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Abstract

Queuine, or Q-base, is a modified form of 7-deazaguanine that is synthesised de novo by 

eubacteria, but which is obtained from food or the gut flora by eukaryotes. Q-base is 

enzymatically inserted into the wobble position of transfer RNA molecules tRNA'^^'’, 

tRNA^'^^, tRNA”‘^ and tRNA^^^ through a base-for-base exchange reaction with guanine. 

The bacterial enzyme that performs this reaction is tRNA guanine transglycosylase 

(TGT) and is a 42kDa protein in Escherichia coli and Zymomonus mobilis. A definitive 

biochemical function for queuine in tRNA has yet to be found, but research has 

established a connection between queuine and a variety of physiological effects including 

cell differentiation, proliferation and response to oxidative stress. Of particular note was 

the observation that when queuine deficient mice are fed a tyrosine free diet they die 

within 18 days, exhibiting symptoms of squinting, rough coat, stiffness of neck and 

forelimbs, lethargy, staggered walk, huddling and laboured breathing. In an attempt to 

understand the mammalian requirement for queuine, this report identifies, for the first 

time, the eukaryotic proteins needed for queuine insertion into tRNA and preliminary 

analysis of mice carrying a genetic ablation of the catalytic TGT subunit. Through 

searches of sequence databases we have identified a homologue of TGT named 

QTRTDl, which includes three splice variants QvO, Qvl and Qv2. Northern blotting 

indicated that TGT and QTRTDl are coordinately expressed in mouse tissue and that the 

TGT and Qvl splice variant associate to form a tRNA queuine ribosyltransferase. To 

further elucidate the function of queuine in tRNA a gene-trap mouse was developed for 

the TGT protein. This mouse was genetically and biochemically characterised to ensure 

the correct genomic insertion of the gene-trap into the Qtrtl gene and functional 

disruption of TGT activity. Surprisingly homozygous and heterozygous gene-trap 

animals were both found to lack queuine modified tRNA. Initial observations indicate 

that queuine modification of tRNA is not required for growth, development or 

reproduction in higher eukaryotes but that it has an effect on the lactate levels in blood 

serum, which warrants further in depth investigation. The identification of the eukaryotic 

proteins responsible for queuine insertion into tRNA and the availability of the gene-trap 

mouse opens numerous new possibilities for exploring the physiological purpose of 

queuine modified tRNA.
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CHAPTER 1

1.1 RNA
The discovery of nucleic acids, originally called ‘nuclein’, by Johann Friedrich Miescher 

in 1868, heralded a revolution in our understanding of life’s processes (Dahm, 2007); 

eventually leading to an appreciation of how ‘nuclein’ functions in information storage 

(DNA) and decryption (RNA). It was not until 1938 that the role of RNA in protein 

synthesis was suspected, based on experiments carried out by Torbjdrn Caspersson, Jean 

Brachet and Jack Schultz (Cell Growth and Cell Function, 1950). It was discovered by 

Hubert Chantrenne that RNA acts as a messenger (messenger RNA) in the synthesis of 

proteins (Chantrenne, 1965). Further discoveries also found that RNA forms a vital part 

of the ribosome (ribosomal RNA) and that yet other RNA molecules act as acceptors and 

carriers for amino acids in protein synthesis (transfer RNA).

RNA is a polymer consisting of a repeating phosphate-ribose backbone and four 

different ribose linked nucleobases: adenine (A), guanine (G), cytosine (C), and uracil 

(U). The first three bases are similar to those found in DNA, but in RNA, thymine is 

replaced by uracil. Uracil is produced using less energy than thymine, which may explain 

its use in RNA. In DNA, uracil could potentially be produced following the degradation 

of cytosine, a serious threat to information storage, so having thymine as the normal base 

makes detection and repair of such mutations more efficient.

The function of RNA within the cell is rather more dynamic than that of DNA, 

often perfonning structural and even catalytic steps in addition to information transfer. 

These numerous activities necessitate an increased functionality not provided for by the 

four simple RNA nucleosides. It is not surprising then, that there are almost 100 naturally 

occurring chemical modifications found on RNA nucleosides (Garcia, 1998); compared 

to only one in DNA, the methyl-cytosine of CpG islands. The two most common RNA 

ribo-nucleoside modifications are pseudouridine and 2'-0-methylribose. Another 

important modified base is hypoxanthine (a deaminated guanine base whose nucleoside is 

called inosine). Inosine plays a key role in the ‘Wobble Hypothesis’ of the genetic code; 

discussed further below. Inosine has been investigated as a possible treatment for 

Parkinson’s disease and is in Phase 2 clinical trials (Schwarzschild et al, 2008). The



specific role of many of the RNA modifications is not yet fully understood. However, a 

high proportion of the post-translational modifications occur in active regions indicating 

that they may be functionally important for RNA processes.

1.2 Transfer RNA
Transfer RNA (tRNA) molecules are between 73 and 93 nucleotides in length. As a result 

of a conserved pattern of base complementarity, tRNA molecules form a stem and loop 

secondary structure resembling a cloverleaf and a higher order L-shaped tertiary structure 

(Figure 1.1). tRNA performs two vital roles. Firstly, they act as isotype specific acceptor 

molecules for individual amino acids and secondly they are recruited by the ribosome to 

‘read’ the mRNA codons during protein translation.

Amino acid j A 
accepting end CLc

D Loop

Amino acid 
accepting end^

UUA
J UUA

(a)
Anticodon

(b)
Anticodon

Fig 1.1 Secondary and Tertiary Structure of Transfer RNA

The 3 stem-loops of the tRNA molecule are referred to as the T-arm, the D-arm 

and the anti-codon loop. The anticodon loop is made up of three nucleotides that 

recognise the three bases of the codon on the mRNA. Each tRNA contains a specific 

anticodon triplet sequence that can base-pair to one or more codons that, through a



mechanism of redundancy, specify for only one amino acid. The ability of the tRNA 

anticodon to pair with more than one codon is due to the phenomenon of wobble base 

pairing. This was first postulated by Francis Crick to account for the fact that there are 

fewer numbers of tRNAs, 45, compared to codons of which there are 64. It was found 

that the 5' base on the anti-codon was not as spatially confined as the other two bases and 

non-Waston Crick base pairing could occur. For example, frequently inosine and 

pseudouridine are found at the first nucleotide of the anticodon and these can hydrogen 

bond to more than one base in the corresponding codon position.

The D-arm is comprised of the D-stem and the D-loop. The D-loop contains the 

base dihydrouracil. It is thought that the D loop acts as a recognition site for aminoacyl- 

tRNA synthetase and helps stabilise the tRNA tertiary structure. The T-arm is a 

specialised region on the tRNA molecule which acts as a recognition site for the 

ribosome to allow a tRNA-ribosome complex to form during the process of protein 

biosynthesis. It is composed of the T-stem and T-loop and contains the canonical 

signature TTC of thymidine, pseudouridine and cytidine.

The tRNA acceptor stem invariably ends in a CCA tri-nucleotide. Attachment of 

an amino acid occurs on one of two hydroxyl groups on 3' terminal ribose, catalysed by 

the aminoacyl tRNA synthetase (ARS) enzymes (Figure 1.2). Each type of tRNA 

molecule can be attached to only one type of amino acid. However, since the genetic 

code contains multiple codons that specify the same amino acid, it necessitates that tRNA 

molecules bearing different anticodons must be capable of carrying the same amino acid.



tRNA-0

Figure 1.2 The amino-aeid acceptor region of tRNA. Enzymatic aminoacylation of 
tRNA can occur on the 2'- or 3"-hydroxyl group of the 3"-terminal adenosine, depending 
on the ARS carrying out the reaction (Sprinzl et ai, 2006).

1.3 tRNA Post-translational Modification
tRNA molecules are transcribed as precursor pre-tRNA by RNA polymerase III that 

require extensive base trimming and modification before becoming mature tRNA, 

functionally capable of acting as the carrier molecule for amino acids.

These processes are carried out by a number of enzymes. Firstly RNAse P, an 

RNA containing enzyme, generates the mature 5 "-sequence. Then a tRNA 

nucleotidyltransferase catalyses the synthesis of the CCA sequence by adding one 

nucleotide at a time to the 3'-terminus of tRNA (Sprinzl et ai, 1979; Deutscher et ai, 

1982) in organisms that do not genetically encode the 3 "-terminal CCA (eukaryotes, 

some archaea and many eubacteria). CCA addition is an essential step in tRNA 

biosynthesis. Once the 3"- and 5 "-termini have been processed the tRNA can be further 

subjected to an array of chemical modifications.

There are 95 known post-translational modifications present in tRNA. These 

modifications can range from simple methylations and uridine isomerisation to more 

complex ‘hypermodifications’ which require many enzymatic steps such as queuine, 

wybutosine and isopentyladenosine. Some of the modifications of tRNA are present in all 

3 forms of life, archaea, eubacteria, and eukarya, which would suggest that they play an 

important role within the cell. Due to the numerous modifications of tRNA the effects on



the molecule are varied. Some of the most common modifications result in stabilisation 

of the tRNA such as pseudouridine ('f), while others have the effect of reading frame 

maintenance, the extension or restriction of base-pairing capacity, or may even effect the 

initiation of translation (Persson, 1993). Nucleoside modification typically occurs in 

approximately 10% of the nucleosides of a particular tRNA, but can involve as many as 

25% of the nucleosides (Iwata-Reuyl, 2003). All organisms put considerable effort into 

modifying tRNA. It is estimated that close to 50 different tRNA modifying enzymes 

participate in the synthesis of the 29 modified nucleosides found in Salmonella 

typhimurium (Buck et al, 1983). This implies that S. typhimurium has about four times as 

much genetic information devoted to tRNA modifying enzymes as to the synthesis of the 

tRNA itself (Persson, 1993).

The role of post-translational modifications depends on where they occur on the 

tRNA molecule. Modifications that occur outside the anticodon region are thought to 

influence structural integrity or help the ribosome identify the tRNA molecule. 

Modifications within or around the anticodon are thought to assist translational speed and 

reliability or to influence the occurrence of frame-shifting events (Iwata-Reuyl, 2003). 

There still remains some debate as to why RNA’s are modified when ribozymes and 

autocatalytic RNA’s function without any modifications. It may be the case that 

additional functional complexity is needed as there are only 4 nucleotides compared to 

the 20 amino acids found in proteins but also that the secondary and tertiary structures of 

the canonical bases may not meet the strict demands of the translational machinery. The 

evolution of modified nucleosides may have also have compensated for the short-coming 

in flexibility and accuracy (Persson, 1993).

The most abundant post-transcriptional RNA nucleoside modification found in 

the three kingdoms of life is pseudouridine ('F). It is generated by a group of 

pseudouridine synthase enzymes that catalyze the post-transcriptional conversion of 

specific uridines (Chihade et al, 1996). The function of pseudouridines on a molecular 

level is not known, but several studies on eukaryotes and prokaryotes show that deletion 

of pseudouridine-synthesising genes has a negative impact on cell growth and protein 

synthesis rate (Mengel-Jprgensen et al., 2002). It may also facilitate RNA stability and 

folding (Mengel-J0rgensen et al., 2002; Perez-Arellano et al., 2007).



The absence of particular modifications in tRNA have been linked to human 

disease in a limited number of cases, for example, the absence of a lysidine modification 

on the mitochondrial A mutation in base 3243 in which A is replaced with

G results in a rare form of dementia called MELAS (Mitochondrial Encephalopathy, 

Lactic Acidosis, and Stroke-like episodes). This mutation results in the disruption of 

intramitochondrial protein synthesis. The decreased protein synthesis leads to a decrease 

in respiratory chain activity by reduced translation of UUG-rich genes such as NADH 

dehydrogenase VI which is a component of complex I required for oxidative 

phosphorylation. The A to G transition at position 3243 of gene occurs in

about 80% of MELAS patients whereas a T to C transition at position 3271 of the same 

tRNA occurs in about 10% of the patients. (Nishimura et al., 2006).

HO

1.4 The hypermodified Queuosine nucleoside
Queuine or Q-base (7-(((4,5-cis-dihydroxy-2-cyclopenten-l-yl)amino)methyl)-7 

deazaguanosine) is a hypermodified base found in the first position of the anticodon of 

tRNAs specific for asparagine, aspartic acid, histidine, and tyrosine (Kuchino et al, 

1976). The nucleoside of queuine is referred to as queuosine (Q). It is found in 4 forms in 

organisms; as free queuine base, free nucleoside, free nucleotide and nucleoside 

incorporated into tRNA (Eigure 1.3).

Queuine is found in all prokaryotic and 

eukaryotic organisms but is absent from the yeast 

Saccharomyces cervisiae and all archea, where it is 

replaced by a related molecule called archaeosine 

(Gregson et al, 1993). Prokaryotes have the ability to 

synthesis queuine, through a complex series of 

enzymatic reactions, but eukaryotes must obtain 

queuine from their diet or bacteria present in the gut 

(Shindo-Okada et al, 1980) which can be further 

modified by glycosylation with either mannose or 

galactose (Kasai et al, 1976).

Figure 1.3 Structure of 
Queuosine



In prokaryotes, the first step of queuosine synthesis involves the conversion of a 

guanosine triphosphate (GTP) molecule into 7,8-dihydroneopterin triphosphate (H2NTP). 

This step is performed by GTP cyclohydrolase I (GCH I) and involves the removal of 

both the N7 and the C8 atoms of the nucleotide base and incorporation of either an 

aminopropyl or cyanopropyl group to reform the ring (Slany et al, 1994; Philips et ai, 

2008). The second step involves the conversion of H2NTP to 6-carboxy-5,6,7,8- 

tetrahydropterin (CPH4) by the removal of the triphosphate and is carried out by enzyme, 

QueD (McCarty et al, 2009a), which is then further modified by QueE to 7-carboxy-7- 

deazaguanine (CDG). QueC then catalyses the ATP-dependant conversion of CDG to 

preQo utilising externally derived nitrogen to yield the nitrile group (McCarty et ai, 

2009b). preQo is then modified to preQi by the NADPH-dependant conversion of the 

nitrile moiety to an amino group by QueF. The next step is carried out by the tRNA 

guanine transglycosylase (TGT) enzyme which can utilise guanine, preQo or preQi as a 

substrate for incorporation into tRNA in a base-for-base exchange reaction; preQi being 

the preferred substrate. After preQi has been incorporated into tRNA further modification 
is carried out by the gene product of queA, S-adenosylmethionine:tRNA 

ribosyltransferase isomerase (SAMrTRTase isomerase) which uses 5-adenosylmethionine 

as a ribose donor to form epoxy-Q. The final step of queuosine modification is preformed 

by a yet uncharacterised, vitamin B12 requiring enzyme, which reduces the epoxy group 

of epoxyQ to the final queuosine product (Morris et al., 2001) as shown in Fig. 1.4.
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Fig 1.4 Queuosine synthesis in prokaryotes

In eukaryotes, the formation of queuosine in tRNA is significantly different from 

that of prokaryotes relying, as it does, on salvage of dietary or gut floral derived 

queuosine or queuine. Walter Farkas’ group showed this exogenous reliance for queuine



by feeding 8-week-old germ-free mice a chemically defined queuine-free diet (Farkas, 

1980). After 4 weeks the queuosine level in tRNA*^*" and tRNA^''^ had decreased from a 

starting point of 85% to 15% queuosine modified tRNA. By contrast, tRNA'^*’’ and 

tRNA^^"^ were still fully modified with queuosine. It was not until the animals had been 

maintained for one year under these conditions that the queuosine modification of all four 

tRNA species was eliminated. A eukaryotic soil living amoeba, Dictyostelium 

discoideum, has also been used to study queuine modification in tRNA due to their ability 

to be cultivated on a peptone-free medium without queuine. It was shown that exogenous 

queuine is essential for the biosynthesis of Q-containing tRNA*^™. An axenic strain of 

D. discoideum (Ax-2) grown on a queuine free medium contains tRNA^*" that is 

completely unmodified with queuine, which can be restored by the addition of queuine to 

the medium, while a wild type strain (NC-4) grown on E. coli as food supply was fully 

modified with queuine (Ott et ai, 1982).

Since eukaryotes are unable to synthesise queuine de novo and therefore must 

obtain queuine from an external source an uptake mechanism for queuine must exist. The 

queuosine modification system in mammalian cells is composed of three steps: uptake of 

the queuine base into the cells by a queuine specific/non-specific membrane transporter, 

incorporation of the queuine base into the wobble position of tRNA by TGT, and salvage 

of the queuine base from queuosine 5'-monophosphate resulting from tRNA degradation, 

which may be recycled for reuse by the TGT enzyme (Morris et al, 1999). It has been 

shown that phorbol esters, which specifically activate protein kinase C (PKC), affect the 

uptake of queuine by human foreskin fibroblasts. (Elliott et al, 1985). In early passaged 

fibroblasts, that were treated with the phorbol ester, phorbol-12,13-didecanoate (FDD), 

the uptake of a radiolabelled analogue of queuine, rQT3 (tri-tritiated dihydroqueuine) was 

enhanced. Conversely, inhibitors of PKC and chronic exposure to PDD, which down 

regulates PKC, resulted in the inhibition of queuine uptake by cells (Elliott et al, 1990 

and Morris et al., 1996) suggesting that PKC enhances the uptake of queuine into 

fibroblast cells.

A definitive biochemical function(s) for queuine in tRNA has yet to be found, but 

research has established a connection between queuosine and a variety of physiological 

effects. In eukaryotes, the developmental stage of the cell was shown to closely relate to



queuosine modification of tRNA as it was observed that tRNA from normal tissue was 

fully modified with queuine compared to embryonic tissue and regenerating rat liver 

whose tRNAs were only partially modified with queuine (Okada et al, 1978). It has been 

further demonstrated that the tRNA in adult tissue is fully modified with respect to 

queuosine while tRNA is undermodified in neonates and in rapidly proliferating cells and 

in cancer (Wust and Rosen, 1972; Emmerich et al, 1985). As a result of these 

observations it has been suggested that neoplastic transformation and development could 

be related to the absence of queuosine in tRNA. Indeed, an analysis of queuosine levels 

in during malignancy (Baranowski et al., 1994) lead to the suggestion that undermodified 

tRNA could be used for histopathological grading of malignancies (Dirheimer et al. 

1995).

E. coli that have been made defective in Q-synthesis exhibit an apparent normal 

phenotype and growth-rate under laboratory conditions; even outgrowing a wild-type 

control strain in individually grown cultures (Dineshkumar et al, 2002). However, when 

mixed culture inoculums were set up, the viability of the mutant strain dropped 

significantly upon entry into the stationary phase and after a short time the number of 

mutant cells comprised less than 1% of the control strain. (Noguchi et al, 1982; 

Dineshkumar et al, 2002).

Studies on the pathogenic bacterium flexneri have identified tRNA-guanine 

transglycosylase (TGT) as the gene product of vacC, a virulence-associated chromosomal 

locus associated with epithelial cell invasion (Durand et al, 1994). A vacC mutant 

showed significantly decreased levels of key invasion-associated proteins and a reduced 

capacity for causing keratoconjunctivitis. However, when a cloned tgt gene from E. coli 

was introduced into the vacC mutant, the virulence phenotype was fully restored. 

(Durand et al, 1994).

While the molecular basis for these different observations remains undetermined, 

the presence of queuosine in the anticodon is compatible with a role in modulating 

translation. For example, the -1 frameshifting events essential for correct translation of 

the retroviral Gag-Pol-Pro polypeptides of HTLV-1 and BLV appear to be dependent on 

Q-tRNA'^'*" (Iwata-Reuyl, 2003). A similar dependence on tRNA hypermodification has 

been observed with HIV and Rous sarcoma virus, where frame shifting has been shown
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to be more efficient with a tRNA^*’® that lacks the hypermodified nucleoside wyebutoxine 

(Wye) normally present in the anticodon loop (Hatfield et ai, 1989). Queuosine 

modification seems to increase efficiency of interactions of the wobble position with 

specific mRNAs resulting in an increase in translational speed and correct frame shifting.

It has also been suggested that queuine may have important effects on eukaryotic 

physiology outside of its role in tRNA. Studies carried out on the effect of queuine on the 

proliferation of HeLa cells showed that queuine could enhance the proliferation of non- 

transformed cells under aerobic conditions while inhibiting the growth of cancer-derived 

and transformed cells when cells shifted their energy metabolism towards glycolysis due 

to oxygen deprivation. (Langgut et al, 1993). Another study by Pathak and Vinayak 

(2005) has shown that queuine may act as a regulator for the enzyme lactate 

dehydrogenase (LDH), which catalyses the reversible interconversion of pyruvate to 

lactate. It was shown that the levels of LDH were elevated in cancerous DLA mice, due 

to the fact that glucose is used as the main energy source through glycolysis resulting in 

the formation of lactate, which decreased with the administration of queuine. Another 

study by Reisser (1994) also showed an increase in LDH activity in HeLa cells which 

were grown under hypoxic conditions and the ability of queuine to relieve this hypoxic 

stress. This indicates that queuine may enable cells to regulate proliferation depending on 

their metabolic state and alter the metabolic state of the cell from anaerobic to aerobic.

The most prominent effect of queuine observed in mammals was shown in a 

series of experiments carried out by Marks and Farkas (1997). In initial experiments it 

was shown that when germfree mice were kept on a queuine free diet for 4 weeks (which 

approximates to 9.3 tRNA half lives) that the tRNA’s for aspartic acid and tyrosine 

remained fully modified with respect to Q and that the tRNA’s for asparagine and 

histidine only contained Q in 15% of the tRNA which was 4-6 times less Q modified 

tRNA than mice kept on a normal diet. This may be explained by the fact that the tRNA’s 

for aspartic acid and tyrosine are glycosylated and possibly protects them from 

degradation and acting as the preferred substrates for the enzyme. In a later experiment, 

germ-free mice were entirely depleted of Q-modified tRNA by maintaining them on a 

chemical defined diet without queuine for one year. It was then shown that the synthesis 

of Q modified tRNA could be restored by administration of queuine by injection, feeding
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the free queuine base or by feeding free Q modified tRNA (Reyniers et ai, 1981). It was 

observed that germfree mice could live on a chemically defined diet under stress-free 

laboratory conditions. However, when tyrosine was subsequently removed from the 

queuosine deficient animal’s diet, it resulted in 100% fatality within 18 days with the 

mice exhibiting symptoms of squinting, rough coat, stiffness of neck and forelimbs, 

lethargy, staggered walk, huddling and laboured breathing (Marks et al, 1997). This was 

an unexpected result, as tyrosine is not an essential amino acid and can be derived from 

dietary phenylalanine through the enzymatic activity of the aromatic amino acid 

monoxygenase phenylalanine hydroxylase.

1.5 Transfer RNA Guanine Transglycosylase
The tRNA Guanine Transglycosylase (TGT) enzymes are an ancient enzyme family 

present in all three kingdoms of life; archea, eubacteria and eukarya. The TGT enzyme 

catalyses the insertion of a modified 7-deazaguanine base (the exact structure of which 

being dependant on the kingdom) into tRNA’s harbouring the anticodon sequence GUN 

(tRNA'^'’^’'^*"'^'^’^^'^). In archea, the TGT enzyme catalyses the exchange of guanine with 

7-cyano-7-deazaguanine (preQo), which is then further modified in situ to produce 

7-formamidino-7-deazaguanosine (archaeosine) (Ishitani et ai, 2001.) In prokaryotes, 

TGT inserts preQi into tRNA. The preQl molecule is then modified in situ through a 

series of reactions to yield queuosine (Okada et al, 1979). In eukaryotes, guanine is 

exchanged irreversibly with queuine by a direct base-for-base exchange reaction. 

Additional modifications to the queuosine moiety have been documented in eukaryotic 

tRNA'^^'’ and tRNA^^"^ where a galactose and mannose residue are appended to the 

cyclopenediol group, respectively (Kasai et al, 1976; Okada et al, 1977).

Table 1.1 Substrate specificity of TGT
Enzyme Guanine preQo preQi Queuine

Archaebacterial TGT V V - -

Eubacterial TGT V V V -

Eukaryotic TGT V V V V

Adapted from Stengl et al, 2006.
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1.5.1 Protein purification studies of the TGT enzyme
The identification of the endogenous mammalian TGT has proved extremely 

problematic, in that it has been difficult to isolate it as an homogenously pure preparation. 

The first reported account of this enzyme was by Farkas’s group in 1973, and described 

an activity capable of charging tRNA with [8-''’C] Guanine (Farkas et al, 1973). It was 

found that when lysate from rabbit reticulocytes was added to a mixture of buffer and 

[^'^C] Guanine that a measurable amount of the ['"'C] label separated with the tRNA 

fraction. In a later paper from the same group, a 100-fold partial purification of the tRNA 

guanine insertion activity was achieved but further identification of the enzyme was not 

possible (Dubrul et al, 1976). A highly pure preparation, of approximately 2600-fold, 

was eventually attained by isolating the guanine insertase activity from rabbit 

erythrocytes, as opposed to reticulocytes, which are more difficult to obtain (Farkas et al., 

1978). It was found that the native enzyme has a molecular weight of 104 kDa by S200 

gel filtration chromatography. The enzymatic activity separated into two bands with an 

apparent molecular weight of 60 kDa and 43 kDa when subject to denaturing gel 

electrophoresis. The larger of these two subunits was further resolved after 

S-aminoethylation to yield two distinct bands differing by approximately 1 kDa.

Okada (1979) isolated the E. coli TGT to homogeneity and demonstrated it to be a 

monomer of 46 kDa. It was noted that when the TGT enzyme was isolated from rat liver 

that there was a difference in the molecular weight of the enzyme in that the rat liver 

enzyme was calculated to be 80 kDa compared to 46 kDa in E. coli (Shindo-Okada et al., 

1980). The plant TGT, which was isolated from wheat germ, gave an apparent molecular 

weight of 140 kDa and further investigation showed that the enzyme forms a homodimer 

of two 68 kDa subunits (Walden et al., 1982). The first partial amino-acid sequence of a 

purified eukaryotic TGT enzyme was from bovine liver, published in a paper by Slany et 

al., (1995). The enzyme activity was recovered as a heterodimeric molecule of 65 kDa 

and 32 kDa from which four high quality sequence fragments were published. Table 1.2. 

On further analysis of the heterodimer by gel filtration, it was found that the smaller 

subunit of 32 kDa invariably co-eluted in enzymatically active fractions along with the 

larger 65 kDa subunit (Slany et al., 1995). Curiously however, our analysis of these 

published peptide sequences shows that they are highly unlikely to be the catalytic
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enzymes and instead may be associative members of a larger queuine transglycosylase 

complex, discussed further in Chapter 3.

Table 1,2 Partial amino acid sequences of bovine TGT_________________________
TGT Amino acid sequence of Lys-C digestion

Subunit products
65 kDa large subunit

32 kDa small subunit

peptide 1 (K)EPFPTIYVDSQK
peptide 2 (K)-L[W]HREQMK

peptide 1 (K)-VLASPLQRLGNK
peptide 2 (K)[D/T/Q/G]VMDIDTLGTFNVS[R]VLYE[K]

Adapted from Slany et al. (1995).

The most recent attempts to characterise the queuine transglycosylase activity 

focused, yet again, on rabbit erythrocytes and reticulocytes. The isolation procedure 

yielded highly pure protein bands on SDS-PAGE; three bands of approximately equal 

intensity at 99, 61, and 60 kDa, and a band of approximately one-half the intensity at 

57 kDa (Deshpande et al., 1996). Amino acid sequence information was recovered from 

these bands following Staphylococcus V8 protease digestion and is presented in Table 

1.3.

Table 1.3 Partial amino acids sequences for TGT
Source Partial amino acid sequence of protease V8 

Digestion
Erythrocyte TGT 61/60 kDa subunit PLYSVTVKWGKEKFGGVELN7DEPPMVFKAQLFA

Reticulocyte TGT 57 kDa peptide 
Reticulocyte TGT 99 kPa peptide

TAEEMKAAESGAQHAPLPLFIVDIT
VNFTVDQISAIMDKKANISNMSVIARVDDGKSTL

Adapted from Deshpande et al. (1996).

The sequence obtained from the 61/60 kDa subunit in rabbit erythrocytes was 

reported by the authors to be Ubiquitin Specific Peptidase 14 (USP14), which is a 

deubiquitinating enzyme. Interestingly the loss of USP 14 in mice results in retarded 

growth, several behavioural disorders, a resting tremor and hind limb paralysis and death 

usually occurring within eight weeks (Anderson et al, 2005); symptoms which have 

some similarity to the neurological symptoms observed when germfree mice are fed a 

chemical defined diet deprived of queuine and tyrosine (Marks et al, 1997). The 57 kDa
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peptide from rabbit reticulocytes is absent from the derived peptide sequence of the rabbit 

erythrocyte TGT 60 kDa subunit but it is 84% identical to residues 2-26 of heat shock 

protein binding immunophilin p59. The 57 kDa protein may therefore be p59 or a 

homolog. While the 99 kDa peptide from rabbit reticulocyte is again unrelated to the 

rabbit erythrocyte subunit but it is 89% identical to residues 2-36 of human elongation 

factor 2 (EF2) or a homologue. The cDNA clone for rabbit USP14 protein was isolated 

from a liver cDNA library and a human homologue was identified from a human 

placental clone. However the USP14 protein that was encoded by the cDNA clone had no 

catalytic activity (Deshpande and Katze, 1996). It is interesting that none of the proteins 

isolated from this study by Deshpande and colleagues show any sequence similarity to 

the prokaryotic formas of the queuine transglycosylase enzyme, again suggesting that they 

may be partner proteins within a queuine transglycosylase complex, discussed further in 

Chapter 3.

Given that the USP14 protein did not yield activity, Deshpande and colleagues 

instead searched for clones from the human EST database with significant homology to 

the E. coli TGT (Deshpande et al, 2001). The identified cDNA which they cloned into a 

dexamethasone-inducible mammalian expression plasmid and transfected into GC3/cl 

cells; a cell line known to be naturally deficient in queuine tRNA transglycosylase 

activity (Giinduz et al, 1992). This clone restored the ability of the cells to modify tRNA 

with queuine. The cDNA clone encoded a protein of a predicted mass of 44 kDa and 

shared 43% and 44% sequence identity with the well characterized E. coli and 

Zymomonas mobilis TGT’s, respectively as shown in Fig 1.5.

MAGAATQASLESAPRMRLVAECSRSRARAGELWLPHGTVATPVFMPVGTQAT
MKGITTEQLDALGCRICLGNTYHLGLRPGPELIQKANGLHGFMNWPHNLLTDSG
GFQMVSLVSLSEVTEEGVRFRSPYDGNETLLSPEKSVQIQNALGSDIIMQLDDVV
SSTVTGPRVEEAMYRSfRWLDRCIAAHQRPDKQNLFAIIQGGLDADLRATCLEEM
TKRDVPGFAIGGLSGGESKSQFWRMVALSTSRLPKDKPRYLMGVGYATDLVVC
VALGCDMFDCVFPTRTARFGSALVPTGNLQLRKKVFEKDFGPIDPECTCPTCQK
HSRAFLHALLHSDNTAALHHLTVHNIAYQLQLMSAVRTSIVEKRFPDFVRDFMG
AMYGDPTLCPTWATDALASVGITLG

Fig 1.5 Sequence of the human TGT catalytic subunit 

(Source: Deshpande et al, 2001)
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The archaebacterial TGT has been isolated from Haloferax volcanii (Watanabe et 

al, 1997). When analyzed by electrophoresis, the apparent molecular mass was 

calculated to be 78 kDa. Unlike the bacterial enzyme, which uses preQi as its primary 

substrate, the primary substrate for the H. volcanii is preQo, which presumably is 

modified to archaeosine by the addition of ammonia. Partial amino acid sequences were 

obtained when the purified enzyme was digested with lysylpeptidase. The digestion gave 

three peptide fragments and the sequence was compared to that of the punitive TGT from 

Methanococcus jannaschii (Table 1.4), which exhibits 30% identity to the E.coli TGT 

(Reuter a/., 1991).

230 240 260
M iannaschii KQA.IRI>OSI.WBLVZiaiVRCHPKLU5ATRVVRKTIDTISKFDPVTKKSAFr!rTQTESMrRP

lllllhl lllllhhil ih» *1111** II II
H. volcanii qaisdgdlmelvserarshpaioudgtrallahvdoIiEREOPAS gafpyasnesahrp

fra.#l
280 300 320

M.jannaschii EVl.RHKKRXiKRl.RYK-KVyiTTVSSSIBKPYHKHLHVVirn>VDILIKDPVFOFIPYYIDT 
1111*1**11 :|| :::

H. volcanii EVARHI»JU)!nRI.TABGHVLl>TEOOVPSGIJDFia.TTRVVP 31.SE
£xa.«2

340 360 380
M.jannaschii VTPLSQHElPELFDTEKBINKRFVDEFlDWLKKKIGEDNlLDIMnrirYYIKyrSANKKlN

*j|l** 1*11 *1
H. volcanii TYPLTA-EVPERLDRDAyEQAARGVSRLVEENPDAAPTIAHDDWPESALAItVPE

fra,#3
Table 1.4 Alignment of a portion of the sequence of M. jannaschii TGT with those of 
fragments of H. volcanii TGT.

When the fragments are compared to M. jannaschii, fragments 1 and 2 from H. volcanii 

appear closely related with identities of 53.5 and 38.5% respectively while fragment 3 

does not appear to correlate significantly to M. jannaschii but as the sequence from 

M. jannaschii is a putative one it is difficult to make a definitive conclusion. The 

characteristics of queuine transglycosylase enzymes purified from various sources are 

listed in Table 1.5.
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Source Mr No. of Subunits Substrate

E. coli 46 1 (46) preQi
Z. mobilis 45 1 (46) preQi
H. volcanii 78 1 (78) preQo

Wheat germ 140 2 (68 + 68) Queuine
Mouse liver 104 2 (60 + 34.5) Queuine

Rat Liver 80 Queuine
104 2 (60 + 34.5) Queuine

Rabbit erythrocyte 104 2 (60 + 43) Queuine
Bovine liver 100 2(60 + 31) Queuine
Human liver 104 2 (60 + 34.5) Queuine

Adapted from Morris et ai, 2001.

1.5.2 Structural studies of the TGT enzyme
The crystal structure of an archaebacterial TGT has been solved from Pyrococcus 

horikoshii (Ishitani et ai, 2001) and a prokaryotic TGT from Zymonwnas mobilis 

(Romier et ai, 1996b). There is no structure available for the eukaryotic enzyme. 

However, the high sequence homology between the prokaryotic Zymomonas mobilis 

sequence and that of the eukaryotic Caenorhabditis elegcms has allowed the modeling of 

the latter’s active site (Romier et ai, 1997). The TGT enzyme adopts a (p/a)8 beta-barrel 

structure, also known as a TIM barrel fold after the first enzyme characterized with this 

three-dimensional structure-the glycolytic enzyme triosephosphateisomerase (Fig. 1.6; 

Nagano et al., 2002).

The Z. mobilis enzyme differs from the normal (P/a)8 fold as there are several 

additional secondary structural elements inserted between the p/a units as shown in Fig 

1.5, Panel A (Brenk et ai, 2003 and Romier et ai, 1996a). The central part of the enzyme 

is located at the N-temiinus where a three-stranded anti-parallel P-sheet closes up the N- 

terminus of the barrel. The C-terminal subdomain is connected to the N-terminal barrel 

and contains the structurally important zinc-ion, which is tetrahedrally coordinated by 

three cysteines (C318, C320 and C323) and one histidine (H349) and is connected to the 

barrel by helix a 12. This helix is the terminal one of the (P/a)8 fold and is assumed to be 

involved in tRNA binding through Arg286 and Arg289. The active site of the enzyme is
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located at the C-temiinal face of the barrel, with Aspl56, Gly230, Gln203 and Leu231 

involved in substrate recognition through hydrogen bonding.

Fig 1.6 Structure of a/p-8 or TIM barrel fold from triosephosphate isomerise
The crystal structure for the archaebacterial TGT from Pyrococcus horikoshii was 

solved by Ishitani and colleagues in 2002. This work detennined that the N-terminus of 

the protein (residues 1-340) is structurally similar to that of the prokaryotic TGT and 

folds into a TIM barrel, despite a shared sequence homology of only 25% (Romier et ai, 

1997). The C-terminus (residues 340-582), on the other hand, is unique to the 

archebacterial enzyme and contains sequence homology to the PUA domain, widely 

conserved in eukaryotic and archaeal RNA modification enzymes (Aravind et al, 1999). 

The C-terminus is divided into three domains (Domain Cl, C2, C3), which are required 

to carry out unique steps in the archael reaction. Fig 1.7, Panel B, as archael tRNA is 

modified on G15 of the D-loop unlike eukaryotic tRNA which modifies position G34 of 

the anticodon loop.

As there is no structure available for the eukaryotic TGT, Romier et al. (1997) 

used the known structure of Z. mobilis and the sequence of the human TGT (Deshpande 

et ai, 2001), which shares 34% sequence identity, to model the structure of the 

eukaryotic TGT of C. elegans. According to this model, only a few amino acids need to 

be replaced in the active site. It is supposed that the replacement of Cysl58 (Z. mobilis 

TGT) by Val has no major influence on substrate recognition. An important substitution 

is that of Val 233 (Z. mobilis TGT) by glycine, which would open up the binding pocket
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to accommodate the cyclopentendiol moiety of the natural substrate queuine (Brenk et 

al, 2003).

a.

Zinc SPB-motif
binding site al2

Catalytic
domain

aie

wP7k_^p8 "
Insertion p7- a6

b.

Zincbjnding SPB-moti^ 

aial
Catalytic
domain

hairpin
cx2C^^J >

DomainDomain C2 ' IC3=PUA

Fig 1.7 Schematic folding patterns of (a) prokaryotic and (b) archaebacterial TGT
Adapted from Brenk ef al. (2003).
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1.5.3 Biochemical characteristics of the tRNA ribosyltransferase 

enzymes
Despite the conservation in TGT protein sequence across all three kingdoms of life, the 

base that is incorporated into tRNA and the position at which the modification occurs 

differs depending on the kingdom. Most of the biochemical understanding of the tRNA 

ribosyltransferase reaction has been derived from mutagenesis studies on the E. coli TGT 

enzyme and from cystallographic studies on the Z. mobilis enzyme in complex with 

various substrates and inhibitors. Recent crystallographic studies of the archael TGT has 

determined that the structure and arrangement of active site residues are highly conserved 

with the eubacterial forms. Interestingly, the base-exchange reaction does not require the 

cleavage of the phosphodiester backbone of the polynucleotide, nor does it require energy 

input (Okada et al, 1979 and Singhal et al, 1983). In contrast to eubacterial and 

eukaryotic enzymes the archaeal TGT is involved in the incorporation of archaeosine at 

position 15 in the D loop of tRNAs (Gregson, 1993).

1.5.3.1 Archaeal TGT
The analysis of archaeal TGT has, for the greater part, centered on an enzyme isolated 

from H. volcanii (Watanabe et al., 1997) and on a recombinantly expressed putative TGT 

from M. jannaschii, which was identified through protein homology searches (Bai et al, 

2000). As mentioned above, although the archaeal TGT modifies position G15 on the 

D loop of the tRNA, catalytically important residues are conserved with the eubacterial 

and, based on sequence alignment data, with the eukaryotic enzyme.
It was found that a T7 transcript of H. volcanii tRNA*'^^ (i.e. synthesized in vitro 

and therefore lacking any chemical modification) and unfractionated E. coli tRNA could 

act as substrates for the H. volcanii enzyme and that preQo was more efficiently 

incorporated than either archaeosine or preQi, suggesting that preQo is the physiological 

substrate. This conjecture is supported by direct sequencing of tRNA, which identified 

preQo at position 15 after incubation with archaeosine base (Watanabe et al, 1997).

As no crystal structure for the archaeal TGT bound to a reaction-intermediate 

exists, it has been inferred that Asp249, which is equivalent to Asp280 in the E.coli 

enzyme, acts as nucleophile in the base-exchange reaction (Stengl et al, 2005). The
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residues in the active site are identical with respect to the eubacterial TGT with Asp95, 

Ser96, Aspl30, Glnl69 and Glyl96 all being present. The most important difference in 

the active site is the inability of Phe99 to stack with Phe229 which results in an altered 

substrate recognition pattern (Stengl et al, 2005). Within the C-terminal region, the three 

cysteines and one histidine which co-ordinate a zinc molecule are also conserved in the 

archaeal TGT sequence. Outwith the TGT homology region, the deletion of the PUA 

domain does not significantly affect tRNA binding but it substantially reduces the 

catalytic activity, resulting in a 75-fold increase in Km for tRNA'^*’’ compared with the 

full length TGT enzyme. (Soil et al, 2005).

The crystal structure of Thermotoga maritime TGT (PDB code: 2ASH) and 

P. horikoshii (Ishitani et al., 2002) shows the enzyme forms a homodimer-also observed 

when the E. coli enzyme is present in high concentrations of ~5mg/ml (Reuter, 1995)- 

although no activity assays have been carried out on the T. maritime enzyme to date.

1.5.3.2 Prokaryotic TGT
An E. coli mutant lacking tRNA modified with queuosine was discovered to harbor a 

single TGT point mutation where serine 90 was replaced by phenylalanine (S90F) 

(Noguchi et al, 1982). This mutation was further investigated by Reuter (1994) to 

determine if serine 90 was a catalytically important residue in the TGT reaction. A series 

of mutations were made using the wild-type E.coli TGT enzyme in which serine 90 was 

mutated to alanine (S90A) and cysteine (S90C). The enzymes were still capable of 

forming dimers and of binding to tRNA. The S90C mutant showed a 40-fold reduction in 

Km for tRNA and a 5-fold reduction in Km for guanine. There was negligible catalytic 

activity for the S90A mutant and the Km for tRNA and guanine was reduced by 4-fold. 

These results suggested that serine 90 plays a vital role in TGT activity. This finding was 

further supported when the corresponding serine in Z. mobilis, serine 103, was mutated to 

alanine causing inactivation of the enzyme (Gradler et al, 1999).

Chong and colleagues (1995) investigated the significance of an unusual 

arrangement of cysteine residues in the E. coli TGT enzyme which showed similarities to 

structural zinc-binding motifs (Jaffe, 1993). Within the identified motif, six residues (Cys 

302, Cys 304, Cys 307, His 316, His 317 and Cys 321) were found which could serve as
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zinc ligands. These six residues were mutated individually to alanine and it was shown 

that Cys 302, Cys 304, Cys 307 and His 317 are required for zinc binding. Significantly, 

these mutations also caused the activity to decrease to <0.1% when compared to the wild 

type enzyme since the mutants were incapable of binding to tRNA.

In the crystal structure of Z. mobilis complexed with preQi (Romier et ai, 1996a) 

it was proposed that an aspartate residue at position 102 (position 89 in E. coli TGT) 

functions as a nucleophile. This role was investigated in a paper by Kittendorf and 

colleagues (2001) were the aspartate in position 89 of E. coli TGT was mutated to 

alanine, asparagine, cysteine and glutamate. The resulting mutant TGT enzymes showed 

a significant loss of TGT activity in accordance with the complete loss of enzymatic 

activity seen by Romier (1996). The enzyme activity when compared to the wild type 

was reduced by three orders of magnitude for the mutations with asparagine and cysteine 

and by 50% for the glutamate mutation. The observed activity was attributed to 

contamination from chromosomally derived wild type TGT (Kittendorf, 2001).

Based on the findings of Kittendorf (2001) showing that TGT can form a 

covalent tRNA intermediate and from an examination of the crystal structure it was 

proposed that aspartate 264 of E.coli TGT (Kittendorf et ai, 2003) and aspartate 280 in 

Z. mobilis (Romier, 1996a) was involved in the formation of a direct covalent bridge to 

the tRNA anticodon during catalysis. To investigate this, (Kittendorf et ai, 2003) six 

mutations at position 264 were created in E.coli TGT by replacing Asp264 with alanine, 

asparagine, glutamate, glutamine, lysine and histidine. Only the glutamate mutation 

showed activity, albeit only 12% of the wild type enzyme. The other five mutant TGTs 

showed activity ~3 orders of magnitude lower than wild type TGT which was previously 

observed when aspartate 89 was mutated and was attributed to contamination with wild 

type TGT (Kittendorf et ai, 2001). Xie and colleagues also (2003) investigated the role 

of aspartate 280 in Z. mobilis. Analysis of the Z. mobilis structure in a trapped covalent 

intermediate complex of TGT-tRNA-9-deazaguanine revealed that aspartate 280 and not 

aspartate 102 (Romier et ai, 1996b) acts as the true nucleophile in the TGT catalysed 

reaction.

Based on the mutagenesis studies carried out on aspartate 89 it has been predicted 

that TGT follows a ping-pong reaction mechanism (Garcia, 2003). In this mechanism.
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IRNA binds first, which is consistent with the crystal structure as this only shows one 

binding site (Romier et ai, 1996b) and the failure of guanine to bind in the absence of 

tRNA. In the next step guanine is cleaved from the tRNA and a TGT-tRNA intermediate 

is formed. This is followed by the replacement of guanine with preQi in the active site 

and its incorporation into tRNA.

The tRNA anticodon sequence, U33G34U35, which is strictly conserved in all 

Q-containing tRNAs is specifically recognized by TGT. As U33 is present in all tRNAs 

the amino acids interacting with U33 are highly conserved to ensure specific recognition 

by the TGT enzyme. (Nakanishi et ai, 1994; Curnow et ai, 1995). These sequence 

requirements for the recognition of tRNA by TGT were investigated by Nonekowski 

(2001) following a model depicting TGT binding to the U33G34U35 sequence in anticodon 

arm of the tRNA. (Romier et ai, 1996a). Band shift experiments were carried out using 

an in vitro generated minihelix analog of E. coli tRNA'^"^ consisting of a seven-base loop 

containing the U33G34U35 sequence to show the ability of TGT to bind tRNA. To identify 

the elements in the anticodon loop required for recognition, mutations were introduced 

into the sequence. In the mutated tRNA minihelix analog the U33G34U35 sequence was 

shifted towards the 3' end (-(-) or the 5' end (-). Results indicated that the UGU"^' 

(U34G35U36) binds to TGT with comparable kinetics to the wild type enzyme, which is in 

agreement with previous findings by Curnow (1993). By contrast, UGU"^^, CGU^'^ and 

UGU ' show less or no binding to TGT. The UGU"^' mutant was the only stable complex 

under mild denaturing conditions and kinetic studies showed a kcat that is 10-fold lower 

than for the E. coli minihelix and a slight increase in the K^. From these results it was 

suggested that the specificity of TGT is based on the correct sequence in the anticodon 

(i.e. UGU) and the conformation of the tRNA to ensure the cognate tRNA is modified 

(Nonekowski et ai, 2001).

1.5.3.3 Eukaryotic TGT
As it had proven impossible to conclusively identify an active eukaryotic TGT from 

protein purification studies efforts in this regard relied on comparisons to prokaryotic 

sequences. For example, a protein sequence has been identified in the human genome that 

shows 43% sequence identity with the Z. mobilis TGT and in which the active site
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residues aie highly conserved. Due to the high sequence homology it was possible to 

model the active site of the putative eukaryotic TGT from Caenorhahditis elegans using 

the structure of the prokaryotic Zymomonas mobilis TGT,. As eukaryotes are unable to 

synthesise the larger queuine molecule from preQo and preQi it has been suggested that 

the replacement of prokaryotic Val 233 to Gly 233 in the eukaryotic TGT would allow 

for the accommodation of queuine (Romier et al, 1997). The only two Km values for 

tRNA substrate reported for the prokaryotic TGT enzyme are 92 pM and 15 pM for TGT 

isolated from rat liver (Shindo-Okada et al., 1980) and rabbit erythrocytes (Howes et al., 

1978) respectively but as these enzymes were not identified its not possible to say these 

enzymes are the active TGT or partner proteins from a TGT complex.

RNA
anticodon
stemloop

active site

Fig 1.8 Z. mobilis TGT in complex with an RNA anticodon stemloop
Adapted from Stengl. (2005)

As described earlier PKC activation can increase queuine uptake by fibroblast cells. It has 

also been shown that PKC may affect the activity of the TGT enzyme (Morris et al., 1990 

and Morris et al., 1995). The effect of PKC on TGT was studied in HeLa cells (Langgut 

et al., 1995) and on a preparation of TGT isolated from rat liver (Morris et al, 1995). It 

was shown the growth of HeLa cells under hypoxic conditions causes tRNA to become 

completely queuine deficient however it was possible to reverse this effect by the 

administration of platelet derived growth factor (PDGF), epidermal growth factor (EGF) 

or the phorbol ester, 12-0-tetradecanoylphorbol-13-acetate (TPA), all of which are
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suggested to be involved in the activation of PKC. In experiments assaying the activity of 

a purified rat liver preparation of TGT it was found that the samples were contaminated 

with phosphatases resulting in decreased TGT activity. It was possible to restore TGT 

activity by the addition of PKC from rat brain. Further experiments carried out showed 

that PKC could incorporate ^^P into a proposed 60 kDa subunit of the TGT heterodimer 

complex.

1.6 Overview of Research
The overall aims of this project are to identify the mammalian TGT complex and 

generate a gene-trap mouse for the Qtrtl gene. To achieve these aims a number of 

strategic approaches will have to be undertaken and these are listed below:

• Disrupt the tgt gene in E. coli to generate a tgt null background for recombinant 

protein expression

• Identify the tissue distribution of mouse TGT and QTRTDl mRNA to identify 

expression of TGT and QTRTDl protein

• Clone and overexpress truncated and full length mouse TGT to test enzymatic 

activity of the recombinant enzymes

• Clone and overexpress QTRTDlvO, QTRTDlvl and QTRTDlv2 to test 

enzymatic activity of the recombinant enzymes

• Express in vivo and purify tyrosyl tRNA to develop a method for expression of 

functional tRNA for use in enzymatic activities

• Generate a gene-trap mouse for the Qtrtl gene to study the effect of queuine 

deficient tRNA
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CHAPTER 2

2.1 Chemicals, enzymes, and reagents
Chemicals and enzymes used were readily available from commercial sources. 

Restriction enzymes and Yeast tRNA were purchased from Roche Applied Science (West 

Sussex, UK). T4 DNA ligase, Taq DNA polymerase, Cloned PfuTurho DNA polymerase, 

random priming labelling kit, dNTP’s, Bacterial Alkaline Phosphatase were obtained 

from Takara (Otsu, Shiga, Japan). N, N, N', N'-tetramethylene diamine, sodium dodecyl 

sulphate, low range molecular weight protein marker, ultra pure agarose, 1 Kb DNA 

ladder, IM Tris-HCl pH 7.5 solution, 0.5 M EDTA solution, 1 M MgCE solution, 2SW 

DEAE HPLC (0.46 x 25 cm) column, MOPS, CaCb, Ribidium Chloride, Boric acid. 

Sodium Chloride, Tri sodium citrate. Deionised formamide. Formaldehyde, Glycerol, 

Bromophenol blue. Tetracycline, Chloramphenicol, Kanamycin, Ampicillin, Bentonite 

were all obtained from Sigma-Aldrich Co. Ltd (Sigma-Aldrich, Ireland Ltd., Dublin, 

Ireland). 1.5 ml RNAse-free tubes, RNAse Zap, RNALater, T7 MegaScript Kit, 

SUPERase«In RNase Inhibitor were purchased from Ambion (Austin, TX, USA). 

Superscript III RT and Ultrapure phenol were purchased from Invitrogen (Carlsbad, 

California, USA). 30% Acrylamide solution and scintillation fluid were from National 

Diagnostics (Atlanta, Georgia, USA). BL21(DE3) and BL21 RIL (DE3) bacterial strains 

were purchased from Novagen (Darmstadt, Germany) whereas the TOP 10 and XL 1-Blue 

were purchased from Invitrogen (Carlsbad, California, USA) and Stratagene (La Jolla, 

CA 92037, USA). Isopropylthio-p-D-galactoside (IPTG) was obtained from Calbiochem 

(Darmstadt, Germany). PCR QIAquick kit, QIAquick gel extraction kit and QIAquick 

miniprep kit, and Nucleotide Removal Kit were purchased from Qiagen (Hilden, 

Germany). LB Broth and 2xYT Broth were obtained from Chromatrin (Dublin, Ireland). 

Plasmids pET15b and pET21a were purchased from Novagen (Darmstadt, Germany). 

Bradford reagent (5X) was obtained from Bio-Rad (Hercules, California, USA). 

Immobilon-P transfer membrane, Millex GP 0.22 pm filters, enhanced chemiluminesence 

solutions and the Milli-Q Direct 3 water filtration system were purchased from Millipore 

(Billerica, Massachusetts, USA). Bacto Agar was from Difco (New Jersey, United 

States). [a-32p] dCTP was obtained from Perkin Elmer (Waltham, Massachusetts, USA).
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Pre-packed 1 ml GSH and Nickel columns, Hybond-N hybridization transfer membranes 

were from Amersham (Buckinghamshire, UK). The HPLC was from Shimadzu (Kyoto, 

Japan). HPLC grade solvents and Acetic acid were obtained from the Hazardous 

Materials Facility in TCD. The Amylose resin was purchased from New England Biolabs 

(Ipswich, Massachusetts, USA). North2South Hybridisation and Detection Kit was 

purchased from Pierce (Rockford, Illinois USA). DE52 was obtained from Whatman 

(Maidstone, UK). RecoverEase DNA Isolation Kit was purchased from Stratagene (La 

Jolla, California, USA). Queuine was a kind gift from Professor Susumu Nishimura.
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2.2 E. coli strains and plasmids

2.2.1 E. coli strains
Competent stocks of TOPIO, XLl-Blue, XJa and BL21 bacterial strains were prepared as 

described below in section 2.3.1 and stored in 1 ml aliquots at -70°C. A genetic 

description of the bacterial strains used is given in Table 2.1.

Table 2.1 Genetic description of bacterial strains
E. co//strain Description

TOP10
(Invitrogen)

F- mcrA A(mrr-hsdRMS-mcrBC) cp80/acZM15 AlacX74 deoR recA1 
araD139 A(ara-leu)7697 galU galK rpsL (StrR) endAI nupG {P3:
KanR AmpR (amber) TetR (amber)}

XL1-Blue
(Stratagene)

A(mcrA)183, A{mcrcb-hsdsmr-mrl)^73,endA^, supE44, t 
hi-i, recAi, gyrA96, relAI ,lac{F' pro AB, lac PzaM15,

Tn10{\e\^)]

Xja(DE3) Autolysis 
(Zymo Research)

E.coHK recAl supE44 endAI hsdR17(rK, mK^^) gyrA96 relAI
Thi mcrA A(iac-proAB) AaraB::AR, catF'[traD36 proAB^ lacP 
lacZAM15]ADE3

BL21 RIL (DE3) 
(Stratagene)

E.coli B F’ ompT hsdS(rB‘ me’) dcm^ Tef gal A(DE3) endA The [argU 
ileY leuW Cam^)

BL21(DE3)
(Stratagene)

E.coli B F' dcm ompT hsdS(rB' ms ) gai A(DE3)

2.2.2 Growth Media
Luria-Bertani (LB) broth and Luria-Bertani agar were routinely used to grow TOPIO, 

XL-1 Blue, XJa and BL21 bacterial cells. However, for the production of recombinant 

queuine ribosyltransferase enzymes (Section 2.11) 2xYT broth was used and for the 

production of mouse tRNA'^'^ in E. coli, M63 minimal medium was used. The preparation 

of these mediums is given in Table 2.2.
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Table 2.2 Composition of bacterial growth media
Media Composition

Luria-Bertani broth (liquid LB) 10 g Bacto Tryptone, 5 g Yeast Extract, and 5 g NaCi in 1 
litre of HgO, and adjusted to pH 7.0 with NaOH

Luria-Bertani agar (LB agar) Liquid LB containing 1.5% (w/v) agar

2xYT Broth 16 g Bacto Tryptone, 10 g Bacto Yeast Extract and 5 g 
NaCI in 1 litre of H2O, and adjusted to pH 7.0 with NaOH

M63 Minimal media 2 g/l Ammonium Sulfate (NH4)2S04, 13.6 g/l Potassium 
Phosphate KH2PO4, 0.5 mg/I Ferrous Sulfate
FeS04-7H20, 2 mM MgCl2, 2% Glycerol and 1 pg/ml 
Thiamine

2.2.3 Plasmid vectors

The pBluescript plasmid is a general cloning vector that was used for the propagation of 

large quantities of inserted DNA fragments. The pET, pGEX and pMAL vectors were 

used to express recombinant proteins under the control of an isopropyl 

|3-D-thiogalactoside (IPTG)-inducible T7 and Tac promoter, respectively.

Recombinant proteins generated from the pET15b and pET21a vector contain a 

polyhistidine tag fused to the N-terminus. The pGEX vectors fuse a glutathione 

S-transferase (GST) from Schistosoma japonicum to the N-terminus of recombinantly 

expressed proteins. The pMAL vector fuses a 42 kDa Maltose Binding Protein to the 

C-terminus of the expressed protein. A modified version of the pBAD vector was used to 

express tRNA under the tight control of arabinose and glucose monosaccharides, which 

acted as inducer and repressor, respectively. Table 2.3 summarises the vectors used and 

their specific features.
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Table 2.3 Plasmid vectors and their uses
Vector Use and properties

pBluescript (pBS) (Stratagene) 

pET-15b (Novagen) 

pET-21a (Novagen) 

pGEX-6P1 (Amersham) 

pMAL (New England Biolabs) 

pBAD (Invitrogen)

General cloning vector 

Bacterial expression, N-terminal His-tag 

Bacterial expression, C-terminal His-tag 

Bacterial expression, N-terminal GST-tag 

Bacterial expression, C-terminus MBP-tag 

tRNA expression in E. coli

2.2.4 Antibiotics used for plasmid selection in E. coli

The antibiotics were prepared as shown in Table 2.4. The solutions were filter-sterilised 

through 0.45 pm syringe filters before the stock solutions were stored at -20°C. 

Generally, the antibiotic solutions were used within one month of preparation.

Table 2.4 Stock solutions of antibiotics and working dilutions
Antibiotic Stock concentration Working concentration

Ampicillin

Chloramphenicol

Kanamycin

Tetracycline

100 mg/ml (H20) 

34 mg/ml (ethanol) 

100 mg/ml 

5 mg/ml (ethanol)

50-100 pg/ml 

34 pg/ml 

50- 100 pg/ml 

10 pg/ml (liquid)

Tetracycline-containing agar-plates and solutions were always made fresh, however, if 

storage was necessary the plates and solutions were always stored at 4°C and kept in the 

dark as tetracycline is light sensitive.
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2.3 Transformation of E. coli with plasmid DNA

2.3.1 Preparation of competent cells
A 3.5 ml culture of the cell type to be made competent was grown overnight in LB Broth 

at 37°C. The next day, 1 ml of the overnight culture was added to 100 ml of LB Broth 

and incubated at 37°C for approximately 1.5 to 2 hours until the Aeoo reached between 

0.2 and 0.4. The culture was placed in a basin of ice-cold water for 15 minutes. The cells 

were then pelleted by centrifugation at 2,500 x g for 10 minutes at 4°C. The pellet was 

resuspended in 5 ml of 75 mM CaCb and incubated on ice for 20 minutes. The cells were 

again pelleted by centrifugation at 2,500 x g for 10 minutes at 4°C and resuspended in a 

total volume of 4 ml of 10 mM MOPS pH 7.0, 75 mM CaCh, 10 mM Rubidium Chloride 

and 15% (v/v) Glycerol. The cells were kept on ice for 20 minutes before been used for 

transformations or snap-frozen in liquid nitrogen and stored in 200 pi aliquots at -70°C 

until required.

2.3.2 Bacterial transformations
To a sterile 1.5 ml tube 100 pi of competent cells and 1 pi of plasmid DNA from a mini- 

prep are added. The tube was then placed on ice for 30 minutes. After the incubation on 

ice, the tube was heated to 42°C for 1 minute and then placed on ice for a further 2 

minutes. To each tube 1ml of room temperature LB Broth was added and incubated at 

37°C for 1 hour. The cells were pelleted by centrifugation at 5,000 x g for 2 minutes, 

resuspended in 100 pi of LB Broth and plated onto an LB agar plate containing the 

appropriate antibiotic for the plasmid being transformed. The plates were then incubated 

overnight at 37°C.

2.3.3 Permanent plasmid stocks
E. coli containing the appropriate plasmid were grown overnight in 3 ml of liquid LB 

broth containing selection antibiotic. A volume of 850 pi of the overnight culture was 

added to a vial containing 150 pi of Glycerol, mixed rapidly, and then frozen under liquid 

nitrogen or dry-ice ethanol. The permanent stocks were stored at -70°C.

31



2.4 Isolation, digestion and ligation of DNA

2.4.1 Small-scale plasmid purification
Bacteria containing the plasmid to be purified were grown overnight at 37°C with 

shaking in 3 ml of LB Broth with the correct selective antibiotic for the plasmid. The 

cells are then centrifuged at 3,000 x g for 1 minute. The supernatant was removed and the 

pellet resuspended in 250 pi of Buffer PI from the QIAprep Spin Miniprep Kit (Qiagen). 

A volume of 250 pi of Buffer P2 was then added and the solution mixed thoroughly by 

inverting 5 times. After this, 350 pi of Buffer N3 was added and mixed immediately by 

inverting the tube 5 times. The tube was then centrifuged for 10 minutes at 16,000 x g. 

The supernatant was then removed and transfened to a QIAprep spin column and 

centrifuged for 30 seconds at 9,500 x g. The flow through was discarded and 500 pi of 

Buffer PB added to the column and centrifuged again for 30 seconds at 9,500 x g. The 

column was washed with 750 pi of Buffer PE and centrifuged for 30 seconds at 9,500 x 

g. The flow through was again discarded and the column centrifuged for another 60 

seconds to remove residual wash buffer. The column was transferred to a new 1.5 ml tube 

and 32 pi of water added to the resin and allowed to stand for 1 minute and then 

centrifuged for 1 minute at 16,000 x g.

2.4.2 Spectrophotometric quantification of nucleic acids
DNA concentrations were measured spectrophotometrically at 260 nm according to the 

following conversion factors:

1 absorbance unit at 260 nm = 50 pg for dsDNA 

1 absorbance unit at 260 nm = 33 pg for ssDNA 

1 absorbance unit at 260 nm = 40 pg for ssRNA

The ratio between the absorbance at 260 nm and 280 nm provides an estimate of the 

purity of the preparation. For pure DNA:

Absorbance at 260 nm/absorbance 280 nm ratio >1.8

The purity of the RNA was assessed according the ratio:
Absorbance 260 nm/ Absorbance 280 nm
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Pure RNA yields an absorbance of 2 and partially dissolved RNA a value of < 1.6.

2.4.3 Gel Electrophoresis of DNA
To check the purity and size of DNA it was run on 1% agarose gels. The gels were 

prepared by adding 0.5 g of agarose to 50 ml of lx TAE (40 mM Tris pH 8.5, 20 mM 

acetic acid and 1 mM EDTA) and heating the mixture in a microwave until the agarose 

had fully dissolved. It was then cooled, 2 pi of 10 mg/ml Ethidium Bromide was then 

carefully added to the gel and poured into a gel mould (8 x 10 cm) sealed at both ends 

with masking tape and a 10-tooth comb inserted into the gel. The gel was then allowed to 

set for 30 minutes before been transferred to the gel box containing enough 1 x TAE to 

cover the gel. Samples (20 pi) to be loaded onto the gel were mixed with 2 pi of lOx 

Loading Buffer (15% (w/v) ficoll; 0.25% (w/v) bromophenol blue; 0.25% (w/v) xylene 

cyanol FF; 1 mM EDTA in distilled H2O) and then loaded into the wells. DNA ladder 

was also separated on the gel to estimate purity, concentration and size of the DNA 

fragment. Gels were run at 100 volts for approximately 1 hour.

2.5 Generation of cDNA, its recovery and cloning
2.5.1 Isolation of total RNA
Total RNA was isolated from animal tissue using TriReagent as instructed by the 

manufacturer. All steps were performed at 4°C unless otherwise stated. Typically, 

100 mg of tissue was homogenised using an Ultra-turrax T25 homogeniser and 0.2 ml of 

isopropanol added to each tube and allowed to stand at room temperature for 10 minutes. 

The samples were then centrifuged at 11,000 x g for 10 minutes at 4°C. The supernatant 

was removed and the pellet washed by adding 1 ml of 75% ethanol, vortexed and then 

centrifuged at 7,500 x g for 5 minutes at 4°C. The pellet was briefly air dried then 

resuspended in 200 pi of RNase Free water and the concentration determined at A26o-
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2.5.2 Reverse transcription reaction
Total RNA was isolated as described in 2.5.1.

To an eppendorf tube the following components were added:

2 pmol of gene-specific reverse primer (see Table 2.6)

1 pg of total RNA

4 pi Takara dNTP mix (2.5 mM each nucleotide)

RNase Free Water to 14 pi

The tube was heated to 65°C for 5 minutes then immediately place on ice for 2 minutes. 

This was followed by briefly centrifuging the tube to collect any condensate. The 

following were added to a RNA-free microfuge tube:

4 pi of 5x First-Strand Buffer

1 pi of 0.1 M DTT

2 pi of Superscript III RT

The solution was mixed by pipeting up and down and then incubated at 55°C for 1 hour. 

Subsequently, the reverse transcriptase enzyme was inactivated by heating the tube to 

70°C for 15 minutes. The RNA was removed from the reaction by the addition of 1 pi of 

RNase H, which is specific for the endoribonucleolytic degradation of RNA/DNA hybrid 

species.

2.5.3 Purification of the first-strand cDNA product
Before PCR amplification the cDNA product was purified using the QIAquick PCR 

purification kit according to the manual supplied. The cDNA was eluted using 32 pi of 

Nuclease Free Water.
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2.6 PCR amplification of cDNAs using gene-specific primers
The concentration and purity of the final preparation of total RNA was analysed as

described in Section 2.4.2. The primers used to amplify each sequence are listed in the 

Appendix and the PCR components and conditions used are listed in the Tables 2.5 and 

2.6:

Table 2.5 PCR reaction components

Component Volume (pi)

Template (DNA) 1

10x pft/Turbo buffer 2.5

dNTP's 2

Forward primer (10 pmol/pl) 1

Reverse primer (10 pmol/pl) 1

P/uTurbo DNA polymerase 0.25
Water 17.25

Table 2.6 PCR amplification conditions

Temperature (‘C) Time No. of Cycles

95 5mins 1

98 1Osecs
Anneling temperature 
Reaction dependant* SOsecs 35

72 Extension time 
Reaction dependant*

72 8mins 1

4 oo

* The specific annealing temperatures and extension times for each cDNA are given in 
Table 2.9.

The annealing temperature and extension time of the specific PCR reactions was 

dependant on the melting temperature of the particular oligonucleotide being used and on 

the size of the cDNA being amplified. These conditions, as they relate to the specific 

cDNA being amplified, are given in Table 2.7.
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Table 2.7 Annealing temperatures and extension times for cDNA ampliflcation
Annealing Extension

cDNA Source temperature Time
(°C) (minutes)

E. coli TGJ PCR from E. co//genomic 
DNA 65 2

Mouse full length TGT RTPCR from mouse kidney 
total RNA 68 2

Mouse truncated length TGT Amplified from full-length 
mouse TGT 68 2

QTRTD1 Variant 0 Amplified from an EST 
clone: 30105859 68 2

QTRTD1 Variant 1 RTPCR amplified from 
mouse kidney total RNA 65 1.5

QTRTD1 Variant 2 Amplified from an EST 
clone: 4505816 68 1.5

Mouse tyrosyl tRNA Synthetase RTPCR amplified from 
mouse liver total RNA 70 1.5

Routinely, the PCR amplicons were resolved on a 1% agarose gel. The PCR products 

were excised from the gel and purified using a Qiagen gel extraction kit and stored at - 

20°C.

2.7Amplification of the mouse tyrosyl tRNA
The sequences for mouse tyrosyl tRNA was synthesised by Genescript and was supplied 

ligated into the general cloning plasmid pUC18. The sequence of the tRNA insert and 

relevant features are given in Table 2.8.

Table 2.8 tRNA cloning fragment constructed by Genscript

tRNA Insert Sequence

BamHI
GGATCC TACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCAT 
ACCCTAATA

Mouse tyrosyl tRNA
CCTTCGATAGCTCAGTTGGTAGAGCGGAGGACTGTAGATCCTTAGGTCGCTGGT
TCGAATCCGGCTCGAAGGACCA

Tyrosyl tRNA
rrnC terminator
GAAATCATCCTTAGCGAAAGCTAAGGATTTTTTTTATCTGAAATAACCCTCTCC
GAAGTAAATCCTT

Pmel
GTTTAAAC
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In the tyrosyl tRNA an rmC terminator has been included to ensure efficient product 

termination in vivo.

The PCR reaction components and reaction conditions are as described above in 

Tables 2.5 & 2.6, with an annealing temperature of 68°C and an extension time of 

1.5 minutes. The PCR product was resolved on a 1% agarose gel. The product band was 

excised from the gel and purified using a Qiagen gel extraction kit and stored at -20°C. 

After PCR the tRNA was ligated into pBluescript that had been prior cut with the 

relevant restriction enzymes to enable sequencing. The tyrosyl tRNA amplicon, after the 

sequence had been confirmed it was then cloned into the pBAD expression vector using 

the restriction sites BamWl and Pmel.

2.8 PCR product purification and cloning
2.8.1 Purification of PCR Products
The QIAquick gel PCR purification kit, purchased from Qiagen, was used to purify DNA 

fragments from PCR. To the PCR reaction, 5 volumes of Buffer PBI was added and 

mixed well. The colour in the mixture was checked to ensure the pH is correct. A 

QIAquick spin column was placed into a 2 ml collection tube, and the sample added to 

the column. The QIAquick column was centrifuged at 13,000 x g for 1 minute. The 

flow-through was discarded and the QIAquick column replaced into the collection tube. 

The QIAquick column was washed by adding 750 pi of Buffer PE and centrifuged at 

13,000 X g for 1 minute. The flow-through was discarded, and the QIAquick column was 

again centrifuged at 13,000 x g for 1 minute to remove residual Buffer PE. The QIAquick 

column was placed in a clean, dry, 1.5 ml microcentrifuge tube and the DNA was eluted 

by adding 32 pi of H2O followed by centrifugation at 13,000 x g for 1 minute. The 

purified PCR products were stored at -20°C.

2.8.2 Gel extraction of DNA
The QIAquick gel extraction kit from Qiagen, was used to extract and purify DNA from 

TAE agarose gels. The DNA fragment was separated by agarose gel electrophoresis and 

visualised by ethidium bromide staining under UV light.
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The band was cut from the agarose gel with a clean scalpel. Three volumes of 

Buffer QG were added to one volume of gel. The slice was dissolved by incubation at 

50°C for 10 minutes along with vortexing every 2 minutes. A QIAquick spin column was 

loaded with the sample and centrifuged at 13,000 x g for 1 minute. The flow through was 

discarded and the QIAquick column was placed back in the same collection tube. The 

QIAquick column was washed with 0.75 ml of Buffer PE by centrifugation at 13,000 x g 

for 1 minute. The flow through was discarded and the QIAquick column was again 

centrifuged at 13,000 x g for 1 minute to remove residual wash buffer.

The QIAquick column was placed in a clean, dry, 1.5 ml microcentrifuge tube. To 

elute the DNA, 32 pi of H2O was directly added onto the centre of the QIAquick column, 

which was allowed to stand for 1 minute followed by centrifugation at 13,000 x g for 1 

minute. The gel extracted DNA was stored at -20°C until needed.

2.8.3 Restriction Enzyme Digestion of DNA
Restriction enzymes were purchased from Roche Applied Science and used at a 

concentration of between 15-20 units per reaction for 1 hour at 37°C. Plasmid DNA was 

isolated as described in 2.4.1. For digestion with restriction enzymes not compatible in 

the same buffer the DNA was subjected to clean up using the Qiagen PCR clean-up kit as 

described in Section 2.5.3 and the second digestion completed in the correct buffer for the 

second restriction enzyme.

Component Volume

DNA ~1 pg

Buffer 2 pi

Restriction Enzyme 1 1.5 pi
Restriction Enzyme 2 (for double 
digest) 1.5 pi

Milli-Q Water to 20 pi

2.8.4 Ligation of DNA Fragments with Plasmid DNA
Ligations were preformed using the Takara DNA Ligation Kit Ver. 2.1. The plasmid and 

DNA insert were digested with the appropriate restriction enzyme as described in Section
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2.9.3. The plasmids were further treated with 20 units Takara Bacterial Alkaline 

Phosphatase (BAP) for 1 hour at 55°C. Before ligation, both plasmid and insert were 

purified using the QIAGEN PCR clean-up kit. Ligations were preformed by incubating 

300 ng of insert with 100 ng of plasmid DNA in a final volume of 10 pi and left to 

incubate at 16°C overnight. Typically, 3 ligation reactions were set up:

1: 9 pi of Milli-Q water and 1 pi of plasmid.

2: 5 pi of Ligase (I), 4 pi of Milli-Q water and 1 pi of plasmid.

3: 5 pi of Ligase (I), 4 pi of insert and 1 pi of plasmid.

The next day all 3 reactions were transformed into competent TOP 10 or XLl Blue cells 

as described in 2.3.2.

2.8.5 Colony Screening for Positive Clones
Following ligation of insert DNA (PCR product or restriction enzyme digest fragment) 

and plasmid, a significant number of colonies (>20) routinely appeared on the plasmid- 

insert ligation agar plate. The negative controls (plasmid only; ligase and plasmid only; 

ligase, plasmid and insert) ever only gave rise to few, if any, colonies.

For screening purposes, a total of eight potentially positive colonies were streaked 

onto a single agar plate that had been subdivided, and grown overnight. The next morning 

8 X 1.5 ml eppendorf tubes were set up containing 200 pi of LB broth with the 

appropriate antibiotic. A streak of each potentially positive E. coli clone was inoculated 

into the eppendorf and the tubes placed in the 37°C incubator for 5 to 6 hours.

Using the same primers that were employed to amplify the cDNA originally, a 

GoTaq screening mix as set up as shown below. After PCR the samples were resolved on 

a 1% agarose gel at 100 volts for 40 minutes.
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Table 2.10 PCR reaction mix
Component Volume (pi)

5X GoTaq Flexi Buffer 5

MgCl2(25 mM) 2

dNTP mix (2.5 mM each) 4

Forward primer 10 pmol 1

Reverse primer 10 pmol 1

E.coli Culture 2

Milli-Q water 9.75

GoTaq Polymerase 0.25

Table 2.11 PCR Conditions:
Temperature (°C) Time No. of 

Cycles
95 5mins 1

98 1Osecs
Anneling temperature 
Reaction dependant* SOsecs 35

72 Extension time 
reaction dependant*

72 8mins 1

4 00

* The specific annealing temperatures and extension times for each cDNA are given in 

Table 2.9.

The clone that yielded the correct size of amplicon was selected from the gel and sent for 

DNA sequencing (MWG, Ebersberg Germany).
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2.9 Disruption of the E. coli TGT Gene
The gene encoding the E. coli TGT enzyme was inactivated using the TargeTron Gene 

Knockout System (Sigma). This system uses the insertion of a Group II intron to 

incorporate a kanamycin resistance cassette into any particular selected gene.

The gene sequence coding for tgt in E. coli was entered into a computer algorithm 

(access to website supplied with the TargeTron kit) and used to identify target sites in the 

gene and then used to create primer sequences, which are used to mutate (re-target) the 

intron by PCR. The primers used were eTGT-IBS, eEBSld, eEBS2 and are listed in 

Annex 2.1. The primers were made up in Milli-Q water. The IBS and EBSId primers 

were made up to a concentration of 100 mM, whereas the EBS2 primer was made to a 

concentration of 20 mM. A four-primer master mix was prepared as described below:

Table 2.12 Four Primer Mix
Component Volume

eTGT-IBS primer (100 pM) 2 pi

EBSId primer (100 pM) 2 pi

EBS2 Universal Primer (20 pM) 2 pi

EBS2 (20 pM) 2 pi

Milli-Q Water to 20 pi

Table 2.13 PCR Components
Component Volume

Four-primer Mix 1 pi
Intron PCR Template 1 Ml
JumpStart REDTaq ReadyMix 25 pi

Milli-Q Water to 50 pi
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Table 2.14 PCR Conditions
Temperature (°C) Time No. of Cycles

95 30 secs 1

98 15 secs

55 30 secs 30

72 30 secs

72 2 mins 1

4 eo

The PCR product was digested to allow it to be ligated into the pACD4k-C Vector. The 

restriction digest was set up as below;

Table 2.15 Restriction Digest

Component Volume

Purified PCR Product (-200 ng) 8 pi

Buffer H 2 pi

Hin6\\\ 1 pi

BsrG\ 1 pi

Milli-Q Water 8 pi

The digestion was incubated for 30 minutes at 37°C, followed by 30 minutes at 60°C and 

finally 10 minutes at 80°C. The PCR product was then ligated into the pACD4k-C vector. 

The ligation reaction was set up as below:

Table 2.16 Ligation Reaction
Component Volume

pACD4K-C Linear Vector

/7/ndlll/ BsrG\ digested intron PCR product

Takara Ligase

Milli-Q Water

2 pi 

6 pi 

5 pi

to 20 pi

The reaction was incubated overnight at 16°C before transforming into E. coli 

BL21(DE3) cells as described in Section 2.3.2. The next day the transformed cells were
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inoculated into 5 ml of LB Broth containing 100 |ig/ml chloramphenicol (as the 

pACD4K-C plasmid is resistant to this antibiotic) and 1% glucose (to repress the 

promoter of T7 RNA polymerase) and grown overnight. The overnight culture was used 

to start a fresh culture the next day containing 100 pg/ml chloramphenicol and 1 % 

glucose and grown to an A6oo of -0.2. Then 1 pi of 1 M IPTG was added to the culture 

and it was incubated for 30 minutes at 30°C. The cells were then spun and resuspended in 

1 ml of LB Broth containing 1 % glucose and incubated at 30°C for 1 hour. A 100 pi 

volume of this culture was plated onto an LB agar plate containing 100 pg/ml kanamycin 

and incubated overnight at 37°C. The kanamycin resistant colonies were then screened 

for gene disruption by colony PCR as described in Section 2.8.5.
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2.10 Northern Blotting
2.10.1 RNA Isolation
Four-week-old male mice were obtained and the following tissues were extracted: brain, 

heart, kidney, liver, lung, skeletal muscle, spleen and testis. The tissues were washed 

briefly in PBS and then subjected to RNA extraction using TRI REAGENT (Sigma). A 

100 mg of each tissue was placed in a glass test tube containing 1 ml of TRI REAGENT. 

The tissues were then homogenised using an Ultra-turrax T25 homogeniser and 0.2 ml of 

isopropanol added to each tube and allowed to stand at room temperature for 10 minutes. 

The samples were then centrifuged at 12000 x g for 10 minutes at 4°C. The supernatant 

was removed and the pellet washed by adding 1 ml of 75% ethanol, vortexed and then 

centrifuged at 7,500 x g for 5 minutes at 4°C. The pellet was briefly air dried then 

resuspended in 200 pi of RNase Free water and concentration determined at A26o-

2.10.2 Probe Generation
Probes for mouse TGT and QTRTDl were generated using the following primers: mouse 

TGT Full Length-pGEX6Pl and mouse QTRTDl VariantO, Variantl-pGEX6Pl and 

pTHisMal. The probes for the TGT gene-trap were generated using the following 

primers: N-terminus (NorthNFor and NorthNRev) and C-terminus (NorthCFor and 

NorthCRev). The probes were generated according to the cDNA amplification 

procedures described in section 2.5. The PCR products were resolved on a 1% agarose 

gel, bands of the correct size were excised and the DNA probes recovered using the 

Qiagen gel extraction kit. The probes were routinely stored at -20°C until required.

2.10.3 RNA Gel Electrophoresis
To ensure no RNase enzymes were present the electrophoresis tank, gel casting tray and 

comb were soaked overnight in AbSolve (Perkin Elmer) solution and washed thoroughly 

with RNase free water. A gel volume of 50 ml was used to cast a gel in a tray measuring 

8.5 cm wide and 10 cm long. To a 250 ml Erlenmeyer flask containing 37 ml of RNase 

free water was added 0.65 g of ultrapure agarose and the solution was boiled gently until 

the agarose was fully dissolved. Then 5 ml of lOx MOPS (0.2 M MOPS, 0.05 M Sodium 

acetate, 0.01 M EDTA) was added and mixed well. In the fumehood, 8.1 ml of 37%
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formaldehyde was added and mixed gently to ensure no bubbles were formed and the 

solution was poured into the gel-casting tray that had been placed on a level surface. The 

gel was allowed to set for 45 minutes at room temperature.

The gel was then transferred to the electrophoresis tank containing sufficient 

lx MOPS (20 mM MOPS, 50 mM Sodium acetate, 2 mM EDTA) to cover it. The RNA 

samples, which had been previously isolated, were prepared by mixing 12 pg of RNA 

with 0.1 volume of 3 M sodium acetate followed by 3 volumes of 100% ethanol and 

incubated at -70°C for 20 minutes. The RNA was pelleted by centrifugation at 12,000 x g 

for 15 minutes. The supernatant was removed and 400 pi of room temperature 75% 

ethanol was added. The tube was vortexed and centrifuged again at 12,000 x g for 15 

minutes. The supernatant was removed and the pellet allowed to air dry briefly. The 

pellet was resuspended in 10 pi of RNA loading buffer and the samples heated at 60°C 

for 5 minutes to denature the RNA and placed on ice. The samples along with RNA 

ladder are loaded onto the gel and the gel was run for 2.5 hours at 120 volts.

2.10.4 RNA Transfer

After electrophoresis the gel was washed twice in RNase Free Water and then soaked 

twice in lOx SSC (1.5 M NaCl and 30 mM Sodium citrate) for 10 minutes each. A piece 

of Hybond-N transfer membrane was cut to the same size as the gel, wetted in RNase 

Free Water and soaked in lOx SSC for 5 minutes.

The transfer apparatus consisted of an agarose gel box placed upside down in a 

plastic container filled with 400 ml of lOx SSC. Two strips of Whatman 3MM paper 

were placed over the gel box dipping into the lOx SSC buffer on either side. Once the 

Whatman 3MM paper had become completely wet the air bubbles were removed by 

rolling a tube over the paper, thereby ensuring equal transfer. The Whatman 3MM paper 

was then surrounded with saran wrap with a central portion removed that matched the 

exact size as the gel.

The gel was then placed upside-down on the apparatus and strips of parafilm 

placed around the edge of the gel. Pre-equilibrated Hybond-N membrane was placed on 

the gel followed by 3 pieces of gel sized Whatman 3MM paper soaked in 2x SSC 

(300 mM NaCl and 6 mM sodium citrate) solutions. Air bubbles were removed by rolling
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a tube over the paper. A stack of paper towels was placed on top of the Whatmann paper 

to a height of about 10 cms and overlaid with a plastic tray supporting a weight to 

compress the towels onto the membrane. The transfer is then allowed to precede 

overnight and the following morning the towels, which have become saturated, were 

replaced with new towels and the transfer allowed to run for another 3 hours.

Figure 2.1 Schematic presentation of transfer set-up.

2.10.5 RNA Immobilisation
After transfer, the Hybond-N membrane was removed from the transfer apparatus and 

washed in lOx SSC. The filter was then air-dried on filter paper and placed in a UV 

radiation oven and exposed to 254 nm UV light for 30 seconds. The membrane was then 

stained in a solution of 0.4% methylene blue/0.5 M sodium acetate (pH 5.5) and washed 

twice with Milli-Q water. The stained membrane was covered with SARAN wrap and an 

image taken on a computer scanner.
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2.10.6 Prehybridisation

The membrane was placed in a clean sealable box and rehydrated with Milli-Q water for 

5 minutes. The water was replaced with 50 ml of preheated (65°C) hybridisation solution 

(0.5 M Na2HP04 pH 7.4 and 7% SDS) and left to incubate for 3 hours.

2.10.7 Labelling the probe

The probe was labelled using the Takara random labelling primer Kit. The following 

components are added to a 1.5ml eppendorf:

2 pi or random primer

3 pi of probe DNA 

9 pi of H2O

The sample was boiled for 5 minutes at 96°C and immediately placed on ice. The 

following components are then added to the tube;

2.5 pi of lOx labelling buffer 

2.5 pi of dNTP mix 

1 pi of Bcu enzyme

5 pi of [a*^¥] CTP

Tbe tube was then incubated at 55°C for 45 minutes. Following incubation the total 

volume was increased to 50 pi. A G50 column was vortexed to resuspend the resin and 

the lid loosened by a Va turn and the bottom closure seal snapped off. The column was 

placed in an RNase free tube and centrifuged at 735 x g for 1 minute. The column was 

then transferred to a new tube and the 50 pi sample applied to the centre of the resin and 

the column and centrifuged at 735 x g for 2 minutes and the probe collected in the tube. 

The probe was then heated to 96°C for 5 minutes and cooled rapidly on ice.
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2.10.8 Hybridisation
The membrane was lifted carefully out of the hybridisation solution and the 50 |rl of 

radiolabelled probe added and mixed gently and the membrane placed back in the 

solution. The membrane was then left overnight at 65°C with constant, but gentle, 

agitation. The next day the blot was washed twice with 50 ml of preheated (65°C) 

40 mM Na2HP04 pH 7.4, 5% SDS for 10 minutes. The blot was carefully lifted out of the 

container and 250 ml of preheated (65°C) 40 mM Na2HP04 pH 7.4, 1% SDS added to the 

container. The membrane was placed back in the container and incubated for 30 minutes 

and the wash step repeated again. The membrane was then wrapped in SARAN wrap and 

exposed to photographic film for 18 hours.

48



2.11 Biochemical Analysis of Proteins
2.11.1 SDS Polyacrylamide Gel Electrophoresis
Samples for electrophoresis were prepared by mixing the sample with an equal volume of 

gel loading buffer (0.5 M Tris-HCl (pH 6.8), 4.4% (w/v) SDS, 20% (v/v) glycerol, 2% 

(v/v) 2-mercaptoethanol, and bromophenol blue, made up in water). The mixture was 

then heated to 96°C for 3 minutes.

SDS-PAGE was carried out by the method of Laemmli (1970). The components 

of the resolving gel were mixed in a 20 ml tube and poured in the gel mould and covered 

with a layer of water-saturated butanol. When set, the water-saturated butanol was 

removed and a piece of filter paper was used to remove excess water. A 12-well comb 

was then inserted into the mould and the stacking gel mixture added. Once the stacking 

gel was set the gasket and clips were removed and the gel transferred to the gel apparatus 

(ATTO AE-6400 mini-gel system) containing gel-running buffer (50 mM Tris pH 8.3, 

400 mM Glycine, 0.1% (w/v) SDS). When the gel was placed in the gel apparatus, 

additional buffer was added to cover the wells and each well rinsed to remove excess 

acrylamide. A molecular weight marker was added to the first lane and samples loaded 

into preceding lanes. Electrophoresis was carried out at 35 mA per gel until the gel

tracking dye reached the bottom of the gel, approximately 40 minutes.

Table 2.16 Components for SDS-PAGE Gel
Components 12% Stacking Gel (ml) 5% Resolving Gel (ml)

H2O 3.3 2.7

30% Acrylamide mix 4 0.67

1.5 M Tris pH 8.8 2.5

1.0 M Tris pH 6.8 0.5

10% SDS 0.1 0.04

10% ammonium persulfate 0.1 0.04

TEMED 0.004 0.004

Total Volume 10 4
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2.11.2 Staining and De-staining Polyacrylamide Gels
After the tracking dye reached the bottom of the gel it is removed from the 

electrophoresis apparatus and the gel extracted from between the gel plates. The stacking 

gel was removed and the resolving gel placed in a solution of 10% (v/v) acetic acid, 

50% Methanol and 1.25% Coomassie Blue R for 10 minutes with gentle agitation. 

Destaining was carried out overnight in 10% acetic acid and 30% Methanol with gentle 

agitation.

2.12 Expression and purification of Recombinant Proteins
2.12.1 Purification of Recombinant E. coli TGT
Each starting culture (8 x 5ml LB Broth with 100 pg/ml of ampicillin and kanamycin) 

was inoculated with E. coli BL21(DE3) tgr;:Kmr transformed with the E. coli TGT- 

pET15b plasmid and incubated overnight at 37°C in an orbital shaker. The 5 ml overnight 

cultures were then transferred to 500 ml flasks of 2xYT Broth containing 100 pg/ml of 

ampicillin and kanamycin and grown until A6oo was between 0.6 and 0.8 with shaking at 

220 rpm. A 1 ml sample of the uninduced cells was removed, the cells pelleted and stored 

at -20°C. The cells were cooled to 30°C and recombinant protein expression induced with 

IPTG to a final concentration of 0.5 mM. The cells were then incubated at 30°C 

overnight with shaking at 220 rpm. The next day, the cells were centrifuged in 250 ml 

tubes using a Sorvall GSA rotor spun at 5,000 x g for 6 minutes and stored at -20°C until 

required. The cell pellets were resuspended in 60 mis of ice-cold column wash buffer (20 

mM Tris pH 7.5, 500 niM NaCl, 5 mM Imidazole and 10% Glycerol) and 1 ml of 10 

mg/ml Lysozyme added to the cells to weaken the cell wall. After incubation for 1 hour 

on ice the cells were sonicated for 1-second bursts using a Branson Sonifier 250 for 3 

minutes. The suspension was then centrifuged in SS34 tubes at 17,500 x g for 40 minutes 

at 4°C to remove cell debris. The supernatant was then filtered through a 0.45 pm filter. 

A sample was taken for analysis by SDS-PAGE and the then main sample was loaded 

onto a pre-packed 1 ml Nickel column at a flow rate of 1 ml/minute. Once the supernatant 

was loaded onto the column the column was washed with column wash buffer until the 

A280 was below 0.04. The bound E. coli TGT was then eluted with 250 mM Imidazole 

and 1 ml fractions collected. These fractions were then tested for the presence of protein
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by adding 10 |a.l of sample to 200 pi of Bradford Reagent. To remove the Imidazole used 

to elute the protein a total volume of 2.5 ml was subjected to gel filtration as described in 

Section 2.12.8. The final enzyme sample was made up to 50% glycerol and stored at 

-20°C.

2.12.2 Purification of Recombinant Truncated Mouse TGT
Each starting culture (8 x 5 ml LB Broth with 100 pg/ml of ampicillin and kanamycin) 

was inoculated with E. coli BL21 (DE3) fgr::Kmr transformed with the truncated Mouse 

TGT-pET15b plasmid and incubated overnight at 37°C in an orbital shaker. The 5 ml 

overnight cultures were then transferred to 500 ml flasks of 2xYT Broth containing 

100 pg/ml of ampicillin and kanamycin and grown until Agoo was between 0.6 and 0.8 

with shaking at 220 rpm. A 1 ml sample of the uninduced cells was removed, the cells 

pelleted and stored at -20°C. The cells were cooled to 30°C and recombinant protein 

expression induced with LPTG to a final concentration of 0.5 mM. The cells were then 

incubated at 30°C overnight with shaking at 220 rpm. The next day the cells were 

centrifuged in 250 ml tubes using a Sorvall GSA rotor spun at 5,000 x g for 6 minutes 

and stored at -20°C until required. The cell pellets were resuspended in 60 mis of ice-cold 

column wash buffer (20 mM Tris pH 7.5, 500 mM NaCl, 5 mM Imidazole and 10% 

Glycerol) and 1 ml of 10 mg/ml lysozyme added to the cells to weaken the cell wall. 

After incubation for 1 hour on ice the cells were sonicated for 1-second bursts using a 

Branson Sonifier 250 for 3 minutes. The suspension was then centrifuged in SS34 tubes 

at 17,500 X g for 40 minutes at 4°C to remove cell debris. The supernatant was then 

filtered through a 0.45 pm filter, a sample taken for analysis by SDS-PAGE and the main 

sample was loaded onto a pre-packed 1 ml Nickel column at a flow rate of 1 ml/minute. 

Once the supernatant was loaded the column was washed with column wash buffer until 

the A280 was below 0.04. The bound truncated mouse TGT was then eluted with 250 mM 

imidazole and 1 ml fractions collected. These fractions were then tested for the presence 

of protein by adding 10 pi of sample to 200 pi of Bradford Reagent. To remove the 

imidazole used to elute the protein a total volume of 2.5 ml was subjected to gel filtration 

as described in section 2.12.8. The final enzyme sample was made up to 50% glycerol 

and stored at -20°C.
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2.12,3 Purification of Recombinant Full Length Mouse TGT
Each starting culture (8 x 5ml LB Broth with 100 |J.g/ml of ampicillin and kanamycin) 

was inoculated with E. coli BL21 (DE3) tgt::Kmr containing the plasmid for full-length 

mouse TGT in pGex-6Pl and incubated overnight at 37°C in an orbital shaker. The 5 ml 

overnight cultures were then transferred to 500 ml flasks of 2xYT Broth containing 100 

pg/ml of ampicillin and kanamycin and grown until A6oo was between 0.6 and 0.8 with 

shaking at 220 rpm. A 1ml sample of the uninduced cells was removed, the cells pelleted 

and stored at -20°C. The cells were cooled to 30°C and recombinant protein expression 

induced with IPTG to a final concentration of 0.5 mM. The cells were then incubated at 

30°C overnight with shaking at 220 rpm. The next day, the cells were centrifuged in 250 

ml tubes using a Sorvall GSA rotor spun at 5,000 x g for 6 minutes and stored at -20°C 

until required. The cell pellets were resuspended in 60 mis of ice-cold column wash 

buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl and 10% Glycerol) and 1 ml of 10 mg/ml 

lysozyme added to the cells to weaken the cell wall. After incubation for 1 hour on ice the 

cells were sonicated for 1-second bursts using a Branson Sonifier 250 for 3 minutes. The 

suspension was then centrifuged in SS34 tubes at 17,500 x g for 40 minutes at 4°C to 

remove cell debris. The supernatant was then filtered through a 0.45 pm filter, a sample 

taken for analysis by SDS-PAGE and the remaining sample loaded onto a pre-packed 1 

ml GSH column at a flow rate of 1 ml/minute. Once the supernatant was loaded the 

column was washed with column wash buffer until the A280 was below 0.04. The mouse 

TGT-GST fusion protein was cleaved by the addition of 80 units of Precision Protease in 

column wash buffer and the column incubated overnight at 4°C. The next day the cleaved 

enzyme was eluted in 20mM Tris-HCl pH 7.5 and 20 mM NaCl. These fractions were 

then tested for the presence of protein by adding 10 pi of sample to 200 pi of Bradford 

Reagent. The final enzyme sample was made up to 50% glycerol and stored at -20°C.

2.12.4 Purification of Recombinant Mouse QTRTDl Variant 0
Each starting culture (8 x 5ml 2xYT Broth with lOOpg/ml of ampicillin) was inoculated 

with E. coli XJa transformed with the mouse QTRTDl Variant 0-pGEX 6P1 plasmid and 

incubated overnight at 37°C in an orbital shaker. The 5 ml overnight cultures were then
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transferred to 500 ml flasks of 2xYT Broth containing 100 |ag/ml of ampicillin and grown 

until Aeoo was between 0.6 and 0.8 with shaking at 220 rpm. For analysis, a 1 ml sample 

of the uninduced cells was removed, the cells pelleted and stored at -20°C. The cells were 

cooled to 18°C and recombinant protein expression induced with IPTG to a final 

concentration of 0.5 mM. The cells were then incubated at 18°C for 4 hours with shaking 

at 220 rpm. The cells were centrifuged in 250 ml tubes using a Sorvall GSA rotor spun at 

5,000 X g for 6 minutes and stored at -20°C until required. The cell pellets were 

resuspended in 60 mis of ice-cold column wash buffer (20 mM Tris pH 7.5, 200 mM 

NaCl and 10% Glycerol) and 1 ml of 10 mg/ml Lysozyme added to the cells to weaken 

the cell wall. After incubation for 1 hour on ice the cells were sonicated for 1-second 

bursts using a Branson Sonifier 250 for 3 minutes. The suspension was then centrifuged 

in SS34 tubes at 17,500 x g for 40 minutes at 4°C to remove cell debris. The supernatant 

was then filtered through a 0.45 pm filter, a sample taken for analysis by SDS-PAGE and 

the supernatant loaded onto a pre-packed 1 ml GSH column at a flow rate of 1 ml/minute. 

Once the supernatant was loaded the column was washed with column wash buffer until 

the A280 was below 0.04. The bound QvO was cleaved by the addition of 80 units of 

Precission Protease column wash buffer and the column incubated overnight at 4°C. The 

next day the cleaved QvO was eluted from the column with 20 mM Tris pH 7.5 and 

20mM NaCl and 1ml fractions collected. These fractions were then tested for the 

presence of protein by adding 10 pi of sample to 200 pi of Bradford Reagent. The final 

enzyme sample was made up to 50% glycerol and stored at -20°C.
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2.12.5 Purification of Recombinant Mouse QTRTDl Variant 1

Each starting culture (8 x 5ml 2xYT Broth with 100 |ag/ml of ampicillin and kanamycin) 

was inoculated with E. coli BL21 (DE3) rgr::Kmr transformed with the Mouse QTRTDl 

Variant l-pET21a plasmid and incubated overnight at 37°C in an orbital shaker. The 5 ml 

overnight cultures were then transferred to 500 ml flasks of 2xYT Broth containing 100 

pg/ml of ampicillin and grown until Aeoo was between 0.6 and 0.8 with shaking at 220 

rpm. A 1 ml sample of the uninduced cells was removed, the cells pelleted and stored at - 

20°C. The cells were cooled to 18°C and recombinant protein expression induced with 

IPTG to a final concentration of 0.5 mM. The cells were then incubated at 18°C for 4 

hours with shaking at 220 rpm. The cells were centrifuged in 250 ml tubes using a 

Sorvall GSA rotor spun at 5,000 x g for 6 minutes and stored at -20°C until required. The 

cell pellets were resuspended in 60 mis of ice-cold column wash buffer (20 mM Tris pH 

7.5, 500 mM NaCl, 5 mM Imidazole and 10% Glycerol) and 1 ml of 10 mg/ml lysozyme 

added to the cells to weaken the cell wall. After incubation for 1 hour on ice the cells 

were sonicated for 1-second bursts using a Branson Sonifier 250 for 3 minutes. The 
suspension was then centrifuged in SS34 tubes at 17,500 x g for 40 minutes at 4°C to 

remove cell debris. The supernatant was then filtered through a 0.45 pm filter, a sample 

taken for analysis by SDS-PAGE, and the remaining sample loaded onto a pre-packed 1 

ml Nickel column at a flow rate of 1 ml/minute. Once the supernatant was loaded the 

column was washed with column wash buffer until the A280 was below 0.04. The bound 

QTRTDl was then eluted with column ash buffer containing 250 mM imidazole and 1 ml 

fractions collected. These fractions were then tested for the presence of protein by adding 

10 pi of sample to 200 pi of Bradford Reagent. To remove the imidazole used to elute the 

protein a total volume of 2.5 ml was subjected to gel filtration as described in Section 

2.12.8. The final enzyme sample was made up to 50% glycerol and stored at -20°C.
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2.12.6 Purification of Recombinant Mouse QTRTDl Variant 2
Each starting culture (8 x 5ml LB Broth with lOOgg/ml of ampicillin) was inoculated 

with E. coli XJa transformed with the mouse QTRTDl Variant 2-pTHisMal plasmid and 

incubated overnight at 37°C in an orbital shaker. The 5ml overnight cultures were then 

transferred to 500ml flasks of 2xYT Broth containing lOOpg/ml of ampicillin and grown 

until Aaoo was between 0.6 and 0.8 with shaking at 220rpm. A 1 ml sample of the 

uninduced cells was removed, the cells pelleted and stored at -20°C. The cells were 

cooled to 18°C and recombinant protein expression induced with IPTG to a final 

concentration of 0.5 mM. The cells were then incubated at 18°C for 4 hours with shaking 

at 220 rpm. The cells were centrifuged in 250 ml tubes using a Sorvall GSA rotor spun at 

5,000 X g for 6 minutes and stored at -20°C until required. The cell pellets were 

resuspended in 60 ml of ice-cold column wash buffer (20 mM Tris pH 7.5, 200 mM 

NaCl, and 10% Glycerol) and 1 ml of 10 mg/ml lysozyme added to the cells to weaken 

the cell wall. After incubation for 1 hour on ice the cells were sonicated for 1-second 

bursts using a Branson Sonifier 250 Branson Sonifier 250 for 3 minutes. The suspension 

was then centrifuged in SS34 tubes at 17,500 x g for 40 minutes at 4°C to remove cell 

debris. The supernatant was then filtered through a 0.45 pm filter, a sample taken for 

analysis by SDS-PAGE and loaded onto a 5 ml Amylose column. Once the supernatant 

was loaded onto the column it was washed with column wash buffer until the A280 was 

below 0.04. The bound QTRTDl was then eluted with 10 mM Maltose and 1 ml fractions 

collected. These fractions were then tested for the presence of protein by adding 10 pi of 

sample to 200 pi of Bradford Reagent. To remove the Maltose used to elute the protein a 

total volume of 2.5 ml was subjected to gel filtration as described in Section 2.12.8. The 

final enzyme sample was made up to 50% glycerol and stored at -20°C.

2.12.7 Purification of Recombinant Mouse Tyrosyl Synthetase
Each starting culture (8 x 5 ml LB Broth with 100 pg/ml of ampicillin and 34 pg/pl 

chloramphenicol) was inoculated with E. coli BL21(DE3) RIL transformed with the 

mouse Tyrosyl Synthetase-pET21a plasmid and incubated overnight at 37°C in an orbital 

shaker. The 5 ml overnight cultures were then transferred to 500 ml flasks of 2xYT Broth 

containing lOOp g/ml of ampicillin and chloramphenicol and grown until Agoo was
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between 0.6 and 0.8 with shaking at 220 rpm. A 1 ml sample of the uninduced cells was 

removed, the cells pelleted and stored at -20°C. The cells were cooled to 30°C and 

recombinant protein expression induced with IPTG to a final concentration of 0.5 mM. 

The cells were then incubated at 30°C overnight with shaking at 220 rpm. The next day, 

the cells were centrifuged in 250 ml tubes using a Sorvall GSA rotor spun at 5,000 x g for 

6 minutes and stored at -20°C until required. The cell pellets were resuspended in 60 ml 

of ice-cold column wash buffer (20 mM Tris pH 7.5, 500 mM NaCl, 5 mM Imidazole 

and 10% Glycerol) and 1 ml of 10 mg/ml lysozyme added to the cells to weaken the cell 

wall. After incubation for 1 hour on ice the cells were sonicated for 1-second bursts using 

a Branson Sonifier 250 for 3 minutes. The suspension was then centrifuged in SS34 tubes 

at 17,500 X g for 40 minutes at 4°C to remove cell debris. The supernatant v.'as then 

filtered through a 0.45 pm filter, a sample taken for analysis by SDS-PAGE and loaded 

onto a pre-packed 1 ml Nickel column at a flow rate of 1 ml/minute. Once the 

supernatant was loaded onto the column the column was washed with column wash 

buffer until the A280 was below 0.04. The bound mouse Tyrosyl Synthetase was then 

eluted with 250 mM Imidazole and 1 ml fractions collected. These fractions were then 

tested for the presence of protein by adding 10 pi of sample to 200 pi of Bradford 

Reagent. To remove the imidazole used to elute the protein a total volume of 2.5 ml was 

subjected to gel filtration as described in Section 2.12.8. The final enzyme sample was 

made up to 50% glycerol and stored at -20°C.

2.12.8 Desalting protein samples using Sephadex G-25 Medium.
PD-10 desalting columns (Amersham) are used to separate protein from low molecular 

weight substances such as imidazole. The column was prepared by cutting off the bottom 

cap and excess liquid poured off The column was equilibrated with 25 ml of elution 

buffer and the flow through discarded. A total sample volume of 2.5 ml was loaded onto 

the column and the flow through discarded. To elute the protein, 3.5 ml of elution buffer 

was loaded onto the column and the flow through collected.
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2.12.9 Protein determination
For a rough estimation of protein concentration, the absorbance at 280 nm was measured. 

An absorbance reading of 1 corresponds approximately to a protein concentration of 1 

mg/ml. For accurate measurements the method of Markwell et al. (1978) was used. 

Bovine Serum Albumin (1 mg/ml) was used as a standard protein and standards were 

made up ranging from 0-100 |Xg of protein. Reagent C was prepared by mixing 100 ml of 

reagent A (2% (w/v) sodium bicarbonate, 0.4% (w/v) sodium hydroxide, 0.16% (w/v) 

potassium sodium tartrate and 0.1% (w/v) SDS) and 1 ml of reagent B (4 % (w/v) copper 

sulphate). BSA standard or unknown protein sample (1 ml) was added to reagent C (1.5 

ml) in triplicate. These samples were allowed to stand at room temperature for 10 

minutes before 0.2 mi of a 50% solution (v/v) Foiin-Ciocalteau phenol reagent was 

added. The samples were then left to stand at room temperature for 45 minutes to allow 

colour change to develop. A 200 pi volume of each sample was then transferred to a 96- 

well plate and the absorbance read at 660 nm. The standards were fitted by linear 

regression to a straight line to obtain a standard curve. This was used to determine protein 
concentrations.

Another method for protein concentration that was used was that of Bradford et 

al. (1976). Bradford Reagent was diluted 1:5 with water. Bovine Serum Albumin was 

used to make the following protein standards in a 1 ml volume: 50 pg, 100 pg, 200 pg, 

300 pg, 400 pg, 500 pg. A blank water sample was also included for baseline 

determination. A 10 pi volume of either protein standard or unknown protein sample was 

added to the well of a 96-well plate. In quick succession, 200 pi of Bradford Reagent was 

added to each well and the plate incubated at room temperature for 5 minutes. The 

absorbance was read at 545 nm and the standards were fitted by linear regression to a 

straight line, from which the protein concentrations were derived.

2.13 Assay for TGT Activity
2.13.1 Assay for TGT activity using [8-*'*C] Guanine

The activity of recombinant enzymes was tested by the ability of the enzyme to insert 
[8-''^C] guanine into Yeast tRNA using a DE-52 binding assay. The DEAF used in the 

spin columns was prepared by equilibrating 20 g of pre-swollen DEAE in 120 ml of 200
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mM Tris-HCl pH 7.5 until the pH stabilised at 7.5. Each reaction was setup in triplicate 

and incubated for 1 hour at 37°C. Before the [8-'''C] guanine was added to the reaction 

mixture it was neutralized with an equal volume of 0.1 M NaOH as the guanine is

supplied in 0.1 M HCl. Each of the components was added in the order shown in Table 

2.17 with the [8-’‘^C] guanine added last.

Table 2.17 TGT activity assay components
Component Volume (pi) Final Concentration

1 M Tris-HCl pH 7.5 2.5 50 mM

5 M NaCl 0.2 20 mM
1 M MgCIa 0.25 5 mM
1 M DTT 0.1 2 mM
Yeast tRNA (2 Abs/^l) 1

Enzyme 2|jg
[8-'‘’C]guanine (1.8 jiM) 2
H2O to 150 pi

The reaction was loaded onto a 1 ml DEAE spin column and spun at 0.1 x g for 30 

seconds and the flow through is collected and loaded onto the column and the step 

repeated 5 times. The column was then washed with 8 x 250 pi aliquots of column wash 

buffer (20 mM Tris-HCl pH 7.5, 10 mM MgCh, 200 mM NaCl). The bound tRNA was 

eluted with 4 x 250 pi aliquots of column elution buffer (20 mM Tris-HCl pH 7.5, 10 

mM MgCl2, 1 M NaCl) which was collected and transferred to vials with 15 ml of

Ecoscint A and the '^C DPM’s determined on the scintillation counter on Protocol 2.

2.13.2 Production of 8-[^^C] Guanine tRNA (tRNA*)

In order to assay the ability of the recombinant enzymes to insert queuine into tRNA it 

was necessary to first prelabel yeast tRNA with [8-’'*C] guanine. This was done by 

adapting a method from Hoops et al. (1995).

Before the [8-'‘^C] guanine was added to the reaction mixture it was neutralized with an 

equal volume of 0.1 M NaOH as the [8-’'^C] guanine is supplied in 0.1 M HCl. Each of
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the components was added in the order shown in Table 2.18 with the [S-’^'C] guanine 

added last.

Table 2.18 tRNA labelling reaction
Component Volume (pi) Final Cone.

1 M Tris-HCI pH 7.5 7.5 50 mM

5 M NaCI 0.6 20 mM

1 M MgCIs 0.75 5 mM

1 M DTT 0.3 2 mM

Yeast tRNA (2 Abs/|xl) 12.5

E. coli JGT 10 pg
H2O to 150 pi
[8-^‘‘C]guanine (1.8 pM) 10

The reaction was incubated for 2 hours at 37°C. The reaction mixture was extracted by 

the addition of equal volumes of phenol and chloroform/isoamyl alcohol (24:1) and 

centrifuged at 16,000 x g for 5 minutes. The upper aqueous phase was transferred to a 

new 1.5 ml tube and the tRNA* was precipitated by the addition of 0.1 volume of 3 M 

sodium acetate and 2 volumes of ethanol and incubation at -20°C overnight. The tRNA* 

was pelleted by centrifugation at 16,000 x g for 20 minutes and the pellet washed with 1 

ml of 70 % ethanol. The tRNA* was then resuspended in 20 pi of water and 

concentration measured at A26o-

2.13.3 Wash out assays with queuine
As no radioactively labelled queuine was available, the displacement of [8-''’C] guanine 

from yeast tRNA was used to analyse the ability of the enzymes to utilise queuine as a 

substrate. Each reaction was setup in triplicate and incubated for 1 hour at 37°C. Each of 

the components was added in the order shown in Table 2.19 with tRNA* added last.
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Table 2.19 Wash out Activity Assay
Component Volume (pi) Final Cone.

1 M Tris-HCl pH 7.5 7.5 50 mM

5 M NaCl 0.6 20 mM

1 M MgCl2 0.75 5 mM

1 M DTT 0.3 2 mM

tRNA* 5 Abs units

Enzyme 2pg
Queuine (10 mM) 9 0.6 mM

H2O to 150 pi

The reaction was loaded onto a 1 ml DEAE spin column and spun at 0.1 x g for 30 

seconds and the flow through is collected and loaded onto the column and the step 

repeated 5 times. The columm was then washed with 8 x 250 pi aliquots of column wash 

buffer (20 mM Tris-HCl pH 7.5, 10 mM MgCla, 200 mM NaCl). These loading and 

washing steps were collected and the DPM’s determined on the scintillation counter 

on Protocol 2. The bound tRNA was eluted with 4 x 250 pi aliquots of column elution 

buffer (20 mM Tris-HCl pH 7.5, 10 mM MgCH, 1 M NaCl) which was collected and 

transferred to vials with 15 ml of Ecoscint A and the '"*C DPM’s determined on the 

scintillation counter on Protocol 2.

2.14 Assay for Aminoacylation Activity
The activity of recombinant Tyrosyl Synthetase was tested by the ability of the enzyme to 

insert L-[3, 5-^H] Tyrosine into yeast tRNA using a filter binding assay. Each reaction 

was set up in triplicate and incubated for between 2 hours at 37°C. Each of the 

components were added in the order shown in Table 2.20 with the tritiated amino acid 

added last.

60



Table 2.20 Aminoacylation Activity Assay
Component Volume (pi) Final Cone.

1 M Tris-HCI pH 7.5 8 80 mM
40 mM ATP 10 4 mM

1 M MgCIs 0,8 8 mM
1 M DTT 0.08 0.8 mM
Yeast tRNA (2 Abs/pl) 10
Enzyme 4 pg
fH] Tyrosine 1

H2O to 100 pi

The reaction was terminated by the addition of an equal volume of ice cold 10% TCA 

and placed on ice. Each reaction was then spotted onto GF/C filters and allowed to air dry 

for 10 minutes. The filters (max. 15 per wash cycle) were then placed in a wash-pot 

containing 250 mis of ice cold 5 % TCA and washed 3 times with the same solution for

4 minutes each time. The filters were then washed with 250 mis of ice-cold 95 % ethanol 

for 3 minutes. After washing the filters were dried on a hotplate at 80°C until the ethanol 

had evaporated. They were then transferred to 5 ml scintillation vials containing 5 ml of 
Ecoscint A and the [^H] DPM’s determined on the scintillation counter on Protocol 8.

2.15 In vivo Synthesis of tRNA
The in vivo synthesis of tRNA was carried out in E. coli BL21(DE3) rgr:;Kmr. Over

expression of the mouse tyrosyl tRNA was achieved using a modified pBAD vector. A

5 ml E. coli culture was grown overnight at 37°C in 2xYT broth supplemented with 0.2% 

glucose. The next day the overnight culture was added to 500 ml of 2xYT broth 

containing 500 pi of Kanamycin and Ampicillin and supplemented with 0.2% glucose 

and allowed to grow to an absorbance at 600 nm (Aaoo) of between 0.6 and 0.8. The cells 

are then spun down in a 250 ml tube. The cells were washed twice using 20 ml of 2xYT 

broth. The pellet was then resuspended in 500 ml of 2xYT supplemented with 0.2% 

arabinose to induce tRNA expression and grown overnight. The next day the cells are 

spun down and washed twice using 20 ml of M63 Minimal Medium. The pellet was then 

resuspended in 500 ml of M63 Minimal Medium supplemented with 0.2% glucose and
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0.2% glycerol and amino acid mixture to inhibit tRNA expression and allow the 

processing of pre-tRNA to mature product. After 45 minutes the cells are spun down and 

the pellets are resuspended in 1 ml of RNALater solution and stored at -20°C.

2.16 Purification of total unfractionated transfer RNA

2.16.1 Small scale isolation of transfer RNA
The Mirvana small RNA isolation kit was used to isolate tRNA. This system is suitable 

for the isolation of small RNA species (150 to 200 bp) from E. coli, yeast, cultured cells 

and animal tissue. The RNA was isolated as per the manufacturer’s instructions.

2.16.2 Isolation of transfer RNA using FPLC
Bentonite was suspended in 1 litre of distilled water at 50 g/1 and magnetically stirred 

overnight. The coarsest particles were removed by centrifugation in a GSA rotor at 1,450 

X g for 15 minutes. The creamy-yellow uppermost layer of the first pellet was carefully 

scraped off and combined with the supernatant, and the rest of the pellet was discarded. 

The suspension was resuspended and the 1,450 x g centrifugation step repeated. The 

uppermost layer of the second pellet was again retained and combined with the 

supernatant and, after shaking, centrifuged at 2,500 x g for 15 minutes in a GSA rotor. 

The pellet was completely discarded and the supernatant centrifuged at 9,000 x g for 15 

minutes.

At this stage only around 150 to 200 mgs of the bentonite remained. The resulting 

pellet was transferred to a SS34 tube, washed with water, and then centrifuged at 

9,000 X g. The pellet was resuspended in 5 ml of 0.5 M disodium-EDTA, pH 8.0 (RNase 

Free) and stirred overnight. Crude bentonite has a high metal ion content, which 

decreases protein-binding capacity; explaining the requirement for EDTA in the 

purification procedure. The EDTA was removed by the addition of to 200 ml of water 

and allowing the sample to stand overnight at 4°C. The bentonite was recovered by 

centrifugation in a GSA rotor at 9,000 x g for 15min. The final pellet, which has a gray- 

yellow colour, was resuspended in 10 mM Tris-HCl pH 7.5 to a final bentonite
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concentration of 80 mg/ml. This bentonite suspension was stored at 4°C for up to one 

week or frozen at -20°C until needed.

All subsequent steps were performed at 4°C unless otherwise indicated. A 500 ml 

overnight culture of E. coli culture will yield approximately 5 grams of cells grown in 

2xYT broth. Some reports state that tRNA is best recovered from fresh cells as freezing 

appears to increase the protein content of the final sample. Typically, the E. coli cell 

pellet was mixed with 5 ml of RNALater and stored at -20°C. To remove the RNALater 

the E. coli cells are thawed and centrifuged at 5,000 x g in a GSA rotor for 10 minutes. 

Cells are resuspended in 50 ml NTEB buffer (150mM NaCl, lOmM Tris-HCl (pH 7.5), 

1 mM Na2EDTA and 0.4 mg/ml bentonite).

To a GSA centrifuge tube containing the bacterial cells, a 50 ml volume of fresh 

80% phenol in the same solution (40 ml of ultrapure buffered-phenol and 10 ml of NTEB 

buffer) was added and the mixture was vigorously shaken at 4°C for 30 minutes. The 

sample was centrifuged at 11,000 x g for 15 minutes and the aqueous (upper) layer 

carefully removed. Solid potassium acetate (1.5 g) was added and the nucleic acid 
precipitated with the addition of 125 ml absolute alcohol (-20°C). Precipitate forms after 

standing the sample at -20°C overnight.

The next day it was collected by centrifugation at 11,000 x g for 15 minutes and 

dissolved in 10 ml of 50 mM NaCl, 10 mM MgCb, 1 mM Na2EDTA and 0.4 mg/ml 

bentonite. Then 2.5 ml of 5 M NaCl was added and the mixture was allowed to stand in 

an ice-bath for 2 hours. The sample was centrifuged in an SS34 tube at 17, 000 x g 

for 15 minutes at 4°C. The supernatant was removed, as this contained the tRNA. The 

precipitate that forms during centrifugation was washed with 2.5 ml of 1 M NaCl 

containing 10 mM MgCl2 and 1 mM Na2EDTA. The 12.5 ml of supernatant and the 2.5 

ml of washings are combined and mixed with 50 ml of 10 mM MgCl2 and 1 mM 

Na2EDTA (solution now -250 mM NaCl). Bulk tRNA was then prepared by one-step 

purification by FPLC using a DEAE cellulose column, as described below.

Pre-swollen DE52-cellulose anion exchanger may be used without pre-treatment 

but must be fully equilibrated. DE52 was rehydrated in 100 mM Tris-HCl pH 7.5 

(usually a -10 fold higher concentration than that of the initial starter buffer 

concentration, though in this case no buffer is used during the purification) and poured
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into a Bio-Rad column of 15ml capacity. The matrix was readied by washing with 10 

column volumes of equilibration salt solution (250 mM NaCl, 10 mM MgCl2 and 1 mM 

Na2EDTA).

The crude tRNA sample was directly applied to the pre-prepared DEAE-cellulose 

column at a flow rate of 1 ml/min. The column was washed with 10 bed volumes of 

equilibration salt solution. The tRNA was eluted in one step from the column with a 

solution of high salt buffer (0.7 M NaCl, 10 mM MgCl2 and 1 mM Na2EDTA). Samples 

that gave an absorbance at 260nm are pooled, adjusted to be in 300 mM Tris-HCl pH 8.0 

and incubated at 35°C for 30 minutes to deacylate the tRNA. Absolute alcohol (2.5 

volumes, cooled to -20°C) was added to the sample and after standing at -20°C overnight 

the tRNA precipitate was collected by centrifugation at 11,000 x g for 15 minutes. The 

tRNA sample was redissolved in 10 mM Tris-HCl pH 7.5, 10 mM MgCh and 1 mM 

EDTA and the sample stored at -70°C until required. The concentration of the sample 

may be determined by taking the absorbance at 260 nm.

2.17 HPLC separation of tRNA
tRNA was isolated as described in section 2.17.2. The HPLC system used was from 

Shimadzu and comprised of a control unit, an auto-injector, 2 pumps, column-oven, a 

photo-diode array detector and a fluorescence detector. The column, 2SW DEAE HPLC 

(0.46 X 25 cm), was first washed with 20 mM Tris-HCl pH 7.5, 10 mM MgCl2 and 1 M 

NaCl and 10% Methanol (v/v) (washing buffer) and then with elution buffer 

(20 mM Tris-HCl pH 7.5, 10 mM MgCb, 330 mM NaCl and 10 % Methanol) before 

loading the tRNA. tRNA to be fractionated was dissolved in 20 mM Tris-HCl pH 7.5, 

10 mM MgCl2 and 100 mM NaCl and centrifuged at 13,000 x g for 5 minutes and the 

supernatant containing the tRNA was loaded onto the column and the elution started with 

the elution buffer. The eluate was collected in 1 ml fractions using a fraction collector 

(FRAC-100 Fraction Collector from Amersham Biosciences).
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2.18 Detection of tRNA using the North2South Hybridisation and 

Detection Kit
The Noith2South Chemiluminescent Hybridisation and Detection Kit used was 

purchased from Pierce.

Total unfractionated tRNA was isolated as described in Section 2.17.2. A quantity 

of 5 absorbance units of tRNA, isolated from E. coli that overexpress tRNA'^^ was 

dissolved in 50 pi of 20 mM Tris-HCl, 100 mM NaCl and 10 mM MgCl2 and was loaded 

onto a 2SW DEAE HPLC column. tRNA was eluted from the column in (20 mM Tris- 

HCl pH 7.5, 330 mM NaCl, 10 mM MgCli and 10% Methanol) and 1 ml fractions 

collected. A 50 pi volume of each of the 1 ml fractions was mixed with 50 pi of RNAse 

free water and 45 pi of glyoxal in 200 pi PCR tubes. These tubes were heated to 55°C for 

60 minutes in a thermocycler, cooled to 4°C and then transferred to ice. The samples 

were then loaded into the slot blotter and a vacuum applied to force the sample through 

the Hybond-N membrane. The membrane was then transferred to a piece of filter paper 

and placed in a UV cross-linker to immobilise the tRNA onto the membrane. The 

North2South kit was then used to visualise the bands on the Hybond-N membrane.

2.18.1 Pre-Hybridisation and Hybridisation
The North2South Hybridisation Buffer was equilibrated to room temperature and 

sufficient buffer added to cover the membrane in a sealable container. The blot was 

incubated at 55°C for 3 hours with shaking. While the membrane was pre-hybridising the 

biotinylated DNA probe was denatured by heating to 100°C for 10 minutes and then 

placed on ice for 5 minutes. After 3 hours the denatured probe was added to the 

membrane and incubated overnight at 55°C with shaking.

2.18.2 Stringency Washes.
The next day the North2South Hybridisation Stringency Wash Buffer (2X) was 

equilibrated to room temperature. Once the Wash Buffer was fully in solution, an equal 

volume of sterile Milli-Q water was added. The blot was washed three times for 

20 minutes per wash with shaking using sufficient buffer to cover the membrane at 55°C.
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2.18.3 Probe Detection
The Stringency Wash Buffer was poured off and sufficient Blocking Buffer was added to 

generously cover the membrane. The membrane was incubated with shaking for 3 hours 

at room temperature. After incubation 10 mis of the Blocking Buffer was removed and 

Streptavidin-HRP conjugate added to obtain a 1:300 final dilution. The 

buffer/Streptavidin-HRP mix was then added to the container with the membrane and 

incubated for 15 minutes at room temperature with shaking. Wash Buffer (4x) was 

diluted to lx with sterile Milli-Q water and the membrane washed four times for 5 

minutes each with lx Wash Buffer at room temperature with shaking. The membrane was 

then transferred to a new container and sufficient Substrate Equilibration Buffer added to 

generously cover the membrane. The membrane was incubated for 5 minutes at room 

temperature with shaking.

2.18.4 Substrate Development
The Substrate Working Solution was prepared by 3 mis of the Luminol/Enhancer 

Solution and 3 mis Stable Peroxide Solution. The membrane was placed on a piece of 

Saran wrap, covered with the Substrate Working Solution and incubated at room 

temperature for 5 minutes. The membrane was then wrapped in a fresh piece of Saran 

wrap and any trapped air bubbles removed. The membrane was then exposed to 

photographic film for 1 minute to visualise the signal and the film developed.

2.19 Nucleotide Removal Kit
The QIAquick Nucleotide Removal Kit, from Qiagen, was used to cleanup radioactive- 

labelled RNA. To the reaction mixture 10 volumes of Buffer PN was added or 5 volumes 

added when the fragment was >100bp. The sample was then applied to a QIAquick spin 

column and centrifuged at 3,300 x g for 1 minute. The flow through was then discarded 

or when radioactive samples were been cleaned up a new collection tube was used and 

the flow through and tube disposed of appropriately. To wash the QIAquick column 750 

pi of Buffer PE or for radioactive samples 500 pi of Buffer PE was added to the column 

and centrifuged at 3,300 x g for 1 minute. The wash was repeated for the radioactive 

sample with 500 pi of Buffer PE and the flow through discarded appropriately. The
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column was centrifuged at 15,700 x g for 1 minute to remove residual Buffer PE and the 

column transferred to a clean 1.5 ml microcentrifuge tube. The RNA was eluted by the 

addition of 32 |j.l of water and centrifuging at 15,700 x g for 1 minute.

2.20 Genetic analysis of knockout mouse

2.20.1 Isolation of genomic DNA from mouse ear punches
Ear punches were taken from 21 day old mice to obtain a tissue sample from which 

genomic DNA was isolated. Tissue samples were transferred to a 1.5 ml tube and 

digested immediately or stored at -20°C. To each ear punch 504 pi of digestion buffer, 

which was composed of 450 pi of 1 X SSC (20 mM Tris-HCl pH 7.5, 15 mM trisodium 

citrate, 150 mM NaCl and 1 mM EDTA), 50 pi of 10% SDS and 4 pi of Proteinase K, 

was added and the tube incubated at 55°C, with gently agitation, overnight. The next day 

500 pi of a 50:50 mixture of phenohchloroform was added and the tubes mixed by 

inversion for 5 minutes. The tube was centrifuged at 16,000 x g for 5 minutes and the 

upper aqueous layer removed and transferred to a new 1.5 ml tube. Then 500 pi of 

isopropanol was added to the tube and the DNA precipitated by inversion of the tube 

until the DNA fibres became visible. The DNA was then pelleted by centrifugation at 

5,900 X g for 30 seconds and the pellet washed with 70% ethanol and resuspended in 

100 pi of water. The tube, with the lid open, was incubated at 65°C to allow any excess 

ethanol to evaporate. The genomic DNA was stored at -20°C

2.20.2 Identification of the location of the ROSAFARY gene-trap insertion into the 

mouse QTRTI gene
Genomic DNA was isolated from a qtrtl mouse as described in section 2.21.1. The 

PCR reaction components are shown in Table 2.21. The PCR conditions for the qtrtl! 3' 

LTR fragment are shown in Tables 2.22 and 2.22 and for the 5' LTR/ qtrtl fragment they 

are shown in Tables 2.24 and 2.25.
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Table 2.21 PCR reaction components
Component Volume (pi)

Template DNA 1

10x Ex Taq buffer 2.5

dNTP's 4

Forward primer (10 pmol/pl) 1

Reverse primer (10 pmol/pl) 1

Ex Taq DNA polymerase 0.25

Water 15.25

Temperature (°C) Time No. of Cycles

94 5 mins 1

94 20 secs

61 30 secs 35

72 2 mins

72 10 mins 1

4 eo

The PCR were loaded onto a 1% agarose gel and the PCR product excised from the gel 

and purified using a Qiagen gel extraction kit and 1 pi used in the short arm nested PCR 

reaction. The conditions for the nested PCR are shown in Table 2.23.

Temperature (°C) Time No. of Cycles

94 5 mins 1

94 20 secs

63 60 secs 35

72 60 secs

72 10 mins 1

4 00
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The PCR product was loaded onto a 2% gel and the PCR product excised from the gel 

and purified using a Qiagen gel extraction kit. The PCR product was then digested with 

EcoRl and Xhol, as described in section 2.8.3 and ligated into pBluescript and sent for 

DNA sequencing (MWG, Ebersberg Germany).

Temperature {°C) Time No. of Cycles

94 5 mins 1

94 20 secs

61 30 secs 35

72 2 mins

72 10 mins 1

4 eo

The PCR were loaded onto a 1% agarose gel and the PCR product excised from the gel 

and purified using a Qiagen gel extraction kit and 1 pi used in the short arm nested PCR 

reaction. The conditions for the nested PCR are shown in table 2.25.

Table 2.25 5" LTR/ QTRTI nested PCR Conditions
Temperature (‘C) Time No. of Cycles

94 5 mins 1

94 20 secs

63 60 secs 35

72 60 secs

72 10 mins 1

4 eo

The PCR product was loaded onto a 2% gel and the PCR product excised from the gel 

and purified using a Qiagen gel extraction kit. The PCR product was then digested with 

EcoRl and Xhol, as described in section 2.8.3 and ligated into pBluescript and sent for 

DNA sequencing (MWG, Ebersberg Germany).

2.20.3 Generation of long and short arm probes for Southern Blotting
CT/C'TGenomic DNA was isolated from a qtrtl mouse as described in section 2.21.1. This 

was then used to amplify, using nested PCR, the long and short arm probes as well as the
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neomycin probe for Southern blotting. The PCR reaction components are shown in table 

2.26. The PCR conditions for the short and long arm probes and are shown in Tables 2.27 

and 2.28 and 2.29 and 2.30, respectively and Table 2.31 for the neomycin probe.

Table 2.26 PCR reaction components
Component Voiume (pi)

Template DNA 1

10x Ex Taq buffer 2.5

dNTP’s 4

Forward primer (10 pmol/pl) 1

Reverse primer (10 pmol/pl) 1

Ex Taq DNA polymerase 0.25

Water 15.25

Table 2.27 Short Arm PCR Conditions
Temperature (°C) Time No. of Cycies

94 5 mins 1

94 20 secs

66 30 secs 35

72 45 secs

72 8 mins 1

4 oo

The PCR were loaded onto a 1% agarose gel and the PCR

and purified using a Qiagen gel extraction kit and 1 pi used

reaction. The conditions for the nested PCR are shown in tab

Table 2.28 Short Arm nested PCR Conditions
Temperature (°C) Time No. of Cycles

94 5 mins 1

94 20 secs

72 30 secs 35

72 30 secs

72 8 mins 1

4 00

70



The PCR product was loaded onto a 2% gel and the PCR product excised from the gel 

and purified using a Qiagen gel extraction kit. The PCR product was then digested with 

EcoRl and Xhol, as described in section 2.8.3 and ligated into pBluescript and sent for 

DNA sequencing (MWG, Ebersberg Germany).

Table 2.29 Long Arm PCR Conditions
Temperature (°C) Time No. of Cycles

94 5 mins 1

94 20 secs

65 30 secs 35

72 70 secs

72 8 mins 1

4 oo

The PCR were loaded onto a 1 % agarose gel and the PCR product excised from the gel 

and purified using a Qiagen gel extraction kit and 1 pi used in the short arm nested PCR 

reaction. The conditions for the nested PCR are shown in Table 2.30.

Temperature (‘C) Time No. of Cycles

94 5 mins 1

94 20 secs

72 30 secs 35

72 30 secs

72 8 mins 1

4 eo

The PCR product was loaded onto a 2% gel and the PCR product excised from the gel 

and purified using a Qiagen gel extraction kit. The PCR product was then digested with 

EcoRl and Xhol, as described in section 2.8.3 and ligated into pBluescript and sent for 

DNA sequencing (MWG, Ebersberg Germany).

71



Table 2.31 Neomycin PCR reaction conditions 
Temperature (“C) Time No. of Cycles

95

98

67

72

72

4

5 mins 

10 secs 

30 secs 

30 secs 

8 mins

1

35

The PCR product was loaded onto a 2% gel and the PCR product excised from the gel 

and purified using a Qiagen gel extraction kit.

2.20.4 Southern Blotting
2.20.4.1 DNA Isolation
DNA from wild type, heterozygous and homozygous mice livers was isolated using the 

RecoverEase DNA isolation kit (Stratagene) to yield high-molecular weight genomic 

DNA. Briefly, 100 mg of liver was homogenised and the homogenate filtered through a 

cell strainer and centrifuged to pellet cell nuclei. The nuclei were then digested using a 

proteinase K digestion solution. The viscous genomic DNA was then transferred to a 

dialysis cup and dialysed against 500 ml of TE buffer (10 mM Tris-HCl pH 7.5 and 

1 mM EDTA) for 24 hours.

2.20.4.2 DNA Digestion

The restriction digest using Ssp I was set up as follows:

Table 2.32 DNA Digestion reaction components

Component Volume (pi)

Genomic DNA 

10 X Reaction Buffer 

Restriction enzyme 

Water

30 pg 

10 

10

to 100 pi
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The digestion was carried out for 16 hours. The next day 10 gl of 3M sodium acetate was 

added to the digestion reaction followed by 3 volumes of ethanol. The digestion was left 

on ice for 15 minutes and then centrifuged at 16,000 x g for 20 minutes. The supernatant 

was removed and the pellet washed with 400 pi of ice-cold 70% ethanol. The pelleted 

was centrifuged for 5 minutes at 16,000 x g and the 70% ethanol removed and the pellet 

resuspended in 15 pi of H2O and the concentration of DNA measured at A26o-

2.20.4.3 Probe Generation
The PCR products were resolved on a 1% agarose gel, bands of the correct size were 

excised and the DNA probes recovered using the Qiagen gel extraction kit. The probes 

were routinely stored at -20°C until required.

2.20.4.4 DNA Gel Electrophoresis for Southern Blotting
A 0.8% gel was prepared by adding 0.48 g of agarose to 60 ml of lx TAB (40mM Tris 

pH 8.5, 20 mM Acetic Acid and 1 mM EDTA) and heating the mixture in a microwave 

until the agarose had fully dissolved. It was then cooled, 2 pi of 10 mg/ml Ethidium 

Bromide added carefully to the gel and poured into a gel mould (8 x 10 cm) sealed at 

both ends with masking tape and a 10 tooth comb inserted into the gel. The gel was then 

allowed to set for 30 minutes before been transferred to the gel box containing enough lx 

TAE to cover the gel. 10 pg of digested genomic DNA was mixed with 2 pi of DNA 

loading buffer and then loaded into the wells. DNA ladder was also separated on the gel 

to calculate the size of the DNA fragments. The gel was then run at 16 Volts for 16 hours.

2.20.4.5 DNA Transfer
After electrophoresis the gel was photographed under a UV light along with a UV 

fluorescent ruler to record the mobility of the DNA in the agarose gel. The gel was then 

placed in denaturation buffer (500 mM NaOH and 1.5 M NaCl) and gently shaken for 1 

hour and the transferred to neutralisation buffer (500 mM Tris-HCl pH 7.5 and 1.5 M 

NaCl) and again shaken gently for 1 hour. The gel was then washed twice in RNase Free 

Water and then soaked twice in lOx SSC (1.5 M NaCl and 30 mM Sodium citrate) for 10
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minutes. A piece of Hybond-N transfer membrane was cut to the same size as the gel, 

wetted in RNase Free Water and soaked in lOx SSC for 5 minutes.

The transfer apparatus consisted of an agarose gel box placed upside down in a 

plastic container filled with 400 ml of lOx SSC. Two strips of Whatman 3MM paper 

were placed over the gel box dipping into the lOx SSC buffer on either side. Once the 

Whatman 3MM paper had become completely wet the air bubbles were removed by 

rolling a tube over the paper, thereby ensuring equal transfer. The Whatman 3MM paper 

was then surrounded with saran wrap with a central portion removed that matched the 

exact size as the gel.

The gel was then placed upside-down on the apparatus and strips of parafilm 

placed around the edge of the gel. Pre-equilibrated Hybond-N membrane was placed on 

the gel followed by 3 pieces of gel sized Whatman 3MM paper soaked in 2x SSC 

(300 mM NaCl and 6 mM sodium citrate) solutions. Air bubbles were removed by rolling 

a tube over the paper. A stack of paper towels was placed on top of the Whatman paper to 

a height of about 10 cm and overlaid with a plastic tray supporting a weight to compress 

the towels onto the membrane. The transfer is then allowed to precede overnight and the 

following morning the towels, which have become saturated, were replaced with new 

towels and the transfer allowed to run for another 3 hours.

2.20.4.6 DNA Immobilisation
After transfer, the Hybond-N membrane was removed from the transfer apparatus and 

washed in lOx SSC. The filter was then air-dried on filter paper and placed in a UV 

radiation oven and exposed to 254 nm UV light for 30 seconds.

2.20.4.7 Prehybridisation
The membrane was then pre-hybridised in 20 ml of Speed Hyb (1.5x SSPE, 10% PEG 

8000 and 7% SDS), containing 400 pi of herring sperm DNA which was denatured for 5 

minutes at 96°C and cooled on ice before been added to Speed Hyb, for 3 hours at 65°C.
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2.20.4.8 Labelling the probe
The probe was labelled using the Takara random labelling primer Kit. The following 

components are added to a 1.5ml eppendorf:

2 pi of random primer

3 pi of probe DNA 

9 pi of H2O

The sample was boiled for 5 minutes at 96°C and immediately placed on ice. The 

following components are then added to the tube:

2.5 pi of lOx labelling buffer 

2.5 pi of dNTP mix 

1 pi of Bca DNA polymerase

5 pi of CTP

The tube was then incubated at 55°C for 45 minutes. Following incubation the total 

volume was increased to 50 pi with the addition of 25 pi of Ten50 buffer (10 mM Tris- 

HCL pH 8.0, 1 mM EDTA, 50 mM NaCl and 1 mM DTT. A G50 column was vortexed 

to resuspend the resin and the lid loosened by a 14 turn and the bottom closure seal 

snapped off. The column was placed in a DNase free tube and centrifuged at 735 x g for 

1 minute. The column was then transferred to a new tube and the 50 pi sample applied to 

the centre of the resin and the column and centrifuged at 735 x g for 2 minutes and the 

probe collected in the tube. The probe was then heated to 96°C for 5 minutes and cooled 

rapidly on ice.

2.20.4.9 Hybridisation
The membrane was lifted carefully out of the hybridisation solution and the 50 pi of 

radiolabelled probe added and mixed gently and the membrane placed back in the 

solution. The membrane was then left overnight at 65 °C with constant, but gentle, 

agitation. The next day the blot was rinsed briefly with 15 ml of 0.1% SSC (5 ml of 20x
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see per 1000 ml of water). The blot was then washed with 400 ml of 0.1% SSe for 2 

minutes at 65 °e and wash step repeated again for 1 hour at 65 °e. The membrane was 

then wrapped in SARAN wrap and exposed to photographic film for 1.5 hours.

2.20.5 PCR from genomic DNA for identification of wild type and gene-trapped 

QTRTl allele

The primers used to amplify each sequence are listed in the Appendix and the PCR 

components are listed in Table 2.33. The PCR conditions used are listed in the Tables 

2.34 and 2.35.

Table 2.33 PCR reaction components
Component Volume (pi)

Template DNA 1

5x GoTaq buffer 5

MgCIa 2

dNTP's 4

Forward primer (10 pmol/pl) 1

Reverse primer (10 pmol/pl) 1

GoTaq DNA polymerase 0.25

Water 10.75

Temperature (°C) Time No. of Cycles

95 5 mins 1

98 10 secs

66 30 secs 35

72 1 min

72 8 mins 1

4 eo
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Temperature (°C) Time No. of Cycles

95 5 mins 1

98 10 secs

67 30 secs 35

72 30 secs

72 8 mins 1

4 eo

2.20.6 Sex determination of mice
The method for sex determination was adapted from Clapcote et al. (2005). Genomic 

DNA was isolated as described in section 2.20.1. The primers used to amplify each 

sequence are listed in the Appendix and the PCR components are shown in Table 2.36 

and the PCR conditions used are listed in the Table 2.37 below.

Table 2.36 PCR reaction components
Component Volume (pi)

Template DNA 1

5x GoTaq buffer 5

MgCb 2

dNTP's 4

Forward primer (10 pmol/pl) 1

Reverse primer (10 pmol/pl) 1

GoTaq DNA polymerase 0.25

Water 10.75

Table 2.37 PCR Conditions
Temperature (‘C) Time No. of Cycles

94 5 mins 1
94 20 secs

54 60 secs 35

72 40 secs

72 10 mins 1
4 00
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The PCR reaction was loaded onto a 3% agarose and separated for 45 minutes at 100 

volts.

2.20.7 Preliminary NMR analysis of mouse serum
The blood samples were prepared from a method adapted from Beckonert ef al. (2007). A 

sample of blood was taken from the tail vein of all 3 genotypes which had been starved 

overnight. The blood was then spun at 2000 x g for 10 minutes and the serum removed. 

The serum was then freeze dried and resuspended in 630 pi of D2O containing 

trimethylsilyl propionate (TSP) as an internal standard. 'H NMR spectra of these samples 

were measured at 600 MHz.
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CHAPTER 3

3.1 Introduction
From the time that an E. coli mutant strain lacking the TGT activity was identified 

(Noguchi et ai, 1982) efforts have been made to characterise the equivalent eukaryotic 

form. Though conceptually, this objective appears simple in its execution, it has proved 

extremely difficult. As discussed previously in section 1.5.1, a number of groups have 

tried unsuccessfully to isolate and identify the TGT protein from various mammalian and 

plant species but their results have proven insufficiently robust to conclusively identify 

protein(s) responsible for the eukaryotic TGT enzymatic activity.

Only two research groups have succeeded in retrieving partial protein sequence 

from an active eukaryotic enzyme preparation, those from bovine liver (Slany et ai, 

1995) and rabbit erythrocytes (Deshpande et ai, 1996). The identity of the rabbit derived 

peptides were correctly assigned by the authors as described in Chapter 1 and will not be 

discussed further here. However, the peptide sequences from the bovine liver preparation 

could not be assigned at the time of publication (Slany et ai, 1995) as no bovine genomic 

sequence data was available, leaving the identity of these sequence fragments unknown. 

By blasting the published peptide sequences against expressed sequence tagged (EST) 

databases the two peptides from the larger 65 kDa subunit can now be confidently 

assigned as arising from an asparaginyl tRNA synthetase (XP_873087) and the two 

peptides from the smaller 32 kDa subunit correspond to 2,4 dienoyl CoA reductase 

(XP_001252268); an enzyme involved in the breakdown of acyl-CoA in lipid 

metabolism. Curiously, no amino acid sequence with shared similarity to the prokaryotic 

TGT enzyme was recovered (Table 1.2).

Most recently, the laboratory of Jon Katze performed a search of the human EST 

database using the E. coli TGT as a search template and found a cDNA clone encoding a 

putative human TGT catalytic subunit (Deshpande et ai, 2001). Cloning of the cDNA 

into a mammalian expression plasimd (pMAMneo-CAT) allowed them to re-constitute 

queuine tRNA ribosyltransferase activity in GCa/cl cells, which are known to be 

naturally deficient in this activity. The presence of queuosine in tRNA was confirmed by 

chromatographic means on RPC-5 resin. In the paper, it was also reported that the human
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TGT catalytic subunit is toxic to E. coli as the original IMAGE clone was lost from their 

host bacterial cells.

As very little information is available on the eukaryotic enzyme it was decided to 

utilise up-to-date genomic databases to identify putative TGT enzymes present in 

eukaryotic organisms. Consideration was also given to the possibility that homologues of 

the TGT enzyme exist, as past research has shown that TGT may be active as a dimer; 

one subunit of approximately 60 kDa and another smaller subunit, reported to be of 43 

kDa in rabbit erythrocytes (Howes et ai, 1978); 31 kDa in bovine liver (Slany et al, 

1995) and 34.5 kDa in rat liver (Morris et al, 1995).

The possibility that homologues of TGT may be present in eukaryotes stems from 

a paper by Vandenbergh et al, (2003) where they identified a putative human gene 

named FLJ12960 while searching for polymorphic variation in the Dopamine Receptor 

D3 (DRD3) gene. It was found that FLJ12960 shares 84% sequence identity with a 
similar position on mouse chromosome 16, believed to encode for a queuine salvage 

enzyme. The FLJ 12960 gene is predicted to be a member of the TGT family based upon 

protein sequence similarity within the zinc-binding domain, which is a highly conserved 

region found at the C-terminus of all TGTs. Within the FLJ12960 gene a dinucleotide 

(CA) repeat in intron 8 was found to be highly polymorphic among a test cohort of 302 

individuals, generating 16 allelic variants ranging in size from 121 to 151 bases (Table 

3.1).

Given the success in obtaining TGT related sequences from EST and genomic 

databases it was decided to use this method to search for mammalian TGT homologues 

which may act as the catalytic subunit or partner protein in the queuine tRNA 

ribosyltransferase reaction.
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Table 3.1 Allele frequencies for FLJI2960
Allele size (bp) Number (%)

121 22 (4.0)
123 4 (0.7)
125 39 (6.5)
127 2 (0.3)
129 3 (0.5)
131 30 (5.0)
133 73 (12.1)
135 273 (4.2)
137 83 (13.7)
139 29 (4.8)
141 13 (2.2)
143 10(1.7)
145 11 (1.8)
147 5 (0.8)
149 6(1.0)
151 1 (0.2)

Adapted from Vandenbergh (2003).

To facilitate the expression of recombinant protein, an E. coli BL21 (DE3) strain 

was used; a strain optimised for recombinant expression through mutation of the ompT 

protease gene and lysogenic for X-DE3, which contains the T7 bacteriophage gene, 

encoding T7 RNA polymerase. However, one problem that has been reported in the 

literature is that this bacterial host, which is an E. coli B strain, may not be capable of 

supporting the expression of recombinant TGT due to toxicity (Deshpande et ai, 2001). 

A further complication is that this strain has a functional TGT enzyme. The presence of 

the bacterial counterpart could lead to the false conviction that the mammalian enzyme is 

active whereas, in fact, the activity is due to contamination of the protein preparation. For 

example, in the study of E. coli TGT mutant proteins, recombinantly produced in E. coli, 

it has been reported that chromosomally derived TGT contamination from the bacterial 

host could account for the activity observed in the purified enzyme preparations 

(Kittendorf et ai, 2001; Kittendorf, 2003). Due to this potential complication, a null tgt 

background is required to ensure any observed enzymatic activity is attributable to the 

recombinant mammalian TGT and not to chromosomally derived TGT from the bacterial 

host. To achieve this, we disrupted the tgt gene in the E. coli using the TargeTron® Gene 

Knockout System. This kit enables to insertion of a kanamycin cassette into the tgt gene 

and allows positive selection for E. coli containing the kanamycin insertion.
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The process of kanamycin cassette insertion utilises a computer algorithm to 

identify integration points for the cassette into the chosen gene. A mutated intron is 

amplified by PCR, which is subsequently ligated into a vector and then transformed into 

E. coli cells. This vector produces an RNA-protein complex (RNP). This RNP then scans 

the E. coli genome for the target insertion site and upon finding the site the intron RNA is 

reverse spliced into the DNA strand. The intron encoded protein then reverse transcribes 

the cDNA of the new intron and a stable intron insertion is formed which disrupts the 

targeted gene. This disruption is permanent, specific and stable.
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3.2 Results

3.2,1 Identification of the Mus musculus TGT

As no conclusive sequence information exists for the mammalian TGT enzymes it has 

been necessary to exploit sequence information from the prokaryotic TGT in searching 

for the presence of TGT in mammalian genomes. The most extensively studied members 

of the prokaryotic TGT family are from Z. mobitis and E. coli. Therefore, these were 

chosen as the bait sequences in protein blast (pblast), nucleotide blast (nblast) and 

translated nucleotide blast (xblastx) searches of the mouse genome and EST databases.

Initial pblast searching of mouse non-redundant protein sequence databases 

identified a protein (RefSeq accession number NP_068688.2) that shared 38% and 39% 

sequence homology with Z. mohilis and E. coli TGT, respectively. The majority of 

sequences returned were of truncated forms of the mouse protein that had an incorrectly 

annotated AUG start codon. We observed that the true start codon was an additional 48 

nucleotides upstream, encoding 16 extra N-terminal amino acids beyond the prokaryotic 

homology region as shown in Fig 3.1. As this N-terminal region, at the time of the search, 

was only found on a single mouse EST sequence, the recovered sequence was blasted 

against various other mammalian genomes. The presence of the extended N-terminus on 

other mammalian TGTs including human (Homo sapien; BAG36960.1), rat (Rattus 

norvegicus; XP_071586.2), dog (Canis familiaris; XP_854015.1), and chimpanzee (Pan 

troglodytes; XP_001166676.1) confirmed the validity of the extended sequence. 

Interestingly, some prokaryotic forms also contain an extended N-terminus relative to the 

E. coli enzyme, such as the Z. mobilis protein. However, the extended mammalian and 

prokaryotic N-termini were not found to share any discernible homology.

Importantly, the residues involved in the catalytic mechanism of TGT are highly 

conserved between the eukaryotic and prokaryotic enzymes as is shown in Fig. 3.1. The 

essential aspartic acid residue (D280 in ZmQue) situated in the active site is boxed in 

blue, residues involved in substrate recognition are boxed in pink (V45, D102, S103, 

Y106, Q107, D156, Q203, G230 and L231) and residues involved in tRNA recognition 

are in boxed in orange (V282, R286 and R289) and in green (G261, K264 and D267). It 

can be observed that all these residues in the mouse TGT are identical to the prokaryotic
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TGT residues. There is also a complete conservation of residues responsible for zinc 

binding, shown boxed in yellow (C318, C320, C323 and H349). A comparison of the 

residues involved in catalytic activity common to both eukaryotes and prokaryotes are 

also shown in Table 3.2.

The high degree of amino acid similarity between the TGT proteins across phyla 

and kingdoms of life means it is highly probable that they all (including the mouse 

protein) adopt a similar (p/a)8 beta-barrel structure to the Z. mobilis TGT. The most 

important difference being the replacement of the prokaryotic specific valine (V233 in 

Z. mobilis TGT) by glycine in the mammalian TGT, which enlarges the active site to 

allow queuine to bind (Romier et ai, 1997) instead of the smaller preQi molecule as 

shown by the black dashed box in Fig 3.1. The mammalian TGT also has a region that is 

similar to a guanine recognition motif, which is present in many proteins binding a 

guanine moiety (Romier, 1997).

The formation of dimers has been suggested to be important for TGT catalytic 

activity with the Z. mobilis crystal structure showing protein homodimerisation and the 

E. coli TGTs forming homodimers at low protein concentration and multimers at higher 

protein concentrations; assessed by gel-filtration chromatography. The residues involved 

in dimer formation have been identified for the Z. mobilis TGT and are shown in Fig 3.1 

in black (A49, T50, K52, L74, P78, F92, W326, A329, Y330, H330, L334, E339, L341 

and L345) and in Table 3.3. Alignment of these residues shows that on the TEM-barrel 

side (ie. the N-terminal side of the protein) the residues are identical for both mouse and 

Z. mobilis TGT but differ on the zinc binding side.

3.2.2 Identification of a mammalian TGT homologue

Further analysis of eukaryotic genomic databases, using both the E. coli and mouse TGT 

proteins as bait, yielded a sequence showing 23% identity and 41% homology to the 

eukaryotic TGT enzyme. This homologue was found in all eukaryotic species examined 

(greater than 100) with the exception of the yeast S. cerevisiae and is referred to here as 

queuine tRNA ribosyltransferase domain containing 1 (QTRTDl). Curiously, baker’s 

yeast is also the only eukaryote from which the tgt gene is missing. Further analysis 

revealed two additional related mouse members of the family (NM029128 and
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BCO17628), and a third was subsequently identified in male mouse kidney (FM985972) 

by RT-PCR The three latter proteins arise from alternative spliced transcripts of the 

queuine tRNA ribosyltransferase domain containing 1 (QTRTDl) gene, which is 

composed of nine exons and is transcribed from the minus strand of chromosome 16. The 

three QTRTDl splice variants were also identifiablewithin the Alternative Splicing Data 

(ASD) Base although Qvl was present only as a 5’ and 3’ partial clone. Interestingly, 

four clones in the ASD reveal the existence of exonic isoforms for exon 2 because of 

alternative splice donor events. In all cases, the extension of exon 2 generates a truncated 

peptide ofonly 68 amino acids. These are unlikely to be functional and are not considered 

further.

As this study was focusing primarily on mouse TGT further analysis of this 

sequence was carried and it was revealed that there were three splice variants of 

QTRTDl in the mouse transcriptome. These three variants have been named QvO, Qvl 

and Qv2, and code for proteins of 345, 416 and 271 amino acids respectively (Fig 3.1). 

Both QvO and Qv2 contain an intron coding for a 41 amino acid inserting between D297 

and G298 of the Z. mobilis, which is not present in Qvl or TGT. Additionally, QvO is 

missing an intron, encoding 69 amino acids, with respect to Qvl and Qv2. Although Qv2 

has the longest coding sequence, the transcript produces the shortest protein due to the 

presence of an early stop site. This consequently leads to the loss of the terminal one- 

third of the protein and of important residues in the active site and zinc-binding domain.

The identification of the QTRTDl homologue was investigated further as it has 

been shown in protein purification studies that the active TGT is most probably a 

complex containing at least two subunits (Slany et ai, 1995). Protein sequence 

alignments were performed with QTRTDl and TGT. The result of the alignment further 

supports the inclusion of QTRTDl in the TGT family since there is a distinct 

conservation of the residues in the C-terminal portion of the protein, especially those 

involved in zinc binding. A lesser degree of conservation is observed in the residues 

aligning with the active site of TGT (Fig. 3.2 and Table 3.2). However, the nucleophilic 

active site aspartic acid (D280 according to Z. mobilis numbering) is functionally 

conserved, being replaced with a similar amino acid, glutamic acid, in the QTRTDl 

variants (Fig. 3.1)
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The potential secondary structure of the QTRTDl enzymes was examined using 

the computer application Porter (Pollastri et ai, 2005), which is capable of recognising 

regions of a protein with the propensity to form a-helical and P-sheet structures. In Fig. 

3.1, these predicted regions are shown under the blocks of the alignment to allow 

comparison with the known structural features of the Z. mobilis TGT, shown above the 

alignment blocks (adapted from Xie et ai, 2003). It seems highly probable that 

mammalian QTRTDl adopts a similar (p/a)8 structure to the Z. mobilis TGT given the 

conserved positioning of the secondary-structure elements. Similar to what was observed 

for the mammalian TGT enzymes, the QTRTDl variants show a replacement of valine 

233 (Z. mobilis TGT) by glycine, which would allow additional space in the active-site 

for queuine to bind, as described earlier. It also has a region that is similar to a guanine 

recognition motif (Asp 156 and Gly 230) which is present in many proteins binding a 

guanine moiety (Romier, 1997). Again, similar to what was discussed for the mammalian 

TGT, the residues for dimer formation by the Z. mobilis and E. coli TGTs are almost 

completely conserved in the C-terminus of Qvl and Qv2 (W/H326, A329, Y330, H333, 

L334, E339, L341, L345).

3.2.3 Tissue expression of TGT and QTRTDl transcripts
It was decided to investigate as to whether the qtrtdl variants and tgt were present in 

mouse tissues using Northern blotting. Northern blotting is a technique used for the 

detection of mRNA for a particular transcript present by hybridization to a radioactively 

labeled complementary probe.

The results obtained from the northern blot are shown in Fig. 3.2 and reveal that 

tgt and qtrtdl are present in brain, heart, kidney, liver, lung, skeletal muscle, spleen and 

testis, albeit in greatly varying amounts. The 18S band is shown to demonstrate equal 

loading of each sample. Interestingly the tissues with the highest amounts of mRNA for 

the tgt protein (kidney, lung, spleen and testis) are also those for which the qtrtdl 

transcript appears highest. The sizes calculated from the Northern blot for each of the 

mouse tissues are shown in Table 3.4. The average for mouse tgt was 1405 bases and 

qtrtdl was 3125 bases. These sizes were calculated by graphing the migratory distance of 

the RNA markers and using the best-fit equation to calculate the approximate sizes of the
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tgt and qtrtdl probe-hybridising bands, Fig 3.3. The sizes determined reasonably 

correlate with the express sequence tagged (EST) sizes, of mouse tgt, at 1334 bases and 

with qtrtdl variants 0 and 1, which were determined to be 2845 and 2818 bases, 

respectively. This would indicate that it is unlikely there are any upstream sequences 

from the TGT transcript that encode additional N-terminal amino-acids. However, it is 

possible that additional N-terminal coding transcript exists for qtrtdl. To definitively 

show no additional exons, 5’ or 3’ sequences exist for tgt and qtrtdl variants. Dr. Karsten 

Hokamp, Smurfit Institute of Genetics, TCD, is examining massively parallel signature 

sequencing (MPSS) data from mouse liver, kidney and brain, as described by Mortazavi 

et al, (2008).

Tissue fgr/(bases) qtrtdl (bases)
Brain 1428 2999
Heart 1428 2999

Kidney 1530 3110
Liver 1428 3110
Lung 1380 3110

Sk. Muscle 1288 3225
Spleen 1380 3225
Testis 1380 3225

3.2.4 RT-PCR analysis of QTRTDl splice variant expression in mouse tissue
The expression pattern of splice variants is often specific to a particular developmental 

stage, tissue or disease state. The results of the northern blot showed that tgt and qtrtdl 

were present in adult tissue but it was unable to distinguish between QvO and Qvl so it 

was decided to analyse RNA from mouse tissue using RT-PCR to identify which variant 

was the principle transcript.

In order to identify the expression profile of the qtrtdl splice variants in adult 

mouse tissues a strategy to distinguish between each splice variant was devised which 

utilized the different splicing patterns of each variant. The transcripts for QvO, Qvl and 

Qv2 of 2845, 3083 and 3935 bases which is a result of QvO is missing exon 5 and Qv2 

containing a coding intron after exon 6, shown in Fig. 3.4a, enabled the design of primers 

specific to exon 2 and exon 7 as shown in Appendix I, which could amplify all three 

splice variants, yielding amplicons of 551 bp, 757 bp and 1.6 kb for QvO, Qvl and Qv2,

87



respectively. The analysis was carried out on total RNA from brain, heart, kidney, liver, 

lung, skeletal muscle, spleen and testis, ovary, small and large intestine, skin and eye 

from adult mouse tissue. The PCR amplicon gave a size of ~757bp which corresponds to 

the Qvl splice variant (Fig. 3.4b). It was observed that the Qvl transcript is present in 

adult mouse tissues analysed. By contrast, no product could be detected for QvO or Qv2. 

Amplification of a 125 bp fragment from the 18S ribosomal subunit acted as a loading 

control.

3.2.5 Disruption of E. coli TGT gene
The disruption of the tgt gene in E. coli was performed by the insertion of a kanamycin 

cassette. This involved the creation of a mutated 350 bp E. coli tgt intron, achieved by 

re-targeting the tgt intron by PCR using the primers listed in Appendix I. After the PCR 

was completed it was electrophorised on a 4% agarose gel to ensure correct size of the 

PCR product as shown in Fig 3.5a. The 350bp mutated intron was then ligated into the 

pACD4k-C vector, which had been digested with HindlW and B^rGl and then 

transformed into BL21(DE3) cells. The next day the transformed cells were used to 

inoculate 5 ml of LB broth containing 100 pg/ml chloramphenicol and 1% glucose and 

grown overnight. The overnight culture was used to start a fresh culture the next day 

containing 100 pg/ml chloramphenicol and 1% glucose and grown to an Aeoo of -0.2. 

Then 1 pi of 1 M IPTG was added to the culture and incubated for 30 minutes at 30°C. 

The cells were then spun and resuspended in 1 ml of LB Broth containing 1% glucose 

and incubated at 30°C for 1 hour. A 100 pi volume of this culture was plated onto an LB 

agar plate containing 100 pg/ml kanamycin and incubated overnight at 37°C. The 

kanamycin resistant colonies were then screened for gene disruption by colony PCR. The 

results of the colony screening are shown in Fig. 3.5b with colony 3 been a positive clone 

for the insertion of the kanamycin cassette as the size of the PCR product (3404 bp) 

equates to the TGT cDNA, which is 1126 bp, plus the kanamycin cassette, which is 

2278 bp. These cells were labeled as BL21(DE3) /gn:Kmr to differentiate them from 

normal BL21(DE3) cells.

To ensure that the insertion of the kanamycin cassette was correct, further 

screening of the positive colony, as shown in Fig. 3.5b, was carried out. A schematic is
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shown of the kanamycin insert in Fig. 3.6a showing the expected sizes of fragments 

obtained when screening for correct insertion of the kanamycin cassette. BL21(DE3) 

tgt::Kmr cells show the presence of the kanamycin cassette in the tgt gene with a band of 

2278 bp which is shown in Lane 4 of Fig. 3.6b which is absent in normal BL21(DE3) 

cells in Lane 1 as a band of 1334 bp is the correct size for the wild type tgt gene. Further 

confirmation of the kanamycin insert is show in Lanes 5 and 6 with BL21(DE3) tgr::Kmr 

cells giving bands of 809 and 2059 bp respectively while no bands were present in Lanes 

2 and 3 for normal BL21(DE3) cells.

3.2.6 Evaluation of the queuosine content of tRNA isolated from BL21(DE3) and 

BL21(DE3) tgt::Kmr cells
To verify that the tgt gene in E. coli BL21(DE3) had been successfully disrupted, tRNA 

was isolated from BL21(DE3) cells, BL21(DE3) tgtwKm^ cells and BL21(DE3) rgt::Kmr 

cells transformed with an expression plasmid containing E. coli TGT as described in 

section 2.17.2. This analysis is possible due to irreversible insertion of queuine into tRNA 

(Farkas et al, 1984) which will preclude tRNA from accepting [8-''’CJ guanine.

The ability of tRNA (5 A260 absorbance units) to accept [8- C] guanine was 
assayed using E. coli TGT as described in section 2.13.1. The results of these activity 

assays are shown in Fig. 3.7a. It was shown that tRNA from BL21(DE3) /gr::Kmr cells 

had the ability to accept [8-'"'C] guanine indicating the absence of queuosine from tRNA 

while the tRNA isolated from BL21(DE3) cells and BL21(DE3) tgt::Kmr cells containing 

the E. coli TGT expression plasmid were unable to accept [8-''^C] guanine, indicating the 

presence of queuosine in position 34 of tRNA.

To further verify the queuosine status of tRNA purified from E. coli, mass 

spectrometry analysis was carried out. The purified tRNA was freeze-dried and sent for 

HPLC/MS analysis which was carried out by Vimbai Chikwana in Dr. Dirk Iwata- 

Reuyl’s Laboratory at Portland University. It was shown that tRNA from BL21(DE3) 

cells contained epoxy queuosine (oQ), the penultimate intermediate in queuosine 

synthesis, which is indicated by a mass-to-charge ratio at 426 (Fig. 3.7b) but not in cells 

where the tgt gene had been disrupted (Fig 3.7c), as no mass-to-charge ratio is present at
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426. These results provide clear verification that the tgt gene was successfully disrupted 

in E. coli BL21(DE3) rgr::Kmr cells.

3.2.7 Cloning and purification of recombinant E. coli TGT
An enzyme preparation of a known active queuine tRNA ribosyltransferase enzyme was 

required as a control for the study of the mammalian TGT enzymes. The E. coli TGT 

enzyme was chosen since it has been shown to express well in recombinant form and is 

known to be highly active. A further reason for obtaining this enzyme was for future 

studies involving non-radioactive electrophoretic mobility shift assays (EMSA) and [8- 

'■^C] guanine wash-out assays. In the EMSA assay, E. coli TGT is incubated with semi 

purified tyrosyl tRNA and 9-deazaguanine enabling the trapping of a covalent 

TGT:tRNA complex and in the wash-out assay, radioactive guanine is incorporated into 

the tRNA anticodon by E. coli TGT. It is then possible to examine the incorporation of 

queuine into the tRNA by measuring the displacement of the [8-'‘^C] guanine.

The cDNA for E. coli TGT was obtained from genomic DNA as shown in Fig. 

3.8a. The cDNA was amplified by PCR as described in section 2.6. A sample of the PCR 

product was run on a 1% agarose gel and the remainder was purified as described in 

section 2.8.1. The pET15b plasmid was digested with Ndel and Xhol as described in 

section 2.8.3 and the E. coli TGT DNA fragment was ligated into the digested pETlSb 

plasmid as described in section 2.8.4. This plasmid was then transformed into 

BL21(DE3) tgr::Kmr cells as described in section 2.3.2.

The expression and purification of E. coli TGT was carried out as described in 

section 2.12.1. Briefly, a 5 ml volume of overnight culture was transferred to 500 mis of 

LB broth and grown until the A6oo of the culture was between 0.6 and 0.8. Induction of 

recombinant protein was initiated by the addition of IPTG followed by incubation at 

37°C for a further 6 hours. Pelleted E. coli cells were lysed and the cell debris removed 

by centrifugation. The supernatant was then loaded onto a Ni"^^ column and washed 

extensively with column wash buffer to remove non-specific proteins. The bound E. coli 

TGT was eluted with buffer containing 250mM imidazole. To remove imidazole, the 

protein was subjected to gel filtration using a PD-10 column as described in section
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2.12.8 and the protein stored in 50% glycerol at -20°C. The concentration of the protein 

was obtained by Markwell assay as described in section 2.12.9.

An analysis of protein samples taken during the purification procedure is shown 

in Fig. 3.8b. Typically, from 1 litre of cell culture 15 mg of recombinant protein was 

obtained. The protein was invariably stored in 50% glycerol at -20°C as it has been found 

to be unstable when preserved under lower glycerol concentrations when frozen at -80°C.

3.2.8 Optimisation of E. coli TGT Assay conditions
The activity of the E. coli TGT was optimised so that the enzyme may serve as a positive 

control in future experiments. The activity was tested by the ability of the enzyme to

insert [8-'''C] guanine into the wobble position of yeast tRNA, which is naturally

queuosine deficient. A series of controls were also included; tRNA and [8-'''C] guanine 

minus enzyme to ensure no [8- C] guanine is inserted into the tRNA without the 
presence of enzyme; tRNA plus enzyme minus [8-’'’Cj guanine to show that no [8-'''C] 

guanine is present before the reaction is started; and enzyme plus [8-’‘’C] guanine to 

obtain a background control. The reaction was loaded onto a 1 ml DEAE column and 

washed to remove unincorporated [8-'''C] guanine. The activity of E. coli TGT was 

assayed over 60 minutes and varying concentrations of yeast tRNA. The results for 

activity over 60 minutes are shown in Fig. 3.9a, which shows that 2 pg of enzyme has the 

ability to linearly insert increasing amounts of [8-''’C] guanine into 2 A260 absorbance 

units of yeast RNA. The results for activity with increasing amounts of yeast tRNA are 

shown in Fig. 3.9b and show that 2 pg of enzyme, over 60 minutes, has the ability to 

insert increasing amounts of [8-'‘^C] guanine in a near linear fashion when the yeast 

tRNA concentration is increased from 0.5 to 4 A260 absorbance units.
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3.3 Discussion
The results of this chapter suggest that all higher eukaryotes, with the exception of yeast, 

contain two genes of the queuine ribosyltransferase family, tgt and qtrtdl. This contrasts 

to the situation in prokaryotes where only one such protein is known. The reason for the 

absence of both these enzymes from S. cerevisiae is unknown. Curiously, homologous of 

both enzymes are identifiable in the brewers yeast strain, S. pombe.

The mouse TGT was found to share only -39% sequence identity with the 

Z. mobilis and E. coli TGT enzymes. However, important catalytic residues are 

absolutely conserved, apart from FI07 and Y264 (Z. mobilis numbering), which are 

known to be involved in substrate recognition. It could be assumed from this that the 

mammalian and prokaryotic enzymes are functionally equivalent and should be capable 

of inserting queuine into the anticodon loop of tRNAs specific for asparagine, aspartic 

acid, histidine, and tyrosine (Kuchino et al, 1976). However, as described later in 

Chapter 4, the recombinant mouse TGT was incapable of the guanine-tRNA 

ribosyltransferase reaction alone. Furthermore, evidence from protein purification studies 

have shown that the active enzyme is a heteromeric molecule consisting of at least two 

protein subunits. Given the high degree of homology between the TGT enzymes from 

various phyla it could also be predicted that the mouse enzymes all fold similarly to the 

Z. mobilis TGT generating a TIM beta/alpha barrel structure.

The identification of QTRTDl as a homologue to TGT in eukaryotes, is 

interesting from the perspective of possible different substrates, alternative functions or 

the ability of this protein to be the uncharacterised partner protein in the elusive 

mammalian queuine ribosyltransferase complex. The amino acid sequence alignment of 

TGT and QTRTDl revealed high divergence from TGT within the N-terminal region of 

QTRTDl which in prokaryotes contains residues involved in substrate recognition 

leading to the possibility that QTRTDl has different substrates from TGT. The low 

conservation in the N-terminus contrasts to the high identity observed in the C-terminal 

region, which contains the zinc-binding domain. Apart from binding zinc, the C-terminal 

region is suspected to be important in dimer formation, giving the possibility that 

QTRTDl, like TGT, can either co-associate or associate with another unrelated protein. 

Although no evidence yet exists to support it, we suspect that QTRTDl is a salvage
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enzyme for queuine, which is invariably found in tRNA. The salvage of queuine has been 

studied and shown not to function through the usual purine salvage pathway (Giindiiz and 

Katze, 1984).

The fact that there are three splice variants found in mouse and that variant 1 is 

predominantly found in the adult tissue may suggest that the other two variants may be 

linked to with the developmental stage of the mouse. A splice variant is also found in dog 

which contains QvO. Due to Qv2 terminating before the active site it is highly unlikely to 

show enzymatic activity. The Northern blotting showed that both tgt and qtrtdl are 

present in the major tissues of the mouse but with varying expression levels. The highest 

levels were found in spleen and testis which are highly active organs (organs involved in 

producing large numbers of new cells). A point worth highlighting, is that efforts to 

purify the queuine ribosyltransferase activity have often focused on liver as a source of 

protein. Unfortunately, if the proteins levels are reflective of the tgt and qtrtdl niRNA 

levels, then liver would be a poor choice for the recovery of this activity.

The expression pattern of splice variants is often specific to a particular 

developmental stage, tissue, or disease state. The RTPCR analysis showed that Qvl, 

which gave a band at ~757bp, is the predominant splice variant expressed in adult mouse 

tissue and that tissues analysed contained Qvl. The splice variant QvO, which is not 

present in adult tissue, was isolated from 8 day old embryonic tissue (EST image clone 

30105859) which may indicate that this variant maybe associated with early 

development. Qv2 on the other hand, was isolated from retina (EST image clone 

4505816) and is missing the terminal one-third of the protein and the important residues 

in the active site and a zinc-binding domain.

To further elucidate the identity of the mammalian queuine tRNA 

ribosyltransferase activity, both the mouse TGT and the three variants of QTRTDl were 

cloned and overexpressed to determine if enzyme activity could be detected from these 

enzymes as discussed further in Chapter 4. As the problem of chromosomally derived 

E. coli TGT has been highlighted in previous attempts to assay recombinant TGT activity 

it was necessary to remove this element of ambiguity by ensuring that no native TGT was 

present in the purified protein preparation. This was achieved by disrupting the tgt gene 

in E. coli BL21(DE3) cells. The tgt gene was successfully disrupted by the insertion of a
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kanamycin cassette. This was verified by PCR from E. coli genomic DNA. This strategy 

would ensure that any activity was observed using the guanine insertion assay could be 

attributed to recombinant protein and not chromosomally derived E. coli TGT.

The disruption of the tgt gene was further characterised by analysing tRNA from 

BL21(DE3) tgtwKm^ cells for the presence of queuine or its precursors which are 

substrates for the TGT enzyme. This analysis was carried out using the TGT enzyme 

assay and mass spectrometric analysis. It was shown that tRNA isolated from 

BL21(DE3) cells and BL21(DE3) tgr::Kmr cells containing an expression plasmid for 

E. coli TGT contained modified tRNA which was unable to accept [8-''*C] guanine. By 

contrast, tRNA isolated from BL21(DE3) tgt::Kmr cells had the ability to accept [8-’'*C] 

guanine for insertion into position 34 of the anticodon indicating that the tRNA was not 

queuosine modified due to the lack of a functional TGT enzyme.

The overexpression of E. coli TGT was relatively straight forward as it was 

expressed in BL21(DE3) tgt::Kmr cells which were devoid of chromosomally derived 

TGT so the expression of the recombinant TGT would be beneficial to the host bacteria. 

Therefore, no problems were encountered when expressing this protein. The E. coli TGT 

contained an N-terminal His-tag, enabling the purification of recombinant protein using 

Ni"^^ affinity chromatography. A homogenous preparation of E. coli TGT was obtained 

using this method.

TGT enzymatic activity assays were carried out on the recombinant E. coli TGT 

to assess optimal reaction conditions for future work. The enzyme was incubated with 

yeast tRNA and [8-''*C] guanine and assayed over time and with increasing tRNA 

concentrations. The [8-’'*C] guanine incorporated into the tRNA was counted by liquid 

scintillation counting (ESC). The results indicated that the E.coli TGT had the ability to 

charge yeast tRNA with varying [8-’'’C] guanine and serve as a positive control in 

enzyme activities and EMSA’s assays and would be suitable for charging yeast tRNA for 

wash out assays as described in subsequent chapters.
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Fig 3.1 Protein sequence alignment of Z. mobilis TGT against the mouse TGT and 
QTRTDl splice variants

Protein sequence alignment of TGT from Z. mobilis (ZmQue) and mouse (MmQue) and 
QTRTDl variants from mouse (MmQvO/1/2) showing catalytically important residues. 
Colours: yellow: conserved residues involved in zinc binding; blue: residues involved in 
base exchange; pink: residues involved in substrate recognition; orange: residues 
involved in recognition of U35 in the tRNA anti-codon loop; green: residues involved in 
recognition of U33 in GUN-tRNA anti-codon loop; black: residues suspected to be 
involved in dimer formation and the dashed box: showing the position of the prokaryotic 
specific valine (V233 in Z mobilis TGT) that is replaced by glycine in the mouse 
proteins.
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Fig 3.2 Northern blot of mouse tissues for TGT and QTRTDl transcripts

Total RNA was isolated from the brain, heart, kidney, liver, lung, skeletal 
muscle, spleen and testis of four-week-old male mice and lOpg of each sample 
was separated on a denaturing formaldehyde gel. The RNA was transferred to 
Hybond-N membrane and probed with radiolabelled cDNA for TGT (upper 
panel) and QTRTDl (middle panel). The position of the RNA markers (shown 
on left hand side) and the 18S ribosomal subunit (lower panel) were visualised 
by methylene blue staining of the transfer membrane.
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Fig 3.3 Standard curve for RNA mobility in Northern blot gels

Graphs showing the length, in bases, of RNA markers (LOG scale) against 
distance travelled (mm) on Northern blot gels which were probed for (a) TGT 
and (b) QTRTDl. The estimated sizes of TGT and QTRTDl were 1405 and 
3125 bases, respectively, determined from the linear fit equations, where the x- 
function is distance travelled in mm.
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Fig. 3.4 Genomic structure and RT-PCR analysis of QTRTDl splice 
variants

(a) The transcripts for QvO, Qvl and Qv2 of 2845, 3083 and 3935 bases yield 
proteins of 345, 416 and 271 amino acids, respectively. Significantly, QvO is 
missing exon 5 shown in blue and Qv2 contains a coding intron after exon 6 
shown in green with the start codon shown in green and the stop codon in red.
(b) Total RNA was isolated from adult mice tissues and RT-PCR carried out. 
A lOpl aliquot was run on an 1% agarose gel. The left most lane shows the 
sizes of the DNA molecular weight markers. Expected sizes of each variant 
and the control 18S ribosomal subunits are shown on the right hand side of 
the figure.
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Fig 3.5 Incorporation of a kanamycin resistance cassette into the E. coli tgt 
gene

(a) A mutated 350bp tgt intron was generated by primer-mediated mutation and 
ligated into the pACD4k-C vector. The pACD4k-C vector was then transformed 
into BL21(DE3) cells, (b) After transformation of E. coli BL21(DE3) with the 
pACD4k-C vector, containing the mutated tgt intron, five colonies were chosen for 
PCR screening to verify that the kanamycin cassette was correctly inserted into the 
E. coli genome. The PCR products were electrophorised on a 1% agarose gel. A 
single positive clone (lane 3) was identified as having a correctly inserted 
kanamycin resistance cassette and is subsequently referred to as BL21(DE3) 
tgt::Km^.
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ATG Kanamycin STOP

b.
DNA BL21(DE3) BL21(DE3)r5r;:Km,

3kb 
2kb 
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◄ --------2278bp
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◄ -------- 1126bp
◄ -------- 809bp

Fig 3.6 Verification that the E. coli tgt gene contains the kanamycin 
cassette

(a) The start codon for TGT is shown in green and the stop codon is shown 
in red. The primers used to confirm the correct insertion of the kanamycin 
cassette are shown above the sequence and the sizes of the fragments for 
each primer shown below the primer. The kanamycin cassette was found to 
chromosomally integrate in the anti-sense direction, (b) A series of PCR 
reactions were performed to ensure the kanamycin cassette was correctly 
inserted into the E. coli genome. A comparison was made between normal 
E. coli BL21(DE3) and E. coli BL21(DE3) rgr::Kn\ cells. Lane 1 shows 
PCR amplification of the tgt gene in normal E.coli at the correct size of 
1126bp while Lane 4 shows that the kanamycin cassette has inserted in the 
tgt gene of E. coli BL21(DE3) tgt::Km^ cells yielding the correct size of 
amplicon at 2278bp. Lanes 5 and 6 show the orientation of the kanamycin 
cassette in BL21(DE3) tgty.Km^ strain but are not present in Lanes 2 and 3 
as normal E. coli do not contain the kanamycin cassette.
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Fig. 3.7 Evaluation of the queuosine content of tRNA isolated from 
BL21(DE3) and BL21(DE3) tgtr.Km^ cells

BL21(DE3) cells and BL21(DE3) /g/;:Kmr cells harbouring an E. coli TGT 
expression plasmid were grown to stationary phase and total tRNA was 
isolated from these cells, a) the ability of the tRNA to accept Guanine
was examined by enzymatic activity assay using purified E. coli TGT 
enzyme. The presence of queuosine in tRNA inhibits the insertion of [8-'‘^C] 
guanine by the E. coli TGT enzyme. HPLC/MS analysis of total 
unfractionated tRNA isolated from (b) BL21 DE3 cells showing the presence 
of epoxyQ (oQ+ H"^) at 426 megahertz and (c) BL21 (DE3) /gr::Km^ showing 
the absence of epoxyQ/ queuosine modification.
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Fig. 3.8 PCR amplification of E. coli TGT cDNA and recombinant protein 
expression

(a) Genomic DNA was isolated from BL21(DE3) E. coli cells and TGT was PCR 
amplified and cloned into the pETlSb expression vector, which adds an N-terminus 
His-tag. (b) The SDS-PAGE gel shows uninduced cells before the addition of IPTG, 
induced pellet and supernatant after cell lysis and purified recombinant E. coli TGT 
recovered from a nickel agarose column.
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Fig. 3,9 Activity measurement of E. coli TGT over time and with varying 
concentrations of yeast tRNA

(a) The ability of E. coli TGT (2|ug) to insert [8-'''C] Guanine into increasing 
absorbance units (A260) of yeast tRNA was measured over a period of 60 minutes 
with activity calculated at 5, lO, 15 30, 45 and 60 minutes, (b) The ability of E. 
coli TGT (2pg) to insert [S-'^'C] Guanine into varying concentrations of yeast 
tRNA was calculated by varying the concentration of yeast tRNA between 0.5 and 
4 A260 absorbance units of yeast tRNA over 60 minutes. Each point was repeated 
in triplicate with controls showing expected results.
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CHAPTER 4

4.1 Introduction
The high level of homology between the mammalian and eubacterial TGT enzymes and 

the conservation of residues known to be important for catalytic activity suggest that 

there is a high probability the mammalian protein is its functional equivalent. Given that 

a number of studies have shown the eubacterial TGT enzyme is active when 

recombinantly expressed in E. coli, it seemed reasonable to attempt to clone and purify 

recombinant mouse TGT and QTRTDl proteins and assay these for transglycosylase 

activity.

The previous attempts to isolate active TGT enzyme from mammalian tissue 

alluded to the possibility that to achieve catalytic activity the enzyme may require a 

partner protein as was seen with the isolation of an active hetcrodimer from bovine liver 

(Slany et al., 1995). The identification of a homologue to mouse TGT raised the 

possibility that it may be the partner protein. Three variants of this homologue (called 

QvO, Qvl and Qv2) were identified, as described in Chapter 3. The residues that have 

been shown to be important for catalytic activity are conserved in variants QvO and Qvl. 

The protein encoding the third variant, Qv2, terminated before the active site and as a 

result catalytic activity is likely to be absent. It was also observed that residues shown to 

be involved in dimer formation were present on the zinc binding region of QvO and Qvl 

as shown in Table 3.3. To examine if the QTRTDl splice variants were catalytic partners 

of the TGT enzyme it was necessary to clone and purify recombinant protein and assay 

these for catalytic activity.

Another possibility as to why the TGT enzyme isolated from mammalian tissue 

failed to show activity could be due to the substrate specificity of the enzyme. The tRNA 

that was used in the previous assays was from yeast. This was chosen as the tRNA is 

deficient in queuosine modification and so can be charged with [8-''*C] guanine. To 

overcome the potential problem of substrate incompatibility an in vivo system was 

developed for the production of unmodified mouse tyrosyl tRNA, one of the four tRNAs 

that can be modified with queuine. The method we employed used the pBAD expression 

vector to overproduce tyrosyl tRNA in E. coli under the control of AraC transcription
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regulator. Strict control of tRNA expression could be achieved through the inhibition of 

expression by glucose and the induction of tRNA expression by arabinose. In the absence 

of arabinose, the AraC dimer contacts the O2 and Ii half sites of the araBAD operon, 

forming a 210 bp DNA loop inhibiting transcription as shown in Fig. 4.0. Basal 

expression levels can be inhibited by introducing glucose to the growth medium. Glucose 

acts by lowering cAMP levels, which in turn decreases the binding of cAMP activator 

protein (CAP). As cAMP levels are lowered, transcriptional activation is decreased. To 

induce tran.scription, arabinose is introduced to the growth medium which binds to AraC. 

The protein releases the O2 site and binds the h site, which is adjacent to the I| site. This 

releases the DNA loop and allows transcription to begin. Also the removal of glucose 

results in the (CAP)-cAMP complex binding to the DNA which stimulates binding of 

AraC to T and h.

--------

AraC dimar

h - h
No transcription

♦ arabinoss

Transcription

■— h ----  b

Fig 4.0 Regulation of tRNA synthesis in the pBAD vector

In an attempt to elucidate the identity of the mammalian TGT active complex it 

was necessary to clone, overexpress and purify full length (/TGT) and truncated (/TGT) 

mouse TGT along with the three homologues of mouse TGT (QvO, Qv 1 and Qv2) and to 

isolate a specific substrate (tyrosyl tRNA) for the TGT enzyme. The results of these 

experiments are discussed further in this chapter.

96



4.2 Results

4.2.1 Cloning and puriHcation of recombinant mouse TGT
The cDNA for mouse TGT was amplified by RTPCR from mouse kidney total RNA 

using the primers listed in Appendix I, as described in Section 2.6. A sample of the PCR 

product was run on a 1% agarose gel as shown in Fig. 4.1a and the remainder was 

purified as described in Section 2.8.1.

Initial attempts to express the full-length mouse TGT in E. coli cells proved 

extremely problematic. Various strategies were used including expression from the 

plasmids pETlSb (His-tagged) and pMal (maltose-binding protein tagged) and the use of 

the B-strain E. coli, BL21(DE3) and the K-strain E.coli, Xja. These were unsuccessful 

and it was decided to remove the 16 N-terminal extension of the mouse TGT protein to 

investigate if soluble protein could be obtained.

The cDNA for truncated mouse TGT was obtained from full-length mouse TGT 

by PCR using the primers listed in Appendix I. The cDNA was amplified by PCR as 

described in section 2.6. A sample of the PCR product was run on a 1% agarose gel and 

the remainder was purified as described in Section 2.8.1. The pETlSb plasmid was 

digested with Ndel and Sail as described in Section 2.8.3 and the truncated mouse TGT 

DNA fragment ligated into the digested pET15b plasmid as described in Section 2.8.4. 

This plasmid was then transformed into BL21(DE3) tgtiiKmr cells as described in Section 

2.3.2.

Pilot experiments to optimise protein yield revealed that 2xYT (yeast extract and 

tryptone) broth was far superior to Luria-Bertani (LB) broth. Due to the medium to low 

expression of the mouse TGT, it could not be determined from SDS-PAGE gels how this 

growth medium contributed to the improved expression. A further observation from pilot 

work was that growth at 30°C slightly improved the quantities of protein recovered 

owing to increased solubility of the protein. However, expression at 18°C proved to be 

dramatically better and was used in all subsequent attempts.

The expression and purification of the truncated mouse TGT protein was carried 

out as described in Section 2.12.2. Briefly, a 5 ml volume of overnight culture was 

transferred to 500 ml of 2xYT broth and grown until Aeoo of the culture was between 0.6
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and 0.8. Induction was initiated by the addition of IPTG and incubation at 18°C for a 

further 4 hours. Pelleted E. coli cells were lysed and the cell debris removed by 

centrifugation. The supernatant was then loaded onto a Ni"^^ column and washed 

extensively with column wash buffer to remove non-specific proteins. The bound 

truncated mouse TGT was eluted with buffer containing 250 mM imidazole. To remove 

the imidazole from the protein sample it was subjected to gel filtration using a PD-10 

column as described in Section 2.12.8 and the protein stored in 50% glycerol at -20°C. 

The concentration of the protein was obtained by Markwell assay as described in section 

2.12.9. Typically from 1 litre of cell culture 2.5 mg of protein was obtained. Analysis of 

the purification procedure by SDS-PAGE is shown in Fig. 4.1b.

Due to the failure of the His-tagged and MBP-tagged expression vectors another 

attempt was made to recover full length mouse TGT using the pGEX plasmid, which 

fuses an N-terminal 26 kDa glutathione 5-transferase (GST) from Schistosoma japonicum 

to the protein of interest. The GST has been shown to improve solubility of protein that 

tends to distribute to the insoluble pellet during forced expression in bacteria.

The pGex6Pl plasmid was digested with EcoRl and Xliol as described in Section 

2.8.3 and the full-length mouse TGT DNA fragment ligated into the digested pGex6Pl 

plasmid as described in Section 2.8.4. This plasmid was then transformed into 

BL21(DE3) rgt::Kmr cells as described in Section 2.3.2.

The expression and purification of full-length mouse TGT was carried out as 

described in Section 2.12.3. Briefly, a 5 ml volume of overnight culture was transferred 

to 500 ml of 2xYT broth and grown until the A6oo of the culture was between 0.6 and 0.8. 

Induction of recombinant protein was initiated by the addition of LPTG and incubation at 

30°C for a further 16 hours. Pelleted E. coli cells were lysed and the cell debris removed 

by centrifugation. The supernatant was then loaded onto a GSH affinity column and 

washed extensively with column wash buffer until the A280 was below 0.04. The full- 

length mouse TGT was then cleaved on the column by the addition of PreScisson 

protease, followed by incubation at 4°C overnight. The next day the cleaved protein was 

eluted and the protein stored in 50% glycerol at -20°C. The concentration of the protein 

was obtained by Markwell assay as described in section 2.12.9. Typically from 1 litre of
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cell culture 0.5 mgs of protein was obtained. Analysis of the purification procedure is 

shown in Fig. 4.1c.

4.2.2 Cloning and purification of recombinant QTRTDl variant 0 (QvO)
The cDNA for QvO was amplified from an expressed sequence tag (EST) clone (Image 

No. 30105859) as described in section 2.6. A sample of the PCR product was run on a 

1% agarose gel as shown in Fig. 4.2 and the remainder was purified as described in 

section 2.8.1. The expression vector pGex6Pl was digested with EcoRl and Xhol as 

described in section 2.8.3 and the QvO DNA fragment was ligated into the expression 

vector as described in section 2.8.4. This plasmid was then transformed into host bacterial 

expression cells as described in section 2.3.2. After induction tests it was found that a 

combination of the pGexbPl expression plasmid and XJa expression cells produced 

soluble protein as shown in Table 4.1.

The expression and purification of QvO was carried out as described in section 

2.12.4. Briefly, a 5 ml volume of overnight culture was transferred to 500 mis of 2xYT 

broth and grown until the Aeoo of the culture was between 0.6 and 0.8. Induction of 

recombinant protein was initiated by the addition of IPTG followed by incubation at 

18°C for a further 4 hours. Pelleted E. coli cells were lysed and the cell debris removed 

by centrifugation. The supernatant was then loaded onto a GSH affinity column and 

washed extensively with column wash buffer until the A280 was below 0.04. The full 

length mouse TGT was then cleaved on the column by the addition of PreScission 

protease and subsequent incubation at 4°C overnight. The next day the cleaved QvO 

protein was eluted and the protein stored in 50% glycerol at -20°C. The concentration of 

the protein was obtained by Markwell assay as described in section 2.12.9. Typically 

from 1 litre of cell culture -0.025 mg of protein was obtained. Analysis of the 

purification procedure by SDS-PAGE is shown in Fig. 4.3a.

4.2.3 Cloning and purification of recombinant QTRTDl variant 1 (Qvl)
The cDNA for Qvl was obtained from mouse kidney total RNA by RTPCR. The cDNA 

was amplified by PCR as described in section 2.6. A sample of the PCR product was run 

on a 1 % agarose gel as shown in Fig. 4.2 and the remainder was purified as described in
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section 2.8.1. The expression vector pET21a was digested with Nde\ and Xhol as 

described in section 2.8.3 and the Qvl DNA fragment was ligated into the expression 

plasmid as described in section 2.8.4. This plasmid was then transformed into host 

bacterial expression cells as described in section 2.3.2. After a number of induction tests 

it was found that a combination of the pET21a expression plasmid and BL21(DE3) 

rgr;:Kmr expression cells produced soluble protein as shown in Table 4.1.

The expression and purification of Qvl was carried out as described in section 

2.12.5. Briefly, a 5 ml volume of overnight culture was transferred to 500 mis of 2xYT 

broth and grown until the A6oo of the culture was between 0.6 and 0.8. Induction of 

recombinant protein was initiated by the addition of IPTG and incubation at 18°C for a 

further 4 hours. Pelleted E. coU cells were lysed and the cell debris removed by 

centrifugation. The supernatant was then loaded onto a Ni"^^ column and washed 

extensively with column wash buffer to remove non-specific proteins. The bound 
recombinant Qvl protein was eluted with buffer containing 250mM imidazole. To 

remove the imidazole the protein was subjected to gel filtration using a PD-10 column as 

described in section 2.12.8 and the protein stored in 50% glycerol at -20°C. The 

concentration of the protein was obtained by Markwell assay as described in section 

2.12.9. Typically from 1 litre of cell culture -0.06 mg of protein was obtained. Analysis 

of the purification procedure is shown in Fig. 4.3b.

4,2.4 Cloning and purification of recombinant QTRTDl variant 2 (Qv2)
The cDNA for Qv2 was amplified from expressed sequence tag (EST) image clone 

4505816 as described in section 2.6. A sample of the PCR product was run on a 1% 

agarose gel as shown in Fig. 4.2 and the remainder was purified as described in section 

2.8.1. The expression vector pTHisMal was digested with EcoRl and Xhol as described in 

section 2.8.3 and the Qv2 DNA fragment was ligated into the expression plasmid as 

described in section 2.8.4. This plasmid was then transformed into host bacterial 

expression cells as described in section 2.3.2. After induction tests, it was found that a 

combination of the pTHisMal expression plasmid and BL21(DE3) tgr::Kmr expression 

cells produced soluble protein as shown in Table 4.1.
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The expression and purification of Qv2 was carried out as described in section 

2.12.6. Briefly, a 5 ml volume of overnight culture was transferred to 500 mis of 2xYT 

broth and grown until the Aeoo of the culture was between 0.6 and 0.8. Induction of 

recombinant protein was initiated by the addition of IPTG followed by incubation at 

18°C for a further 4 hours. Pelleted E. coli cells were lysed and cell debris removed by 

centrifugation. The supernatant was then loaded onto an amylose affinity column and 

washed extensively with column wash buffer to remove non-specific proteins. The bound 

recombinant Qv2 protein was eluted with buffer containing lOmM maltose. To remove 

the maltose, the protein was subjected to gel filtration using a PD-10 column as described 

in section 2.12.8 and the protein stored in 50% glycerol at -20°C. The concentration of 

the protein was obtained by Markwell assay as described in section 2.12.9. Typically 

from 1 litre of cell culture -1.2 mg of fusion protein was obtained. Analysis of the 

purification procedure is shown in Fig. 4.3c.

4.2.5 Activity measurements of recombinant mouse TGT proteins
The enzymatic activity of recombinant proteins was tested by the ability to insert 

[8-'''C] guanine into the wobble position of yeast tRNA as described in section 2.13.1. 

The enzyme was incubated with yeast tRNA and [8-'‘^C] guanine at 37°C for 60 minutes. 

A series of controls were also included; tRNA and [8-’'*C] guanine minus enzyme to 

ensure no [8-’‘^C] guanine is inserted into tRNA without the presence of enzyme; tRNA 

and enzyme minus [8-'''C] guanine to show there is no [8-'^C] guanine present before the 

reaction is started, and enzyme plus [8-’'’C] guanine to obtain a background [8-'‘*C] 

control. The reaction was loaded onto a 1 ml DEAF column, washed to remove 

unincorporated [8-''*C] guanine. Bound tRNA, containing [8-’''C] guanine, was eluted 

under high salt conditions and transferred to scintillation vials. The radioactivity was 

quantified by liquid scintillation counting (LSC).

The results of the activity assays showed that, as expected, the E. coli TGT was 

active as it had the ability to charge yeast tRNA. By contrast neither truncated (?TGT) nor 

full length (/TGT) mouse TGT showed activity with yeast tRNA as shown in Fig 4.4a.
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4.2.6 Activity measurement of recombinant mouse QTRTDl splice variants
The identification of a homologue to mouse TGT and the inactivity of the mouse TGT 

put into question its identification as the true tRNA queuine ribosyltransferase enzyme. A 

plausible function for QTRTDl, it was thought, was as a partner protein of TGT to 

enable catalytic activity.

Firstly however, to test the possibility that the TGT homologues could function 

independently, the activity of the QTRTDl variants was carried out as described in 

section 2.13.1. Each enzyme (QvO, Qvl and Qv2) was incubated with yeast tRNA and [8- 

guanine and incubated at 37°C for 60 minutes. A series of controls were also 

included; tRNA and [8-’"'C] guanine minus enzyme to ensure no [8-''’C] guanine is 

inserted into the tRNA without the presence of enzyme; tRNA plus enzyme minus [8- 

’"^C] guanine to show that no [8-''^C] guanine is present before the reaction is started; and 

enzyme plus [8-'''C] guanine to obtain a background control. The reaction was loaded 

onto a 1 ml DEAE column washed to remove unincorporated [8-''*C] guanine. Bound 

tRNA containing [8-’'*C] guanine was eluted under high salt conditions and transferred to 

scintillation vials. The radioactivity incorporated was quantitated by liquid scintillation 

counting (ESC). The results showed that none of the QTRTDl variants exhibited activity 

with E. coli TGT the only enzyme showing activity as can be seen in Eig. 4.4a.

4.2.7 Assessment of tRNA guanine transglycosylase activity of mouse TGT and Qvl 
combined
As neither TGT nor any of the QTRTDl splice variants showed activity individually and 

the TGT activity isolated from mammalian tissue was attributed to a complex of proteins 

it was decided to combine TGT with the QTRTDl splice variants to see if TGT activity 

could be detected.

To test their combined ability to insert [8-’'’C] guanine into yeast tRNA, 2 pg of 

both TGT and each of the QTRTDl splice variants, QvO, Qvl and Qv2, were incubated 

together with 2 absorbance units (A260) of yeast tRNA and the reaction carried out at 

37°C for 60 minutes. As before, controls were also used to ensure any activity observed 

was attributable to TGT and the QTRTDl splice variants. The results show that the 

combination of TGT and Qvl yield transglycosylase activity while the other two
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combinations, TGT with QvO and Qv2, showed no activity as shown in Fig. 4.4b. As both 

full length (/TGT) and tmncated (rTGT) mouse TGT showed similar activities when 

combined with Qvl, the tmncated form of TGT (?TGT) was used in further assays as 

recombinant expression and purification yielded significantly more tmncated mouse TGT 

protein.

The activity of TGT and Qvl was further characterised by varying the [8-''*C] 

guanine concentrations, reaction time and yeast tRNA concentration. Both TGT and Qvl 

were incubated with concentrations of [8-'^C] guanine between 0.45 and 3.6 pM with 

1.8 pM showing the maximum incorporation into 2 A260 absorbance units of yeast tRNA 

as shown in Fig. 4.5a while the reaction was allowed to precede for between 10 and 120 

minutes with 60 minutes giving the maximum incorporation of [8-''*C] guanine as shown 

in Fig 4.5b. The ability of TGT and Qvl to insert [8-’‘^C] guanine was measured after 60 

minutes while varying the concentration of yeast tRNA between 0.5 and 4 A260 

absorbance units. It was shown that TGT and Qvl have the ability to insert increasing 

amounts of [8-'"'C] guanine in a near linear fashion when the yeast tRNA concentration is 

increased from 0.5 to 4 A260 absorbance units as shown in Fig 4.5c. Analysis of the data 

using WinCurveFit it was calculated that the Km for [8-'‘^C] guanine was 0.89 pM with 

the data plot shown inset in Fig 4.5a and the Km for tRNA was 1.59 pM shown inset in 

Fig 4.5c.

To verify that the inability of TGT and Qvl to individually insert guanine was not 

attributed to it being a non physiological substrate, the ability of the enzymes to insert 

their natural substrate queuine into tRNA was analysed. To do this, the E. coli TGT 

enzyme was first used to charge tRNA with [8-''’C] guanine (tRNA*) as described in 

section 2.13.2 and the ability of TGT and Qvl to displace the [8-'''C] guanine with 

queuine was assayed as described in section 2.13.3. It was observed that neither TGT nor 

Qvl individually could insert queuine into tRNA*. However, combining TGT and Qvl 

resulted in queuine insertion and displacement of the [8-''^C] guanine base as shown in 

Fig. 4.6.
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4.2.8 Evaluation of the queuosine status of tRNA isolated from E. coli cells 

containing recombinant TGT or Qvl enzymes
If TGT or Qvl were catalytically active, they should have the capacity to insert preQi 

into bacterial tRNA, a known substrate for the eukaryotic enzyme (Shindo-Okada, 1980) 

and thereby restore Q-modification to tRNA. Once Q is incorporated into tRNA it can no 

longer function as a substrate for guanine insertion by the E. coli TGT enzyme (Okada 

and Nishimura, 1979). To analyse TGT and Qvl activity, bulk tRNA was isolated from 

BL21(DE3) cells and BL21(DE3) tgt::Kmr cells containing no recombinant protein or 

BL21(DE3) tgtxKmr cells expressing E. coli TGT, mouse TGT, or Qvl recombinant 

proteins. The results show the E. coli TGT inserted guanine into tRNA from the

BL21(DE3) (gr;:Kmr cells, but not tRNA from BL21 (DE3) cells. Overexpression of 

recombinant E. coli TGT in the BL21(DE3) rgr::Kmr cells resulted in the tRNA been 

unable to accept [8-*'’CJ guanine, verifying the presence of the Q-modification in tRNA 

whereas the expression of TGT or Qvl did not restore Q-modification to tRNA as this 

tRNA had the ability to accept [8-''’C] guanine as shown in Fig. 4.7.

4.2.9 Size-exclusion chromatography of TGT and Qvl
As it was found that eukaryotic transglycosylase activity was obtained by combining 

TGT with Qvl it was decided to carry out gel filtration chromatography to determine if 

TGT and Qvl could form a stable complex and if there was a correlation between the 

reported sizes for active heterodimers from eukaryotic sources. Previous gel filtration 

studies on Superdex 200 of bovine liver tRNA transglycosylase gave sizes of 65 and 32 

kDa (Slany et ai, 1995). Enzyme activity from rat liver gave 60 and 34.5 kDa bands on 

denaturing gel electrophoresis and a major peak of enzymatic activity at -30-38 kDa 

following FPLC chromatography on Superose-6 (Morris et al, 1995). The results of our 

gel filtration experiments showed that TGT gave a single peak corresponding to -26 kDa 

(Fig. 4.8a) whereas Qvl gave a peak at -37.5 kDa (Fig. 4.8b) suggesting that both TGT 

and Qvl are monomers in solution. The fact that both proteins migrate at a significantly 

smaller size by gel filtration relative to SDS-PAGE (- 42 kDa for truncated TGT and - 

46 kDa for Qvl) could indicate that the proteins interact with the column matrix. To 

examine the capacity of the TGT and Qvl proteins to interact, 2 pg of each protein was
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added together and gel filtration chromatography performed. Only two peaks were 

evident at 26 and 37.5 kDa indicating that TGT and Qvl do not spontaneously associate 

in a stable form in solution (Fig. 4.8c).

4.2.10 Analysis of purine analogues as substrates for the TGTrQvl tRNA guanine 

transglycosylase
As transglycosylase activity was obtained with TGT and Qvl using guanine and queuine 

it was decided to assay a series of compounds which contained a purine backbone with 

different modifications to test their ability to compete with [8-'‘*C] guanine and act as a 

substrate in the TGT assay. The activity assays were carried as per the normal TGT assay 

with the only addition being the test compound added at the concentrations indicated.

The compounds were tested at concentrations of between 5 and 400 pM with 

guanine and queuine acting as controls as they are known substrates. The other 

compounds tested, which did not act as substrates were N2-Pivaloylguanine, N2- 

Acetylguanine, 2-Dimethylamino-6-hydroxypurine, N-(6-Oxo-6,9-dihydro-1 H-purin-2- 

yl)isobutyramide, 2-(3-Bromophenylamino)-lH-purin-6(9H)-one, 2-(3-hydroxy methyl)- 

4-methylphenyl amino)-lH-purin-6(9H)-one. It should be noted that the inability of these 

compounds to act as TGT:Qvl substrates is inferred only from their inability to complete 

against [8-’''C] guanine incorporation into tRNA. Interestingly, the anti-cancer drug, 

6-thioguanine, did act as a substrate albeit requiring a much higher concentration 

compared to guanine or queuine as shown in Fig. 4.10.

4.2.11 Cloning and purification of recombinant mouse Tyrosyl synthetase
The cDNA for mouse tyrosyl synthetase was obtained from mouse kidney total RNA by 

RTPCR. The cDNA was amplified by PCR as described in section 2.6. A sample of the 

PGR product was run on a 1 % agarose gel and the remainder was purified as described in 

section 2.8.1 as shown in Fig. 4.11a The pET21a plasmid was digested with Ndel and 

Xhol as described in section 2.8.3 and the mouse tyrosyl synthetase DNA fragment was 

ligated into the digested pET21a plasmid as described in section 2.8.4. This plasmid was 

then transformed into BL21(RIL) cells as described in section 2.3.2.
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The expression and purification of mouse tyrosyl synthetase was carried out as 

described in section 2.12.7. Briefly, a 5 ml volume of overnight culture was transferred to 

500 mis of 2xYT broth and grown until the Aeoo of the culture was between 0.6 and 0.8. 

Induction of recombinant protein was initiated by the addition of IPTG and incubation at 

18°C for a further 4 hours. Pelleted E. coli cells were lysed and the cell debris removed 
by centrifugation. The supernatant was then loaded onto a Ni"^^ column and washed 

extensively with column wash buffer to remove non-specific proteins. The bound mouse 

tyrosyl synthetase was eluted with buffer containing 250mM imidazole. To remove the 

imidazole to protein was subjected to gel filtration using a PD-10 column as described in 

section 2.12.8 and the protein stored in 50% glycerol at -20°C. The concentration of the 

protein was obtained by Markwell assay as described in section 2.12.9. Typically, from 1 

litre of cell culture ~3.5 mg of protein was obtained. Analysis of the purification 

procedure by SDS-PAGE is shown in Fig. 4.1 lb.

4.2.12 In vivo synthesis and isolation of tRNA
The sequence for tyrosyl tRNA was synthesised by Genscript and after amplification of 

the sequence, as described in section 2.7, the fragment was ligated into the pBAD vector 

using the BamWl and Pme\ sites shown in Table 2.8 and described in section 2.8.4. 

Initially test inductions were carried out to optimise the induction and processing times 

required to yield fully mature tRNA. To ensure processing of pre-tRNA to mature 

product, analysis was carried out using the North2South Hybridisation kit which uses 

biotinylated probe to detect the tyrosyl tRNA as described in Section 2.19. The results 

indicated that significant amounts of pre-tRNA were being produced within 5 minutes of 

induction by arabinose. Transcript expression from the pBAD promoter can be repressed 

by the addition of glucose to the culture medium. Therefore, to allow sufficient time for 

the processing of the pre-tRNA to mature tRNA, glucose was added to the culture 

medium after 60 minutes of induction. Full processing of the tRNA occurred within 45 

minutes as shown in Fig 4.12b. The processing which is required at the 3'and 

5'sequences is shown in Fig. 4.12a.

The large scale in-vivo synthesis of tyrosyl tRNA is described in section 2.16. 

Briefly, overnight cultures were grown in LB broth containing the appropriate antibiotics
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and 0.2% glucose to inhibit tRNA production. The next day these cultures were used to 

inoculate 500 ml of 2xYT broth again containing the appropriate antibiotics and 0.2% 

glucose. The bacteria were grown till the Aeoo was between 0.6 and 0.8. The cells were 

then pelleted and washed with 2xYT broth to remove excess glucose and incubated with 

fresh 2xYT broth containing 0.2% arabinose overnight at 30°C to induce tRNA 

production. The next day the cells were pelleted and washed with M63 minimal medium 

and incubated with fresh M63 medium containing 0.2% glucose to allow processing of 

pre-tRNA. After 45 minutes the cells were pelleted and stored in RNALater to ensure that 

no degradation of the tRNA occurred.

The purification of the synthesised tyrosyl tRNA was carried out as described in 

section 2.17. This purification process involved the use of ion exchange chromatography 

to isolate total tRNA on DEAE 52 cellulose which utilises the negative charge on the 

tRNA to purify it from cell supernatant. The tRNA was further purified using a HPLC 

DEAE column to separate the tyrosyl tRNA from other species of tRNA. The results of 

this purification process are shown in Fig 4.13. Panel A shows the presence of tyrosyl 

tRNA, detected using the North2South Hybridisation Kit as described in section 2.19, in 

fractions collected from the HPLC separation of tRNA as described in section 2.18 which 
are shown in Panel B. Panel C shows the ability of the tyrosyl tRNA to accept [^H] 

tyrosine using the tyrosyl tRNA synthetase as described in section 2.14 indicating that the 

tRNA has been fully processed and is functionally active.

4.2.13 Non-radioactive electrophoretic mobility shift assays (EMSA)
The ability of TGT to insert queuine into the wobble position of tRNAs for aspartic acid, 

asparagine, histidine and tyrosine depends on the ability of the enzyme to bind the 

substrate tRNA molecule. It was hoped that it would be possible to determine whether 

TGT or Qvl physically interact with the tRNA substrate by incubating the enzyme with 

tRNA and 9-deazaguanine, resulting in the enzyme being trapped into a covalent 

intermediate. This trapping reaction is possible due to a carbon atom in position 9 of 9- 

deazaguanine replacing the nitrogen atom in guanine. The carbon atom at position 9 

renders the analogue unreactive thus trapping the covalent intermediate (Xie et ai, 2003). 

The trapped tRNA protein complex would be expected to produce a band shift when the
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mixture is run on an SDS-PAGE gel. The results of the binding assay, which are shown 

in Fig. 4.14, indicate that the E. coli TGT enzyme has the ability to bind substrate tRNA 

in the absence of 9-deazaguanine, as a band shift was observed at ~83 kDa. Binding of 

tRNA was enhanced however by the presence of 9-deazaguanine (Fig. 4.14a, lane 4 and 

5). The mouse TGT failed to bind substrate tRNA as no band shift was visible on the 

SDS-PAGF gel (Fig. 4.14b, lane 4 and 5). However, when Qvl was incubated on its own 

(Fig. 4.14c, lane 4 and 5) or in the presence of mouse TGT (Fig 4.14d, lane 4 and 5) a 

smeared band shift was observed at -83 kDa. Similar to what was observed for the E. coli 

enzyme without 9-deazaguanine (Fig. 4.14c, lane 3). This band shift also occurred in the 

absence and presence of 9-deazaguanine when both TGT and Qvl were incubated 

together (Fig. 4.14d, lane 3).
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4.3 Discussion
The overexpression of full length mouse TGT was achieved as a fusion with GST in 

BL21(DE3) rgr:;Kmr. For unknown reasons no soluble protein was observed when XJa 

cells were used and it proved impossible to purify full length TGT as a histidine tagged 

protein. The temperature at which the cells were grown at after induction was also found 

to be important as at 37°C the recombinant protein was present in the pellet (insoluble) 

fraction but this was overcome by incubating the cells after induction at 30°C which 

produced recombinant protein in the soluble fraction. It was also observed that the choice 

of growth medium had an influence on the amount of protein recovered. 2YT broth, 

which differs from standard LB broth by the inclusion of 60% more Bacto Tryptone, 

enhanced the yield of protein considerably. However, the reason for this improvement 

could not be identified.

Computer predictions of the structure of the N-terminus of mouse TGT suggest 

that this region may be unordered in the folded protein. Therefore, it was hoped that by 

truncating 16 amino acids from the N-terminus better solubility could be achieved. An 

improvement in protein stability compared to the full-length mouse TGT was suggested 

by the ability to express the truncated mouse TGT as a poly-histidine tagged protein. 

Furthermore, the truncated form showed a ~5 fold increase in protein expression over the 

full-length TGT.

The catalytic activity of two forms of the mouse TGT were analysed, a full length 

mouse TGT (/TGT) protein of 403 amino acids and a truncated form of the protein 

(?TGT) that is missing the first 16 amino acids at the N-terminus. Fach enzyme was 

incubated with yeast tRNA and [8-’'’C] guanine and the [S-’^'C] guanine incorporated into 

the tRNA was counted by LSC. It was shown that the E. coli TGT had the ability to 

charge the tRNA but the full length and truncated mouse TGTs were unable to charge the 

tRNA. It was suspected that the inability of the mouse TGT to charge yeast tRNA could 

be due to a number of factors. For example, TGT could require a partner protein for 

activity as was seen with TGT isolated from bovine liver which showed activity as a 

heterodimer containing 65 kDa and 32 kDa subunits (Slany et al, 1995), the substrate 

used for these assays (yeast tRNA) could be inappropriate for the mouse TGT enzyme 

and the mouse TGT may need to be post-translationally modified such as

109



phosphorylation which is not possible when recombinant protein is expressed in an 

E. coli host.

The expression of the three QTRTDl variants, QvO, Qvl and Qv2, proved 

extremely problematic. To ensure production of soluble protein 13 different combinations 

of expression plasmids and cells were needed. The expression systems were also tested at 

three different temperatures (37°C, 30°C and 18°C) and induction times were varied from 

4 to 16 hours to optimise induction and soluble protein expression. The expression 

plasmids used were pGex6pl, pTHisMal and pET21a and the expression cells used were 

BL21(DE3) tgr::Kmr and XJa. QvO failed to transform into BL21(DE3) ?gt::Kmr which 

are a B strain and only expressed in XJa cells which are a K strain. Interestingly it has 

been noted previously by Dineshkumar et al. (2002) that a functional TGT gene was 

toxic to E. coli BIOS but not to CA274 which is a K strain. The expression of Qvl proved 

the most difficult with five plasmid and cell variations required to express soluble 

protein. Einally expression was obtained from the pET21a expression plasmid which 

produced a C-terminal His tagged protein combined with BL21(DE3) rgr::Kmr expression 

cells. The expression of Qv2 also proved difficult with expression obtained using the 

pTHisMal expression plasmid and BL21(DE3) tgt::Kmr expression cells. The cleavage of 

the fusion MBP tag using Eactor X resulted in degradation of Qv2 so it was decided to 

leave it as fusion protein. The expression of each variant was also tested in combination 

with a plasmid expressing tyrosyl tRNA in the same cells but this did not increase 

expression levels.

Although the results have not been presented here, efforts were made to 

co-express the QTRTDl variants with tyrosyl tRNA, using the in vivo overexpression 

method developed for tRNA in E. coli. The hypothesis for such pilot work came from the 

belief that part of the toxicity of the QTRTDl enzymes could arise from their 

sequestration of tRNA during the catalytic process. If indeed this was the case, the 

presence of excess substrate could alleviate the toxicity. However, this strategy did not 

increase expression levels of the QTRTDl variants and was not pursued further.

The activity of the three QTRTDl variants showed that there was no catalytic 

activity when the enzymes were incubated with guanine and yeast tRNA.

However activity was observed when a combination of TGT and Qvl were incubated
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together. This would indicate that to achieve catalytic activity TGT requires a partner 

protein. This was also observed when Slany et al. (1995) isolated an active complex from 

bovine liver. In the case of the bacterial enzyme it has also been demonstrated that 

Z. mobilis requires dimer formation for catalytic activity as mass spectrometry has 

revealed dimer formation in solution. Furthermore, mutation of tyrosine 330 to 

phenylalanine and lysine 52 to methionine, which are residues involved in dimer 

formation, resulted in significant loss of catalytic activity (Ritschel et al, 2009). The 

highest activity was observed when TGT was incubated with Qvl which has also been 

showed to be the predominant form present in adult tissues. There was no activity 

observed with Qv2. An important characteristic of the Qv2 protein is the absence of the 

C-terminal zinc-binding domain known to be involved in tRNA binding. Its absence 

could ostensibly account for the absence of catal3^ic activity. A further interesting feature 

of Qv2 is that its encoding EST was recovered from retina. Why an inactive splice variant 

for queuine tRNA insertion should exist in this tissue is curious. A significant number of 

the eye lens crystallins are closely related to detoxification or metabolic enzymes. For 

example, e-crystallin of avian and crocodilian lens is identical to lactate dehydrogenase, 

x-crystallin is related to enolase, Sm-crystallin is related to class Sigma glutathione S- 

transferases, and 5-crystallin is closely related to arginosuccinate lyase (Wistow and 

Piatigorsky, 1987; Chuang et al, 1999). There was also no activity observed with QvO. It 

may be that QvO, which is an embryonic derived EST, has a separate function to that of 

tRNA modification. Our results lead to the preliminary indication that both TGT and Qvl 

are required to facilitate the insertion of [S-'^’C] guanine into yeast tRNA.

The ability of TGT and Qvl to insert guanine into yeast tRNA was

assayed over 120 minutes and it was observed that maximum [8-'''C] guanine occurred 

after 60 minutes. The reduced [8-’^C] guanine insertion after 120 minutes may be due to 

the degradation of tRNA over the longer incubation period from the presence of low 

amounts of RNAse activity. The next parameter analysed was [8-’''C] guanine 

concentration which was varied between 0.45 and 3.6 pM with 1.8 pM showing the 

maximum incorporation into 2 A260 absorbance units of yeast tRNA. The ability of TGT 

and Qvl to insert [8-''*C] guanine was shown to be linear in fashion, with maximum 

incorporation of approximately 200 pmol of guanine which is about 40% less
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incorporation than seen with the E. coli TGT enzyme, which had a maximum 

incorporation of approximately 340 pmol of guanine. This may have be due to yeast 

tRNA been a better substrate for the bacterial enzyme. The Km’s that were calculated for 

the TGT:Qvl complex of 0.89 and 1.59 pM for [8-''^C] guanine and tRNA respectively 

are higher than the reported Km’s for recombinant E. coli TGT (0.10 pM for [8-'''C] 

guanine and 0.12 pM tRNA) and for recombinant human TGT (0.41 pM for [8-''*C] 

guanine and 0.34 pM tRNA). The only two Km values for tRNA substrate reported for the 

prokaryotic TGT enzyme isolated from tissue are 92 pM and 15 pM for TGT isolated 

from rat liver (Shindo-Okada et ai, 1980) and rabbit erythrocytes (Howes et al, 1978). 

The high Km’s of 92 and 15 pM may be due to impure enzymes preparations as the 

enzymes were not identified as TGT and Qvl in those studies. The values obtained in this 

study may be higher than the E. coli TGT and human TGT as insufficient data was 

collected and further kinetic analysis will be needed to calculate a more accurate Km for 

[8-''’C] guanine and tRNA.

Initial activity assays were carried out using guanine as a substrate but as queuine 

is the physiological substrate in mammalian tissues further assays were carried out. This 

assay was based on the ability to replace [8-’''CJ guanine in yeast tRNA with queuine 

which is an irreversible reaction. However, even when queuine was used only the 

TGTrQvl complex could function as a tRNA ribosyltransferase. The fact that no 

additional homologues of TGT are present in eukaryotes, other than those described here, 

means that a duplication event must not have occurred in eukaryotes followed by the 

generation of a multimeric, probably dimeric tRNA ribosyltransferase. It may have been 

the case that the Qvl enzyme was acquired via mitochondrial endosymbiosis which has 

been linked to the emergence of several new, eukaryote-specific RNA-binding domains 

(Anantharaman et al, 2002).

The results of the gel filtration experiments showed that in solution it is likely that 

TGT and Qvl are monomers which were indicated by molecular mass of 26.5 and 37 

kDa, compared to their calculated molecular mass of 44 and 46 kDa, respectively. The 

absence of a heteromer upon gel filtration when both TGT and Qvl were combined may 

suggest that tRNA may be required to enable heteromer formation as was seen with the 

Z. mobilis enzyme (Stengl, 2005). Alternatively, additional proteins may be required.
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such as those found during protein purification studies of the mammalian tRNA guanine 

transglycosylase (Morris et al, 1995; Slany and Muller, 1995). A further possibility is the 

involvement of a post-translational phosphorylation as previous studies on the purified rat 

tRNA guanine transglycosylase activity have shown it to be a substrate for and activated 

by protein kinase C (PKC) (Morris et al., 1995). It was shown that the transglycosylase 

enzyme exists as a heterodimer of -104 kDa, composed of a regulatory 60 kDa subunit, 

thought to be the PKC substrate, and a smaller 34.5 kDa catalytic subunit. The small sizes 

observed for the recombinant proteins by gel filtration, 26 kDa for TGT and 37.5 kDa for 

Qvl, may signify that the proteins are interacting nonspecifically with the gel filtration 

resin. It is noteworthy that proteins corresponding to molecular masses of 32-35 kDa 

have been observed previously in gel filtration studies of rat (Morris et al, 1995) and 

bovine liver (Slany and Muller, 1995) tRNA guanine transglycosylase activity.

To test the substrate specificity of the TGT:Qvl complex, 9 different purine 

analogues were tested which should act as competitive substrates and not inhibitors of the 

TGT:Qvl enzyme complex. The incorporation of the analogues was followed by 

monitoring the incorporation of [8-*‘*C] guanine in the tRNA which will be reduced if any 

of the compounds can act as a substrate for the TGT:Qvl complex. However, no activity 

was observed with N2-Pivaloylguanine, N2-Acetylguanine, 2-Dimethylamino-6- 

hydroxypurine, N-(6-Oxo-6,9-dihydro-lH-purin-2-yl)isobutyramide, 2-(3-Bromo phenyl 

amino)-lH-purin-6(9H)-one, 2-(3-hydroxymethyl)-4-methylphenylamino)-lH-purin- 

6(9H)-one. Indeed, these purine derivatives are neither substrates nor inhibitors of the 

tRNA guanine transglycosylase activity. The fact that all of these compounds are 

functionalised on the amino group of position 2 on the guanine ring suggests that 

modifications in this region are detrimental to the compound been recognised by the 

enzyme. It was interesting that the anti-cancer drug, 6-thioguanine, did act as a substrate, 

as suggested by previous studies by Robert Trewyns group (Muralidhar et al., 1988) 

albeit requiring a much higher concentration compared to guanine or queuine.

The results from the expression of mouse tyrosyl synthetase showed it was 

possible to overexpress sufficient amounts required to charge the in-vivo expressed 

tyrosyl tRNA. This was necessary as eukaryotic synthetases are unable to charge 

prokaryotic tRNAs due to differences in the acceptor arm as has been shown using the
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B. stearothermophilus enzyme which is unable to aminoacylate the human tRNA^^"^ 

(Kleeman et ai, 1997). The results show that it is possible to produce fully processed 

mature tRNA in vivo using the pBAD plasmid in a bacterial host. The tRNA was found to 

be fully functional tRNA as it was shown that the tRNA was fully processed, as detected 

with the Northern blot and possible to aminoacylate using the mouse tyrosyl synthetase 

enzyme. This is important, since it has been observed that in-vitro synthesised tRNA 

contains errors (Hoops et ai, 1995) and may act as a competitive substrate in any assays 

preformed. It has been shown that 67% of E. coli tRNA'^"^ produced in-vitro had the 

ability to accept tyrosine indicating 33% of tRNA contained an incorrect 3' terminus of 

-CCA (Hoops etal., 1995).

The purification process showed that it is possible to isolate the tRNA from 

E. coli and partially purify it using DEAE and also detect the presence of tyrosyl tRNA in 

individual fractions from the HPLC separation of tRNA. Further purification of tyrosyl 

tRNA will be required to obtain a single tRNA species for TGT activities and binding 

assays.
A semi-purified preparation of tyrosyl tRNA was used for the trapping of the 

TGT-tRNA covalent intermediate as part of preliminary studies. The ability of the TGT 

enzyme to bind substrate tRNA was investigated by using 9-deazaguanine to trap the 

TGT-tRNA covalent intermediate which results in the presence of a band shift in an SDS- 

PAGE gel. E. coli TGT shows a clear band shift which is indicative of the high activity of 

the enzyme but there is also non specific binding of tRNA without 9-deazaguanine. The 

presence of a band shift with E. coli TGT incubated with tRNA substrate in the absence 

of 9-deazaguanine was also seen in experiments with Z. mobilis TGT carried out by Xie 

et al. (2003). Xie and colleagues also identified important residues for activity and 

substrate recognition. The amino acids in Z. mobilis TGT interacting with the tRNA 

(U33: K264/D267/G261; U34; D280; U35: K52A^282/T285/R286/R289) are also highly 

conserved in mouse TGT. However, these were not completely conserved in Qvl but the 

amino acids shown to be required for activity were conserved, G261 and E280, with R in 

position 290 in our alignment. It is hoped that future studies using purified tRNA and 

TGT:Qvl proteins will eventually lend to the crystallisation of the active intermediate 

complex.
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Mouse TGT failed to show any band shift indicating that it can not bind tRNA. 

Qvl did however have the ability to bind tRNA but the shift is smeared, possibly due to 

the protein maintaining multiple partially folded conformations. Mechanistically, it is 

likely that Qvl presents the tRNA to TGT to enable the replacement of guanine with 

queuine. Incubation of TGT and Qvl shows a similar band shift seen with only Qvl 

present in the reaction. This observation may correlate with the suggestion that the Qvl 

enzyme may act as a tRNA salvage enzyme (Vandenbergh et al, 2003). The problem of 

the smearing of the band shift may be overcome by further purification of the tyrosyl 

tRNA to yield a pure tRNA substrate for the enzyme.
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Fig. 4.1 Expression and purification of full length and truncated mouse TGT

(a) The mouse TGT full length cDNA was amplified by RTPCR from mouse kidney total 
RNA and electrophorised on a 1% agarose gel. The truncated mouse TGT was amplified 
from full length cDNA using the same reverse primer as the full length TGT and a new 
forward primer which resulted in the omission of the first 16 amino acids. These DNA 
fragments were then ligated into an expression vectors and transformed into expression 
cells, (b) His-tagged mouse truncated TGT was purified from E. coli BL21(DE3) tgr::Km|. 
cytosolic extracts by nickel-chelate chromatography. The SDS-PAGE gel shows uninduced 
cells before the addition of IPTG, induced pellet and supernatant after cell lysis and purified 
truncated TGT. (c) GST-tagged full length mouse TGT purified from E. coli BL21(DE3) 
/gr;:Km^ cytosolic extracts by glutathione affinity chromatography. The SDS-PAGE gel 
shows uninduced cells before the addition of IPTG, induced pellet and supernatant after cell 
lysis and purified full length TGT after cleavage of the GST moiety with PreScission 
protease.
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Fig. 4.2 PCR amplification of cDNA encoding mouse QTRTDl variants 0,1 and 2

(a) The cDNA for QvO and Qv2 was amplified by PCR from expressed sequence tag 
(EST) image clones No: 30105859 and No. 4505816 respectively and Qvl was 
reversed transcribed from total mouse kidney RNA. These were subsequently ligated 
into expression vectors and transformed into expression cells.



Expression Plasmid E. coli strain QvO Qv1 Qv2

pGex 6P1 BL21(DE3) tgf.-.Km, ★
— —

pGex 6P1 >^a V — —

pTHisMal BL21(DE3) tgf.Kmr — — V

pTHisMal Xja — — —

pET21a BL21(DE3) tgt::Km, ND V ND

V : soluble protein
ND : Not determined
—* ; cells failed to transform
— : no protein expressed or insoluble fraction

Table 4.1 Results of protein expression trials for QTRTDl splice variants

A number of attempts were made to express recombinant protein for each splice variant 
which required the application of different expression plasmids containing, GST 
(Gluathione S-transferase), His (6X Histidine) and MBP (Maltose binding protein) tags, 
as well as different strains of E. coli. Expression of recombinant protein was analysed 
by SDS-PAGE.
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Fig. 4.3 Purification of recombinant protein for the three QTRTDl splice 
variants

(a) GST-tagged QvO was purified from E. coli BL21 XJa cytosolic extracts by 
glutathione affinity chromatography. The SDS-PAGE gel shows uninduced cells 
before the addition of IPTG, induced pellet and supernatant after cell lysis and 
purified QvO after cleavage of the GST moiety, (b) His-tagged Qvl was purified from 
E. coli BL21(DE3) rgi-Km^. cytosolic extracts by nickel-chelate chromatography. The 
SDS-PAGE gel shows uninduced cells before the addition of IPTG, induced pellet and 
supernatant after cell lysis and purified Qvl. (c) MBP-tagged Qv2 was purified from 
E. coli BL21 XJa cytosolic extracts by amylose affinity chromatography. The SDS- 
PAGE gel shows uninduced cells before the addition of IPTG, induced pellet and 
supernatant after cell lysis and purified Qv2-MBP fusion protein.
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Fig. 4.4 Analysis of recombinant TGT and QTRTDl splice variants for 
tRNA guanine transglycosylase activity

(a) The ability of each enzyme (2pg) to insert [8-'‘^C] Guanine into 2 
absorbance units of yeast tRNA was measured. A positive (E. coli TGT) and 
negative control (tRNA control) were included to ensure activity was 
attributed to the recombinant protein, (b) Mouse TGT was incubated with 
each QTRTDl splice variant (2 pg of each enzyme) to assess the ability to 
insert [8-''*C] Guanine into 2 A260 absorbance units of yeast tRNA. A positive 
control (E. coli TGT) and negative control (tRNA control) were included to 
ensure tRNA guanine transglycosylase activity could be attributed to the 
recombinant proteins.
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Fig. 4.5 Optimisation of the ribosyltransferase activity of the TGT:Qvl 
complex

(a) Mouse TGT was incubated with and equal amount of Qvl (2|a.g). The 
maximum quantity of [8-'‘^C] Guanine which could be inserted into 2 A260 

absorbance units of yeast tRNA was analysed by varying the concentration of 
[S-'^'C] Guanine in the reaction to between 0.45 and 3.6pM. (b) The ability of 
mouse TGT and Qvl (2|j.g of each) to insert Guanine into 2 A2go
absorbance units of yeast tRNA was measured over a period of 120 minutes 
with time points taken at 10, 30, 60 and 120 minutes (c) The ability of mouse 
TGT and Qvl (2pg of each) to insert [8-’'‘C] Guanine was calculated by varying 
the concentration of yeast tRNA between 0.5 and 4 A260 absorbance units of 
yeast tRNA .
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Fig. 4.6 Assay for the ability of TGT and Qvl to replace [*“*€] Guanine 
with queuine in yeast tRNA

As queuine is the in-vivo substrate for TGT the ability of TGT and Qvl, 
individually and combined, to displace tRNA containing [S-'^^C] Guanine 
with queuine was tested. Yeast tRNA was charged with [8-'‘^C] Guanine 
(tRNA*) by the E. coli TGT enzyme, purified from the reaction. In each 
assay 5 A260 absorbance units of tRNA was used along with 600 pM of 
queuine.
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Fig. 4.7 Evaluation of the queuosine content of tRNA isolated from 
BL21(DE3) and BL21(DE3) tg/::Km, cells

tRNA was isolated from E. coli cells containing expression constructs 
producing the proteins indicated. The tRNA was then assayed for the ability to 
accept [8-’''C] guanine in the anticodon loop. The presence of queuosine in 
tRNA inhibits the insertion of [8-'''C] guanine by the E. coli TGT enzyme.



Fig. 4.8 Size-exclusion gel-chromatography of TGT and Qvl

(a) TGT and (b) Qvl were chromatographed individually on a TSK-Gel 
GSOOOSWxl column by HPLC (Shimadzu) in 20 mM Tris-HCl pH 7.5, 200 
mM NaCl and 10% glycerol, giving sizes of 26 kDa and 37.5 kDa, 
respectively, or (c) pre-incubated and run together yielding two peaks identical 
to individual runs. Calibration of the column was made with alcohol 
dehydrogenase (150 kDa), albumin fraction V (67 kDa), ovalbumin (43 kDa), 
carbonic anhydrase (29 kDa), cytochrome C (12.4 kDa), as indicated by the 
black dots. The elution of protein was recorded at ^220-
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Fig. 4.9 Structure of purine analogues



Fig 4.10 Analysis of purine analogues as substrates for the TGT:Qvl tRNA 
guanine transglycosylase

The ability of mouse TGT and Qvl (2|j.g of each) to insert [8-''’C] Guanine into 2 
A260 absorbance units of yeast tRNA was measured along with increasing 
concentrations (5 - 400 pM) of each of the purine analogues shown in Fig. 4.13. 
while the concentration of Guanine was kept constant at 1.8 pM.
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Fig 4.11 RTPCR of Tyrosyl Synthetase from mouse kidney and recombinant 
protein puriHcation

(a) Total RNA was isolated from mouse liver and reversed transcribed. The 
RTPCR product was the electrophorised on a 1% agarose gel. (b) His-tagged 
mouse tyrosyl synthetase was purified from E. coli BL21(RIL) cytosolic extracts 
by nickel-chelate chromatography. The SDS-PAGE gel shows uninduced cells 
before the addition of IPTG, induced pellet and supernatant after cell lysis and 
purified mouse tyrosyl synthetase protein.



3'
OH

3'
OH

a.

b.

Mins.

Arabinose: Inducer 

5 10 20 60

Glucose: Inhibitor

10 20 60 Primary 
transcript for 
mouse tyrosyl 
tRNA

Fully processed 
mouse tyrosyl 
tRNA

Fig. 4.12 Inducible and Processing synthesis of mouse tyrosyl tRNA in E. coli

(a) In-vivo, pre-tRNA is processed by the generation of the mature 5' sequence by 
RNAse P (b) The synthesis of tyrosyl tRNA was induced by the addition of arabinose 
and inhibited by the addition of glucose. After inhibition of tRNA synthesis the cells 
were incubated for a further 45 minutes to allow processing of the pre-tRNA as in 
Fig 4.12a (shown above). The presence of tRNA was detected using a biotinylated 
probe.
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Fig. 4.13 Purification of mouse tyrosyl tRNA from E.coli by HPLC 
chromatography

(a) tRNA'y*^ was collected in 1 ml fractions from a HPLC separation of DE-52 purified 
tRNA and analysed by Northern Blot using the North2South Hybridisation kit. A pre
load sample was also tested for the presence of tRNA'y. (b) The HPLC chromatograph 
showing the separation of small RNA species from E. coli expressing tRNA'^'^on a 2SW 
DEAL HPLC column, (c) Each fraction was tested for the ability to accept [-^H] tyrosine 
as a substrate using mouse tyrosyl tRNA synthetase enzyme to identify fractions 
containing tRNA'^^
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Fig 4.14 Non-radioactive tRNA electrophoretic mobility shift assays (EMSA)

Recombinant enzymes (a) E. coli TGT, (b) Mouse TGT, (c) Qvl and (d) Mouse TGT plus 
Qvl were analysed for their ability to form a covalent intermediate in the presence and 
absence of 9-deazaguanine with tENA'^'"^ (overexpressed and purified from E. coli as described 
in Fig. 4.13). The samples loaded into lane 1 were prepared by mixing 2 pi reaction buffer, 10 
pM recombinant enzyme with H^O and 2X Loading sample buffer, lane 2; 2 pi reaction buffer, 
10 pM recombinant enzyme, 500 pM 9-deazaganine with H^O and 2X Loading sample buffer, 
lane 3; 2 pi reaction buffer, 10 pM recombinant enzyme, 65 pM tRNA with H2O and 2X 
Loading sample buffer, lane 4; 2 pi reaction buffer, 10 pM recombinant enzyme, 65 pM 
tRNA, 500 pM 9-deazaganine with H^O and 2X Loading sample buffer, and lane 5; 2 pi 
reaction buffer, 10 pM recombinant enzyme, 65 pM tRNA, 500 pM 9-deazaganine with H,0 
and 2X Loading sample buffer.



CHAPTER 5

5.1 Introduction
The presence of queuosine deficient tRNA has been reported in a range of organisms, 

including E. coli (Noguchi et al., 1982; Dineshkumar et al, 2002), Dictyostelium 

discoideum (Ott et al, 1982), Drosophilia melanogaster (Siard et al., 1991), 

Caenorhabditis elegans (Gaur et al., 2007) and Mus musculus (Reyniers et al., 1981), 

which has been attributed to a variety of effects seen in these organisms. The presence of 

queuosine deficient tRNA in E. coli was observed in two different strains of E. coli, a 

JE7736 strain which does not contain a functional TGT enzyme and a BIOS strain which 

contains a functional TGT enzyme but lacks queuosine modified tRNA as it has been 

suggested that there is a defect in the synthesis of preQo or preQi. In both strains it was 

seen that there was a marked reduction in viability when mixed growth experiments with 

wild-type strains were used (Noguchi et al, 1982; Dineshkumar et al., 2002). It was seen 

with D. melanogaster that pupae fed a diet without queuine developed normally but 

showed an increased sensitivity to cadmium (Saird et al, 1991). In D. discoideum it was 

shown that the axenic strain, AX-2, grew equally well in a defined medium with or 

without exogenous queuine. When queuine was absent, changes occurred in lactate 

levels, expression of lactate dehydrogenase isomers, cytochromes and differentiation was 

affected after a metabolic stress (Schachner et al, 1984). Observations by Gaur et al. 

(2007) showed that it was possible to deplete tRNA of queuine by feeding C. elegans 

queuine deficient E. coli. It was noted that there were no abnormalities seen in worms 

even when subjected to heat and metal stress. The most severe observation were in 

experiments carried out by Marks and Farkas (1997) showing that germ free mice fed a 

chemical defined diet without queuine and tyrosine exhibited the following symptoms 

squinting, rough coat, stiffness of neck and forelimbs, lethargy, staggered walk, huddling, 

laboured breathing and seizures followed ultimately by death.

Our discovery that TGT and Qvl are required to insert queuine into tRNA lead us 

to further investigate the function of queuine in tRNA. In order to do this it was necessary 

to repeat the conditions that allowed Marks and Farkas to analyse queuine deficiency in 

mice. However to duplicate these conditions where germ free mice are kept under these
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conditions and fed a strict chemically defined diet was not possible due to the technical 

difficulties required to maintain germ free as there is no laboratories in Ireland capable of 

fulfilling these requirements. So in order to investigate the function of queuine a different 

strategy had to be employed. The results of chapter 4 indicating that both TGT and Qvl 

were required to modify tRNA with queuine suggested that if one of these enzymes could 

be inactivated it would result in queuosine deficient tRNA and allow us to study its 

effects. The International Genetrap Consortium has the target of producing a gene trap 

mouse for each gene, at present approximately 36% of mouse genes are gene-trapped and 

as there is no genetic model for queuosine deficiency in tRNA a search was carried out of 

the database. It was discovered that a gene-trap mouse for the Qtrtl gene was available. 

This involved the disruption of the Qtrtl gene, which encodes for the TGT enzyme, using 

a ROSAFARY gene-trap vector. This mouse would allow us to investigate the effect of 

queuosine deficiency in tRNA without the need to maintain mice under germ free 

conditions on a chemical defined diet and the expertise with working with genetically 

modified mice is present in our lab. The genetrap also allows the mice to be kept in 

specific pathogen free (SPF) conditions which are available in the university.

Genetrapping is a technique which involves the insertion of a vector to create 

mutations within the genome. A variety of different gene trap vectors have been 

developed, but all essentially work by insertion of a promoter-less reporter gene into an 

endogenous gene, such that the insertion simultaneously reports on expression of the 

endogenous gene, mutates that gene, and allows cloning of the disrupted gene from the 

inserted DNA tag (Stanford et ai, 2008). Thus, gene trap vectors are designed to create 

loss of function alleles.

The ROSAFARY (Reverse Orientation Splice Acceptor For ARraY) vector which 

was used to genetrap the Qtrtl gene is shown in Fig. 5.1. This vector consists of 5'and 3' 

long terminal repeats (L) for incorporation into genomic DNA, a splice acceptor (A) site 

immediately upstream of a promoterless P-galactosidase-neomycin resistance cassette 

(PG) which generates a fusion transcript containing P-galactosidase, which allows for 

expression level analysis and neomycin for antibiotic selection and is terminated with the 

polyadenaylation sequence (P), selectable marker for hygromycin resistance (H), 

expressed under the PGK promoter (PG) and two frt sites that are recognised by FLP
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recombinase allowing the removal of the PGK promoter resulting in the termination of 

the transcript after the poly A tail and a splice donor site (D). The gene trap vector results 

in the formation of 2 fusion transcripts, one transcript contains exons 1 and 2 fused to the 

splice acceptor and the P-galactosidase-neomycin resistance cassette and the second 

transcript contains hygromycin cassette and the splice donor fused to the remaining exons 

as shown in Fig. 5.1. The technique used to identify the insertion of the vector into the 

gene is called Gene Trap Array. This was first used in Philippe Soriano’s lab to identify 

genes expressed in platelet-derived growth factor (PGDF)-dependent and/or independent 

patterns (Chen et al. 2004). This screening method uses retroviral gene trap vectors to 

mutate genes in ES cells and clone target genes. This results in genes been randomly 

disrupted and which are then amplified to construct cDNA microarrays and used to 

identify the trapped genes.

R&Cro^nrAl RNA

J'LTR FKT S' LTR

PfOirafus

FuMort trartt£rip» HI

Fig. 5.1 The ROSAFARY genetrap vector
Adapted from Chen et al, (2003).

The genetrapping of the Qtrtl gene should result in a non functional TGT 

enzyme. This lack of a functional TGT enzyme will result in the absence of queuosine 

modification for the tRNAs for asparagine, aspartic acid, histidine and tyrosine. This lack 

of queuosine modification will allow us to investigate further the results seen when germ 

free mice whose tRNA was devoid of queuosine modification were fed a chemical
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defined diet which lacked both queuine and tyrosine and other effects due to the absence 

of queuosine modified tRNA.

To verify the Qtrtl gene is trapped, characterisation of the mice obtained from the 

original chimeria will be carried out using DNA sequencing to identify the location of the 

genetrap insertion, southern blotting used to detect the DNA specific to the wild type and 

genetrapped alleles as well as mass spectrometry to analyse the queuine status of the 

tRNA in the mice.
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5.2 Results

5.2.1 Location of the ROSAFARY genetrap insertion in the Qtrtl gene
It was indicated from the genetrap consortium that the ROSAFARY genetrap was 

integrated in intron 2 of the Qtrtl gene. To confirm the location of the genetrap the 

sequence upstream and downstream of the 3' and 5' long terminal repeats were cloned 

using nested PCR and sequenced to positively identify the genetrap location.

To enable the sequencing of the 3' and 5' insertion points of long terminal repeat 

(LTR) of the ROSAFARY genetrap into the Qtrtl gene primers were designed to 

produce a 1550 bp template for the 3' insertion point and 1100 bp template for the 5' 

insertion point as described in section 2.20.2. These PCR products were then purified and 

the 3' 1550 bp template used to generate a 900 bp fragment as shown in Fig. 5.2a (left 

hand panel) and the 5' 1000 bp template used to generate a 550 bp fragment as shown in 

Fig. 5.2a (right hand panel). To facilitate ligation into pBluescript both fragments 

contained an CcoRI and Xhol restriction site. The pBluescript vector was then 

transformed into competent XLl Blue cells from which a DNA miniprep was prepared. 

Both of these minipreps were sent for sequencing to MWG. The sequencing results 

identifying the location of the 3' LTR are shown in Fig. 5.2b (left hand panel) whereas 

the results showing the location of the 5' LTR are shown in Fig. 5.2b (right hand panel). 

It could be concluded from this genomic analysis that the ROSAFARY genetrap (shown 

in blue) is inserted into exon 3 (shown in red).

5.2.2 Genotyping and sexing of Qtrtl+1+, Qtrtl+^^^ and mice
Once the exact location of the genetrap within the Qtrtl gene was identified it became 

possible to design primers, as listed in the Appendix, to enable the differentiation 

between the three different genotypes, wildtype {Qtrtl^^'^), heterozygous (Qtrtland 

homozygous (Qtrtl^'^^') alleles. In addition, primers were developed that could amplify 

regions of the neomycin and hygromycin resistance cassettes. The location of the 

wildtype Qtrtl primers are shown on Fig. 5.3a (upper panel) which give a PCR product 

of 451 bp and the pCeo primers for detection of the genetrap insert are shown in Fig. 5.2a 

(lower panel) which give a PCR product of 750 bp. The Qtrtl (451 bp) and pCeo (750
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bp) primers were routinely used to differentiate between and Qtrtl''

mice.

Genomic DNA was isolated from ear punches taken from mice whose genotype 

was unknown as described in section 2.20.1. A 1 pi volume was used in the PCR as 

described in section 2.20.2. A 10 pi volume of each PCR was loaded onto a 1.5% agarose 

gel as shown in Fig. 5.3b. The results show that Qtrtl'^^'^ genomic DNA gave a band of 

451 bp for the Qtrtl primers and no band for the (3Geo, Neo and Hyg primers whereas 
genomic DNA for Qtrtl'^^^' gave a band for Qtrtl of 451 bp, PGeo of 750 bp, Neo of 

323 bp and Hyg of 389 bp. The genomic DNA for Qtrtl^’^^’ gave a band for pGeo at 750 

bp, Neo of 323 bp and Hyg of 389 bp and no band for the Qtrtl primers.

In order to determine the sex of pups, which died before it was possible to 

visually establish the sex a PCR method was adapted from Clapcote and Roder (2005). 

Genomic DNA was isolated from a tail sample as described in section 2.12.1 and the 

PCR carried out as described in section 2.20.6. A sample of the PCR product was run on 

a 3% agarose gel as shown in Fig. 5.3c. The results show two bands of 302 bp and 331 bp 

for male pups and a single band of 331 bp for female pups for each of the 3 genotypes as 

well as a control C57BL/6 mouse.

The identification of the genetrap location in the Qtrtl gene enabled the design of 

primers which enabled differentiation of the 3 different genotypes (Qtrtl'^''*, Qtrtl'^^^'md 

Qtrtl^’''^’) which were obtained during the breeding of male and female Qtrtl^^^' mice. It 

was also possible to determine the sex of pups that died before it was possible to visually 

identify male and female mice using the method adapted from Clapcote and Roder 

(2005).

,+/Gr jGt/Gt

5.2.3 Southern blot analysis of genetrap mice
To ensure the correct integration of the genetrap and that Qtrtl was the only gene 

targeted. Southern blotting was used to detect the presence of the genetrap and wildtype 

allele in genomic DNA by hybridization of a radioactively labeled probe complementary 

to the external short arm region.

As the location of the genetrap in the Qtrtl gene had been specifically identified it 

was possible to align the genetrap within the Qtrtl gene and use a computer based
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program to identify restriction sites within the sequence which would produce fragments 

suitable for southern blotting. The restriction enzyme, Sspl, which recognises the 

sequence AAT^ATT, was identified as a suitable enzyme as it can cut upstream of exon 1 

and downstream of exon 3 to give a wild-type fragment of 3.4 kb and it can cut within the 

genetrap to yield a short arm fragment of 4.2 kb. It is also possible to use Sspl to examine 

the 5' insertion site where it would be expected to generate a 4.2 kb fragment for the 

wild-type allele and a 7 kb fragment for the genetrap allele as shown in Fig. 5.3a. To 

enable detection of the wildtype and genetrapped alleles as well as the neomycin cassette 

it was necessary to generate probes to detect the fragments created by digestion of 

genomic DNA with the Sspl enzyme.

Firstly, genomic DNA was isolated from an ear punch of a Qtrtl^’^^’ mouse as 

described in section 2.20.1. Primers to amplify short arm probe were designed to produce 

a 550 bp template as described in section 2.20.3. This PCR product was then purified as 

described in section 2.5.3 and used as a template to generate a 400 bp fragment, as shown 

in Fig. 5.4b (SA), containing an EcoRl and Xhol site which were used to ligate the 

fragment into pBluescript. The pBluescript was then transformed into competent XLl 

Blue cells from which a DNA miniprep was prepared and sent for sequencing to ensure 

the sequence was correct and would be complementary to the genomic DNA. Primers to 

amplify the long arm probe were designed to produce a 1100 bp template as described in 

section 2.20.3. This PCR product was then purified and used as a template to generate a 

350 bp fragment, as shown in Fig. 5.4b (LA) similar to the short arm probe EcoRl and 

Xhol sites which were used to ligate the fragments into pBluescript and a DNA miniprep 

prepared for sequencing. The neomycin probe was generated from genomic DNA 

isolated from a mouse and primers listed in the Appendix to yield a 375 bp

fragment as shown in Fig. 5.4c (Neo) for southern blotting.

Genomic DNA was isolated from the livers of Qtrtl^"'*, and

mice and 30 pg from each of the 3 genotypes was digested and 10 pg run on an 0.8% 

agarose gel and transferred to Hybond N membrane which was then probed with ^^P 

labelled short-arm, long-arm and neomycin probes. As expected the short arm probe gave 

a band of ~3.4 kb for Qtrtl'^^'^ , two bands of ~3.4 kb and ~ 4.2 kb for and a

band of ~ 4.2 kb for shown in Fig 5.4c (left hand panel). The long arm probe
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gave a band of ~3.4 kb for Qtrtl^^^ , two bands of ~3.4 kb and ~ 4.2 kb for and a

band of ~ 4.2 kb for Qtrtl^’^^' shown in Fig 5.4c (middle panel). As expected the 

neomycin probe gave no band for Qtrtl^^^ , a band ~ 4.2 kb for Qtrtl^^^' and a band of

4.2 kb for shown in Fig 5.4c (right hand panel).

5.2.4 Mass spectrometric analysis of liver tRNA isolated from Qtrtl*^^‘ and

To further verify that the Qtrtl gene was successfully trapped resulting in the loss of 

function of the TGT enzyme, the queuine status of tRNA from each of the 3 genoytpes 
Qtrtl'^^^' and was analysed. tRNA was purified from the livers of

Qtrtl^^^, and Qtrtl^'^^' mice, as described in section 2.17.2. The purified tRNA

was then freeze-dried and sent for HPLC/MS analysis which was carried out by Vimbai 

Chikwana in Dr. Dirk Iwata-Reuyl’s Laboratory at Portland University. It was shown that 

tRNA from Qtrtl^^* mice contained queuosine (Q) which is indicated by a mass-to- 

charge ratio at 420 (Fig. 5.5a) but no such species could be identified in the results from 

(Fig 5.5b) or mice (Fig 5.5c) despite the sensitivity of detection being

amplified by 1000 fold.

5.2.5 Kaplan-meier survival curve for Qtrtl^^*, Qtrtl^^'^' and Qtrtl^‘^^‘ pups up to 21 

days post-partum
A total of 171 mice (57 for each genotype) were monitored for 21 days post partum in 

order to analyse the survival rate of each genotype. In the case were pups died before day 

21, a tail sample was taken and analysed along with an ear punch taken from pups who 

reached 21 days as described in section 2.20.5. The results show that Qtrtl exhibited a 

82.5% survival rate compared to Qtrtl""^^' which exhibited a 79.5% survival rate and 

Qtrtl^'''^' exhibited a 84% survival rate as shown in Fig. 5.6. The adult mice for each 

genotype survived for greater than nine months with no abnormalities observed. 

Therefore queuosine deficiency in tRNA appears to have no impact on the survival of 

mice, which agrees with Marks and Farkas’s observation on queuosine deficient animals.
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5.2.6 Analysis of the genotypes and sex of the progeny produced in the mating of 
male and female Qtrtl*^^‘ mice

A total of 229 pups from 36 litters with a litter average of 6.3 were monitored for the 

distribution of each of the 3 genotypes and as shown in

Table 5.1. Mandelian genetics indicate that when 2 heterozygous mice are crossed that 

the overall ratio of Qtrtl^'^\Qtrtl^^^’\Qtrtf’'^’ should be 25:50:25 and a ratio of 23:56:21 

was obtained as shown in Table 5.1. An overall male:female ratio of 57:43 was also 

observed with a genotype split of 23.5:56.1:24.4 for females and 23:56.5:20.5 for males. 

It can be concluded from this result that there is no bias in survival of wild-type animals 

nor is there a bias in the relative proportion of the sexes.

5.2.7 Analysis of the genotypes and sex of the progeny produced in the mating of
male and female mice
To ensure that the male and female mice were capable of reproduction one

male and 3 female mice were mated and the pups monitored for one month post

partum with no abnormalities observed. The results show that a total of 22 pups were 

born with an average litter size of 7.3 pups and a 50:50 male to female ratio as shown in 

Table 5.2.

5.2.8 Effect of tyrosine free diet on Qtrtl*'^* and mice

In an attempt to replicate the observations of Marks and Farkas when germfree mice were 

fed a chemical defined diet without tyrosine and queuine and investigate the effect of 

queuosine deficiency in tRNA, 2 mice of each genotype were maintained for one month 

on a tyrosine deficient diet which was obtained from Harlan (Teklad custom research 

diets). The diet contained sufficient nutrients to meet all the dietary requirements and was 

available ad libtum along with water. It was observed that the mice did not suffer any of 

the effects (squinting, rough coat, stiffness of neck and forelimbs, lethargy, staggered 

walk, huddling, laboured breathing and seizures) which were observed by Marks and 

Farkas.
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5.2.9 Nuclear Magnetic Resonance (NMR) analysis of mouse blood serum
As no symptoms were observed with mice on a tyrosine free diet and mitochondrial 

problems were observed in HepG2 cells (Patti Hayes, personal communication) it was 

decided to carry out some preliminary analysis of serum to investigate what effect 

queuosine deficient tRNA may have on mitochondria. The NMR spectra showed that 

when compared to the wild type sample both heterozygous and homozygous showed an 

approximate 30% increase in intensity with respect to lactate as shown in Fig. 5.7.
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5.3 Discussion

Preliminary screening experiments by the Soriano Laboratory suggested that the Qtrtl 

genetrap was inserted in intron 2 but this had to be verified to enable characterisation of 

the genetrap disruption of the Qtrtl gene. To verify the location of the genetrap the 3' 

and 5' LTR insertion points were identified by amplifying and sequencing fragments of 

the Qtrtl gene and 3' and 5' LTR’s. This sequencing indicated that the genetrap was 

inserted in exon 3 of the Qtrtl gene and not intron 2 as previously thought. Our mapping 

experiments indicate the split in exon 3 would at the transcription level cause a separation 

between G121 and VI22. This would result in the first 20 amino acids of exon 3 fused to 

the splice acceptor (SA) and the pOeo cassette and the essential amino acid D102 being 

removed from the active site of the TGT enzyme as well the loss of amino acids involved 

in substrate recognition (V45, S103, Y106 and Q107). Another likely possibility however 

is that this exon 3 is skipped completely during translation resulting in exon 2 been fused 

to the splice acceptor (SA) and the PGeo cassette. The reason for this assumption is based 

on the fact that upon read through from the 3"^^ exon into the genetrap the ribosome would 

encounter 3 stop codons thus terminating translation. In further studies this will be 

verified by RTPCR at the transcript level.

Genomic sequencing also revealed that there was loss of 253 bases and 

differences to the last 35 bases of the remaining 5' LTR sequence but this is not likely to 

cause any problems with transcription of the genetrap. Of greater significance is the 

presence of 2 stop sites in the remaining portion of exon 3 fused to the hygromycin 

cassette and the splice donor. Therefore similar to the arguments above, the 3' portion of 

exon 3 must also be skipped and result in the hygromycin cassette and splice donor fused 

to exon 4 and the remaining 7 exons. Overall it is most likely that the genetrap insertion 

causes a deletion of exon 3 and the formation of an inactive TGT enzyme due to the loss 

of a vital amino acid in the active site and amino acids involved in substrate recognition 

as well as the separation of TGT into two fusion transcripts with the addition of a splice 

acceptor and pGeo cassette to exons 1 and 2 and hygromycin cassette and splice donor 

addition to exons 4 through to 10.
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Southern blotting analysis showed that Qtrtl'^^'^ mice contained 2 wildtype alleles 

as only a 3.4 kb band was observed with both the short arm and long arm probes and no 

band seen for the neomycin cassette probe while mice contained both a wildtype

allele as a 3.4 kb band was observed with both the short arm and long arm probes and a 

genetrapped allele represented by a 4.2 kb band was observed with both the short arm and 

long arm probes and a 4.2 kb band for the neomycin cassette probe and Qtrtl mice 

contained 2 genetrapped alleles as only a band at 4.2 kb was observed. An anomaly that 

was seen was that the expected size based on genomic data for the genetrapped allele 

detected by the long arm probe was 7 kb however a fragment of ~ 4 kb was detected. The 

most likely explanation for this may the presence of a cryptic Sspl site within the 

genetrap vector reducing the size of the fragment for the probe to detect. These results 

indicated that the genetrap had been inserted into exon 3 of the Qtrtl gene and would 

result in successful disruption to the TGT enzyme. The results of the neomycin southern 

confirms that no additional genetrap insertions occur in the genome.

The mass spectrum results showed that liver tRNA from Qtrtl^'^ contained 

queuine as these mice contain a functional TGT enzyme and liver tRNA from Qtrtl^^^' 

contained no queuine as there is no functional TGT as expected but Qtrtl*'’^'^ also did not 

contain queuine even though it contains a wildtype Qtrtl allele which should yield a 

functional TGT enzyme. One reason for this might be due to the low levels of mRNA 

present in the liver as was shown in the Northern blot for TGT resulting in low 

expression levels of TGT enzyme. The low expression level could be affected even 

further by the expression of the fusion transcripts from the genetrapped Qtrtl allele. In 

this regard the Qtrtl gene may be haploinsufficient and requires two wildtype alleles in 

order to express a functional TGT enzyme (eg; N allele in Drosophilia\ de Celis, 1993). 

Another reason may be due to a dominant negative effect which has been suggested to 

affect proteins that function as part of a dimer and as was it shown that TGT forms an 

active complex with Qvl the inactive TGT protein may inhibit the wildtype enzyme. 

Further investigations would be required to elucidate as to why tRNA from Qtrtl^'^'’ mice 

contain no queuine modification.
Interestingly Qtrtl'^^^'^ showed the best survival rate with Qtrtl^'^'^ showing the 

worst survival rate with the difference been 4.5%. It was also observed that the first litter
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for some female mice resulted in higher loses of pups compared to subsequent

litters this may be due to inexperience of nurturing pups. The average litter size showed 

no difference from the normal size of litters obtained from C57BL/6 mice. The ratio of 

the 3 genotypes obtained is not significantly different from the expected 25:50:25. The 

ratio of male:female is slightly favoured towards females with 57% of pups bom been 

female compared to 43% of males. The results of mating one male and three female 

mice indicated that both the male and female mice were fertile as they had the 

ability to produce pups which were monitored for one month post partum and no 

abnormalities were observed. The ratio of male:female pups was 50:50 which is to be 

expected. The average litter size was above average at 7.3 but further litters would have 

to be analysed to get a better statistical average as only 3 litters were analysed in this 

study. There was no significant difference in the average weight of adult male or female 

mice or major organs (brain, heart, liver, spleen and kidney) from the three genotypes. 

There were also no abnormalities observed when mice from the three genotypes were 

kept under SPF conditions and kept on a diet used for all mice strains which concurs with 

previous studies with queuine deficient mice (Reyniers et ai, 1981) and C. elegans (Gaur 

et ai, 2007).

The observation that there were none of the symptoms were when Marks and 

Farkas placed germfree mice on a diet lacking queuine and tyrosine and the 

mice were show to be lacking queuosine modified tRNA. It may be possible that the mice 

were able to obtain tyrosine from gut flora/bacteria as is has been shown that between 1- 

20% of lysine present in humans is derived from a microbial source (Metges, 2000). As 

no definitive phenotype was observed further studies will have to be conducted to 

investigate if there are any changes to the metabolism of the mice when they are place on 

the tyrosine free diet.

The NMR results showed that there was an increase in lactate in heterozygous and 

homozygous mice when compared to the wild type. This increase may be due to an 

increase in the rate of glycolysis which may be caused by the absence of queuosine in 

tRNA which may affect mitochondrial function. It is interesting to note that the 

heterozygous genotype also shows an increase in lactate even though an active TGT 

enzyme should be present but is unable to modify tRNA with queuine as shown in the
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mass spectrometry analysis. An increase in lactic acid production is also prevalent in the 

disease MELAS which is caused by a mutation to tRNA^“ in mitochondria which effects 

the modification of the tRNA molecule. This mutation leads to mitochondrial dysfunction 

which in turn causes a build up of lactic acid which may explain the presence of 

increased lactate in mice which lack queuosine modified tRNA. Further analysis will 

have to be preformed to measure glucose, acetate, pyruvate which are further indications 

of mitochondrial abnormalities.
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a.

Qtrtll 3'LTR 5'LTR/ Qtrtl
3kb-
2kb-

1.5kb-
1.4kb-

Ikb-
0.75kb-

0.5kb-
0.4kb-
0.3kb-
0.2kb-

b.

6^7/3'LTR 5'LTR/QM/

GGACOSSAGCTGATCCGGAAGGCCCXGC-GT'TTT-ACGC-'TTTCRTGAArTGGCCCCAC
AATCTGCTGACGGTGAGTTGGGGTTGCCGCCCTCGSCCGCTGCGTTGAGGTGAGAGG
TCCCCAGTCTCAATCTCCTCACAGCTTOGCTGCGOGGTCTCCCCAGi-ATAGCGGCGG
«rTTCCAGA’rGGTGTCCCTCTTCTC0CTGTCO3AG3TGACGgAGGAGGi3CGT~TGAAA
GACCCCC-GCTGACGGGTAGTrAAT'rACTCAGAGGAGACCCTCCCAAGGAA-rAGCGAG
ACCACAAGTCgGATGCAACTGCAAGAGGGTrrATTGGATACACGGGTACCCGGGgGA
CTCAGTCAATCGGAGGACTGGCGCGCCGAGTGAGG'GGTTGTGGGCTCTTTTATTGAG
CTAGCTTarcAAACCTATAGGTgGSGTrTTTrATTCCCCCCTTTTT'rTGGAGACTAA
ataaaatcttttattttatctatggctcgtactctataggcttcagctggtsatait

GTTGAGT'rAAAACTAGWr'CCTGGAOrACTGATATC'TTGT'ZTTTAACAAATTGGA'TTA
AT

AAATGAAAGACCCCCGCTGACGGGCAGTCAATCA'GTCAGAGGAGA'GCCTCCCAAGGA
ACAGCGAGACCATAAGTCGGATGTAACTGCAAGAGG-GTTTATTGGATACACGGGTAC
CCGGGCGACTCASTCAATCGGAjGACTQGCQCSCCGAGTGAGGGG’rTGTQGGCTCTT
TrATTGAGCTAGgTTGaGAAACCTACAGC-TGGGGrcrTTgAGCGTCCACTTCCGCTC
GCCCTACGATGGAGAAGAGACACTTTTGAGCCrAGAGAGGTCGGTGGAGATCCAGAA
T&CTCTGGGTAAGAQGAGGGCTTCGAAOGCCACaTATGGTTTGGATCGTCTTTGAAT
TTGGACTCTTTCACCTAAOGAAAATAAGGATAGCCGGGCGTGGTGGCGCATGCCTrr
AATCCCAGC

Fig. 5.2 Identifying location of ROSAFARY Genetrap integration
(a) The location of the ROSAFARY gene-trap was identified by amplification 
using nested PCR of the 3' (left hand panel) and 5' LTR (right hand panel) with 
primer locations (^) show on map of QTRTl exon structure using primers listed 
in the Appendix.
(b) sequencing of the 3'(left hand panel) and 5'(right hand panel) long term 
repeat location in the Qtrtl gene indicated that the ROSAFARY gene-trap, 
shown in blue with the underlined section representing the long term repeat, 
was found to be inserted into exon 3 of the Qtrtl gene, shown in red.
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Fig. 5.3 Genotyping and sexing of Qtrtl*^'^, and Qtrtl^‘^^‘ mice

(a) A map of the wild type mouse Qtrtl exon structure (upper figure) 
represented by the solid black boxes and gene-trapped allele (lower figure) with 
a ROSAFARY gene-trap vector insertion dividing exon 3 in two. The sizes of 
the PCR products for the wild type (450bp) and gene-trapped allele (751 bp) are 
shown above each map. (b) Genomic DNA isolated from ear punches of 21 day 
old mice was used in a PCR reaction to amplify specific regions in the qtrtl 
gene and gene-trap. The Qtrtl (451bp) and pGeo (750bp) primers were 
routinely used to differentiate between Qtrtl^^^, Qtrtl''^^’ and Qtrtl^‘^^' mtct 
while the Neo (323bp) and Hyg (389bp) confirmed the presence of the 
neomycin and hygromycin resistance cassettes, (c) Genomic DNA was isolated 
from ear punches of 21 day old mice and used to simultaneously amplify X- and 
Y-chromosome-specific genes for identifying male and female pups. Male pups 
give two bands of 302bp and 331 bp and female pups give one band of 331 bp.
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Fig. 5.4 Genomic structure and analysis of the mouse Qtrtl gene-trapped 
allele

(a) A map of the mouse Qml exon structure represented by the solid black 
boxes (upper figure) and insertion of ROSAFARY gene-trap {Qtrtl^') into the 
QTRTl gene (lower figure) such that it divides exon 3 in two. The vector 
contains 5'and 3' long-tenn repeats (L) for incorporation into genomic DNA, a 
splice acceptor (A), fusion construct of P-galactosidase and neomycin 
resistance cassette (PG), polyadenaylation sequence (P), selectable marker for 
hygromycin resistance (H), expressed under the PGK promoter (PG) and two 
frt sites that are recognised by FLP recombinase and a splice donor site (D). 
SspI sites are shown, including a cryptic Ssp\ site (cSspl) resulting in a 
shortened fragment, which provide fragments (sizes shown for each fragment) 
for use in Southern blotting with probes shown as black bars (SA; Short Arm, 
Neo; Neomycin, LA; Long Arm), (b) Probes used for the southern blot were 
amplified by PCR and separated on a 1% agarose gel and gel purified. The 
location to which the probes hybridise is shown in (a), (c) Genomic DNA was 
isolated from and Qtrtl'^"''^' mice, digested with SspI and
lOpg of each sample was separated on a 0.8% agarose gel. The DNA was 
transferred to Hybond-N membrane and probed with radiolabelled short and 
long arm probes which differentiate the wild type allele (3.4kb) from the 
targeted allele (4.2kb).
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Fig. 5.5 Mass Spectrum of Liver tRNA isolated from Wild Type, 
Heterozygous and Homozygous mice

HPLC/MS analysis of total unfractionated tRNA isolated from (a) wild type 
liver showing the presence of queuosine (Q +H^) at 410 megahertz (b) 
heterozygous liver showing the absence of queuosine modification and (c) 
homozygous liver showing the absence of queuosine modification.
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Fig. 5.6 Survival curve for wild type, heterozygous and homozygous pups up 
to 21 days post-partum

Heterozygous adults were mated and the survival of the pups (n = 57 for each 
genotype) was monitored for 21 days and their genotype ( ■ - wild type, a - 
heterozygous, • - homozygous) verified by PCR after 21 days (tail samples were 
kept for pups which died before 21 days).



Mouse
Group

Mice with indicated genotype 
(% of total)

Mice with 
indicated gender 

(% of total)
+/+ +/GT GT/GT

Female 23 55 20 98 (43)

Male 30 14 27 131 (57)

Total 53 (23) 129 (56) 47(21) 229

Table 5.1 Summary of the genotypes and sex of the progeny produced in the 
mating of male and female Qtrtl*'^^ mice

36 litters (totalling 229 pups) from crossing Qtrtl'^''^' mice, were analysed for the 
distribution of wild type, heterozygous and homozygous genotypes as well as the 
ratio of male and female pups in each litter.



Mouse
Group

Female

Male

Number of pups from cross of 
GT/GT male and GT/GT female mice 

(3 litters)
3

4

2

3

6

4

Mice with 
indicated gender 

(% of total)
11 (50)

11 (50)

Total 10 22

Table 5.2 Summary of the sex of the progeny produced in the mating of male 
and female mice

3 litters (totalling 22 pups) from crossing mice, were analysed for the
distribution of male and female pups in each litter.



Figure 5.7 Preliminary NMR analysis of lactate content in mouse blood 
plasma from wild type, heterozygous and homozygous

Plasma was isolated from blood samples taken from wild type, heterozygous and 
homozygous mice and 'H NMR analysis carried out at 600 MHz . The left hand 
panel shows the individual NMR traces with wild type in blue, heterozygous in 
red, homozygous in green and the right hand panel overlay of the intensities of all 
three genotypes when standardised against TSP.



CHAPTER 6

6.1 General Discussion

Efforts, over the past 30 years, to identify the eukaryotic enzyme(s) responsible for 

queuine insertion into tRNA had proven largely unsuccessful. Previous attempts focused 

on purifying active enzyme from bovine liver (Slany et al, 1995), rat liver (Shindo- 

Okada et al., 1980) and rabbit reticulocytes (Howes et al., 1978) and in the latter two 

cases amino acid sequences were recovered. However, the sequences retrieved bore no 

identity to the E. coll TGT enzyme, the recombinant protein of which has a well-defined 

role in queuosine formation in tRNA. This study, for the first time, describes and 

characterises the eukaryotic tRNA queuine ribosyltransferase as a heteromeric complex 

of two proteins, TGT and QTRTDl, both of which share a significant sequence identity 

to the E. coll TGT enzyme. In addition, a knockout mouse line for the catalytic TGT 

subunit has been developed and validated by genetic and biochemical means.

Computer based searches of mouse and human gene/protein databases gave the 

unexpected finding that three alternative splice variants for the QTRTDl gene exist, QvO, 

Qvl and Qv2. The fact that the Qvl variant is the predominant splice form in adults, as 

determined by RTPCR, coupled to the demonstration that the TGT:Qvl complex is a 

catalytically active tRNA queuine ribosyltransferase, validates Qvl as a true component 

protein in tRNA modification. By contrast, the QvO and Qv2 splice variants failed to 

show any enzymatic activity in the presence of TGT protein. The location of the cDNA 

for these proteins in the retina and embryo, respectively, is suggestive of alternative 

functions to that of Qvl in vivo. Even though Qv2 has the longest coding sequence, the 

transcript produces the shortest protein due to the presence of an early stop site resulting 

in the loss of the terminal one-third of the protein and of important residues in the active 

site and zinc-binding domain. The QvO splice variant is missing intron 5, which encodes 

69 amino acids; that is, the region spanning G121 to E190 using Z. mobilis numbering. 

This deletion results in the loss of the amino acid D156, which is involved in substrate 

recognition and of three beta barrels and two alpha helices, which could potentially affect 

the three-dimensional architecture of the protein.
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There are a number of possible explanations as to how Qvl interacts with TGT 

while participating in the tRNA queuine ribosyltransferase reaction. The crystal structure 

of Z. mobilis TGT showed the formation of a dimeric complex only in the presence of 

tRNA (Stengl, 2007). It was found that just one tRNA molecule is present in the dimer as 

one subunit interacts with the U33G34U35 anticodon while the second subunit interacts 

with the anticodon stem loop. Drawing on observations from the Z. mobilis dimer, Qvl 

shows an almost complete conservation of residues known to form the eubacterial dimer- 

interphase within its C-terminal zinc-binding domain whereas the eukaryotic TGT shows 

a reciprocal conservation of dimer forming residues in the N-terminal region. Interaction 

through these domains could account for the formation of a heterodimeric complex by 

Qvl and TGT. However, gel filtration of both TGT and Qvl did not yield a stable 

complex. Also the molecular weight of the proteins did not correlate with the theoretical 

mass calculated from the protein amino acid sequence. This anomaly could be due to an 

interaction of the protein with the column matrix. It is interesting that a recent study of 

the human TGT and QTRTDl enzymes showed that they could be co-purified together as 

a 1:1 heterodimeric complex when co-expressed in E. coli which were then subjected to 

gel filtration and mass spectrometry and positively identified as QTRTl and QTRTDl 

indicating that these two proteins can associate and interact with each other (Chen et ai, 

2010). The differences in complex formation by the mouse and human proteins are not 

easily explained since the protein sequences of the recombinant proteins are highly 

similar. One possibility is that the human TGT:QTRTD1 complex may be stabilised by 

bacterial tRNA that co-purifies with the enzyme.

The results of the study by the Garcia laboratory shows that human enzyme is 

dimeric and correlate with our observations that the mRNA transcript levels of TGT and 

Qvl closely correlate with one another in mouse tissues. The transcription factors 

involved in their expression are unknown but are likely to be housekeeping factors as 

both proteins are widely expressed and there have been no reports of treatments leading 

to an up-regulation or down-regulation of these proteins. Although no regulation at the 

transcriptional level is known to occur, regulation by post-translational modification is 

highly probable based on published literature as described below.
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It has been observed that protein kinase C (PKC) from rat brain can activate rat 

tRNA guanine transglycosylase (Morris et al, 1995). Experiments carried out by Morris 

et al. (1995) showed that the activity of TGT preparation isolated from rat liver decreased 

over time when stored at -20°C which the authors attributed to phosphatase activity. 

Indeed, the addition of phosphatase inhibitors to the sample yielded increased TGT 

activity while addition of alkaline phosphatase reduced TGT activity. This was further 

analysed by the addition of rat brain protein kinase C (PKC) to inactive TGT samples, 

which resulted in the restoration of TGT activity. The rat brain PKC was also used to 

label the isolated TGT preparation with ^^P with the larger 60 kDa subunit showing the 

major site for phosphorylation. Our studies demonstrate that the TGT:Qvl complex is 

active without phosphorylation since they were produced in E. coll. It is possible that the 

activity of the complex can be enhanced by phosphorylation. Alternatively, the complex 

purified from rat liver could contain both inhibitory and activatory post-translational 

modifications—phosphorylation being a positive regulator of enzymatic activity. It has 

also shown that with the human enzymes that both QTRTl and QTRTDl are required for 

activity (Chen et al, 2010) which correlates with the data in this study which shows that 

both TGT and Qv 1 are required for activity.

The need for TGT to complex with Qvl in order to modify tRNA raises the 

question as to why two enzymes are required in eukaryotes while only one is needed in 

bacterial species. The absence of QTRTDl homologues in bacteria may be due to the fact 

that bacteria can synthesize queuine de novo whereas eukaryotes must obtain queuine by 

salvage from the intestinal flora or dietary sources (Shindo-Okada et al, 1980). This 

biosynthetic ability would negate the need for a bacterial queuine salvage enzyme. The 

possibility that the QTRTDl protein may function in queuine salvage was initially 

suggested in a study on the putative human gene, FLJ12960, which was described as 

having a protein sequence similar to the zinc-binding domain of TGT (Vandenburgh et 

al, 2003). In order to obtain queuine from queuosine containing tRNA the queuine must 

be liberated from the tRNA molecule. It was shown by Giinduz and Katze (1984) that in 

cell-free extracts of the Vero cell line that queuine was obtained from queuine-5’- 

monophosphate (QMP) which occurs from the degradation of queuine modified tRNA 

followed by the specific cleavage of QMP to yield queuine. However, the question as to
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whether QTRTDl actually participates in this queuine salvage pathway remains, at 

present, unresolved.

Prior to the publication of the results of this study, it had been suggested that the 

eukaryotic enzymes responsible for queuine insertion into tRNA might have arisen by 

convergent evolution (Morris and Elliott, 2001). This happens where enzymatic pathways 

evolve independently in different species to perform the same reaction. The findings of 

this study and those of Chen et al. (2010) would refute this theory, as the two eukaryotic 

enzymes (TGT and Qvl) show significant similarity in sequence to their bacterial 

counterpart. Therefore, it is interesting to speculate on the evolutionary origin of the 

eukaryotic proteins. The sequence divergence of Qvl from the bacterial enzymes would 

indicate that it is the older of the two, arising at the time when eubacterial and archaeo- 

eukaryotic lineages divided. On a similar line of thought, the high level of identity 

between the eubacterial and eukaryotic TGT proteins would suggest the eukaryotic 

enzyme was acquired later in evolution, most probably as a result of horizontal transfer 

from the proto-mitochondria.

It has been showm in our laboratory, using immunoprecipitation and confocal 

analysis, that the TGT and Qvl proteins physically interact in-vivo (Boland et al, 2009). 
Further analysis of the intracellular localisation of the proteins indicated that TGT forms 

a weak interaction with the mitochondria, most likely due to its interaction with Qvl, 

which was shown by confocal and Western blot to tightly associate with the 

mitochondria. This indicates that queuine modification of tRNA must occur in the cytosol 

as opposed to the nucleus. The fact that tRNA modification of tRNA occurs in the cytosol 

has been suggested by previous studies using Xenopus laevis oocytes. It was shown that 

microinjection of a cloned yeast tRNA^^"^ gene into the nucleus does not lead to 

appreciable amounts of Q-modified tRNA (Nishikura, 1981) whereas efficient queuine 

modification of yeast tRNA'^^’’ occurred when microinjected into the cytoplasm 

(Haumont et al., 1987; Carbon et al, 1982).

Curiously, mitochondrial aspartyl tRNA is also modified with queuine. This was 

demonstrated in the case of opossum (Mori et al, 1995) and rat (Randerath et al, 1984). 

This raises the question as to how queuine modified tRNA is made in the mitochondria. 

By way of explanation, the mitochondrial encoded tRNA could possibly exit the
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mitochondria and interact with the Qvl enzyme which then enables TGT to modify the 

tRNA with queuine before the tRNA is imported back into the mitochondria. It has been 

shown in S. cervisiae that three components of the ubiquitin or 26S proteasome system 

interact and modulate the import of tRNA^^^ into mitochondria (Brandina et al, 2007). 

Interestingly an amino acid sequence isolated from an active TGT preparation gave a 

fragment that correlated with USP14 (Deshpande et al, 1996), which has been shown to 

require specific association with the 26S proteasome before becoming catalytically 

activated (Hu et al, 2005).

The fact that queuine is found in cytosolic and mitochondrial tRNA may suggest 

that is it required for charging of the tRNA with amino acids or during translation. A 

study by Singhal and Vakharia (1983) demonstrated that the aminoacylation reaction 

with aspartyl tRNA modified with guanine was -50% slower than that of queuine 

modified substrate. Furthermore, the Km for the reaction was -75% higher than the 

reaction with aspartyl tRNA containing queuine. From these results it was suggested that 

the queuine deficient tRNA is a poor substrate and that this results in reduced activity in 

the aminoacylation reaction. It has also been shown in the pathogen Shigella flexneri, that 

the queuine status of tRNA affects the translation of virF mRNA in that the absence of 

queuine drastically decreases translation, and nearly abolishes bacterial virulence 

(Durand et al, 2000).

It has been firmly established that, in mammals at least, there is an exogenous 

requirement for queuine since germ-free mice fed a chemically defined queuine-free diet 

for 8 weeks showed a decrease in queuosine modified aspartyl and histidinyl tRNA and 

tRNA from 85% to 15% (Farkas, 1980). Surprisingly however, animals had to be 

maintained on a queuine-free diet for up to one year before they became fully depleted of 

queuosine modified tRNA. Evidently, eukaryotes have a very efficient salvage 

mechanism for queuine suggesting that it has an important cellular or physiological 

function. Surprisingly though, mice (Marks and Farkas, 1997) or worms (Gaur et al, 

2007) lacking queuine do not show any abnormalities. Why therefore, if animals can 

survive without queuine, is it found ubiquitously in the tRNA of all three kingdoms of 

life?
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Studies by Walter Farkas showed that when tyrosine was removed from the diet 

of queuosine deficient mice, all animals died within 18 days, exhibiting symptoms of 

squinting, rough coat, stiffness of neck and forelimbs, lethargy, staggered walk, huddling 

and laboured breathing (Marks et ai, 1997). The results could suggest that queuine has a 

role in tyrosine production. Observations of the mice showed that there were no

problems with their growth, survival, breeding, or in ratio of male to female animals 

born. Even when these mice were maintained on a tyrosine free diet for 2 months no 

visible symptoms were observed. By way of explanation, it is possible that the animals 

could have acquired the tyrosine from the gut flora as has been shown for lysine, where it 

was shown that up to 20% in humans could be derived from gut microbes (Metges, 

2000).

Our NMR analysis of serum metabolites in queuine deficient animals indicated an 

increase in lactic acid production, which may be as a result of increased glycolyic activity 

and/or suggestive of problems with the mitochondria. The symptoms observed by Marks 

and Farkas which include squinting, rough coat, stiffness of neck and forelimbs, lethargy, 

staggered walk, huddling and laboured breathing have some similarity to symptoms of 

mitochondrial disorders which include but are not limited to seizures, muscle weakness, 

low tone, cramping, pain twitching of eyes, vision loss and respiratory problems. Further 

studies will be needed to make any conclusive statements on this point.

It has been observed that tRNA is undermodified with respect to queuine in 

cancer cells including leukaemia and lymphomas (Dirheimer et al, 1995), lung cancer 

(Huang et al, 1992) and ovarian cancer (Baranowski et al, 1994). This observation has 

lead to the suggestion that the queuine status of tRNA could be used to grade the severity 

of malignancies. Again, if queuine deficiency were leading to alterations in mitochondiral 

activity or increased glycolysis it could help explain why queuine modified tRNA is lost 

from cancer cells since such metabolic changes are well recognised as indicative of 

cellular transformation, often referred to as the Warburg effect.

In conclusion, the discovery of the enzymes responsible for queuosine 

modification of tRNA and the creation of a gene-trapped mouse for the Qtrtl gene has 

opened up many new avenues for investigating the true physiological purpose of queuine, 

something that has proven quite elusive up to this point.
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6.2 Future Work
The identification of the enzymes, TGT and Qvl, responsible for the insertion of queuine 

into tRNA and the generation of a QTRTl gene trap mouse will aid in the further 

characterization of effects queuine deficient tRNA.

The experiments that would aid this progression would include the mutation of the 

important residues involved in the active site, binding of the tRNA molecule and the 

residues involved in dimer formation. Further kinetic analysis of the TGT complex to 

determine a definitive Km and establish that the eukaryotic complex like the prokaryotic 

enzyme also follows a ping-pong mechanism by binding tRNA first using the inhibitor 7- 

methylguanine (7-MeG) as described in Goodenough-Lashua and Garcia (2003). Further 

studies to examine the formation of a stable complex could be studied by expressing both 

enzymes in E. coli and observing the co-purification of the enzymes as was seen with the 

human TGT complex (Chen et al, 2010). I have produced antibodies to both TGT and 

Qvl during the course of this study which were used to show that TGT and Qvl interact 

using immunoprecipitation (Boland et al, 2009) and these could further be used for the 

identification of the expression profile of these enzymes in the mouse model.

The QTRTl gene trap mouse will allow for the further study of the effect of queuine 

deficient tRNA. Initial indications from our lab is that there is an effect on the 

mitochondria and the mouse model will allow for further elucidation of this effect 

through NMR analysis of metabolic intermediates. As the gene trap contains a 

p-galactosidase reporter it will be possible to monitor the expression levels in mouse 

tissue to complement the western blot analysis. As queuine is absent from the tRNA in 

the QTRTl gene trap mouse and also absent from tRNA in cancer it will be possible to 

use this model in tumor development studies using lentiviral transduced B16-F10 and 

LL/2 cells which are suitable for tumor studies and can be monitored by bioimaging.
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CHAPTER 7

Appendix 

E. coli TargeTron

eTGT-IBS AAAAAAGCTTATAATTATCCTTAAAACACCGCATTGTGCGCCCAGATAGGGTG

eEBSId CAGATTGTACAAATGTGGTGATAACAGATAAGTCCGCATI FTTAACTTACCTT I'C 
TTTGT

eEBS2 TGAACGCAAGTTTCTAATTTCGGTTTGTTTCCGATAGAGGAAAGTGTCT

E. coli TGT- pETlSb

eTGT-pET15bNdelF GCG CAT ATG AAATTTGAACTGGACACCACC

eTGT-pET15bXholR CAC CTCGAG TTAA TCA ACGTTCAAAGGTGGTACTTC

Mouse TGT truncated - pETlSb

mTGT-pET15bNdelF GAC CAT ATG CGGCTGGTCGCTGAGTGCAGTC

mTGT-pET41aSallR CAC GTCGAC TCA TGTGAGCATGATTCCCACAGAG

Mouse TGT Full Length - pGEX6Pl

mTGT-pGexEcoRIF GAC GAATTC ATG GCGGCGGTAGGCAGCCCAGGTTC

mTGT-pCMVXhoIR CAC CTCGAG TCATGTGAGCATGATTCCCACAGAG

Mouse QTRTDl Variant 0 & Variant 1 -pGEX6Pl and pTHisMal

mQTRTDI -pGexFEcoRIF GAC GAATTC ATG ATGAAGCTGAGTCTCATCAAAGTC

mQTRTDI -pGexRXhoIR CAC CTCGAG TCA AAACATCTGTCTGCAAATGAGTTC
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Mouse QTRTDl variant 1 -pET21aww
mQTRTD1-pET21NdelF CGA CAT ATG AAGCTGAGTCTCATCAAAGTCG

mQTRTD1-pET21XholR CAC CTCGAG TGC AAACATCTGTCTGCAAATGAGTTC

Mouse QTRTDl Variant 2 - pGEX6Pl and pTHisMal

mQTRTDI -pGexEcoRIF GAC GAATTC ATG ATGAAGCTGAGTCTCATCAAAGTC

mQTRTDI v2-pGexXholR CAC CTCGAG TCA CACGGTCACCAGCACCTCTGCC

Screening primers for QTRTDl variants

QTRTD1 screenfor CCAGCTCACACTCTCATCCCTAGCA

QTRTDl screenrev GACGTCATCTCTTGGTTGCAACCAGTTG

Mouse Tyrosyl tRNA Synthetase - pET21a

mTyrSyn-NdelF GAG CAT ATG CAACCCGACGGGACTAGCGTGACAGTTCCCG

mTyrSyn -XhoIR CGA CTCGAG TGCGCTGATGTTACCCCCTTTTAGTGATTTACAG

T7 Polymerase - pGex 6P1

T7-BamHIF GGATCC ATG AACACGATTAACATC

T7-XhoHIR CTCGAG TTACGCGAACGCCTAAGA T

Aspartyl tRNA pBuescript

AsptRNAF CGCGCTAATACGACTCACTA

AsptRNAR TGGCTCCCCGTCGG GGAATC
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QTRTirLTR nested
Name Sequence

LTR For TCCGAACTCGTCAGTTCCACCACG

TGT Rev CTACTGCCAGCTTTGACATCCAA

QTRTlfhTR pBluescript
Name Seqinnee

LTR nestedF CGA GAATTC GACAATCGGACAGACACAG

TGT nested R GCG GAATTT GCTGGGATTAAAGGCATG

UlRJQTRTl nested
Name Sequence

LTR For 

TGT Rev

TCCGAACTCGTCAGTTCCACCACGG 

TTGGATGTCAAAGCTGGCAGTAG

\JYRJQTRTl pBuescript
Name Sequence

LTR NestedF CTCGAG GACAATCGGACAGACACAGATAAG

TGT NestedR GAATTC CGCATGCCTTTAATCCCAGCACTCG

Southern probe (short arm) generation pBuescript
Name Sequence

SAFor CGA CTCGAG GCTGCCGCATCTGCTTGGG

SARev GCG GAATTC CTCCTCCGTCACCTCGGAC

Southern probe (long arm) generation pBuescript
Name Sequence

LAFor CGA CTCGAG CTTCCGCTCGCCCTACGAT

LARev GCG GAATTC GAGACAGGGTTTCTCTGTG
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N-terminus Northern probe
Name SHfuence

NorthNFor ATGGCGGCGGTAGGCAGCCCAGGTTC

NorthNRev CCGTCACCTCGGACAGGGAGAAGAG

C-terminus Northern probe
Name Sequence

NorthCFor CTAAGGACAAGCCACGATACCTGAT

NorthCRev CACGTCGACTCATGTGAGCATGATTCCCACAGAG

Genotyping
Name Sequence

TGTFor GAGGCCGGTGTGTGGATTCGATCTG

TGTRev3 CAGAGCATTCTGGATCTCCACCG

BGeoRev TCTAGCCTCGAGGTCGACGGTATCG

BGeo internal
1 Name Sequence

Inbgeofpl GCACGCTGATTGAAGCAGAAGCCTGC

Inbgeorpi GGTCAGACGATTCATTGGCACCATGC

Hygromycin internal
Name Sequence "

Inhygfpl AAGTTCGACAGCGTCTCCGACCTGATG

Inhygrpi CGCCATGTAGTGTATTGACCGATTCC

Sex determination
Name Sequence

For CTGAAGCTTTTGGCTTTGAG

Rev CCACTGCCAAATTCTTTGG
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Colour key
CTCGAG : Restriction Site 
ATG ; Start Codon 
TGC : Stop Codon.
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Aat 11(5635) 
Ssp 1(5517)

EcoR 1(5706) 
Cla 1(24)

Sea 1(5193) 
Pvu 1(5083)

Pst 1(4958)

Bsa 1(4774) 
Ahd 1(4713)

AlwN 1(4236)

BspLU11 1(3820)

Sap 1(3704) 
Bst1107 1(3591) 

Ace 1(3590) 
BsaA 1(3572) 

Tthlll 1(3565)

,Bpu1102 1(267)
■ BamH 1(319)
. Xho 1(324)
Nde 1(331)

- Nco 1(389)
-Xba 1(428)

- Bgl 11(494)
■ SgrA 1(535)

■ Sph 1(691) 
-EcoN 1(751)

\ \ , Mlu 1(1216)
' ^ Bel 1(1230)

BstE 11(1397) 

Apa 1(1427)

BssH 11(1627) 

Hpa 1(1722)

PshA 1(2061)

Bpu10 1(2926) Bsm 1(2704) 
MSC 1(2791)

Eag 1(2284) 
Nru 1(2319) 

BspM 1(2399)
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