use of unnatural amino acids (UAAs), 

which may be site-selectively incorporated into proteins, and then be used as exclusive targets 

for modification reaction in a 'tag-and-modify' strategy.
50

 A more thorough description of the 

structures, uses and methods of incorporation of various UAAs will be provided in Section 

1.6. 
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1.3: UAA-enabled Conjugation Reactions on Proteins 

Bearing side-chains with unique reactive groups, the UAA-incorporation enables the use of 

so-called "bio-orthogonal" chemistry, i.e, reactions which specifically target these unnatural 

reactive groups without perturbing or cross-reacting with biologically abundant 

molecules.
51,52

 UAA-incorporation has enabled the use of a larger variety of conjugation 

reactions on proteins including Staudinger ligations
53,54

 and their traceless variants,
55,56

 

Inverse electron-demand Diels-Alder cycloadditions,
57,58

 photo-induced 1,3-dipolar 

cycloadditions,
59,60

 Suzuki-Miyaura cross-coupling,
61,62

 hydrazone and oxime formations,
63,64

 

Michael additions,
65,66

 azide-alkyne cycloaddition reactions,
67,68

 and olefin cross-

metathesis
69,70

 (Fig. 1.1).  

Fig. 1.1: Representative UAA-enabled reactions on proteins. a) Staudinger ligation, b) Traceless 

Staudinger, c) Inverse electron-demand Diels-Alder (IEDDA), d) photo-induced dipolar cycloaddition, 

e) suzuki-Miyaura cross-coupling, f) oxime formation, g) Michael addition, h) photo-crosslinking, i) 

azide-alkyne cycloaddition, j) olefin cross metathesis 

Of these UAA-enabled protein modification techniques, the application of azide-alkyne 

cycloadditions and olefin cross-metathesis to various biological systems will be discussed in 

later chapters. The development of these reactions for protein modification is discussed next.  
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1.4: Azide-alkyne cycloadditions for protein modification 

In 2002, the use of copper (I) to catalyse the fusion of azides and alkynes to generate 1, 4 - 

disubstituted 1, 2, 3-triazoles was first reported.
71,72

 Although analogous to the thermally 

activated Huisgen 1,3-dipolar azide-alkyne cycloaddition,
73

 the copper (I) catalysed azide-

alkyne cycloaddition (CuAAC) reaction was found to proceed via a metallacycle intermediate 

(Fig. 1.2), and was found to occur about seven magnitudes faster even at room temperature.  

 

Fig. 1.2: Proposed catalytic cycle for the copper (I) catalysed azide-alkyne cycloaddition.
71

 

The reaction was also found to be tolerant of the presence of both water and oxygen, 

stimulating interest in its application in biology. As both azide and alkyne functional groups 

are generally absent in biological systems, application of CuAAC would first involve 

labelling the system with one reactive partner, followed by conjugation with the other. The 

reaction was first applied to labelling the cowpea mosaic virus capsid. The protein scaffold 

was first functionalised with either alkynes or azides at lysine or cysteine residues, followed 

by CuAAC-mediated labelling with fluorophores containing the respective reaction partner.
74

 

However, the reaction was non site-specifc due to lack of specificity at the primary 

functionalisation step on lysine residues. Furthermore, the reaction was found to require both 

an organic co-solvent as well as an additional reducing agent to convert Cu (II) to Cu (I) in 

situ. 
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Development of azide and alkyne bearing UAAs such as O-propargyltyrosine (1.1),
75

 p-

azidophenylalanine (1.2),
75

 L-azidohomoalanine (Aha, 1.3),
76

 and L-homopropargylglycine 

(Hpg, 1.4)
77

 allowed for the site-selective labelling of proteins with CuAAC-reactive groups. 

Further optimisation of CuAAC reaction conditions led to the use of copper (I) bromide and 

triazole based ligands, used to prevent the disproportionation of Cu (I) in water. The resultant 

reaction was found to allow for efficient conjugations, thereby abolishing the need for 

additional reducing agents,
78

 which might otherwise affect protein structure by disrupting 

disulfide bonds.
79

 Non-reducing CuAAC reactions also displayed improved conversions and 

higher protein recovery.
80

 CuAAC has since become a widely used technique in 

bioconjugation, being applied to a range of systems such as generating glycoprotein 

mimics,
79,81

 protein PEGylation,
82

 identifying newly synthesised proteins,
83

 labelling cell 

surfaces,
78,84,85

 and in fluorescent microscopy.
86

 

However, the exposure of live cells to the copper (I) catalyst has been reported to be harmful 

to cells, causing arrest of replication in E. coli.
84

 A potential cause may be due to generation 

of reactive oxygen species (ROS) by copper (I), causing cellular damage.
87

 However, with the 

development of newer triazole based ligands such as THPTA (1.5),
88

 BTTES (1.6),
89

 and 

BTTPS (1.7),
90

 the toxic effects of copper (I) have been found to be dramatically reduced, and 

reaction rates accelerated (Fig. 1.3). 

Fig. 1.3: Triazole ligands for CuAAC. THPTA: tris(3-hydroxypropyltriazolylmethyl)amine, BTTES: 

2-(4-(bis(tert-butytriazolylmethyl)aminomethyl)triazolyl))ethanesulfonic acid, BTTPS: 3-(4-(bis(tert-

butytriazolylmethyl)aminomethyl)triazolyl))propanesulfonic acid 

An alternate strategy to circumvent the toxic effects of copper (I) involves the use of strained 

cyclooctyne species (1.7),
91

 that undergo spontaneous azide-alkyne cycloadditions to form 

less strained triazoles. The use of such species was first reported in bioconjugation reactions 

with azide-labelled glycoproteins expressed on CHO cell surfaces, with no observable toxic 
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effects.
92

 Following this, a series of strained cyclooctynes were designed to enhance the rate 

of the strain-promoted azide-alkyne cycloaddition (SPAAC) reaction. Modified cyclooctyne 

scaffolds include difluorinated cyclooctyne (1.8),
93

 dibenzocyclooctyne (1.9),
94

 

biarylazacyclooctyne (1.10),
95

 and  cyclopropyl fused cyclooctyne (1.11)
96

 (Fig. 1.4). These 

have successfully been used in a range of systems, such as in labelling azidohomoalanine-

incorporated proteins in Rat-1 fibroblasts,
97

 monitoring  trafficking of toxic proteins in live 

cells,
98

 and labelling membrane glycans in zebrafish embryos.
99,100

  

 

Fig. 1.4: Strained cyclooctynes for SPAAC, and their relative reaction rates. 

 

 

 

 

 

 



19 

 

1.5: Olefin Cross-Metathesis for protein modification 

Olefin metathesis is a versatile C-C bond forming reaction (Fig. 1.5).  

 

Fig. 1.5: Possible olefin metathesis reactions on a representative diene. CM: cross metathesis, RCM: 

ring-closing metathesis, ROM: ring-opening metathesis, ADMET: acyclic diene metathesis, ROMP: 

ring-opening metathesis polymerisation. 

 

Additionally, CM is compatible with conditions for protein modification owing to the high 

air-stability, chemoselectivity, as well as tolerance to various functional groups such as 

amides, alcohols and carboxylic acids, exhibited by ruthenium-based metathesis 

complexes.
101

 

 

One of the first applications of CM on peptides involved the dimerisation of  cyclic peptides 

functionalised with L-homoallylglycine (Hag ) using a ruthenium catalyst.
102

 Using the first-

generation Grubbs catalyst (1.12), CM with simple alkenes like styrene has also been 

demonstrated on the homologous series of alkene containing UAAs dehydroalanine (Dha, 

1.13), vinylglycine (1.14), allylglycine (1.15), and homoallylglycine (Hag, 1.16). This study 

revealed that which Dha was CM-unreactive, reactivity increased upon increasing the UAA 

side chain length.
103,104

 However, all CM products were consistently contaminated with 

significant amounts of self-metathesis side products. Later efforts to optimise reaction 

conditions and catalyst structures to favour CM products over self-metathesis led to the use of 

the second generation Grubbs catalyst (1.17).
105

 Studies on CM-mediated glycopeptide 
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synthesis revealed that with the use of the second generation Hoveyda-Grubbs catalyst (1.19), 

unprotected alkene functionalised sugars were found to be tolerated in the reaction.
101

 This 

served to motivate the use of CM to generate analogues of natural glycosylation PTMs on 

proteins. 

 

 

Fig. 1.6: Ruthenium based catalysts for olefin metathesis. 1.12: Grubbs Catalyst first generation, 1.17: 

Grubbs Catalyst second generation, 1.18: Hoveyda-Grubbs Catalyst first generation, 1.19: Hoveyda-

Grubbs catalyst second generation. 

 

However in all of these cases, the reaction necessitated the use of organic solvents to 

solubilise both the catalyst as well as peptide substrates, as well as the use of either dry 

solvents or inert atmospheres. In order to apply CM in aqueous systems, two strategies have 

been applied. First, a range of water soluble metathesis catalysts have been developed based 

on imparting solubility through functionalisation of traditional metathesis catalyst scaffolds. 

Olefin metathesis has since been demonstrated on water-soluble alkenes using ruthenium 

based catalysts which have been rendered water soluble either though PEGylation (1.20),
106

 

or through the introduction of one (1.21 and 1.22),
107,108

 or two quarternary ammonium 

groups (1.23, Fig. 1.7).
109

 

 

 

Fig. 1.7: Water soluble metathesis catalysts 

 



21 

 

Alternatively, traditional commercially available metathesis catalysts (Fig. 6) have been 

applied to aqueous CM using organic co-solvents such as DMF, methanol,
40

 

dimethoxyethane, or acetone
110,111

. Alternatively, the use of surfactants such as 

Polyoxyethanyl α-tocopheryl sebacate (PTS) allows for the co-solubility of traditional 

metathesis catalysts as well as peptide substrates, allowing for CM in water.
112

 Further 

attempts were made to develop CM into a viable reaction for the functionalisation of proteins, 

using the organic co-solvent strategy. 

 

Lin and co-workers screened a range of alkene-containing UAAs for aqueous CM reactivity 

using 30% t-butanol as a co-solvent, with 1.19 as a catalyst. Of all of the amino acids 

investigated, only the allyl sulfide containing UAAs S-allylcysteine (Sac, 1.24) and S-

allylhomocysteine (Ahc, 1.25) were found to be CM-reactive.
113

 Following on from the 

observation that allylic hydroxyl groups induce acceleration of olefin metathesis,
114-116

 a 

systematic study of CM reactivity was carried out on benzylic N-, O-, and S- allyl species. 

Though all were found to be CM reactive, reaction on S-allyl species was most efficient,
113

 

where the allylic chalcogen heteroatom provides crucial coordination to the metal catalyst 

centre (Fig. 1.8).
69,113

 

 

Fig. 1.8: Chalcogen-assisted CM mechanism with the Hoveyda-Grubbs 2nd Gen Catalyst 
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Metathesis catalyst degradation has been reported to occur both in protic solvents and also 

with the use of allylic alcohols as CM partners.
114,117,118

 However, a key contributing factor to 

the superior reactivity of allyl sulfide substrates may be that CM reaction rates far exceeded 

rates of that catalyst decomposition, effectively out-competing the degradation reaction in 

water. 

 

Dehydroalanine (Dha, 1.13) is an effective Michael-type acceptor for a range of nucleophiles. 

Several routes for the chemical installation of Dha onto proteins has been reported, including 

oxidative elimination from incorporated phenylselenocysteine residues,
119

 sulfonate 

elimination from native serines,
120,121

 or using various reagents from native cysteine 

residues.
65,66,122

 The resulting Dha may then be utilised to generate thioether-functionalized 

proteins via the conjugate addition of the corresponding thiol nucleophile. Using this method, 

the chemical installation of S-allylcysteine (Sac, 1.24) has been demonstrated in a single-

cysteine mutant of subtilisin from Bacillus lentus (SBL-S156C) via 1,4-addition of allyl thiol 

to Dha.
123

  

 

CM was carried out on chemically incorporated Sac-labelled SBL with catalyst 1.19, allyl 

alcohol as a CM partner, and 30% t-butanol as an organic co-solvent. Although the protein 

was observed to be unreactive, possibly due to unproductive coordination of the Ru-catalyst 

with proximal Lewis basic residues, the reactivity was restored upon the addition of MgCl2 in 

the reaction solution.
113

 The latter served as a milder, biocompatible alternative to the 

previously reported sacrificial Lewis base Ti(O
i
Pr)4, which has been reported to disrupt 

unproductive chelation in metathesis.
124,125

 This allowed for modification of SBL with allyl-

functionalised sugars and PEG as well as allyl alcohol. Using these conditions, subsequent 

reports have outlined ring closing metathesis (though not CM) on Sac-incorporated peptides, 

126
 and O-crotylserine (1.26) incorporated proteins.

127
 It has recently been reported that the 

replacement of sulfur by selenium offers a significant CM rate enhancement, as well as 

broadening the scope of reaction partners that can be used.
70
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1.6: Incorporation of Unnatural Amino Acids into Proteins 

As discussed in section 1.3, the ability to modify native proteins is constrained by the reactive 

functionalities of naturally occurring amino acids, and is often restricted to a much smaller 

subset than that. This has driven research into the incorporation of UAAs into cellular 

proteins, in order to both expand the reaction space by introducing novel reactive groups as 

well as reduce off-site reactivity by site-selective protein modification. Additionally, the 

UAAs may also function as spectroscopic and imaging probes, for installation mimics of 

natural PTMs or even impart novel functionalities to enzymes.
128,129

 Apart from chemical 

methods for site-specific installation of UAAs on purified recombinant proteins, efforts have 

been directed towards utilising the cellular metabolic machinery to incorporate UAAs co-

translationally for broader in vivo applications.  

This has been attempted broadly in two ways. The first method involves 'sense' codon 

reassignment, i.e. reassigning a natural amino acid's codon for UAA incorporation by utilising 

auxotrophic cell lines. This codon reassignment exploits the flexibility of native aminoacyl-

tRNA synthetases (aaRSs) in accepting UAAs instead of their natural substrates for tRNA 

loading upstream of protein synthesis.
130

 The second method involves reassignment of 'non-

sense' codons such as the amber stop codon (TAG) by additionally encoding an orthogonal 

aminoacyl tRNA synthetase/tRNA pair (aaRS/tRNA). This encoded pair is specific for the 

UAA of choice and complementary to the codon to be reassigned. The pair is so designed as 

to not cross react with the existing cellular translational machinery, but is recognised by 

ribosomes to allow UAA incorporation. These two methods will be described in detail in the 

following sections. 

 

1.6.1: 'Sense' codon reassignment 

The recognition of amino acids and their analogues by the corresponding aminoacyl-tRNA 

synthetases (aaRSs) is a major factor in determining their incorporation efficiency in 

vivo.
77,131,132 

Therefore, in order to effectively replace a naturally existing AA in a protein 

sequence with a UAA, native tRNA must be aminoacylated with the UAA by the 

corresponding aaRS. Additionally, even if the aaRS is flexible enough to recognise the UAA 

and catalyse the aminoacylation reaction, UAA-aminoacylation needs to successfully out-

compete native AA-aminoacylation. This may be accomplished by utilising cell lines 
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auxotrophic for the native AA, with a UAA for incorporation supplemented in the media. 

Auxotrophic cell strains do not possess de novo biosynthetic mechanisms for the amino acid 

and instead would require its supplementation in growth media.
29

 For example, the E. coli 

strain B834(DE3) is auxotrophic for methionine.
133

  

For efficient incorporation, the protein is usually placed under tight induction control, e.g., 

using a genetically encoded lac repressor in DE3 cells. Cells are then typically allowed to 

deplete internal stocks of the natural amino acid and replace it with the UAA prior to 

induction of protein expression. Additionally, UAA incorporation efficiency may be 

enhanced by over-expressing the corresponding aaRS in the same cells.
134

 Mutation of the 

aaRS itself to allow for broader substrate specificity has also been reported to improve yields 

of UAA-incorporated proteins.
135,136

  

One of the most extensively utilised amino acid for UAA incorporation through sense codon 

reassignment is methionine.
76,77,134,137

 As described in section 1.4, azide and alkyne 

containing amino acids L-azidohomoalanine (Aha, 1.3),
76

 and L-homopropargylglycine (Hpg 

1.4)
77

 have both been successfully incorporated into proteins expressed in Met-auxotrophic 

cells, enabling CuAAC on recombinant proteins. Aha has also been used to enable Staudinger 

ligations on proteins as well.
76,138

 Aha replacement has also been demonstrated in a range of 

mammalian cell lines, underscoring its utility in diverse biological systems as a general Met 

analogue.
139,140

 Furthermore, the replacement of Met with Aha has been found to be largely 

non-toxic, and non-perturbative to protein structure and function.
141-144

  

UAA incorporation has also been reported via the reassignment of 'sense' codons for other 

amino acids such as proline,
145

 leucine,
146

 isoleucine,
147

 valine,
148,149

 histidine,
150

 tyrosine,
151

 

tryptophan,
152

 and phenylalanine
153

 in corresponding auxotrophic cell lines (Fig. 1.9). 



25 

 

 

Fig. 1.9: Examples of UAAs incorporated by sense codon reassignment, grouped by replaced AAs. 
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1.6.2: 'Non-sense' codon reassignment 

A key step during protein biosynthesis is the binding of aminoacyl-tRNA to mRNA on the 

ribosomal A site prior to peptide chain elongation. This binding is mediated by matching the 

A site codon with the complementary anticodon on the tRNA. Although 64 possible codons 

exist, only 61 complementary anticodon-bearing tRNAs are present in biological systems. 

The three remaining codons instead are utilised for termination of translation,
154

 and are 

named 'amber' (U/TAG), 'ochre' (U/TAA) and 'opal' (U/TGA). Non-sense codon reassignment 

(or 'stop codon suppression') utilises these codons for unnatural amino acid incorporation, 

particularly the amber stop codon, which is the rarest of the three in E. coli.
155

 This was first 

demonstrated in a cell-free expression system using chemically pre-aminoacylated engineered 

tRNA possessing an anticodon complementary to the amber non-sense codon.
156

 However, 

due to this chemical aminoacylation, this method was not generally applicable in biological 

systems. 

In this case however, unlike sense-codon reassignment, the substrate flexibility of native 

aaRSs cannot be exploited for UAA incorporation as no natural AA is being replaced by the 

UAA. Therefore, both the stop codon-complementary 'suppressor' tRNA and a mutant aaRS 

must be genetically encoded so that the aminoacylation reaction may occur in vivo, upstream 

of incorporation. In order to obtain highly site specific incorporation, the mutant aaRS must 

be carefully chosen such that it only aminoacylates the suppressor tRNA with the UAA for 

incorporation, and does not cross-react with endogenous natural AAs or non-suppressor 

tRNAs.
157

 The observed cross-reactivity of glutaminyl-tRNA synthetase with a genetically 

encoded amber codon-suppressor tRNA in S. cerevisiae first allowed for the genetic 

incorporation of  Gln by non-sense codon reassignment.
158

 This served as a particularly 

insightful example of the cross-species orthogonality of aaRS-tRNA pairs, leading to the 

application of such systems toward UAA incorporation. 

This was first successfully demonstrated by the incorporation of the UAA p-

methoxyphenylalanine by non-sense codon reassignment in E. coli using the Methanococcus 

jannaschii (M. jann) TyrRS  with amber codon-suppressor tRNA.
157

 Subsequently, several 

hundred UAAs have been incorporated by non-sense codon reassignment bacteria,
159

 

mammalian cells,
160

 and even multicellular organisms such as C. elegans,
161,162

 and 

Drosophila.
163
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Since mutagenesis and directed evolution of aaRSs may be carried out to improve affinities 

for various UAAs,
164-166

 incorporation of a much more diverse variety of UAAs is possible by 

non-sense codon reassignment as compared to sense-codon reassignment. Examples of 

functionalities enabled by non-sense codon reassignment include azide,
167

 and alkyne 

functionalised UAAs for staudinger ligations and CuAAC,
159,168

 as well as UAAs 

functionalised with reactive handles for IEDDA
57

 and 'photo-click'-based protein 

modification reactions.
169

 The incorporation of aryl halide-functionalised UAAs has also been 

reported,
170

 as has their use in enabling Pd-catalysed Suzuki-Miyaura cross-coupling on 

proteins
62

 and cells.
61

 Aryl boronic acid functionalised UAAs have also been successfully 

incorporated and used for Suzuki cross-coupling.
171

 In addition to accessing PTMs through 

cross-coupling reactions, UAAs acting as native PTMs and PTM mimics have also been 

incorporated directly through non-sense codon reassignment.
172

 Spectroscopically active 

UAAs have also been successfully incorporated, such as fluorinated UAAs for
 19

F 

NMR,
173,174

 nitrile functionalised UAAs for IR and FRET,
175,176

 fluorescent napthalene-
177

, 

coumarine-,
178

 and dansyl-functionalised
179

 UAAs (Fig. 1.10). 

Fig. 1.10: UAAs incorporated through non-sense codon reassignment, grouped by function: a) cross-

coupling, b) spectroscopically active, c) direct PTMs and PTM mimics 
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In addition to the amber stop codon, the ochre
180

 and opal
181

 stop codons may be reassigned 

for UAA incorporation as well, allowing for dual non-sense codon reassignment for the 

simultaneous incorporation of different UAAs.
182

 This has been successfully demonstrated in 

the incorporation of UAAs functioning as FRET pairs to study protein conformation.
183,184

 

The reassignment of all 3 non-sense codons cannot be done simultaneously, however, as one 

must still be utilised to terminate protein translation. Initial work in our group also suggests 

that non-sense codon reassignment is compatible with sense-codon reassignment as well, 

allowing for the simultaneous incorporation of UAAs in auxotrophic cells (Crane et. al, 

unpublished results). 

For the incorporation of > 2 UAAs by non-sense codon reassignment, the use of quadruplet 

codons have been investigated, which would allow for the reassignment of up to 256 new 

codons. Quadruplet codon reassignment has been successfully demonstrated,
181,185

 though 

poor dual-incorporation efficiency stimulated interest in the development of orthogonal 

quadruplet-codon based translation systems in cells.
186

 This system utilises orthogonal mRNA 

carrying an modified Shine-Dalgarno sequence for initiation of translation which is not read 

by native ribosomes, but is recognised and bound by ribosomes containing genetically 

encoded rRNA. Ribosome mutation at the A site then allows for efficient accommodation of 

quadruplet codons.
187

 This system has been used for the site-specific dual incorporation of 

UAAs for intramolecular cross-linking
188

 or dual labelling.
189

 

 1.7: Thesis objective 

The use of UAAs as biological probes will be expanded upon in the following chapters. In 

Chapter 2, the genetic incorporation of alkene-bearing UAAs via sense-codon reassignment in 

bacterial and mammalian proteins to enable Ru-catalysed olefin cross-metathesis (CM) 

reactions will be discussed. This work builds upon previously established methods to 

chemically incorporate CM handles onto proteins. In this chapter, the rational design of 

UAAs, as well as assays to screen for  recognition by cellular incorporation machinery will be 

discussed in detail. The expression of a range of alkene-tagged recombinant proteins, their 

complete characterisation, as well as the development of a more general protocol for on-

protein CM will be elucidated. 

In chapter 3, the utility of UAA incorporation to probe mammalian cell translation systems 

will be discussed. Incorporation of an azide-bearing UAA has been used to discover a 
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remarkable system of protein synthesis in mammalian cell nuclei at short incorporation times 

(~ 5 s), along with rapid metabolic degradation of the synthesised peptides. In addition to the 

metal-mediated protein labelling techniques used to discover this system, this chapter 

describes several orthogonal UAA-based labelling and analysis techniques used to confirm 

these observations. Possible reasons both for the existence of such a system as well as its 

previous lack of detection will be put forth.  

In Chapter 4, the use of UAA incorporation and bioconjugation reactions will be described in 

the development of a novel and generally applicable proteomics technique. This technique 

may be used to determine quantitative changes in cell proteomes in response to external 

stimuli, and may be applied to systems to which traditional proteomics techniques cannot be 

easily applied, such as primary cells. 

Finally, in Chapter 5, further applications of UAA incorporation will be discussed. 

Preliminary results will be reported in efforts to use UAAs in the vibrational Raman 

microscopic imaging of biological systems, in generating HIV vaccines, and inducing T-cell 

stimulation. 
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Chapter 2 

Development of the Cross-Metathesis Reaction on 

Proteins: From Chemical to Genetic Incorporation 

of Metathesis Reactive Tags 

 

2.1 Introduction 

 

Olefin cross-metathesis (CM) is a viable reaction for the modification of alkene-containing 

proteins. The alkene functional group can be installed into proteins by incorporation of some 

olefin containing UAAs.
1-4

 Though aliphatic alkene-containing UAAs such as 

homoallylglycine (Hag, 1.16)
4
 are both self-metathesis and cross-metathesis reactive as 

monomeric protected amino acids in organic solvents
5
 and can be metabolically incorporated 

into proteins, they are completely unreactive in olefin cross-metathesis (CM) reactions in 

aqueous media.
6
  The chemically installed UAA S-allylcysteine (Sac, 2.1) enables CM on 

proteins, where the allylic chalcogen heteroatom provides crucial coordination to the metal 

catalyst centre (See Chapter 1, Section 1.5).
6
 

 

The chemical installation of Se-allylselenocysteine (Seac, 2.2) onto proteins was carried out 

in collaboration with Dr. Yuya A. Lin (YAL), Dr. Omar Boutureira and Lukas Lercher. Seac 

installation was found to enhance the rate of CM, and allowed for an increased breadth of 

metathesis partners compared to Sac, such as allyl acetamides.
7,8

 Seac was found to be CM-

reactive with allyl alcohol as a model metathesis partner (Section 2.11.4). Seac-incorporated 

proteins were prepared by the conversion of the single cysteine mutant of the protein 

subtilisin from Bacillus lentus (SBL S156C) to its corresponding dehydroalanine variant 

(SBL-156Dha) by a previously reported Bis-alkylation - elimination protocol.
9
 This was 

converted to SBL-156Seac by the addition of allyl selenolate, generated in situ by the 

reaction of allyl selenocyanate with stoichiometric amounts of sodium borohydride in 

degassed methanol (Scheme 2.1). 
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Scheme 2.1: Two-step synthesis of SBL-156Seac from SBL-S156C 

 

In order to confirm that the conversion of SBL S156C to the corresponding Dha and Seac 

analogues did not cause an appreciable loss of enzymatic activity, the enzyme kinetic 

parameters kcat and Km were determined with Succinyl-Ala-Ala-Pro-Phe-p-nitroanilide as a 

substrate (Fig. 2.1, Section 2.11.5 for full protocol).
10

  

 

 

Fig. 2.1: Michaelis-menten plots of the hydrolysis of Suc-AAPF-pNA by (a) SBL S156C , (b) SBL 

S156Dha, and (c) SBL S156Seac. Panel (d) summarises the kinetics parameters of these reactions. 

 

The results were seen to show that conversion of residue Cys 156 to Dha, and then to Seac 

did  not lead to an appreciable loss in enzymatic activity. With the substrate in hand, CM 

reactions were carried out by (YAL) with allyl alcohol as a model CM-reactive partner using 

previously reported CM conditions.
11

 Briefly, a solution of the Hoveyda-Grubbs 2nd 

generation catalyst (1.19) in t-BuOH (43 µL of a solution of 0.6 mg in 287 L t-BuOH) was 

added to a solution of SBL-156Seac (10.4 M, 100 L of 0.4 mg/mL solution) in 50 mM 

sodium phosphate buffer (pH 5) with MgCl2·6H2O (0.7 L of a 1 mg/L solution in water, 
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3.7 μmol). The Reaction was shaken at RT for 1 minute before adding allyl alcohol (0.5 L, 

7.5 μmol). Reaction was mixed on a vortex immediately after addition and was shaken at RT. 

At various time points, the reaction was passed through a PD SpinTrap G-25 (GE Healthcare) 

to remove small molecules, and the resulting solution analyzed by LC–MS. 

 

 

Fig. 2.2. ESI–MS spectrum of CM between SBL-156Seac and allyl alcohol. Product mass calculated 

= 26832 Da, Observed = 26831 Da 

 

The reaction showed >95% conversion to the CM product within 15 minutes. CM was also 

successfully demonstrated by YAL with O-allyl-2-acetamido-2-deoxy-β-D-glucopyranoside 

as well as allyl acetamide, previously reported to be CM-unreactive with Sac-incorporated 

proteins.
7,8

 

 

However, this reaction protocol was subsequently discovered to not be generally applicable, 

as proteins were discovered to precipitate in the presence of 30% t-BuOH. Efforts towards 

designing a general CM protocol for on-protein reactions will be described in section 2.7. 

Furthermore, in order to expand the applicability of CM to complex biological systems, 

efforts were directed towards designing genetically incorporating metathesis reactive tags 

into proteins. These will be discussed next. 

 

2.2: Design of UAAs for Genetic Incorporation of CM-reactive tags on proteins 

Schultz and co-workers have reported the incorporation of O-crotyl serine(1.26) in yeast via 

amber stop codon suppression, and demonstrated  its reactivity in on-protein intramolecular 

ring closing metathesis (RCM),
12

 however CM with genetically incorporated residues has yet 

to be demonstrated. The alternative 'sense' codon reassignment method was used for UAA 

incorporation, utilising methionine auxotrophic cell lines. Here, the flexibility of methionyl-
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tRNA synthetase (MetRS) was probed in order to metabolically label proteins with allyl 

chalcogen containing UAAs.
 13

 

 

Fersht and Dingwall first demonstrated that L-ethionine may be mischarged by the MetRS 

without being metabolically edited.
14

 In contrast, L-homocysteine, a natural competitor of 

methionine, is transformed to the corresponding thiolactone to avoid being misread in 

translation.
15

 Side chain length and heteroatom position therefore may play a critical role in 

metabolic recognition. We explored key aspects of the tolerance of MetRS toward positioning 

of the key side-chain heteroatoms required for CM with concomitant side chain length 

alteration (Fig. 2.3). 

  

 

Figure 2.3. Design of the -heteroatom containing methionine analogues S-allylcysteine (Sac, 2.1) and 

Se-allylselenocysteine (Seac, 2.2), and the δ-heteroatom containing analogues S-allylhomocysteine 

(Ahc, 2.3) and Se-allyl homoselenocysteine (Ahs, 2.4). The through-space side chain length from Cα 

to the side chain terminus is displayed below each structure. 

 

Two types of substrates were designed and synthesised, those with a γ-heteroatom (2.1, 2.2) 

and those with a δ-heteroatom (2.3, 2.4). As the selenium analogue of Sac was found to have 

an enhanced rate of reaction in aqueous CM, the metabolic incorporation efficiencies of 
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selenium analogues 2.2 and 2.4 were also considered. As none possessed a free thiol in their 

side chains, unlike L-homocysteine, none of the amino acids chosen here could be 

transformed into their corresponding chalcogen lactones.  

 

2.3 and 2.4 were synthesised from L-methionine and L-selenomethionine respectively using a 

novel demethylative allylation strategy that proved direct and efficient (Scheme 2.2). CM 

could also be demonstrated on both (Kieran Hudson Master's Thesis). 

 

 

Scheme 2.2: Synthesis of and CM reaction on S-allylhomocysteine (2.3) and Se-allylhomo- 

selenocysteine (2.4) 

 

2.3 could also be readily synthesised from the commercially available DL-homocysteine 

thiolactone as a racemate (Scheme 2.3).  

 

Scheme 2.3: Synthesis of  racemic S-allylhomocysteine 
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In order to determine the incorporation efficiency of the synthesised Met analogues, E. coli 

methionyl-tRNA synthetase (MetRS) was expressed in BL21(DE3) cells.
16

 The MetRS gene 

synthesis was custom-ordered from GeneArt, ligated into the pET-303 vector with a C-

terminal His-tag for purification via an N-terminal NsiI digestion site and a C-terminal XhoI 

digestion site. The plasmid was received, amplified in XL-10 Gold cells, and transformed into 

BL21 (DE3) cells for expression (Fig. 2.4). 

 

Fig. 2.4: LC-MS spectrum and SDS-PAGE of MetRS 

 

2.3: MetRS Activity Assays 

The incorporation efficiency of amino acids and their analogues in vivo is controlled to a 

significant extent by the rate of their activation by the corresponding aminoacyl-tRNA 

synthetases (aaRS). 
4,17,18

 Upstream of tRNA aminoacylation, the aaRS first forms an 

aminoacyl-AMP-aaRS complex upon reacting with ATP and their cognate amino acid 

substrates. This is then followed by aminoacylation of tRNA with the release of AMP 

(Scheme 2.4). 

 

Scheme 2.4: Mechanism of aminoacyl tRNA synthetases 
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2.3.1: AP4A continuous colourimetric assay 

This assay utilises Adenosine tetraphosphoadenosine (AP4A),
19

 which is cleaved by aaRS in 

the presence of their cognate amino acid substrate to generate ATP and the aminoacyl-AMP-

aaRS complex. In the presence of excess pyrophosphate, turnover of this complex occurs to 

generate another molecule of ATP. Using a coupled enzyme system, hexokinase and glucose-

6-phosphate dehydrogenase may then be used to utilise the generated ATP to first 

phosphorylate glucose to glucose-6-phosphate, then oxidise it to 6-phosphogluconate with the 

reduction of NADP to NADPH, resulting in an increase in absorbance at 340 nm (A340, 

Scheme 2.5). 

Scheme 2.5: Coupled enzyme assay for determining amino acid recognition by corresponding 

aminoacyl tRNA synthetase 

 

A preliminary assay was carried out to test the activity of the expressed MetRS towards 

Methionine at different concentrations (Fig. 2.5, Section 2.11.3 for full protocol): 
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Fig. 2.5: A340 v/s time at different [Met] 

 

However, no correlation between [Met] and A340 was seen. When different concentrations of 

ATP were used as a positive control for the coupled assay, there was no correlation seen 

between [ATP] and ΔA340, suggesting that the hexokinase and/or glucose-6-phosphate 

dehydrogenase were inactive. 

 

 

2.3.2: Malachite Green assay 

This assay utilises the consumption of ATP and release of pyrophosphate (PPi) by aaRS 

(Scheme 2.4). The released pyrophosphate may be hydrolysed further to inorganic phosphate 

by pyrophosphatase (PPiase), and the phosphate release quantified at various time points with 

Malachite green and ammonium molybdate, leading to an increase in absorbance at 650 nm 

(A650).
20

 In order to show activity of the enzyme, MetRS was buffer exchanged into 

aminoacylation buffer (Section 2.11.3), and incubated at 37 ºC with E. coli total tRNA, 

PPiase, ATP, and 1 mM DTT with 1 mM L-Methionine. In the control samples, Methionine 

and tRNA were absent (due to limiting amounts of the tRNA). After 30 min, reactions were 

quenched with 100 mM EDTA (50 uL), and developed for 30 min at r.t. with the addition of 

10 uL Malachite green solution (containing ammonium molybdate). Absorbance was 

measured at 650 nm. A strong absorbance at 650 nm was detected in the presence of Met and 

tRNA, but not in the absence, along with the visual formation of a coloured malachite green-

phosphomolybdate complex. 
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In order to obtain kinetics parameters, the assay was repeated with different concentrations of 

Met between 0.1 mM and 10 mM, with samples aliquoted every 15 minutes into EDTA to 

arrest the reaction, then treated with malachite green and ammonium molybdate. However, at 

all concentrations of Met, the reaction contents were observed to precipitate, leading to 

inaccurate readings of A620.  

 

In order to identify the problem , an exhaustive factorial analysis of the buffer components 

was carried out. Wells were prepared with different combinations of the buffer components 

(Table 2.1), each treated with 15 uL malachite green reagent, and A650 measured (Fig. 2.6). 

No MetRS or methionine was added in any sample. 

 

 

Table 2.1: Factorial combinations used to determine source of precipitation in malachite green assay 
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Fig. 2.6: Absorbance at 650 nm for samples as described in Table 2.1 

 

The results showed that all wells containing  tRNA at the working concentration of 1 mg/mL, 

regardless of the presence / absence of other buffer components, showed a high A650 in the 

absence of MetRS or AA. 

 

A ‘calibration curve’ of tRNA concentrations was made, confirming that the tRNAs were 

interfering with the detection of phosphate upon treatment with malachite green (Fig. 2.7). 

 

 

Fig. 2.7: Absorbance at 650 nm for varying concentrations of tRNA. 

 

In order to identify the cause of this interference, tRNAs were treated with a control reagent 

of conc. H2SO4 + ammonium molybdate + Tween-20, i.e. the malachite green working 

reagent without the malachite green (‘empty’ reagent), in addition to control samples treated 

with the complete malachite green reagent, or with HEPES buffer alone. A650 values were 

immediately measured (Fig. 2.8). 
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Fig. 2.8: Absorbance at 650 nm for tRNA treated with either 1) buffer alone, 2) Buffer in the presence 

of H2SO4, ammonium molybdate and Tween-20, or 3) with complete malachite green reagent. 

 

The results indicated that the tRNA solution itself was forming a precipitate upon 

acidification in the presence of sulfuric acid. The acidic pH (~pH 2.0) was necessary to 

quench the aminoacylation reaction, as well as to keep malachite green itself in solution, as 

the reagent is nearly insoluble at pH 7. However, this seems to be precipitating the tRNA, 

thus interfering with the colourimetric assay itself. 

 

2.3.3: Radiometric activity assay 

MetRS reacts with ATP and a substrate AA to form a MetRS-AA-adenylate complex. In the 

presence of excess radioactive 
32

P-pyrophosphate, the reverse reaction is catalysed to 

generate radioactive 
32

P-ATP, the concentration of which increases with time.
4,21

 Acidified 

activated charcoal may then be used to quench the reaction and adsorb the 
32

P ATP, but not 

32
P-pyrophosphate. The progress of the reaction may then be monitored by measuring the 

amount of radiation adsorbed onto charcoal at various time points. 

 

To determine which Met analogues were recognised by MetRS, the enzyme was buffer 

exchanged into reaction buffer (See Methods Section), to which 
32

P-PPi (in the form of 

sodium pyrophosphate with a specific activity of 0.5 TBq/mol) was added to a final 

concentration of 2 mM, along with 5 mM of either Met, Sac, Seac, Ahc, or Ahs. After 20 

min, 20 uL from each reaction was quenched over acidified charcoal (Methods Section), 

which was washed twice and then transferred to a scintillation vial for scintillation counting 

(Fig. 2.9). 
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Fig. 2.9: Scintillation counts per minute from reactions with 5 mM Met, Sac, Seac, Ahc and Ahs. 

 

Radioactive ATP generated was highest for the natural substrate, Met, as expected. Amount 

generated by Met is ~ 6.5x more than the next highest AA (Ahc), ~ 45x more than Sac, with 

Seac and Ahs being the lowest. 

 

Next, the kinetics of MetRS with Met and Ahc were measured. The reactions were set up as 

above, and at various time points, 20 uL of the reactions were quenched as above. However, 

inconsistent data was observed due to losses in charcoal upon repeated washing by 

centrifugation and subsequent aspiration with a pipette (Fig. 2.10). 

 

Fig. 2.10: Scintillation counts per minute v/s time from reactions with 5 mM Met, and Ahc. 

 

To remedy this, an alternative method of washing the charcoal was devised (Methods 

Section). A filter-tip was modified to allow for loss-less washing of charcoal by filtration 

rather than centrifugation. Consistent data was now obtained, allowing for the determination 

of Michaelis-Menten kinetics parameters for Met and Ahc (Fig. 2.11) using Prism V6.02 

(GraphPad Software Inc.) 
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Fig. 2.11: Michaelis-Menten curves for MetRS with Met and Ahc as substrates. 

 

The kinetics parameters were determined to be: 

 

Met kcat/Km = 0.041 s
-1

 µM
-1

,   kcat = 35.30 s
-1

  Km = 878.3 µM 

 

Ahc kcat/Km = 0.0045 s
-1

 µM
-1

, kcat = 4.62 s
-1  

Km = 1033 µM 

 

Michaelis-Menten kinetics parameters kcat and Km were determined for Met and Ahc. 

Comparison of the kcat/Km parameters for Met and Ahc shows that the activation by MetRS of 

the former is 9-fold more effective than of the latter. 

 

 

2.4 Modelling UAA binding to MetRS 

 

 The docking of Met analogues Sac, Seac, Ahc and Ahs, as well as their corresponding 

adenylates into the active site of MetRS was carried out by gradient descent minimisation of 

the energy of conformationally randomised ligand structures using Autodock Tools Ver. 1.5.6 

and Autodock Vina, which use a custom force field based on AMBER.
22

 The enzyme 

scaffold used for docking was that of Met-bound MetRS.
23

 All analogues were found to 

occupy the binding site of the native methionine (Fig. 2.12), and were calculated to have 

similar binding energies of -17.2 ± 0.4 kJ / mol. 
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Figure 2.12. Interactions of docked amino acids with MetRS for A) Methionine, B) Sac, C) Seac, D) 

Ahc and E) Ahs. In panel F), the docked Met (blue backbone) is overlaid on the crystal structure Met 

(white backbone) with the MetRS surface shown. 

 

Consistent with previous studies,
18

 it was found that major contributors to the binding energy 

in MetRS include electrostatic interactions of the backbone nitrogen with the side chain of 

Asp 52, as well as hydrogen bonds made by the side chain heteroatom with the side chain OH 

of Tyr 260 and the backbone amide of Leu 13 next to the hydrophobic pocket where the 

terminal methyl group is situated (Fig. 2.12). Sac and Seac were seen to maintain the same 

contacts. However, due to the increased side-chain length, the heteroatom was seen to be 

pushed out of the hydrophobic pocket, and lay ~ 0.5 Å further away from the oxygen of Tyr 

260 (Fig. 2.12-B and C). In Seac, Ahc, and Ahs the contact with Asp 52 was seen to be 

abolished, and a new contact was formed between the backbone carboxyl group and the 
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backbone amide of Tyr 15 (Fig. 2.12-C, D and E). Ahc was additionally stabilized by a 

contact between the backbone carboxyl group of 3 and the backbone amide of Pro 14 in 

addition to Tyr 15.  

 

In general, it was observed that increasing the side-chain length causes decreased 

stabilization by Tyr 260 for all analogues as compared to Met. However, Ahc makes an 

additional contact with Pro 14, potentially stabilizing it further than Sac, Seac, and Ahs. 

 

However, the flexibility of MetRS may cause it to adopt subtly but significantly different 

active site conformations when actually bound to 1, 2, 3, and 4 than in the Met-bound crystal 

structure used here, perhaps leading to a difference in energies of bound enzyme-substrate 

complexes. 

 

From our models and from previous binding studies,
18,23

 it was reasoned that the position of 

the bulky heteroatom may be another key factor in determining incorporation efficiency. The 

γ-heteroatom in Sac might be unfavourably positioned for subsequent aminoacylation even 

though the amino acid side-chain lengths are similar to that of L-ethionine. On the other hand, 

while the side chains of Ahc and Ahs are 2.0 – 2.5 Å longer than that of L-ethionine, both 

have a heteroatom at the same position as the natural substrates of MetRS.  

 

 

2.5: Incorporation trials 

Incorporation of each Met analogue was then investigated in the nucleosome constituent 

protein histone H3.
24,25

  The gene for Histone H3 with a single Met at position 120 was 

ordered from GeneArt. The sequence, contained a 5' NdeI and a 3' BamHI restriction site. The 

gene was delivered in the pMA-T vector
26

, from where it was subcloned into pET-15b to 

generate a construct containing a GSSHHHHHH- leader sequence to allow for easy 

purification via Ni-NTA agarose. The His-tagged H3 protein was expressed from B834(DE3) 

cells using the Met-auxotrophic B834(DE3) E. coli strain (Method section). Briefly, cells 

were grown up in LB media supplemented with antibiotics to an OD600 of 0.6 to 0.8, washed 

thrice with met-free Selenomet base media, resuspended in Selenomet base media 

supplemented with Selenomet nutrient mix, 250 mg/L UAA, and antibiotics, incubated at 30 
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ºC for 30 min, then at 37 ºC for 30 min, and expression induced for 16 h with 1 mM IPTG at 

30 ºC. 

 

Initial trials were carried out with Ahc, the UAA which was demonstrated to have the greatest 

kcat and Km with MetRS among the Met analogues. The protein was expressed in inclusion 

bodies, from where it was extracted, purified by Ni-NTA agarose resin, and analysed by 

LCMS (Fig. 2.13, Table 2.2). However, the expressed protein was observed to be 

heterogeneous, where a large proportion of the protein was seen to have been post-

translationally modified by gluconoylation and phosphogluconoylation, which N-terminally 

His-tagged proteins are susceptible to.
27

  

 

 

Fig. 2.13: LCMS analysis of His-tagged H3 single Ahc 

 

 

Modification Mass shift Mass expected Mass seen 

 

None (only Ahc) 

 

+0 

 

17392 

 

- 

Gluconoylation +178 17570 17567 

Phosphogluconoylation +258 17650 17649 

Gluconoylation + 

phosphogluconoylation 

+436 17828 17831 

 

Table 2.2: Modifications of His-tagged H3 single Ahc observed by LCMS 
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As a result, it was decided to attempt the expression of single Ahc H3 without a His-tag. The 

gene for Histone H3 K9C M90L C96S G102A C110A Single M120 in pET3-d vector was 

obtained as a gift from the Chris Schofield group. The protein was instead purified by size-

exclusion FPLC (See Methods section). Upon repeating expression, the major protein species 

observed was found to be the Met-incorporated H3, with little (~20%) Ahc incorporation 

(Fig. 2.14). 

 

 

Fig. 2.14: LCMS analysis of H3 K9C M90L C96S G102A C110A expressed in B834(DE3) in a 

pET3-d vector. Calculated Mass for Met incorporation: 15196 Da,  Ahc incorporation: 15222 

 

The expression was repeated in B834 (DE3) pLysS cells,
28

 which suppress endogenous 

protein expression in the presence of chloramphenicol to allow for double selection of 

transformant colonies with ampicillin and chloramphenicol. During the subsequent 

expression, extra washing steps were carried out with met-free media, and incubation times 

prior to induction were doubled. However, after expression of protein, extraction from 

inclusion bodies, and size-exclusion FPLC purification, predominantly Met-incorporation was 

seen. Ahc incorporation was approximately the same amount (15-20%) as in previous 

expression trial. It was then reasoned that the pET3-d vector, which does not encode the 

lactose inhibitor LacI,
29

 might be the cause of leaky expression of Met-containing H3 during 

the growth phase of the cells prior to induction. An expression trial on 100 mL scale was 

carried out to test whether the cells were expressing H3 during their growth phase. The effect 

of 1% w/v glucose during the growth phase was also investigated (Fig. 2.15).
30
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Fig. 2.15: SDS-PAGE of trials of leaky expression in H3. M: Marker, 1 & 1’: Supernatant of inclusion 

body 1
st
 wash with TW buffer; 2 & 2’: Supernatant of inclusion body 2

nd
 wash with TW buffer; 3 & 

3’: Supernatant of inclusion body wash with Histone Wash Buffer; 4 & 4’: Supernatant of inclusion 

body extraction with unfolding buffer. B: Blank lane 

1', 2', 3', 4'  =>  With 1% glucose 

1, 2, 3, 4   => Without 1% glucose 

 

In both cases, a band at ~15 KDa was observed in the inclusion body unfolded extract, 

suggesting that expression was indeed leaky in this system. 

 

The gene from this vector was excised with NcoI and BlpI, and ligated into LacI-encoding 

vector pET-28a. Choosing these restriction enzymes allowed for the excision of the His-tag 

form the vector backbone, allowing for the expression of His-tag free H3. The vector was 

transformed  into B834(DE3) cells for expression, which was carried out in Selenomet metdia 

supplemented with 500 mg/L DL-Ahc (Fig. 2.16). 

 

 

Fig. 2.16: LC-MS spectrum of Ahc-incorporated H3. Expected mass: 15222 Da, Observed: 15299 Da 

(2-mercaptoethanol adduct). 
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15299 Da peak corresponds to the disulfide-bridged complex of H3 K9C M90L C96S G102A 

C110A Ahc 120 with 2-mercaptoethanol (~15222 + 78 -2), which was present in the FPLC 

running buffer. Upon treatment of the protein with DTT for 30 min, the mass of H3 Ahc 120 

with a free cysteine was seen (Fig. 2.17). Incorporation levels of Ahc were found to be > 95% 

as determined by LC-MS. 

 

 

Fig. 2.17: LC-MS spectrum of Ahc-incorporated H3. Expected mass: 15222 Da, Observed: 15223 Da 

 

 

Expression of H3 was attempted in selenomet media supplemented with either Sac, Seac, or 

Ahs. Incorporation levels of these analogues were found to be < 5% (Fig. 2.18). 

 

 

Fig. 2.18: LC-MS characterisation of H3 with attempted Sac incorporation. Expected mass for Met 

incorporation: 15196 Da. Observed: 15196 Da. Similar spectra were observed for Seac and Ahs 

incorporation. 

 

Furthermore, in selenomet media supplemented with either of the selenium-containing amino 

acids Seac and Ahs, a red precipitate was seen to form after 16h of incubation at 37 ºC. This 

precipitate was not observed in selenomet media supplemented with either Met, Sac, or Ahc. 

This may be due to metabolic degradation of  selenium-containing amino acids, as this red 

colour was not develop in aqueous solutions of Seac or Ahs incubated at 37 ºC for longer 
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periods of time (> 5 days). Samples of the media supernatant as well as Methanol-, 

acetonitrile-, DMSO- and DMF-extracted cell lysate supernatants were analysed by MS in 

order to identify for selenium-containing degradation species in the samples via selenium’s 

unique isotopic distribution. However, no selenium-containing species could be detected in 

either intact or HCD-fragmented modes. This implied that the selenium-containing 

compounds were not ionising well in either positive or negative ion modes during MS, 

suggesting that the coloured precipitate may comprise non-ionising aggregates of elemental 

selenium. 

The results from Met-RS screening and the H3 protein incorporation experiments suggested 

that of the analogues under investigation, Ahc would be the most suitable for genetic 

incorporation. Proteins of varying structure and function were chosen. In addition to histone 

H3, monomeric single-site incorporation of Ahc was successfully carried out in the 

pentapeptide repeat protein Np276 (Fig. 2.18),
31

 and in the TIM-barrel β-glycosidase SsβG 

(Fig. 2.19).
32

 

 

 

Fig. 2.18: LC-MS characterisation of Np276 G2P M21I Ahc61 

 

 

Fig. 2.19: LC-MS characterisation of  SsG Ahc49 P152A C344S 9Ile 

 

Excellent levels (>95%) of multi-site genetic incorporation of Ahc were also demonstrated in 

monomeric targets such as the DNA binding protein SarZ (Fig. 2.20),
33

 as well as in the 

multimeric  bacteriophage coat protein Qβ (Fig. 2.21).
34

  

 

Calculated = 20904 
Observed = 20905 

Calculated = 57236 
Observed = 57238 
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Fig. 2.20: LC-MS characterisation of  SarZ(7-142) Ahc20 Ahc64 

 

 

Fig. 2.21: LC-MS characterisation of  Qβ K16Ahc 

 

In addition to LCMS analysis, all proteins were characterised by MS-MS analysis, circular 

dichroism and gel electrophoresis. (Section 2.11.8 to 2.11.14) Ahc-incorporated proteins were 

then investigated for the retention of function after replacement of Met with Ahc. 

 

 

 

 

 

 

 

 

 

 

 

Calculated = 17797 
Observed = 17796 

Calculated = 14152 
Observed = 14152 
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2.6: Protein function assays 

2.6.1: Activity assay for SsG Ahc49 P152A C344S 9Ile 

Enzyme activity was assayed by monitoring the enzymatic liberation of p-nitrophenol from p-

nitrophenyl-β-D-galactopyranoside.
35

 Reactions were monitored for an increase in absorbance 

at 405 nm, with substrate concentrations ranging from 0.2 to 6.0 mM in 200 µL 50 mM 

sodium phosphate pH 6.5 containing 10 µL of 0.05 mg/mL enzyme stock, and run at 45 °C.  

 

0.000 0.002 0.004 0.006 0.008
0

5.010- 8

1.010- 7

1.510- 7

2.010- 7

2.510- 7

Conc. (M)

R
a
te

 

kcat = 5.248 s
-1

 

Km = 1.237 mM 

kcat/Km = 4.242 s
-1

 mM
-1

 

 

Kinetics parameters kcat and Km were found to be of the order of the wild-type enzyme.
35

 

 

2.6.2: Activity assay for SarZ(7-142) Ahc20 Ahc64: 

The activity of SarZ(7-142) Ahc20 Ahc64 was assayed by an electrophoretic mobility shift 

assay (EMSA) of the promoter region of the hla gene, which encodes α-hemolysin in 

Staphylococcus aureus.
33

 The hla promoter gene was ordered from GeneArt and amplified by 

PCR. The binding of SarZ was carried out with 50 µg of purified DNA per well, run in 0.5x 

TBE buffer  at 100 V for 90 min on a 6% Tris-glycine gel at 4 ºC in 0.5X TBE buffer. The gel 

was then incubated with SyBr Gold DNA stain prior to visualisation. 
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Sar Z-Ahc Kd = 469 nM 

 

The Kd value was found to be 10x higher than the reported value for the wild-type enzyme.
33

 

The assay was then repeated with the Met-incorporated enzyme, as expressed in B834(DE3) 

cells. 

 

Sar Z-Met Kd = 358 nM 

 

Relative to WT Met-incorporated SarZ expressed in the same cell line, the Kd of the Ahc-

incorporated protein was found to be of the same order. 

 

Together with CD data, these results indicate that Ahc-incorporated proteins retain both 

global secondary and tertiary structure as well as function. 
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Pleasingly, the partial incorporation of Ahc could also be demonstrated into the Fc region of 

IgG expressed in HEK 293T cells, indicating that Ahc is a general analogue for Met, rather 

than being specific only for E. coli. The expressed protein was partially deglycosylated of N-

linked glycans by treatment with PNGase-F prior to analysis by LCMS (Fig. 2.22). The 

single-site incorporation of Ahc was confirmed by MSMS (Section 2.11.14). 

 

 

Fig. 2.22: LC-MS analysis of Ahc-incorporated IgG-Fc xpressed in HEK 293-T cells. Masses 

observed in deglycosylated peak cluster: 26446 (Met incorporated, 19%), 26472 (Single Ahc 

incorporation, 81%), no dual Ahc-incorporation.  

 

Ahc incorporation was also attempted in engineered single-Met mutants of the biotin-binding 

protein traptavidin,
36

 hen egg white lysozyme,
37

 the Arabidopsis thaliana fructose-

Bisphosphate aldolase AT3G52930,
38

 and the Staphylococcus aureus transcription regulators 

MgrA
39

 and SarA.
40,41

 However, further work was not attempted on these proteins due to 

poor expression levels (< 0.5 mg/L) when expressed in B834(DE3), B834(DE3) pLysS as 

well as BL21-CodonPlus®(DE3)-RIL-X cell lines. 

 

 

2.7: CM reaction method optimisation 

YAL had previously discovered that Qβ functionalised with Ahc was seen to precipitate in 

solution upon the addition of 10,000 eq. of MgCl2  and the Hoveyda-Grubbs' 2nd generation 

catalyst (HG-II, 1.19) in 30% t-BuOH, conditions optimised for CM on SBL.
11

 Initial 

reactions with Np276 Ahc-61, carried out under the same conditions, also showed heavy 

precipitation, and no protein was observed in the LC-MS spectrum of the reaction 

supernatant.  
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Previous work in our group has shown that MgCl2 is necessary for the cross-metathesis 

reaction to take place, presumably by preventing the unfavourable coordination of protein 

carboxylate groups to the Hoveyda-Grubbs Second Generation (HG-II) catalyst.
11

 It was 

therefore decided to screen for the minimum amount of MgCl2 needed for the reaction to 

occur, without ‘salting out’ the protein when the solution of HG-II in t-BuOH was added. For 

this experiment, the serine protease subtilisin Bacillus lentus (SBL) with a chemically 

incorporated
42

 S-allylcysteine was chosen, as it was not previously seen to precipitate under 

these reaction conditions.  

 

SBL contains 5 Asp, 5 Glu, and 1 C-terminus carboxylate. 5 eq. of MgCl2 per acidic group 

were used (i.e. 55 eq. in total) to attempt to prevent this unfavourable coordination of SBL to 

HG-II, with both positive and negative controls (Fig. 2.23). 

 

 

Fig. 2.23a: LCMS of SBL Sac156 after CM with allyl alcohol, 10000 eq. MgCl2(+ve control) 

 

Fig.2.23b: LCMS of SBL Sac156 after CM with allyl alcohol, 55 eq. MgCl2 

 

Fig. 2.23c:  LCMS of SBL Sac156 after CM with allyl alcohol, 0 eq. MgCl2 (-ve control). 
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From these results, it was observed that in the absence of MgCl2, no conversion by CM was 

seen to occur, and only the starting material's mass could be seen in the LC-MS spectrum of 

the reaction. 55 eq. MgCl2 was found to not be sufficient for the cross-metathesis reaction to 

proceed, though at 10,000 eq., as before, conversion to the CM product was observed. 

Experiments were repeated with 3000, 1500 and 500 eq. MgCl2, but again only the starting 

material could be observed. At 5000 eq., though protein signal could be observed for SBL, 

Np276 was still seen to precipitate. 

 

In order to prevent the precipitation of proteins, in the presence of 30% t-BuOH and 5000 eq. 

MgCl2, mild denaturing conditions were applied such as 2.5% of the cationic detergent 

Cetyltrimethylammonium bromide (CTAB),
43

 n-Dodecyl β-D-maltoside,
44

 or the anionic 

detergent SDS (lower concentrations of detergent did not prevent the precipitation of Np276). 

However, in all cases the protein solution remained coloured even after desalting and dialysis, 

indicating the presence of (tightly and perhaps coordinately-bound) ruthenium species. A 

complex signal was observed in the LC-MS spectrum indicating the presence of metal 

adducts. It was then decided to use stronger denaturing conditions, such as either 8M urea or 

5M guanidine hydrochloride, in 50 mM sodium phosphate. 

 

In addition, a factorial analysis was carried out of the CM reaction in order to determine and 

exclude reaction conditions which led to the non-productive but tight association of 

ruthenium complexes with substrate proteins which prevented their detection. For this, non-

functionalised myoglobin was used as a substrate. The factors under consideration were: 

 

 

1) Denaturant used: 

Either 8 M urea or 5 M guanidine hydrochloride in 50 mM sodium phosphate pH 8.0 

 

2) Post-reaction desalting carried out by PD Spintrap: 

 Desalting carried out before LC-MS, or reaction crude injected directly to LC-MS 

 

3) Effect of catalyst addition:  

200 eq. HG-II in 30% t-BuOH, or 30% t-BuOH only 
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4) Addition of 3-mercaptopropanoic acid (3MPA),
45

 a reported chemical scavenger for 

palladium species (whose role was to be investigated as a possible Ruthenium 

scavenger): 

400 eq. scavenger added (2 eq. relative to catalyst), or no scavenger added 

 

Total conditions = 2
4
 = 16 reactions 

 

A signal from myoglobin was only observed in the LC-MS of solutions where no HG-II 

catalyst had been added, implicating it as the cause of loss of protein  signal. This catalyst is 

likely to be co-ordinately bound to the protein, as it was not eliminated by a PD-spintrap 

column. Furthermore, these results suggest that a combination of 30% t-BuOH in 8 M Urea or 

5M guanidine hydrochloride, together with 5000 eq. MgCl2 does not interfere with the LCMS 

analysis of proteins. However, 3-mercaptopropanoic acid was found to not be an efficient 

scavenger for HG-II at a 2:1 eq. ratio. To determine whether 3-mercaptopropanoic acid acted 

as a scavenger for HG-II at all, a further 75 eq. (relative to catalyst) were added to all samples 

where HG-II had been added, and the tubes incubated at r.t. for 30 min. . Upon analysis of the 

samples by LCMS, a clear protein signal was now observed where there had been none 

earlier. These reaction conditions were then applied to Ahc-incorporated proteins. 
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2.8: CM on Ahc-incorporated proteins 

 

With Ahc-containing proteins in hand, their reactivity toward CM was tested. Allyl alcohol 

was used as a model metathesis partner. 

 

 

Using conditions optimised in section 2.7, CM was carried out on histone H3 Ahc120. 

Briefly, 60 µg of the lyophilised protein was reconstituted in denaturing buffer (5 M 

guanidinium chloride-50 mM sodium phosphate pH 8.0) to which were added 5000 eq. 

MgCl2.6H2O, 100 eq. HG-II in 30% tBuOH solution, and 5000 eq. allyl alcohol. The reaction 

was run at RT for 3 hours with shaking. 3-mercaptopropionic acid (75 eq. w.r.t. catalyst) was 

used as a metal scavenger for ruthenium species and the mixture was shaken for further 30 

minutes at RT. The protein sample was then purified from small molecules by Vivaspin® 

(10kDa MWCO) followed by a PD-Spintrap column (Full experimental procedures in section 

2.11.9). LCMS analysis of the protein sample revealed > 95% conversion to the desired CM 

product (Fig. 2.24). 

 

 

Fig. 2.24: LCMS analysis of CM reaction of histone H3 Ahc120 with allyl alcohol. Product calculated 

mass = 15252 Da, found = 15252 Da 
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Successful CM was also demonstrated using the same reaction and scavenging conditions on 

Np276 (Fig 2.25): 

 

 

Fig. 2.25: LCMS analysis of CM reaction of Np276 Ahc61 with allyl alcohol. Product 

calculated mass = 20935 Da, found = 20935 Da 

 

 

Pleasingly, CM was also demonstrated on the intact Qβ virus-like particle containing 180 

reaction sites per particle, with 82% conversion over 3 h. The protein sample was treated with 

TCEP before analysis by LCMS (Fig. 2.26) 
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Fig. 2.26: LCMS analysis of CM reaction of Qβ Ahc16 with allyl alcohol. Stating material 

mass = 14152 Da, found =14151 Da. Product calculated mass = 14182 Da, found = 14182 Da 

CM was carried out on glycosylated IgG-Fc Ahc32 Met208 with alkene-functionalised biotin, 

and functionalisation was confirmed by performing an anti-biotin Western Blot with alkaline-

phosphatase conjugated Extravidin, visualised with BCIP/NBT (Fig 2.27): 

 

 

 

 

   Lane 3: Marker 

  Lane 2: Biotin-functionalised IgG-Fc Dimer  

  (top) and monomer (bottom) 

   Lane 1: IgG-Fc mixed with an equivalent 

 amount of biotin prior to SDS-PAGE  

 

 

 

 

 

Fig. 2.27: Anti-biotin Western Blot 

 

These conditions were then subsequently successfully applied to H3 proteins with chemically 

installed Seac by YAL, to yield a chemically 're-writeable' moiety for CM-based protein 

modification.
8
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2.9: CM Challenges  

2.9.1: Investigation of alternative scavenging conditions 

CM was attempted on SsG Ahc49 P152A C344S 9Ile with allyl alcohol as a metathesis 

partner. After purification of the reaction mixture from small molecules by Vivaspin® 

(10kDa MWCO) followed by a PD-Spintrap column, only signal from metal adducts was 

observed in the ESI-MS. Similar adducts were observed from CM reactions of SarZ Ahc20 

Ahc64 with both allyl alcohol as well as allylamine as CM partners. 

 

A factorial analysis for scavenging Ru from Met-incorporated SsβG was carried out. Factors 

chosen were: 

 

1. Scavenger used: DTT or 3-mercaptopropanoic acid (used previously) 

 

2. Eq. of scavenger (relative to Ru): 3 eq. (used by Spicer and co workers for Palladium 

scavenging,
45

 or 75 eq. (used previously) 

 

3. ‘Desalting’ method: 3 h Dialysis (20 kDa MWCO) or  Vivaspin + PD-spintrap 

 

4. Scavenger incubation time: 15 min or 60 min 

 

Total experiments = 2
4
 = 16 

 

16 samples of 50 ug of SsβG-Met43 in 5M GdmCl and 50 mM NaPi were treated with 10000 

eq MgCl2 and 120 eq of H.G. (II) catalyst in t-BuOH to give a final concentration of 30% 

tBuOH. Samples were incubated at r.t. for 5 min, and then treated with the scavengers for 

either 15 or 60 minutes. After desalting, samples were analysed by LC-MS. 

 

Of these, the following combination of factors showed effective scavenging of the Ru-catalyst 

from SsβG. The conditions used were: 

1)  DTT, 75 equivalents, desalting by dialysis, and 15 min incubation time (Fig. 2.28) 

2)  DTT, 75 equivalents, desalting by Vivaspin + PD spintrap, and 15 min incubation time 

(Fig. 2.29) 
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Fig. 2.28: ESI-MS spectrum for SsβG-Met43 scavenged of Ru-catalyst by DTT (75 eq.) for 15 min, 

followed by desalting by dialysis. Expected mass: 57209 Da, Observed: 57209 Da 

 

 

Fig. 2.29: ESI-MS spectrum for SsβG-Met43 scavenged of Ru-catalyst by DTT (75 eq.) for 15 min, 

followed by desalting by vivaspin and PD-SPintrap. Expected mass: 57209 Da, Observed: 57209 Da 

 

This showed that, for SsβG-Met43 at least, DTT is preferable to 3-mercaptopropanoic acid as 

a ruthenium scavenger, and that 75 equivalents w.r.t catalyst were better than 15. The 

desalting method didn’t seem to be very important, though incubation time was.  

 

These scavenging conditions were then applied to the CM reaction on SsβG-Ahc43. 

However, strong signals from small molecule adducts were seen to persist, and a protein ion 

series was not seen to form. This indicated that the coordination of the Ru-catalyst to SsβG-

Ahc43 was stronger than the corresponding Met analogue, and that effective scavenging 

under identical conditions was not possible for the former. CM reactions were then carried 

out on SsβG-Ahc43 systematically. The following factors were investigated (Table 2.3): 

 

1. Equivalents of catalyst used: 120 eq (used for H3, Qβ and Np276) or 10 eq (reducing 

equivalents may improve protein recovery after desalting, though may reduce reaction 

conversion) 

 

2. Scavenger used: DTT or 3-mercaptopropanoic acid (protein from CM reaction, after 

treatment with both scavengers, was visible at the correct position in SDS-PAGE) 

 

3. Equivalents of MgCl2 used: 10000 eq (used for H3, QB and Np276) or 100 eq. 

(reducing MgCl2 content may prevent protein crashing out during buffer exchange, 

though may lead to Ru-adduct formation) 

 

mass
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%

0

100

CRL328787  208 (3.543) TOF MS ES+ 
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4. Duration of dialysis: 2 h (according to manufacturer’s website, dialysis should be 

complete between 15 min to 2 h) or 16 h  

 

5. Additional dialysis step: ± additional dialysis into 20 mM Tris from 5 M GdmCl. 

Lower buffer salt content improves protein ionisation for SsβG-Ahc starting material, 

may do the same for reaction product as well. 

 

At all stages, aliquots were run on an SDS-PAGE, which confirmed presence of the protein in 

all samples. No protein degradation was observed. 

 

Expt. 

No. 

Eq. 

Catalyst 

Eq.MgCl2 

used 

Scavenger 2h dialysis 

against GdmCl 

16h dialysis 

against 

GdmCl 

6h dialysis 

against 

20mM Tris 

1 100 100 DTT Metal adducts 

seen 

Metal adducts 

seen 

Metal adducts 

seen 

2 100 100 3-MPA Metal adducts 

seen 

Metal adducts 

seen 

Metal adducts 

seen 

3 10 100 DTT Metal adducts 

seen 

Metal adducts 

seen 

Metal adducts 

seen 

4 10 100 3-MPA Metal adducts 

seen 

Metal adducts 

seen 

Metal adducts 

seen 

5 100 100 DTT Metal adducts 

seen 

Metal adducts 

seen 

Metal adducts 

seen 

6 100 100 3-MPA Metal adducts 

seen 

Metal adducts 

seen 

Metal adducts 

seen 

7 10 100 DTT Metal adducts 

seen 

Metal adducts 

seen 

Metal adducts 

seen 

8 10 100 3-MPA Metal adducts 

seen 

Metal adducts 

seen 

Metal adducts 

seen 

Table 2.3: Experimental conditions for factorial study of CM between SsβG-Ahc43 and allyl alcohol. 

Similar results were observed for 10,000 eq. of MgCl2 as well. 
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In all cases, strong metal adduct signals were seen, and no protein ion series were seen to 

form. All samples were run on MALDI, but no protein signal was seen. 

 

2.9.2: Effect of CM conditions on protein function 

CM on proteins could potentially be used to modulate their activity. For example, the ability 

of SarZ to bind negatively charged DNA could be increased by introducing additional 

positively charged groups on its surface through CM with allylamine. In order to test this 

hypothesis, CM between SarZ Ahc20 Ahc64 and allylamine was carried out for 3 hours in 

non-denaturing buffer (50 mM sodium phosphate pH 8.0 without guanidine hydrochloride or 

urea). The reaction crude was dialysed against 20 mM Tris 100 mM NaCl without 

scavenging, and the protein used in a DNA binding EMSA (Fig. 2.30): 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.30: EMSA for SarZ - allylamine CM reaction crude with hla promoter DNA 

 

It was found that the protein no longer bound the hla promoter DNA at the same 

concentration, possibly either due to denaturation during the reaction in the presence of 30% 

t-BuOH, or due to persistence of ruthenium species on the protein surface. The mobility shift 

assay was repeated after scavenging the reaction with 3-mercaptopropanoic acid, and 

dialyzing against 20 mM Tris, 100 mM NaCl (Fig. 2.31, decreasing concentration of SarZ 

from left to right). 
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Fig. 2.31: EMSA for SarZ - allylamine CM reaction after scavenging with hla promoter DNA 

 

Some DNA binding by SarZ was seen, though significantly less than before the CM reaction. 

In order to study the effect of t-BuOH, SarZ was CM-reacted with allylamine for 3h, or 

treated with only 30% t-BuOH for 1h, then dialysed into 50 mM phosphate buffer. The CM-

reacted protein was treated with 3-mercaptopropanoic acid to scavenge bound Ru-species 

from the protein, and dialysed into 50 mM phosphate buffer. Both samples were incubated 

with the hla promoter DNA and a mobility shift assay carried out (Fig. 2.32). 

 

 

Fig. 2.32: EMSA for SarZ - allylamine CM reaction after scavenging, or SarZ treated with 30% t-

BuOH for 1h only, with hla promoter DNA 
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DNA binding was studied with SarZ treated with 30% t-BuOH for varying times (Fig. 2.34), 

using identical concentrations of DNA substrate  as used in section 2.6.2, and a protein 

concentration 50% higher than the concentration at which complete binding was observed: 

 

Fig. 2.34: Electrophoretic mobility shift assay for denatured SarZ with hla promoter DNA. 1) SarZ 

immediately treated with 30% t-BuOH, 2) SarZ treated with 30% t-BuOH for 1 h, 3) SarZ treated with 

30% t-BuOH for 2 h, 4) SarZ dialysed back into 50 mM sodium phosphate.  

 

Upon contact with t-BuOH, the DNA binding of SarZ was seen to be significantly and 

immediately reduced, and was not observed to recover upon dialysing into non-denaturing 

sodium phosphate buffer.  

 

From crystal structure on PDB,
46

 the secondary structure of SarZ was seen to be 56.5% alpha 

helix, 17.8% beta, 25.8% coil. Analysis of the CD spectrum of SarZ Ahc (Section 2.11.16) 

with the online service Dichroweb,
47,48

 showed that the Ahc-incorporated protein's secondary 

structure was 56.4% alpha, 19.3% beta, 24.3% coil, in good agreement with the Met-

incorporated protein's crystal structure. 

 

After 2h exposure to 30% t-BuOH, the secondary structure of SarZ was seen to change to 

48.3% alpha, 33.8% beta, 17.9% coil. After 16h dialysis back into non-denaturing 50 mM 

sodium phosphate pH 8.0, the native secondary structure was not seen to be recovered, and 

instead was found to be 63.3% alpha and 36.7% beta. This suggests that, unlike SBL,
49

 the 

activity of enzymes in general may not be retained when exposed to 30% t-BuOH during CM. 
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2.10: Conclusions and Discussion 

 

The development of the chemically installed UAAs S-allylcysteine (Sac) and Se-

allylselenocysteine (Seac) has provided a great impetus toward the use of CM in protein 

modifications. The installation of these UAAs allowed for the fascile access to post-

translational modifications and bioconjugations in recombinant proteins, with minimal 

perturbation of the protein scaffolds.  This has served to drive the search for general 

genetically incorporated CM tags for potential use in native biological systems, instead of 

recombinant, purified proteins alone. A study of reports on the CM-reactivities of chemically 

and genetically incorporated alkene-functionalised tags indicated that CM-reactive allyl 

chalcogen containing UAAs (e.g., Sac and Seac) were not reported to be readily genetically 

incorporated in E. coli. Conversely, readily incorporated alkene-containing UAAs (e.g., Hag) 

were not reactive in aqueous CM, a consequence of the 'carbon-only' side-chain. Based on 

this, four allyl chalcogen containing UAAs, S-allylcysteine (Sac), Se-allylselenocysteine 

(Seac), S-allyl homocysteine (Ahc), and Se-allyl homoselenocysteine (Ahs), were investigated 

as potential Met surrogates for the genetic incorporation of metathesis reactive tags. 

 

In this chapter, it was demonstrated that, of the UAAs under consideration, the previously 

unexplored amino acid S-allyl homocysteine (Ahc) - though not Sac, Seac, or Ahs - is an 

effective methionine surrogate, and is recognised by the cognate E. coli Methionyl-tRNA 

synthetase MetRS. Comparison of the Michaelis-Menten kinetics parameters (kcat/Km ratios) 

for this enzyme showed that enzymatic efficiency for Met is 9-fold greater than for Ahc. 

Nevertheless, efficient Ahc incorporation into proteins was successfully demonstrated by the 

translational apparatus of Met-auxotrophic E. coli (> 95%). This now allows genetic control 

of olefin cross metathesis in proteins using sense (Met) codon reassignment. Pleasingly, 

incorporation wasalso demonstrated in mammalian HEK 293T cells (~80% single-site), 

indicating the use of Ahc as a general cross-species Met surrogate. 

 

The resulting Ahc-containing proteins were found to retain their secondary structure as 

determined by CD, as well as their function, as demonstrated in the case of the enzyme SsβG 

and the DNA binding protein SarZ. Of these, Ahc- incorporated H3, Np276 and Qβ  proteins 

were found to be reactive in CM reactions as well, using allyl alcohol as a model CM partner. 

Though a general reaction and metal-scavenging protocol still bears further investigating for 
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carrying out CM on SsβG and SarZ., nevertheless, these reactions serve as a first step toward 

a more general use of olefin cross-metathesis in chemical biology. 

 

The CM catalyst used in this study was the Hoveyda-Grubbs 2nd generation catalyst, which is 

compatible with aqueous CM, though the presence of 30% t-BuOH was necesssary to keep 

the catalyst soluble. To prevent protein aggregation in the presence of the organic co-solvent, 

(unlike the previously reported CM reactions on chemically incorporated Sac and Seac tags 

on SBL) the reaction necessitated the use of strong denaturing conditions (5M guanidine 

hydrochloride or Urea). A CD-based protein folding and activity analysis revealed that both 

the native structure as well as the DNA binding ability of SarZ was lost upon treatment with 

30% t-BuOH, and not recovered upon dialysis into non-denaturing buffer, suggesting that a 

more thorough refolding protocol may be necessary, such as solid phase-assisted,
50

 or 

chromatography-based protein refolding.
51

 

 

Alternatively, with the continuing development of water soluble catalysts for cross-

metathesis,
52,53

 there is great motivation for the development of in vivo Ahc-enabled CM in 

cellular systems, thereby enabling access to a broad range of biological applications. 
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2.11: Methods 

2.11.1: General Consideration 

Proton nuclear magnetic resonance (
1
H NMR) spectra were recorded on a Bruker AV400 

(400 MHz) or a Bruker AVII500 (500 MHz) spectrometer, as indicated. Carbon nuclear 

magnetic resonance (
13

C NMR) spectra were recorded on a Bruker AV400 (100 MHz) 

spectrometer or on a Bruker AVII500 (125 MHz) spectrometer, as indicated. All chemical 

shifts are quoted on the  scale in ppm using residual solvent as the internal standard. 

Coupling constants (J) are reported in Hertz (Hz) with the following splitting abbreviations: s 

= singlet, d = doublet, t = triplet, q = quartet, quin = quintet, and a = apparent.  

Infrared (IR) spectra were recorded on a Bruker Tensor 27 Fourier Transform 

spectrophotometer using thin films. Absorption maxima (υmax) are reported in wavenumbers 

(cm
-1

). Low resolution mass spectra (LRMS) were recorded on a Waters Micromass LCT 

Premier TOF spectrometer using electrospray ionization (ESI) and high resolution mass 

spectra (HRMS) were recorded on a Bruker MicroTOF ESI mass spectrometer. Nominal and 

exact m/z values are reported in Daltons.  

Thin layer chromatography (TLC) was carried out using Merck aluminium backed sheets 

coated with 60F254 silica gel. Visualization of the silica plates was achieved using a UV lamp 

(λmax = 254 nm), and/or potassium permanganate (5% KMnO4 in 1M NaOH with 5% 

potassium carbonate). Flash column chromatography was carried out using BDH PROLAB
®

 

40-63 mm silica gel (VWR). Mobile phases are reported in % volume of more polar solvent 

in less polar solvent for binary systems (e.g. 20% EtOAc in petrol = 1:4 ethyl acetate:petrol) 

and in relative composition for ternary systems (e.g. 1:2:4 H2O:
i
PrOH:EtOAc) 

The anhydrous methanol used was purchased from Sigma. All other solvents were used as 

supplied (Analytical or HPLC grade), without prior purification. Distilled water was used for 

chemical reactions and Milli-Q
®
 purified water for protein manipulations. ‘Petrol’ refers to 

the fraction of light petroleum ether boiling in the range 40-60 ºC. All reactions using 

anhydrous conditions were performed using flame-dried apparatus under an atmosphere of 

argon or nitrogen. Brine refers to a saturated solution of sodium chloride. Anhydrous 

magnesium sulfate (MgSO4) or sodium sulfate (Na2SO4) was used as drying agents after 

reaction workup, as indicated.  
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Protein Mass Spectrometry 

Liquid chromatography-mass spectrometry (LC-MS) was performed on a Waters Micromass 

LCT Premier XE (ESI-TOF-MS) coupled to a Waters 1525 Binary HPLC pump using 

Chromolith FastGradient RP-18 250 mm column from Merck. Water (solvent A) and 

acetonitrile (solvent B), each containing 0.1% formic acid, were used as the mobile phase. 

The gradient was programmed as in shown in the table below. The electrospray source was 

operated with a capillary voltage of 3.2 kV and a cone voltage of 25 V for all the protein used 

in this report. Nitrogen was used as the nebulizer and desolvation gas at a total flow of 700 

L/hr. Total mass spectra were reconstructed from the ion series using the MaxEnt algorithm 

preinstalled on MassLynx software (v. 4.1 from Waters) according to manufacturer’s 

instructions. 

Time(min) Flow (mL) %A %B 

0 0.4 95 5 

1 0.4 95 5 

5 0.4 0 100 

8 1.0 0 100 

8.1 1.0 95 5 

9.5 1.0 95 5 

 

2.11.2:  Amino acid synthesis 

N-Boc-DL-Homocysteine thiolactone (2.6) 

 

DL-Homocysteine thiolactone hydrochloride (3.0 g, 19.5 mmol) was added to a 100 mL 

round-bottomed flask with a Teflon™-coated stirrer bar and suspended in DCM (50 mL). The 

flask was put under argon atmosphere, stirred and cooled to 0 °C with an ice bath. Et3N (5.0 

mL, 39.0 mmol) was added portionwise. Boc2O (5.0 g, 23.4 mmol) was added and the 

reaction was stirred at room temperature for 4 hours. After this time the reaction was 

evaporated to dryness with rotary evaporation. The resulting white solid was re-dissolved 

with EtOAc (150 mL), diluted with H2O (300 mL) and transferred to a separatory funnel. The 

organic layer was isolated and the aqueous layer was further extracted with EtOAc (150 mL). 
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The combined EtOAc was washed with brine (200 mL), dried (MgSO4) and then filtered. The 

solvent was removed under vacuum to give the desired compound as a white solid (4.2 g, 

99%). NMR shows the desire product was pure enough without further purification. 

Spectroscopic data was identical to that previously reported.
54

 m.p. = 130-133 C. IR (υmax, 

solid): 3350, 2978, 1677, 1519, 1368, 1300, 1239, 1157, 1053, 972, 863, 779, 612. 
1
H NMR 

(400 MHz, CDCl3): H = 1.45 (9H, s, Boc), 1.98 (1H, qd, J = 12.2, 7.5, H), 2.72-2.94 (1H, 

m, H), 3.23 (1H, ddd, J = 11.6, 7.1, 1.0, H), 3.31 (1H, td, J = 12.1, 5.1, H), 4.12-4.45 (1H, 

m, H), 5.01 (1H, br. s., NH). 
13

C NMR (100 MHz, CDCl3): C = 27.2 (C), 28.3 (Boc), 32.1 

(H), 60.5 (H), 80.4 (Boc, 4), 155.5, 174.1 (2  C=O). LRMS m/z (ESI+): Found 240.04 

[M+Na]
+
; C9H15NO3SNa requires 240.07. 

 

S-Allyl-DL-Homocysteine TFA salt (2.7)  

 

 

 

N-Boc-DL-Homocysteine thiolactone (2.0 g, 9.20 mmol) was added to a 100 mL round-

bottomed flask and suspended in H2O (40 mL). The suspension was stirred at room 

temperature and NaOH (1.5 g, 36.8 mmol) was added as a solid. After NaOH was completely 

dissolved, allyl chloride (4.0 mL, 46.0 mmol) was added. The emulsion was stirred 

vigorously at room temperature for 3 hours. After this time, TLC (50% EOAc in petrol with 

0.5% AcOH) revealed disappearance of starting material (Rf = 0.6) and formation of the 

allylated product (Rf = 0.3). Reaction was acidified by adding 1M HCl until pH < 5 and then 

transferred to a separatory funnel. The product was extracted from the aqueous layer with 

EtOAc (2  100 mL). The organic layer was washed with brine (100 mL), dried with MgSO4, 

filtered and then concentrated under reduced pressure to yield a light yellow oil. This was re-

dissolved in DCM (30 mL) and TFA (6 mL) was then added. The reaction was stirred at room 

temperature for 2 hours after which TLC (50% EOAc in petrol with 0.5% AcOH) revealed 

complete consumption of starting material. The reaction was evaporated to dryness under 

reduced pressure to give a dark oil. The dark residue was diluted with a little bit of H2O and 

cooled to 0 C before adding NH4OH (25% aq) dropwise until basic (pH > 8, pH paper). 

During this process a white, very insoluble solid crashed out. Purification by column 
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chromatography (1:2:7 25% NH4OH (25% aq):MeOH:
i
PrOH) gave the desired amino acid 

TFA salt as a white powder (2.4 g, 90%). m.p. = 225-226. IR (υmax, solid): 2920, 1657, 1578, 

1412, 1339, 1192, 1127, 988, 916, 840, 801, 724. 
1
H NMR (400 MHz, D2O): H = 1.93-2.14 

(2H, m, Hβ), 2.49-2.57 (2H, m, Hγ), 3.13 (2H, d, J = 7.1, SCH2), 3.74 (1H, dd, J = 6.9, 5.7, 

Hα), 5.06-5.13 (2H, m, CH=CH2), 5.75 (1H, ddt, J = 17.1, 9.9, 7.2, 7.2, CH=CH2). 
13

C NMR 

(100 MHz, D2O): C = 25.7 (Cγ), 30.4 (SCH2), 33.8 (Cβ), 54.3 (C), 118.2 (CH=CH2), 134.2 

(CH=CH2), 174.5 (C=O). LRMS m/z (ESI+): Found 176.07 [M+H]
+
; C7H14NO2S requires 

176.07. 

 

N-Boc-L-Selenomethionine methyl ester (BocSeMetOMe, 2.9) 

 

 

 

Anhydrous MeOH (30 mL) was added to a flame-dried 100 mL round-bottomed flask under 

argon with a Teflon™-coated stirrer bar. The solvent was stirred, cooled to 0 °C with an ice 

bath and AcCl (10 mL, 153 mmol) was added dropwise over 5 minutes. The solution was 

stirred for an additional 10 minutes at 0 C, giving a concentrated solution of HCl. L-SeMet 

(3.0 g, 15.3 mmol) was added under a stream of argon. The ice bath was removed and the 

reaction stirred at room temperature for 18 hours. The solvent was then removed under 

reduced pressure to give the crude selenomethionine methyl ester hydrochloride as a yellow 

solid. This material was used immediately in the next step without purification. The crude 

ester was suspended in DCM (30 mL), stirred and cooled to 0 °C with an ice bath. To this, 

Et3N (4.3 mL, 30.6 mmol) was added portionwise. Boc2O (4.0 g, 18.4 mmol) was added and 

the reaction was stirred at room temperature for 4 hours. After this time TLC (30% EtOAc in 

Petrol, KMnO4) showed formation of the product (Rf = 0.4). Reaction was diluted with DCM 

(100 mL) and transferred to a separatory funnel. The organic layer was washed with H2O 

(200 mL), brine (200 mL), dried (MgSO4) and then filtered. The solvent was removed under 

vacuum to give a clear oil. Purification by column chromatography (20% EtOAc in Petrol) 

yielded the titled compound as a clear oil (4.0 g, 84%). [α]D = +27.5 (c = 0.77, CHCl3). IR 

(υmax, film): 3359, 2977, 1714, 1513, 1438, 1366, 1247, 1164, 1050, 1024, 779. 
1
H NMR (400 
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MHz, CDCl3): H = 1.40 (9H, s, Boc), 1.90-2.01 (4H, m, Hβ + SCH3), 2.07-2.19 (1H, m, Hβ), 

2.50 (2H, t, J = 7.7, Hγ), 3.71 (3H, s, CO2CH3), 4.27-4.42 (1H, m, Hα), 5.16 (1H, d, J = 7.3, 

NH). 
13

C NMR (100 MHz, CDCl3): C = 4.1 (SeCH3), 20.3 (Cγ), 28.2 (Boc), 33.2 (Cβ), 52.3 

(CO2CH3), 52.5 (Cα), 79.9 (Boc), 155.3, 172.7 (2 × C=O). HRMS m/z (ESI+): Found 

334.0527 [M+Na]
+
; C11H22NO4SeNa requires 334.0528. 

 

Se-allyl-N-Boc-L-Homoselenocysteine methyl ester (BocAhsOMe, 2.10) via One-pot 

Allylation/ Demethylation 

 

 

BocSeMetOMe (1.2 g, 3.87 mmol) was added to a 50 mL round-bottomed flask equipped 

with a Teflon™-coated stirrer bar and dissolved in MeCN (15 mL) then heated to 55 °C. To 

this, K2CO3 (0.8 g, 5.80 mmol), allyl iodide (1.1 mL, 11.6 mmol) and TBAI (2.14 g, 5.80 

mmol) were added subsequently. The reaction mixture was stirred for 16 hours at 55 °C and. 

The solvent was removed under reduced pressure to give a pale yellow oil. This was taken up 

with Et2O (100 mL) and H2O (150 mL) and transferred to a separatory funnel. The organic 

layer was separated and the aqueous layer was further extracted with Et2O (2 × 75 mL). The 

combined organic layer was washed with brine (150 mL), before drying over MgSO4, 

filtering and reduction under vacuum to a yellow oil. Following purification via column 

chromatography (10% EtOAc in Petrol) to give the product as a clear oil (0.9 g, 69%). [α]D = 

+26.9 (c = 0.48, CHCl3). IR (υmax, film): 3361, 2977, 1714, 1506, 1437, 1366, 1164, 1049, 

914, 757. 
1
H NMR (400 MHz, CDCl3): H = 1.45 (9H, s, Boc), 1.90-2.06 (1H, m, Hβ), 2.06-

2.23 (1H, m, Hβ), 2.43-2.57 (2H, m, Hγ), 3.18 (2H, d, J = 7.6, SeCH2CH=), 3.75 (3H, s, 

CO2CH3), 4.35-4.44 (1H, m, Hα), 4.97-5.09 (2H, m, CH=CH2), 5.80-5.92 (1H, m, 

CH2CH=CH2). 
13

C NMR (100 MHz, CDCl3): C = 18.0 (Cγ), 25.9 (SeCH2CH=), 28.3 (Boc), 

33.6 (Cβ), 52.4 (CO2CH3), 53.6 (Cα), 116.3 (CH=CH2), 134.7 (CH2CH=CH2), 154.5, 172.7 (2 

× C=O). HRMS m/z (ESI+): Found 360.0671 [M+Na]
+
; C13H23NO4SeNa requires 360.0685. 
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Se-Allyl-L-homoselenocysteine (2.4) 

 

 

 

BocAhsOMe (1.83 g, 5.44 mmol) was added 100 mL round-bottomed flask equipped with a 

Teflon™- coated stirrer bar and then dissolved in DCM (20 mL). TFA (4 mL) was added and 

reaction mixture stirred at room temperature for 2 hours. After this time TLC (15% EtOAc in 

Petrol, ninhydrin) indicated consumption of the starting material (Rf = 0.4). The solvent was 

removed under reduced pressure to yield a yellow oil. The residue was re-dissolved in THF (6 

mL) and cooled to 0 °C with an ice bath. LiOH (14 mL of a 5M solution in H2O) was added 

dropwise and then the ice bath removed. The reaction mixture was stirred at room 

temperature for 2 hours. After this time the solution was diluted with H2O (20 mL) and 

neutralised with DOWEX® 50WX8 (H+) until pH < 7 (pH paper). The suspension was 

poured onto an empty column and washed with water (100 mL, gravity flow).The flow-

through was discarded and the column eluted with 5% NH4OH (aq). The fractions containing 

product (identified by TLC) were combined and concentrated by rotary evaporation to give a 

yellow solid. This was purified by column chromatography (1:2:7 25% NH4OH (25% 

aq):MeOH:
i
PrOH) to give a white powder (700 mg, 58% yield). m.p. = 200-201 °C. IR (υmax, 

solid): 3290, 1574, 1421, 1361, 1177, 988, 914, 861. 
1
H NMR (400 MHz, D2O): H = 1.60-

1.83 (2H, m, Hβ), 2.32-2.41 (2H, m, Hγ), 3.05 (2H, d, J = 7.8, SeCH2CH=), 3.10 (1H, dd, J = 

7.1, 5.8, Hα), 4.83-4.95 (2H, m, CH=CH2), 5.73 (1H, ddt, J = 17.2, 9.6, 7.8, 7.8, 

CH2CH=CH2). 
13

C NMR (100 MHz, D2O): C = 19.1 (Cγ), 25.6 (SeCH2CH=), 35.8 (Cβ), 56.5 

(Cα), 116.9 (CH=CH2), 135.3 (CH2CH=CH2), 183.1 (C=O). HRMS m/z (ESI): Found 

222.0039 [MH]

; C7H12NO2Se requires 222.0039. 
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2.11.3: MetRS Activity Assays 

1) AP4A Protocol: 

 

MetRS was buffer exchanged into aminoacylation buffer (50 mM HEPES  pH 7.6, 10 mM 

MgCl2, 50 mM KCl, 1 mM DTT, 10% (v/v) DMSO, 10 mM D-glucose, 0.5 mM NADP
+
, 1.7 

mM.min
-1

 hexokinase and glucose 6-phosphate dehydrogenase from baker's yeast (Sigma). In 

a final volume of  200 µL, containing aminoacylation buffer, 2.4 µM MetRS, 20 µM 

pyrophosphate and 0.25 to 10 mM Met, reactions were initiated by the addition of 0.7 mM 

AP4A. Absorbance was continuously monitored at 340 nm, to detect reduction of NADP+ to 

NADPH, where εNADPH at 340nm = 6220 M
-1

cm
-1

 

 

2) Malachite Green assay protocol: 

 

MetRS was buffer exchanged into aminoacylation buffer (30 mM HEPES, 140 mM NaCl, 30 

mM KCl, 40 mM MgCl2), and incubated at 37 ºC (55 ug/mL enzyme conc., 100 µL volume) 

with 1 mg/mL E. coli total tRNA, 2 u/mL PPiase, 100 uM ATP, and 1 mM DTT with 0.1 

mM, 0.5 mM, 1.0 mM, 2.5 mM, 5.0 mM, 7.5 mM, 10 mM, and 20 mM methionine.. At 

regular time intervals,  20 µL aliquots were quenched with 100 mM EDTA (80 µL), and 

developed for 30 min at r.t. with the addition of 10 uL Malachite green solution. Absorbance 

was measured at 620 nm. 

 

3) Radioactive MetRS protocol: 

 

To determine which UAAs were recognised by MetRS, reactions were run for 20 min in 150 

uL of reaction buffer each (pH 7.6, 20 mM imidazole, 0.1 mM EDTA, 10 mM 2-

mercaptoethanol, 7 mM MgCl2, 2 mM ATP, 0.1 mg/mL BSA, and 2 mM of 
32

P-PPi (in the 

form of sodium pyrophosphate with a specific activity of 0.5 TBq/mol), 70 nM MetRS and 5 

mM Met, Sac, Seac, Ahc, or Ahs. After 20 min, 20 uL from each reaction was quenched in 

0.5 mL of a solution comprising 200 mM PPi, 7% w/v HClO4, and 3% w/v activated 

charcoal. The charcoal was washed twice with 0.5 mL of a 10 mM PPi, 0.5% HClO4 solution, 

and then transferred to a scintillation vial for scintillation counting. To determine Michaelis-

Menten kinetics parameters, the reactions were set up as above, with aliquots quenched at 

regular time intervals. 
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2.11.4: Small Molecule CM Seac Reaction Kinetics 

 

To a solution of N-Boc-Se-allylselenocysteine-methoxy ester
55

 (BocSeacOMe) and Hoveyda-

Grubbs 2nd generation catalyst in 1:5 D2O: (CD3)2CO, allyl alcohol (neat) was added, and the 

progress of the cross-metathesis reaction was monitored by 1H NMR. NMR peak heights of 

the starting material relative to the residual solvent peaks were converted to concentrations at 

various time points. Data obtained for initial time points was fitted by a single-phase 

exponential decay model (A = A0e
-kx

) using Prism V6.02 (GraphPad Software Inc.) to obtain 

pseudo first-order rate constants at different concentrations of allyl alcohol. The observed 

pseudo first-order rate constants at various allyl alcohol concentrations were fitted by linear 

regression to determine the second order rate constant (Fig. 2.35, 2.36, 2.37). 

 

 

Fig 2.35: NMR signal intensity decay with 10 mM BocSeacOMe, 10 mM catalyst and allyl alcohol at 

(a) 100 mM and (b)150 mM. (c) Pseudo-first order rate constants v/s allyl alcohol concentration. 
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Fig 2.36: NMR signal intensity decay with 10 mM BocSeacOMe, 50 mM catalyst and allyl alcohol at 

(a) 100 mM and (b) 150 mM. Panel (c) Pseudo-first order rate constants v/s allyl alcohol 

concentration. 

 

Fig 2.37: NMR signal intensity decay with 1 mM BocSeacOMe, 50 mM catalyst and allyl alcohol at 

(a) 100 mM and (b) 150 mM. Panel (c) Pseudo-first order rate constants v/s allyl alcohol 

concentration. 
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2.11.5: SBL Activity Assay 

 

Stock solutions of SBL-S156C (unmodified), SBL-S156Dha, and SBL-S156Seac were 

prepared in 100 mM Tris with 0.005% Tween-80 (pH 8.6, ‘Dilution buffer’) at concentrations 

of 1.12 x 10
-7

 M.  Dilution buffer (98 μL) was added to wells of a 96-well plate. Aliquots of 

the substrate N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide
56

 (Suc-AAPF-pNA, 0.20 M in 

DMSO, Bachem) were added to each well in a final volume of 2 μL DMSO, and reactions 

were initiated by the addition of 100 μL of the SBL protein stocks to give 8 substrate 

concentrations ranging from 0.2 mM to 4.0 mM.
57

 All SBL-containing were seen to turn 

yellow over the course of the reaction, indicating liberation of pnitroaniline (pNA) and 

confirming peptidase activity of all SBL samples. All protein solutions and the substrate 

solution alone at the same concentrations are colorless. The progress of the reaction was 

monitored by measuring the 410 nm (ε = 8800 M
-1

 cm
-1

) absorbance of the liberated p-

nitroaniline. Data was collected every 18 seconds, and fitted by nonlinear regression to the 

Michaelis-Menten model using Prism V 6.02 (GraphPad Software, Inc) to obtain the kinetic 

parameters kcat and Km. 

 

 

2.11.6: "In-gel" Tryptic Digestion-MSMS Analysis of Expressed Proteins 

 

“In-gel” tryptic digestions were performed following an MS-compatible protocol. Following 

SDS-PAGE analysis of the protein, gel bands of the desired protein were excised from the 

gel, diced into 1 mm cubes and placed in Eppendorf tubes. The bands were washed with 100 

μL of Solution A (40 mg ammonium bicarbonate in 10 mL Milli-Q water and 10 mL HPLC 

grade acetonitrile) for 30 minutes and the supernatant was discarded. The process was 

repeated 2 times, until the gel pieces were no longer dark blue. The gel was then washed with 

100 μL acetonitrile until the gel pieces dehydrated and turned white (10 minutes). The 

supernatant was discarded and the samples were air-dried. 100 μL of a 10 mM DTT solution 

in 25 mM ammonium bicarbonate was added to the dry gel pieces and incubated at 37 °C for 

30 minutes. The supernatant was discarded, and the gel pieces were washed twice with 25 

mM ammonium bicarbonate solution, followed by acetonitrile until the gel pieces dehydrated 

and turned white (10 minutes). 100 μL of 55 mM iodoacetamide solution in 25 mM 

ammonium bicarbonate solution was then added to the gel pieces and incubated for 60 
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minutes in the dark. The supernatant was then discarded and the gel pieces were washed twice 

with 100 μL Solution A for 10 minutes. The pieces were then washed with 100 μL 

acetonitrile until the gel pieces dehydrated and turned white (10 minutes). The supernatant 

was discarded and the samples were air-dried. 20 μL of reconstituted Promega Sequencing 

Grade Modified Trypsin solution (1 μg) was then added and the digest was incubated at 37 °C 

for 16 h. 1 μL of formic acid was then added in order to stop the digest, and the supernatant 

containing the peptides was transferred to a new tube. 50 μL of extraction buffer (20 μL 

formic acid in 10 mL Milli-Q water and 10 mL HPLC grade acetonitrile) was then added to 

the gel pieces and the mixture was incubated for 30 minutes. The supernatant was pooled with 

the supernatant from the previous step. The combined supernatant was then concentrated to 

dryness by SpeedVac and then transferred to MS vials in 10 μL water. The samples were 

analyzed by MS/MS-MS. 

 

 

2.11.7: General Procedure for Expression of MetRS 

Overnight cultures of single colonies of BL21 (DE3) transformed with the MetRS gene in 

pET303/CT-His vector were used to inoculate L.B. media (1 L) containing ampicillin (50 

µg/mL) and cells incubated at 37 C. The optical density (OD600) was monitored until a value 

of 0.7 was obtained (~3-4 hours) and expression was induced for 4 h with the addition of 0.1 

mM IPTG. The cells were harvested by centrifugation (8 minutes, 8000 rpm) to give a pellet, 

which was collected in a 50 mL falcon tube and resuspended in Wash Buffer (50 mM Tris 

HCl , pH 7.5, 100 mM NaCl, 1 mM Na-EDTA, Protease inhibitor, 5 mM 2-mercaptoethanol, 

20 mL, 10 mM imidazole), freeze-thawed twice, and then lysed by sonication. The cell debris 

was spun down by centrifugation (23000 RPM, JA25.50, 20 min, 4 C). The supernatant was 

loaded onto a His-Trap Ni-FPLC column (5 mL), washed with 10 mM imidazole buffer, and 

eluted with a gradient between 10 mM and 400 mM imidazole. Fractions were run on a 4-

12% Bis-Tris SDS-PAGE in MOPS for 35 min at 200 V. MetRS containing fractions were 

pooled, syringe-filtered, and dialysed against 50 mM HEPES-NaOH (pH 7.6), 100 mM KCl, 

10 mM MgCl2, 7 mM β-Mercaptoethanol, then stored at -80 C in 30% glycerol 
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2.11.8: General Procedure for Expression of Histone H3 K9C M90L C96S G102A 

C110A Single Ahc120 

An E. Coli B834(DE3) glycerol stock of Histone H3 K9C M90L C96S G102A C110A Single 

M120 was used to inoculate  L.B. media (20 mL) containing kanamycin (50 µg/mL) and 

incubated  for 16 hours at 37 C. The starter culture was used to inoculate Selenomet media (1 

L), supplemented with Selenomet nutrient mix, L-methionine (20 mg/L) and kanamycin (50 

µg/mL), the cells incubated at 37 C, and the optical density (OD600) monitored until a value 

of 0.7 was obtained (~3-4 hours).  The cells were then pelleted by centrifugation (8 minutes, 

JLA-9.1000 rotor, 8000 rpm).  The pellets were washed three times with SelenoMet base 

media (3 × 300 mL) containing kanamycin (50 µg/mL) and then transferred to prewarmed 

SelenoMet media (1 L) containing kanamycin (50 µg/mL) and supplemented with Selenomet 

nutrient mix as well as the desired unnatural amino acid (DL-Ahc, 500 mg/L).  The culture 

was incubated for 30 minutes at 37 C, followed by 30 min at 30 C.  Expression was induced 

by addition of IPTG (1 mM) and was continued for 16 hours at 30 C (220 rpm).  The cells 

were harvested by centrifugation (8 minutes, 8000 rpm) to give a pellet, which was collected 

in a 50 mL falcon tube and resuspended in Wash Buffer (50 mM Tris HCl , pH 7.5, 100 mM 

NaCl, 1 mM Na-EDTA, Protease inhibitor, 5 mM 2-mercaptoethanol, 20 mL), freeze-thawed 

twice, and then lysed by sonication. The cell debris was spun down by centrifugation (23000 

RPM, JA25.50, 20 min, 4 C). 

 

The cell pellet was re-suspended in TW buffer (Wash buffer + 1% w/v Triton-X, 30 mL), 

then centrifuged again. This was repeated twice more with TW buffer, then once more with 

Wash buffer. The pellet was distributed amongst four 2 mL eppendorf tubes with a spatula, 

and incubated with 125 µL DMSO each. The pellets were vortexed, and the volume was 

made up to 2 mL in each tube with unfolding buffer (6M Guanidine hydrochloride, 20 mM 

Tris HCl pH 7.5, 10 mM 2-mercaptoethanol). The contents were incubated at r.t. with shaking 

for 1 h, then spun down at 15000 g. The extracted protein in the supernatant was collected, 

and purified by gel filtration FPLC using a HiLoad Superdex 26/60 200 Column, isocratic 

elution with SAU-1000 buffer (7M Urea, 20 mM Sodium Acetate, 1M NaCl, 5 mM 2-

mercaptoethanol, 1mM Na-EDTA, pH 5.2). 

 

 Eluted proteins were collected in 10 mL fractions, which were analysed by SDS-PAGE 

(NuPAGE 4-12% Bis-Tris gel, Invitrogen, MES buffer, 200 V, 35 min). Histone H3 
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containing fractions were pooled, dialysed against water with 5 mM 2-mercaptoethanol, then 

lyophilised and stored at -20 °C. 

 

Sequence Data for Histone H3 K9C M90L C96S G102A C110A Single M120: 

 

MARTKQTARCSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQ

KSTELLIRKLPFQRLVREIAQDFKTDLRFQSSAVLALQEASEAYLVALFEDTNLAAIHA

KRVTIXPKDIQLARRIRGERA 

 

If X = Met, Calculated mass = 15196 (N-terminus Met cleaved) 

If X = Ahc, Calculated mass = 15196 + 26 = 15222 (N-terminus Met cleaved) 

 

SDS-PAGE: 

 

 

 

LCMS: 

 

 

 

Upon treatment of the protein with DTT for 30 min, the mass of H3 Ahc 120 with a free 

cysteine is seen: 
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Expected mass: 15222 Da, Observed: 15223 Da 

 

 

MSMS Data for Histone H3 K9C M90L C96S G102A C110A Ahc120: 

ARTKQTARCSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQK

STELLIRKLPFQRLVREIAQDFKTDLRFQSSAVLALQEASEAYLVALFEDTNLAAIHAK

RVTIMPKDIQLARRIRGERA 

 

The peptide containing the unnatural amino acid Ahc, denoted as “M” in this case, is 

highlighted in the sequence above. The MSMS data showed good coverage of the fragmented 

peptide and received a score of 23 on BioLynx analysis. 
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2.11.9: Cross Metathesis on Histone H3 K9C M90L C96S G102A C110A Ahc120 with 

allyl alcohol 

 

A solution of Histone H3 K9C M90L C96S G102A C110A Ahc120 (60 µg) was reconstituted 

in 5 M Guanidine hydrochloride – 50 mM sodium phosphate (105 µL, pH 8.0). To this 

protein solution was added MgCl2.6H2O (4 µL of a 1 mg/µL solution in water, 19.7 μmol, 

5000 eq.) and Hoveyda-Grubbs 2
nd

 generation catalyst in tBuOH solution (0.3 mg in 43 µL 

tBuOH, 0.47 µmol, 100 eq.). The reaction was mixed on a vortex each time after an addition. 

Reaction was shaken at RT for 1 minute before adding allyl alcohol (1.14 µL, 19.7 μmol, 

5000 eq.). Reaction was mixed on a vortex immediately after addition and was shaken at RT 

for 3 hours. 3-mercaptopropionic acid (10 µL) was added as a metal scavenger for ruthenium 

and the mixture was shaken for further 30 minutes at RT. The protein sample was then 

purified from small molecules by dilution with 5M GdmCl-50mM sodium phosphate (pH 8.0, 

400 µL) and then concentration by Vivaspin® (10kDa MWCO) to 100 µL. This process was 

repeated twice, followed by further removal of small molecules using a PD-Spintrap column. 
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LCMS analysis of the protein sample revealed complete conversion to the desired CM 

product (calculated = 15252, found = 15252, Section 2.8). 

 

 

2.11.10: General procedure for expression of Qβ-K16M 

 

Plasmid carrying the K16M Q gene in p75M vector was transformed into E. Coli 

B834(DE3) competent cells and was plated on LB-agar supplemented with ampicillin (100 

µg/mL) and incubated at 37 C for 18 hours. A single colony from the plate was used to 

inoculate SelenoMet media (10 mL) containing ampicillin (100 µg/mL) and supplemented 

with L-methionine (40 μg/mL). The overnight culture were used to inoculate SelenoMet 

media (625 mL) containing ampicillin (100 µg/mL) and supplemented with L-methionine (40 

µg/mL). The cultures were incubated (37 °C, 180 rpm) and grown to OD600 between 0.6 and 

0.8. The cells were then pelleted by centrifugation (7,000 rpm, 8 minutes). The pellets were 

washed with SelenoMet media (3 × 300 mL) containing ampicillin (100 µg/mL) and then 

transferred to prewarmed (37 C) SelenoMet media (625 mL) with containing ampicillin (100 

µg/mL) and supplemented with amino acid 5.11 (500 mg/L, 1.7 mM) in place of methionine. 

The culture was incubated for 30 minutes at 37 °C, followed by 1 hour at 30 C. Expression 

was induced by addition of IPTG (1 mM) and was continued for 6 hours (37 °C, 180 rpm). 

The cells were harvested by centrifugation (7,000 rpm, 8 minutes) and were collected and 

suspended in TBS buffer (20 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, pH 7.5, 30 mL) 

and stored at 80 °C.  

 

The cells were thawed and sonicated (Soniprep at 10 micron amplitude, 30 seconds with 1 

minute rest, 5 times, on ice) and the cell debris removed by centrifugation (20,000 rpm, 40 

minutes). The clear lysate was added to an equal volume of 1:1 n-BuOH:CHCl3 and mixed by 

inversion. The layers were separated by centrifugation (3750 rpm, swing-out, 30 minutes). 

The aqueous layer was isolated and the VLPs were precipitated by addition of PEG8000 

(10% w/v) and NaCl (100 mM) to the aqueous layer, dissolved by vortexing and the 

suspension rocked at 4 °C for 30 minutes. The precipitated Qβ particles were collected by 

centrifugation (3750 rpm, swing-out, 30 minutes) and resuspended in 10 mL TBS buffer with 

the supernatant discarded. The extraction step was repeated a second time on the resuspended 
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Qβ. The resulting aqueous layer was isolated and dialyzed into 50 mM sodium phosphate 

buffer (pH 8). 

 

Sequence Data for Qβ-K16Ahc 

AKLETVTLGNIGKDGXQTLVLNPRGVNPTNGVASLSQAGAVPALEKRVTVSVSQPSR

NRKNYKVQVKIQNPTACTANGSCDPSVTRQAYADVTFSFTQYSTDEERAFVRTELAA

LLASPLLIDAIDQLNPAY 

 

If X = Met, Calculated mass = 14126 

If X = Ahc, Calculated mass = 14126 + 26 = 14152 

 

 

 

Q-Ahc aqueous layer after 1
st
 extraction 1:   

Q-Ahc aqueous layer after 2
nd

 extraction 2:   

Q-Ahc VLP 3:   

Q-Ahc VLP after dialysis 4:   

 

CD Spectrum: 

 

The Q-VLPs were reduced by adding 2 µL of 0.5M TCEP solution to 50 µL of protein 

solution (c = 0.2) then small scale dialysis (30 minutes, 500 mL sodium phosphate buffer (50 
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mM, pH 8)) prior to analysis by LCMS. The LCMS spectra of the protein monomer are 

shown below. 

 

 

 

MSMS Data of Tryptic Digested Q-K16Ahc 

 

AKLETVTLGNIGKDGMQTLVLNPRGVNPTNGVASLSQAGAVPALEKRVTVSVSQPS

RNRKNYKVQVKIQNPTACTANGSCDPSVTRQAYADVTFSFTQYSTDEERAFVRTELA

ALLASPLLIDAIDQLNPAY 

 

The peptide containing the unnatural amino acid Ahc, denoted as “M” in this analysis, after 

tryptic digestion of Q-K16Ahc is highlighted in the sequence above. The MSMS data 

showed good coverage of the fragmented peptide and received a score of 123 on BioLynx 

analysis (MassLynx v4.1, from Waters). 

 

 

Observed MW: 1268.6522     Precursor ion charge state: 1

M/z tolerance: 0.30     Intensity threshold: 3970 (0.750%)

Modifications: Ahc (+)

a

b

y

z

88.04

---

116.03

---

1269.67

---

1252.64

---

  Asp

145.06

---

173.06

---

1154.64

-0.00

1137.61

0.02

  Gly

302.12

-0.05

330.12

---

1097.62

0.01

1080.59

0.01

  Ahc

430.18

---

458.18

-0.04

940.56

0.00

923.53

-0.01

  Gln

531.23

---

559.22

---

812.50

0.01

795.47

---

  Thr

644.31

---

672.31

-0.03

711.45

-0.00

694.42

---

  Leu

743.38

---

771.38

---

598.37

-0.00

581.34

---

  Val

856.46

---

884.46

-0.03

499.30

-0.01

482.27

-0.01

  Leu

970.51

---

998.50

-0.02

386.22

-0.01

369.18

-0.01

  Asn

1067.56

---

1095.56

---

272.17

0.00

255.14

-0.00

  Pro

1223.66

---

1251.66

---

175.12

---

158.09

---

  Arg

Calculated = 14152 

Observed = 14152 
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2.11.11: Cross Metathesis on Qβ-K16Ahc with allyl alcohol 

 

A solution of Q-K16Ahc (c = 2.0 mg/mL, 35 µL) in 50 mM sodium phosphate buffer (pH 8) 

was diluted to 700 µL with 5M guanidinium chloride (GdmCl) and concentrated back down 

with a Vivaspin® (10kDa MWCO) to a final volume of 100 µL (c = 0.7 mg/mL, 0.03 mM). 

This process was repeated twice. To this protein solution was added MgCl2.6H2O (10 µL of a 

1 mg/µL solution in water, 49 μmol, 10000 eq.) and Hoveyda-Grubbs 2
nd

 generation catalyst 

in tBuOH solution (0.4 mg in 43 µL tBuOH, 0.64 µmol, 133 eq.). The reaction was mixed on 

a vortex each time after an addition. Reaction was shaken at RT for 1 minute before adding 

allyl alcohol (1.1 µL, 17 μmol, 3340 eq.). Reaction was mixed on a vortex immediately after 

addition and was shaken at RT for 3 hours. 3-mercaptopropionic acid (1.7 µL, 20 μmol, 4000 

eq.) was added as a metal scavenger for ruthenium and the mixture was shaken for further 15 

minutes at RT. The protein sample was then purified from small molecules by dilution with 

5M GdmCl (400 µL) and then concentration by Vivaspin® (10kDa MWCO) to 100 µL. This 

process was repeated for four times. The protein sample was treated with TCEP before 

analysis by LCMS. LCMS analysis of the protein sample revealed 80% conversion to the 

desired CM product (calculated = 14182, found = 14182, Section 2.8). 

 

 

2.11.12: General Procedure for Expression of NP276 and SsG  

An E. Coli B834(DE3) glycerol stock transformed with either Np276 G2P M21I Single M61 

in pET28a, or SsβG C344S M43 9×Ile in pET28d was used to inoculate  L.B. media (20 mL) 

containing kanamycin (50 µg/mL) and incubated  for 16 hours at 37 C. The starter cultures 

were used to inoculate Selenomet media (1 L), supplemented with Selenomet nutrient mix, L-

methionine (20 mg/L) and kanamycin (50 µg/mL), the cells incubated at 37 C, and the 
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optical density (OD600) monitored until a value of 0.7 was obtained (~3-4 hours).  The cells 

were then pelleted by centrifugation (8 minutes, JLA-9.1000 rotor, 8000 rpm).  The pellets 

were washed three times with SelenoMet base media (3 × 300 mL) containing kanamycin (50 

µg/mL) and then transferred to prewarmed SelenoMet media (1 L) containing kanamycin (50 

µg/mL) and supplemented with Selenomet nutrient mix as well as the desired unnatural 

amino acid (DL-Ahc, 500 mg/L).  The culture was incubated for 30 minutes at 37 C, 

followed by 30 min at 30 C.  Expression was induced by addition of IPTG (1 mM) and was 

continued for 16 hours at 30 C (220 rpm).  The cells were harvested by centrifugation (8 

minutes, 8000 rpm) to give pellets, which were collected in a 50 mL falcon tube and 

resuspended in binding buffer (20 mM Tris-HCl, 15 mM imidazole, 0.5 M NaCl, 1% 

glycerol, pH 7.8) (20 mL). The cell suspension was treated with DNase (10 μL), and 

proteinase inhibitor tablet (1/4 tablet), and incubated at 4 C for 2 hours with occasional 

votexing. The cell was then lysed by sonication (Soniprep at 10 micron amplitude, 30 seconds 

on with 30 s rest, 5 cycles, on ice). The cell debris was removed from the lysis mixture by 

centrifugation (40 minutes, JA 25.5 rotor, 20000 rpm). The protein was purified by incubation 

of the cleared cell lysate with HisBind Ni-NTA resin (3 mL per L of culture, Novagen) 

overnight at 4 C. The resin was packed into a glass econo-column and unbound proteins 

washed out with binding buffer (A) (20 mM Tris-HCl, 15 mM imidazole, 0.5 M NaCl, 1% 

glycerol, pH 7.8) (15-20 CV, ~50 mL). The bound protein was eluted from the resin using 

elution buffer (B) (20 mM Tris-HCl, 500 mM imidazole, 0.5 M NaCl, 5% glycerol, pH 7.8) 

using a step gradient (20% B (5 mL), 40% B (5 mL), 60% B (5 mL), 80% B (5 mL), 100% B 

(5 mL × 4)). All eluted proteins were collected in 5 mL fractions, which were analysed by 

SDS-PAGE (NuPAGE 4-12% Bis-Tris gel, Invitrogen, MES buffer, 200 V, 35 min).  

 

Fractions containing pure Np276 protein were combined subjected to ammonium sulfate 

precipitation (85% saturation) for 16 h at 4 °C. The precipitated proteins were pelleted by 

centrifugation (45 minutes, JA 25.5 rotor, 20000 RPM 4°C), desalted using a PD10 column, 

with 50 mM Sodium phosphate buffer, pH 8.0 as a running buffer, then analyzed by LC-MS. 

Ni-NTA column eluate fractions containing SSβG proteins were combined, and concentrated 

down to 5 mL using a 10K MWCO Vivaspin column. The contents were loaded onto a float-

a-lyzer dialysis kit for overnight dialysis against 50mM pH 8.0 Na-Pi buffer, and analysed by 

LC-MS.Protein solutions were flash frozen, and stored at -20 ˚C. 
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Sequence Data for NP276 G2P M21I M6lX  

PSSHHHHHHSSGLVPRGSHIDVGKLRQLYAAGERDFSIVDLRGAVLENINLSGAILHG

AXLDEANLQQANLSRADLSGATLNGADLRGANLSKADLSDAILDNAILEGAILDEAV

LNQANLKAANLEQAILSHANIREADLSEANLEAADLSGADLAIADLHQANLHQAALE

RANLTGANLEDANLEGTILEGGNNNLAT 

 

If X = Met, Calculated mass = 20878 (N-terminus Met cleaved) 

If X = Ahc, Calculated mass = 20878 + 26 = 20904 (N-terminus Met cleaved) 

 

SDS-PAGE    CD Spectrum: 

 

LC-MS 

NP276-Ahc61 

 

 

 

MSMS Data for Tryptic Digested NP276 G2P M21I Ahc61 

 

MPSSHHHHHHSSGLVPRGSHIDVGKLRQLYAAGERDFSIVDLRGAVLENINLSGAILH

GAMLDEANLQQANLSRADLSGATLNGADLRGANLSKADLSDAILDNAILEGAILDEA

Calculated = 20904 

Observed = 20905 
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VLNQANLKAANLEQAILSHANIREADLSEANLEAADLSGADLAIADLHQANLHQAA

LERANLTGANLEDANLEGTILEGGNNNLAT 

 

The peptide containing the unnatural amino acid Ahc, denoted as “M” in this case, is 

highlighted in the sequence above. The MSMS data showed good coverage of the fragmented 

peptide and received a score of 583 on BioLynx analysis. 

 

 

 

 

 

 

2.11.13:Cross Metathesis on Np276 G2P M21I Ahc61 with allyl alcohol 

 

A solution of Np276 G2P M21I Ahc61 (120 µg) in 50 mM sodium phosphate buffer (pH 8.0) 

was diluted to 700 µL with 5M guanidinium chloride (GdmCl) and 50 mM sodium phosphate 
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buffer (pH 8.0), then concentrated back down with a Vivaspin® (10kDa MWCO) to a final 

volume of 100 µL (c = 1.2 mg/mL, 5.74 nmol, 1 eq). This process was repeated twice. To this 

protein solution was added MgCl2.6H2O (2.3 µL of a 1 mg/µL solution in water, 11.5 μmol, 

2000 eq.) and Hoveyda-Grubbs 2
nd

 generation catalyst in tBuOH solution (0.36 mg in 43 µL 

tBuOH, 0.57 µmol, 100 eq.). The reaction was mixed on a vortex each time after an addition. 

Reaction was shaken at RT for 1 minute before adding allyl alcohol (1.9 µL, 28.7 μmol, 5000 

eq.). Reaction was mixed on a vortex immediately after addition and was shaken at RT for 4 

hours. 3-mercaptopropionic acid (10 µL) was added as a metal scavenger for ruthenium and 

the mixture was shaken for further 30 minutes at RT. The protein sample was then purified 

from small molecules by dilution with 5M GdmCl-50mM sodium phosphate (pH 8.0, 400 µL) 

and then concentration by Vivaspin® (10kDa MWCO) to 100 µL. This process was repeated 

twice, followed by further removal of small molecules using a PD-Spintrap column. LCMS 

analysis of the protein sample revealed complete conversion to the desired CM product 

(calculated = 20934, found = 20935, Section 2.8). 

 

Sequence Data for SsG M49 P152A C344S 9Ile: 

 

GHHHHHHHSFPNSFRFGWSQAGFQSEIGTPGSEDPNTDWYKWVHDPENXAAGLVSG

DLPENGPGYWGNYKTFHDNAQKIGLKIARLNVEWSRIFPNPLPRPQNFDESKQDVTE

VEINENELKRLDEYANKDALNHYREIFKDLKSRGLYFILNIYHWALPLWLHDPIRVRR

GDFTGPSGWLSTRTVYEFARFSAYIAWKFDDLVDEYSTINEPNVVGGLGYVGVKSGF

PPGYLSFELSRRAIYNIIQAHARAYDGIKSVSKKPVGIIYANSSFQPLTDKDIEAVEIAE

NDNRWWFFDAIIRGEITRGNEKIVRDDLKGRLDWIGVNYYTRTVVKRTEKGYVSLG

GYGHGSERNSVSLAGLPTSDFGWEFFPEGLYDVLTKYWNRYHLYIYVTENGIADDA

DYQRPYYLVSHVYQVHRAINSGADVRGYLHWSLADNYEWASGFSIRFGLLKVDYN

TKRLYWRPSALVYREIATNGAITDEIEHLNSVPPVKPLRH 

 

If X = Met, Calculated mass = 57210 (N-terminus Met cleaved) 

If X = Ahc, Calculated mass = 57210 + 26 = 57236 (N-terminus Met cleaved) 
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SDS-PAGE:     Circular dichroism: 

     

 

LCMS: 

 

   

 

 

 

 

2.11.14: General Procedure for Expression of IgG-Fc 

 

The Fc region of IgG was expressed in HEK 293T cells transiently transfected with pHLsec 

vector encoding for IgG-Fc, amplified by the Qiagen EndoFree Plasmid Giga kit. HEK293T 

cells were grown in two Corning HYPERFlask cell culture vessels in DMEM with 10% FCS 

and 1% penicillin-streptomycin. At 90% confluence, the cells were transfected with 2 mg of 

m/z
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Calculated = 57236 

Observed = 57238 
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DNA per flask with linear PEI (MW 25000, Polysciences). 16 hours after transfection, the 

media was replaced with Met -, Cys - and Gln - free DMEM supplemented with 500 mg/L 

DL-Ahc, 62.6 mg/L L-cystine and 584 mg/L L-glutamine. The flasks were incubated for 4 

days at 37 °C with 5% CO2, following which the media was harvested and loose cell debris 

removed by centrifugation. The protein was purified by passing the supernatant through a 100 

mL Talon-resin column, washing out unbound proteins with 300 mL of Buffer A (10mM 

Tris, 150mM NaCl, pH 8.0), and eluting the bound protein from the column with 250 mL 

buffer B (10mM Tris, 150mM NaCl, 250 mM imidazole, pH 8.0). The resulting protein 

solution was concentrated to 25 mL and dialysed into PBS. 1 mg of the protein was 

deglycosylated by treatment with PNGase-F for 3h at 37 °C. 

 

Sequence data for IgG-Fc: 

ETGHTCPPCPAPELLGGPSVFLFPPKPKDTLXISRTPEVTCVVVDVSHEDPEVKFNWY

VDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIE

KTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNY

KATPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVX’HEALHNHYTQKSLSLSPGG

TKHHHHHH 

 

If X = X’ = Met, Calculated mass = 26443 (no glycan)  

If X = Ahc and X’ = Met, Calc. mass = 26443 + 26 = 26469  

If X = X’ = Ahc, Calculated mass = 26469 + 26 = 26495 

 

SDS-PAGE: 
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Masses observed in deglycosylated peak: 26444 (Met incorporated, 19%), 26472 (Single Ahc 

incorporation, 81%), no dual Ahc-incorporation 

 

MSMS Data for IgG-Fc: 

ETGHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWY

VDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIE

KTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNY

KATPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVM’HEALHNHYTQKSLSLSPGG

TKHHHHHH 

 

The peptides containing the unnatural amino acid Ahc, denoted as M and M’ in this case, are 

highlighted in the sequence above. The MSMS data showed good coverage of both 

fragmented peptides, and confirmed the incorporation of Ahc at position 32, but only of Met 

at position 208. 

 

MSMS of Ahc-labelled peptide H2NDTL-Ahc-IMSR-COOH: 
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2.11.15:Cross Metathesis on IgG-Fc Ahc32 Met208: 

 

A solution of IgG-Fc Ahc32 Met208 (140 µg) was dialysed into 5 M Guanidine 

hydrochloride – 50 mM sodium phosphate (105 µL, pH 8.0). To this protein solution was 

added MgCl2.6H2O (4 µL of a 1 mg/µL solution in water, 19.7 μmol, 4000 eq.) and Hoveyda-

Grubbs 2
nd

 generation catalyst in tBuOH solution (0.3 mg in 43 µL tBuOH, 0.47 µmol, 100 

eq.). The reaction was mixed on a vortex each time after an addition. Reaction was shaken at 

RT for 1 minute before adding allyl biotin amide (7.5 mg, 5000 eq.). Reaction was mixed on 

a vortex immediately after addition and was shaken at RT for 3 hours. 3-mercaptopropionic 

acid (10 µL) was added as a metal scavenger for ruthenium and the mixture was shaken for 

further 30 minutes at RT. The protein sample was then purified from small molecules by 

dilution with 5M GdmCl-50mM sodium phosphate (pH 8.0, 400 µL) and then concentration 

by Vivaspin® (10kDa MWCO) to 100 µL. This process was repeated twice, followed by 

further removal of small molecules using a PD-Spintrap column. The reaction contents were 

run on an anti-biotin Western blot to confirm functionalization. 

 

 

 

2.11.16: General Procedure for Expression of SarZ(7-142) 

 

An E. Coli B834(DE3) glycerol stock containing a pET28a (Novagen) vector encoding for a 

truncated form of SarZ, SarZ(7-142) was used to inoculate  L.B. media (20 mL) containing 

kanamycin (50 µg/mL) and incubated  for 16 hours at 37 C. The starter cultures were used to 

inoculate Selenomet media (1 L), supplemented with Selenomet nutrient mix, L-methionine 

(20 mg/L) and kanamycin (50 µg/mL), the cells incubated at 37 C, and the optical density 

(OD600) monitored until a value of 0.7 was obtained (~3-4 hours).  The cells were then 

pelleted by centrifugation (8 minutes, JLA-9.1000 rotor, 8000 rpm).  The pellets were washed 

three times with SelenoMet base media (3 × 300 mL) containing kanamycin (50 µg/mL) and 

then transferred to prewarmed SelenoMet media (1 L) containing kanamycin (50 µg/mL) and 

supplemented with Selenomet nutrient mix as well as the desired unnatural amino acid (DL-

Ahc, 500 mg/L).  The culture was incubated for 30 minutes at 37 C, followed by 30 min at 

30 C.  Expression was induced by addition of IPTG (1 mM) and was continued for 16 hours 
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at 30 C (220 rpm).  The cells were harvested by centrifugation (8 minutes, 8000 rpm) to give 

pellets, which were collected in a 50 mL falcon tube and resuspended in binding buffer (20 

mM Tris (pH 7.5), 300 mM NaCl, 2 mM DTT, 20 mM imidazole and 10% glycerol) (20 mL). 

The cell suspension was treated with DNase (10 μL), and proteinase inhibitor tablet (1/4 

tablet), and incubated at 4 C for 2 hours with occasional votexing. The cell was then lysed by 

sonication (Soniprep at 10 micron amplitude, 30 seconds on with 30 s rest, 5 cycles, on ice). 

The cell debris was removed from the lysis mixture by centrifugation (30 minutes, JA 25.5 

rotor, 20000 rpm). The protein was purified by incubation of the cleared cell lysate with 

HisBind Ni-NTA resin (3 mL per L of culture, Novagen) overnight at 4 C. The resin was 

packed into a glass econo-column and unbound proteins washed out with binding buffer (A) 

(20 mM Tris (pH 7.5), 300 mM NaCl, 2 mM DTT, 20 mM imidazole and 10% glycerol) (15-

20 CV, ~50 mL). The bound protein was eluted from the resin using elution buffer (B) (20 

mM Tris (pH 7.5), 300 mM NaCl, 2 mM DTT, 500 mM imidazole and 10% glycerol) using a 

step gradient (20% B (5 mL), 40% B (5 mL), 60% B (5 mL), 80% B (5 mL), 100% B (5 mL × 

4)). All eluted proteins were collected in 5 mL fractions, which were analysed by SDS-PAGE 

(NuPAGE 4-12% Bis-Tris gel, Invitrogen, MES buffer, 200 V, 35 min).  

 

 

Sequence Data for SarZ(7-142): 

MGSSHHHHHHSSGLVPRGSHXYVENSYLSKQLCFLFYVSSKEIIKKYTNYLKEYDLT

YTGYIVLX’AIENDEKLNIKKLGERVFLDSGTLTPLLKKLEKKDYVVRTREEKDERNL

QISLTEQGKAIKSPLAEISVKVFNEFNISEREASDIINNLRNFVSKNFDYSDRK 

 

If X = X’ = Met, Calculated mass = 19495 (N-terminus Met cleaved) 

If X = Met and X’ = Ahc, Calc. mass = 19495 + 26 = 19521  

If X = X’ = Ahc, Calculated mass = 19521 + 26 = 19547 
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SDS-PAGE:      Circular dichroism: 

   

 

LCMS: 

 

 

 

The protein was dialysed against thrombin cleavage buffer (20 mM Tris, 100 mM NaCl, pH 

7.6), and the peptide fragment GSSHHHHHHSSGLVPR- was cleaved by agarose resin-

bound thrombin from the Thrombin CleanCleave™ Kit from Sigma Aldrich. The resin was 

removed by centrifugation and the cleaved peptide fragment removed by dialysis of the 

cleaved protein against fresh cleavage buffer. 
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MSMS Data for Tryptic Digested SarZ(7-142): 

MGSSHHHHHHSSGLVPRGSHMYVENSYLSKQLCFLFYVSSKEIIKKYTNYLKEYDLT

YTGYIVLMAIENDEKLNIKKLGERVFLDSGTLTPLLKKLEKKDYVVRTREEKDERNL

QISLTEQGKAIKSPLAEISVKVFNEFNISEREASDIINNLRNFVSKNFDYSDRK 

The peptides containing the unnatural amino acid Ahc, denoted as “M” in this case, are 

highlighted in the sequence above. The MSMS data showed good coverage of both 

fragmented peptides, which received scores of 355 and 102 on BioLynx analysis.  
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Chapter 3 

Synthesis and Rapid Turnover of Peptides in 

Nucleus and Cytoplasm of Mammalian Cells 

This project was carried out in collaboration with Sabyasachi Baboo and Prof. Peter Cook, 

Dunn School of Pathology, and Haibo Jiang and Prof. Chris Grovenor, Department of 

Materials, University of Oxford, and sections have been published.
1
 All Aha- and heavy AA 

cell labelling experiments, as well as CuAAC reactions were carried out by both BB and SB. 

Puromycin labelling, RNA-FISH experiments, and microscopy were carried out by SB. SIMS 

images collected by HJ. Unless otherwise stated, all other experiments were performed by 

BB. 

 

3.1: Introduction 

The primary defining characteristic of eukaryotic cells in the presence of a nuclear membrane. 

It is widely assumed that RNA transcription occurs in the nucleus, and subsequent protein 

synthesis (translation) is restricted to the cytoplasm. The presence of introns in eukaryotic 

mRNA seems to indicate why this should be so, as prior to cytoplasmic export, mRNA 

transcripts are spliced to remove intronic sequences. Instead, if RNA transcription and protein 

translation were coupled and occurred simultaneously in the nucleus itself, then intronic 

sequences with their several stop codons would generate peptides as well. This would 

seemingly lead to the expenditure of cellular resources in expressing either unnecessary 

truncated peptide fragments at best, and potentially toxic peptides at worst. However, there is 

some evidence that is consistent with a model where a fraction of protein translation occurs 

within nuclei of eukaryotic cells. 

First, nuclei contain the necessary components  for protein translation, such as ribosomes,
2
 

initiation factors,
3
 aminoacylated tRNAs,

4,5
 and modest levels of translation factors that might 

support a limited amount of protein synthesis if concentrated at specific regions of translation 

within nuclei.
6
 Second, isolated nuclei can aminoacylate tRNAs and incorporate radiolabeled 

amino acids into proteins,
7
 although contaminating cytoplasmic machinery on the outer 

nuclear membrane could be responsible for such synthesis.
8
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The phenomenon of nonsense-mediated decay (NMD) provides additional evidence to 

support nuclear translation. NMD is a quality control mechanism that checks newly made 

mRNA transcripts.
9
 A fraction of incorrectly spliced transcripts contain premature 

termination codons (PTCs) encoding truncated proteins. Such PTC-bearing transcripts are 

degraded by NMD.
10

 A significant fraction of NMD occurs in the nucleus.
11-14

  Only active 

cytoplasmic ribosomes are known to be able to recognise termination codons, but these could 

not trigger degradation of a mis-spliced transcript while it is still in the nucleus. Nuclear 

NMD could be explained if active nuclear ribosomes recognised PTCs, thereby allowing 

nuclear translation to occur. 

Using pulses as short as 5 s, in this work we show that three independent labelling and 

visualisation techniques involving  UAAs, puromycin, and amino acids tagged with ‘heavy’ 

15
N and 

13
C demonstrate incorporation into both nucleus and cytoplasm in a process sensitive 

to translational inhibitors, and rapidly turn over. 

  

3.2: Fluorescent Non-Canonical Amino Acid Tagging (FUNCAT) applied to nuclear 

translation 

FUNCAT is a technique employed to visualise newly synthesised proteins in cells.
15

 Cells are 

pulse-labelled with unnatural amino acids such as the azide-containing Met-surrogate L-

azidohomoalanine (Aha)
16

 or the alkyne-bearing Met-surrogate L-homopropargylglycine 

(Hpg),
17

  in Met-depleted media. Membranes of labelled cells may then be permeabilised with 

a detergent, and the Aha- or Hpg- incorporated proteins reacted with a corresponding alkyne- 

or azide-linked fluorophore via the [3+2] copper-catalysed azide-alkyne cycloaddition 

(CuAAC) reaction (see Section 3.12.2 for full protocol). 

This protocol was applied in order to visualise the distribution of newly synthesised proteins 

in HeLa cells (Fig. 3.1). After CuAAC with alkyne-linked Alexa 555, a clear signal could be 

observed at 555 nm from both nuclear and cytoplasmic regions of HeLa cells labelled with 

Aha for 2 min. This signal was seen to decrease upon pre-treatment of the cells with 100 

μg/mL of anisomycin, a translation inhibitor.
18

 Although nuclear regions seemed brightest, 

quantitative integration shows more fluorescently labelled species in the larger area of the 

cytoplasm. 
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Fig. 3.1: Fluorescence at 555 nm from HeLa cells labelled with Aha for 2 min after CuAAC with 

Alkyne-linked Alexa-555. i) Met incorporation only (negative control), ii) Aha-labelled cells, iii) Aha-

labelled cells pre-incubated with the translation inhibitor anisomycin. Bar: 10 µm 

Eukaryotic ribosomes synthesise proteins at a rate of 3 to 5 amino acids per second.
19

 In order 

to distinguish between signal from nuclear incorporation of Aha into nascent nuclear proteins 

from cytoplasmic incorporation into mature proteins followed by nuclear import, a short 5-

second Aha incorporation pulse was used. A cytoplasmic as well as nuclear signal was 

observed for this short pulse time as well, and was seen to be sensitive to pre-incubation with 

anisomycin for 15 min. (Fig. 3.2).  

 

Fig 3.2: Fluorescence at 555 nm from HeLa cells labelled with Aha for 5 seconds after CuAAC with 

Alkyne-linked Alexa-555: i) Met incorporation only (negative control), ii) Aha-labelled cells, iii) Aha-

labelled cells pre-incubated with the translation inhibitor anisomycin. Bar: 10 µm 

Assuming an expression rate of 5 amino acids per second, a 5 second pulse allows for the 

polymerisation of 25 peptide residues. Assuming an average mature protein size of 400 

peptide residues, only 6.25% (i.e., 25/400) of all proteins will be fully synthesised during this 

pulse. Further factoring in the abundance of methionine (and therefore of Aha) in proteins of 

~ 2%, a further 60% of these fully synthesised proteins will not contain a single site for Aha 
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incorporation and therefore will not contribute to the observed fluorescent signal. Therefore, 

only 2.5% of the observed signal can be accounted for by mature labelled proteins, and the 

majority of the nuclear signal must arise from peptides synthesised there. 

In order to distinguish between Aha incorporated into proteins and Aha bound to methionyl 

tRNA in an aminoacyl-tRNA complex, HeLa cells were also treated with 5U RiboShredder 

(Epicentre), an RNase cocktail, in PBS after fixation and immediately prior to 

permeabilisation and CuAAC. If a major fraction of nuclear Aha was in fact bound to  tRNA, 

then this would be washed out during the permeabilisation and subsequent washing steps 

prior to CuAAC, leading to a reduction in fluorescence signal. Instead, a slight increase in the 

relative fluorescent intensity in the nucleus and cytoplasm were seen, to 189 ± 26% and 139 ± 

22% respectively relative to RNase-untreated cells. A possible explanation may be that the 

RNA formerly blocked the access of the CuAAC reagents to some buried Aha-incorporated 

peptides, but could not do so after degradation by RiboShredder. 

Importantly, this fluorescent signal was also seen to be sensitive to translation inhibitors as 

well as proteasomal inhibitors. As shown above, pre-treatment of the cells with anisomycin,
18

 

led to a decrease in the fluorescent signal. Additionally, pre-treatment with 100 µg/ml of the 

proteasome inhibitor MG132,
20

 led to an increase in signal from a 2 minute pulse (Fig. 3.3).  

 

Fig. 3.3: Quantification of fluorescent intensities from cytoplasmic and nuclear region of HeLa cells in 

the absence and presence of either anisomycin (left) or MG132 (right). * P < 0.0001 (Student's two-

tailed t test, n = 20 cells) Intensities normalised relative to the intensity in the cytoplasm in cells 

untreated with anisomycin or MG132. 
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These results suggest that Aha is in fact incorporated into proteins during the 2 minute pulse, 

as inhibiting protein expression by anisomycin leads to a decrease in fluorescent signal, while 

inhibiting protein degradation by MG132 leads to an increase in fluorescent signal. 

 

3.3: Pulse-chase FUNCAT experiments 

In order to confirm that this incorporation was a metabolic process, a pulse-chase experiment 

with Met was carried out. After a 2-min Aha pulse, cells were transferred to Met-

supplemented DMEM for 5 min. at either 37 ºC or 4 ºC prior to fixation, permeabilisation, 

and CuAAC with alkynyl Alexa-555. A dramatic reduction of the signal was observed in cells 

'chased' at 37 ºC compared to cells which were only exposed to the pulse (Fig. 3.4), 

suggesting that the Aha incorporation was metabolic, and was being replaced by the natural 

substrate Met during the chase. Importantly, no signal reduction was seen in cells 'chased' at 4 

ºC, again suggesting metabolic incorporation. Kinetics of the pulse-chase experiment revealed 

that the Aha-labelled species in both the nucleus and cytoplasm had a half-life of < 1 min. 

 

Fig 3.4: Fluorescent signal from HeLa cells during pulse-chase experiments: i) After 2 min. pulse, ii) 2 

min. pulse followed by 5 min. chase at 37 ºC, iii) 2 min. pulse followed by 5 min. chase at 4 ºC iv) 

Total fluorescent intensity in the nucleus and cytoplasm before and after chase with Met at 37 ºC and 

4 ºC after 2 min,  relative to cytoplasmic intensity before  the chase, v) Kinetics of pulse-chase 

experiment at 37 ºC Bar: 10 µm 
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Although these results contrast with reported half-lives of human proteins of ~20 h,
21,22

  

previous studies have utilised heavy-isotope pulses of several days prior to measurement in 

order to completely label the proteome. These observations may be reconciled if several short 

peptides were being synthesised and rapidly turned over without forming functional proteins 

or contributing to the mature proteome. Such peptides, if they exist, would be missed using 

longer pulses used in previous protein lifetime studies. Possible reasons for the existence of 

such an apparently wasteful mechanism will be discussed in Section 3.11. 

In order to determine whether these observations might be general to mammalian cells, pulse-

chase experiments were repeated with primary human umbilical vein endothelial cells 

(HUVEC cells, Fig. 3.5). Results indicated that this phenomenon was not peculiar to HeLa 

cells. Increasing the pulse duration, however, allowed for sufficient incorporation to allow the 

fluorescent signal to survive a 5-min chase, further supporting the hypothesis that previously-

employed longer pulses led to reporting of longer protein half lives 

 

Fig. 3.5: Fluorescent signal from HUVEC cells during pulse-chase experiments: i) After 2 min. pulse, 

ii) 2 min. pulse followed by 5 min. chase at 37 ºC, iii) 10 min. pulse followed by 5 min. chase at 37 

ºC, iv) 60 min. pulse followed by 5 min. chase at 37 ºC 

These results are consistent with most newly-made Aha-tagged peptides being destroyed 

within minutes by the proteasome, as incubation with MG132 increases the fluorescent signal. 

A small fraction would then go on to contribute to the mature proteome, which is what is 

detected using longer pulses. 
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3.4: Colocalisation of Nascent Peptides and Nascent RNA 

 

If there indeed exists a system of translation in mammalian cell nuclei, then this might be 

coupled to transcription. The colocalisation of nascent RNA and nascent peptide chains 

would serve as evidence in favour of a coupled system of transcription and nuclear 

translation. To label nascent RNA, HeLa cells were labelled with 5-ethynyluridine (EU, 

3.1)
17,23

. Though HeLa cells are methionine auxotrophs, they possess de novo pathways for 

the synthesis of uridine.
24

 Therefore, labelling HeLa cells in uridine-depleted media 

supplemented with EU does not prevent the incorporation of uridine, which then competes 

with EU. In order to deplete endogenous pools of uridine monophosphate (UMP), and thus 

uridine, cells were incubated with 6-azauridine prior to labelling with EU.  6-azauridine is a 

competitive inhibitor for the conversion of orotidine monophosphate (OMP) to UMP during 

the de novo biosynthesis of uridine.
25

 Using this method, a 5 minute labelling time yielded a 

significant fluorescent signal after CuAAC of EU with azide-linked Alexa-488 dye 

(Invitrogen), confirming incorporation of EU (Fig. 3.6). 

 

Fig 3.6: Fluorescence from EU-incorporated HeLa cells after CuAAC with azide-linked Alexa-488 

 

In order to detect colocalisation of Aha- and EU- labelled peptides and RNA, CuAAC would 

be carried out. The resultant triazole species (3.6) was prepared as a reference (Scheme 3.1). 

 

 

5 min 

EU 
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Scheme 3.1: Synthesis of 3.6 via CuAAC of Aha and EU. 

 

Triazole 3.8 was seen to be fluorescent, with excitation wavelength λexc = 370 nm, and 

emission wavelength λem = 446 nm, thus making the triazole-forming reaction fluorogenic 

(Fig. 3.7). This is in agreement with the excitation and emission ranges for similar uridine-

functionalised species, which have been used as fluorescent probes to study RNA folding.
26,27

 

 

Fig. 3.7: Fluorescence emission spectrum for 3.8 (blue) in water (baseline), λexc = 370 nm. 

Next, a double-incorporation experiment was carried out with Aha and EU. After labelling for 

5 minutes, cells were subjected to CuAAC, giving rise to a fluorescent signal from both the 

nucleus and cytoplasm (Fig. 3.8). In unlabelled cells, this signal was not observed. 

Fluorescent signal  was recorded in the DAPI channel (λexc = 358 nm, and λem = 462 for 

DAPI).
28
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Fig. 3.8: Fluorescence obtained from HeLa cells labelled with Aha and EU (bottom row) or unlabelled 

HeLa cells (top row). Mitochondria stained with Mitotracker Red (λexc =579 nm, λem = 599 nm)  

 

The formation of 3.8 in HeLa cells was also studied by two-photon fluorescence lifetime 

microscopy (FLIM), a technique by which a sample is imaged based on the distribution of 

fluorescence decay rates.
29,

 
30

 The fluorescent lifetime of tryptophan might have been 

quenched upon the formation of a fluoresccent triazole species.
31

 FLIM experiments were 

carried out at the Research Complex at Harwell with Dr Stan Botchway and Dr Tony Parker. 

FLIM images show that the average tryptophan fluorescent lifetime in HeLa cells (Fig. 3.9-a) 

which is usually 2.9 ns, is reduced to 2.1 ns in labelled cells after CuAAC (Fig. 3.9-b). This 

could be explained by the fact that the fluorogenic CuAAC reaction leads to the formation of 

an electronically active uridine-linked triazole, which may lead to the quenching of 

tryptophan side-chain fluorescence.  

 

Mitotracker 

Mitotracker 

-(Aha+EU)+CuAAC 

+(Aha+EU)+CuAAC 

merge 

merge 
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Fig. 3.9: FLIM images from HeLa cells a) control sample, average Tryptophan fluorescence lifetime 

2.9 ns [right-hand distribution curve], b) post-labelling with Aha and EU, followed by CuAAC, 

lifetime reduced due to quenching to 2.1 ns. Excitation is at 590 nm (corresponding to 1 photon 

excitation at 295 nm) 

 

However, when the cells were incubated only with the ascorbate solution provided with the 

Invitrogen kit, a necessary component to reduce Cu(II) to Cu(I) for CuAAC,  a low intensity 

fluorescent signal could be observed in nucleoli (Fig. 3.10). This signal may be generated by 

the formation of pentosidine cross-links generated by the reaction of ascorbate with amino 

acid and carbohydrate-rich regions in the nucleoli via the Maillard reaction.
32,33

 Although the 

fluorescence obtained from the Aha-EU labelled cells post-CuAAC  is significantly higher 

than the fluorescence from cells treated only with ascorbate (p < 0.0001),  we decided to 

a) 

b) 
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investigate this further. The fluorescence was not observed when cells were incubated with 

other reaction components alone. 

 

Figure 3.10: Low-intensity fluorescence from nucleoli of HeLa cells incubated with ascorbate only  

 

Attempts were made to switch completely away from the copper(II)- and ascorbate-based 

Invitrogen kit to a copper(I) bromide-based labelling protocol, by pre-dissolving the copper 

bromide in DMSO or acetonitrile at final working concentration of 0.5% of the organic co-

solvent during the reaction. However, less fluorescence increase was observed per unit time in 

the 555 nm channel post-labelling as compared to the Invitrogen kit, suggesting that the 

Alexa-555 labelling protocol via the non-reducing copper(I) bromide-based CuAAC reaction 

was less efficient than via the recuding Cu(II)-based CuAAC reaction . Longer labelling times 

would be needed to obtain significant fluorescence, which could allow for greater transport of 

proteins across the nuclear membrane, potentially confounding the results. 

The formation of fluorescent species by ascorbate might also confound the results of the 

FLIM experiment on HeLa cells labelled with Aha and EU. Therefore, a comprehensive 

experimental analysis was carried out in order to identify the cause of the lifetime quenching 

of tryptophan (Table 3.1, Fig. 3.11 to 3.14). 
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Expt. No. EU labelled Aha labelled 
CuAAC carried out 

(with ascorbate) 

Tryptophan 

fluorescent lifetime 

1 No No No 3.0 ns 

2 No No Yes 2.0 ns 

3 No Yes No 3.1 ns 

4 No Yes Yes 2.1 ns 

5 Yes No No 3.1 ns 

6 Yes No Yes 2.1 ns 

7 Yes Yes No 2.9 ns 

8 Yes Yes Yes 2.1 ns 

Table 3.1. Conditions of HeLa cells for FLIM experiments 

 

 

 

Fig. 3.11: Optical image (left panel), FLIM (centre) and lifetime distribution of tryptophan 

fluorescence in HeLa cells: a) (-Aha, -EU, -CuAAC), and b) (-Aha, -EU, +CuAAC). 
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Fig. 3.12: Optical image (left panel), FLIM (centre) and lifetime distribution of tryptophan 

fluorescence in HeLa cells: a) (+Aha, -EU, -CuAAC), and b) (+Aha, -EU, +CuAAC). 

 

 

 

Fig. 3.13: Optical image (left panel), FLIM (centre) and lifetime distribution of tryptophan 

fluorescence in HeLa cells: a) (-Aha, +EU, -CuAAC), and b) (-Aha, +EU, +CuAAC) 
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Fig. 3.14: Optical image (left panel), FLIM (centre) and lifetime distribution of tryptophan 

fluorescence in HeLa cells: a) (+Aha, +EU, -CuAAC), and b) (+Aha, +EU, +CuAAC) 

 

In all the above cases, upon subjecting the fixed cells to CuAAC, the fluorescence lifetime of 

tryptophan was seen to decrease from 2.9 ns to 2.1 ns, regardless of whether the cells were 

labelled with either Aha or EU. Moreover, the decrease in fluorescence lifetime was not seen 

to be significantly altered when cells were incubated with both Aha and EU, indicating that 

the formation of the fluorescent triazole did not significantly alter the quenching of Trp 

fluorescence caused by ascorbate. Therefore, the in vivo formation of triazole 3.8 (and thus, 

the co-localisation of nascent peptides and RNA) could not be confirmed using FLIM, due to 

interference from ascorbate. 
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3.5: Raman Microscopy 

Raman microscopic imaging (Chapter 5) of HeLa cells incubated with Aha and EU was also 

performed in order to map the intracellular distribution of these labels. The experiment was 

carried out at the Renishaw facility at Wotton-Under-Edge.  This technique, like SIMS, would 

in principle eliminate the need for CuAAC to visualise these distributions, and be free from 

any biases of that technique. However, though a characteristic Raman stretching signal at 

2100 cm
-1

 from recrystallised Aha was observed (Fig. 3.15), a significant signal could not be 

obtained from labelled cells using the Renishaw instrument (Fig. 3.16).  

 

Fig. 3.15: Raman spectrum obtained from pure recrystallised Aha 

 

Fig. 3.16: Raman spectrum obtained from HeLa cells incubated with Aha for 5 min. 

In Fig. 3.16, the highlighted region was initially thought to be a broadened azide stretching 

signal, but was subsequently found to be an artefact arising due to cellular fluorescence, and 
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found to arise from unlabelled HeLa cells as well. A higher signal could not be obtained for 

acquisition times up to 1 h, and a spectral map of labelled cells could not be recorded. 

 

3.6: D-SIMS 

D-SIMS (Dynamic Secondary-Ion Mass Spectrometry) is a mass-spectrometry based 

technique by which the surface composition of a sample may be analysed.
34,35

 The technique 

involves raster-scanning the surface of a sample with a primary ion beam, causing the ejection 

of secondary ions from the surface by sputtering. The ejected secondary ions from each pixel 

are then analysed by MS to record m/z information, which is then combined with the spatial 

information of that pixel to create an image that reflects the isotopic composition of the 

surface. The technique has been successfully applied to biological systems, and combines 

high sensitivity and mass resolution (
13

C
14

N
−
, 27.0064 amu, and 

12
C

15
N
−
, 27.0001 amu, can 

be distinguished), with a spatial resolution of ~100 nm in the x and y axes, and a few 

nanometers in the z axis.
36

  

By specifically labelling the alkyne carbons in EU with 
13

C, and the azide nitrogens in Aha 

with 
15

N, a 
13

C
15

N
-
 secondary ion will be ejected from the Aha-EU complex if they have been 

successfully reacted by CuAAC. An increase in abundance of this heavy ion may then be 

used to determine the colocalisation of labelled Aha and EU (Scheme 3.2). 

 

  

Scheme 3.2: Generation of 
13

C
15

N
-
 secondary ion by the degradation of 

13
C and 

15
N labelled Aha-EU 

complex 

 

HeLa cells were incubated with 
13

C-EU for 5 min. and 
15

N-Aha for 10 seconds, fixed, in 2.5% 

glutaraldehyde, spun down, and embedded in epoxy resin. 1 µm sections across cell nuclei 

were cut for subsequent D-SIMS analysis (Fig. 3.17). SIMS images were acquired at the 

Begbroke Science Park.  
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Fig. 3.17: D-SIMS maps for HeLa cell sections embedded in epoxy resin. 

The signals for 'heavy' 
12

C
15

N
-
 and 

13
C

-
 were seen to be lower than 'light' 

12
C

14
N

-
 and 

12
C

-
, as 

both the labelling time with heavy isotopic species as well as the natural abundance of these 

heavy isotopes is low. However, a very low signal-to-noise ratio for the double labelled 

13
C

15
N

-
 ion was observed, making it difficult to unambiguously confirm the colocalisation of 

EU and Aha in these samples. The labelling on short time-scales (important to decouple 

nuclear translation from post-translational import) did not sufficiently label the system with 

heavy isotopes to fall within the detection limit of D-SIMS. Therefore, in order to maximise 

the amount of signal from the cell without increasing labelling times, commercially available 

heavy isotope-labelled SILAC
37

 amino acids were used. [
13

C6, 
15

N4]-L-Arginine and [
13

C6, 

15
N2]-L-Lysine contain several-fold higher stable isotope labels per molecule than single 

15
N 

Aha, leading to a concomitant increase in heavy isotope signal strength. Furthermore, 

arginine and lysine are natural amino acids, and unlike Aha, do not need to out-compete 

endogenous pools of amino acids during incorporation. 
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HeLa cells were grown for 2 min. in ‘heavy’ 8mM [
15

N2]Lys and 4mM [
15

N4]Arg, and the 

distribution of ‘light’ 
12

C
14

N
−
 ions in cell sections was first recorded from representative 

sections in both nuclei and cytoplasm, after area-normalisation (Fig. 3.18-i). Signal due to 

‘heavy’ 
12

C
15

N
−
 ions was seen to be lower, as expected  (Fig. 3.18-ii) 

 

Fig. 3.18: 
14

N and 
15

N distribution in labelled HeLa cell sections as determined by the distribution of i) 

12
C

14
N

-
 and ii) 

12
C

15
N

-
 secondary ions by D-SIMS. Representative nuclear and cytoplasmic sections 

shown, Regions of interest (ROIs) were selected in the nucleus and cytoplasm that avoided nucleoli 

and obvious cytoplasmic vesicles in order to avoid biasing abundances. 

 

As this signal contains contributions from naturally abundant 
15

N in addition to the labelled 

amino acids, the signal from labelled cells was expressed both as a ratio relative to both heavy 

and light ions, as well as normalized relative to the abundance of 
15

N in unlabelled cells (Fig. 

3.19). Unlabelled control cells were seen to possess a signal ratio of (heavy) ÷ (heavy + light) 

which matches the theoretical natural abundance of 
15

N of 0.0037 (row 1).
38

 A 10 s pulse in 

heavy-amino acid containing medium increased the signal ratio ratios by ~6% in both the 

nucleus and cytoplasm (row 2). The signal was seen to be sensitive to the translation 

inhibitors as pre-treatment with anisomycin led to a reduction this increase (row 3). A 120 s 

pulse was seen to yield an even higher signal ratio in both compartments (row 4), which were 

reduced by a chase with light Lys- and Arg- containing media at 37°C (row 5) within 5 

minutes, but not at 4°C (row 6). These results confirm that labelled peptides are metabolically 

synthesised in both nucleus and cytoplasm, and that they turn over rapidly. 
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Fig. 3.19: Experimental conditions and 
15

N abundance as determined by D-SIMS in labelled HeLa cell 

sections (blue: nuclear region, grey: cytoplasmic region). *: p < 0.0001 (Student's two-tailed t test; n = 

19–26 cells) 

 

The turnover rate of peptides was measured, which were expressed within a 2-min pulse 

labelled with either [
15

N]Met (which is incorporated by the ribosome into both the N-terminus 

and internally), or [
15

N2]Lys and [
15

N4]Arg (which are not incorporated by the ribosome at the 

amino terminus). Most peptides labelled with [
15

N]Met were seen to rapidly turn over in both 

the nucleus and cytoplasm within several tens of seconds (Fig. 3.20). Peptides tagged with 

[
15

N2]Lys and [
15

N4]Arg were seen to turn over more slowly.  

 

Fig. 3.20: Kinetics of 
15

N-labelled peptide turnover in HeLa cell sections as determined by SIMS 

(blue: nuclear region, grey: cytoplasmic region) labelled with either i) [
15

N] Met, or ii) [
15

N2]Lys + 

[
15

N4]Arg  
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These results are consistent with a system where translation occurs in both the nucleus and 

cytoplasm, and where most translating ribosomes abort soon after initiation with rapid 

turnover of the resulting peptides, and a minority go on to generate longer peptides to form 

functional proteins. By pulsing with a label like [
15

N]Met, whose incorporation is biased 

toward the N-terminus of elongating peptides, most of the signal could then be attributed to 

short peptides that turned over quickly, synthesised by aborting ribosomes. Conversely, with 

labels that can only be incorporated into the middle of a peptide (i.e., [
15

N2]Lys and 

[
15

N4]Arg), a larger fraction is incorporated into longer peptides that turn over more slowly. 

 

In order to confirm that the heavy isotope signal originated from peptide-bonded species 

rather than free amino acids, HeLa cells were starved of all amino acids for 15 min, and then 

incubated for 2 min. in media containing both sets of exclusively [
13

C]-labelled amino acids 

and exclusively [
15

N]-labelled amino acids . Statistically, one in four peptide bonds formed 

between these sets of amino acids would be expected contain a [
13

C]-labelled carboxyl carbon 

covalently bonded to a [
15

N]-labelled amide nitrogen, which would then yield 
13

C
15

N
−
 ions 

during SIMS (Fig. 3.21).
39

 

 

 

Fig. 3.21: Possible dipeptides formed from [
13

C]-labelled amino acids and [
15

N]-labelled amino acids, 

one of which would yield 
13

C
15

N
-
 during SIMS bombardment. 

 

Most 
13

C
15

N
− 

ions
 
would originate from the fragmentation of a 

13
C-AA-

15
N-AA peptide, 

though a minor fraction would originate from the complete fragmentation of two different 

molecules followed by recombination of 
13

C from one with 
15

N from the other.
39

 Detection of 
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heavy-heavy ions at levels above their natural abundance should primarily reflect the 

presence of 
13

C and 
15

N atoms lying close together within the same molecule in the sample.  

 

The distributions of 
13

C
15

N
−
 and 

12
C

14
N
−
 ions in nuclear and cytoplasmic regions were 

measured, and signals due to 
13

C
15

N
−
 were expressed as ratios relative to relative to all CN

-
 

species. Unlabelled control cells were seen to possess a signal ratio of (heavy)÷ (light) which 

reflects the expected ratio given the abundance of 
13

C and 
15

N (Fig. 3.22 row 1). A 120 s 

pulse in heavy- amino acid-containing medium increased the signal ratios in both the nucleus 

and cytoplasm (row 2). The signal was sensitive to translation inhibitors: pre-treatment with 

anisomycin or cycloheximide
40

  led to a reduction this increase (rows 3 and 4). The signal 

ratio in both compartments was reduced by a chase with light- amino acid-containing media 

at 37°C (row 5) within 5 minutes, but not at 4°C (row 6).  These results were consistent with a 

significant fraction of the 
13

C
15

N
−
signal arising from newly made peptide-bonded species in 

both nucleus and cytoplasm. 

 

 

Fig. 3.22: Experimental conditions and 
13

C
15

N joint abundance in labelled HeLa cell sections as 

determined by D-SIMS (blue: nuclear region, grey: cytoplasmic region). *: p < 0.0001 (Student's two-

tailed t test; n = 11–18 cells). 
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3.7: NMR on HeLa cells 

In order to confirm that incorporation of amino acids was occurring in peptide bonded 

species, whole-cell NMR experiments were attempted on 
13

C-amino acid labelled HeLa cells. 

If a cross-coupled NMR peak between the carboxyl 
13

C of one amino acid and 
13

Cα of an 

adjacent amino acid was seen, that would serve as evidence in favour of peptide bond 

formation (Fig. 3.23). This signal was expected to comprise chemical shifts from peptide-

bonded species arising from various combination of labelled amino acids in different 

magnetic environments inside fixed cells. 

 

Figure 3.23: Expected 
2
J coupling for peptide bonded 

13
C-labelled amino acids 

 

 Cells were labelled with 
13

C-AAs in AA-free DMEM media, with or without pre-incubation 

with cycloheximide. Labeling was carried out, for either 2 min. or 1 h, followed by fixation 

with ice-cold methanol. Cells labelled with 
13

C-AAs for 1 h without cycloheximide were 

expected to have the highest signal, and were re-suspended in CD3OD and SDS by vortexing 

for 15 minutes. 1-D experiments were run to see evidence of labelled molecules before 2-D 

coupling experiments could be run. 
13

C NMR spectrum acquisitions were run for 2 h (2048 

scans) on Brucker AVIII700 (700 MHz) and AVIII600 (600 MHz) NMR spectrometers with 

Dr. Tim Claridge.  

 

On both machines, low-intensity multiplet 
13

C signals could be seen at ~56 ppm and 16 ppm, 

which lie in regions where Cα and Cβ were expected to be seen (Fig. 3.24). High-intensity 

flanking signals could be assigned to the solvent as well as SDS. No signals in the carbonyl 

13
C region could be seen. On further inspection, however, the multiplet signal was seen to 

form a characteristic regular 1:3:6:7:6:3:1 septet corresponding to a -CD3 species, rather than 

one arising from a mixture of different 
13

Cα-
13

Cα couplings across diferent peptide bonds or 

13
Cα-

13
Cβ couplings within residues. This suggests that these may be impurities in the 
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deuterated methanol NMR solvent, rather than signals from the cells. No signal enhancement 

was observed upon increasing the acquisition time to 20 h (20480 scans, Fig. 3.25). 

 

 

 

Fig 3.24: 600 MHz NMR signal for HeLa cells labelled with 
13

C-amino acids for 1 h, 2048 scans 

 

 

 

Fig 3.25: 700 MHz NMR signal for HeLa cells labelled with 
13

C-amino acids for 1 h, 20480 scans 
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3.8: Puromycin labelling 

Puromycin is a translation inhibitor which mimics the 3' end of tyrosyl-tRNA (Fig. 3.26).
41

 It 

halts translation by entering the A site of ribosomes, and covalently bonding to the growing 

peptide chain's C-terminus.
42

 This leads to the formation of nascent puromycylated peptide 

chains, which may be detected via immunoblotting and immunoprecipitation.
43

 Alternative 

methods to detect puromycylated peptides include the use of fluorophore-linked puromycin,
44

 

or by labelling with anti-puromycin fluorescent antibodies.
45

 

 

Fig. 3.26: Structures of tyrosyl tRNA terminus (left) and puromycin (right) 

Nascent peptides have been reported to be generated in the nuclei of HeLa cells by labelling 

with puromycin followed by immunofluorescence.
46

 Cells were also treated with 

cycloheximide, an elongation inhibitor,
40

 to 'freeze' translation and to slow down dissociation 

of puromycylated peptides from their ribosomal sites of synthesis. These experimental 

conditions were modified by reducing the puromycylation time (down from 10 min. to 5 s) 

and fixation prior to permeabilisation and labelling with a mouse monoclonal antibody, 

12D10 and Cy3-conjugated donkey anti-mouse antibody for visualisation. 

 After pre-treatment with cycloheximide for 15 min. and labelling with puromycin for 5 s, 

puromycylated species were seen in bright nuclear foci in confocal images (Fig. 3.27). Cells 

labelled with puromycin for 30 s displayed a more diffused signal (Fig. 3.27-C), and after 60 

s, the peri-nuclear region was seen to become the brightest (Fig. 3.28-D).  
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Fig. 3.27: Cy3 fluorescent signal from puromycylated species in HeLa cells. 

Puromycylated peptides are known to accumulate at sites on the smooth endoplasmic 

reticulum (SER) after dissociation from ribosomes before passing through the Golgi 

apparatus to the exterior.
45-47

 This may explain the results above, with puromycylated 

peptides migrating away from sites of synthesis (Fig. 3.27 B-D). 

 

Additional results obtained using longer puromycin labelling times (5 min) were also 

consistent with this interpretation. In the absence of puromycin, background levels of 

fluorescence were seen (Fig. 3.28). Labelling with puromycin for 5 minutes yielded 

significant peri-nuclear fluorescence in addition to nuclear signal, as previously reported by 

David et al.
46

  Importantly, this signal was seen to be sensitive to the translation inhibitor 

anisomycin, as pre-treatment was seen to reduce both cytoplasmic and nuclear signal. 
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Fig. 3.28: Cy3 fluorescent signal from puromycylated species in HeLa cells labelled for 5 min: i) 

Unlabelled cells, ii) labelled cells, iii) labelled cells pre-incubated with anisomycin, iv) relative 

intensity in both compartments was seen to decrease with anisomycin treatment (*: P < 0.0001, 

Student’s two-tailed t test, n = 20 cells) 

Evidence in favour of a coupled system of transcription and translation in the nucleus was 

also obtained by pre-treatment of cells with DRB (5,6-Dichloro-1-beta-D-

ribofuranosylbenzimidazole), a transcription inhibitor.
48

  Inhibiting transcription was found to 

reduce the signal from puromycylated species in the nucleus (Fig. 3.29-iii,iv), but not the 

cytoplasm.As before, anisomycin treatment reduced signal in both compartments (Fig. 3.29-

ii,iv). 

 

Fig. 3.29: Cy3 fluorescent signal from puromycylated species in HeLa cells labelled with puromycin 

for 5 s, i) without anisomycin or DRB treatment, ii) pre-treated with anisomycin, iii) pre-treated with 

DRB, iv) relative intensities in both compartments decrease with anisomycin treatment, but only 

nuclear signal is seen to decrease upon treatment with DRB. 
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3.9: RNA FISH 

 Data from three independent cell labelling techniques, i.e., Aha-incorporation, heavy AA 

incorporation, and puromycylation all point toward the existence of protein synthesis in the 

nucleus. However, peptides labelled during short pulses have half lives of less than 1 minute 

as determined from pulse-chase experiments, i.e., these short peptides are degraded by the 

proteasome quickly after they are synthesised. Attempts were then made to determine the 

reason for the existence of such an apparently wasteful turnover. 

 

Prior to degradation by NMD, nascent RNA transcripts bearing PTCs might be read by active 

nuclear ribosomes,
7,49

 with truncated peptides produced as a result. The degradation of these 

peptides might be reflected in the fast turnover observed in Section 3.3 and 3.6. 

 

A test Cd2 gene ± PTC (Fig. 3.30) was expressed using a multi-copy system; on transfection, 

the vector encoding Cd2 would replicate to generate several thousands of ‘mini-

chromosomes’ that would be co-transcribed by cellular polymerases in discrete foci.
50

 Cd2 

expression is driven by a promoter normally switched off by a modified tetracycline repressor 

(introduced by co-transfection with a second plasmid). However, expression may be switched 

on by treatment with doxycycline, a member of the tetracycline group of antibiotics. Each 

construct encodes an SV40 ori (to permit replication) and a modified tetracycline promoter 

inducible with doxycycline. In the base vector, the Tet promoter drives expression of a 

protein containing an N-terminal mitochondrial signal sequence (mt), the rat Cd2 epitope 

recognized by the OX34 antibody,
51,52

 a shortened intron 2 of Cd2 (with intact splice donor 

and acceptor sites), a ribosome pause sequence (rps) which should slow a translating 

ribosome, and a C-terminal EGFP. Vector 1 encodes an EGFP sequence with the segment 

encoding the fluorochrome deleted (nfEGFP, to free the green channel for other use). Vector 

2 encodes a haemagglutinin (HA) tag inserted within the intron upstream of the first stop 

codon. Vector 3 also bears a PTC, 67 nucleotides upstream of the intron-exon junction, a 

position that should induce NMD.
53
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Fig. 3.30: CD2-EGFP expression constructs.  

 

Levels of nascent Cd2 RNA were monitored by fluorescence in situ hybridization (FISH) 

using probes targeting intronic regions of the RNA.  Cos-7 cells (which encode the SV40 T 

antigen) were co-transfected with constructs encoding the tetracycline repressor and a second 

vector with the tetracycline promoter driving transcription of Cd2 ± a PTC. After transfection, 

cells were treated with doxycycline (10 µM; 45 min), fixed 26 h after transfection, intronic 

Cd2 RNA detected by RNA FISH, DNA stained with DAPI, and images collected using a 

wide-field microscope. 

 

As expected, the (control) PTC¯ vector was found to transcribe high levels of these intronic 

regions in many nucleoplasmic foci (Fig. 3.31 A, B). The PTC
+
 vector was found to yield less 

nuclear signal (Fig. 3.31 C-i); presumably, because the PTC-containing RNA would have 

been degraded by NMD. Pre-incubation with the translation inhibitor cycloheximide was 

found to increase signal above that seen in the control (Fig. 3.31 C-i), consistent with the 

inhibition of ribosomes from detecting PTC
+
 transcripts, thereby preventing their degradation 

by NMD. Importantly, when cells transfected with PTC
-
 constructs were treated with the 

splicing inhibitor spliceostatin A (SSA),
54

 the fluorescent signal was seen to decrease, but 

treatment with anisomycin (aniso) reversed this decrease (Fig. 3.31 C-ii). This was consistent 

with the interpretation that spliceostatin A was expected to induce faulty splicing, generating 

several transcripts with PTCs (though one was not introduced through the vector). These 

transcripts would then be degraded by NMD, thus reducing the signal from intronic regions of 

Cd2. However, if the recognition mechanism for NMD involved a translating ribosome, then 
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treatment with the translation inhibitor anisomycin would have inhibited downstream 

transcript degradation, and the signal would have been restored.
55

   

 

 

Figure 3.31. Effects of PTCs on nascent Cd2 RNA in Cos-7 cells,  A), B) Two views of one field after 

co-transfecting the PTC
–
 vector (only the cell at the top was transfected and expresses intronic Cd2 

RNA in nuclear foci). Bar: 10 µm. C) After subtracting background, intensities (± SD) seen in nuclei 

were expressed relative to the value found in untreated cells transfected with the PTC¯ vector. *: p < 

0.0004 (Student's two-tailed t test, n = 20 cells).  

 

These results are consistent with a translating ribosome scanning nascent transcript for PTCs, 

and – once found – faulty transcripts and truncated peptides produced as by-products being 

degraded. As nascent PTC-bearing transcripts only occur in the nucleus, this is evidence in 

favour of nuclear translation. As the peptide turnover is significant, it follows that many 

nascent RNAs must encode PTCs. This interpretation is strengthened by the fact that 

ribosomes, NMD components, and proteasomes are all found in the nucleus (often at 

transcription sites) at concentrations that roughly equal those found in the cytoplasm.
7,56
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3.10: Mass spectrometry 

'Vector 2' (Fig. 3.30) contained a haemagglutinin (HA) tag inserted in the intron of CD2, in-

frame with previous exon and upstream of the first intronic stop codon followed by a C-

terminal EGFP, i.e., Ex.(CD2) – Int.(HA-Stop) – Ex.(EGFP). 

In COS-7 cells where this mRNA sequence is mis-spliced, the ribosome would read through 

the intronic transcript, synthesising a CD2-fused HA tag, terminating at the downstream stop 

codon. In correctly spliced mRNA, the ribosome would instead express eGFP, having not 

encountered the spliced-out HA. The HA tag was first utilised for in vivo 

immunofluorescence imaging to confirm expression. In COS-7 cells treated with spliceostatin 

A (SSA),
54

 a significant HA-linked immunofluorescence signal was visible both in nuclear 

and cytoplasmic regions (Fig. 3.32). As both CD2 and HA are cell surface proteins,
57

 this is a 

evidence in favour of nuclear synthesis of the nascent CD2-HA fusion protein. 

 

 

Fig. 3.32: COS-7 cells expressing CD2-intronic HA-exonic eGFP RNA constructs (48h), treated with 

SSA (24h). Cell 1 prominently shows mis-splicing, and the immunofluorescent signal from HA is seen 

to be strong in both the nucleus and cytoplasm. Cell 2 shows normal splicing, and the downstream 

eGFP is expressed. 

 

In order to definitively confirm the presence of this construct in the nucleus, COS-7 cells 

were labelled with Aha and EU for 10s and 5 min. respectively, then subjected to CuAAC 

after incubating with SSA.  

Intronic-

HA 

GFP 

DAP

I 

1 

2 
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The full sequence of the synthesised protein was as follows: 

 

RK(Aha)LAAVSRVLSGASQKPASRVLVASRNFANDATFLQRDSGTVWGALGHGINL

NIPNFQ(Aha)TDDIDEVRWERGSTLVAEFKRK(Aha)KPFLKSGAFEILANGDLKIKNLT

RDDSGTYNVTVYSTNGTRILNKALDLRILGKSSFLKVFHFRTGA(Aha)YPYDVPDYA 

 

This sequence contains a tryptic digestion site (sites shown in green above) just before the 

HA peptide fragment (in blue). The CuAAC reaction product between EU and the labelled 

HA peptide TGA-(Aha)-YPYDVPDYA was sought by mass spectrometry from the trypsin-

treated cell lysate. 

 

The Aha-incorporated peptide was synthesised by SPPS and purified by RP-HPLC to be used 

as a standard for subsequent MS experiments (Fig. 3.33).  

 

 

Fig. 3.33: HPLC trace for the RP purification of Aha-incorporated haemagglutinin peptide. The mass 

of the compound in the tallest peak corresponded to the expected peptide. 

 

The peptide was subjected to CuAAC with EU, and the purification repeated (Fig. 3.34). 
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Fig. 3.34: HPLC trace of haemagglutinin peptide after CuAAC with EU. The tallest peak (at 15 min) 

corresponds to the desired product. 

 

Mass spectrometric detection of COS-7 cell lysates were carried out by Benjamin Thomas at 

the Central Proteomics Facility at the Dunn School of Pathology. However, a poor signal to 

background ratio prevented detection of the Aha-EU functionalised haemagglutinin peptide at 

short labelling times. 
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3.11: Conclusion and Discussion 

In this chapter, evidence in favour of a mechanism of nuclear translation and rapid turnover 

has been reported. Three independent labelling techniques were utilised in this regard. In the 

first, cells (transformed HeLa or diploid HUVECs) were pulse-labelled with Aha (a Met 

analogue), fixed, and a fluorophore covalently bonded via CuAAC to the nascent Aha-labeled 

peptides. Significant fluorescence was observed in nuclear regions of both cell lines. 

Unfortunately, the incorporation of Aha could not be independently verified by Raman 

microscopy, as the azide stretching signal at 2100 cm
-1

 was found not to be strong enough in 

cells labelled for short times. Simultaneous labelling with EU followed by CuAAC was found 

to generate a fluorescent triazole species, confirming co-localisation of labelled nascent 

peptides and nascent RNA. However, ascorbate (a reagent used for CuAAC) itself generated 

low-intensity fluorescence in unlabelled cells. Tryptophan fluorescence lifetime microscopy 

(FLIM) could not be used to verify the formation of the fluorescent triazole.
1
 

 

In the second labelling method, cells were incubated in ‘heavy’ stable-isotope labelled amino 

acids, and both incorporation into nuclear regions and turnover detected by D-SIMS. Though 

15
N-Aha and 

13
C2-EU did not generate a strong enough 

13
C

15
N

-
 ion signal after CuAAC, the 

labelling with 
13

C and 
15

N-labelled amino acids (
13

CAAs and 
15

NAAs) did. To ensure most 

signal originated from nascent peptides, short pulses (5 s) were used, when only ~25 residues 

would be incorporated into growing peptide chains.  

 

In the third labelling method, cells were pre-treated with cycloheximide to slow down 

translating ribosomes, pulse-labeled with puromycin (a structural mimic of tyrosyl-tRNA), 

fixed, and the puromycylated peptides immuno-localized using an anti-puromycin antibody. 

 

All three different methods give signal in both nucleus and cytoplasm, with the incorporation 

being found to be metabolic, as confirmed by pulse-chase experiments, as well as sensitive to 

translation inhibitors. Surprisingly, the total amount of nuclear signal was only slightly less 

than the total amount seen in the cytoplasm for the short labelling times used. Furthermore, 

most of that signal in both compartments was seen to turn over in less than a minute, and not 

over many hours as expected. 
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The possibility that the observed signal might arise from non-specific binding of the three 

different labels within cells, or the incorporation of the labels into non-peptide bonded species 

was ruled out. Results from 
13

CAA and 
15

NAA incorporation make both possibilities unlikely, 

as the statistical likelihood of a 
13

C
15

N
-
 ion being produced from species other than a 

13
CAA-

15
NAA peptide bond was very low.

39
 After 2-min pulses, signal from 

13
C

15
N

-
 was observed in 

both nucleus and cytoplasm of cells, consistent with the incorporation of these heavy labels 

into peptide bonds. As the relative levels of the 
13

C
15

N
-
 ions, as well as the effects of 

ribosomal inhibitors and chases corresponded to those seen in the two other independent 

labelling techniques (i.e., the heavy Met/Lys/Arg, as well as Aha and puromycin), this was 

considered to be strong evidence that all labels were incorporated by the ribosome into 

peptides. 

 

Incorporation of as a result from some non-ribosomal activity (e.g., onto tRNA through the 

action of an aminoacyl tRNA synthetase) were also ruled out as all signals observed were 

sensitive to translational inhibitors, suggesting that incorporation was ribosomal.
58

 

Additionally, the signal was not reduced by the action of RNAse, suggesting that they did not 

arise from aminoacyl-tRNA complexes. An alternative explanation of these observations 

involves the binding of all three labels to some unknown biomolecules in a manner which 

biases their distributions towards those observed here. This seems highly unlikely, not only 

due to the observed formation of 
13

C
15

N
-
 ions, but also that this unknown binding must be 

affected by translation inhibitors, must be affected by proteases (and is therefore affected by 

MG132), and the concentration of such a species must change greatly during pulse-chase 

experiments. 

 

About 95% newly-made nuclear RNA is degraded soon after it is transcribed due to 

prematurely-terminating (abortive) transcripts and intronic and non-coding RNA. However, 

when this turnover was only discovered in the 1950s after labelling periods shorter than the 

half-life of the newly-made RNA were introduced, no credible reason for why it might occur 

could be proposed at the time.
59

 Though such synthesis and degradation of RNA appears 

wasteful, it is an integral part of cell metabolism, involving intronic and non-coding RNA. By 

analogy, the short half-lives of most newly-made peptides may have gone undetected because 

pulses longer than the half-life were used. If many ribosomes abort soon after initiating 

translation, then it is likely that the resulting short peptides will be missed using conventional 

approaches.  
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Translation has been traditionally monitored using radio-labelled amino acids, followed by 

acid precipitation of the resulting radio-labelled proteins. However, short peptides are not 

precipitated using standard conditions.
60

 Also, current biochemical approaches are 

insufficiently sensitive to permit detection of analogues incorporated during the short pulses 

used here (see results from haemagglutinin mass spectrometry and Section 3.12.5 for another 

approach). 

 

A question to consider is whether the cell utilises this apparently-wasteful turnover. In the 

case of the nuclear turnover, it seems it does. Results from RNA-FISH experiments are 

consistent with an active translating nuclear ribosome proof-reading nascent RNA for PTCs, 

and if found, degradation of the RNA by NMD. The truncated peptides formed as by-products 

would then need to be degraded. However, the reason for cytoplasmic turnover is not as clear. 

It may be that nuclear proof-reading is still error-prone enough that the cell must carry out a 

second round of with a cytoplasmic ribosome at degrading PTC
+
 transcripts. Alternatively, a 

fraction of nascent mRNA transcripts might be exported to the cytoplasm prior to having been 

read by nuclear ribosomes, resulting in cytoplasmic NMD and turnover of the peptides so 

generated. Additionally, more proteins than hitherto expected may terminate prematurely 

and/or misfold, and these are probably degraded quickly.
61-63

 Finally, the apparently-wasteful 

turnover could play an important role in regulating translation.  

 

During RNA synthesis, for every ~100 RNA polymerases that initiate at a promoter, ~99 

abort prematurely to release transcripts of 2–15 nucleotides.
64

 These transcripts are not 

detected using sequencing, as they are too short to be mapped. Subsequently, polymerases 

which continue transcription then terminate within 20–500 nucleotides to give the sense and 

anti-sense transcripts that can be detected by sequencing.
65

 As a result, the production of each 

completed transcript is regulated by the synthesis of hundreds of shorter sense and anti-sense 

products which are degraded after synthesis. Although this may seem energetically wasteful, 

cells then go on to further degrade nine-tenths of the resulting full-length transcript when 

introns are removed to give the mature mRNA. Similar principles might apply to translation.  

 

Approximately 50% of human mRNAs encode upstream open-reading frames (uORFs), 

which regulate the expression of downstream genes.
66,67

 Ribosome profiling studies on 

mammalian cell systems indicate that uORFs are translated,
68,69

 probably resulting in short 

peptides which may be quickly degraded.
61,63,69,70

 If translation is like transcription, then 
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during the short pulses used in this chapter, many ribosomes will terminate soon after 

initiation (both at the end of uORFs, and close to the beginning of uORFs and ORFs). Most 

peptides generated in this way will be degraded quickly, and only a minority of ribosomes 

will go on to generate full-length proteins that would be detected conventionally using long 

pulses. 

 

If so, then pulse-labels of different times would reveal proteins belonging to different 

metabolic pools, most newly-made peptides would be degraded as soon as they are made, and 

the apparently-wasteful turnover would be a by-product of an inefficient process. Some of 

this turnover may be exploited by the system to regulate production. Then, a previously 

unseen – and so ‘dark-matter’ – population of short peptides would coexist with its RNA 

counterpart.
71
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3.12:  Methods 

3.12.1: Cell culture and fixation 

HeLa and Cos 7 cells were cultured in DMEM (PAA) supplemented with 1% 

penicillin/streptomycin (PAA) and FBS (Bioline; 5% for HeLa, 10% for Cos 7); HUVECs 

(human umbilical vein endothelial cells; Lonza; note that the supplier were responsible for 

obtaining the necessary ethical provision) were cultured in EGM-2 (Lonza). Prior to imaging, 

cells were cultured on clean glass coverslips (22×22 mm; no. 1.5) etched with 1% 

hydrofluoric acid (Merck). 2 mM Aha, 100 µg/ml anisomycin (Sigma), 100 µg/ml MG132 

(Enzo), 91 µM puromycin (Sigma), 100 µM DRB (Sigma), 10 µM doxycycline 

(Calbiochem), 100 µg/ml cycloheximide (Sigma), and 100 nM spliceostatin A (a gift of M 

Yoshida) were added to live cells at the times indicated. Prior to pulsing with Aha, HeLa cells 

were grown in the absence of Met (i.e., in DMEM¯, which is DMEM without Met, cysteine, 

and L-glutamine; Sigma, then supplemented with Cys and Gln) for 15–30 min. at 37°C (to 

deplete endogenous pools of Met). Prior to pulsing with puromycin, cells were grown in the 

presence of cycloheximide (in DMEM supplemented with 5% FBS and 1% 

penicillin/streptomycin for HeLa, and EGM-2 for HUVECs) for 15 min. at 37°C (to slow 

translating ribosomes). For pulses of 5–120 s in Aha or puromycin (and for pulse-chase 

experiments), cells on a coverslip were dipped in medium (DMEM¯ for HeLa and EGM-2 for 

HUVECs) containing the labelling species (and then into medium lacking the labelling 

species during a chase) in a 37°C room for the required time before plunging the coverslip 

immediately into ice-cold fixative. When a pulse was followed by chase, DMEM¯ +2 mM 

Aha was replaced by DMEM (which contains ~200 µM Met) supplemented with 5% FBS and 

1% penicillin/streptomycin, or EGM-2 in the case of HUVECs. Cells were fixed with 4% 

paraformaldehyde (Electron Microscopy Sciences) in 250 mM HEPES (pH 7.6; PAA) for 20 

min, usually at 20°C. For transfection, Cos 7 were grown in DMEM supplemented with 10% 

FBS (tetracycline free; Clontech) to 80–90% occupancy in 6-well plates and transfected using 

8 µl FuGENE HD (Roche/Promega) with 2 µg DNA that included 0.2 µg of Vector 1−3+0.2 

µg pTetOn Advanced (Clontech) +1.6 µg sheared salmon sperm DNA (Invitrogen). After 12 

h, cells were trypsinized, washed, and re-plated on coverslips in 6-well plates (to reduce 

background caused by input DNA). Cells were then grown for 12 h, induced with 

doxycycline in the presence or absence of inhibitors, and fixed. 
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3.12.2: Fluorescent detection of Aha by CuAAC 

After fixation, cells were washed in PBS (PAA; 5 min; 20°C), permeabilized with 0.5% 

Triton X-100 (Sigma), washed in 3% BSA in PBS (5 min; 20°C), an alkyne-conjugated 

fluorophore (i.e., 100 nM Alexa555; Invitrogen) attached (using the copper-catalyzed azide-

alkyne cycloaddition reaction, CuAAC) to incorporated Aha using the ‘Click-iT Cell 

Reaction Buffer kit’ (Invitrogen) as instructed by the supplier (30 min; 20°C; vigorous 

shaking), washed in 3% BSA in PBS (5 min; 20°C), and rinsed in PBS. After counterstaining 

nuclei with DAPI (Sigma) and mounting in Vectashield (Vector Laboratories), images were 

acquired images using a wide-field or confocal microscope. 

3.12.3: Immuno-labeling 

Fixed cells were washed with PBS (5 min; 20°C), permeabilized with 0.5% Triton X-100 and 

0.5% saponin (Sigma), washed with 0.05% Tween 20 (Sigma) in PBS (10 min; 20°C), and 

blocked with 3% BSA and 0.2% cold water fish skin gelatin (Sigma). Puromycylated peptides 

were indirectly immuno-labeled by incubation (1 h; 20°C) with a mouse monoclonal 

antibody, 12D10 (1/100 dilution), cells washed 4x with 0.05% Tween 20 in PBS (1 min. 

each; 20°C), incubated (30 min; 20°C) with a Cy3-conjugated donkey anti-mouse (Jackson 

ImmunoResearch, 715-165-150; 1/200 dilution), and washed 3x with 0.05% Tween 20 in 

PBS (10 min. each; 20°C) followed by a wash with PBS (10 min; 20°C). After staining with 

DAPI and mounting in Vectashield, images were acquired with a confocal or wide-field 

microscope. 

3.12.4: Fluorescence microscopy 

Microscopes used were: (a) Wide-field fluorescence microscope (Zeiss; upright – Axioplan 

2e microscope), equipped with a 175 W Xenon arc lamp (Perkin Elmer); images were 

acquired using a 63x Zeiss Plan-APOCHROMAT oil-immersion objective (numerical 

aperture 1.4), optical filters (Chroma), and a CoolSNAPHQ camera (Photometrics) running 

under MetaMorph software (Molecular Devices). (b) Confocal microscope (Olympus, 

FV1000, IX81); images were acquired using a 100x Olympus UPlanSApo oil-immersion 

objective (numerical aperture 1.4), optical filters (Olympus), a confocal aperture of 175 µm 

and scanning at 10 µs/pixel, 405 and 559 nm ‘diode-pumped solid-state’ or argon (488 nm) 

lasers, and FLUOVIEW v2.1b software (Olympus). Images were analyzed using ImageJ. 
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The fluorescence intensity over nucleus and cytoplasm (images obtained using a wide-field 

microscope) was determined as follows. (i) The fluorescent intensity over the whole cell and 

nucleus (area defined by DAPI staining) was measured, and that over the cytoplasm 

calculated by subtraction. (ii) Background in each compartment was subtracted; backgrounds 

determined separately for nucleus and cytoplasm (i.e., whole cell minus nucleus) over non-

pulsed, 0-s pulsed, or untransfected cells as appropriate. (iii) Values from each experiment 

were exported to Excel, and mean and standard deviation (SD) calculated. P values (two-

tailed) from unpaired Student’s t-test were calculated using GraphPad. 

3.12.5: Detecting Aha-tagged peptides biochemically 

It is generally accepted that fluorescence microscopy can allow detection of fewer tagged 

molecules than conventional biochemical approaches. An attempt was made to detect nascent 

Aha-tagged after running them on gels, but failed to do so successfully. For example, one 

approach involved combining two analogues: after 60-s growth in Aha (with puromycin 

added during the last 5 s),  CuAAC with alkyne-functionalised biotin with a cleavable 

disulfide bridged linker,
72

 pull-down on Neutravidin beads, release of biotinylated peptides 

using 0.5 M DTT, and Western blotting using the anti-puromycin antibody, we failed to 

distinguish between signal and background. 

 

3.12.6: D-SIMS 

HeLa cells were grown on coverslips. For labeling with heavy Lys and Arg, cells were grown 

in custom-made DMEM without Lys + Arg (Thermo Scientific) for 30 min, regrown in 

DMEM (without Lys + Arg) supplemented with 8 mM [
13

C6
15

N2]Lys + 4 mM [
13

C6
15

N4]Arg 

(Cambridge Isotopes Laboratories; 
15
N 99% enriched) for 10 or 120 s at 37˚C, immediately 

plunged into ice-cold fixative, and incubated in fixative for 20 min. at 4˚C. The 
13

C tag was 

not utilised for D-SIMS here. For labeling with heavy Met, cells were grown in DMEM 

without Met, Gln and Cys (Sigma, then supplemented with Gln and Cys) for 30 min, regrown 

in the same medium supplemented with 2 mM [
15

N]Met (Cambridge Isotopes Ltd; 
15

N 97-

99%) for 2 min, and fixed. For labelling with [
13

C] amino acids plus [
15

N] amino acids, cells 

were starved for 15 min. in custom-made DMEM lacking all amino acids (Thermo 

Scientific), regrown in the same medium supplemented with [
13

C] algal amino acid mixture 

(Isotec; uniformly 
13

C-labeled, 98 atom % 
13

C) plus [
15

N] cell-free amino acid mixture 
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(Cambridge Isotope Labs Inc; uniformly 
15

N-labeled, 96.98%), and fixed. Here, each of the 

20 amino acids was assumed to have an average molecular weight of 136, in order to have a 

final concentration of 1 mM during the pulse. In some cases, 100 μg/ml anisomycin or 100 

μg/ml cycloheximide was present during both the starvation and the pulse, and the pulse was 

followed by chases in DMEM plus 5% fetal bovine serum at 37˚C or 4˚C. 

  

After the pulse, or pulse-chase, sections of cells were prepared using a procedure commonly 

used for electron microscopy. Cells were fixed in 4% paraformaldehyde (Electron 

Microscopy Sciences) and 1% glutaraldehyde (Agar) in PBS (PAA). Samples were further 

fixed (1 h; room temperature) with 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer 

(pH 7), washed in the buffer 3x (10 min. each), incubated (1 h) in 1% osmium tetroxide in the 

same buffer, and washed with water for 20 min. Samples were dehydrated using a graded 

ethanol series (50%, 70%, 90%, 95% and 100%), and embedded in Agar100 epoxy resin; 

after removing the coverslip, semi-thin sections (0.5 µm) were cut using an ultramicrotome 

(Leica UC7) with a diamond knife (Diatome), mounted on platinium-coated coverslips, and 

coated with 5-nm platinum. SIMS images were acquired on a CAMECA (Gennevilliers) 

NanoSIMS 50 to measure the 
15

N and 
13

C signals in the nucleus and cytoplasm. The 

NanoSIMS uses a 16 keV Cs
+
 ion beam to bombard the sample surface, and was tuned to 

detect 
12

C
-
, 

13
C

-
, 

12
C

14
N
–
, 

12
C

15
N
–
, 

13
C

15
N
–
, or 

31
P

-
 ions using a Mauttach-Herzog mass 

analyser with electrostatic sector and asymmetric magnet configuration. Images were 

analysed using the Image J plugin OpenMIMS (MIMS, Harvard University, 

www.nrims.harvard.edu). Regions of interest (ROIs) were selected in the nucleus and 

cytoplasm that avoided nucleoli and obvious cytoplasmic vesicles or oil droplets, and ratios 

calculated as indicated (i.e., 
12

C
15

N
–
/[

12
C

15
N
–
 + 

12
C

14
N
–
]. The control samples had a 

12
C

15
N
–

/[
12

C
15

N
–
 + 

12
C

14
N
–
] ratio of 0.003838. This compares with the expected value of 0.003667 

(i.e., the natural abundance of 
15

N). Therefore other ratios were normalized relative to this 

expected value. 

 

3.12.7: RNA fluorescent in situ hybridization (RNA FISH) 

A set of forty-eight 20-mer probes (designed using Probe Designer; 

http://singlemoleculefish.com/) were synthesized (Biosearch Technologies, USA) targeting 

the intronic region (~1.6 kbp) of rat Cd2 DNA present in Vectors 1-3. At the 3ʹ-end of each 

20-mer, an mdC(TEG-amino) modification was added. The amino group was subsequently 
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labeled
73

 using the ARES Alexa Fluor 488 DNA labeling kit (Invitrogen) according to the 

manufacturers’ instructions. Labeling efficiency was found to be ~5 fluorophores per 100 

nucleotides. Fixed cells were processed for RNA FISH (Sequences listed in Table 3.2), and 

imaged as described
73

 with the following exceptions: cells were immediately permeabilized as 

above for immuno-fluorescence, and the hybridization buffer contained 10% formamide. 

When RNA FISH was performed on EGFP-expressing cells, Alexa488 fluor was further 

detected by immuno-fluorescence as follows. After performing RNA FISH as described 

above, coverslips were washed thrice in 2xSSC (10 min. each; 37°C), washed with 0.05% 

Tween 20 in PBS (3 min; 20˚C), and blocked as above. The Cd2 intronic RNA was detected 

by incubating the cells with primary antibody against Alexa 488 Fluor (rabbit polyclonal; 

Invitrogen, A11094; 1µg/ml; 1 h; 20°C), washed 4x with 0.05% Tween 20 in PBS (1 min. 

each; 20°C), then labeled further by incubating these cells with Cy3-conjugated donkey anti-

rabbit (Jackson ImmunoResearch, 711-165-152; 1/2000 dilution; 30 min; 20°C), washed 4x 

with 0.05% Tween 20 in PBS (5 min. each; 20°C) followed by a rinse with PBS at (5 min; 

20°C). After DAPI/Vectashield counter-staining and mounting, images were collected using a 

wide-field microscope. 

# Sequence (5ʹ-3ʹ) # Sequence (5ʹ-3ʹ) 

1 GCACCCGTCCTAAAATGAAA 25 CTCCAAGGTTCTGAGTTCAT 

2 TGTTACAGAAACGCTACTCC 26 TTACCAGAGTAAAGGCACCA 

3 AACAAGAAACGACAGACAGG 27 AATGACTACATGAGAGGCCT 

4 ACTGGAGTCTTCATTGTGAG 28 AGTGTAGGTGAAGTCAGTCA 

5 AAGGAAAGGCAGACAGACTT 29 CACAAAGGATTCCCAAGTAC 

6 AACCTGGGAGTCTTTACACA 30 ATGTCAGGCCAGAAGAAGAA 

7 GCCGACCTGTTTTCTATCTT 31 CACCCGGGAATACAATTGTT 

8 CAAGGATGTCCACCTTTATC 32 TACACACACACACACACACA 

9 TGTCTACAACTTCATCAGCC 33 ATGTTGTAGATGCATGCGTG 

10 TTAGCTCTCCAGACAAGAGA 34 TTTGCTGTTCTTCCAGAGGA 

11 ATCTTGCCCTCTAACTCCTT 35 GTTGGCTGAACAGTTAAGAG 

12 AGAGACTGCCTGTCTTTCTA 36 TAAGTACGACAAGTCAGAGC 

13 ACTTGCCATCATCCAACAGA 37 AATGCCTAGCTTTGGGGTAA 

14 GTCCTGAGTTTCTGTGTATC 38 CGTCCAAAGCTAATTGACCT 

15 GCATGCAGAAATGCATTTCC 39 GTCTTCCCTTTTGCAGATGA 

16 CATTTCTGCCTCCAACATAC 40 TCTAACAGCAAGCCTTCTGT 
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17 ATAGGCCTCCTTGGTGTAAT 41 TAAGCTGTGTCTCTACTGTG 

18 TCAGATCACAGTGTCTTTCC 42 CAGGATGCGAGTAATATAGG 

19 TTTTCCGATTTCCCCTCTCT 43 GACCTAAAGCATCTTGAGCT 

20 TCAGTGGTCTCCATTCATCA 44 CCATCGAAGCTCTTTTGAAG 

21 TTATTGAGATCAGGTCCAGG 45 GGACAAGAATCCTACCAACT 

22 TCACACTGCAAATTCCACAC 46 AAACCCAGGTTTTCCTGCAT 

23 ATTCCCTACCTGTCTCAAAC 47 TTTGCCAAGCTTCATGTGGT 

24 GACTTGAAGGACCTCAACTT 48 TATTCTGACTCTCCCTCTAC 

Table 3.2. RNA FISH probes against rat Cd2 intron-2 against the +ve strand. 

 

3.12.8: Half-lives 

Figures 3.4 and 3.20 include a simple exponential decay curve fitted to the data (using Prism) 

although this may be an averaged value for however many different kinetic populations there 

might coexist. The half-life (t1/2) of tagged peptides can then be calculated using t1/2 = 0.693/λ 

where λ is the first order rate constant of exponential decay. Half-lives were 33, 10, and 48 s 

(and 34, 10, and 32 s) respectively. R
2
 values for all exponential decay curves shown were 

>0.98, except for those given by heavy Lys + Arg (which gave values of 0.92 and 0.96 for 

cytoplasm and nucleus, respectively). 

 

3.12.9: Molecular cloning 

Three vectors were used (Fig. 3.30),  all encoding an SV40 ori (to permit replication in Cos7 

cells)
74

 and a modified P
tight

 ‘Tet’ promoter inducible with doxycycline. In the base vector, the 

P
tight

 promoter drives expression of a protein containing an N-terminal mitochondrial signal 

sequence (mt), the rat CD2 epitope recognized by the OX34 antibody,
51,52

 and encoded by 

exons 2 and 3 of rat Cd2, a shortened intron 2 of Cd2 (with intact splice donor and acceptor 

sites), a ribosome pause sequence (rps), a C-terminal EGFP, and a poly-adenylation signal. 

Vector 1 is as the base vector except that the EGFP sequence contains a deleted segment 

encoding the EGFP fluorochrome (to free the green channel for other use). Vector 2 is as the 

base vector except that a haemagglutinin (HA) tag is inserted within the intron (in-frame with 

exon 2 and upstream of the first intronic stop codon). Vector 3 is as Vector 2 but also bears a 

PTC 67 nucleotides upstream of the exon2-intron2 junction (a position that should induce 

NMD).
53
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The base vector was created as follows. pLdPDH
75

 encodes the mitochondrial import 

sequence of human PDH1α inserted between the SacI and PstI sites in pEGFP-N1 (Clontech). 

The P
tight 

promoter from pTRE-Tight (Clontech) was inserted between the XhoI and EcoRI 

sites in pLdPDH. Two fragments of rat Cd2 were amplified from total rat DNA (Bioline) 

using oligo pair 1 (which target chromosome 2, between positions 196,332,778-

196,333,452)
76

 and oligo pair 3 nested with oligo pair 2 (which target chromosome 2 between 

positions 196,336,082-196,338,119)
76

. These two Cd2 fragments of 676 and 2,057 bp (with 

NheI- and XbaI-compatible cohesive ends, respectively) were simultaneously inserted 

between the PstI and BamHI sites in pLdPDH (which now encodes P
tight

). The base vector 

was formed by removing from the doubly-modified pLdPDH the fragments containing P
tight

, 

the mitochondrial import sequence, and Cd2, and inserting the three between the XhoI and 

BamHI sites in plasmid 0,EGFP,pA (a promoter-less form of pEGFP-N1). Vector 1 was 

constructed by deleting the EGFP chromophore (5ʹ-CTGACCTACGGCGTGCAG-3ʹ; 18 bp) 

from the base vector by site-directed mutagenesis (QuikChange Lightning kit; Stratagene) 

using oligo pair 4. Vector 2 was constructed by inserting a sequence encoding the HA epitope 

(5ʹ-TACCCTTACGACGTTCCTGATTACGCT-3ʹ; 27 bp) in the base vector by site-directed 

mutagenesis using oligo pair 5. Unexpectedly, the insert proved to be 81 bp (i.e., 5ʹ-

TACCCTTACGACGTTCCTGATTACGCT-TAGCAAGTTGGGGGGACGGGTGCTATG-

TACCCTTACGACGTTCCTGATTACGCT-3ʹ) in which two HA encoding sequences were 

interrupted by a 27-bp sequence (note that the HA tag was not used for FISH experiments, so 

that this modification had no impact on the experiments discussed). Vector 3 was constructed 

(by site-directed mutagenesis using oligo pair 6) by introducing a point mutation (5ʹ-TAT-3ʹ 

→ 5ʹ-TAA-3ʹ) that creates an in-frame premature termination codon (PTC) in the Cd2 exon in 

Vector 3. Correct construction of the vectors was confirmed by DNA sequencing after PCR 

with the following oligonucleotides: Presence of P
tight

 and Cd2 fragments in the base vector 

was verified using oligos 7 and 8. Absence of the EGFP chromophore in Vector 1 was 

verified using oligo 9. Oligo 7 was also used to verify the presence of the HA-coding 

sequence in Vector 2 and the point mutation in Vector 3. Bacterial transformations were 

performed using One Shot TOP10 chemically-competent Escherichia coli. All PCRs (except 

for site-directed mutagenesis) were performed using PfuUltra II Fusion HS DNA Polymerase 

(Stratagene) at a re-annealing temperature of 58.6˚C (64˚C in case of oligo pair 3). All 

oligonucleotide DNA primers used (supplied by Sigma) are listed in Table 3.3: 
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# Name Sequence (5ʹ-3ʹ) 

1 Oligo 

pair 1 

Fwd: GCAGA(CTGCAG)bAGAGACAGTGG 

Rev: CAGCATCTCCAGCCTTCTTC 

2 Oligo 

pair 2 

Fwd: ATCCACAGAAAGGTGCTCGT 

Rev: TA(GGATCC)cAT(TGTTCGTCGTCG)dCTTTGAGACCATCTCTAAAAG 

3 Oligo 

pair 3 

Fwd: AC(TCTAGA)eAAGACAGGCAGTCTCTG 

Rev: TA(GGATCC)cAT(TGTTCGTCGTCG)dCTTTGAGACCATCTCTAAAAG 

4 Oligo 

pair 4a 

Fwd: CACCCTCGTGACCACCTGCTTCAGCCGCTAC 

Rev: GTAGCGGCTGAAGCAGGTGGTCACGAGGGTG 

5 Oligo 

pair 5a 

Fwd: GGACGGGTGCTATG(TACCCTTACGACGTTCCTGATTACGCT)fTAGCAAGTTGGG 

Rev: CCCCAACTTGCTA(AGCGTAATCAGGAACGTCGTAAGGGTA)fCATAGCACCCGTCC 

6 Oligo 

pair 6a 

Fwd: GAGATGACAGTGGCACC(TAA)gAATGTAACGGTATACAGCAC 

Rev: GTGCTGTATACCGTTACATT(TTA)gGGTGCCACTGTCATCTC 

7 Oligo 7 GCCATCATCCAACAGAGCAG 

8 Oligo 8 CGTCGCCGTCCAGCTCGACCAG 

9 Oligo 9 TGCCCTTCAGCTCGATGCGG 

Table 3.3: Oligonucleotide DNA primers. 

a: complimentary oligonucleotide primers for site-directed mutagenesis, HPLC purified 

b: PstI recognition sequence 

c: BamHI recognition sequence 

d: ribosome pause sequence (rps) 

e: XbaI recognition sequence 

f: HA-epitope encoding sequence 

g: premature termination codon (PTC) 

 

 

3.12.10: Synthesis of 5-Ethynyl Uridine (EU) 

O-Acetylation of Uridine: The reaction was carried out as previously reported.
77

 

 

19.2 mL of Acetic Anhydride and 19.2 mL of Triethylamine were added to 6 g of Uridine in 

123 mL of dry 1,4-Dioxane. The reaction was continued at room temperature for 36 h. The 
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solvent was evaporated in vacuo, and the residue purified by column chromatography 

(Hexane: EtOAc:: 1: 2). Yield was quantitative, giving 9.08 g of product. IR (νmax, film): 

3184, 3048, 2961, 2883, 2573, 2308, 1742, 1717, 1679, 1467, 1438, 1422, 1382, 1371, 1278, 

1247, 1216, 1153, 1103, 1080, 1047, 1009, 990, 960, 941, 902, 887, 857, 838. 
1
H NMR (400 

MHz, CDCl3) δ: 2.01, 2.07, 2.11 (3s, 3H 2'-OAc, 3H 3'-OAc and 3H 5'-OAc), 5.29-5.34 (m, 

2H, 2'-H and 3'-H), 5.77 (d, J = 8.1, 1H, 1'-H), 6.02 (d, J = 4.8 Hz, 1H, 5-H), 7.39 (d, J = 8.1 

Hz, 1H, 6-H), 9.57 (br s, 3-NH). 
13

C NMR (400 MHz, CDCl3) δ: 20.4, 20.6, 20.7 (2'-

OCOCH3, 3'-OCOCH3, and 5'-OCOCH3), 63.1 (5'-C), 72.7, 77.0 (3'-C, 2'-C), 79.8 (4'-C), 

87.4 (1'-C), 103.7 (5-C), 139.4 (6-C), 150.3 (2-C), 163.1 (4-C), 169.6, 170.1, 171.1 (2'-

OCOCH3, 3'-OCOCH3, and 5'-OCOCH3). LRMS (ESI) Calculated: [M+H] C15H18N2O9 

(m/z): 370.31, Obtained: [M-H]
-
: 369.11, [2M-H]

-
 : 739.21 

Iodination of 2', 3', 5'-O-Acetyl Uridine :The reaction was carried out as previously 

reported.
77

 

 

A mixture of 9g of the nucleoside, 3.7 g Iodine and 6.54 g Ammonium Cerium (IV) Nitrate in 

386 mL MeCN was stirred at 80 ºC for 1 h. Reaction progress was monitored by TLC 

(Hexane: EtOAc :: 1:1). The solvent was evaporated in vacuo, and the residue was partitioned 

between a mixture of cold EtOAc, brine and 5% aq. NaHCO3 (240, 200 and 250 mL 

respectively, half of which was processed at a time). The residue was extracted twice with 

EtOAc, and the combined organic layer was washed with cold 5% aq. NaHCO3 (125 mL), 

then with brine (150 mL), then with water (150 mL). The organic fraction was then dried, 

filtered, and evaporated. The residue was purified by column chromatography (Hexane: 

EtOAc :: 1:1) to give the product in 86% yield. 

1
H NMR (400 MHz, CDCl3) δ: 2.11, 2.13, 2.25 (3s, 3H 2'-OAc, 3H 3'-OAc and 3H 5'-OAc), 

4.32-4.42 (m, 2H, 5'-H), 5.30-5.35 (m, 2H, 2'-H and 3'-H), 6.07 (d, J = 4.9 Hz, 1H, 1'-H), 7.9 

(s, 1H, 6-H), 8.89 (br s, 3-NH). 
13

C NMR (400 MHz, CDCl3) δ: 20.5, 21.0, 21.1 (2'-OCOCH3, 

3'-OCOCH3, and 5'-OCOCH3), 63.0 (5'-C), 69.5 (5-C) 76.6, 77.0 (3'-C, 2'-C), 80.3 (4'-C), 

87.1 (1'-C), 143.6 (6-C), 149.7 (2-C), 159.3 (4-C), 169.5, 169.6, 170.0 (2'-OCOCH3, 3'-
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OCOCH3, and 5'-OCOCH3). LRMS (ESI) Calculated: [M-H] C15H17IN2O9 (m/z): 495.00, 

Obtained: [M-H]
-
: 495.01, [2M-H]

-
 : 991.01 

Sonogashira Coupling of TMS-Acetylene onto Iodouridine ring: The reaction was carried out 

as previously reported.
77

 

 

4.4 mL of TMS-Acetylene was added to 10g of 5-Iodouridine in 210 mL anhydrous Et3N and 

70 mL THF together with 1.4 g of [Pd(PPh3)2Cl2] and 390 mg CuI. The mixture was stirred 

for at 45-50 ºC under Argon until TLC (Chloroform/MeOH : 30/1) showed complete 

conversion (3-4 h). The product mixture was filtered and washed with Et3N, and the 

combined filtrate evaporated. The residue was purified by column chromatography (200:1 

DCM: MeOH, then 100:1 DCM:MeOH). IR (νmax, film): 3060, 2959, 2899, 2828, 2329, 2161, 

1984, 1747, 1718, 1698, 1625, 1592, 1534, 1484, 1453, 1438, 1370, 1223, 1179, 1118, 1094, 

1049, 996, 918, 889, 843. 
1
H NMR (400 MHz, CDCl3) δ: 0.22 (s, 9H, TMS), 2.11, 2.13, 2.22 

(3s, 3H 2'-OAc, 3H 3'-OAc and 3H 5'-OAc), 4.34-4.39 (m, 2H, 5'-H), 5.28-5.48 (m, 2H, 2'-H 

and 3'-H), 6.11 (d, J = 4.8 Hz, 1H, 1'-H), 7.77 (s, 1H, 6-H), 8.35 (br s, 3-NH), LRMS (ESI) 

Calculated: [M-H] C20H26SiN2O9 (m/z): 465.14, Obtained: [M-H]
-
: 465.15, [2M-H]

-
 : 931.30 

TBAF deprotection of TMS group: The reaction was carried out as previously reported.
77

 

 

To a stirred solution of 2.02 g of the previous product was added 1.9 mL TBAF (1M in THF) 

at room temperature. TLC was regularly performed to monitor the reaction (DCM:MeOH 

200:1), which was found to be incomplete after 5 hours. A fresh lot of TBAF was added and 

the reaction was continued overnight. The contents were filtered through a pad of silica to 

remove TBAF and the reaction mixture was concentrated in vacuo. The crude product was 

obtained in 90% yield and was used immediately for the next step. 
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IR (νmax, film): 2963, 2878, 2360, 2341, 2112, 1746, 1717, 1646, 1486, 1460, 1439, 1379, 

1344, 1235, 1182, 1119, 1056, 1033, 989, 919, 888, 844. 
1
H NMR (400 MHz, CDCl3) δ: 2.01, 

2.02, 2.09 (3s, 3H 2'-OAc, 3H 3'-OAc and 3H 5'-OAc), 3.19 (s, 1H, CCH), 4.22-4.28 (m, 

2H, 5'-H), 5.22-5.31 (m, 2H, 2'-H and 3'-H), 5.93  (d, J = 4.5 Hz, 1H, 1'-H), 7.7 (s, 1H, 6-H), 

8.55 (br s, 3-NH). 
13

C NMR (400 MHz, CDCl3) δ: 19.5, 20.2, 20.3 (2'-OCOCH3, 3'-OCOCH3, 

and 5'-OCOCH3), 61.1 (5'-C), 77.1, 77.3, 77.4 (3'-C, 2'-C, 4'-C), 98.0 (1'-C). LRMS (ESI) 

Calculated: [M-H] C17H28N2O9 (m/z): 394.10, Obtained: [M-H]
-
: 393.12 

Acetyl deprotection: The reaction was adapted from an existing protocol.
78

 

 

A solution of 2', 3', 5'O-Acetyl-5-ethynyluridine in Methanol was stirred at room temperature 

with 400 mg K2CO3 for 20 h. The mixture was neutralised with DOWEX-50 resin (H
+
 form), 

and the filterate was evaporated. The residue was purified by column chromatography (DCM: 

MeOH 6:1). The product was obtained in 80% yield. 

IR (νmax, film): 3060, 2963, 2936, 2876, 2360, 2342, 2114, 1683, 1625, 1456, 1386, 1351, 

1276, 1104, 1079, 1053, 988, 944, 912, 868. 
1
H NMR (400 MHz, CDCl3) δ: 3.23 (s, 1H, 

CCH), 3.41-3.61 (m, 4H, 2'-OH, 3'-OH, 4'OH, 5'-OH), 3.88-4.28 (m, 3H, 2'-H and 3'-H and 

5'-H), 5.81 (d, J = 4.9 Hz, 1H, 1'-H), 8.58 (s, 1H, 6-H). LRMS (ESI) Calculated: [M-H] 

C11H12N2O6 (m/z): 268.07, Obtained: [M-H]
-
: 267.07, [2M+Na]

+
: 559.60 
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3.12.11: Synthesis of Azidohomoalanine 

Hofmann degradation of N-tert-Butoxycarbonyl-(S)-glutamine was performed as previously 

reported.
79

  

 

N-tert-butoxycarbonyl-(S)-glutamine (5.0 g, 20.3 mmol) was dissolved in THF (48 mL) and 

water (12 mL). The solution was cooled in an ice bath, and (diacetoxyiodo)benzene (7.8 g, 

24.2 mmol) was added. The reaction was monitored by TLC (4:1:1 n-butanol: acetic acid: 

water). After 6 hours, the organic portion was evaporated in vacuo. The aqueous portion was 

diluted with water, and extracted with ethyl acetate (3 x 30 mL). The aqueous portion was 

then partially evaporated, frozen, and lyophilised. The product N-tert-butoxycarbonyl-(S)-2,4-

diaminobutanoic acid was obtained as an orange-yellow solid (3.1 g, 71%). IR (νmax, film): 

3416, 2977, 2931, 1698, 1589, 1561, 1529, 1499, 1439, 1392, 1366, 1252, 1161, 1052, 1029, 

949, 907, 868, 802. 
1
H NMR (400 MHz, D2O) : 3.86 (m, 1H, CH), 2.94 (t, J = 7.8 Hz, 2H, 

NH2CH2), 1.9 (m, 1H, CH2), 1.85 (m, 1H, CH2), 1.31 (s, 9H, C(CH3)3). 
13

C (100 MHz, D2O) 

δ: 28.3 ((CH3)3), 29.9 (Cβ), 39.1 (CH2N3), 57.1 (Cα), 80.9 ((CH3)3CCONH), 157.9 

((CH3)3CCONH), 175.6 (COOH), LRMS (ESI) Calculated: [M-H] C9H18N2O4 (m/z): 218, 

Obtained: [M-H]
–
 : 217.12, [2M-H]

–
 : 435.26, [M+H]

+
: 219.16, Melting pt. = 196 ºC, Lit. 

79
190-191 ºC, [α]

20
D = -8.6º (c = 1.0, H2O), Lit. [51]

 
[α]

20
D = -9.6 (c = 1.0, H2O). 
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Triflyl azide was prepared in situ, and the diazo transfer reaction was adapted from 

literature.
80

 

 

Sodium azide (9.8 g, 150 mmol) was dissolved in a mixture of water (22 mL) and 

dichloromethane (39 mL). The contents were cooled in an ice bath, and triflic anhydride (5.1 

mL) was added via syringe over 5 min. The contents were allowed to stir for 30 min, after 

which the layers were separated. The aqueous layer was extracted using dichloromethane (2 x 

50 mL). The organic fractions were pooled, and washed twice with 5% aq. sodium carbonate 

(30 mL). The triflyl azide containing organic layer was then added to a solution of N-tert-

butoxycarbonyl-(S)-2,4-diaminobutanoic acid (3.1 g, 14.2 mmol) in water (39 mL) and 

methanol (90 mL). To this, potassium carbonate (3.2 g) and copper sulphate pentahydrate 

(38.4 mg) were added. Stirring was continued for 18 h, after which the organic fraction was 

evaporated in vacuo. The aqueous portion was extracted with dichloromethane (2 x 50 mL), 

diluted with water, then acidified to pH 2.0 using 1.0 N hydrochloric acid. The acidified 

aqueous phase was then extracted with dichloromethane (3 x 50 mL). The organic phase was 

then washed with brine (2 x 80 mL), dried with magnesium sulphate, filtered, and evaporated. 

The product was obtained as orange oil (3.2 g, 92%). IR (νmax, film): 3319, 2980, 2935, 2100, 

1690, 1513, 1455, 1399, 1369, 1236, 1189, 1154, 1093, 1057, 1029, 940, 853. 
1
H NMR (400 

MHz, CDCl3) δ: 5.26 (br d, J = 8.8 Hz, 1H, NH), 4.41 (m, 1H, CH), 3.46 (t, J = 6.7 Hz, 2H, 

N3CH2), 2.11 (m, 1H, CH2), 1.98 (m, 1H, CH2), 1.46 (s, 9H, C(CH3)3). 
13

C (100 MHz, D2O) 

δ: 28.2 ((CH3)3), 31.4 (Cβ), 47.8 (CH2N3), 51.3 (Cα), 80.7 ((CH3)3CCONH), 155.7 

((CH3)3CCONH), 175.8 (COOH), LRMS (ESI) Calculated: [M-H] C9H16N4O4 (m/z) : 243, 

Obtained: [M-H]
–
 : 243.08, [2M-H]

–
 : 487.16, [α]

20
D = +16.1º (c = 1.0, CHCl3), Lit.

81
 [α]

20
D = 

+19.0º (c = 1.0, CHCl3). 
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The Boc deprotection reaction was performed as previously reported.
82

 

 

N-tert-butoxycarbonyl-(S)-azidohomoalanine (2.9 g, 11.88 mmol) was dissolved in 10 N HCl 

(30 mL), and the contents stirred at room temperature for 1 hour. The solution was then 

diluted with 170 mL water. 80 g of DOWEX50-WX8 resin was packed into a column, and 

conditioned by washing with 1N aq. ammonia (3 x 80 mL), water (600 mL), 1N HCl (250 

mL), and water again until the eluate was at pH 7.0. The peptide solution was run through the 

column; the flow-through was collected and passed over the resin again. Aha was eluted from 

the column by washing with 500 mL of 1N aq. ammonia, and recovered as an off-white solid 

on evaporation. The compound was recrystallised from acetone/water to yield white crystals 

in 91% yield (1.54 g). IR (νmax, film): 3368, 3036, 2978, 2926, 2103, 1677, 1589, 1489, 1351, 

1333, 1265, 1204, 1101, 854, 771. 
1
H NMR (400 MHz, D2O) δ: 3.99 (t, J = 6.32, 1H, CαH), 

3.48 (T, J = 6.4, 2H, CH2N3), 2.07 (m, 2H, CβH2). 
13

C (100 MHz, D2O) δ: 29.6 (Cβ), 47.6 

(CH2N3), 57.8 (Cα), 171.9 (COOH). LRMS (ESI) Calculated: [M+H] C4H8N4O2 (m/z): 144, 

Obtained: [M+H]
+
: 145.08, [M+HCl-H]

–
 : 179.06, [2M-H]

–
 : 287.11, Melting pt. 180.6 ˚C, 

[α]
20

D = +6.60º (c = 0.50, H2O), Lit.
81

 [α]
20

D = +6.60º (c = 0.50, H2O). 

 

The tris-triazole ligand, triethyl 2,2',2''-(4,4',4''-nitrilotris(methylene)tris(1H-1,2,3- 

triazole-4,1-diyl))triacetate, was prepared following minor modification of reported 

literature.
83

 See Chapter 4 for full details. 
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3.12.12: Aha - EU CuAAC 

The reaction was adapted from an existing protocol.
81

 

27 mg Aha and 50 mg EU were dissolved in 6.2 mL of 50% acetonitrile-water. Separately, 8 

mg of Cu(I)Br was dissolved in 800 µL of acetonitrile. Both solutions were placed in a stream 

of Argon for 20 min. The solutions were then mixed under argon, and 45 µL of Et3N was 

added. The reaction was stirred for 18 hours. The product was isolated via column 

chromatography (4:1 EtOAc: MeOH) in 52% yield. 

IR (νmax, film): 3247, 3066, 2938, 2578, 2116, 1964, 1695, 1592, 1458, 1383, 1261, 1234, 

1191, 1154, 1074, 984, 950, 853. 
1
H NMR (400 MHz, CDCl3) δ: 2.57 (m, 2H, CβH), 3.52-

3.57 (m, 4H, CαH, 2'-OH, 3'-OH, 5'-H), 3.65-3.69 (m, 4H, CγH2-triazole, 5'-OH, 5'-H), 4.22 

(m, 1H, 2'-H), 4.50-4.53 (m, 2H, 3'-H, 4'-H), 4.96 (m, 1H, 1'-H), 6.56 (m, 1H, 1'-H), 7.92 (s, 

1H, Triazole-H), 11.12 (s, 1H, ring-NH), 11.35 (s, 1H, COOH). 
13

C NMR (125 MHz, D2O) δ: 

30.20 (Cβ), 33.71 (Cγ), 58.57 (Cα), 60.26 (5'C), 69.35 (3'C), 73.96 (2'C), 84.14 (4'C), 98.41 

(1'C), 102.22 (C5, Uridine), 141.79 (C5, Triazole), 145.4 (C4, Triazole), 150.65 (C4, Uridine) 

151. 65 (C2, Uridine), 166.23 (C4 Uridine), 177.37 (COOH). LRMS (ESI) Calculated: [M] 

C15H20N6O8 (m/z): 412.35, Obtained: [M+1]
+
: 413.29 

 

3.12.13: Synthesis of 
13

C2-EU  
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TMS-Acetylene-
13

C2 (100 μL, 0.756 mmol) was added to O-acetyl-5-iodouridine (225 mg, 

0.452 mmol) in 4.5 mL dry Et3N and 2 mL dry THF together with [Pd(PPh3)2Cl2] (31.6 mg, 

0.044 mmol) and CuI (8.8 mg, 0.044 mmol). The mixture was stirred at 45-50 ºC under 

Argon for 4 h, and monitored by TLC (30:1 :: DCM:MeOH) The product mixture was filtered 

and the residue washed thrice with Et3N, and the combined filtrate evaporated. The residue 

was passed through a silica column (200:1 DCM: MeOH, then 100:1 DCM:MeOH). The 

product was obtained as a thick brown oil (210 mg, 98%). LRMS (ESI) Calculated [M] 

C18
13

C2H26N2O9Si (m/z): 468.14, Obtained: [M+Na]
+
: 491.13, [2M+Na]

+
: 959.29, [M-H]

-
: 

467.14, [2M-H]
-
: 935.27. HRMS (ESI) Calculated [M+Na] C18

13
C2H26N2NaO9Si (m/z): 

491.1367, Obtained [M+Na]
+
: 491.1365.  

1
H NMR (400 MHz, CDCl3) δ: δ: 0.22 (s, 9H, 

TMS), 2.11, 2.13, 2.22 (3s, 3H 2'-OAc, 3H 3'- OAc and 3H 5'-OAc), 4.34-4.39 (m, 2H, 5'-H), 

5.28-5.48 (m, 2H, 2'-H and 3'-H), 6.11 (d, J = 4.8 Hz, 1H, 1'-H), 7.77 (s, 1H, 6-H), 8.35 (br s, 

3-NH), 
13

C NMR (400 MHz, CDCl3) δ: -0.20 ((CH3)3-Si), 20.38, 20.49, 20.93 (2'-OCOCH3, 

3'-OCOCH3, and 5'-OCOCH3), 70.06 (3'-C), 73.17 (2'-C), 87.11 (4'-C), 90.59 (1'-C),  94.74 

(
13

C-Uridine, JC-C = 140.7 Hz), 100.21 (TMS-
13

C, JC-C = 140.7 Hz), 138.07 (C6), 149.05 (C2), 

160.58 (C4), 169.63 (2'-OCOCH3, 3'-OCOCH3, and 5'-OCOCH3), IR (νmax, film): 3084.45, 

2963.12, 1745.21, 1723.13, 1544.87, 1496.98, 1453.36, 1369.87, 1219.58, 1158.79, 1046.82, 

912.86, 884.73, 844.83, 757.05 

 

 

A solution of 2', 3', 5'O-Acetyl-5-TMS-ethynyluridine (100mg, 0.21 mmol) in Methanol (9 

mL) was stirred at room temperature with K2CO3 (120 mg, 0.8 mmol) for 20 h. The mixture 

was neutralised with DOWEX-50 resin (H
+
 form), and the filterate was evaporated. The 

residue was purified by column chromatography (DCM: MeOH 6:1). The product was 

obtained as a pale yellow solid (49 mg, 85%).
1
H NMR (400 MHz, CDCl3) δ: 3.23 (s, 1H, 

C≡CH), 3.41-3.61 (m, 4H, 2'-OH, 3'-OH, 4'OH, 5'-OH), 3.88-4.28 (m, 3H, 2'-H and 3'-H and 

5'-H), 5.81 (d, J = 4.9 Hz, 1H, 1'-H), 8.58 (s, 1H, 6-H), 
13

C NMR (400 MHz, CDCl3) δ: 68.19 
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(3'-C), 69.26 (2'-C), 60.60 (5'-C), 83.40 (4'-C), 90.14 (1'-C), 74.48 (
13

C-H, JC-C = 179.3 Hz), 

83.46 (
13

C-Uridine, JC-C = 179.3 Hz), 130.11 (C6), LRMS (ESI) Calculated: [M] 

C9
13

C2H12N2O6 (m/z): 270.07, Obtained: [M+Na]
+
: 293.06,  [2M+Na]

+
: 563.14, [M-H]

-
: 

269.06, [2M-H]
-
: 539.13. HRMS (ESI) Calculated: [M-H]

-
 C9

13
C2H11N2O6 (m/z): 269.0690, 

Obtained [M-H]
-
: 269.0695, IR (νmax, film): 3004.01, 2970.31, 2510.09, 1738.39, 1552.70, 

1426.47, 1366.07, 1228.89, 1216.77, 1110.11, 701.90, 655.46 

 

3.12.14: Synthesis of 
15

N-Aha 

The 15N labelled Aha synthesis was carried out as in section 3.12.11, with the diazo transfer 

step being carried out as below: 

 

15
N-labelled Sodium Azide (500 mg, 7.57 mmol) was dissolved in a mixture of water (1.1 

mL) and dichloromethane (2 mL). The contents were cooled in an ice bath, and Triflic 

anhydride (260 μL) was added via syringe over 5 minutes. The contents were allowed to stir 

for 30 min, after which the layers were separated. The aqueous layer was extracted using 

dichloromethane. The organic fractions were pooled, and washed twice with 5% aq. sodium 

carbonate. The triflyl azide containing organic layer was then added to a solution of N-tert-

Butoxycarbonyl-(S)-2,4-diaminobutanoic acid (218 mg, 1 mmol) in water (2 mL) and 

Methanol (5 mL). To this, potassium carbonate (260 mg) and copper sulphate pentahydrate (3 

mg) were added. Stirring was continued for 18 h, after which the organic fraction was 

evaporated in vacuo. The aqueous portion was extracted with dichloromethane (2 x 5 mL), 

diluted with water, and then acidified to pH 2.0 using 1.0 N hydrochloric acid. The acidified 

aqueous phase was then extracted with dichloromethane (3 x 20 mL). The organic phase was 

then washed with brine, dried with Magnesium sulphate, filtered, and evaporated. The 

product was obtained as orange oil, which was found to contain the desired product and the 

unlabelled product in equal amounts (190 mg, 78%). 1H NMR (400 MHz, CDCl3) δ: 5.26 (br 

d, J = 8.8 Hz, 1H, NH), 4.41 (m, 1H, CH), 3.46 (t, J = 6.7 Hz, 2H, N3CH2), 2.11 (m, 1H, 
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CH2), 1.98 (m, 1H, CH2), 1.46 (s, 9H, C(CH3)3).Calculated: [M-H] C9H16N4O4 (m/z) : 244 

labelled, 243 unlabelled, Obtained: HRMS [M-H]- : 244.1071 and 243.1093 

 

3.12.15: CuAAC on Aha-labelled Haemagglutinin peptide 

5 mg of Haemagglutinin peptide and 1 mg EU were dissolved in 160 μL of 50% acetonitrile-

water. Separately, 1 mg of Cu(I)Br was dissolved in 100 μL of acetonitrile. Both solutions 

were placed in a stream of Argon for 20 min. 12.3 μL of the copper solution was added to the 

former and mixed under argon. 2 μL of Et3N was added, and the reaction was stirred for 18 

hours at room temperature. Progress of the reaction was monitored by ESI-mass 

spectrometry. The final product was obtained by HPLC purification of the reaction mixture. 

LRMS (ESI) Calculated: C77H101N19O27 (m/z): 1723.71, Obtained: [M+H]
+
:1724.65, [M-H]

-
: 

1722.59, [M-2H]
2-

: 860.79, HRMS (ESI) Calculated (m/z): C77H101N19O27Na: 1746.7007, 

Obtained: 1746.7026 

SPPS Synthesiser parameters: 

Sequence of incorporated haemagglutinin peptide: H2N-TGA-Aha-YPYDVPDYA-CONH2 

The peptide was synthesised on a Rink amide MBHA resin with  0.2 mmol/g loading, on a 

0.25 mmol scale. The coupling reaction was carried out with HBTU/HOBt (15 min). All 

deprotection steps were carried out with 20% piperidine in DMF. 

  

Protocol for manual cleavage: 

Cleavage mixture used: 95:2.5:2.5 :: TFA : TIS : Water 

Volume of cleavage mixture (in mL) = 10x mass of resin (in g). 
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1. The resin was filtered and washed with DMF (3 x 10 mL), followed by DCM (3 x 10 

mL), then methanol (3 x 10 mL).  

2. The resin was dried for 1 hour in a stream of Argon, then stirred with 12.5 mL of the 

cleavage mixture (11.8 mL TFA, 313 μL TIS. 313 μL water) for 3 hours. 

3. The resin was filtered and washed with TFA. The filterate was evaporated in vacuo to 

1/3 original volume (~ 4 mL). 

4. A 10-fold excess of ice-cold diethyl ether was added to this solution, causing the 

peptide to precipitate. The suspension was left at 4 ˚C overnight to allow for complete 

precipitation. 

5. The peptide was spun down at 3750 RPM at 4 ˚C for 5 min, and the ethereal layer was 

decanted off. The pellet was washed twice more with ice cold diethyl ether, followed 

by spinning down. 

6. The pellet was redissolved in a minimum amount of water, snap-frozen in liq. 

Nitrogen, and lyophilised to yield the peptide as a white fluffy powder. 

 

Protocol for reverse-phase purification of Aha-haemagglutinin-peptide: 

Columns used:  Hydro R.P. Synergi 4μ 80A (analytical)   flow rate 1mL/min 

   Hydro R.P. Synergi 4μ 80A (prep)  flow rate 10 mL/min 

Buffers used:  Buffer A: 0.1% HCOOH in MilliQ water 

  Buffer B: 0.1% HCOOH in CH3CN 

Gradient used: Start at 5% B   from 0 to 5 min  

  5% to 100%B    from 5 to 45 min 

  Equilibration at 5% B  from 45 to 50 min 

All buffers were filtered and purged of air before use. The crude peptide was dissolved in 

water and injected into the column (20 μL for analytical, 200 μL for prep). The column eluate 

was analysed using a UV detector at 220 and 280 nm. Peaks were collected manually, and 
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analysed by ESI mass spectrometry between runs. Fractions containing the peptide of interest 

were pooled, frozen in liq. Nitrogen and lyophilised to yield the pure peptide as a white fluffy 

powder. 
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 Chapter 4 

Quantitative Non-Canonical Amino acid Tagging  

 

4.1: Introduction 

The understanding of cell behaviour at a systems level is restricted by limited knowledge of 

proteome dynamics. Changes in the expression of proteins shows only modest correlation 

with transcription of their corresponding  mRNAs,
1,2

 with the a high correlation observed 

only for components of ribosomes, cell adhesion complexes and chaperonins involved in 

protein folding.
3
 This suggests that the abundance of cellular proteins may be predominantly 

controlled only at the translation level,
4
 and that knowledge of transcriptome dynamics alone 

is insufficient to understand cell behaviour. In this chapter, the development of a UAA-based 

proteomics method will be described, which may be applied to elucidate and quantify 

stimulus-induced changes in the global population of cell proteins (i.e., the cell proteome). 

The work was carried out in collaboration with Dr. Andrew J. M. Howden, Dr. Vincent 

Geoghegan, Dr. Kristin Katsch, Dr. Georgius Efstathiou, Prof. Oreste Acuto and Dr. Omar 

Boutureira. All UAA-based labelling and method development was carried out by BB, 

AJMH, VG, KK, GE and OB. Radioactive labelling experiments were carried out by KK and 

GE with Dr. Benedikt Kessler. MS analysis was done by AJMH, VG, KK and GE with Dr. 

Ben Thomas. Flow cytometry analysis was done by KK. 

 

4.2: Stable Isotope Labelling by Amino acids in Cell culture 

Stable Isotope Labelling by Amino acids in Cell culture (SILAC) based  mass spectrometry 

allows for the quantification of steady-state proteome changes.
5
  The technique involves the 

complete replacement of all endogenous amino acids in cells with heavier stable-isotope (i.e., 

non-radioactive) 
2
H, 

13
C and/or 

15
N labelled amino acids, supplemented in cell culture media. 

This may be done over ~5 population doublings of cells grown in 'heavy' media.
6
 A control 

cell population is also used, where the same cell line is grown for the same amount of time in 

normal media. The cells are then mixed in a 1:1 ratio by number, lysed, digested to form 

shoter peptides, and analysed by MS. For every peptide arising from the control cell sample 

that is detected by MS, a corresponding partner arising from the heavy-AA labelled extract, 
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shifted in mass corresponding to the amount of stable isotope labelled AAs it contained, 

thereby forming corresponding peak pairs in the MS. As isotope labelling does not alter the 

chemical properties of the labelled peptides so formed, the ratio of the peak pair areas then 

directly correspond to the relative level of expression of the same protein in the two cell 

samples. If the populations were in identical cell states, then the ratio for all peak pairs would 

be ~ 1:1. However, if the two populations consisted of different cell lines, or cells in different 

states, then the ratio of peak pair areas would then be indicative of the ratio of the expression 

of those proteins in the two populations (Fig. 4.1).  

 

 

Fig. 4.1: SILAC work-flow 
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SILAC has been successfully applied to several cell systems such as prostate cancer cell lines 

of different metastatic potentials,
7,8

 muscle cells in various states of differentiation,
9
 and 

pancreatic-cancer-derived cells v/s non-tumorous pancreatic cells.
10

 However, for monitoring 

non-steady state changes in cell proteomes (e.g. in response to external stimuli), SILAC 

cannot be easily applied, especially for ex vivo primary cells.
11

 The five population doublings 

required to uniformly label cells with stable-isotope labelled AAs abolishes the possibility of 

monitoring proteome changes at lower time scales. Alternatively, shorter SILAC pulses of a 

few hours label only a small fraction of a protein pool,
12

 thereby 'contaminating' the signal 

from incompletely labelled cells with that from pre-existing unlabelled proteins. The selective 

isolation of the fraction of stable-isotope labelled proteins would help to overcome the above 

limitations.  

 

4.3: Bioorthogonal Non-Canonical Amino acid Tagging 

Bioorthogonal Non-Canonical Amino acid Tagging (BONCAT) is a technique for the 

identification of newly synthesised proteins. The technique utilises the promiscuity of the 

amino acid incorporation machinery of cells to label newly synthesised proteins with 

unnatural amino acids bearing biologically stable but chemically reactive functional groups.
13

 

These labels may then be used for the site-selective modification of newly synthesized 

proteins, such as via the Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC), for L-

azidohomoalanine (Aha, 1.3) labelled cells.
13-15

 After cell lysis, the Aha-azide may be 

functionalised with alkyne-linked biotinylated tag by CuAAC, allowing for the selective 

enrichment of the tagged protein pool using a biotin-affinity pull-down, thus purifying it from 

the bulk of the pre-existing non-labelled cellular proteome (Fig. 4.2). BONCAT has been 

used for mass spectrometry–based nonquantitative monitoring of newly synthesized proteins 

in cultured mammalian cells.
15
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Fig. 4.2: BONCAT work-flow 

 

However, the efficiencies and rates of bioconjugation reactions like CuAAC are site-

dependent and protein-dependent, and may vary from protein to protein.
16,17

 Moreover, 

monitoring comparative protein changes by BONCAT alone using stable isotope label-free 

MS would have low accuracy, as protein signals in the MS cannot be assigned to one or the 

other cell population being analysed. 

 

 

4.4: Quantitative Non-Canonical Amino Acid Tagging Work-flow 

The strengths of these two techniques were combined in order to both label and purify newly 

expressed protein in response to a stimulus (BONCAT) as well as quantitatively compare it 

with unstimulated cells using stable isotope MS contrast forming agents (SILAC), in a 

technique named Quantitative Non-Canonical Amino acid Tagging (QuaNCAT). This 

technique was applied to both Jurkat T-cells, an immortalised leukemic human T-cell line,
18

 

as well as freshly isolated human CD4 positive (CD4
+
) primary T-cells, to determine 

proteome changes in response to T-cell stimulation. Cells were co-labelled with L-

azidohomoalanine (Aha), and either 'heavy' [
13

C6,
15

N4] L-Arg and [
13

C6,
15

N2] L-Lys for 

stimulated cells or with 'medium' [
13

C6] L-Arg and [
2
H4] L-Lys for non-stimulated cells (Fig. 

4.3). This labelling strategy allowed for distinction by MS of stimulation-induced (heavy 

isotope–labelled) from steady-state (medium isotope–labelled) synthesized proteins, as well 
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as allowing for the enrichment and distinction of the newly synthesised protein pool from the 

pre-existing 'light' amino acid labelled proteome. Equal cell numbers from stimulated and 

unstimulated populations were mixed, lysed, and the newly expressed proteins labelled by 

CuAAC with a cleavable alkyne-functionalised biotin. This was followed by biotin-affinity 

pull-down, stringent washes, and analysis of the digested eluate by MS. 

 

 

Fig. 4.3: QuaNCAT work-flow 
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To simulate antigenic stimulation, cells were treated with phorbol 12-myristate 13-acetate 

(PMA)
19,20

 and ionomycin (iono).
21

 These drugs closely mimic cellular activation by antigen 

and CD28 'co-stimuli', thereby eliciting proliferation and differentiation. 

 

 

4.5: Metabolic impact of Azidohomoalanine 

Aha has been reported to be non-toxic to mammalian cells for up to 2 h at a concentration of 

4 mM.
13

 Furthermore, Aha incorporation has been demonstrated to not alter protein structure 

and function.
22-25

 Nevertheless, effects on T-cells incubated in media containing up to 4 mM 

Aha, and for up to 4h, were investigated. 

 

Jurkat T-cells were incubated in RPMI media depleted of L-methionine (Met) and L-cysteine 

(Cys) for 1 h, then incubated in Met- and Cys-free RPMI supplemented with either 0.1 mM 

Met, 1 mM or 4 mM Aha. 10 nM (10 μCi/mL) 
35

S-Cys + 5 μM L-Cys were then added to 

both cultures. After a pulse of 2 and 4 h, samples were harvested and lysed. Soluble proteins 

were precipitated with 5% trichloroacetic acid, spotted on filter paper and air-dried. Spots 

were excised and radioactivity measured with a scintillation counter (Fig. 4.4). 

 

Fig. 4.4: Mean counts per minute from JurkaT-cell lysates incubated with 
35

S and either 0.1 mM Met, 

1 mM Aha or 4 mM Aha for 2 or 4 hours. (*) P < 0.05, n = 3 

 

Statistical analysis (one-way analysis of variance (ANOVA) followed by Bonferroni's 

multiple comparison test) revealed a significant decrease in global protein synthesis in Jurkat 

cells compared to Met-incubated cells, after 4 h of incubation with 4 mM Aha. This suggests 

that Aha, at a concentration of 4 mM, has a time-dependent effect on protein biosynthesis 
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compared to Aha at 1 mM. Therefore a concentration of 1 mM was used to investigate the 

effect of Aha labelling on global protein degradation in a 
35

 S-Cysteine pulse-chase 

experiment in Jurkat cells. Jurkat T-cells were incubated in RPMI media depleted of L-

methionine (Met) and L-cysteine (Cys) for 1 h, then incubated in Met- and Cys-free RPMI 

supplemented with either 0.1 mM Met or 1 mM Aha. 32.4 nM (30 μCi/mL) 
35

S-Cys + 16.2 

μM L-Cys were then added to both cultures. After a 15 minute pulse, media was replaced 

with fresh RPMI media supplemented with either Met (0.1 mM) or Aha (1 mM) without 

radioactive Cys. After 0, 1, 2, and 4 h, cells were harvested and lysed. Soluble protein extracts 

were prepared as described above, and radioactivity measured with a scintillation counter 

(Fig. 4.5). 

 

 

Fig. 4.5: Mean counts per minute from Jurkat T-cell extracts for a 
35

S-Cys pulse-chase experiment co-

labelled with either 0.1 mM Met or 1 mM Aha, after 0, 1, 2 and 4 h. (*) P < 0.05, n = 3 

 

Statistical analysis (unpaired t-test) revealed significant changes in protein degradation for  

Aha-treated relative to Met-treated cells only after 4 h.  

 

Next, the effect of Aha on cell morphology and viability in non-stimulated and stimulated 

primary human T-lymphocytes was studied. Human primary CD4+ T-lymphocytes were 

incubated in Met-, Arg- and Lys-free RPMI for 1 h, followed by incubation for 2 h  

or 4 h in RPMI supplemented with 'heavy' [
13

C6,
15

N4] L-Arg and [
13

C6,
15

N2] L-Lys and 1 mM 

of Aha or Met. Cells pulsed with ‘heavy’ Arg and Lys but without (w/o) Met were used as 
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controls. In addition, cells were either left non-stimulated or stimulated with 62.5 ng/mL 

PMA and 1 μg/ml iono. Cell morphology was assessed by flow cytometry, and FSC/SSC  

dot plots (cell size/cell granularity) were used to determine cell viability (Fig. 4.6).  

 

 

Fig. 4.6: a) Representative FSC/SSC dot plots after a 4 h pulse with 1 mM Met or Aha plus  

PMA/Ionomycin stimulation. b) Mean percentage of live cells from six independent blood donors 

after 2 h and c) 4 h, normalized to cells untreated with Met. (n=6) 

 

Quantification of apoptotic cells was also carried out by flow cytometry by monitoring cell 

surface expression of phosphatidylserine by Annexin V (data not shown). Statistical analysis  

revealed no significant changes between all conditions tested. Labelling human primary T-

cells with 1 mM Aha up to 4 h did not affect T-cell viability.  
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4.6: Application of QuaNCAT to primary T-cells 

Human CD4
+
 T-cells were incubated for 60 min in Met-, Arg-, and Lys- free RPMI, followed 

by incubation for either 2 or 4 h in the same media supplemented with 1 mM Aha and either 

'heavy' [
13

C6,
15

N4] L-Arg and [
13

C6,
15

N2] L-Lys or with 'medium' [
13

C6]L-Arg and [
2
H4] L-

Lys for nonstimulated cells. Cells incubated in heavy-AA containing media were also 

supplemented with 62.5 ng/mL PMA and 1 μg/ml iono to induce stimulation. Non-stimulated 

and stimulated cells were mixed in a 1:1 ratio, and lysed in SDS, followed by reduction and 

alkylation of the soluble proteins. CuAAC was then carried out with alkyne-functionalised 

biotin with a cleavable disulfide linker (Fig. 4.7).
26

 

 

Fig. 4.7: Alkyne-functionalised biotin with a cleavable disulfide linker 

 

 

A non-reductive CuAAC protocol was used,
16

 with Cu(I)Br and the tris-triazolyl compound 

triethyl 2,2',2''-(4,4',4''-nitrilotris(methylene)tris(1H-1,2,3-triazole-4,1-diyl))triacetate (4.2) 

used as a ligand to stabilise Cu(I) in aqueous media (Fig.4.8). 

 

 

Fig. 4.8: Tris-triazolyl ligand for stabilisation of Cu(I) during CuAAC 
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Excess alkyne tag was removed using a size exclusion spin column, and immunoblotting 

against biotin confirmed effective biotin labelling of Aha-containing proteins (Fig. 4.9). 

 

 

Fig. 4.9: Anti-biotin dot blots for spin-desalted cell lysates from Met-incorporated cells (control) and 

Aha-labelled cells 

 

Biotin-tagged proteins were bound to NeutrAvidin
27

-immobilized beads, and non-specifically 

bound proteins thoroughly washed out. Biotin-tagged proteins were eluted from NeutrAvidin 

with DTT (Fig. 4.3), thereby substantially reducing the mass spectrometry signal from 

contaminating unlabelled ('light') proteins. Eluted proteins were digested by trypsin, and 

analysed by nanoLC-MS/MS. Simultaneous Aha and stable isotope labeling with arginine and 

lysine, followed by biotin tagging, allowed for strong enrichment and quantification of newly 

synthesized proteins to determine stimuli-induced changes in their abundance. Peak 

intensities of 'medium' and 'heavy' peptide pairs were quantified using both Proteome 

Discoverer 1.3 (Thermo Scientific) and MaxQuant Ver 1.3.0.5 software
28

.   

 

4.6.1: Statistical analysis of MS data 

Each experiment was carried out in triplicate, and each replicate was analysed by nanoLC-

MS/MS thrice in order to determine the reproducibility of the QuaNCAT technique. The 

ratios of peak intensites for corresponding peptide pairs (i.e., ratio of the peak intensity of a 

'heavy' peptide from stimulated cells to the peak intensity of the corresponding 'medium' 

peptide from non-stimulated cells) were converted to log2(Heavy/Medium) values, and each 

of the nine resultant data sets (3 replicates x 3 nanoLC-MS/MS runs) were compared with 

each other, and the Pearson linear correlation coefficients calculated.  

 

Statistical data is shown in Fig. 4.10, with log2(H/M) ratios for all identified proteins from 

one data set plotted against log2(H/M) ratios from the remaining 8 data sets, with linear 
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regression lines shown in red. Histograms of protein log2(H/M) ratios for each run are plotted 

across the matrix diagonal. Global average Pearson correlation coefficients were determined 

to be 0.71 (0.64-0.79) and 0.75 (0.65-0.86) for 2 h and 4 h stimulation, respectively, 

indicating good reproducibility of the QuaNCAT technique.  

 

 

Figure 4.10. Reproducibility of protein log2(H/M) ratios between nanoLC-MS/MS runs for all 

replicates. Scatter-plots of protein log2(H/M) ratios for nanoLC-MS/MS run pairs and corresponding 

Pearson correlation coefficients for 2 and 4 h treatments.  
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Of the 410 quantified proteins after a 2h stimulation, consistently ~95% were observed in 

each replicate. Of the 550 quantified proteins after a 4h stimulation, ~89% were seen in each 

replicate, further indicating good reproducibility of QuaNCAT (Fig. 4.11). 

 

 

Fig. 4.11: Venn diagrams showing the overlap in number (top) and percentage (bottom) of quantified 

proteins,, between replicates from 2h-stimulated T-cells and 4h-stimulated  T-cells. 

 

The 410 and 550 quantified proteins after 2h and 4h of stimulation were then ordered by their 

respective log2(H/M) values, which were analyzed using the Linear Models for Microarray 

data (LIMMA) Ver. 3.14.1 statistical package. This served to provide fold changes in 

expression of proteins between stimulated and non-stimulated cells, with associated P values 

for differential expression of each protein (Fig. 4.12).  
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Fig. 4.12: (a) log2 (H/M) value-ordered plots for each quantified protein at 2 h and 4 h ± 1 standard 

deviation. Data for differentially expressed proteins (P < 0.05) is coloured orange. The top five up-

regulated proteins after 2h and 4h of stimulation are indicated. (b) Volcano plots of log2 H/M versus 

−log10 P value for each quantified protein (threshold for P < 0.05 is indicated). Data for differentially 

expressed proteins (P < 0.05) is coloured orange. 

 

To validate the quantification of differentially expressed proteins (P < 0.05), mass spectra 

were manually examined. After stimulation, 107 differentially expressed proteins were 

identified, 93 of which exhibited an increase after stimulation of T-cells (Appendix I and Fig. 

4.12). 56 proteins were differentially expressed after 2h of stimulation, 33 of which (~60%) 

were still differentially expressed after 4h of stimulation (Appendix I). Of the 107 proteins, 50 

were seen to be differentially expressed only after 4 h of stimulation. Fold increases ranged 

from 1.6-fold to 589-fold, with 72 of 141 measured changes being ≥ 5-fold. Some of the 

largest fold changes likely represent examples of de novo protein expression.  
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4.7: Results 

Gene ontology analysis of function of differentially expressed proteins was carried out using 

Protein Center (Fig. 4.13).
29

 Analysis revealed that many of these proteins are involved in 

regulation of transcription, including pre- and post-transcriptional processes. This is 

consistent with transcriptome studies of activated human T-cells,
30

 which have revealed that 

T-cells, which are weakly metabolically active in G0 phase of the cell cycle, proliferate and 

differentiate into immune response effectors.  

 

 

Fig. 4.13: Function of differentially expressed proteins. Differentially expressed proteins at 2 and 4 h 

of stimulation were uploaded to Protein Center and annotated according to Gene Ontology terms.  
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QuaNCAT revealed substantial increases (5-fold to 500-fold) in expression of several genes, 

many of which encode transcription factors and transcriptional regulators (such as Fos, Jun, 

NR4A, IRF and EGR family members, c-Rel, FOXp1 and a lysine-specific demethylase). 

Other identified proteins included cytokines (INFγ and CSF2) and activation surface markers 

(CD69, CD97 and HLA), protein chaperones, and proteins involved in cytoskeleton dynamics 

and vesicle transport. Of note was the detection of increased expression (2- to 20-fold) of 

several proteins that regulate mRNA metabolism, translation and the cell cycle. Some 

proteins were not annotated and/or not previously detected during T-cell activation, which 

serves to stimulate research into unravelling their role in T-cell proliferation and 

differentiation.  

 

QuaNCAT data also revealed decreased expression of several proteins, perhaps caused by 

decreased transcription, translation, or accelerated protein degradation in response to T-cell 

stimulation. Important to note is that both alterations in protein translation as well as protein 

degradation would escape transcriptome analysis, but their resultant impact on final protein 

expression levels can be detected by QuaNCAT. An interaction network of proteins 

differentially expressed at 2 h and 4 h was constructed in MetaCore and visualized using 

Cytoscape. This network illustrates that more than half of the detected proteins are interlinked 

by functional and biochemical networks (Fig. 4.14).  
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Fig. 4.14: Interaction network of differentially expressed proteins in stimulated T-cells. TR, 

transcriptional regulation; B, binding; and GR, group relation. Each coloured circle represents a 

differentially expressed protein detected by QuaNCAT. Each protein is coloured red or blue, 

indicating up-regulation or down-regulation, respectively (see colour bar). Red arrows indicate that the 

origin protein positively regulates the destination protein, blue lines indicate that the origin protein 

negatively regulates the destination protein, and black lines indicate unspecified interaction. 

 

Changes in expression for each quantified protein after 2 h and 4 h stimulation and standard 

deviation, obtained from three independent experimental replicates (and three mass 

spectrometry analyses for each one) is provided in Appendix I. 
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4.8: Conclusion and Discussion 

In this chapter, the development of a new proteomics method named Quantitative Non-

Canonical Amino acid Tagging (QuaNCAT) was described. This technique may be applied to 

quantify proteomic changes in cells in response to external stimuli. A simultaneous labelling 

strategy was used to overcome problems in two existing proteomics methods, SILAC and 

BONCAT. Labelling with stable isotope - Lys and Arg allowed for the comparison of two 

different cell populations, while labelling with Aha allowed for the selective enrichment of 

newly expressed proteins through CuAAC-mediated biotinylation. The use of both 'medium' 

and 'heavy' Lys and Arg further overcame potential confounding effects in quantification 

owing to persistent signals from 'light' peptides, likely derived from contaminating untagged 

pre-existing proteins. 

 

After affinity purification, 'heavy'- and 'medium'-labelled proteins typically comprised 10–

20% of the identified proteins (data not shown), which is a substantial enrichment as < 1% of 

the total cellular proteome was labelled after a 2-h pulse. The ability to quantify relative 

differences in abundance of several cellular proteins demonstrates the utility of QuaNCAT, 

and this approach may generally be applicable to both shorter and longer labelling times. 

Furthermore, QuaNCAT may be applied to cells using identical labelling times as reported 

here, but only commencing several hours after stimulation. This would enable the monitoring 

of late stage proteome changes without necessarily increasing Aha labelling times, as 

depletion of cellular methionine would eventually adversely affect cellular methylation of 

proteins and nucleic acids.
31,32

 The QuaNCAT method is also generally applicable to several 

cell lines, and also allows for the use of alternative metabolic labels and corresponding 

functionalisation chemistries. A combination of SILAC and BONCAT was also reported to 

quantitatively analyze the cellular secretome.
33

 QuaNCAT allows for the analysis of protein 

changes in the entire cellular proteome, and provides a complement to the analysis of 

transcriptome dynamics.  
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4.9: Methods 

4.9.1: General Consideration 

Proton nuclear magnetic resonance (
1
H NMR) spectra were recorded on a Bruker AV400 

(400 MHz) or a Bruker AVII500 (500 MHz) spectrometer, as indicated. Carbon nuclear 

magnetic resonance (
13

C NMR) spectra were recorded on a Bruker AV400 (100 MHz) 

spectrometer or on a Bruker AVII500 (125 MHz) spectrometer, as indicated. All chemical 

shifts are quoted on the  scale in ppm using residual solvent as the internal standard. 

Coupling constants (J) are reported in Hertz (Hz) with the following splitting abbreviations: s 

= singlet, d = doublet, t = triplet, q = quartet, quin = quintet, and a = apparent.  

Infrared (IR) spectra were recorded on a Bruker Tensor 27 Fourier Transform 

spectrophotometer using thin films. Absorption maxima (υmax) are reported in wavenumbers 

(cm
-1

). Low resolution mass spectra (LRMS) were recorded on a Waters Micromass LCT 

Premier TOF spectrometer using electrospray ionization (ESI) and high resolution mass 

spectra (HRMS) were recorded on a Bruker MicroTOF ESI mass spectrometer. Nominal and 

exact m/z values are reported in Daltons.  

Thin layer chromatography (TLC) was carried out using Merck aluminium backed sheets 

coated with 60F254 silica gel. Visualization of the silica plates was achieved using a UV lamp 

(λmax = 254 nm), and/or potassium permanganate (5% KMnO4 in 1M NaOH with 5% 

potassium carbonate). Flash column chromatography was carried out using BDH PROLAB
®

 

40-63 mm silica gel (VWR). Mobile phases are reported in % volume of more polar solvent 

in less polar solvent for binary systems (e.g. 20% EtOAc in petrol = 1:4 ethyl acetate:petrol) 

and in relative composition for ternary systems (e.g. 1:2:4 H2O:
i
PrOH:EtOAc) 

The anhydrous methanol used was purchased from Sigma. All other solvents were used as 

supplied (Analytical or HPLC grade), without prior purification. Distilled water was used for 

chemical reactions and Milli-Q
®
 purified water for protein manipulations. ‘Petrol’ refers to 

the fraction of light petroleum ether boiling in the range 40-60 ºC. All reactions using 

anhydrous conditions were performed using flame-dried apparatus under an atmosphere of 

argon or nitrogen. Brine refers to a saturated solution of sodium chloride. Anhydrous 

magnesium sulfate (MgSO4) or sodium sulfate (Na2SO4) was used as drying agents after 

reaction workup, as indicated. DOWEX 50WX8 (H
+ 

form) was conditioned as follows:  

100 g of the commercial resin was placed in a 500 mL sintered filter funnel and allowed to 

swell with 200 mL of acetone for 5 minutes. The solvent was removed by suction and the 

resin was washed successively with 800 mL of acetone, 500 mL methanol, 500 mL 5 M HCl, 
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and then 1 L of water or until the pH of filtrate was ~ 7, as indicated by pH paper. The resin 

was partially dried on the filter and then stored and used as needed 

 

4.9.2: Synthesis of Azidohomoalanine 

See Chapter 3, Section 3.12.11 

 

4.9.3: Synthesis of tris-triazole ligand 4.2 

The tris-triazole ligand, triethyl 2,2',2''-(4,4',4''-nitrilotris(methylene)tris(1H-1,2,3- 

triazole-4,1-diyl))triacetate, was prepared following minor modification of reported 

literature.
34

 

Sodium azide (2.31 g, 35.5 mmol) was suspended in 5 mL dimethylformamide, to which 

ethylchloroacetate (3 mL, 28.0 mmol) was added dropwise at room temperature, and stirred 

for 24 hours. The solution was then diluted with diethyl ether (150 mL) and washed with 

water (3x 30 mL). The organic layer was then dried with sodium sulfate, filtered, and 

concentrated to 10 mL. This was then added to a solution of containing tripropargylamine 

(0.65 g, 3.8 mmol) in acetonitrile (5 mL), flushed with argon. The solution was cooled in an 

ice bath, and 2, 6-Lutidine (0.6 mL) and copper (I) iodide (20 mg) were added under a stream 

of argon. After 1 hour, the ice bath was removed, and stirring was continued for 2 days under 

argon. The solvent was then evaporated, and the residue purified by column chromatography 

(1:10 methanol: ethyl acetate) to give the product as a white solid (1.95 g, 98.7 %). IR (νmax, 

film): 3141, 2985, 2947, 2906, 2830, 1745, 1559, 1465, 1450, 1413, 1398, 1379, 1351, 1329, 

1309, 1261, 1222, 1181, 1143, 1128, 1107, 1080, 1047, 1024, 971, 947, 931, 879, 839, 805. 

1
H NMR (D2O, 400 MHz) δ: 7.94 (s, 3H, triazole), 5.17 (s, 6H, CH2COOEt), 4.26 (q, 6H, J = 

7.17 Hz, COOCH2CH3), 3.87 (s, 6H, NCH2-triazole), 1.29 (t, 9H, J = 7.17 Hz, COOCH2CH3). 



183 

 

LRMS (ESI) Calculated: [M+H] C21H32N10O6 (m/z) : 519.2, Obtained: [M+Na]
+
: 541.2, 

Melting pt. 106.2  C  

4.9.4: SILAC and azidohomoalanine labeling 

Primary human CD4
+
 T lymphocytes were isolated from blood by negative selection (Dynal 

isolation kit, Invitrogen). Primary T lymphocytes were rested overnight in RPMI 1640 

medium (PAA) supplemented with 10% FBS (Gibco). Purity of isolated cells was assessed by 

analyzing CD3 and CD4 surface expression using flow cytometry (data not shown). For 

metabolic labelling, cells were incubated for 1 h at 37 °C in Met-, Arg- and Lys- free RPMI 

medium (Dundee Cell Products) supplemented with 10% dialyzed FBS at a cell density of 2 × 

10
6
 mL

−1
. After centrifugation, cells cultures were divided into two sets by equal numbers. 

One set of cells was incubated in fresh Met-, Arg- and Lys- free RPMI medium supplemented 

with 1.14 mM 'medium' arginine ([
13

C6]L-Arg) and 0.219 mM 'medium' lysine ([
2
H4]L-Lys), 

while the other set of cells was incubated in Met-, Arg- and Lys- free RPMI supplemented 

with 1.14 mM 'heavy' arginine ([
13

C6,
15

N4]L-Arg) and 0.219 mM 'heavy' lysine ([
13

C6,
15

N2]L-

Lys) (CK Gas). To minimize arginine-to-proline conversion, all media was supplemented 

with 1.7 mM L-proline. Both cell populations were supplemented with 1 mM Aha. Cells in 

the heavy medium were stimulated with  62.5 ng/mL phorbol 12-myristate 13-acetate (PMA, 

100 nM final concentration) and 1 μg/mL ionomycin (iono, 1.4 μM final concentration). 

Efficient stimulation was verified by CD69 surface staining and flow cytometry (data not 

shown). Cells were incubated for 2 h and 4 h at 37 °C before  harvesting by centrifugation. 

 

4.9.5: Protein extraction, reduction and alkylation. 

For each replicate, 90 × 10
6
  'heavy'-RPMI incubated stimulated and 90 × 10

6
 'medium'-RPMI 

incubated unstimulated labeled primary cells were collected by centrifugation, washed with 

PBS, and combined. Cells were lysed in 500 μL PBS with 1% SDS containing protease and 

phosphatase inhibitors (Complete EDTA-free, Roche, 2 mM sodium pervanadate) by rigorous 

vortexing. The lysate was boiled at 100 °C for 10 min, after which 1,000 units of benzonase 

(Sigma) was added, and the sample incubated at room temperature for 15 min. The lysate was 

clarified by centrifugation at 20,000g for 10 min at 4 °C. 10 mM tris(2-carboxyethyl) 

phosphine (TCEP) (Thermo) was added, and the sample incubated at 55 °C for 45 min to 

reduce proteins. Samples were then cooled to room temperature, and pH 8.0 with sodium 

hydroxide before addition of iodoacetamide to a final concentration of 18 mM. Free cysteine 
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side chains were alkylated by incubation at room temperature for 30 min in the dark. Each 

lysate was desalted before biotinylation using spin desalting columns (Zeba 7-kDa MWCO, 

Thermo). 

 

4.9.6: Copper-catalyzed azide-alkyne cycloaddition of protein samples with alkynyl-

biotin 

The protocol was used as previously reported
17

 and was applied to all Aha-labelled samples. 

A freshly prepared solution of copper(I) bromide (99.999% purity) in acetonitrile (163 μL, 10 

mg/mL) was premixed with an acetonitrile solution of tris-triazolyl amine ligand (63 μL, 127 

mg/mL). For CuAAC, 7 μL of an alkyne-functionalised biotin with a cleavable disulfide 

linker
26

 (25 mM stock solution in PBS at pH 7.8, 87.5 nmol) was added to 540 μL of reduced, 

alkylated and desalted protein lysate from each replicate and mixed. The preformed Cu(I)-

ligand complex solution (30 μL) was then added to the mixture and mixed thoroughly. The 

reaction was incubated for 90 min at room temperature on a rotator. Tubes were then 

centrifuged at 2,000g for 5 min, and the supernatant purified by desalting columns (Zeba 7 

kDa MWCO). 

 

4.9.7: Pull-down and enzymatic digest of biotinylated proteins. 

For each sample, 40 μL of high-capacity Neutravidin resin (Thermo) was washed three times 

in 1 mL of PBS containing 0.05% SDS. After the final wash, the supernatant was discarded, 

and 577 μL of the desalted lysate was added to the eppendorfs containing the beads. The pull-

down was carried out by incubation at room temperature for 16 h. Samples were then loaded 

onto Pierce Spin Columns (Thermo), and beads collected by centrifugation. Beads were 

washed three times with 600 μL of each of the following buffers: 4 M urea, 6 M urea, 10% 

acetonitrile and 20% acetonitrile. For each washing step, beads were incubated for 5 min 

before they were centrifuged and collected. Proteins were then eluted from the Neutravidin 

beads through reductive cleavage of the biotin linker as follows: 50 μL of elution buffer (20 

mM DTT, 1 M urea, 50 mM NH4HCO3) was added to the column and incubated with the 

beads for 10 min before spinning down and collecting the eluted proteins. This step was 

repeated twice. CaCl2 was added to a final concentration of 1.25 mM in the eluate before 

overnight in-solution digestion of proteins with trypsin at 37 °C. Peptides were desalted using 

C18 desalting tips. Desalted, dried peptides were then resuspended in 0.1% TFA with 2% 

acetonitrile and sonicated before analysis by mass spectrometry. 
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4.9.8: Mass spectrometry and data analysis. 

Samples were analyzed on an Ultimate 3000 RSLCnano (Dionex) system run in direct 

injection coupled to a QExactive mass spectrometer (Thermo Scientific). Samples were 

resolved on a NanoEASY (Thermo Scientific) C18 reverse-phase column (50 cm long, 75 μm 

internal diameter, 2 μm beads) at a flow rate of 300 nl min
−1

 using a linear gradient of 5–44% 

buffer B (80% acetonitrile and 0.1% formic acid) over 190 min. The mass spectrometer was 

operated in a 'top 10' data-dependent acquisition mode with dynamic exclusion enabled (40 

s). Survey scans (mass range 300–1,650 Th) were acquired at a resolution of 70,000 at 200 Th 

with the ten most abundant multiply charged (z ≥ 2) ions selected with a 3-Th isolation 

window for fragmentation by higher-energy collisional dissociation. MS/MS scans were 

acquired at a resolution of 17,500 at 200 Th. 

 

Raw data was processed using MaxQuant
28

 Ver. 1.3.0.5 and Proteome Discoverer 1.3 

(Thermo Scientific). Searches against the UniProt
35

 human database were performed using 

Andromeda
36

 and Mascot,
37

 respectively. Search parameters allowed for two missed trypsin 

cleavage sites, with carbamidomethylation as a fixed modification on cysteine, and 

methionine oxidation and N-terminal protein acetylation as variable modifications. Peptide 

results were filtered to 1% false discovery rate by MaxQuant and Proteome Discoverer. 

 

Protein and peptide quantification information were extracted from MaxQuant and Proteome 

Discoverer and imported into the program R Ver 2.15.1.
38

 Protein extracted ion 

chromatograms (XICs) were used from MaxQuant without additional modification. For 

Proteome Discoverer, 'medium' and 'heavy' protein XICs were calculated from the sum of the 

individual unique peptides XICs in the program R.
39

 Peptides with zero medium and heavy 

XICs were not considered for the calculation. Proteins that were not reproducibly quantified 

across replicates were removed from downstream analysis. Proteins were required to have a 

minimum of three quantifiable unique peptides in at least two of the three biological 

replicates for consideration. 

Differential protein expression analysis was performed with the Bioconductor package 

LIMMA Ver 3.14.1. After protein area distributions were quantile-normalized,
40

 a linear 

model was fitted and a moderated t-test used to assess the statistical significance of heavy-to-

medium protein fold changes. Proteins with a corresponding fold-change P value (adjusted 

for multiple hypothesis testing with the Benjamini-Hochberg method
41

) lower than 0.05 were 
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accepted as differentially expressed. MetaCore (GeneGo Inc.)
42

 was used to generate an 

interaction network of differentially expressed proteins, which was visualized in Cytoscape.
43

 

 

4.9.9: Biosynthetic labelling by 
35

S-Cysteine pulse and pulse-chase 

Jurkat T-cells were centrifuged and washed once in warm RPMI without L-methionine and L-

cystine (R7513 SIGMA), supplemented with 10 % dialyzed FBS (Gibco) and L-glutamine 

(PAA). After incubation in Met- and Cys-free RPMI for 1 hour at 37 °C in the same media at 

a cell density of 1×10
6
 /ml, equal numbers of cells were centrifuged in four sets. Two sets of 

cells (2×10
6
 /ml) were placed in fresh, warm Met- and Cys-free RPMI media containing L-

Azidohomoalanine (Aha) at a final concentration of 1 mM or 4 mM, while the other sets of 

cells were placed in media containing 0.1 mM L-methionine or without methionine as a 

control. The media for all sets was simultaneously supplemented with 10 nM (10 μCi/ mL) L-

[
35

S]-cysteine (PerkinElmer) and 5 μM L-cystine (from RPMI SILAC media, Dundee Cell 

Products). A sample of 2×10
6
 cells of each replicate per condition was taken immediately as a  

reference for 0 hours of “pulse”. The pulse was performed at 37 °C and samples for each 

replicate per condition were harvested after 2 and 4 hours. Cell lysates for protein 

precipitation were prepared as follows: cells were centrifuged and washed twice with 1 mL 

cold RPMI-1640 (PAA) supplemented with 10 % FBS (HyClone Thermo), then twice with 

1.2 mL cold 50 mM iodoacetamide in PBS. Cell pellets were lysed for 10 minutes in 25 μL 

1% SDS in PBS containing protease and phosphatase inhibitors (Complete EDTA-free, 

Roche, 2mM sodium pervanadate) and benzonase (100 Units). The samples were then 

centrifuged at 20,000g for 10 minutes and the supernatant was stored on ice. 

All replicates for each time point were spotted together on a Watman filterpaper, which was 

then incubated three times for 5 minutes with 5 % trichloroacetic acid for protein 

precipitation. After rinsing the filter paper with 70 % ethanol and 100 % acetone, each sample 

was placed in 4 mL scintillation fluid (Optiphase Supermix, Perkin Elmer) and counted in a 

scintillation counter for 3 minutes (Packard TriCarb 2900TRLiquid Scintilliation Analyser, 

GMI). For the analysis of protein degradation, Jurkat T-cell were washed and starved as 

described for the pulse experiment. After starvation, two sets of cells (2×10
6
 /ml) were placed 

in fresh, warm RPMI starvation media (see above) containing Aha at a final concentration of 

1 mM while the other set was placed in media containing 0.1 mM L-methionine. The media 

for both sets was simultaneously supplemented with 32.4 nM (30 μCi/ml) L-[
35

S]-cysteine 

(PerkinElmer) and 16.2 nM L-cystine (RPMI SILAC media, DundeeCell). The pulse was 
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carried out for 15 minutes at 37 °C. Cells were then centrifuged for 5 minutes and washed 

once with RPMI-1610 media (PAA) lacking L-[
35

S]-cysteine and supplemented with 10 % 

FBS (HyClone Thermo). The “chase” of L-[
35

S]-cysteine was carried out by resuspending the 

cells in fresh warm RPMI-1640 media at a density of 2×10
6 

/ml. A sample of 2×10
6
 cells for 

each replicate per condition was taken immediately as a reference before the chase took place. 

For each replicate, 2×10
6 

cells were harvested after 1, 2 and 4 hours chase. Preparation of cell 

lysates, protein precipitation and measurement of radioactivity was performed as described 

previously.  
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 Chapter 5 

Outlook 

5.1: Introduction 

Despite intensive research being carried out in the field of UAA incorporation into biological 

systems, we may have yet only scratched the surface of what information this powerful 

technique yields. In this chapter, initial results in the application of UAA incorporation in a 

variety of biological systems will be discussed. Carried forward, this research has the 

potential to make significant impacts diverse fields such as bio-imaging and  immunology. 

 

 

5.2: Unnatural amino acids as contrast-forming agents in Confocal Raman Microscopy 

When light is incident on a chemical sample, a small fraction of it is inelastically scattered to 

produce photons which are shifted in energy, a phenomenon known as the Raman effect. 

Raman spectra so obtained are dependent upon the rotational and vibrational modes of the 

molecules, and the changes which occur in their electric polarisabilities upon excitation. 

Raman spectroscopy thus provides structural information about the molecules being probed, 

as molecular vibrational modes carry information about molecular structure and symmetry. 

Confocal Raman microscopy is a technique which combines vibrational spectral information 

of molecules within the sample to be imaged, with optical information from confocal 

microscopy. In biological systems, the technique has been greatly utilised as confocal 

microscopy setups impart the Raman microscope with spatial resolutions of less than 1 µm,
1  

and had been used to distinguish between closely-related bacterial species,
2
 and image fibrotic 

heart tissue without the use of stains.
3
 

 

Raman microscopy may also be used for the imaging of molecular distributions in cells. This 

can be done by raster-scanning the cells for characteristic Raman signals of the molecules of 

interest. The spectroscopic data is then combined with the spatial information of the spectral 

source to produce a false-colour image, known as a chemical map or univariate map. The 

chemical map thus allows the visualisation of the molecule’s location.
4
 To improve the 

contrast of the chemical map, the vibrational spectrum of the molecule of interest should be 

significantly different from the cellular background signal consisting of the vibrations of the 
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various nucleic acids, proteins, carbohydrates and lipids.
5
 For this purpose, they may be 

tagged with specific groups that confer them with a unique vibrational fingerprint, such as 

heavy isotopes.
6,7,8

 An alternative approach to improve contrast involves tagging the molecule 

of interest with a non-natural functional group, possessing a characteristic vibrational signal 

in a region of the spectrum where biologically relevant groups are spectroscopically silent. 

With the use of Raman microscopy, these systems may then be imaged non-invasively. 

 

Via the installation of L-Azidohomoalanine (Aha), the azide group can be installed onto 

proteins in Met-auxotrophic E. Coli B834(DE3) cells,
9
 and a range of mammalian cells.

10,11
 

The characteristic vibrational signal for its side-chain azide group lies at 2100 cm
-1

, which is 

an otherwise biologically Raman-inactive region.
5
 The azide group has also been utilised 

previously as a vibrational tag in proteins,
12

 and its vibrational signal is both conformation 

and environment sensitive. This makes Aha an ideal vibrational Raman tag to investigate 

protein localisation and folding inside cells. The Nostoc punctiforme protein fusion of Np275 

and Np276 (hereafter referred to as ‘Np276’), a pentapeptide repeat protein
13

 was chosen as 

the azide carrier due to its regular repeating structure. Three different mutants of Np276 were 

used. Of these, two mutants possessed  single sites for Aha incorporation at different 

locations,  while the third possessed two sites for Aha incorporation. 

 

Np276 mutants were expressed containing Aha at either position 61, 101, or both. 

Incorporation was carried out by Met-codon reassignment using the Selenomet system 

(section 2.11.12, Fig. 5.1 to 5.3). 

 

Np276 Aha 61 

Expected mass: 21021 

Observed:   21020 

 

 

 

Figure 5.1: SDS PAGE and LC-MS for Np276 Aha 61 
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Np276 Aha 101 

Expected mass: 21021 

Observed:   21020 

 

 

 

Figure 5.2: SDS PAGE and LC-MS for Np276 Aha 101 

 

Np276 Aha61, Aha101 

Expected mass: 20998 

Observed:   20999 

 

 

Figure 5.3: SDS PAGE and LC-MS for Np276 Aha61, Aha101 

 

 

5.3: Raman data acquisition and imaging of E. coli B834(DE3) cells 

All acquisition of Raman spectra was done at Begbroke Science Park in the lab of Prof. 

Alison Crossley and Prof. Colin Johnston. Protein and cell samples were stored in dry ice for 

transfer from the CRL to Begbroke Science Park. On arrival, the samples were collected, and 

allowed to thaw at room temperature. One drop of each sample was fixed onto a cleaned glass 

slide by drying with compressed air. 

 

The slide was then mounted on an X-Y optical stage (75 x 50 mm, Accuracy ± 3µm, 

reproducibility < 1 µm, 0.1 µm step size) of a JY Horiba Labram Aramis Imaging Confocal 

microscope, which was coupled to a 460 mm focal length spectrograph. The sample was 

irradiated with either a 532 nm Nd:YAG 50mW laser, or a HeNe 633 nm 17mW laser. The 

objective lenses used were 50x (0.45 NA) and 100x (0.9 NA) objectives. Back-scattered 

photons were passed through an 1800 groove/mm diffraction grating, and the Raman-shifted 

photons were detected by a -70ºC air cooled multichannel CCD detector (1024 x 256 pixel). 
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Confocal pinhole diameter and spectrographic slit width used were 300 µm and 150 µm 

respectively. All spectra were recorded and analysed using LabSpec Ver. 5.28.25.  

 

Both solid Aha as well as a dried film of Np276 Aha61 showed the presence of a band at 

2100 cm-1, which was assigned to the stretching frequency of the side-chain azide (Fig. 5.4). 

 

 
Figure 5.4: a) Raman spectrum of Aha, with location of Raman signal corresponding to azide 

indicated, b) Raman spectrum of Np276 Aha61, with the same band highlighted. All spectra 

have been baseline corrected. 

 

E. coli cells expressing Aha-labelled Np276 were imaged at focal planes where their cross-

section was largest, to ensure signal acquisition from the cellular interior. The broad cellular 

fluorescence signal was subtracted by fitting the baseline to an 8th order polynomial, 

followed by subtraction of this polynomial from the recorded spectrum. Comparison of 

spectra was done by normalisation of the spectral area after baseline subtraction. 

Approximately 35 minutes were needed to acquire a 3x3 pixel spectral map of a single E. coli 

cell at a laser power of 25 mW. However, previous reports suggest that it is possible to 

acquire whole-spectrum cell signals (100 to 4000 cm
-1

) cell signals with acceptable signal-to-

noise ratios with acquisition times as low as 0.2 to 0.5 ms per pixel at 10 mW laser power.
8,14

  

 

 

The Raman spectrum of Np276 Aha61 Aha101 was recorded at varying acquisition times and 

laser exposure times per spectral window (Fig. 5.5, 490 cm
-1

 spectral window width, 8 

windows needed to record whole-spectra from 100 to 4000 cm
-1

). 
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Figure 5.5: Raman spectra of Np276 Aha61 Aha 101, a) 4 min acquisition, 10 s exposure per 

spectral window, 2 accumulations; b) 1 min acquisition, 3.5 s exposure per spectral window, 

2 accumulations; c) 15s acquisition, 0.5 s exposure per spectral window, 2 accumulations and 

d) 10s acquisition, 0.1 s exposure per spectral window, 2 accumulations. All acquisitions 

were performed at full power of 532 nm laser. 

 

These results indicated that the detector of the Labram was not sensitive enough to acquire 

whole-spectrum (100 to 4000 cm
-1

) Raman signals with acceptable signal-to-noise ratios if 

the acquisition time was less than 1 minute for each data point, at 50% laser power (~25 

mW). For a 3x3 pixel grid per E. coli cell, the theoretical minimum accumulation time would 

be 1 min x 2 accumulations x 9 pixels = 18 minutes. A representative 3x3 pixel map, 

superimposed on an optical image of E. coli is shown below (Fig. 5.6). 

 

 

 Figure 5.6: Spatial distribution of Raman signal from 2000 to 2200 cm
-1

 in a 3x3 pixel map 

of E. coli 
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Imaging time scales linearly with the area of the sample to be imaged. Applying this protocol 

to a mammalian cell with specialised internal structures where protein maps would yield more 

significant information, would therefore require a concomitant increase in laser exposure 

time. For example, imaging a CHO cell with 14 µM diameters would require ~88 times 

longer exposure times as compared to an E. coli cell with a 1.5 µM diameter. 

 

When imaged for long exposure times or higher laser power (in order to achieve better signal 

to noise ratio), E. coli cells were seen to be damaged, as evidenced by discolouration of the 

fixed sample and drastic alterations in raman signals. Reducing the 532 nm laser power, or 

switching to the less energetic 633 nm laser, lead to reduced signal-to-noise and even longer 

spectral acquisition time. 

 

 

5.4: Raman microscopy outlook 

These results indicate that the Raman signal produced by Aha-labelled Np276 is not strong 

enough to be detected at rates faster than of the order of a few minutes per spectrum. 

However, the technique used here, utilising the spontaneous Raman scattering from the 

sample, has since been widely replaced with stimulated Raman scattering,
15

 or coherent anti-

stokes Raman scattering techniques,
16-18

 to improve signal strengths for Aha-based contrast 

formation. Furthermore, alkyne groups also possess a characteristic Raman vibrational signal 

at ~2100 cm
-1

, and have been successfully utilised to label proteins via the unnatural amino 

acid and Met-analogue homopropargylglycine (Hpg).
19

 Alkyne-containing molecules have 

also been used to label nascent DNA via 5-ethynyl-2'-deoxyuridine (EdU),
20

 and nascent 

RNA via 5-ethynyluridine (EU).
21

 The use of these alternative labels and imaging modes may 

prove useful in the development of minimally-labelled Raman microscopy of biological 

systems. 

 

 

 

 

 



195 

 

5.5 Towards a new HIV vaccine by chemical cross-linking of viral envelope glycoprotein 

gp140: 

This work was carried out in collaboration with Torben Schiffner and Prof. Quentin Sattentau 

at the Dunn School of Pathology and Guillaume Stewart-Jones at the Weatherall Institue of 

Molecular Medicine.  

 

Envelope glycoprotein gp120 is expressed on the viral envelope of HIV, and is involved in 

the infection mechanism of the virus via binding to host cell CD4 receptors.
22

 gp120 is 

tethered to the viral surface as a trimer via gp41, both of which are cleavage products formed 

by the processing of the precursor glycoprotein gp160 by furin. gp41 mediates viral and host 

cell membrane fusion.
23

 However, recombinant gp120 expresses as a monomer, and itself 

does not elicit neutralising antibodies against primary isolates of HIV.
24

 The corresponding 

construct gp140 consists of gp120 covalently bonded to gp41 as well as truncation of the 

transmembrane domain rendering it soluble. This conjugation of gp120 and gp41 may be 

done either through the deletion or mutation of the cleavage site residues resulting in a fusion 

protein,
25,26

 or by introducing an additional disulfide bridge between the cleaved products.
27

 

Both approaches generate proteins which express as trimers, and are better at inducing 

neutralising antibodies than their respective monomeric gp120 fragments. 

 

This project aimed to improve the antigenicity of HIV envelope protein gp140 via chemical 

cross-linking of amino acids on the protein surface. This was attempted via the directed 

incorporation of Aha into gp140 at selected incorporation sites, followed by the copper-

catalysed azide-alkyne cycloaddition (CuAAC) reaction to cross-link these species to produce 

a more rigid trimeric protein framework for recognition by the immune system. Though 

mutation-based work on conformational stabilisation of gp120s have been attempted 

previously,
28-30

 this is to our knowledge the first work in this area which seeks to utilise 

CuAAC to impart structural rigidity. 

 

In order to generate single sites for Aha incorporation, sites containing Methionine and 

Isoleucine on regions corresponding to gp120 and gp41 on gp140 based on cryo-ET models 

by Liu et al were identified (Fig. 5.7).
31

 Methionines or Isoleucines which were both solvent 

accessible as well as proximal to the trimerisation contact region were considered, while those 

buried in regions of high glycosylation were excluded.
32

 Of these, a conserved, solvent-
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accessible methionine (Met 434, Fig. 5.8) on each monomer at the apex of the trimer spike 

was chosen for Aha incorporation.  

 

Figure 5.7: Isoleucines (Purple) and Methionines (Yellow) on gp120, 'side' and 'top' view 

 

Figure 5.8: Met434 highlighted on trimer apex (Yellow) on gp140 

 

A gene for UG37 gp140
33

 was ordered from Genscript retaining Met434, with the remaining 

Met replaced with Ile. The tolerance of proteins toward the mutation of Met to Ile, has 

previously been demonstrated.
34

 A complementary trimeric water-soluble linker was then 

synthesised, triply functionalised with an alkyne (Scheme 5.1). The distance between the the 
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side chains of Met434, and therefore incorporated Aha434, between monomers in the gp140 

trimer was 46.6Å. Thus, linker arms of 48Å were synthesised. A PEG-based linker system 

was chosen to in order to be non-toxic and non-immunogenic by itself.
35

 

 

Scheme 5.1: Synthesis of trimeric alkyne linker for stabilisation of gp140 (i): HATU, DIPEA, 

DMF, 70˚C 18h, (ii) a) TFA, DCM, b) 2N HCl (iii) Pent-4-ynoic acid, HATU, DIPEA, DMF, 

60˚C, 8h. (R = Phenyl) 

 

The triplex alkyne was then used for on-protein CuAAC, to form a covalently bonded 'cap' on 

the gp140, making the resultant protein less conformationally flexible.  

 

An alternative approach was also outlined for this project, utilising two incorporation sites on 

each monomer. These sites were chosen such that each was proximal to corresponding sites 

on the two adjacent monomers. In this case, Met95 and Ile213 on each monomer were 

spatially proximal to Ile213 and Met95 of adjacent monomers. After mutating Ile213 to Met, 

the cells would be fed with a growth medium containing both  azide-containing Aha as well 

as alkyne-containing Hpg. Statistically, an incorporation pattern would be expected biased by 

the incorporation efficiency of Aha and Hpg.. Nevertheless, some homo-trimers formed 

would contain one Aha and one Hpg, and would be able to be covalently bonded to each other 

via CuAAC. Also, hetero-trimers formed from a doubly Aha-substituted monomer, a doubly 

Hpg-substituted monomer and a single Aha and Hpg substituted monomer would also form a 

similar complex upon reaction, utilising a much shorter dimeric linker. 
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Once cross-linked, the timers would be tested for binding to known antibodies, that are 

known to bind to the CD4bs region,
36-38

 which is distant from our proposed sites of 

incorporation and reaction. 

 

However, since the models used herein contain truncated forms of the variable V1/V2 loop, 

one concern was that in the actual gp140, the full-length loops might sterically inhibit the 

approach of the reagents for CuAAC.
39

 However, previous work has shown that the V1/V2 

loop serves to shield the V3 loop of a neighbouring gp120 monomer,
40

 and that major 

conformational changes upon binding to CD4 may cause the loops to migrate away from the 

apex,
41

 potentially leaving the residues free for reaction. 

 

The protocol for the purification of HIV env glycoproteins was provided by Dr. Guillaume 

Stewart-Jones and has been outlined in brief in section 5.11.2. This procedure involved the 

growth of HEK 293T cells,
42

 which were transiently transfected with env gp-coding plasmids. 

The glycoproteins were expressed in the media, and are purified by His-tag affinity 

chromatography (using Talon resin), glycan-affinity chromatography (using lectin beads),
43

 

followed by size-exclusion chromatography. gp140 constructs remained uncleaved in the 

absence of furin during expression in HEK 293T cells. 

 

An aliquot of the expressed gp140  protein (~140 KDa) was also treated with PNGase-F 

(NEB) to remove all N-linked glycans to yield a ~70 KDa deglycosylated protein as 

confirmed by SDS-PAGE (Fig. 5.9). 

 

Fig. 5.9: SDS-PAGE: M: Protein marker, 1: gp140 Aha 434 in non-reducing gel-loading buffer, 2: 

After treatment with PNGase-F 
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5.6: CuAAC on gp140 

To confirm the labelling of gp140 with Aha, the copper-catalysed cycloaddition of propargyl 

biotinamide onto gp140 was carried out, followed by visualisation via anti-biotin Western 

blot (Fig. 5.10). The protein stocks were concentrated to 0.2 mg/mL using a Vivaspin 500 

centrifugal concentrator (MWCO 10,000 Da). CuAAC was carried out using a protocol as 

previously reported.
44

 

 

 

Fig. 5.10: SDS-PAGE and anti biotin western-blot of UG37 gp140 single Aha434 after 18h CuAAC 

reaction with propargyl biotinamide 

 

 

Following the confirmation of functionalisation of gp140, attempts were made to chemically 

trimerise gp140 monomers via CuAAC using 5.4 as a linker (Fig. 5.11). 

 

 

Fig. 5.11: gp140 Aha434 1) After CuAAC with trimeric linker (1.1 eq protein monomer per alkyne on 

linker) reducing gel loading buffer, 2) After CuAAC with trimeric linker, non-reducing gel loading 

buffer, 3) starting material, reducing gel loading buffer, 4) starting material, non-reducing gel 

loading buffer. 
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A comparison of lanes 1 and 3 shows that there is an increase in the amount of dimeric gp140 

species in the reaction mixture as compared to the starting material. The reducing gel loading 

buffer in these lanes suggests that this dimerisation is not through mixing of disulfides on the 

protein, but may be through covalent conjugation via triazole formation. 

 

 

5.7: Mass spectrometric analysis of cross-linked gp140 

For further confirmation of functionalisation, the protein was analysed by MALDI-TOF, 

using a Waters MALDI Micro MX operating in linear mode, both in positive and negative 

mode. Sinapinic acid (3 mg in 300 μL 2:3 Acetonitrile: 0.1% TFA in H2O) was used as the 

matrix. 2 μL of this solution was pipetted onto 9 spots on a MALDI plate, and together with 

either 1.5, 1.0, or 0.5 μL of 0.2 mg/mL solutions of: 

  

1) gp140 Aha 434  

2) gp140 Aha 434 incubated with pngase-F (deglycosylated)  

3) gp140 Aha 434 after reaction with trimeric alkyne linker  

 

The spots were quickly mixed with the matrix solution and allowed to dry. Separately, 1 μL 

each of the protein solutions was mixed with 4 μL of 0.1% TFA in water. Subsequently, 0.5 

μL of each solution was mixed with 2 μL of the matrix solution on the MALDI plate. A BSA 

standard (1 mg/mL) was also used as a control. However, apart from BSA, none of the 

protein samples could be detected (Fig. 5.12 to 5.15): 

 

 

Fig. 5.12: MALDI spectrum of BSA Standard 
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Fig. 5.13: gp140 Aha 434 starting material 

 

 

Fig. 5.14: deglycosylated gp140 Aha 434 

 

 

Fig. 5.15: gp140 Aha 434 after 18h reaction with trimeric alkyne linker 

 

Next, optimisation of the MALDI conditions was attempted. Factors were: 

1. Protein solutions:  

a. gp140 Aha 434 starting material 

b. Deglycosylated gp140 

c. gp140 Aha 434 after reaction with trimeric alkyne linker 

d. gp140 Aha 434 after reaction with alkynyl-biotin amide 

 

2. Matrix used:  

a. sinapinic acid 

b. α-Cyano-4-hydroxycinnamic acid 

 

3. Volume of 0.2 mg/mL protein solution used: 

a. 0.5 µL 

b. 1.0 µL 
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4. Volume of matrix used 

a. 1.0 µL 

b. 1.5 µL 

c. 2.0 µL 

d. 2.5 µL 

 

=> Total number of conditions = 4 x 2 x 2 x 4 = 64 

 

However, no protein signal was detected in any of these experiments. Following this, the 

Ultra Thin Layer MALDI preparative technique was employed.
45

 Once again, no protein 

signal could be obseerved. 

 

With the aid of Georg Hochberg in the Justin Benesch group, a Quadrupole-TOF was used for 

the analysis of gp140. The machine had been successfully used in the past by the Benesch and 

Robinson groups for the analysis of large protein complexes.
46,47

 gp140 Aha 434 was buffer 

exchanged into 200 mM ammonium acetate for injection in native conditions, and denatured 

with 1:1 formic acid: methanol for non-native injections. Though gp140 was observed in the 

mass spec (Fig. 5.16), the protein was observed to ionise poorly, as seen by low ion counts 

and low ‘z’ values leading to high m/z values (m/z values > 2000) 

 

 

Fig. 5.16: Q-TOF MS of gp140 Aha 434 0.2 mg/mL 

 

The protein stock was concentrated in order to obtain a greater signal from the mass spec, 

from 0.2 mg/ mL to 1.0 mg/ mL using a Vivaspin centrifugal concentrator. The ion counts 

were seen to increase (Fig. 5.17.), but the low charge per molecule, together with the 

heterogeneous glycosylation on gp140 caused the formation of low-intensity overlapping ion 

series, thus preventing the software from deconvoluting. Furthermore, the m/z was seen to 

increase, indicating poorer ionisation of the protein upon concentration (Fig. 5.17). 
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Fig. 5.17: Q-TOF MS of gp140 Aha 434 1.0 mg/mL 

 

In order to circumvent the problem caused by heterogeneous glycosylation, a 1 mg/mL 

deglycosylated sample of gp140 was then analysed after buffer-exchanging into 200 mM 

ammonium acetate. A protein signal was observed at a lower m/z than for glycosylated 

gp140, as was expected. However, once again, an ion series was not seen to form, suggesting 

that the lack of ionisation may be due to the primary sequence of the protein itself (Fig. 5.18) 

 

 

Fig. 5.18: Q-TOF MS of deglycosylated gp140 Aha 434 1.0 mg/mL 

 

 

 

5.8: gp140 Chemical Cross-Linking Outlook 

BG505 SOSIP.664, is a trimeric cleavable gp140 construct containing a disulfide bond 

between gp120 and gp41 (termed SOS), an Ile to Pro mutation at 559 which strengthens the 

gp120-gp41 association (termed IP),
48

 as well as a truncated membrane proximal external 

region (MPER) on gp41.
49

 This trimer has been crystallised,
50

 and has been found to bind 

effectively to broadly neutralising antibodies raised against neutralising epitopes on the HIV 

viral envelope. In particular, antibodies such as PG9, PG16 and PGT145 which recognise 

quarternary epitopes on the viral protein bind effectively to BG505 SOSIP.664, but not to 

uncleaved gp140 trimers.
27,51,52

 Furthermore, unlike non-cleaved gp140 constructs, BG505 

SOSIP.664 does not display epitopes for non-neutralising antibodies.
53,54

 With this 

information in hand, it was decided to use BG505 SOSIP.664 as a new model to generate 

conformationally restricted trimers via CuAAC. Residues in the crystal structure of the trimer 

native
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were identified as possible targets for Aha incorporation. Specifically, K117 and L122 were 

chosen as two such possible sites (Fig. 5.19). 

 

 

Fig. 5.19: Crystal Stucture and ET images of BG505 gp140, with proximal residues highlighted. 

Image used with permission of Torben Schiffner. 

 

A construct was ordered from GeneArt, where all native methionines were mutated to 

isoleucines. Next, two constructs are to be made, a K117M mutant and an L122M mutant, 

followed by the subsequent incorporation of Aha. These two constructs will be cross-linked 

with a range of trimeric alkyne-functionalised linkers with different lengths and chain 

flexibilities via CuAAC. A few potential linkers may be synthesised as follows (Scheme 5.2): 
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Scheme 5.2:  Synthesis plan for various tri-alkyne linkers for BG505 SOSIP.664 single Aha cross-

linking. Linker lengths are displayed below each structure. 

 

 

5.9: T-cell receptor cross-linking 

The aim of this project is to investigate the possibility of activation of the T-cell receptor 

(TCR) complex by chemically cross-linking surface Azidohomoalanine and Homopropargyl 

glycine residues, as a surrogate for the cis-interaction of the TCR with antigens presented by 

major histocompatibility complex molecules. 

 

The T-cell receptor complex is anchored in the cell membrane of T-cells, and consists of an 

α-chain and a β-chain. The interaction of the T-cell receptor complex with an antigen bound 
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to Major Histocompatibility Complex molecules results in T-cell activation through a relay of 

biochemical events, including the dynamic formation of TCR microclusters on the surface of 

the T-cell.
55,56

 Another downstream event of TCR activation and clustering is the 

phosphorylation of tyrosine on 18-19 amino acid long peptide sequences found in the 

flanking CD3 and ζ-chains near the TCR complex,
57

 known as immunoreceptor tyrosine-

based activation motifs (ITAMs).
58

 The phosphorylated tyrosines provide docking sites for 

other molecules in the signalling pathway.
59,60

 This phosphorylation is therefore a significant 

component in the further propagation of the antigen signal into the cell. It was decided to use 

this signal as an indicator for activation of the TCR. Covalent cross-linking of azide and 

alkyne residues on the TCR would then be used to induce association, thereby acting as a 

chemical surrogate for peptide-MHC based activation. 

 

Jurkat Cells were grown in RPMI medium, then placed in Met-free SILAC medium for 30 

minutes to deplete the intracellular pools of Methionine. Test samples were pulse-labelled 

with 100 mg/L Aha and 100 mg/L Hpg for 4 hours, enough time for the internalisation and 

recycling of all T-cell receptors.
61

 This would generate non-specifically Aha- and Hpg- 

labelled TCRs on the cell surface, some of which might be close enough for cross-linking via 

CuAAC. CuAAC was carried out on the cell surface for 5 minutes.  The first attempt was 

carried out by pre-dissolving the Copper(I) bromide and triazole ligand in acetonitrile, such 

that the final concentration of acetonitrile in water was 5%.
34

 

 

Cells were then spun down, washed with Met-free medium, lysed, followed by SDS-PAGE 

and Western blot with anti-phosphate 4g10 mouse antibody to test for increase in 

phosphorylation, as well as an anti-actin rabbit antibody as a loading control. The blot was 

visualised by secondary labelling with fluorescent anti-mouse (green) and fluorescent anti-

rabbit (red) antibodies. 

 

On performing the blot, it was seen that the anti-actin loading control showed that the cellular 

matter in all samples where the CuAAC was performed was considerably less than in the 

control well (Fig. 5.20). 
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Figure 5.20. Western blot for TCR cross-linking experiment with acetonitrile as co-solvent. M: 

Marker, 1: lysate from unlabelled Jurkat cells, 2: lysate from unlabelled Jurkat cells after CuAAC, 3: 

lysate from Aha- and Hpg-labelled Jurkat cells, 4: lysate from Aha- and Hpg-labelled Jurkat cells after 

CuAAC. The loading control, G-actin has been highlighted at 42 kDa. 

 

This result may be explained by the lysis of Jurkat cells during CuAAC in  5% acetonitrile. If 

a significant amount were lysed during the reaction, the subsequent cell debris would have 

been lost when the intact cells were spun down. Cross-linking was then attempted using 

DMSO to pre-dissolve the Cu(I)-tris-triazole complex, as well as reducing the amount of 

DMSO in the final volume of the cell suspension 10-fold, i.e., down to 0.5% from 5% v/v. 

This also necessitated the use of a 10-fold more concentrated copper catalyst stock. Once 

again however, very little cellular matter was seen in the lanes where Jurkats were subjected 

to CuAAC (Fig. 5.21): 

 

 

Figure 5.21. Western blot for TCR cross-linking experiment with DMSO as co-solvent. M: Marker, 1: 

lysate from unlabelled Jurkat cells, 2: lysate from unlabelled Jurkat cells after CuAAC, 3: lysate from 

Aha- and Hpg-labelled Jurkat cells, 4: lysate from Aha- and Hpg-labelled Jurkat cells after CuAAC. 

The loading control, G-actin has been highlighted at 42 kDa. 
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Referring to a previously published protocol involving the copper-catalysed Huisgen 

cycloaddition on live cells,
62

 the amount of copper and ligand was reduced 10-fold. The 

Jurkat cells were seen to remain viable after subjecting them to the reaction conditions, which 

may be inferred from the unchanged amount of actin in the western-blot. However, though 

protocol referred to suggests that the reaction is complete within 3 minutes, there was no 

observable alteration in the intracellular phosphorylation signal even after 5 minutes (Fig. 

5.22), implying that the T-cell receptors were not significantly activated. 

 

 

Figure 5.22. Western blot for TCR cross-linking experiment using 10-fold less Cu. M: Marker, 1: 

lysate from unlabelled Jurkat cells, 2: lysate from unlabelled Jurkat cells after CuAAC, 3: lysate from 

Aha- and Hpg-labelled Jurkat cells, 4: lysate from Aha- and Hpg-labelled Jurkat cells after CuAAC. 

The loading control, G-actin has been highlighted at 42 kDa. 

 

5.10: T-Cell Receptor Chemical Cross-Linking Outlook 

The crystal structure of a human αβ T-cell receptor liganded with an influenza 

haemagglutinin peptide and an MHC molecule HLA-DR1 displays several surface-accessible 

methionine side-chains,
63

 which may be specifically targeted for TCR cross-linking. To better 

induce TCR microclustering, an alternate strategy may be to use a single Met surrogate, such 

as only Aha, rather than both Aha and Hpg. Subsequently, a designed dendrimeric alkyne 

ligand may then be used for further attempts at cross-linking by CuAAC.   
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5.11: Methods 

5.11.1: General Procedure for Expression of NP276 proteins 

 

An E. Coli B834(DE3) glycerol stock transformed with either Np276 (M21I) or Np276 M21I, 

M61I, I101M or Np276 (G2F, M21I, I101Aha) in pET28d was used to inoculate  L.B. media 

(20 mL) containing kanamycin (50 µg/mL) and incubated  for 16 hours at 37 C. The starter 

cultures were used to inoculate Selenomet media (1 L), supplemented with Selenomet 

nutrient mix, L-methionine (20 mg/L) and kanamycin (50 µg/mL), the cells incubated at 37 

C, and the optical density (OD600) monitored until a value of 0.7 was obtained (~3-4 hours).  

The cells were then pelleted by centrifugation (8 minutes, JLA-9.1000 rotor, 8000 rpm).  The 

pellets were washed three times with SelenoMet base media (3 × 300 mL) containing 

kanamycin (50 µg/mL) and then transferred to prewarmed SelenoMet media (1 L) containing 

kanamycin (50 µg/mL) and supplemented with Selenomet nutrient mix as well as the desired 

unnatural amino acid (DL-Ahc, 500 mg/L).  The culture was incubated for 30 minutes at 37 

C, followed by 30 min at 30 C.  Expression was induced by addition of IPTG (1 mM) and 

was continued for 16 hours at 30 C (220 rpm).  The cells were harvested by centrifugation (8 

minutes, 8000 rpm) to give pellets, which were collected in a 50 mL falcon tube and 

resuspended in binding buffer (20 mM Tris-HCl, 15 mM imidazole, 0.5 M NaCl, 1% 

glycerol, pH 7.8) (20 mL). The cell suspension was treated with DNase (10 μL), and 

proteinase inhibitor tablet (1/4 tablet), and incubated at 4 C for 2 hours with occasional 

votexing. The cell was then lysed by sonication (Soniprep at 10 micron amplitude, 30 seconds 

on with 30 s rest, 5 cycles, on ice). The cell debris was removed from the lysis mixture by 

centrifugation (40 minutes, JA 25.5 rotor, 20000 rpm). The protein was purified by incubation 

of the cleared cell lysate with HisBind Ni-NTA resin (3 mL per L of culture, Novagen) 

overnight at 4 C. The resin was packed into a glass econo-column and unbound proteins 

washed out with binding buffer (A) (20 mM Tris-HCl, 15 mM imidazole, 0.5 M NaCl, 1% 

glycerol, pH 7.8) (15-20 CV, ~50 mL). The bound protein was eluted from the resin using 

elution buffer (B) (20 mM Tris-HCl, 500 mM imidazole, 0.5 M NaCl, 5% glycerol, pH 7.8) 

using a step gradient (20% B (5 mL), 40% B (5 mL), 60% B (5 mL), 80% B (5 mL), 100% B 

(5 mL × 4)). All eluted proteins were collected in 5 mL fractions, which were analysed by 

SDS-PAGE (NuPAGE 4-12% Bis-Tris gel, Invitrogen, MES buffer, 200 V, 35 min).  
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Fractions containing pure Np276 protein were combined subjected to ammonium sulfate 

precipitation (85% saturation) for 16 h at 4 °C. The precipitated proteins were pelleted by 

centrifugation (45 minutes, JA 25.5 rotor, 20000 RPM 4°C), desalted using a PD10 column, 

with 50 mM Sodium phosphate buffer, pH 8.0 as a running buffer, then analyzed by LC-MS. 

Protein solutions were flash frozen, and stored at -20 ˚C. 

 

 

5.11.2: General procedure for gp120 / gp140 expression 

To test the expression of the single Met434 gp140 mutant, DH5α were transformed either 

with plasmid containing UG37 gp140 single Met434 mutant or WT Bal gp120 (used as an 

expression control),
64

 and used to inoculate 25 mL of L.B. medium supplemented with 100 

µg/L carbenicillin. This starter culture was incubated overnight at 37 °C, and then used to 

inoculate 2 L each of L.B. supplemented with 100 µg/L carbenicillin. 

 

Cells were grown until the OD at 600 nm was seen to be ~1.5 for both flasks. The contents 

were spun down at 8000 rpm, the cell pellets combined, and the DNA extracted using a 

QiaGEN Plasmid Giga Kit. 

 

Total amount of gp140 DNA = 17.79 mg 

Total amount of gp120 DNA = 17.44 mg 

 

 

1. 1 vial of HEK 293T cell were thawed from Liq. N2 in a 37 °C bath. The contents were 

transferred to a sterile 50 mL falcon tube containing pre-warmed DMEM media 

(supplemented with 10% FBS, 500 µg/mL penicillin, 100 µg/mL normocin, and 50 

µg/mL streptomycin). 

2. The contents were centrifuged at 1200 rpm for 5 minutes, and the supernatant (containing 

DMSO as a cryoprotectant) was poured off.  

3. The cells were re-suspended in 1 mL DMEM, and transferred to a T-25 (25 cm
2
 

horizontal cross-sectional area) cell culture flask containing 5 mL medium. The flask was 

incubated at 37 °C with 5% CO2 for 3-4 days. 

4. As the cells reached confluence, they were split into two T-75 flasks (containing 15 mL 

DMEM), and stored in the incubator at 37 °C with 5% CO2 for 3-4 days. 
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5. Upon reaching confluence, the cells were washed with 5 mL PBS, re-suspended in a 

further 5 mL PBS by manual agitation, then diluted with 15 mL DMEM (+ 10% FBS + 

1% Pen/Strep), or “D10” media. Four T-175 flasks (containing 50 mL DMEM) were 

seeded with 10 mL of the cell suspension each, and stored in the incubator at 37 °C with 

5% CO2 for 3-4 days. 

6. Upon reaching confluence, two of these T-175 flasks were used to make new frozen cell-

stocks for the BGD group (see Methods Section). Cells in the two remaining flasks were 

washed with 10 mL PBS, and then re-suspended in a further 30 mL PBS. 6 x 10 mL of 

this cell suspension was used to inoculate six T-175 flasks containing 50 mL D10 media. 

Flasks were stored in the incubator at 37 °C with 5% CO2 for 3-4 days. 

7. Upon reaching confluence, the cells in each T-175 flask were washed with 10 mL PBS, 

the re-suspended in a further 10 mL of PBS per flask. Two Corning hyperflasks were 

filled with 470 mL of D10 each, and 30 mL of the cell suspension was added to each 

flask. These were stored in the incubator at 37 °C with 5% CO2 for 3-4 days. 

8. Upon reaching confluence, cells were suspended separately in 40 mL PBS per hyperflask, 

and the cell mass decanted into two fresh T-25 flasks. The cell suspensions were directly 

added to nine 550 mL bottles of freshly prepared D10 media, and the media used to fill 

ten hyperflasks (the two flasks from the previous step were re-used without washing). The 

ten flasks were stored in the incubator at 37 °C with 5% CO2 for 4 days. 

9. The D10 media was seen to change colour after 4 days of incubation from red to yellow, 

indicating depletion of nutrients and acidification of the media. As the cells were only 

~70 % confluent, a media swap was performed. Depleted D10 media was removed by 

decantation, and the flasks were supplemented with fresh D10 media. The flasks were 

stored in the incubator at 37 °C with 5% CO2 for 2 days. 

10. HEK cells were transiently transfected with gp120 or gp140 plasmid DNA using PEI, the 

contents thoroughly mixed, and the media allowed to stand at room temperature for 10 

min. 

11. This was repeated in another 500 mL of DMEM with 9.1 mg DNA containing gp120 

DNA, with 163 µL of the PEI solution. All flasks were placed in the incubator at 37 °C 

with 5% CO2 for 3 days. 

12. 0.5 mL aliquots from each hyperflask were removed for analysis of excreted gp-proteins 

by western blot with Anti-His6 antibody (performed by Guillaume Stewart-Jones). Media 

from gp120 and gp140-expressing flasks was pooled separately, and stored at 4 °C with 

0.01% NaN3. 
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13. Fresh D2 media was made up, and each flask supplemented with it. The hyperflasks were 

stored in the incubator at 37 °C with 5% CO2 for 3 days. 

14. After 3 days, the media was harvested, stored at 4 °C with 0.01% NaN3, and the 

hyperflasks filled with autoclaved water. The flasks were incubated for 1h at r.t., and the 

contents discarded. 

15. Media was centrifuged to remove cell pellets, and extracellular gp120 / gp140 purified by 

His-tag affinity chromatography, GNL lectin bead based affinity chromatography, and 

finally by size-exclusion chromatography. 

16. Fractions were analysed by gel electrophoresis (Fig. 5.23) and anti-his tag western blot. 

 

Fig. 5.23: SDS-Page of purified WT Bal gp120 and UG37 single Met434 gp140 
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Fig. 5.24: FPLC chromatograms for the purification of WT Bal gp120 and UG37 Met434 gp140 
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5.11.3: Procedure for Cross-linking Jurkat T-cell receptor 

1. Jurkat Cells were grown in RPMI medium, then transferred to met-free SILAC (20 

mL) for 30 min. 

2. The cells were spun down at 1200 RPM for 5 min at 21 ˚C, and resuspended in a 

minimal amount of medium.  

3. Half the pellet was transferred to met-supplemented SILAC (20 mL) and split into 2 

flasks of 10 mL each, and used as the ‘unlabelled’ and ‘unlabelled + click’ samples. 

4. The remaining half of the pellet was resuspended in met-free SILAC (20 mL total), 

supplemented with L-Aha (5.7 mg, 0.04 mmol) and rac-Hpg (20.1 mg, 0.16 mmol) 

This was split into 2 flasks of 10 mL each, and used as the ‘labelled’ and ‘labelled + 

click’ samples. 

5. All samples were placed in an incubator for 4 hours, then spun down at 1200 RPM for 

5 min at 21 ˚C, and suspended in 5 mL each of PBS. 

6. Solutions of Copper (I) Bromide and tris-((1-Ethoxycarbonylmethyl) 

triazolylmethyl)amine were prepared either in Acetonitrile or DMSO, premixed, and 

added to each sample. 

7. The CuAAC reaction was allowed to run for 5 minutes, then cells were spun down at 

1200 RPM for 5 min at 21 ˚C, and cell pellets were snap-frozen in dry ice for storage. 

8. The cell pellets were lysed in RIPA buffer, and cell debris was spun down.  

9. 200 μL of the supernatant was added to 60 μL of Laemmli buffer for loading onto a 

10% SDS-PAGE gel. 10 μL of each sample was added, and run at 120-140 V. 

10. The protein bands were transferred onto a nitrocellulose membrane for Western-

blotting 

 

5.11.4: Procedure for Western Blot 

1. The nitrocellulose membrane as well as both filter-paper supports were dipped in 

semi-dry transfer buffer, and then placed in the blotting system with the PAGE gel.  

2. The system was run at 18 V for 1 hour, after which time the proteins were transferred 

from the gel to the membrane. The membrane was then washed with PBS. 

3. Blocking Buffer (25 mL, Li-Cor) was used to wash the membrane for 15 minutes to 

block non- proteinaceous regions. 

4. The membrane was then transferred to a Falcon tube containing both anti-phosphate 

4g10 mouse and anti-actin rabbit primary antibody solutions. The contents were 
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placed on a roller for 90 min. Excess antibody was then washed off with PBS and 

0.1% Tween (3 x 10 min). 

5. A solution containing fluorophores-linked anti-mouse and anti-rabbit secondary 

antibodies was then added to the membrane, and allowed to bind for 30 min, then 

washed with PBS (3 x 10 min). 

6. The membrane was then visualised under a fluorescent dock. 

 

 

Buffers used for Western Blot: 

Primary Antibody Solution:    1000 x diluted stock of 4g10   

      5000 x diluted stock of anti-actin  

      1.5 g BSA      

      1 mL of 10% Tween     

      500 μL of 10% NaN3     

      Made up to 50 mL in water. 

Secondary Antibody Solution:   1.5 g BSA      

      1 mL of 10% Tween     

      500 μL of 10% NaN3     

      50 μL of 10% SDS    

      Made up to 50 mL in water. 

Semi-dry Transfer Buffer:   14.4 g Glycine     

      15.0 g Tris      

      0.5 g SDS      

      200 mL MeOH     

      800 mL water 

 

5.11.5: Creating Liq. N2 stocks for HEK 293T cells  

1. Cells in 2 confluent T175 flasks were washed with 10 mL PBS, then re-suspended in 

10 mL PBS.  

2. Cells were counted using an optical microscope, and a total cell count of ~ 7.44 x 10
7
 

was determined.  
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3. Cells were spun down at 1200 RPM for 5 min, then re-suspended in 12.4 mL of 10% 

DMSO in DMEM (+ 10% FBS  + 1% Pen/Strep), to make a final concentration of 6 

million cells per mL. 

4. Cells were transferred to twelve 1 mL cryo-vials, and slowly frozen to - 80 °C in an 

isopropanol bath. 

5. Cells were then transferred to a Liq. N2 Dewar for long-term storage. 

 

5.11.6: QIAGEN Gigaprep Kit Protocol 

1. Bacterial cultures containing UG37 gp140 single Met434, and gp120 each in 2 L of 

L.B. media with 100 µg/L carbenicillin were grown to an O.D. at 600 nm of 1.2, then 

growth continued for a further 4 hours. 

2. The cells were then harvested by centrifugation, corresponding cell pellets combined, 

and each sample re-suspended in 125 mL buffer P1 in a fresh 2 L bottle. 

3. 125 mL buffer P2 was added to each bottle, the contents thoroughly mixed by 

inverting 4-6 times, and then incubated at r.t. for 5 min. The cell suspensions were 

seen to turn blue due to the presence of LyseBlue reagent. 

4. 125 mL of chilled buffer P3 was added to each bottle, and the contents mixed by 

vigorous inversion 4 to 6 times. The blue colour was seen to disappear, the viscosity 

of the suspension was seen to reduce, and a white fluffy material was seen to form. 

The contents were incubated on ice for 30 min. 

5. The contents were centrifuged at 20,000 g for 30 min at 4 °C, and the supernatant 

removed. 

6. Two ‘QIAGEN Tip 10000’ columns were equilibrated with 75 mL buffer QBT. The 

columns were allowed to empty by gravity flow. 

7. The gp140-DNA-containing supernatant was loaded onto one column, while the 

gp120-containing supernatant was loaded onto the second. Both were allowed to enter 

the column resin by gravity flow. 

8. Each column was washed with 600 mL buffer QC by gravity flow. The eluate was 

discarded. 

9. DNA was eluted from the columns with 100 mL buffer QF, by gravity flow. 

10. DNA was precipitated from the eluates by the addition of 70 mL isopropanol. The 

suspensions were centrifuged at 15,000 g for 30 min at 4 C, and the supernatant 

carefully poured off. 
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11. The translucent DNA pellet was allowed to air-dry for 1 hour, then re-dissolved in 4 

mL MilliQ water. The concentration of the solutions was determined by Nanodrop. 

 

5.11.7: Synthesis of Trimeric PEG linker 

 

Trimesic acid (21 mg, 0.1 mmol) was dissolved in 6 mL DMF, to which was added Boc-

Amino-Peg11-Amine (260 mg, 0.4 mmol). The mixture was stirred at 70 ˚C, and HATU (196 

mg, 0.5 mmol) and DIPEA (212 μL, 1.2 mmol) were added. The product was seen to form 

over 18h via TLC (10: 1 DCM: MeOH). The contents were evaporated, and the residue 

purified by column chromatography (10:1 DCM: MeOH), as a thick yellow oil (194 mg, 

92%). 
1
H NMR (500 MHz, CDCl3) δ: 1.39 (s, 27H, Boc), 2.85 (t, 108H, J = 40.6 Hz, PEG), 

3.59 (t, 24H, J = 4.1 Hz, PEG), 3.61 (m, 18H, PEG), 8.45 (s, 3H, C6H3). 
13

C NMR (500 MHz, 

CDCl3) δ: 12.52, 17.09, 18.50 (CH3), 31.39, 36.47, 38.54 (PEG), 69.96, 70.15 (PEG), 135.00 

(phenyl C-CONH), 128.82 (Phenyl C-H), 162.57 (PhCONH). LRMS: C96H180N6O42 (m/z) 

Calculated [M] = 2089.21 Observed: [M+Na]
+
 = 2112.85, HRMS:  C96H180N6Na2O42 (m/z) 

Calculated = 1068.0976, Observed = 1068.0973 

 

 

The trimeric boc-protected linker (90 mg, 0.043 mmol) was dissolved in 2 mL DCM. To this, 

350 μL TFA was added, and the contents stirred at room temperature for 3h. The solvent was 

then evaporated, and the residue dissolved in 10 mL of 2N HCl. The contents were stirred for 

2 minutes, and then the solvent was evaporated. This process was repeated twice more. Some 

contamination from dirty glassware was observed, so the product was purified by column 

chromatography (10:1 DCM: MeOH, then 6:1 DCM: MeOH). The product was obtained as a 

thick yellow liquid (61.4 mg, 79.6 %). 
1
H NMR (400 MHz, D2O) δ: 3.07 (m, 12H, PEG) 

3.54, (m, 132 H, O-CH2CH2-O), 8.23 (s, 3H, C6H3). 
13

C NMR (125 MHz, CDCl3) δ: 39.49 

(CONH2-CH2), 42.96 (CH2CH2-NH2), 69.87 (-O-CH2CH2-O-), 129.47 (Phenyl C-H), 135.21 

(phenyl C-CONH) LRMS: C81H156N6O36 (m/z) Calculated [M+3H]
3+

 = 597.35 Observed: 
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[M+3H]
3+

 =597.34, HRMS:  C81H159N6O36 (m/z) Calculated [M+3H]
3+

 = 597.3593 Observed: 

[M+3H]
3+

 =597.3583 

 

 

The previous compound (30 mg, 0.016 mmol) was dissolved in DMF (6 mL) along with 4-

pentynoic acid (8mg, 0.080 mg), HATU (30.4 mg, 0.08 mmol) and DIPEA (34 μL, 0.192 

mmol). The contents were stirred at 60 ˚C for 5 h. The reaction was monitored by TLC (10:1 

DCM: MeOH). The solvent was then evaporated, and the residue purified by column 

chromatography (10:1 DCM: MeOH) to yield the product as a clear oil (31 mg, 90%) 

1
H NMR (400 MHz, D2O) δ: 2.55 (m, 12H, CH2CH2-C≡CH), 2.89 (s, 3H, C≡CH), 3.15 (m, 

12H, PEG), 3.68, (m, 138 H, O-CH2CH2-O), 8.59 (s, 3H, C6H3).
13

C NMR (125 MHz, CDCl3) 

δ: 18.81 (CH2- C≡CH), 33.29(CH2-CH2-C≡CH), 42.54 (Phenyl C-CONH2-CH2), 54.37 

(CH2CH2-NHCO), 70.03 (-O-CH2CH2-O-), 68.94(C≡CH), 82.59(C≡CH), 126.82 (Phenyl C-

H), 134.89 (phenyl C-CONH), 168.75 (PEG-NH-CO-CH2-) LRMS (ESI): C96H168N6O39 (m/z) 

Calculated [M+Na]
+
: 2052.12, Observed: [M+Na]

+
: 2052.84, HRMS (ESI) C96H168N6Na2O39 

(m/z) Calculated [M+2Na]
2+

 = 1037.5566, Observed: [M+2Na]
2+

 = 1037.5535. IR (νmax, 

film): 3414.26, 3015.84, 2970.46, 2946.32, 2476.98, 2124.85, 1738.48, 1455.29, 1372.36, 

1227.09, 1215.89, 1205.09, 1126.71, 1092.52, 854.53.  

 

5.11.8: Synthesis of Alkynyl biotin 

 

2-Propyn-1-amine (0.044 mL, 0.648 mmol) was added to an ice bath cooled solution of biotin 

(100 mg, .41 mmol) in CH3CN / H2O 1:1 (18 mL) under stirring. HOBt (84 mg, 0.62 mmol) 

and EDCI (123 mg, 0.64 mmol) were added at room temperature and the mixture was stirred 

overnight. The reaction mixture was concentrated under reduced pressure and the residue was 

purified by chromatography ( DCM: MeOH, 15:1, 12:1 then 10:1) to give the product in 89% 

yield (102 mg) as a white solid. 
1
H NMR (400 MHz, CDCl3): δ= 1.43 (m, 2H, 

CH2CH2CH2CO), 1.66 (m, 4H, SCHCH2- and CH2CH2CH2CO), 2.18 (t, 1H, J = 7.4 Hz, CH-
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2CH2CO), 2.83 (m, 2H, CH2SCHCH2-),  3.15 (m, 1H, S-CH-CH2-), 3.66 (s, 1H, alkyne), 4.03 

(s, 2H, NHCH2-alkyne) 4.35 (dd, 1H, J = 7.4, 4.5 Hz, CH-CH(S)-CH2CH2), 4.55 (dd, 1H, J = 

12.3, 7.4 Hz ,CH-CH2SCH-CH2). HRMS (ESI): m/z: calcd for C13H19N3O2SNa: 304.1090, 

Found [M+Na]
+
: 304.1084 
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