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Abstract 

Inteins are autocatalytic protein domains that splice out of the nascent polypeptide shortly 

after translation, requiring no co-factors to facilitate splicing. There is an intein coding 

sequence within the Prp8 gene of Cryptococcus neoformans, a human pathogen that causes 

cryptococcosis in immunocompromised people. The intein, Cne PRP8, is a drug target as 

Prp8 is a central component of the spliceosome and thus believed to be essential to the fungus. 

Improved knowledge of the intein and its requirements for splicing can contribute to design of 

a screening system and the search for an inhibitor of intein splicing. 

Purification of Cne PRP8 for crystallisation was performed using either anN- or a C-terminal 

His· Tag®, where theN-terminal His· Tag® was removed by 3C protease prior to crystallisation 

trials. C-terminally His· Tagged® Cne PRP8 formed the largest crystals. The crystals were 

triangular plates with stepped faces. A 2.8 A data set was collected with an Rmerge of 0.151 

and a mosaicity of2.1 °. A smaller crystal gave a 3.6 A data set with an Rmerge of0.085 and a 

mosaicity of 1.5°. Molecular replacement was not sufficient to solve the structure, likely 

because the data were weak and the molecules in the asymmetric unit too numerous. Purified 

Cne PRP8 was additionally shown by circular dichroism to lack regular secondary structure, 

suggesting that regions of Cne PRP8 could be natively unstructured. 

Cne PRP8 was expressed as a fusion protein between Haemophilus influenzae trigger factor 

(HiTF) and a chitin binding domain (CBD). Antibodies to the different parts of the fusion 

protein facilitated the observation of splicing ability by western blotting. From this it was 

determined that Cne PRP8 is capable of splicing in a foreign protein context. Context is 

important, with maximum splicing occurring when Cne PRP8 has two native N-terminal 

extein residues and one native C-terminal extein residue. The first residue and the last two 

residues of Cne PRP8 are essential for splicing; additionally the conserved threonine (T62) 

and histidine (H65) were shown to be catalytically important. Also required for splicing are 

arginine 154, tyrosine 162, and aspartate 166. Leucine 161 undergoes ~50% splicing when 

mutated to alanine, and tryptophan 151 undergoes limited C-terminal cleavage, but no 

splicing, when mutated to alanine. Tryptophan 151 was identified as a potentially crucial 

residue, which may function to prevent C-terminal cleavage before the N-terminal 

rearrangements have taken place. Overall it appears that Cne PRP8 residues that are more 

diverged from the general intein consensus are less essential for splicing. 
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Wild type Cne PRP8 is insensitive to zinc inhibition in vivo. It is also unresponsive to 

cadmium, calcium, cobalt, lithium, magnesium, manganese and nickel. However, a partially 

splicing-deficient mutant exhibited further inhibition in response to zinc and cadmium. This 

mutant also showed a limited increase in splicing efficiency in response to temperatures lower 

than 37 °C. 

This study has identified critical residues, in addition to those at the splice junctions necessary 

for catalysis, which participate in splicing intermediates. 
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Chapter One -Introduction 

Chapter 1 

Introduction 

1.0 Introduction 

Many proteins are synthesised as inactive precursors that are subsequently activated by 

peptide bond rearrangement, a process usually catalysed by other proteins. Relatively 

recently autocatalytic peptide bond rearrangement has been discovered, found in inteins 

Bacterial Intein-Like domains and hedgehog proteins. Although protein splicing is now 

known to be widely distributed, the catalytic mechanism of autocatalytic splicing remains 

somewhat obscure. This study aims to further elucidate the mechanism of intein splicing 

using Cne PRP8, an intein from the human pathogen Cryptococcus neoformans. Inteins are 

autocatalytic proteins that splice themselves out of their host protein, andre-ligate the host 

protein components to form a functional protein. Inteins contain four conserved splicing 

motifs, A, B, F and G that confer splicing ability. The conserved residues of the Band F 

motifs have not been investigated thoroughly, leading to gaps in our knowledge of the intein 

splicing mechanism. The regions of host protein flanking the intein (internal protein) are 

referred to as exteins (external protein). 

The protein in which Cne PRP8 is translated, Prp8, is a fundamental component of the 

spliceosome and is thus essential to C. neoformans. Cryptococcus neoformans is a human 

pathogen that causes cryptococcosis predominantly in immunocompromised people. The 

essential nature of the Prp8 protein highlights Cne PRP8 as a drug target for treatment of 

cryptococcosis. To more thoroughly understand intein splicing, and thus have greater insight 

into ways to block Cne PRP8 splicing, structural analyses and mutagenesis of conserved 

residues was performed. 

1.1 The HINT domain family 

Proteins that possess autocatalytic protein splicing activity are defined as HINT 

(Hedgehog/lutein) domain family members. HINT domains post-translationally alter their 

host protein (the protein they are translated inside) by either cleaving the host protein or 
1 



Chapter One - Introduction 

complete splicing (Figure 1.1). The HINT domain family has three sub-families, inteins, 

hedgehog proteins and Bacterial Intein-Like (BIL) domains. Structural studies have 

demonstrated that the autocatalytic splicing domain of Hedgehog proteins and inteins share a 

similar general fold (Tanaka Hall et a!., 1997), and it is believed that BIL domains, which 

perform comparable reactions, have a similar fold to other HINT family members (Dassa et 

a!., 2004). 

As suggested from their autocatalytic activity, all members of the HINT family possess 

conserved splicing/cleavage motifs (Figure 1.2). The conserved residues of each motif vary 

amongst HINT sub-families, which is used to discriminate between members (Amitai eta!., 

2003). Inteins and hedgehog proteins share a basic complement of splicing/cleavage motifs 

(motifs A, N2, B, N4, F and Gin inteins and CADI, CAD2 and CADs 4-6 in hedgehog 

proteins). Motif A in inteins is equivalent to CAD 1 in hedgehog proteins, N2 is equivalent to 

CAD2 and so on, with hedgehog CAD6 equivalent to intein motifs F and G combined. There 

are two different types of BILs and each has equivalents to these six motifs as well as 

additional BIL-specific conserved motifs, each unique to that BIL type. A-type BILs have a 

unique motif between the N4 and motif F equivalents, whereas B-type BILs have a pair of 

unique motifs between the N2 and B motif equivalents. The only residues common to the 

consensus of all HINT sub-families are a cysteine as the first HINT domain residue and a 

histidine in the B motif(or equivalent). Inteins and A-type BILs share a histidine-asparagine 

dipeptide as the last HINT domain residues, whereas hedgehog proteins and B-type BILs 

usually have a cysteine as the penultimate residue of the HINT domain. 

The context in which the different sub-family members are located and their biological roles 

are also indicative of classification. Inteins are often located in pathogenic organisms, 

translated as part of essential and highly conserved proteins. Inteins are often considered as 

'selfish' genetic elements as their sole purpose appears to be survival in the host genome. 

Hedgehog domains are found in vertebrates and invertebrates, and only the C-terminal 

domain contains the HINT motifs. Hedgehog proteins autocatalytically cleave, and theN

terminal domain subsequently goes on act as a morphogen, playing important roles in early 

development. BILs are found in highly variable sequences of many bacteria regardless of 

pathogenicity. BILs have been suggested to be a mechanism by which bacteria generate 

protein variation (Dassa eta!., 2004). 

2 
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Figure 1.1 
HINT family activities. HINT domains are shown as a horseshoe and host proteins are shown with their 
N-terminal halves on the left. A) Intein splicing. B) Hedgehog cleavage with cholesterol in pale grey. C) BIL 
cleavage with nucleophile in grey. Figure adapted from Amitai eta!. 2003. 
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Cne PRP8 was found by a sequence homology search (Butler et al., 2001), and was classed as 

an intein. The protein in which Cne PRP8 is translated is a highly conserved protein in a 

pathogenic organism; this placement is typical of inteins. In addition to splicing motifs, most 

inteins have an endonuclease domain in the centre ofthe protein sequence. Although 

Cne PRP8 does not contain an endonuclease domain it has intein splicing motifs. Cne PRP8 

begins with a cysteine, has the conserved threonine and histidine in the B motif and has a 

histidine-asparagine dipeptide at the C-terminus, with a serine as the first residue of the host 

protein following the intein (C-extein). The combination of these features denotes that 

Cne PRP8 is an intein as opposed to a hedgehog or BIL domain. 

1.1.1 Inteins 

The first inteins were discovered in the mid nineteen eighties and were referred to as 'spacer 

domains', protein introns, or intervening sequences (Carrington et al., 1985; Cooper et al., 

1993; Kane et al., 1990; Perler et al., 1992). Inteins are located exclusively in unicellular 

organisms, mostly archaea and bacteria, although some eukaryotes are known to host inteins 

(i.e. Butler et al., 2001; Paulus, 2000; Perler, 2002). The majority ofinteins (84 %) are 

situated in nucleic acid metabolism genes and additional functionally related genes such as 

gyrases, helicases and spliceosomal subunits (Derbyshire and Belfort, 1998; Liu, 2000; Perler, 

2002; Pietrokovski, 2001 ). This bias has been suggested as a mechanism to aid the survival 

of intein genes in the host genome, discussed in greater detail later in this chapter. 

Intriguingly, intein coding sequences are found in conserved regions of genes that are highly 

conserved and believed to be essential for the survival of the host organism (Butler et al., 

2001; Senejani et al., 2001). Currently identified inteins range in size from 128 to over 400 

amino acids in length. Larger inteins typically contain a central endonuclease domain that is 

absent in the smaller (mini) inteins. Currently, no physiological function has been assigned to 

mature inteins following excision from the host protein, although the full-length intein's 

endonuclease domain causes the integration of the intein gene into any endonuclease 

recognition site in the host organism's genome (Pietrokovski, 2001 ). All inteins possess 

conserved splicing motifs located at the N and C-termini. Intein splicing occurs shortly after 

the protein has been translated (Chong et al., 1996; Paulus, 2000; Xu et al., 1993). The first 

residue of most inteins is a cysteine, or occasionally serine. The last two residues are almost 

invariably a histidine-asparagine dipeptide and the intein is usually followed by a cysteine, 

serine, or threonine; these motifs and their involvement in the splicing mechanism are 

discussed later in this chapter (Perler, 2002) (Figure 1.2). 
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1.1.2 Hedgehog proteins 

Hedgehog proteins are eukaryotic secreted proteins that act as morphogens, providing both 

local and long range signalling during development. Hedgehog proteins contain HINT motifs 

at the beginning of their C-terminal domain, responsible for the autocatalysis. The hedgehog 

protein undergoes autoproteolysis to generate two products, anN-terminal protein (Hh-N) of 

about 18 kDa and a C-terminal protein (Hh-C) of25 kDa (Lee et al., 1994). The site of 

autoproteolysis is conserved across hedgehog proteins, where the protein is cleaved between 

the glycine and cysteine residues of a glycine-cysteine-phenylalanine motif that is absolutely 

conserved, which marks the beginning ofCAD1 (Porter et al., 1995). There is also a 

conserved histidine located more C-terminally, in CAD4. The majority of the residues in the 

Hh-N protein are not required for autoproteolysis but mutations and truncations in Hh-C 

domain render the protein unable to cleave itself (Lee et al., 1994). Hh-C is responsible for 

catalysing cleavage, and ligates a cholesterol moiety onto Hh-N during cleavage; Hh-N is 

then activated and goes on to act as a morphogen. Hh-N release from Hh-C is a prerequisite 

for signalling activity (Porter et al., 1995). Catalysis is not inhibited by common protease 

inhibitors, urea, or peptides containing the cleavage site but does require a nucleophile; in 

vivo the nucleophile is cholesterol, in vitro characterisations have used glutathione or DTT 

(Porter et al., 1995; 1996a ). The lack of inhibition suggests that the mechanism differs from 

those utilised by the majority ofproteases. Studies have been performed replacing cholesterol 

with a different nucleophile demonstrating that cholesterol is required for functional 

signalling ofHh-N (Porter et al., 1996b), but did not establish that the nucleophile required 

for autocatalytic cleavage is exclusively cholesterol. Hh-N modulates gene expression by 

stabilising the full-length form of transcription factor Cubitus interruptus (Ci), preventing its 

cleavage into a truncated form that accumulates in the nucleus and causes transcriptional 

repression (Aza-Blanc et al., 1997). Stabilisation of the full-length Ci results in Hh-N, Ci, 

and other factors in the complex remaining in the cytosol (Ye and Fortini, 2000). 

Consistent with other HINT family members the first residue of the first HINT motif in 

hedgehogs is a cysteine, while CAD4 shares a conserved threonine and histidine with motif B 

of inteins. The primary difference in amino acid sequence between hedgehogs and inteins is 

the C-terminus of the last HINT motif. Hedgehog proteins have a serine and cysteine at their 

C-terminus whereas the last two residues of inteins are almost invariably a histidine

asparagine dipeptide. Hedgehog HINT motifs CAD 1 and CAD2 are more similar to BILs 
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than inteins (Amitai et al., 2003). Hedgehogs and BILs both possess a cysteine-phenylalanine 

dipeptide at the N-tenninus and a glycine at the C-tenninus of the first HINT motif. 

Furthermore the second hedgehog motif (CAD2) shares a conserved glycine-aspartate 

dipeptide with BILs. In addition to the HINT family similarities, hedgehog proteins also have 

some sequence similarity with serine proteases (Lee et al., 1994; Pietrokovski, 1998). This 

similarity occurs over a seven amino acid sequence in CAD4 (L TILL T P A H) in hedgehogs 

where the conserved histidine of the motif is aligned with the catalytic histidine of serine 

proteases (W V L T A A H). Motif CAD4 is equivalent to intein motifB, although the intein 

motif only shares three residues with the hedgehog equivalent motif, and only two with serine 

pro teases. 

1.1.3 BIL domains 

Bacterial intein-like domains are located in 50 different proteins from both Gram-positive and 

-negative bacteria, including pathogens (Amitai et al., 2003). They differ from inteins as they 

tend to be located in variable sequence regions, rather than highly conserved sites in essential 

proteins, and do not contain endonuclease domains. They differ from Hh proteins as they are 

located in bacteria as opposed to eukaryotes, and are flanked by protein domains that differ 

from those flanking Hh proteins (Amitai et al., 2003). They are usually flanked by coding 

sequences for function unknown proteins whose sequences are suggestive of secreted 

proteins. BILs range in size from 130 - 160 amino acids, consisting of the characteristic 

HINT domain motifs as well as BIL-specific motifs (Amitai et al., 2003; Tanaka Hallet al., 

1997; Koonin, 1995) (Figure 1.2). There are two types ofBILs, an A-type and a B-type. The 

A-type BILs share the histidine-asparagine dipeptide typical of the C-tenninus of an intein, 

but lack the conserved residue, typically cysteine, serine or threonine, immediately following. 

A-type BILs possess a unique motif positioned between their N4 and F motif equivalents; this 

motif includes a highly conserved valine. The B-type BILs lack the histidine-asparagine 

dipeptide but possess a conserved cysteine, serine or threonine located at the C-tenninus of 

the BIL (Amitai et al., 2003). B-type BILs contain two unique motifs positioned between the 

N2 and motifB equivalents. The first of the unique motif includes a highly conserved a 

tryptophan and is separated from the second unique motif by 7 to 12 residues, the second 

unique motif contains a conserved proline, valine and glycine (Amitai et al., 2003). The A

type BILs appear capable of both protein splicing and cleavage; while the B-type BILs can 

only cleave at one end (Dassa et al., 2004). BIL domain cleavage and splicing has been 

proposed as a post-translational mechanism for creating protein variability for bacterial 
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proteins (Amitai et al., 2003; Dassa eta!., 2004). Considering BILs are often fused to 

secretory proteins, BIL splicing and cleavage could produce different variants of secreted 

proteins, which could be advantageous to a parasitic organism evading an immune system. 

1.2 Evolution of Inteins and their domains 

1.2.1 Theories on the origin of inteins and endonuclease domains 

The only hypothesis of intein evolution proposes inteins evolved from the fusion of two 

protein domains that cleaved theN- and C-termini of their original host proteins to activate 

them (Liu, 2000). Liu (2000) goes on to also suggest a fortuitous functional coupling of the 

N-and C- terminal cleavages led to a splicing capable mini-intein. 

Most inteins are bi-functional and contain both a protein splicing activity and a homing 

endonuclease activity; the motifs for protein splicing are located at theN- and C-termini of 

the intein and the endonuclease motifs in the centre. The splicing motifs allow the intein to 

splice out of the host protein and religate the exteins, while the functionally distinct 

endonuclease domain recognises a specific endonuclease recognition site in an empty allele 

(i.e. DNA for the host gene without the intein gene in it) and catalyses a double stranded 

break in that DNA. The host DNA repair mechanism subsequently repairs the DNA using the 

other allele (which contains the intein gene) as a template, thus the intein is introduced into a 

new site. The predominant theories of the evolution ofbi-functional inteins are that either an 

endonuclease invaded an existing intein or that an endonuclease domain evolved splicing 

function. The fact that the splicing and endonuclease domains remain so distinct both in 

sequence and structure implies that the endonuclease invaded a pre-existing self-splicing 

protein (Dalgaard eta!., 1997a; Derbyshire eta!., 1997; Derbyshire and Belfort, 1998; Paulus, 

2000). Artificially created mini- and full-length inteins demonstrate that the splicing and 

endonuclease domains are encoded by distinctly separate sequences; which is confirmed by 

the splicing capability ofmini-inteins (Chong and Xu, 1997; Derbyshire eta!., 1997; Telenti 

eta!., 1997; Wu eta!., 1998a; Wu eta!., 1998b; this thesis). Comparing the available 

structures of full-length and mini-inteins also suggests the functional independence ofthe 

domains; the endonuclease domain is tethered to the splicing motifs at a position that is a 

disordered loop in mini-intein structures (Figure 1.3) (Ichiyanagi eta!., 2000; Klabunde eta!., 

1998; Poland eta!., 2000; Werner eta!., 2002). 
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lZDE from Sun et al. (2005). Cartoons made in PyMOL 0.99 (DeLano, 2002). 
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The hypothesis that an endonuclease invaded an existing intein is supported by the following 

observations. Endonuclease invasion of an essential gene would be lethal, as it would disrupt 

production of viable protein from that essential gene, thus eliminating both the host and the 

endonuclease before splicing ability could evolve. Invasion of an endonuclease gene into a 

functional intein gene, already present in an essential host gene, provides the endonuclease 

with a non-deleterious position and provides the intein coding sequence with mobility and 

replication (Derbyshire and Belfort, 1998). Following the initial insertion event, the intein 

coding sequence can invade novel positions in the genome via the endonuclease activity. 

Flexibility of the endonuclease for its recognition sequence allows integration into sites that 

differ by only several base pairs, further explaining intein prevalence in highly conserved 

genes. This enables lateral transfer to genomes without the exact recognition sequence, 

however sequence recognition is still specific enough that the endonuclease does not damage 

the host by excessive DNA cleavage (Chevalier and Stoddard, 2001; Shen eta!., 2004; 

Stoddard, 2005). After an intein has entered all possible positions in the genome and all 

possible genomes in a population (perhaps utilising horizontal transfer) there is no longer 

selection pressure to maintain the endonuclease domain, and thus the endonuclease domain 

can gain deleterious mutations or be lost (Liu, 2000; Senejani eta!., 2001). The counter 

argument to endonuclease invasion of an existing intein is that endonuclease domains evolved 

splicing ability in non-essential proteins (Derbyshire eta!., 1997). These then spread to other 

positions including some essential genes, and then were removed from all but essential genes 

as these were more difficult to excise the intein from. This theory does not adequately explain 

the separation of the endonuclease and splicing domains of inteins in sequence, structure, and 

function. Current evidence favours the hypothesis that an early intein was invaded by an 

endonuclease. 

1.2.2 Common ancestor with hedgehogs 

Homology between hedgehog proteins and inteins suggests a common ancestor, although the 

high sequence disparity implies ancient divergence between the two (Dalgaard eta!., 1997b ). 

It has been suggested that inteins were present in the last common ancestor of bacteria, 

archaea and eukaryotes (Pietrokovski, 2001) as inteins are found in organisms from all three 

biological kingdoms, however there are other evolutionary mechanisms that may have 

enabled inteins to reach some of these organisms since the ancestral divergence (Derbyshire et 
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al., 1997). For example Pietrokovski (1998) describes viruses as 'dispersion vehicles' for 

intein propagation, making horizontal transfer possible between distantly related organisms. 

There are three RIR1 inteins in insect iridescent viruses (CIV RIR1, CZIV RIR1 and 

WIV RIR1) and one in a cyanobacterium (Cwa RIR1) (Perler, 2002), this pattern of 

acquisition could be due to horizontal transfer. Additionally, the codon bias and GC content 

of the gyrA inteins differs significantly from the exteins, suggesting that that gyrA inteins are 

not only of foreign origin but that their acquisition was relatively recent (Fsihi et al., 1996). 

Perler et al. (1997) performed a phylogenetic analysis on inteins finding that other than intein 

alleles (inteins in different organisms with the same sequence inserted in the same position of 

the same protein) there was no pattern to the clustering of inteins by phylogenetic domain, 

organism classification, genus, species or location in exteins. These observations argue 

against the presence in a common ancestor, implying horizontal transfer is more likely. 

Dalgaard et al. (1997b) suggest the hedgehog family may have originated from an intein that 

lost the ability to catalyse the second half of the splicing reaction but acquired cholesterol 

binding ability. This is supported by the observation that the first two steps of both intein 

splicing and hedgehog cleavage are a nucleophilic attack leading to an acyl rearrangement, 

followed by a trans esterification. Furthermore, comparisons of intein and hedgehog structures 

(Klabunde et al., 1998; Tanaka Hallet al., 1997; Sun et al., 2005) reveals a similar overall 

fold providing additional support for a common ancestry of the two sub-families. 

1.2.3 Bias in intein placement 

Many inteins are found in nucleotide metabolism genes such as gyrases and helicases, many 

of which are highly conserved across organisms and essential to the host organism. There are 

three main theories for the bias towards nucleotide metabolism genes. The first is that the 

proteins encoded by such genes are found in viruses and phage that aid in the propagation of 

inteins (Pietrokovski, 1998). The second is that these genes are switched on at times of DNA 

replication and repair, and thus the intein is expressed at a time most advantageous to the 

homing function of the endonuclease (Pietrokovski, 2001 ). Thirdly, expression of an intein at 

this period in the cell cycle reduces risk to the cell as any errant activity of the homing 

endonuclease domain can be repaired efficiently (Liu, 2000; Pietrokovski, 2001). Davis et al. 

(1994) found that Mycobacterium tuberculosis and Mycobacterium leprae both have inteins in 

their RecA proteins but the inteins are different sizes and are in different locations. The 

authors suggest these intein coding sequences were acquired independently by the two 
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Mycobacteria which implies there has been selection pressure to harbour inteins. 

Alternatively, it has been suggested that the prevalence of intein genes in essential host genes 

could be attributed to a selective advantage provided to the host by the intein, for example 

intein splicing could provide an additional level of regulation for the host protein by only 

splicing under a limited range of conditions (i.e. within a specific pH or temperature range) 

(Derbyshire and Belfort, 1998; Pietrokovski, 2001) although there is no direct evidence for 

this. Another hypothesis is that intein genes predominate in essential genes because precise 

deletion of the intein is required for their removal, or else the host protein produced is non

functional and the host organism dies. Intein genes in non-essential genes are more likely to 

be removed since imprecise deletion may not have such stringent ramifications; hence far 

fewer intein genes are found in non-essential genes (Colston and Davis, 1994; Pietrokovski, 

2001). 

1.3 Intein Motifs 

Inteins from different host proteins and organisms are very diverse in sequence; however they 

share common motifs important to both the splicing and endonuclease activities. There are 

eight short motifs, conserved to varying degrees across inteins which are denoted A - H 

(Perler et al., 1997; Perler, 2002) (Figure 1.2, Table 1.1 ). Pietrokovski (1998) suggests two 

more motifs N2 and N4 found in theN-terminal splicing domain, as well as naming the motifs 

using different nomenclature (in brackets in following sentences). Motifs A (N1), B (N3), F 

(C2) G (C1) as well as N2 and N4 are splicing motifs. Motifs A and G are found at splice 

junctions and are highly conserved, while motifs B and F are more centrally positioned and 

are less conserved. MotifN2 is found between motifs A and Band is poorly conserved and 

motifN4 is located after motifB and is not present in all inteins (Pietrokovski, 1998). As 

motifN2 is poorly conserved, and motifN4 is not present in all inteins they will not be 

discussed further. Motifs C (EN1), D (EN2), E (EN3) and H (EN4) are endonuclease motifs 

and are located in the middle of the intein sequence. 

1.3.1 Splicing Motifs 

TheN-terminal motifs A and B, and C-terminal motifs F and G are present in all inteins and 

are crucial for protein splicing. An integral part of motif A is the first residue of the intein 
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Table 1.1 
Alignment ofintein splicing motifs. The alignment is of the intein splicing motifs (A, B, F and G) defined by InBase (Perler, 2002). One intein from each of the host protein 
insertion sites is aligned. An asterix (*) indicates a gap to better align motifs, I indicates the extein/intein (N junction and motif A) and intein/extein (motif G and C junction) 
boundaries. Numbers indicate the residue number of the last residue of that motif, Nand C next to these numbers identify in split inteins that the motif is located in theN- or C-
terminal component of the intein, respectively. 

Intein name N junction Motif A MotifB MotifF MotifG C junction 

Msm DnaB-1 IIAARPGVGK/A ALALDTPLPTPSG 13 GTAIVADAQHQWPT 69 PVRCVEV*DNPEHLYL 129 GMVPTHN/S 140 HN/STLGLDFMRS 
Dra RF18410 Snf2 (t) ILADDMGLGK/A AQPLDAKVLTPLG 13 GASVEADAEHLWNV N68 PAQCIAV*DAPDHLYV C148 GYIVTHN/T C158 HN/TLQTLAHLLK 
Ssp DnaE (t) FDQMVKFAEY/C CLSFGTEILTVEY N13 GSVIRATSDHRFLT N76 RIFDIGL**PQDHNFL C27 NGAIAAN/C C37 AN/CFNKSHSTAY 
Gvi RIRl-1 TSKKITTGNK/C CFAAGTLLHTEQG 13 GYSVEVTANHKMAR 69 RVYDIEV**EGMHLLS 405 NGIYTSN/S 414 SN/SRRGAFMFSM 
Pab CDC21-2 SGKSSSAAGL/C CVAPETLIITENG 13 GKQITVTPETKLLT 92 HVYDLTV**EGSHSFI 260 NGFVVHN/T 269 HN/TAAVVRDEFT 
Pho RadA EVFGEFGSGK/C CFARDTEVYYEND 13 GYSLKVTPSHPVLL 97 WVYDLVI**PETHNFI 163 NGLVLHN/T 173 HN/TQLAHTLAVM 
Dra RIRl ERYEIRSTNP/C CVTADTWVSTAFG 13 GYELRLTGNHQLLK 69 AVYDVTV**EQVHAFD 308 NGVLAHN/C 367 HN/CGEIPLTVGE 
Spl Dnax CRYKVYVIDE/C CLTGDALILSDRG 13 QTEIKCTGNHLIRT 66 HVYDIEV**EHNHNFV 128 NGLLVHN/C 137 HN/CHMLSTAAFN 
Pab RFC-2 FSSNVRFILS/C CVTGDTKVYTPDE 13 GRIIEATGDHMFLT 78 DVYDVTC**ARDHSFI 600 NGLVSHN/C 609 HN/CNYSSKIIEP 
Mka RteB SPGGVGYDIN/C CLAPGTKILTEHG 13 GLTIEGSEDHPVLT 80 RFYDIGV*CHGAHNFI 474 DGVVVHN/C 483 HN/CGVRVMKTDL 
Mja rPol A' YRTFRHNLCV/C CVDGDTTVLLDGK 13 GREIIATEDHPFYT 78 YVYDITT*ISETHNFI 444 NGFLTGN/C 453 GN/CPPYNADFDG 
Gob DnaE VKFGGYGFNK/C CVVAGTEVTDAET 13 GKSITATDNHPFRV 77 DTYDLTV**DEDHNFV 438 NGLIVHN/S 447 HN/SHTAAYAQIG 
Ssp DnaB PMMSDLRESG/C CISGDSLISLAST 13 GRTIKATANHRFLT 77 EVFDLTV**PGPHNFV 421 NDIIVHN/S 430 HN/SIEQDADLIM 
Ter DnaE-2 SLGEADLLRR/C CLSGSTKVIDAAT 13 NRKVCATDDHLFYT 81 EVFDLTI**PETHNFI 420 NDFIVHN/C 429 HN/CMGKKKVSEM 
Psy Fha GRKFAMDGPC/C CFAAGTMVSTPDG 13 DESLLVTPGHPFYV 81 KTYNLTV**DVGHTFY 138 LKTWVHN/T 149 HN/TGPCELPEGY 
Mbo ReeA RTRVKVVKNK/C CLAEGTRIFDPVT 13 GAIVWATPDHKVLT 77 RTFDLEV**EELHTLV 432 EGVVVHN/C 441 HN/CSPPFKQAEF 
Tko TopA IAQKLYEKGY/C CLHPDSLIPTPQG 13 RTELYLTADHPVLV 72 KVYDLVV**DQYHNFI 503 NGVVVHN/C 512 HN/CSYPRTSSQK 
Hma CDC21 LLIGDPGTGK/C CVHGDTRVTLADG 13 GRELDVTPSHPLFV 91 WVYDLEI**EGTHNYL 469 NGVVSHN/S 478 HN/SQMLSYIENI - Tko Pol-II PYYHAAKRRN/C CFPGDTRILVQIN 13 GRSFETTVDHPVLV 97 FVFSLNA**KKYHNVI 465 ESIVTHQ/C 475 HQ/CDGDEDAVML w 
Mxe GyrA GNDPPAAMRY/C CITGDALVALPEG 13 GLRVTGTANHPLLC 79 PVYSLRV*DTADHAFI 190 NGFVSHN/T 199 HN/TEAPLTPLAM 
Pfu IF2 AVLGHVDHGK/C CLLPEEKVVLPEI 13 WYSVTVTPEHPFLT 91 YVYDVTT***ETHNFV 379 NGILVHN/T 388 HN/TTLLDRIRKT 
Pab Lon LGDVRHDPFQ/C CFSGEETVVIREN 13 DYWFALTPDHKVYT 98 VTYNLTT***EKGNLL 325 NGLFVKN/S 334 KN/SGGLGTPAHL 
Mja Klba LVAMNTGHDG/A ALAYDEPIYLSDG 13 RREITLTHDHPVYI 101 HIYDLTV**EDNHTYI 157 EGFAVSN/C 169 SN/CSGTLHANSA 
Mja RNR-2 WTVTQTPAES/S SLPYDEKILIFEN 13 GKKVRVTGDHSVFT 101 YVYDISV**EGTENFI 523 GFICLHN/T 534 HN/TAGRFARLDY 
Mja RFC-1 LFSGPPGVGK/C CLTGDTKVIVNGE 13 GRELKVTTYHPLLI 85 TIYDLHV**PRYHNFI 538 LPTILHN/T 549 HN/TTAALCLARD 
Pto VMA AVPGPFGSGK/C CVTGDTPVLLADG 13 GREVKVTPVHKLFR 92 DVYDVTT*PDFGSNFV 323 GAILLHN/T 334 HN/TVIQHQLSKW 
Pfu RIR1-1 VAMIQKMGGG/C CIDGKAKIIFENE 13 GTKILTSPWHPFFV 103 TFYDLTV**ENYQNYL 443 GMIFVHN/T 455 HN/TGLNFSKLRP 
Thy Pol-l RQKAIKILAN/S SLLPEEWIPLVEN 13 GRRITVTEGHSLFA 100 YVYDLSV**EEDENFL 527 GLLYAHN/S 538 HN/SYYGYYGYAR 
Mka RFC WRDNFLELNA/S SVSADTPILVRRG 13 DGTIELTGNHAVMV 89 YVYDVSV**PGNEMFF 295 VPVLLHN/S 306 HN/SDERGIDVIR 
Pho LHR LKRGELRAVV/C CVSGDSKVLTEKG 13 GFEVKCTREHRFLT 71 PVYLDVA**YGIINSE 462 NGFVSKN/S 476 KN/SSTSLELGID 
Ter GyrB YLVEGDSASG/C CFAGNQKVILADG 13 NETIICTPDHLFML 80 DVYDIEV**PHTHNFA 235 SGVFVHN/S 245 HN/SAKQGRDRRF 
Meh ReeA -REKIGVMFG/C CFNYSTRVQLADG 13 RSQFAATPNHLIRT 83 NRFDIEV**EGNHNYF 356 DGVMVHN/S 365 HN/SPETTTGGKA 
Mea MupF NTIWPPNGFN/C CFPAETPVRAAAR 13 GHRLTLTANHPVLT 45 HVYDFET**ETGLIMA 307 GGVIVHN/C 315 HN/CRCRVRPRSE 
Mja Pol-l FEDIISMDFR/C CHPKGTKVVVKGK 13 VNGLKCTPNHKIPL 64 EVYDLTL**EGRPYYF 361 NGILTHN/S 370 HN/SLYPSIIISY 
Fae Ppsl EGAKVHYIEG/C CLPEDELISQGDK 13 GNAFRATSEHPVLS 70 EVYDDIV**YNMEVET 343 KGFAVHN/C 357 HN/CTAPKYNTSS 
Tko Heliease IKVITATPTL/C CMHPDTYVVTKSG 13 TVPVKITPEHMVWV 69 EGDVYNL*EVEGDESY 395 VGFIVHN/S 404 HN/SAGINLPAFR 
Ter RIRl-1 VTIVAGNIRR/C CLPEGALVHTASG 13 DGYFECTPDHKVAV 67 STYDIEV**ASIHEFV 386 QGILVSN/S 395 SN/SAGIRQGSNS 
Cwa PEP AIVTNQGGRT/C CFDGKTKILTNQG 13 DNTLRLTPDHKMVN 81 DVYNITV**AEHHNYV 381 TPVVVCN/C 395 CN/CHAAIIAREM 
Pgu GLT1 IAMGCIMMRK/C CLASDTLVRTTQG 13 LVSFKCTPDHHLEL 73 GEFRAI**EVSGGKFQ 544 NGLQIAN/C 554 AN/CHLNTCPVGI 
Cne PRPB TWEGLFWEKA/C CLQNGTRLLRADG 13 LEDLVCTHNHILSM 69 PTKWSGRVVDKDSLYL 163 DYLVLHN/S 173 HN/SGFEESMKNK 
See VMA SNSDAIIYVG/C CFAKGTNVLMADG 13 LLKFTCNATHELVV 83 YGITLS**DDSDHQFL 445 NQVVVHN/C 455 HN/CGERGNEMAE 
Mbe gp51 WIGAHEGNHD/C CSWTNARAVTRRG 13 EINATITANHRVVG 72 EVWCLRV**PNGRFFI 306 KIHLTGN/S 318 GN/SRARDYLSKN 
CpaThrRS KETFGLKPMN/C CLSEDMRIQTDKG 13 GVSLLVTEDHDMYV 86 GDYQGRVWCVTVPTGL 157 KPVVIGN/C 183 GN/CPGHCILFKS 
APMV Pol FPGSEVIYGD/S SVTGDTPIITRHQ 13 HTGCIDVTEDHSLL 98 YVYDLET**ESGSFHA 342 GEMIVKN/T 352 KN/TDSIFINFHI 
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which is almost always a cysteine or serine residue (Perler, 2002). Of inteins identified to 

date 94 % (287 of the current 306) have a cysteine or serine as their first residue, 17 of the 

remaining 19 non-canonical inteins have an alanine in this position; the Cth Hyp intein from 

Clostridium thermocellum possesses a glutamate, and the Mbe DnaB intein from 

Mycobacterium bethlehem has a proline (Perler, 2002). The residue preceding the intein, 

although not strictly part of a splicing motif, is an important determinant of the splicing 

efficiency. This residue is not strongly conserved across inteins but individual inteins display 

distinct preferences, with changes altering splicing efficiency especially in a foreign protein 

context (Chong et al., 1998; Lew and Paulus, 2002; this study). Motif G at the C-terminus of 

the intein contains a histidine-asparagine dipeptide as the penultimate and ultimate residues of 

the intein. This dipeptide is widely conserved and is important for efficient intein splicing 

(Perler, 2002). The conserved histidine of the dipeptide appears to contribute to the efficiency 

of intein splicing rather than directly facilitating splicing (Chong et al., 1996; Cooper et al., 

1993; Wu et al., 1998b). To date, 63 inteins (20.6% of known inteins) have been 

characterised with native penultimate residues other than histidine (Perler, 2002). 

Mutagenesis of such inteins has indicated substituting the native penultimate residue with a 

histidine increases the efficiency of intein splicing in the majority of cases (Chen et al., 2000; 

Scott et al., 1999; Wang and Liu, 1997). The first residue of the C-extein is a cysteine, serine 

or threonine in all described inteins (Perler, 2002). This residue is essential for splicing as a 

hydroxyl or thiol group on the side chain of the + 1 amino acid plays an important role in the 

proposed splicing mechanism, discussed in detail later in this chapter (Chong et al., 1996; 

Chong and Xu, 1997; Cooper et al., 1993; Lew et al., 1998; Paulus, 2000; Perler, 1998; Wu et 

al., 1998a). 

Motifs B and F are less well characterised than motifs A and G. Motif B is characterised by a 

highly conserved threonine followed three residues later by a highly conserved histidine 

(Table 1.1 ). It has been suggested these two residues assist in the catalysis of splicing (Ding 

et al., 2003; Ghosh et al., 2001; Klabunde et al., 1998; Mizutani et al., 2002; Mizutani et al., 

2004; Poland et al., 2000; Sun et al., 2005). MotifF is characterised by a conserved aspartate 

four residues from theN-terminal end of the motif, and also has a moderately well conserved 

histidine-asparagine-phenylalanine tripeptide near the end of the motif (Table 1.1 ). The 

conserved B motif residues mentioned above were mutated to alanine in the Ssp DnaE intein, 

abolishing splicing (Ghosh et al., 2001). Ding et al. (2003) mutated conserved residues in the 

F motif in Ssp DnaB in combination with mutating the first intein residue to an alanine 
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(C1A). The C1A mutation created an intein with only premature C-terminal cleavage 

activity, and the various F motif mutations decreased the level of premature C-terminal 

cleavage. Altering the conserved aspartate of the F motif to an alanine in combination with 

the C1A substitution only decreased premature C-terminal cleavage efficiency, whereas 

altering the conserved phenylalanine to an alanine (also with the C1A mutation) appeared to 

abolish all cleavage. The differing reports on the effects ofF motif mutants underlines the 

limited knowledge about the importance of this motif, and that more work is required to 

improve understanding of intein splicing. 

Mini-inteins are able to splice as effectively as their full-length counterparts and have been 

demonstrated to require a linker region between their N-and C-terminal splicing elements in 

order to impart sufficient flexibility to enable the splicing elements to align and splice. This 

has been illustrated with both artificial and natural mini-inteins (Chong and Xu, 1997; Telenti 

eta!., 1997). Chong and Xu (1997) deleted the region from just prior to motif C (the first 

endonuclease motif) to just upstream ofmotifF (the first ofthe C-terminal splicing motifs) 

from the full-length See VMA intein. The resulting mini-intein was only able to splice once a 

linker of 14- 19 amino acids was inserted in place of the endonuclease domain. Telenti et al. 

(1997) compared the Mxe GyrA mini-intein to the mycobacterial gyrA full-length inteins, 

observing that the mini-intein has a 24 amino acid linker in place of the endonuclease domain. 

1.3.2 Endonuclease Motifs 

Homing endonucleases allow an intein gene to spread to intein-less alleles by transferring the 

coding sequence (CDS) of the intein to a homologous allele (reviewed in Jurica and Stoddard, 

1999). Homing endonucleases are classified into four families based on conserved motifs. 

The four families are LAGLIDADG, GIY-YIG, His-Cys box and H-N-H. Only members of 

the LAGLIDADG and H-N-H families of endonucleases have been identified in inteins and 

most full-length inteins have LAGLIDADG homing endonucleases (Perler, 2002). 

LAGLIDADG endonucleases have either one copy of the LAGLIDADG motif and act as a 

homodimer recognising palindromic symmetrical target sequences, or have two 

LAGLIDADG motifs and act as a monomer that is not limited to symmetrical recognition 

sites (Stoddard, 2005). Full-length inteins with the LAGLIDADG endonuclease motifhave 

two copies of the motif in their endonuclease domain (Perler, 2002) and thus act as monomers 

in their interactions with DNA. Motifs C and E contain the LAGLIDADG endonuclease 
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motifs -both motif C and E have an active site aspartate or glutamine (Perler, 2002). The H-

N-H homing endonucleases have a ~~a.-metal motif in their active site and recognise long 

asymmetric DNA sites at least 24 bp in length (Stoddard, 2005). Most H-N-H endonucleases 

make a double stranded break in the DNA, although some atypical versions nick a single 

strand of DNA in the target sequence (Shen et al., 2004; Stoddard, 2005). The few inteins 

with H-N-H endonucleases lack motifs C, D, E and Has these are specific to LAGLIDADG 

endonucleases (Perler, 2002). 

The roles that motifs D and H play in inteins are as yet uncharacterised (Duan et al., 1997; He 

et al., 1998), motifD has been suggested to primarily function as a DNA binding motif 

(Guhan and Muniyappa, 2003). Inteins with endonuclease activity also have a small DNA 

binding domain absent from mini-inteins that is assumed to function in endonuclease homing 

(Perler, 1998; Pietrokovski, 2001). The DNA binding domain is located at theN-terminal end 

of the endonuclease domain, bordering the B motif of the splicing domain, and for this reason 

is sometimes considered part of the protein splicing domain of full-length inteins (He et al., 

1998; Hu et al., 2000; Ichiyanagi et al., 2000; Moure et al., 2002) (Figure 1.3). Aside from 

conservation of critical residues there is little overall sequence conservation among the intein 

endonuclease domains, only 8% of the positions are conserved (Dalgaard et al., 1997a). 

1.4 Mechanism of Intein Splicing 

Intein splicing is an autocatalytic process that occurs rapidly and efficiently following 

translation of the nascent polypeptide. Intein splicing requires no co-factors and occurs so 

rapidly that detection of intermediate proteins is only possible for inteins with mutations that 

retard or inhibit splicing (Chong et al., 1996; Paulus, 2000; Xu et al., 1993). 

1.4.1 The four steps of intein splicing 

The intein splicing process involves four steps (Figure 1.4). The first step of splicing is the 

formation of a linear ester intermediate via N-0 or N-S rearrangement of the conserved 

residue at theN-terminus of the intein. Second, a branched ester intermediate is formed by 

nucleophilic attack by the first C-extein residue (canonically a cysteine or a serine) on the 

linear intermediate. The third step is cyclisation of the conserved asparagine residue, the C-
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terminal residue of the intein, generating an excised intein and two exteins joined by either a 

thioester or an oxygen ester. The fourth and final step of splicing is the spontaneous 0-N or 

S-N rearrangement of the bond between the ligated exteins form a peptide bond (Chong eta!., 

1996; Chong and Xu, 1997; Cooper eta!., 1993; Lew eta!., 1998; Paulus, 2000; Xu eta!., 

1993). 

The mechanism of the first step of intein splicing was confirmed by isolating intermediates 

from the DNA polymerase intein of the thermophilic organism Pyrococcus sp. GB-D (Shao et 

al., 1996). This intein was temperature-sensitive, enabling purification as a precursor protein 

at low temperatures and subsequent induction of splicing by raising the temperature. The 

intein was placed in a fusion construct between foreign proteins and investigations were 

performed in vitro. The native intein was analysed in conjunction with a double mutant, 

where the first C-extein residue ( + 1) was altered from serine to alanine, and the first intein 

residue altered from serine to cysteine. The + 1 residue was altered to prevent the intein from 

proceeding to the second step of splicing to enable analysis of the first step. Mutating the first 

intein residue from serine to cysteine was performed because reactions with thioesters are 

more susceptible to attack by nitrogen nucleophiles than oxygen esters, and thus the reactions 

would be easier to detect. The intein variants were exposed to hydroxylamine, ethylene 

diamine or no exogenous amines. Incubations with hydroxylamine or ethylene diamine (both 

nitrogen nucleophiles) resulted in enhanced hydrolysis at theN-terminal splice junction of the 

double mutant; conversely incubations lacking amines resulted in only a very limited level of 

cleavage at the upstream splice site. However, the native intein was unaffected by the 

presence or absence of exogenous amines. To confirm that the acyl rearrangement was 

occurring precisely at the N-extein/inteinjunction, a synthetic peptide was created to imitate 

the end of the N-extein (MIL V A-hydroxamate). The hydroxylamine-induced intein 

cleavage product and the synthetic peptide were treated with cyanogen bromide (which 

cleaves after methionine) and resulting fragments separated via high pressure liquid 

chromatography (HPLC). The fragments were sequenced, the synthetic peptide (I LV A

hydroxamate) matched the sequence of the equivalent intein fragment, demonstrating that 

amine-induced cleavage of the upstream splice junction was occurring precisely at theN

extein/inteinjunction and thus the acyl-rearrangement was occurring there. To demonstrate 

intein splicing in mesophilic organisms, and those with a native + 1 Cys proceeds via the same 

mechanism, Chong eta!. (1996) developed an in vitro protein splicing system with the intein 

from the VMA protein of Saccharomyces cerevisiae (See VMA). Mutants were constructed 
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that slowed splicing sufficiently to visualise intermediates on protein gels, and similar 

methods to those used by Shao et al. (1996) were employed. Chong et al. (1996) found 

evidence for an N-S acyl rearrangement and that it occurred precisely on the N-extein/intein 

junction. Thus the first step of intein splicing is (for the majority of inteins) the 

rearrangement of the first intein residue via an N-0 or N-S acyl shift. 

Mizutani et al. (2002) compared the structures of several See VMA variants to the native 

intein and proposed the following mechanism for the N-0/N-S shift. The N-0 or N-S acyl 

shift is initiated by deprotonation of the first intein residue sulfur or oxygen atom by the 

oxygen atom of the -1 residue (the last N-extein residue). The now nucleophilic sulfur or 

oxygen atom attacks the carbonyl carbon of the -1 residue forming a tetrahedral intermediate 

containing a thiazolidine ring; a saturated five-membered ring with an amine group and 

sulphur or oxygen atoms in positions 1 and 3. The conserved histidine in the B motif 

proto nates the imine nitrogen in the thiazolidine ring, which culminates in cleavage of the 

carbon-nitrogen bond of the backbone, resulting in a thioester or oxygen ester at theN

terminal splice junction. 

The transesterification step resulting in a branched intermediate has been extensively 

scrutinised using the Psp Pol and See VMA inteins. Xu et al. (1993) first showed evidence of 

a branched intermediate, appearing as a slowly migrating band on SDS-P AGE and western 

blots, the band was only present when splicing occurred. The band intensity increased at the 

onset of reactions and decreased as the reaction progressed, highly suggestive of an 

intermediate. Xu et al. (1993) used Edman degradation to sequence theN-terminal of both 

the regular precursor protein and the slow migrating band. They detected one N-terminus of 

expected sequence for the precursor, but for the slow migrating band two N-termini, one 

corresponding to the N-extein and one to theN-terminal of the intein. Detecting two N

termini implies that the protein sequenced is branched. Xu et al. (1993) also demonstrated 

that the ratio of precursor to branched intermediate was pH dependent. In a following study 

Xu et al. (1994) established that the bond between the N-extein and the C-extein in the 

branched intermediate was alkaline sensitive (indicating an ester bond), and that the N-extein 

(as opposed to the intein) was attached to the C-extein by an ester bond in the branched 

intermediate. They also illustrated the intein and C-extein were still joined by a peptide bond. 

Chong et al. (1996), Chong and Xu (1997) and Chen et al. (2000) established that the 

branched intermediate forms in the same manner in thioester inteins (those with a+ 1 Cys as 
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opposed to a+ 1 Ser) and Nichols eta!. (2003) demonstrated the split intein from 

Synechocystis sp. PCC 6803 also employs a branched intermediate in its splicing mechanism. 

Transesterification is carried out via nucleophilic attack by the + 1 (first C-extein residue) thiol 

or hydroxyl. Mizutani eta!. (2002) propose that this side chain has been activated by the 

amino group of the first intein residue that is formed by the breakdown of the thiazolidine ring 

in the previous step. The + 1 residue attacks the thio or oxygen ester carbonyl carbon. A 

tetrahedral intermediate results and is resolved into a thiolate or hydroxyl ion and a branched 

intermediate (Mizutani eta!., 2002). 

The cyclising of the asparagine residue that comprises the third step of intein splicing, 

including the release of the spliced intein, has been well examined. In intein splicing the side 

chain nitrogen of the asparagine performs nucleophilic attack on the carbonyl oxygen, leading 

to cyclisation. Bornstein ( 1970) was the first to establish that cyclisation of asparagine to 

aminosuccinimide occurs in synthetic peptides. For short peptides the residue following the 

asparagine has a large influence on the rate of succinimide ring formation, asparagine-glycine 

being the most favourable, followed by asparagine-serine (a motif found in inteins) 

(Stephenson and Clarke, 1989). Geiger and Clarke (1987) suggested the residue following the 

asparagine plays a role in steric hindrance, with the most rapid succinimide formation in 

peptides with an asparagine followed by a glycine. Stephenson and Clarke (1989) proposed 

that glycine endows flexibility that enables a favourable conformation to allow the 

succinimide to form. With serine, the hydroxyl group acts either to deprotonate the peptide 

bond nitrogen, enhancing its nucleophilicity, or the hydroxyl hydrogen bonds to the 

asparagine side chain to enhance electrophilicity of the carbonyl carbon which increases the 

likelihood of succinimide formation. In typical proteins, however, the structure plays a 

greater role in rate of succinimide formation because an optimal orientation of residues is 

required for rapid succinimide ring formation (Radkiewicz et a!., 2001; Stephenson and Clark, 

1989). Radkiewicz eta!. (2001) also proposed the conformation of the molecule and the 

nature of the residue following the asparagine affect the acidity of the backbone peptide 

nitrogen. Deprotonation of the peptide bond nitrogen has been hypothesised to be necessary 

for the nucleophilic attack that forms the succinimide (Stephenson and Clark, 1989). 

Voorter et al. (1988) were the first to demonstrate that cyclisation of asparagine occurs in 

proteins; they examined the process in vivo using eye lens proteins. Xu eta!. (1994) 
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investigated the asparagine cyclisation of inteins, both in vitro and in vivo. Using cyanogen 

bromide and HPLC to separate the protein fragments, they observed that an aspartate residue 

was at the end of both the spliced intein and a synthetic peptide made to imitate the end of the 

intein. This suggests an asparagine derivative but classical amino acid analysis (acid 

hydrolysis) converts all forms of asparagine including aminosuccinimide to aspartate. Mass 

spectrometry was used to distinguish between asparagine and aminosuccinimide and 

demonstrated that the two peaks from the HPLC, one from the synthetic peptide (ending in 

asparagine) and one from the end of the spliced out intein, differed by only a water molecule. 

A single water is lost on cyclisation of asparagine to aminosuccinimide thus Xu et al. (1994) 

concluded that the spliced intein's C-terminal residue must be an amminosuccinimide. Shao 

et al. (1995) illustrated that succinimide formation accompanied protein splicing using similar 

methodology to Xu et al. (1994). Chong et al. (1996) established that inteins with a+ 1 Cys 

use asparagine cyclisation to splice, and they along with Xu and Perler (1996) demonstrated 

that without the asparagine residue, cyclisation could not occur. 

A conserved histidine from motif F has been suggested to assist the penultimate histidine in 

the catalysis of asparagine cyclisation (Ding et al., 2003; Mizutani et al., 2004). Ding et al. 

(2003) propose the following charge relay system as the mechanism of asparagine cyclisation. 

The imidazole side chain of the F motifhistidine deprotonates a structural water, which 

accepts a proton from the delta nitrogen of the asparagine residue. The resulting tetrahedral 

intermediate is stabilised by hydrogen bonding to the imidazole ring of the penultimate 

histidine and a second structural water. The collapse of this intermediate is facilitated by 

proton transfer from the first structural water to an amide leaving group (where the proton was 

accepted by the water from the F motif histidine). 

Inteins ending in glutamine or aspartate have been proven to be active (Amitai et al., 2004; 

Mills et al., 2004; Pietrokovski, 1998). Like asparagine, both aspartate and glutamine are 

capable of cyclising and thus could use a similar rearrangement to cleave the C-terminal 

junction peptide bond (Amitai et al., 2004). It has also been suggested that the C-terminal 

scissile bond is made vulnerable by an oxygen nucleophile (such as aspartate) and thus is 

poised for cleavage (Perler, 2005). 

The last step of splicing, the rearrangement of the ester bond linking theN- and C-exteins into 

a peptide bond, was analysed using synthetic depsipeptides (compounds consisting of chains 
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of amino acids alternating with carboxylic acids via ester and amide linkages) that imitate the 

putative intermediate (Shao and Paulus, 1997). The depsipeptides were synthesised with ester 

bonds and their conversion into peptide bonds were observed as changes in retention time on 

HPLC. Mass spectrometry established that the new peak had the same mass as the 

depsipeptides, confirming an intramolecular rearrangement of bonds. Shao and Paulus (1997) 

demonstrated that 0-N and S-N rearrangements are both rapid compared to the entire protein 

splicing reaction, with S-N rearrangement proceeding faster than 0-N. 

Catalysis of the last step of splicing has been proposed based on insights gained from an 

See VMA variant capable of splicing. Mizutani eta!. (2004) proposed the following 

mechanism for the 0-N or S-N shift. The 0-N/S-N shift is initiated via nucleophilic attack by 

the + 1 residue (the first residue of the C-extein) on the -1 residue (the last residue of the N

extein) carbon. A tetrahedral intermediate with a thiazolidine ring is formed. The -1 residue 

oxyanion is stabilised by the nitrogen atom of the first intein residue. The intermediate is 

resolved resulting in the intein first residue thiolate or hydroxylate (depending on whether the 

first residue is a cysteine or a serine) and peptide bond formation between the -1 residue and 

the + 1 residue. 

A subset of inteins have alanine, glutamate, or proline as their first residue. As these residues 

are not suitable nucleophiles, the first step of intein splicing must occur in an unconventional 

manner. For example in inteins with an alanine as the first residue (Ala1 inteins) the +1 

residue may directly attack the amide bond at theN-terminal splice junction to produce the 

normal branched intermediate (Southworth eta!., 2000). This has been inferred from 

experiments with Ala1 inteins where no intermediates of the first step of splicing were 

observed. The + 1 residue definitely has a function in the first step of splicing, as mutating the 

first C-extein residue from cysteine to either a serine or alanine in the Mja KlbA Ala1 intein 

abolished all splicing (Southworth eta!., 2000). It has been suggested that the Ala1 inteins 

undergo a global conformational shift to allow direct attack on theN-terminal scissile bond by 

the+ 1 residue (Perler, 2005). Or it may be that the Ala1 inteins have evolved a different fold 

to compensate for the absence of a nucleophilic first residue. Another theory is that other 

Ala1 intein residues function to make theN-terminal scissile bond more electrophilic than in 

standard inteins, thus promoting cleavage of the peptide bond by the + 1 residue via a 

mechanism similar to that used by serine proteases (Perler, 2005), described below. 
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Serine proteases all have a critical serine residue close to a histidine and an acidic residue in 

their active site. After the polypeptide substrate is bound, the serine proton is transferred to 

the histidine imidazole ring facilitated by the nearby acidic residue (an aspartate in the case of 

the serine protease chymotrypsin). The activated serine is a strong nucleophile and can attack 

the carbonyl of the substrate; this forms a tetrahedral transition state. The amino group acts as 

a leaving group, cleavage of the peptide bond occurs yielding an acyl enzyme intermediate 

where theN-terminal part of the substrate is left bound to the enzyme, the C-terminal portion 

takes the proton (originally from the serine) from the histidine and forms a new amino group 

on its N-terminus. The C-terminal peptide is displaced from the active site serine by water, 

which transfers a proton to the histidine and then binds to the acyl-intermediate forming 

another tetrahedral state. The proton is then transferred from the histidine back to the serine 

and theN-terminal peptide is released (Figure 1.5). 

1.4.2 Trans-splicing inteins 

Although the majority of inteins are cis-splicing (i.e. the intein is flanked on either side by its 

host protein) inteins can also splice in trans. In these cases the intein is split into Nand C

terminal precursor domains each with an extein domain, the intein domains interact with each 

other and splice, ligating the split host protein. The first naturally split intein was discovered 

in 1998 in the DnaE protein of Synechocystis sp. PCC 6803 (Wu et al., 1998a). The halves of 

the intein gene (and the DnaE gene) are on opposite DNA strands and are separated by 

745 kbp of sequence, thus the transcripts are clearly distinct and yet the intein splices to 

produce a functional DnaE protein (Evans et al., 2000; Martinet al., 2001; Wu et al., 1998a). 

Ghosh et al. (2001) demonstrated that association of the two intein halves was functionally 

distinct from intein splicing, and that amino acids 6 to 12 of the C-terminal half of the intein 

were found to be essential for association, whereas the C-terminal23 residues of theN

terminal half of the intein were not required for either association or splicing. Ghosh et al. 

(200 1) proposed that this section is the equivalent to the flexible linker domain found between 

Band F motifs in cis-splicing mini-inteins. Mutation of key splicing residues, such as the 

conserved threonine and histidine from the B motif did not influence association of the two 

intein halves, but did abolish splicing (Ghosh et al., 2001). 

Artificially split inteins have also been engineered and analysed in vitro. When both 

components are expressed together, the two halves of the split Mtu RecA intein are capable of 

functional folding and splicing (Shingledecker et al., 1998). However, when expressed in 

23 



a 
Ser195 Gly193 

r-r--N-
H. .H 

.... ·<} 
II 

R-C-NHR' 

0 )' 
~H 

N) 
I) 

N 

r 
0-

Figure 1.5 

b 
tetrahedral 

intermediate 

e 

Serine protease mechanism. Figure adapted from Hedstrom (2002). 

24 

c 
acyl enzyme 

d 
tetrahedral 

intermediate 



Chapter One - Introduction 

isolation most artificially split intein halves aggregate and require refolding treatment to 

enable splicing once combined, including the Mtu RecA intein (Mills et al., 1998). The 

See VMA intein was discovered to be capable of splicing when artificially split but had to be 

assisted by addition of association domains to bring the intein halves into close proximity 

(Mootz and Muir, 2002). The Ssp DnaB intein was also capable of splicing when artificially 

split (Wu et al., 1998b). The halves of the artificially split Ssp DnaB intein have recently 

been reported to spontaneously assemble into an active intein without dimerisation domains, 

thus the Ssp DnaB intein is the only artificially split intein able to be purified separately that 

can associate and splice without refolding or association domains (Brenzel et al., 2006). 

1.4.3 The environment and intein splicing 

Environmental conditions have been demonstrated to affect intein splicing. Chong et al. 

( 1998) established that a subset of See VMA intein mutants splice optimally in different pH 

environments, lower pH (~pH 6) favoured N-terminal cleavage whereas a pH of 8 favoured 

C-terminal cleavage. They also discovered that the most rapid splicing occurred at pH 6, 

although this does not necessarily reflect the pH preferences of the wild type See VMA intein 

(Chong et al., 1998). Adjusting the pH alters the point of equilibrium for splicing reactions, 

as acid pH favours the ester form of threonines, serines and cysteines (Paulus, 1998). This 

suggests that the reason low pH enhances N-terminal cleavage is that the acyl rearrangement 

leading to the linear ester intermediate occurs more readily at low pH, leaving a vulnerable 

bond. If the subsequent steps in protein splicing are not optimal at low pH the bond is more 

likely to be cleaved, as the shifted equilibrium make reversal back to a peptide bond less 

likely. Alternatively the pH could alter the protonation potential of residues, such as the 

conserved B motif histidine, important in the first step of splicing. While asparagine 

cyclisation, the key reaction in C-terminal cleavage, can proceed at extremes of pH, the rate at 

neutral pH is slow and depends more on the conformation of the peptide bond between the 

asparagine and the + 1 residue. Since the peptide bond is affected both by the penultimate 

histidine and conserved residues in the F motif, the effect of pH on C-terminal cleavage could 

be indirect, via the effect on the catalytic residues that activate the cyclisation. 

Temperature has an established influence on intein splicing. The See VMA intein is able to 

splice efficiently in a range of 15- 37 °C, whereas the See VMA endonuclease deletion 

mutants could only splice at temperatures below 30 oc (Chong eta!., 1998). See VMA 

mutants with an altered -1 residue spliced more efficiently at 16 °C and 23 °C than 4 °C. 
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Telenti eta!. (1997) have also presented evidence of temperature dependence ofintein 

splicing, finding that increasing the number of native extein residues flanking the intein raised 

the temperature at which the intein continued to splice. The inteins employed in the Telenti et 

a!. (1997) study were Mxe GyrA and Mtu RecA, both of which did not splice at 37 °C in 

foreign protein context without native extein residues. The Mth RIR1 intein was also found 

to splice more efficiently at lower temperatures, splicing more efficiently at 15 °C than 37 °C 

(Evans eta!., 1999a). In general, those inteins that spliced more efficiently at temperatures 

below 37 °C spliced most efficiently between 16 °C and 23 °C. Temperature affects the 

overall stability of a protein, and at high temperatures proteins may denature. If temperature 

sensitive mutants have reduced stability they may not fold properly, or could begin to unfold 

at 37 °C leading to an inability to splice. Conversely, Xu and Perler (1996) created an intein 

that could not splice at 30 °C but spliced efficiently at 42 °C. It is possible this variant may 

have structural determinants that require higher activation energy. 

Relatively recently a zinc atom was observed bound to the + 1 residue in the active site of an 

See VMA structure, where the zinc atom appeared to be playing a structural role in the intein 

(Poland eta!., 2000). However in 2001 two groups published results establishing that zinc 

inhibits intein splicing (Ghosh eta!., 2001; Mills and Paulus, 2001). Ghosh eta!. (2001) used 

the split intein Ssp DnaE to demonstrate that zinc levels as low as 1 11M had an inhibitory 

effect, and that a high degree of inhibition was achieved with 100 11M zinc. They also tested 

divalent metal ions Mg2
+ and Ca2

+, but these had no effect on splicing (Ghosh eta!., 2001). 

Mills and Paulus (200 1) used both the Ssp DnaE intein and an artificial mini Mth RecA intein, 

finding that zinc inhibited intein splicing to a large extent in both inteins. These inteins were 

tested with other transition metal ions and it was found that Cd2
+ inhibited intein splicing to a 

similar extent as zinc, and that Co2
+ and Ni2

+ also had some inhibitory effect, though less than 

that observed with cadmium and zinc (Mills and Paulus, 2001). Both studies found that 

adding the metal ion chelator EDTA completely reversed the inhibitory effect (Ghosh eta!., 

2001; Mills and Paulus, 2001). Ghosh eta!. (2001) hypothesised the zinc ion was interacting 

with the first residue of the C-terminal extein, inhibiting the transesterification reaction based 

on the interactions of the + 1 cysteine and the zinc ion in the structure (Poland eta!., 2000). 

Ghosh eta!. (2001) suggested chelating the zinc neutralises the nucleophilicity ofthe +1 

cysteine rendering it unable to drive the formation of the branched intermediate. 

26 



Chapter One - Introduction 

1.5 Structure of inteins 

The structures of six inteins in 13 models have been solved to date. The structure of the 

See VMA intein from Saccharomyces cerevisiae has been solved both as a full-length intein 

encompassing the endonuclease domain (Duan et al., 1997) and as an artificial mini intein 

(Werner et al., 2002). Poland et al. (2000) and Mitzutani et al. (2002) both have solved 

structures of non-splicing variants of See VMA intein with extein residues at both N and C

terminal splice junctions in an attempt to increase understanding of the excision mechanism. 

The structure for the full-length archaeal Pfu RIR1-1 intein from Pyrococcus furiosus has 

been solved (Ichiyanagi et al., 2000) as have the structures for the mini inteins Mxe GyrA 

from Mycobacterium xenopi (Klabunde et al., 1998) and Ssp DnaB from Synechocystis sp. 

PCC 6803 (Ding et al., 2003). Sun et al. (2005) solved the structure of Ssp DnaE; the split 

intein from Synechocystis sp. PCC 6803, in both a spliced form and a splicing deficient 

mutant, the intein was artificially modified to a cis-splicing intein to enable crystallisation. 

The full-length Tko Polii intein from Thermococcus kodakaraensis strain KOD1 has also 

been recently solved (Matsumura et al., 2006). 

Taken together the structures have illustrated how the conserved residues at theN- and C

termini of an intein come together via a ~-fold to facilitate splicing (Figure 1.6). The splicing 

domains of inteins consist mainly of ~-sheets that align to produce a horseshoe shape, with the 

catalytic residues on the ends of two adjacent antiparallel ~-sheets near the centre of the 

horseshoe (Klabunde et al., 1998; Mitzutani et al., 2002). Poland et al. (2000) observed a 

zinc ion co-ordinated at the C-terminus of the See VMA intein and Sun et al. (2005) reported 

that Ssp DnaE crystals grown without zinc diffracted poorly. When present zinc ions are 

coordinated uniquely in the various intein structures. Comparing the PI-Scel (See VMA) 

intein structure with that of the Ssp DnaE pre-intein (the splicing deficient mutant) 

demonstrated the position and co-ordination of the zinc was different and the only common 

residue involved was the first C-extein residue (Sun et al., 2005). In the PI-Scel structure, the 

penultimate histidine helped co-ordinate the zinc; Ssp DnaE does not natively have a histidine 

at this position, furthermore changing the native alanine to a histidine does not alter splicing 

efficiency or alleviate zinc inhibition (Ghosh et al., 2001). Poland et al. (2000) suggested that 

a hydrophobic face behind the C-terminal asparagine (on the side distal from theN-terminus) 

aids in the cyclisation of the asparagine based on their See VMA structure. Mutating a 

27 



r 

... 

( 

z 

L, 

,. 

Hedgehog (PDB ID 1ATO) 

Ssp DnaB (PDB ID 1 MIS) 

Ssp DnaE (PDB ID 1ZDE) 

Figure 1.6 

DNA binding 
domain 

endonuclease 
domain 

protein splicing 
domain 

See VMA (PDB ID 1 EFO) 

Mxe GyrA (PDB ID 1AM2) 

Comparison between a hedgehog domain and intein structures . Alpha helicies are in red, beta sheets in yellow. 
Blue indicates the first residue of the intein/Hh and cyan the last residue, dark red indicates + 1 residue. 1ATO 
from Tanaka Hall et al. (1997); lEFO from Poland et al. (2000); 1MI8 from Ding et al. (2003); 1AM2 from 
Klabunde et al. (1998); lZDE from Sun et al. (2005) . Cartoons created in PyMOL 0.99 (DeLano, 2002). 

28 



Chapter One - Introduction 

number of the equivalent residues of See VMA in the Ssp DnaE intein resulted in abolished 

splicing (Ghosh et al., 2001). 

1.6 Cne PRP8, the intein from Cryptococcus neoformans 

Cne PRP8 was discovered in 2001 by bioinformatic search using the sequence of the 

Ctr VMA intein from Candida tropicalis as the query sequence (Butler et al., 2001). The 

intein gene encodes a mini intein and is 516 bp long (encoding 172 amino acids). According 

to convention the intein was named Cne PRP8, after both the organism (Cryptococcus 

neoformans) and the gene (Prp8) in which the intein coding sequence was found. The intein 

was implicated as able to splice (Pearl, 2002) and has recently been shown to be capable of 

self excision (Liu and Yang, 2004). Cne PRP8 is especially interesting as the Prp8 protein is 

essential to C. neoformans which is a human pathogen. Thus Cne PRP8 is a potential drug 

target for treatment of cryptococcosis, discussed in greater detail later in this chapter. 

1.6.1 The host protein, Prp8 

The Cne PRP8 coding sequence is located within the Prp8 gene, which encodes an essential 

component of the spliceosome. The spliceosome, a ribonucleoprotein complex consisting of 

approximately 50 components, is responsible for mRNA processing across eukarya and thus 

is believed to be essential to C. neoformans (Hastings and Krainer, 2001; Will and Luhrmann, 

1997). The spliceosome catalyses a two-step transesterification reaction required to remove 

introns and ligate exons (Shomron et al., 2002). Several of the proteins that make up the 

spliceosome have zinc finger domains and require zinc for activity. Chelating zinc inhibits the 

second step of intron splicing; while supplementing zinc in nuclear extracts results in 

restoration of intron splicing (Shomron et al., 2002). The Prp8 protein is a large and highly 

conserved component of the US small nuclear ribonucleoprotein (snRNP). In fact the Prp8 

protein is one of the most highly conserved parts of the spliceosome, there is 86 % identity 

between Caenorhabditis elegans and Homo sapiens Prp8 proteins, and 62 % identity between 

Saccharomyces cerevisiae and Homo sapiens Prp8 (Siatecka et al., 1999). 

The Prp8 protein is a fundamental component of the catalytic centre of the spliceosome, as 

shown by interactions with both the 5' and 3' splice sites during intron splicing (Kuhn et al., 

2002; Siatecka et al., 1999; Teigelkamp et al., 1995a; 1995b ). Prp8 has been implicated in 
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recognition of the 5' splice site and its proper positioning in the spliceosome prior to intron 

splicing (Siatecka eta!., 1999). Prp8 also remains in contact with the spliced intron after 

intron splicing has completed (Teigelkamp eta!., 1995b ). Proteins that associate with Prp8 

appear to contact it at theN- and C-termini but RNA is observed contacting Prp8 in the 

central region (Turner et a!., 2006) (Figure 1. 7). The segments of Prp8 that contact the 

5' splice site and the branch point also contact the US and U6 snRNAs that are part of the 

snRNPs involved in intron splicing (Turner eta!., 2006). 

Bioinformatic analysis has identified three functional domains in Prp8: a nuclear localisation 

signal (NLS), an RNA recognition motif(RRM) and an Mpr-1, Pad-1, N-terminal (MPN) 

domain (Grainger and Beggs, 2005) (Figure 1.7). The NLS is located within 500 amino acids 

of theN-terminus ofPrp8 in all organisms and contains two clusters of positively charged 

residues separated by a variable region of 10- 15 amino acids (Grainger and Beggs, 2005). 

The MPN domain in Prp8 is located at the C-terminus and its function in intron splicing is 

unknown. Most MPN domains are involved in zinc ion co-ordination and contain a conserved 

glutamate and a JAMM motifH-x-H-x[7]-S-x-x-D. In Prp8 proteins, the glutamate is 

substituted by a glutamine and the JAMM motif consensus is H-x-Q-x[7]-S-x-x-D. Thus the 

MPN domain in Prp8 has only three of the conserved 5 residues typical of MPN domains and 

may be incapable of zinc binding (Grainger and Beggs, 2005). Furthermore the Prp8 MPN 

domain does not contain the features typical of protein-binding RRM motifs either (Turner et 

a!., 2006). The RRM is present in all Prp8 proteins studied and has been hypothesised as the 

binding site of the pre-mRNA or the US or U6 snRNAs (Grainger and Beggs, 2005). The 

RRM of Prp8 proteins contains a conserved lysine-aspartate-methionine amino acid motif that 

is not a component of RRM motifs of other proteins, it is located in a loop region connecting 

two beta sheets, and is a region with an important function in RNA specificity (Grainger and 

Beggs, 2005). 

The Prp8 inteins, including Cne PRP8, are located at a conserved position in Prp8 called the 

3' splice site fidelity region 3.2 (Figure 1. 7). Region 3.2 is the C-terminal component of the 

fidelity region and is more highly conserved than region 3.1 (theN-terminal component of the 

fidelity region) (Grainger and Beggs, 2005). There is 55 - 87% identity in the 3.2 region 

across 113 amino acids between Saccharomyces cerevisiae and Homo sapiens (Siatecka eta!., 

1999). This region was discovered because mutations in this part ofPrp8 suppressed intron 

splicing defects (Umen and Guthrie, 1996). 
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1.6.2 The host organism, Cryptococcus neoformans 

Cryptococcus neoformans is an encapsulated basidiomycete fungus (fungi bearing sexually 

produced spores on basidium) (Figure 1.8 A). It is virtually ubiquitous in the environment, 

the major reservoirs being soil contaminated with pigeon droppings, Eucalyptus trees and 

decaying wood. The genus Cryptococcus includes about 37 species of which only 

C. neoformans is pathogenic. Cryptococcus neoformans also differs from others of the genus 

as it is the only member able to grow at 37 °C, although it cannot grow at 40 °C. 

Cryptococcus neoformans itself can be divided into 2 subspecies, C. neoformans var. 

neoformans and C. neoformans var. gatti (reviewed in Sorrell, 2001). The varieties differ in 

ecology, with C. neoformans var. neoformans found predominantly in soil and avian faeces 

and var. gatti found predominantly in Eucalyptus trees. The only known biochemical 

differences are that Cryptococcus neoformans var. neoformans is susceptible to canavanine (a 

legume-derived non-protein amino acid structurally similar to arginine, that can disrupt 

protein function if incorporated) and has feedback inhibition of creatine deaminase; var. gatti 

exhibits neither of these traits (reviewed in Mitchell and Perfect, 1995). Cryptococcus 

neoformans var. neoformans comprises serotypes A, D and AD, whereas C. neoformans var. 

gatti is comprised of serotypes B and C. The serotypes within each variety are defined by a 

characteristic set of antigens. 

There is increasing evidence that C. neoformans var. gatti should be classified as a separate 

species to C. neoformans var. neoformans based on genetic and biochemical differences. The 

two subspecies of C. neoformans differ in phenotype, natural habitat, epidemiology, clinical 

characteristics of disease, and their responses to antifungal therapy (Sorrell, 2001). 

C. neoformans var. neoformans primarily infects immunocompromised persons whereas 

C. neoformans var. gatti more commonly infects immunocompetent persons. Despite these 

perhaps significant differences, the intein Cne PRP8 is found in both C. neoformans var. 

neoformans and C. neoformans var. gatti. 

Cryptococcus neoformans produces a number of virulence factors that assist pathogenesis. 

The capsule, a polysaccharide matrix surrounding the outer membrane of C. neoformans, has 

been established as important for virulence in the lung during early infection, as well as 

during dissemination to the brain at late stage infection (Wilder et al., 2002). The capsule is 
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Figure 1.8 
Cryptococcus neoformans and cryptococcosis. A) Cryptococcus neoformans stained with india ink to reveal 
capsules, Figure from Chang et al. (1996). B) Histology slide oflung tissue stained with hematoxylin and 
eosin, filled arrows indicate yeast with large capsules, Figure from Lin et al. (2005) . C) Cryptococcosis 
infection of the skin. Figure from Hafner et al. (2005). 
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assumed to act to protect the fungus from phagocytosis by the host immune system, attenuate 

reactivity to antibodies, and inhibit leukocyte migration (Perfect, 2005). Acapsular fungi are 

known to have reduced virulence (Chang et al., 1996), which can be restored via 

complementation with capsular genes (Chang and Kwong-Chung, 1994; 1999). The capsule 

would also be expected to reduce the efficacy of drug treatments by reducing the 

bioavailability to the pathogen. Cryptococcus neoformans has been found in the environment 

with a small compact capsule allowing inhalation and deposition in the lungs, after which a 

large capsule develops to protect the fungus against host defenses (Mitchell and Perfect, 

1995). Growth ofthe capsule is promoted by an increase in C02 concentration (Granger et 

al., 1985; Vartivarian et al., 1993) and reduced ferric iron availability (Vartivarian et al., 

1993), conditions consistent with the host environment during infection. Carbon dioxide 

induced capsule growth in C. neoformans has been linked to adenylyl cyclase, which is 

sensitive to physiological concentrations of C02/HC03- (Klengel et al., 2005). 

Melanin production has been identified as important for C. neoformans virulence. Salas et al. 

(1996) suggest this is because it protects the fungus from oxidative attack when invading the 

host (Salas et al., 1996). Perfect (2005) and Wang et al. (1995) suggest virulence is increased 

by melanin altering the surface charge of the fungus, leading to reduced phagocytosis and 

protecting it from oxygen- and nitrogen-derived antimicrobials produced by the immune 

system. 

Phospholipase secretion has also been established as important for C. neoformans virulence, 

with phospholipase knock-out strains exhibiting a marked decrease in virulence and growth 

rate (Cox et al., 2001). Similar results have been observed with Candida albicans, a lack of 

phospholipase renders the fungus unable to penetrate cultured human cell monolayers and 

attenuates damage to cell membranes (Leidich et al., 1998). Cox et al. (2001) propose that 

phospholipase aids in both disrupting tissues and intracellular compartments once the 

pathogen is engulfed by phagocytic cells. 

Urease is a virulence factor of C. neoformans as illustrated through decreased virulence in 

urease knock-out fungi (Cox et al., 2000). Urease is a metalloenzyme believed to convert 

urea from the host environment into bioavailable nitrogen for C. neoformans (Cox et al., 

2000). The urease deficient mutant created by Cox et al. (2000) has decreased virulence in 

murine disease models (both intravenous and inhalation infection models) but not an 
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immunosuppressed rabbit model (direct inoculation into the cerebral spinal fluid, CSF) 

suggesting that the various virulence factors may have roles only at certain stages of disease 

progression, or certain sites of infection. If this is true of all virulence factors it would have 

serious implications in the treatment of cryptococcosis, as treatments targeting only certain 

virulence factors may only be effective at certain stages or sites of infection. Cne PRP8 is in a 

constitutive, essential protein of the fungus and thus is a drug target irrespective of disease 

stage or site of infection. Current animal models are complementary as the inhalation mouse 

model assays the ability of C. neoformans to disseminate from the lungs, the intravenous 

mouse model assays the ability of C. neoformans to disseminate via the bloodstream and the 

rabbit model assays the ability of C. neoformans to survive in the extracellular environment of 

the CSF. 

1. 7 Cryptococcosis 

Cryptococcus neoformans var. neoformans is the causative agent of the vast majority of 

human cryptococcosis cases. The predominant clinical manifestation of cryptococcosis is 

cryptococcal meningitis. Cryptococcosis chiefly affects immunocompromised people, such as 

those with AIDS, severe combined immunodeficiency (SCID), organ transplant recipients, 

and patients on chemotherapy or corticosteroids. Of those, approximately 90 % of 

cryptococcosis cases occur in AIDS patients (Dromer et al., 1996; Mirza et al., 2003) and 

cryptococcosis is responsible for 6 - 13 % of AIDS-related deaths (Chuck and Sande, 1989; 

Nissapatorn et al., 2003; Nobre et al., 2003; Senya et al., 2003; Zuger et al., 1986). In fact, 

cryptococcosis is typically the infection that leads to diagnosis of AIDS (Dromer et al., 1996; 

Mirza et al., 2003; Nissapatorn et al., 2003; Zuger et al., 1986). 

The majority of C. neoformans AIDS patient isolates are C. neoformans var. neoformans 

serotype A (Dromer et al., 1996). The primary infection is usually in the lungs from 

inhalation of airborne fungi (Figure 1.8 B) but the nasopharynx has also been identified as a 

possible site of early infection (Sukroongreung et al., 1999). Symptoms of cryptococcosis 

differ depending on the site of infection, pulmonary infection leads to a cough and respiratory 

difficulties and CNS infection and may induce headache, fever, weight loss and night sweats 

as well as "altered mental status" such as dementia (Pappas et al., 2001). 
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In an immunocompromised host C. neoformans disseminates rapidly from the lungs, 

eventually establishing an infection in the central nervous system (CNS), contributing to high 

intracranial pressure and the dementia commonly associated with advanced AIDS. 

Cryptococcosis can cause acute respiratory failure (Visnegarwala et al., 1998) and can also 

present itself as an infection of the skin (Christianson et al., 2003) (Figure 1.8 B & C), eye 

(Kestelyn et al., 1993) or prostate (Bailly et al., 1991). In immunocompetent hosts a 

C. neoformans infection is generally successfully contained by the immune system and rarely 

disseminates beyond the lungs (Christianson et al., 2003). 

Cryptococcosis also infects animals including cats (Okabayashi et al., 2003), dogs (Malik et 

al., 1995), kiwi (Hill et al., 1995), and pigeons, whose droppings are a major reservoir of 

C. neoformans (Granados and Castaneda, 2005). Clinically relevant animal models such as 

mice (Cleare et al., 1999; Clemons et al., 2001; Rude et al., 2002), rats (Najvar et al., 1999), 

rabbits (Granger et al., 1985; Rude et al., 2002), and guinea pigs (Odds et al., 2000; 

Van Cutsem et al., 1987) are also susceptible to infection by C. neoformans. Recently 

Caenorhabditis elegans, which dies once consuming virulent C. neoformans, was also 

identified as a pathogenicity model for Cryptococcus neoformans (Mylonakis et al., 2002). 

1.7.1 Treatments for cryptococcosis 

Cryptococcosis in immunocompromised patients is treated with antifungal drugs. Drugs 

currently in use include amphotericin B, flucytosine, fluconazole and itraconazole (Powderly, 

2000). The rate of cryptococcosis relapse is high as is the mortality associated with relapse 

(Zuger et al., 1986). If left untreated, AIDS-associated cryptococcosis infection is usually 

fatal only 2-4 weeks after diagnosis (Powderly, 2000). 

Amphotericin B is a polyene antifungal agent. It interacts with ergosterol, a membrane sterol 

in fungi, forming a pore which leads to K+ leakage and cell death (reviewed in Norman et al., 

1976; Vanden Bossche et al., 1987). Flucytosine is a fluorinated pyrimidine that inhibits both 

RNA and DNA synthesis (reviewed in Vanden Bossche et al., 1987). Itraconazole and 

fluconazole are triazoles. They act by inhibiting cytochrome P-450 dependent 14a-sterol 

demethylase, an important enzyme in ergosterol synthesis (reviewed in Hitchcock, 1993; 

Vanden Bossche et al., 1987). The consequences of this are uncoordinated chitin synthesis 

and changes in membrane fluidity leading to cell death (Vanden Bossche et al., 1987). 
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1.8 The role of inteins in Biotechnology 

1.8.1 Inteins as molecular biology tools 

Inteins as self-catalysing proteins have great potential in biotechnology. A better 

understanding of intein splicing, and the various contributions made by residues of the 

splicing motifs, would allow researchers to better utilise inteins. Almost all uses of inteins in 

biotechnology involve partially disabled inteins. Finding mutations that stall intein splicing at 

interesting steps or under a wider range of conditions will provide novel insights and may 

reveal novel applications for inteins. 

Currently inteins are primarily being employed as protein purification tools. New England 

Biolabs (NEB) has created the IMP ACT™ protein purification system (lutein-Mediated 

Purification with an Affinity Chitin-binding Tag) whereby protein is purified from a fusion 

protein. The protein of interest fused to a C-terminally-disabled version of the See VMA 

intein which is fused to a chitin binding domain (CBD) (Figure 1.9). The expressed protein is 

then loaded onto a chitin column and the intein induced to cleave at theN-terminus through 

addition ofDTT, leaving the intein and CBD bound to the chitin column and the protein of 

interest purified without an attached affinity tag (Chong eta!., 1997). 

Inteins are also being utilised in Intein-mediated Protein Ligation (IPL) (Evans eta!., 1998; 

Evans et al., 1999a) also known as Expressed Protein Ligation (EPL) (Muir eta!., 1998; 

Severinov and Muir, 1998). Intein mediated Protein Ligation utilises a genetically altered 

intein fused to a CBD to express and purify a protein of interest in two parts and then ligate 

them together (Figure 1.9). TheN-terminal half of the protein is expressed as the N-extein to 

a C-terminally retarded intein and a CBD (protein-intein-CBD) and purified much like the 

IMP ACT™ system from NEB. The intein is then induced to cleave at theN-terminal end 

releasing the N-extein with a C-terminal thioester. The other half of the protein is expressed 

as the C-extein of a CBD-intein-protein fusion with anN-terminally retarded intein. The 

protein is purified and the intein is induced to cleave at its C-terminus giving the C-extein 

purified with anN-terminal cysteine. The two purified exteins are combined, the thioester 

reacts with theN-terminal cysteine and spontaneous rearrangement of the N-S bond produces 

a full-length protein ligated with a peptide bond. This can also be utilised to purify and fuse 

two separate proteins. This technology allows toxic proteins to be produced in quantities that 

37 



A 

B 

unbound proteins 

Load crude extract onto affinity column 

dYJf0 •ffit bg 

I target I intein @1 affinity column 

<::::> ~() CJ 

• Add reagent to induce cleavage i.e. OTT target I intein 

Elute released target protein 
!target ~~ 

Express protein 

~ 
0 

~--p-ro_t•-ln-1--~~s') 

t-=~ :::ooo( 
Affinity 
purification 

Transthio
esterification 

0 

~~pr~ot~e~ln~1--~~s~ 

~s'l 

Native 
Chemical 
Ligation 

H2N -cys-1 protein 2 

._.-.Pr-.o-.te;;;ln,;,1 __ _.l-coN HoCys -1 protein 2 

Semi-synthetic protein 

c 

Figure 1.9 

N C 

Inteins as biotechnology tools. A) The IMPACT purification system, adapted from Chong eta/. (1997). B) 
EPL ligation, adapted from Muir et al. (1998). C) Cyclising protein using inteins. Figure from Williams et al. 
(2002). 38 



Chapter One- Introduction 
would otherwise be impossible, as they can be produced in two halves and fused together in 

vitro; this approach also allows the labeling of proteins and investigations of protein 

structure/function relationships (Evans et al., 1998; Evans et al., 1999a; Evans and Xu, 1999; 

Severinov and Muir, 1998). 

Inteins have also been utilised to cyclise proteins. The target protein is expressed between 

two inteins, each intein disabled at the distal end relative to the protein of interest. When the 

inteins are induced to cleave they release the protein of interest with anN-terminal cysteine 

and a C-terminal thioester, the protein then either cyclises or polymerises (Evans et al., 

1999b ). Proteins can also be cyclised by split inteins (Scott eta!., 1999). The main benefit of 

cyclising proteins is their increased stability (lwai and Pluckthun, 1999). 

The ability to control intein splicing enables the control of protein structure and function 

either in vitro or in vivo employing the intein as a molecular switch. lnteins with inducible 

splicing have been created (Mootz and Muir, 2002; Mootz et al., 2003; Skretas and Wood, 

2005; Zeidler et al., 2004) as well as those where splicing can be inhibited (Brenzel and 

Mootz, 2005). Mootz and Muir (2002) created a splicing-inducible intein using rapamycin as 

a means of bringing two dimerisation domains (FKBP12 and FRB) attached to two halves of 

the artificially split See VMA intein together, relying on the affinity of the split intein halves 

for each other. Zeidler et al. (2004) created a temperature sensitive See VMA that could 

splice at 18 °C, sparingly at 25 °C, but not at all above 29 °C. The intein was utilised in 

Drosophila melanogaster to provide regulation of the Gal4/upstream activation sequence 

(UAS) establishing its potential as a tool for understanding gene function (Zeidler eta!., 

2004). Skretas and Wood (2005) used a hormone binding domain and a split intein, resulting 

in an intein that could not associate and splice unless the hormone was present. The inducible 

splicing was dose dependent so that the amount of functional protein was correlated to the 

amount of added ligand (Skretas and Wood, 2005). Conditional intein splicing inhibition 

produced by Brenzel and Mootz (2005) was also dose-dependent. In this instance an 

artificially split See VMA intein was fused to mutated FKBP12 proteins, where the mutations 

induced a homodimerisation which was interruptible by rapamycin. Conditionally splicing 

inteins have been produced in fungi and bacteria and have potential as protein regulators and 

as molecular biology tools to aid understanding of protein function. Conditionally splicing 

inteins also illustrate that each intein half needs the other to complete their own cleavage (i.e. 
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the N-tenninus of the intein needs the C-tenninus to undergo N-tenninal cleavage and vice-

versa). The molecular basis for this is not understood. 

1.8.2 Inteins in transgenic crops 

Inteins also have the potential in transgenic crops to limit the risk oftransgenes being 

transferred from transgenic crops into conventional crops. Yang et al. (2003) established that 

split inteins can splice in higher plants but demonstrated that appropriate pH and temperature 

were required. Chin et al. (2003) fused the two intein fragments of the Ssp DnaE intein gene 

to two halves of a herbicide resistance gene and expressed one half from the plastid genome 

and the other half from the nuclear genome with a plastid localisation signal. They 

demonstrated that when the two fusion proteins were expressed they co-localised in the 

plastid, splicing to yield functional herbicide resistance. Both papers suggest that splitting the 

transgene so that half resides in the plastid genome (which does not contribute to pollen 

DNA) and half resides in the nuclear genome significantly reduces the risk oftransgene 

spread. 

1.9 Conclusion 

The selective pressures that have resulted in intein genes being accumulated in essential genes 

make inteins opportune drug targets. Intein genes are found in many pathogenic organisms in 

conserved regions of essential genes, thus have been proposed as drug targets (Butler et al., 

2001; Davis et al., 1994; Liu and Yang, 2004; Perler, 2002; Saves et al., 2000). The 

development of a high throughput intein splicing screening system would facilitate the 

discovery ofpotential inhibitors ofintein splicing and could be a first step in the search for 

new drugs against intein-containing pathogens. Current screening systems that could be 

utilised for analysis of intein splicing are blue white selection, insertion of the intein gene into 

an E. coli lethal gene, or insertion of the intein gene into an antibiotic resistance gene. A 

successful screening system would place the intein in a foreign protein context, thus it is 

essential to know how well the intein can splice in a non-native context to enable appropriate 

design. Understanding how competently inteins can splice with changes to their immediate 

extein residues is an important stage in design of a screening system. Identification of key 

extein residues would allow placement of an intein in a context in which any decrease in 

splicing generated by addition of potential inhibitors can be detected. 
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Chapter 2 

Materials and Methods 

2.1 Materials 

2.1.1 Enzymes 

Bglii (Roche Applied Science, Roche) 

BspHI (New England Biolabs, NEB) 

Hindlll (Roche) 

Mfel (NEB) 

N ar I (Roche) 

Ncol (Roche) 

Ndel (Roche) 

Sphl (NEB) 

Xhol (Roche) 

Xmal (Roche) 

Expand polymerase (Roche) 

T4 DNA ligase (Roche, catalogue number 10 481 220 001) 

T7 DNA polymerase (NEB, catalogue number M0256S) 

T4 Polynucleotide kinase (NEB, catalogue number M0201S) 

2.1.2. Kits 

Chapter Two - Materials and Methods 

Expand High Fidelity PCR system from Roche was utilised for all PCR reactions. 

The pGEM-T vector system from Promega was utilised to clone PCR products. 

PCR purification kit from QIAGEN was utilised to prepare PCR products for digestion and 

ligation. 

Miniprep kit from QIAGEN was utilised to extract plasmid DNA from overnight cultures of 

E. coli. 

Gel extraction kit from QIAGEN was utilised to extract DNA from agarose gel slices. 

Muta-Gene® Phagemid In Vitro Mutagenesis kit from BioRad (catalogue number 170-3581) 

was utilised for all mutagenesis via single stranded DNA. 
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MD1-13 3D Structure Screen Kit and the MD1-14 Clear Strategy Screen I both from 

Molecular Dimensions Ltd were utilised for crystallisation condition screening. 

2.1.3 Chemicals 

3-Aminophthalhydrazide (Luminol) from Sigma. 

5-bromo-4-chloro-3-indolyl-P-D-galactoside (BCIG) from Gold Biotechnology Inc. 

30% Acrylamide/(2.6% C) Bis (37.5:1) from BioRad. 

Adenosine triphosphate (ATP) from Sigma. 

Agarose from BDH laboratory supplies. 

Ammonium persulfate (APS) from BioRad. 

Ampicillin from Roche. 

Aqualsil from Pierce. 

P-morpholinoethanesulfonic acid (MES) from Boeringer Mannheim. 

Bromophenol blue from Peking Chemical works. 

Chloramphenicol from Sigma. 

Chloroform from BDH laboratory supplies. 

Coomassie R-250 from BDH laboratory supplies. 

Dithiothreitol (DTT) from Roche. 

dNTPs from Roche. 

Freunds complete adjuvant from Life Technologies. 

Freunds incomplete adjuvant from Life Technologies. 

Goat anti-rabbit secondary antibody from Dako. 

Isopropyl P-D-thiogalactoside (IPTG) from Gold Biotechnology Inc. 

Kanamycin from Boehringer Mannheim. 

p-coumaric acid (4-Hydroxycinnamic acid) from Sigma. 

Phenylmethylsulphonylfluoride (PMSF) from Sigma. 

Polyethylene glycol6,000 (PEG-6,000) from BDH laboratory supplies. 

Polyoxyethylene-sorbitan monolaurate (Tween 20) from Sigma. 

Ponceau S from Sigma. 

Sodium dodecyl sulphate (SDS) from BDH. 

NNN'N' -tetramethylethylenediamine (TEMED) from BDH. 

Thiamine was a kind donation from Dr Hamish Upritchard and was originally purchased from 

Sigma. 

t-Octylphenoxypolyethoxyethanol (Triton X-1 00) from Sigma. 
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Tricine from Sigma. 

Tris from AppliChem. 

Xylene cyanol from Sigma. 

2.1.4 Plasmids 

Chapter Two - Materials and Methods 

The pGEM-5 vector, originally from Promega, was a kind donation from Dr Bernice 

Chapman. The pAC6 vector, based on pTYB2 from NEB was a kind donation from Dr Sarah 

Clark. The pGEM-T vector was supplied by Promega. The Qiagen plasmid pQE80L was a 

gift from Dr Tom Caradoc-Davies. 

2.1.5 E. coli strains 

The DH5a strain, genotype: F ~80lacZ~M15 ~(lacZYA-argF) U169 endA1 recA1 hsdR17 

(rk-, m/) supE44 thi-1 gyrA96 relA1 phoA was a kind gift from Prof Warren Tate. 

The BL21(DE3) strain, genotype: F ompT hsdSB (rB-, mB-) gal dcm (DE3), was a kind gift 

from Prof Warren Tate. 

The CJ236 strain, genotype: dut ung thi relA pCJl05 (CmR), was a kind donation from Dr 
Julian Eaton-Rye. 

2.1.6 Other molecular biology reagents 

Cryptococcus neoformans genomic DNA was a kind gift from Dr Russell Poulter and Dr 

Margi Butler. 

Non-fat milk powder from Pams. 

M13K07 helper phage from BioRad 

Rabbits, New Zealand White, from Hercus Taieri Resource Unit 

Nitrocellulose membrane, 0.45 J.lm, for western blots from BioRad. 

1 kb DNA ladder from Invitrogen (catalogue number 15615-016) 

Low range protein standard from BioRad (catalogue number 1610304) 

Kaleidoscope™ prestained standards from BioRad (catalogue number 161-0324) 

Anti-Chitin Binding Domain (Anti-CBD) antibody from NEB. 

Glutathione resin from Amersham. 

Talon resin from Clontech. 

Chitin resin from NEB. 
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2.1.7 Consumables 

Slide-A-Lyzer®, 10 kDa Mw cut off, from Pearce. 

Dialysis tubing, 10 kDa Mw cut off, from Sigma. 

Chapter Two - Materials and Methods 

YM-10 centricons® from Millipore were utilised to concentrate protein 

24-well culture trays from Nalgene were utilised for manual crystal trays (Flat bottom with 

low evaporation lid, catalogue number 353047). 

Coverslips from Mediglass were employed for hanging drops over 24-well culture trays 

(18 x 18 mm, silanised with Aquasil). 

Vaseline pure petroleum jelly from Johnson and Johnson was utilised to seal coverslips over 

wells on 24-well plates. 

The 96-well plates utilised with the Cartesian HONEYBEE™ bench top crystallisation 

system robot to set up sitting drops were Intelli Plates™ from Hampton Research (catalogue 

number HR3-299). 

Seals for 96-well sitting drop crystallisation trays were ClearSeal Film™ from Hampton 

Research (catalogue number HR4-523). 

Flat bottomed 96-well micro titre plates (No. 82.9923.148) from Sarstedt were utilised for 

crystal trays set up by the Mosquito® crystallisation robot. 

Seals for 96-well hanging drop crystallisation trays from 3M, catalogue number 300LSE. 

Scientific imaging film for western blots was from Kodak. 

2.1.8 Equipment 

SDS-P AGE gels were run in mini-PROTEAN® 3 gel tanks from BioRad. 

Agarose gels were run in Sub-cell® GT tanks from BioRad. 

A Biochrom LKB Ultrospecii Spectrophotometer was utilised to ascertain optical density of 

cell cultures. 

An IEC Micromax® bench top microcentrifuge was utilised to centrifuge small samples. 

A Beckmann A vanti J-25 with the J A -17 and J A -14 rotors was utilised to harvest large cell 

cultures. 

An Eppendor~ 5804 R centrifuge was employed to centrifuge 15 and 50 mL plastic tubes and 

centricons® utilising the A-4-44 and F34-6-38 rotors. 

Power packs utilised to run electrophoresis gels were the PowerPac™ 300, PowerPac™ 200, 

and the PowerPac™ Junior, all from BioRad. 

A ImageScanner™ densitometer from Amersham Biosciences with LabScan™ and 

ImageQuant™ TL software was employed to scan both SDS-P AGE gels and western blots. 
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A BioRad Gel Doc™ was utilised to visualise agarose gels. 

A Branson sonifier was utilised to lyse resuspended cell pellets. 

PCR reactions were performed in an EppendorfMastercycler gradient PCR machine. 

Protein was transferred from acrylamide gels to nitrocellulose utilising a Criterion™ transfer 

apparatus from BioRad. 

A POLARstar OPTIMA from BMG was utilised for E. coli growth curves. 

A Nanodrop® spectrophotometer from Nanodrop technologies was utilised to ascertain DNA 

and protein concentrations. 

A BioLogic™ HR FPLC system from BioRad was utilised for protein purification. 

A Uno™ Q-6 anion exchange column from BioRad was utilised with a BioLogic™ HR FPLC 

system. 

A Uno™ Q-1 anion exchange column from BioRad was utilised with a BioLogic™ HR FPLC 

system. 

A HiTrap™ SP cation exchange column from Pharmacia was utilised with a BioLogic™ HR 

FPLC system. 

A Superdex™ HiLoad™ 26/60 gel filtration column from Pharmacia was utilised with a 

BioLogic™ HR FPLC system. 

Round bottomed polypropylene centrifuge tubes for use in Beckman JA-17 rotor were from 

Nalgene. 

250 mL polycarbonate centrifuge bottles for use in Beckman JA-14 rotor were from Nalgene. 

A Nikon SMZ-2T microscope with a Schott KL1500 LCD light source employed to inspect 

crystal trays. 

An Olis DSM 10 Circular Dichroism spectrophotometer was utilised for circular dichroism. 

A MultiPROBE® II HT liquid handling robot from PerkinElmer was employed to dispense 

liquid from deep-well 96-well trays into a 96-well tray (at Auckland University). 

A Cartesian HONEYBEE™ bench top crystallisation system robot from Genomic Solutions® 

(A Harvard Bioscience Company) was employed to set up 96-well sitting drop trays (at 

Auckland University). 

A Mosquito® crystallisation robot from Labtech was employed to set up 96-well crystal trays. 

A copper rotating anode X-ray generator (MicroMax™-007, Rigaku) with Raxisllc image 

plate and a cryostat at 100 K from Oxford was utilised for X-ray diffraction of protein crystals 

(at Massey University). 
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A copper rotating anode X-ray generator (MicroMax™-007HF, Rigaku) with Raxis IV++ 

detector and an X -stream 2000 low temperature system at 93 K from Rigaku was ·utilised for 

X-ray diffraction of crystals (at Otago University). 

2.2 Methods 

2.2.1. Transformations into DH5a or BL21(DE3) 

Solutions 

Luria Broth agar (LB agar): 1 %Peptone, 0.5% yeast extract, 0.5% NaCl, 15 g.L-1 Agar, 

pH 7.4 with NaOH. 

SOC: 2% peptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 20 mM MgS04, 20 mM 

MgCh, 5 mM sterile glucose. 

Method 

Competent DH5a (developed following the protocol in Inoue eta!., 1990) were thawed on ice 

and 100 ~L pipetted gently into a chilled microcentrifuge tube. One microliter of DNA was 

added to the competent cells, gently mixed and subsequently left on ice for 30 minutes. The 

cells were heat shocked at 42 °C for 45 seconds, and then returned to ice immediately. After 

2 minutes on ice 0.9 mL of SOC media was added. The cells were subsequently incubated 

with shaking at 37 °C for one hour. After incubation the cells were spun for 40 seconds on a 

bench top microcentrifuge, the excess media was flicked off and the cells resuspended in the 

media remaining in the tube. The cells were then plated on LB agar plates containing 

50 ~g.mL- 1 ampicillin. 

2.2.2 Preparation of Plasmid DNA 

Solutions 

Luria Broth (LB): 1% Peptone, 0.5% yeast extract, 0.5% NaCl, pH 7.4 with NaOH. 

Method 

Overnight cultures were set up with a single colony of E. coli transformed with the desired 

plasmid in 5 mL LB with 50 ~g.mL- 1 ampicillin and grown at 37 °C with shaking overnight. 

Overnight cultures were harvested 1.5 mL at a time in microcentrifuge tubes in a bench top 

microcentrifuge at 13,200 rpm for 5 minutes. The plasmids were subsequently extracted with 

the QIAGEN miniprep kit following manufacturer's instructions. 
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2.2.3 Ligation of amplified genes into pGEM-T 

This ligation was performed using Promega's pGEM-T kit following manufacturer's 

instructions. 

2.2.4 Agarose gels 

DNA was run on an 0.8 % agarose gel at 80 V. Agarose gels either contained 0.5 j.Lg.mL-1 

ethidium bromide, or were stained following running in an ethidium bromide buffer 

containing 1 j.Lg.mL-1 for 1 hour. DNA gels were visualised on a BioRad Gel Doc™. 

2.2.5 Quantifying DNA 

The concentration of plasmid DNA and purified protein was quantified utilising a Nanodrop® 

spectrophotometer. The Beer-Lambert equation (A=~.; x 1 x c; where A is absorbance,~.; is 

the wavelength dependent extinction coefficient in L.mor1cm-1 
, 1 is the pathlength in em, and 

cis the concentration in mol.L-1
) was used to correlate the absorbance with the concentration 

of the sample. The nanodrop has a path-length of 1mm and gives the concentration of DNA 

in ng.j.LL-1 and the concentration of protein in mg.mL-1
• 

2.2.6 DNA sequencing 

DNA was sent to the Allan Wilson Centre Genome sequencing service (A WCGS) at Massey 

University and the full sequencing service was used. Sequencing was performed on a 

capillary ABI3730 Genetic Analyzer from Applied Biosystems Inc. 

2.2. 7 Ethanol precipitation of DNA 

DNA to be precipitated was deposited in a microcentrifuge tube and 1
/ 10th volume 3M 

CH3COONa pH 5.2 and 2Yz volumes ice cold absolute ethanol were added. The reaction was 

kept at -80 °C for at least 30 minutes. The DNA was subsequently spun at 4 °C in a bench top 

microcentrifuge at 13,000 rpm for 15 minutes. The ethanol/CH3COONa was discarded, the 

pellet washed with ice cold 70% v/v aqueous ethanol, and then spun at 13,000 rpm for 15 

minutes. The DNA pellet was then dried in a 37 °C heat block. 
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2.2.8PCR 

Unless otherwise stated PCR reactions were 100 j..tL and consisted ofExpand polymerase 

buffer containing MgCh (1.5 mM), 200 j..tM dNTPs, 2 j..tM of each primer, template, and 0.3 U 

Expand polymerase. 

When genomic DNA template was used it was at 8 ng per reaction, when plasmid DNA was 

used 1 00 ng per reaction was used. 

The PCR program was 95 oc for 5 min, then 30 cycles of 94 oc 1 min, 52 oc 1 min, 72 oc 2 

min, then finally 72 °C for five minutes. All PCR products were prepared for digestion and 

ligation using the Qiagen PCR purification kit following manufacturer's instructions. 

Templates and primers used to generate various constructs are listed in Table 2.1. 

2.2.9 Mutagenesis via uracil-containing phagemids 

Protocol from BioRad Muta-Gene® Phagemid In Vitro mutagenesis kit version 2, catalogue 

number 170-3581. The protocol is a modified version of the protocol of Kunkel et al. (1987). 

Solutions 

Luria Broth agar (LB agar): 1 %Peptone, 0.5% yeast extract, 0.5% NaCl, 15 g.L-1 Agar, 

pH 7.4 with NaOH. 

Luria Broth (LB): 1% Peptone, 0.5% yeast extract, 0.5% NaCl, pH 7.4 with NaOH. 

2x YT: 1.2 % peptone, 1 % yeast extract, 0.5 % NaCl 

High salt buffer: 300 mM NaCl, 100 mM Tris/HCl pH 8.0, 1 mM EDTA 

lOx annealing buffer: 200 mM Tris/HCl pH 7.4, 20 mM MgCh, 500 mM NaCl 

lOx synthesis buffer: 5 mM each dNTP, 10 mM ATP, 100 mM Tris/HCl pH 7.4, 50 mM 

MgCh, 15 mM DTT 

Method 

-Preparation ofCJ236 competent cells. 

Frozen stocks of E. coli CJ236 were streaked out onto an LB agar plate with 15 j..tg.mL-1 

chloramphenicol and grown overnight at 37 °C. A colony from this plate was picked and 

grown in 20 mL LB with chloramphenicol at 37 °C with shaking overnight. The OD600 was 

measured and a flask containing 40 mL LB with chloramphenicol was inoculated with enough 

overnight culture to give an initial absorbance of -0.1. The culture was grown at 37 °C until 

the OD6oo reached 0.8- 0.9; the culture was subsequently harvested by centrifugation at 4 °C 

for 5 minutes at 4,000 rpm. The supernatant was 
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Table 2.1 
Primers used for PCR and sequencing reactions. 
Bold type indicates where the PCR primers bind to the template; underlining indicates restriction sites 

N arne of primer 

PCRprimers 

CneAbFwd 
CneAbRev2 
CneolntBHfwdser 
CneolntBHrev3 
CneolntG 
CneolntS 

Oligos 
PreScisBamHifwd2 
PreScisBamHirev2 

Sequencing Primers 

T7 promoter 
T7 terminator 
SP6 
pQEfwd 
pQErev 
ICifwd 
ICirev 

Primer sequence (5'- 3') 

TTATGAATCCCATGGCGGGTCTTCAGAAT 
GGTCAGGCCCTCGAGGGTGTGCAATAC 
GCTGGGATCCAAGGCTTCCCTTCAGAATGG 
TCAGAAGCTTCTCGAGCTATCCGGAGGTGTGCAATACCAAATAGTC 
CCCGGGTGTCTTCAGAATGGTACTCG 
GCATGCGTTGTGCAATACCAAATAGTC 

GATCTCTGGAAGTTCTGTTCCAGGGGCCCA 
GATCTGGGCCCCTGGAACAGAACTTCCAGA 

TAATACGACTCACTATAGGG 
GCTAGTTATTGCTCAGCGG 
ATTTAGGTGACACTATA 
CACGAGGCCCTTTCGTCTTCAC 
CAACGGTGGTATATCCAGTG 
TGATGCAGTACTTGCAAAAGC 
CAATTGTCCCGCAGTATAAGC 

Template 

a piCI plasmid 
a piCI plasmid 
piCI009 
piCI009 
genomic DNA 
genomic DNA 
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removed and the pellet well drained. The cell pellet was resuspended by addition of 1 mL of 

ice cold 50 mM CaCb with gentle pipetting up and down. A further 19 mL of 50 mM CaCb 

was then added. The cells were held on ice for 30 minutes and then harvested again by the 

same method. The cells were again resuspended in 1 mL of 50 mM CaCb and an additional 

3 mL was added after resuspension. 

-Transformation of plasmid DNA into competent CJ236 

One micro litre of plasmid DNA was added to 300 ~-tL of competent CJ236 in a pre-chilled 

microcentrifuge tube gently mixed and held on ice for 90 minutes. The cells were then heat 

shocked at 42 °C for 3 minutes and subsequently returned to ice for 5 minutes. One millilitre 

ofLB was added to the cells and they were incubated for one hour at 37 °C with shaking. 

The transformation was subsequently plated on LB plates with 15 j..tg.mL"1 chloramphenicol 

and 50 j..tg.mL-1 ampicillin. 

-Growth of Uracil-containing phagemids 

Five millilitres ofLB with 15 J..Lg.mL"1 chloramphenicol and 50 j..tg.mL"1 ampicillin was 

inoculated with a colony from the transformation and grown overnight at 37 °C with shaking. 

Then 50 mL of2xYT containing chloramphenicol was inoculated with 1 mL ofthe overnight 

culture. This was grown at 37 °C with shaking until reaching an OD6oo of0.3. At this point 

M13K07 helper phage was added to give a multiplicity of infection of approximately 20. 

Volume of helper phage added in mL =volume of culture x ((OD600/0.3) x 1x107)/phage titre. 

The cells with helper phage were grown at 37 °C with shaking for an hour following which 

kanamycin was added to a final concentration of70 j..tg.mL"1 and the incubation continued for 

another 6 hours. The culture was then transferred to nalgene round bottomed centrifuge tubes 

and centrifuged at 17,000 g for 15 minutes at 4 °C. The supernatants (containing the 

phagemids) were subsequently transferred to fresh centrifuge tubes and the centrifugation step 

repeated. The second supernatants were transferred to fresh centrifuge tubes and left at 4 °C 

overnight. Next 150 j..tg RNase A was added and incubated at room temperature for 30 

minutes. One quarter volume of 3.5 M ammonium acetate/20 % PEG-6,000 was added and 

well mixed, then incubated on ice for 30 minutes. The phagemids were collected via 

centrifugation at 17,000 g for 15 minutes at 4 °C. The supernatant was discarded and the 

pellet drained well, following this the phagemid pellet was resuspended in 200 ~-tL high salt 

buffer. This was then transferred to a microcentrifuge tube and chilled on ice for 30 minutes. 

The tube was spun for 2 minutes in a bench top microcentrifuge at 12,500 rpm to remove 
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insoluble particles and the supernatant transferred to a fresh microcentrifuge tube. This was 

stored at 4 °C overnight. 

-Extraction ofphagemid DNA 

One volume of phenol was added and the tube shaken. The tube (tube 1) was then spun at 

maximum speed on a bench top centrifuge for 2 minutes. The top, aqueous layer was 

removed and put in a sterile microcentrifuge tube (tube 2) to which one volume of phenol was 

added. The remainder of tube 1 had 150 )lL MilliQ® water added. Both tubes were shaken 

and then spun at maximum speed in a bench top microcentrifuge for 2 minutes. The top 

aqueous layer was removed from tube 2 and put in a sterile microcentrifuge tube (tube 3) and 

one volume of 1:1 phenol: chloroform was added. The top aqueous layer from tube 1 was 

removed and added to tube 2. Both tubes 2 and 3 were shaken and spun at maximum speed in 

a bench top microcentrifuge for 2 minutes. The top aqueous layer from tube 3 was removed 

and put in a sterile microcentrifuge tube (tube 4) and one volume of chloroform was added. 

The top aqueous layer was removed from tube 2 and added to tube 3. Tubes 3 and 4 were 

shaken and then spun at maximum speed in a bench top microcentrifuge for 2 minutes. The 

process was repeated until the phase boundary lost white proteins (in most cases this involved 

three chloroform-only steps). The top aqueous layers from both tubes were then mixed 

together and split into 2 aliquots. To each aliquot 3 volumes of ice cold 100 % ethanol and 
1/10th volume of7.8 M NH4COOH was added and the aliquots incubated at -80 °C for at least 

an hour. The tubes were then spun in a bench top microcentrifuge at 4 °C at maximum speed 

for 15 minutes. The supernatant was removed and the pellets rinsed with ice cold 70 % 

ethanol. The tubes were spun in a bench top microcentrifuge at 4 °C at maximum speed for 

15 minutes. The supernatant was removed and the pellets dried in a 37 °C heat block. The 

ssDNA pellets were resuspended in 10 mM Tris pH 8.5. Single stranded DNA was stored at 

4 °C until used. 

-Synthesis of mutagenic strands 

-Phosphorylation of the Oligonucleotides 

The following reaction was prepared in a 500 11L microcentrifuge tube: 200 pmol of 

oligonucleotide, 100 mM Tris/HCl pH 8.0, 10 mM MgCh, 5 mM DTT, 0.4 mM ATP, sterile 

MilliQ® water to a total volume of30 )lL. Four and a half units ofT4 polynucleotide kinase 

were added to the reaction mixture and then the reaction was incubated at 3 7 °C for 

45 minutes. The reaction was stopped by heating to 65 °C for 10 minutes. 
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-Annealing of the Mutagenic Oligonucleotide 

The following reaction was prepared in a 500 )lL microcentrifuge tube: 200 ng of uracil

containing DNA, 6 - 9 pmol mutagenic oligonucleotide, 1 Ox annealing buffer and sterile 

MilliQ® water to a total volume of 10 )lL. A control reaction containing all of the above 

components except the oligonucleotide was also prepared. The reaction mixtures were heated 

to 95 °C and then allowed to cool at a rate of approximately 1 °C per minute for 40 minutes. 

This was achieved by heating a heat block with the wells filled with water to 95 °C, covering 

it with tin foil and then turning the temperature down to 30 °C and allowing the heat block to 

cool slowly. Once the heat block stopped cooling at roughly 1 °C per minute the tin foil was 

removed, allowing faster cooling, once this stopped cooling fast enough the block was 

removed from the heating base and set on the bench to cool further. Once the reactions 

reached 30 °C they were placed on ice. 

-Synthesis of the Complementary Strand 

While the above reactions were still on ice the following reagents were added in the order 

listed: 1 )lL of lOx synthesis buffer, 1 U T4 DNA ligase, 0.5 U T7 DNA polymerase. The 

reactions were incubated on ice for 5 minutes and then incubated at 25 °C for 5 minutes and 

finally incubated at 37 °C for 60 minutes. The reactions were transformed into DH5a 

following the above protocol, using 10 )lL of the mutagenic reactions and 3 )lL of the control 

reaction. 

Templates and primers used to generate various constructs are listed in Table 2.2. 

2.2.10 IPTG induction and protein expression 

Solutions 

Protein loading buffer: 60 mM Tris/HCl pH 6.8, 25 % glycerol, 2 % SDS, 0.1 % bromophenol 

blue 

Method- small scale (less than 100 mL) 

A single colony ofBL21(DE3) containing an IPTG inducible plasmid was used to inoculate 

an overnight starter culture in 5 mL LB with ampicillin. One hundred microliters of the 

starter culture was used to inoculate 20 mL of LB with ampicillin. This culture was grown 

with shaking at 37 °C until it reached OD6oo of -0.5. The culture was then split in two, with 

one half being induced with IPTG to a final concentration of 0.4 mM, the other half served as 

an uninduced control. The two cultures were then grown for 4 hours and the OD6oo measured 
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Table 2.2 
Primers used for creating mutations in piCI family via phagemids and uracil containing ssDNA. 
Bold type indicates bases that are different from the template; underlining indicates restriction sites; I indicates deletion of three base pairs relative to the template 
- indicates the loss of a restriction site, + indicates the addition of a restriction site 

Name of resulting plasmid abr name Template Primer name Mutagenic primer sequence (5'- 3') Site 

Splice Junction Mutant Primers 

piCI004 PG/C-/S piCI003 ICIBSPE2 GGTATTGCACAACTCCGGAGGTGGCCTGACC + BspEI 
piCI006 PA/C-/S piCI004 ICIALA GAATCCACCCGCGTGTCTTCAGAATGG 
piCI009 KA/C-/S piCI004 ICIHind3 TATGAATCCAAAAGCTTGCCTTCAGAATGG + Hindlll 
piCI012 PG/C-/C piCI003 ICICYS GGTATTGCACAAC/TGCGGTGGCCTGACC - Sphl 
piCI014 KAIC-/C piCI012 ICIHind3 TATGAATCCAAAAGCTTGCCTTCAGAATGG +Hindlll 
piCI015 KK/C-/S piCI009 ICI-lLYS TATGAATCCAAAAAAGTGCCTTCAGAATGG - Hindlll 
piCI016 KS/C-/S piCI009 ICI-lSER TATGAATCCAAAATCTTGCCTTCAGAATGG - Hindiii 
piCI017 KC/C-/S piCI009 ICI-lCYS TATGAATCCAAAATGTTGCCTTCAGAATGG - Hindiii 
piCI018 KT/C-/S piCI009 ICI-lTHR TATGAATCCAAAAACTTGCCTTCAGAATGG - Hindiii 

~ piCI019 KV/C-/S piCI009 ICI-lVAL TATGAATCCAAAAGTTTGCCTTCAGAATGG - Hindlll 
piCI020 KV/C-/T piCI019 ICI+lTHR GGTATTGCACAACACCGGTGGTGGCCTGACC +Agel 
piCI021 KV/C-/C piCI019 ICICYS GGTATTGCACAAC/TGCGGTGGCCTGACC - Sphl 
piCI022 KA/T-/S piCI009 ICIIlTHR TATGAATCCAAAAGCTACCCTTCAGAATGG - Hindiii 
piCI023 KA/S-/S piCI009 ICIIlSER TATGAATCCAAAAGCTAGCCTTCAGAATGG - Hindiii 
piCI024 KVC-IS piCI009 ICI-liLE GAATCCAAAAATTTGCCTTCAG - Hindiii 
piCI025 KL/C-/S piCI009 ICI-ILEU GAATCCAAAACTGTGCCTTCAG - Hindlll 
piCI026 KAIC-IT piCI009 ICI+1THR2 GTATTGCACAACACCGGAGGTG 

B Motif Mutant Primers 

piCilOl T62S piCI009 ICII62SERH2 GATCTTGTCTGCAGCCATAACCAC 
piCI102 T62V piCI009 ICII62VALH2 CTTGTCTGTGTGCATAACCAC 
piCI103 H65N piCI009 ICII62ASNH1 GTACCCATAACAACATCCTTTC 
piCI104 H65L piCI009 ICII65LEUH1 CCCATAACCTCATCCTTTC 
piCI105 H65F piCI009 ICII65PHEH1 GTACCCATAATTTCATCCTTTC 



Alanine Mutant Primers 

piCI201 CIA piCI009 ICIIIALA CCAAAAGCTGCCCTTCAGAATG - Hindiii 
piCI202 T62A piCI009 ICII62ALAH1 CTTGTCTGTGCACATAACCAC +ApaLI 
piCI203 H65A piCI009 ICII65ALAH1 GTACCCATAACGCGATCCTTTCTATG 
piCI205 T149A piCI009 ICII149ALA GGACGAGCCGGCGAAGTGGTC +Apr! 
piCI206 K150A piCI009 ICII150ALA GAGCCTACGGCGTGGTCCGG 
piCI207 W151A piCI009 ICII151ALA CCTACGAAGGCTAGCGGTTTTGTG +Nhel 
piCI208 R154A piCI009 ICII154ALA GTGGTCCGGAGCTGTGGTTGAC +BspEI 

¥: piCI209 S160A piCI009 ICII160ALA GACAAAGACGCTCTTTATCTTC 
piCI210 L161A piCI009 ICII161ALA CAAAGACAGCGCTTATCTTCG +Afel 
piCI211 Y162A piCI009 ICII162ALA CAAAGACAGTCTAGCGCTTCGTCATG +Afel 
piCI212 D166A piCI009 ICII166ALA CTTCGTCATGCATATTTGGTATTG +Avaiii 
piCI213 Y167A piCI009 ICII167ALA CTTCGTCATGATGCATTGGTATTG +Avail! 
piCI214 L170A piCI009 ICII170ALA CTATTTGGTTGCGCACAACTC +FspAI 
piCI215 H171A piCI009 ICII171ALAH2 CTATTTGGTATTGGCCAACTCCGG +Mscl 
piCI216 N172A piCI009 ICII172ALAH1 GTATTGCACGCGTCCGGAGGTG +Mlul 
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and the cultures harvested. Harvest involved spinning down 0.5 mL of culture in a 

microcentrifuge tube at 

13,200 rpm in a bench top microcentrifuge. The supernatant was discarded and the pellet was 

stored at -20 °C until run on SDS-PAGE. Prior to running on the gel the pellet was 

resuspended in protein loading buffer proportional to the OD i.e. if the culture was at OD6oo of 

1.78 at harvest then the pellet was resuspended in 178 !lL of protein loading buffer. For 

expression trials 10 !lL of each sample was run on SDS-P AGE, for western blots 2.5 !lL of 

each sample was run on SDS-P AGE. 

Method- large scale (for purifications) 

Two 20 mL LB cultures were inoculated with one colony of the plasmid in BL21(DE3) and 

grown overnight at 37 °C with shaking. Two to four 600 mL cultures were inoculated with 

enough overnight culture to allow for 8 to 9 doublings before induction (inoculated to an 

OD6oo of ~0.1). Cultures were grown to an OD6oo between 0.3 and 0.5 and induced with 

0.4 mM IPTG and subsequently grown at 37 °C with shaking for 4 hours. The OD600 was 

measured then cells were harvested by centrifugation at 5,000 g for 10 minutes. Cell pellets 

were stored overnight at -20 °C. 

2.2.11 Lysing cells by sonication 

Cell cultures or resuspended cell pellets to be used for purifications and batch-testing were 

lysed by sonication, with protease activity during cell lysis minimised by addition of 50 !lM 

PMSF. Resuspended cell pellets of volumes larger than 10 mL were lysed using a 12 mm 

diameter sonifier tip and a power setting of3.5, cells were lysed in 30 second bursts until the 

OD6oo had dropped by at least 10-fold relative to the starting value, cells were then considered 

lysed. Small volumes used in batch testing were lysed with the microtip using a 30 second 

burst. All sonication and centrifugation was performed at 4 °C. 

2.2.12 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-P AGE) gels 

Solutions 

Resolving buffer: 18.4 % w/v Tris, 0.4 % w/v SDS, pH 8.8 

Stacking buffer: 6 % w/v Tris, 23 % w/v Glycine, 1.6 % w/v SDS, pH 8.3 

Protein loading buffer: 60 mM Tris-HCl pH 6.8, 25 % v/v glycerol, 2 % w/v SDS, 0.1 % w/v 

bromophenol blue 

Running buffer: 25 mM Tris, 192 mM Glycine, 0.1 % w/v SDS, pH 8.3 
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Coomassie staining solution: 0.05 % w/v Coomassie Brilliant blue, 25 % v/v isopropanol, 

10 % v/v acetic acid 

Destain solution: 5% v/v isopropanol, 7% v/v acetic acid, 4% v/v glycerol 

Methods 

SDS-P AGE gels were based on those from Laemmli (1970) with some modifications. SDS

PAGE gels were 12% acrylamide. The gels were 0.75 mm thick, 8 em wide and 7.3 em high. 

The resolving gel (for 2 gels) consists of 4 mL 30% Acrylamide/Bis solution, 2 mL 

Resolving Buffer, 3.85 mL MilliQ®, 100 J.tL 10% w/v SDS, 5 J.tL TEMED, and 50 J.tL 

10 % w/v APS. Gels were then layered with water saturated butanol and left to polymerise 

for 1 hour. The stacking gel was made with 1.33 mL acrylamide, 1 mL Stacking buffer, 

7.46 mL MilliQ®, 100 J.tL 10% w/v SDS, 5 J.tL TEMED, and 50 J.tL 10% w/v APS. Toothed 

combs were then inserted into the stacking gel and the gel left to polymerise for an hour 

before use. Protein loading buffer used for all SDS-P AGE lacked reducing agent. Low range 

protein standard (BioRad) was used on all gels except those to be used in western blots where 

Kaleidoscope™ pre-stained standards (BioRad) were used. The SDS-PAGE was run at 

100 V through the stacking gel and at 200 V through the resolving gel until the dye front 

reached the end of the gel. Gels were put into Coomassie staining solution for at least 30 

minutes, rinsed with distilled water, and put in destain solution until background stain was 

removed from the gel. 

2.2.13 Western Blots 

Solutions 

Transfer buffer: 20 mM Tris pH 8, 150 mM glycine, 20 % v/v methanol, and 0.05 % w/v SDS 

TBS-T: 50 mM Tris pH 7 .5, 0.15 mM NaCl, 0.1 % v/v Tween 20 

Solution A: 100 mM Tris pH 8.8, 10 J.tM luminol, 0.526 J.tM p-coumaric acid 

Solution B: 100 mM Tris pH 8.8, 240 J.tL.L"1 30% H202 (0.0072% H20 2) 

Methods 

Multiple gels were run simultaneously for every western; one was stained with Coomassie 

blue and the other three transferred to nitrocellulose membrane for antibody exposure. Gels 

for western blots were run in the same manner as SDS-PAGE except that the marker used was 

the Kaleidoscope™ marker instead of the Low Range protein standard. Transfer to 

nitrocellulose involved positioning the gels and membranes appropriately in the western 

apparatus (following manufacturer's instructions) with transfer buffer and an ice pack and 

running at 100 V for 30 minutes at 4 °C. 
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After the transfer to nitrocellulose, the membranes were blocked with 5% non-fat milk 

powder in TBS-Tin a 50 mL plastic tube for at least an hour. Membranes were rinsed three 

times with TBS-T, the first rinse for 15 minutes and the last two for 5 minutes each. The 

primary antibodies was diluted to appropriate levels in 10 mL TBS-T, applied to the 

membranes and left rotating overnight at 4 °C. Three rinses in TBS-T with the first 15 

minutes then two five minute rinses were followed by addition of the secondary antibody 

diluted 17,000 times in 17 mL TBS-T. The secondary antibody was left incubating with the 

membranes at 4 °C for one hour, after which four five minute rinses with TBS-T followed. 

The membrane was transferred into a plastic bag and chemiluminescent reagents were added. 

Two millilitres of Solution A and 2 mL of Solution B were mixed together and applied to the 

membrane and left for one minute. The membrane was then exposed to scientific imaging X

ray film and the film processed. 

2.2.14 Hydroxylamine cleavage of ester bonds 

Samples of mutants T62S, H65N and H65A in SDS loading buffer were incubated for 2 hours 

at room temperature with either no treatment, 0.2 M hydroxylamine at pH 6.5, 0.2 M 

hydroxylamine pH 9.8, or 1 M P-mercaptoethanol. Ten microliters of each was run on 12% 

SDS-PAGE and western blots were performed as described previously. 

2.2.15 Purification Methods 

2.2.15.1 Preparation of celllysates for chromatography 

Solutions 

Talon equilibration buffer: 50 mM Na2HP04.NaH2P04, 300 mM NaCl, pH 7 (prepared by 

making a 0.2 M Na2HP04 solution and a 0.2 M NaH2P04 solution and mixing appropriate 

proportions to reach pH 7, NaCl was then added, and the remaining volume made up with 

MilliQ®) 

Chitin column buffer: 20 mM Tris, 500 mM NaCl, 0.1 mM EDTA, pH 8 

Methods 

Cell pellets from 2.4 L of culture were resuspended in 35 to 60 mL Talon™ equilibration 

buffer for His· Tagged® proteins, or Chitin column buffer for Chitin Binding Domain tagged 

proteins, using a glass homogeniser (Wheaton). The cells were lysed by sonication until the 

OD6oo decreased by at least 10 fold. The lysate was clarified by centrifugation at 30,000 g for 

30 minutes, the supernatant was then transferred into a new centrifuge tube and the clarified 
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again, the supernatant of which was then filtered using a 0.45 J.tm syringe filter. To minimise 

protease activity, PMSF was added to the filtered lysate to a final concentration of 50 J.!M. 

2.2.15.2 Preparation and storage of chromatography columns 

All columns were stored in 20% v/v ethanol. In order to prepare them for use all columns 

were flushed with degassed MilliQ® water and then the appropriate buffer. After use all 

columns were flushed with degassed MilliQ® water and then 20% v/v ethanol for storage. 

2.2.15.3 Preparation and running of the Chitin Column 

Solutions 

Chitin column buffer: 20 mM Tris, 500 mM NaCl, 0.1 mM EDTA, pH 8 

Methods 

Chitin beads were poured into the column and allowed to settle. The column volume was 

~10 mL. Flow rate of the column (~1.5 mL.min-1
) was ascertained using a measuring 

cylinder. Ethanol was washed out of the column with 5 volumes of chitin column buffer. 

The column was run at 4 °C. The lysate was loaded on to the column by gravity at a flow rate 

of approximately 2 mL.min-1
• The flow-through was collected and saved for later analysis. 

The column was then washed with 16 column volumes of chitin column buffer, the first 

10 mL was collected in two 5 mL fractions, the remainder was collected together, apart for 

the last 10 mL which was also collected as two 5 mL fractions. Two millilitres of 1 M DTT 

was added to the column and incubated on the column overnight to induce intein cleavage. 

Seventeen 5 mL fractions were collected over an hour, fractions were run on 12% SDS-

p AGE. The fractions containing the highest protein yield were combined and dialysed in 

preparation for ion exchange chromatography. 

2.2.15.4 Mini-purification trial using cobalt (TALONTM) resin 

Solutions 

Talon™ equilibration buffer: 50 mM Na2HP04.NaH2P04, 300 mM NaCl, pH 7 

Talon™ elution buffer: 50 mM Na2P04.NaH2P04, 300 mM NaCl, 150 mM imidazole, pH 7 

Methods 

The cobalt resin (TALON™ resin from Clontech) was prepared by adding 100 J.!L cobalt 

resin slurry to two microcentrifuge tubes and centrifuging at 8,000 rpm for 2 minutes, the 

supernatant was then removed and discarded. The resin was then washed with 500 J.!L of 
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equilibration buffer, centrifuged at 8,000 rpm for 2 minutes and the supernatant discarded. 

The mini-purification trial was carried out with both overnight culture and a clarified lysate. 

The cells of 1 mL of the overnight culture were centrifuged at maximum speed in a 

microcentrifuge for 2 minutes, and the supernatant removed and discarded. Clarified lysate 

was prepared by sonicating 1 mL of culture and then centrifuging at maximum speed in a 

microcentrifuge for 5 minutes. The clarified lysate was transferred to the microcentrifuge 

tube containing resin, and the tube containing the cellular debris discarded. Half a millilitre of 

equilibration buffer was added to the cell lysate and clarified lysate and vortexed. The 

microcentrifuge tubes were then centrifuged for 5 minutes at maximum speed, 50 )..LL of the 

supernatant was set aside for later analysis. The remainder of the supernatant was transferred 

to a clean microcentrifuge tube with 50 )..LL of prepared cobalt resin. The tubes were 

subsequently agitated at room temperature on a vortex with platform adaptor for 10 minutes. 

The tubes were centrifuged at maximum speed for one minute pelleting the resin-protein 

complexes. The supernatant was removed and 50 )..LL retained for later analysis. One 

millilitre of equilibration buffer was then added to each tube, and the tubes were vortexed 

briefly followed by centrifugation for one minute on maximum speed and 50 j..tL of the 

supernatant retained for later analysis, the remainder was discarded. The wash step was 

repeated. Bound protein was eluted by addition of 50 )..LL of elution buffer followed by 

vortexing the tubes, centrifugation at maximum speed briefly and removal of the supernatant. 

The elution step was repeated. Samples from each step had loading buffer added and were 

heated to 95 °C for 5 minutes and then run on 12 % SDS-P AGE. 

2.2.15.5 Preparation and running of the cobalt column 

Solutions 

Talon™ equilibration buffer: 50 mM Na2HP04.NaH2P04, 300 mM NaCl, pH 7 

Talon™ elution buffer: 50 mM Na2P04.NaH2P04, 300 mM NaCl, 150 mM imidazole, pH 7 

Methods 

A BioRad disposable plastic column was assembled with plastic tubing at either end. 

Equilibration buffer was pushed through the bottom the column prior to resin being poured to 

limit air bubbles. Cobalt resin slurry was poured down the side of the column slowly. 

Equilibration buffer was layered on top and aided settling the cobalt resin in the column. The 

settled cobalt resin bed volume was 5 mL. When cobalt resin had settled equilibration buffer 
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was run through the column and then the rest of the column was filled with buffer and 

attached to the FPLC apparatus (BioLogic™ HR, BioRad). 

The column was equilibrated with Talon™ equilibration buffer for 10 column volumes at a 

flow rate of 1 mL.min-1
• The clarified lysate was then loaded on to the column and all flow

through was collected. The column was washed with another 10 column volumes of 

equilibration buffer, and protein was eluted with 20 column volumes of Talon™ elution 

buffer. 

Twenty 1 mL fractions were collected, all fractions following the addition of elution buffer. 

Samples were run on 12 % SDS-PAGE. The fractions containing the highest Cne PRP8 

levels were combined in preparation for further purification. 

2.2.15.6 Cleaving off His·Tags® with HRV 3C protease 

Protein to be cleaved (~8 mL of ~30 mg.mL"1
) was put in a 15 mL plastic tube and DTT was 

added to a final concentration of 5 mM. An aliquot of 3C protease (concentration unknown, 

purified by Robert Fagerlund) was added and the tube mixed end over end at 4 °C overnight. 

Efficiency of 3C cleavage was determined by running a sample on 12 % SDS-PAGE. 

Glutathione sepharose was used to remove 3C protease from the cleaved protein. A slurry of 

20 ).tL resin was equilibrated with Talon™ elution buffer and then added to the 3C cleavage 

reaction. The resin was incubated with the protein mixing end over end at 4 °C for 30 

minutes, the tube was then centrifuged at 5,000 g for 5 minutes. The supernatant containing 

the cleaved protein was retained for further purification. 

Regeneration of glutathione resin was carried out as follows. Resin was allowed to settle and 

the buffer decanted off. Two bed volumes of6 M guanidinium-HCl with 1% Triton X-100 

was added and mixed, the resin was centrifuged at 500 g to settle the resin and the 

guanidinium/Triton solution removed. This step was repeated. Ten volumes of Talon™ 

elution buffer were then added and gently mixed. The resin was centrifuged at 500 g to 

collect the resin and the elution buffer was removed, this step was repeated three times. The 

resin was left in 10 volumes of Talon™ column elution buffer, regenerated and ready for its 

next use. 
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2.2.15.7 Dialysing protein for ion exchange chromatography 

Solutions 

Dialysis buffer: low salt buffer appropriate for the next column 

Methods 

Appropriate fractions from the previous column were decanted into dialysis tubing and 

submerged in a 1 L beaker of low salt buffer stirring at 4 °C. The buffer was changed twice at 

24 hour intervals. The dialysed sample was filtered through a 0.45 Jlm syringe filter prior to 

loading onto the ion exchange column. 

2.2.15.8 Preparation and running of Uno™ Q anion exchange columns 

Solutions 

Anion exchange low salt buffer: 20 mM Tris, 10 mM NaCl, pH 7.5 

Anion exchange high salt buffer: 20 mM Tris, 1M NaCl, pH 7.5 

Methods 

The anion exchange column, a 6 mL bed volume Uno™ Q-6 or a 1 mL bed volume Uno™ Q-

1, was run using the FPLC. The 20% v/v ethanol storage solution was flushed out with 5 

column volumes of degassed MilliQ® and the column was equilibrated following 

manufacturers instructions. 

A dummy run was performed, following which the protein sample in low salt buffer was 

loaded onto the column. Nine column volumes of low salt buffer were then washed through 

the column and the flow-through was collected. A linear gradient over 10 column volumes 

was used to increase the high salt buffer from 0 to 50 %, and a linear gradient over another 4 

column volumes was used to increase the high salt buffer from 50 % to 100 %. The high salt 

buffer was held at 100 % for another 4 column volumes, then 5 column volumes of low salt 

buffer were run through the column. Fractions were collected throughout the low to high salt 

gradient, and those fractions that appeared from the A2so trace to contain protein were run on 

12% SDS-PAGE. Appropriate fractions were pooled for further purification. 

2.2.15.9 Preparation and running of the cation exchange column 

Solutions 

Cation exchange low salt buffer: 20 mM acetic acid/sodium acetate, 10 mM NaCl, pH 5 

Cation exchange high salt buffer: 20 mM acetic acid/sodium acetate, 2 M NaCl, pH 5 

Methods 
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The cation exchange column, a 5 mL bed volume HiTrap™ SP, was run on the FPLC. The 

20% v/v ethanol storage solution was flushed out with 5 column volumes of degassed 

MilliQ® and the column was equilibrated following manufacturer's instructions. 

A dummy run was performed, following which the protein dialysed into low salt buffer was 

loaded onto the column. Nine column volumes of low salt buffer were then washed through 

the column and the flow-through was collected. A linear gradient over 10 column volumes 

was used to increase from 0 to 50 % high salt buffer and a linear gradient over 4 column 

volumes to raise from 50 to 100 % high salt buffer. The high salt buffer was held at 100 % 

for another 4 column volumes and then 5 column volumes of low salt buffer was run through 

the column. Fractions were collected from throughout the low to high salt gradient and 

fractions that appeared from the A280 trace to contain the most protein were run on 12% SDS

p AGE. Appropriate fractions were pooled for further purification. 

2.2.15.10 Preparation and running of the DEAE anion exchange column 

Solutions 

Low salt buffer: 20 mM Tricine, 10 mM NaCl, 1 mM EDTA, pH 8.5 

High salt buffer: 20 mM Tricine, 1 M NaCl, 1 mM EDTA, pH 8.5 

Methods 

A 150 mL DEAE column was poured using DEAE resin and an 11 mm diameter Ace glass 

column. Ethanol was poured through the column to assist in settling the resin. When the 

resin had settled, degassed MilliQ® was run through the column and the column was topped 

up with degassed MilliQ® and attached to the FPLC (BioLogic™ HR, BioRad). The column 

was equilibrated by running two column volumes of low salt buffer through it at 3 mL.min-1
• 

A dummy run was performed, following which the lysate was loaded on to the column at a 

flow rate of 3 mL.min-1
• One column volume of low salt buffer was run through the column 

prior to the lysate being loaded. A one fifth column volume wash step was then performed, 

then a linear gradient increasing from 0 to 50 % high salt buffer in 4 column volumes was 

followed by a linear gradient increasing from 50 to 100 % high salt buffer in 1.3 column 

volumes. High salt buffer was then run through the column for 50 mL (one third of a column 

volume). A linear gradient going from 100 - 0 % high salt buffer in two column volumes was 

used to finish the run. Fractions of 8 mL were collected through the gradient and the fractions 

that appeared from the A2so trace to have protein in them were run on 12% SDS-PAGE. 
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2.2.15.11 Preparation and running of the gel filtration column 

Solutions 

Gel filtration buffer: 2 mM ~-mercaptoethanol, 10 mM NaCl, 20 mM Tris, pH 8 

Methods 

The gel filtration column (Superdex™ HiLoad™ 26/60, Pharmacia) was connected to the 

FPLC. The column was equilibrated by washing out the 20% v/v ethanol storage solution 

with degassed MilliQ® followed by equilibration with 330 mL (1 column volume) of gel 

filtration buffer. 

The sample was loaded onto the column using a 5 mL static loop and the flow rate throughout 

was 2 mL.min-1
• Gel filtration buffer was run through the column for 360 mL. Fractions 

were collected throughout the middle third of the run, 8 mL fractions from 104 - 240 mL, 

3 mL fractions from 240 - 270 mL, and 8 mL fractions from 270 - 302 mL. Fractions that 

appeared from the A280 trace to have the highest protein yield were run on 12% SDS-PAGE. 

2.2.16 Identifying proteins by N-terminal sequencing and mass spectrometry 

A purified protein sample (C-terminally His· Tagged® Cne PRP8) and protein transferred to 

PVDF membrane (minor band in piCI018 expression) were N-terminal sequenced. Proteins 

for N-terminal sequencing were sent to the Protein Microchemistry Facility in the 

Biochemistry Department of the University of Otago. Sequencing was performed on an ABI 

Procise 292 automated Edman sequencer. Purified C-terminally His· Tagged® Cne PRP8 was 

also run on the Thermo Finnigan LCQ DECA mass spectrometer by electrospray. 

2.2.17 Preparation of purified Haemophilus injluenzae trigger factor and Cne PRP8 for 

antibody production 

Purified protein was concentrated in a YM-10 Centricon® (Millipore) and then dialysed from 

a Tris based buffer into PBS using a Slide-A-Lyzer® (Pierce), the buffer was changed four 

times in 24 hours. Purified protein was emulsified with adjuvant in a 1:1 ratio and mixed 

using an 18 gauge needle in a narrow syringe (Freunds complete adjuvant for initial 

inoculation and Freunds incomplete adjuvant for all booster shots). 
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2.2.17.1 Creation of anti-Haemophilus injluenzae trigger factor and anti-Cne PRP8 

antibodies 

Each antibody was created in two New Zealand White Rabbits held at the Hercus Taieri 

Resource Unit (HTRU). All rabbit manipulations were performed by HTRU staff. All rabbits 

had a pre-immune test bleed of 10 mL taken prior to initial inoculation with purified protein 

emulsion. The initial inoculation was injected on day 1. A second injection was administered 

on day 28 and a test bleed performed on day 38. The serum collected from both the pre

immune bleed and the test bleed was tested against the appropriate purified protein using a dot 

blot. The final immunisation was administered on day 56, and the rabbits were exsanguinated 

on day 66. Exsanguination produced ~60 mL serum. Serum for all three bleeds was 

aliquotted and stored at -80 °C. Antibody sensitivity was tested with a dot blot and a working 

dilution was chosen. 

2.2.18 Setting up 24-well crystal trays 

Reservoir solutions were pi petted into wells and shaken if necessary on a vortex mixer with a 

platform shaker for 1 0 minutes. Vaseline was then syringed around the edges of the wells and 

siliconised coverslips were polished. Two microlitres of protein solution and 2 IlL of 

reservoir solution were pipetted onto each coverslip and mixed by pipetting. The coverslip 

was inverted and placed over the well from which that reservoir solution came. Crystal trays 

were examined under a microscope for presence of fibres and dust and then left in a 

temperature controlled room at 21 °C. Trays were typically checked within a week ofbeing 

set up and monitored weekly for several months. 

2.2.19 Setting up 96-well crystal trays 

Hanging drop 96-well crystal trays were set up using the Mosquito® crystallisation robot 

(Labtech) following manufacturer's instructions. Two drops were set up per well, a 100 nL + 

100 nL drop and a 130 nL + 70 nL drop (protein+ reservoir solution). The crystal trays were 

examined under a microscope for the presence of fibres and dust and left in a temperature 

controlled room at 21 °C. Trays were checked 2 to 5 hours after being set up and again after 

24 hours. 

2.2.20 Circular Dichroism Spectroscopy 

Purified protein samples were analysed in a Circular Dichroism spectrophotometer (Olis). A 

round 1.2 mL, 1 mm path-length, cuvette was used; measurements were made at 20 °C, using 
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a constant integration time of 3 seconds. The slit width was 1 nm. Measurements were made 

across the range of 190 to 260 nm unless otherwise stated. Each scan took 225 seconds. 

2.2.21 X-ray diffraction on protein crystals 

-At Massey University 

Protein crystals were stepped through solutions of reservoir solution modified to contain 10, 

20 and finally 30% v/v glycerol and then snap frozen in the cryostream. Crystal screening 

and data collection was carried out at 100 K. The crystal to detector distance was 150 mm. 

Oscillations of 0.5° were used with a 20 minute exposure per frame. 

-At Otago University 

Protein crystals were stepped through solutions of reservoir solution modified to contain 10 

then 20% v/v glycerol and then snap frozen in the cryostream. Crystal screening and data 

collection was carried out at 93 K. The crystal to detector distance was 300 mm. Oscillations 

of 0.5° were used with a 20 minute exposure per frame. 

2.2.22 Cation growth curves of BL21(DE3) 

Growth curves were performed on a POLARstar OPTIMA fluorometer, taking measurements 

every 30 minutes for a 24 hour period while holding the E. coli at 37 °C. Growth curves were 

set up in 96-well micro titre plates with 200 ~L per well, consisting of a combination ofLB 

growth media, BL21(DE3) cells to an OD6oo ofO.l and metal salts. The metal salts used were 

CaCh, CdCh, CoCh, LiS04, MgCh, MnCh, NiCh, and ZnCh. The concentrations of metal 

salts used were 0, 1, 10, 100, 200, 1,000, 2,000, and 10,000 ~M. Each growth curve was 

performed in triplicate. 

2.2.23 Analysis of the zinc content of BL21(DE3) cell pellets 

Solutions 

LB: 1% Peptone, 0.5% yeast extract, 0.5% NaCl, pH 7.4 with NaOH. 

Method 

Two 200 mL cultures ofBL21(DE3) cells expressing protein from piCI009 (with ampicillin 

resistance) were grown in LB in the presence or absence of 1 mM ZnCh. Each cell pellet was 

harvested and resuspended in 30 mL LB. The resuspension was split in two and the two 

samples pelleted again. Cell pellets were then washed in either LB or ether (to a final 

concentration of 50 % v/v with LB) and immediately pelleted. This ether/LB wash was 

repeated. Samples of cells (50 ~L) were taken after the first resuspension in LB and after the 
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last wash Gust prior to pelleting the cells). Samples from ether treated cells were spotted 

directly on LB plates containing 50 J..lg.mL-1 ampicillin, samples from LB treated cells were 

diluted 1:1,000 and 1:10,000 and 10 J.!L of each dilution spotted on LB plates containing 

50 J..lg.mL-1 ampicillin. The plates were incubated overnight at 37 °C and cells ability to grow 

was observed the next day. Triplicate cell pellets were weighed and sent to ChemSearch, 

Chemistry Department, University of Otago for analysis. ChemSearch dried the cell pellets, 

digested them with nitric acid and analysed them for recoverable zinc and magnesium. 

Analysis was by flame atomic absorption spectroscopy at 213.8 nm for zinc and 285.2 nm 

with a matrix modifier of 10 % lanthanthum solution for magnesium. Analysis of both ions 

utilised a Perkin Elmer AAnalyst 100. 

Results from ChemSearch were reported as total recoverable zinc and magnesium as a 

percentage weight for weight (w/w) of the dry cell pellet sample. To compare results each 

zinc result was normalised to the magnesium result for that sample as no exogenous 

magnesium was added to the media. The following calculation was used to convert the 

weight for weight percentage from dry cells into a concentration applicable to wet cells: 

x g cation 0.28 g dry cells 1070 g wet cells 1 mole cation 
1 

f t" 
1
. 

---=:..__ ___ x x x = mo es o ca ton per 1tre 
1000 g dry cells 0.95 g wet cells 1 L cells Mw cation 
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Chapter Three - Antibody Production 

Chapter 3 

Haemophilus injluenzae trigger factor and Cne PRP8 antibody production 

3.1 Introduction 

To examine the splicing activity of Cne PRP8 in a foreign protein context, a fusion protein 

was created (further described in Chapter 5). The fusion protein consisted ofCne PRP8 

flanked at its N-terminus by the Haemophilus influenzae trigger factor protein (HiTF) and at 

the C-terminus by a chitin binding domain (CBD). To observe splicing activity via western 

blots, antibodies to the proteins of the fusion protein were required. New England Biolabs 

manufactures an anti-CBD antibody but antibodies for either HiTF or Cne PRP8 were not 

commercially available. These antibodies were subsequently tested for suitability in the 

expression experiments. 

3.2 Results 

3.2.1 Haemophilus injluenzae trigger factor antibody production 

3.2.1.1 The vector pAC6 

The vector for expression ofHiTF was pAC6 (gift of Dr Sarah Clark and Dr Sigurd Wilbanks, 

manuscript in preparation). This plasmid contains the entire H influenzae trigger factor 

(HiTF) gene fused to the See VMA intein, which in tum is fused to the chitin binding domain 

(CBD) from Bacillus circulans in the pTYB2 vector (New England Biolabs). Expression is 

IPTG-inducible and the vector contains an ampicillin resistance gene. The pTYB2 system is 

based on purification using a disabled intein, the gene of interest (in this case HiTF) is cloned 

into pTYB2 upstream ofthe partially disabled See VMA intein gene, which itself is upstream 

of the CBD gene. When expressed, the fusion protein binds to chitin resin, separating the 

fusion protein from other host organism proteins. The addition ofDTT to the chitin resin 

induces N-terminal cleavage of the intein, releasing HiTF from the See VMA-CBD fusion 

protein and allowing elution from the column. 
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3.2.1.2 H. injluenzae trigger factor purification 

Two 600 mL cultures ofpAC6 in BL21(DE3) strain of E. coli were grown and a clarified 

lysate fractionated over a chitin column at 4 °C (Figure 3.1 A). Adding 1 mL of 1 M DTT to 

the chitin resin facilitated elution of the HiTF protein, and 1 mL fractions were collected with 

fractions 1 - 3 containing the highest protein concentration (Figure 3.1 B). These fractions 

were pooled giving a total volume of 3 mL, however faint contaminant bands were visible by 

Coomassie staining and so the protein was further purified (Figure 3.1 B). 

The final purification step for HiTF was anion exchange. Pooled HiTF fractions were 

dialysed overnight into low salt buffer using dialysis tubing with a 1 0 kDa molecular weight 

cut-off. Protein was loaded onto a BioRad Uno™ Q-6 column (Figure 3.1 C) and 1 mL 

fractions were collected throughout the increasing salt gradient. A band running at twice the 

size ofHiTF was seen in fraction 55 (Figure 3.1 D), this band was assumed to be a dimer of 

HiTF, but fraction 55 and neighbouring 54 were not pooled with the purer fractions. 

Fractions 51 -53 (Figure 3.1 D) contained the highest protein concentration and when pooled 

gave 3 mL of 0.6 mg.mL-1 purified HiTF. In preparation for antibody production 266 ~L 1:1 

emulsions of 0.6 mg.mL-1 HiTF with adjuvant were prepared for subcutaneous injection into 

rabbits. 

3.2.1.3 Testing specificity of H. injluenzae antibody 

Two rabbits, I31 and I32, were used to create anti-HiTF antibodies. The antibodies from both 

rabbits were tested using a dot blot after the test bleed, which revealed the antibodies from 

both were of similar reactivity (data not shown), so only antibodies from I31 were tested at 

both test bleed and exsanguination (Figure 3.2). BL21(DE3) cell lysate and H influenzae 

trigger factor from the earlier purification were used as negative and positive control antigens, 

respectively. It was important that the antibody did not cross react with any native 

BL21 (DE3) proteins at the dilution chosen for western blots, as the experimental samples 

were whole-celllysates ofHiTF-CnePRP8-CBD fusion proteins expressed in BL21(DE3) 

(Chapter 5). The dot blots used whole-celllysates of the fusion protein expressed in 

BL21(DE3) as the test antigen (Figure 3.2 KA/C-/S lysate). The following dilutions of 

primary antibody were tested: pre-immune serum at 1:10,000 and test bleed and 

exsanguination serum at 1:1 ,000; 1:1 0,000; 1:100,000 and 1:1,000,000. The pre-immune 

serum showed no reactivity to BL21(DE3) whole cell lysate, fusion protein, or purified HiTF, 

indicating I31 did not have any antibody reactivity to these proteins prior to inoculation. For 
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Purification of H injluenzae trigger factor (HiTF). A) & B) 12% SDS-PAGE of Chitin column samples. 
M = marker, U = uninduced, I = induced, CL = Clarified Lysate, FT = Flow Through, W = wash. C) Trace of 
HiTF through Uno-Q6 anion exchange column, blue = absorbance at 280 nm, red= conductivity (mS/cm). 
D) 12% SDS-PAGE of anion exchange fractions. L =sample post chitin, pre anion exchange. Arrow indicates 
potential HiTF dimer. 
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Antibody: Pre-immune Exsanguination 
----~-------------------------------------

Dilution: 1:10,000 1:1,000 1:10,000 1:100,000 1:1,000,000 

BL21 (DE3) lysate 

HiTF, 0.033 J..l9 

HiTF, 0.33 J..l9 

HiTF, 3.3 J..l9 

KAIC-/S lysate 

BL21(DE3) lysate 

HiTF, 0.033 J..l9 

HiTF, 0.33 J..l9 

HiTF, 3.3 J..l9 

KAIC-/S lysate 

Dilution: 1:100,000 1:1,000 1:10,000 1:100,000 1:1,000,000 

Antibody: Pre-immune Test Bleed 1 

Figure 3.2 
Dot Blot ofHiTF antibody reactivity. Antibodies were tested in duplicate and are those made in rabbit 133. The 
amount ofK.A/C-/S lysate loaded is equivalent to twice that used for SDS-PAGE (Chapter 5). 
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Chapter Three - Antibody Production 
both test bleed and exsanguination a dilution of 1:1,000 resulted in complete overexposure, 

indicating an extremely high reactivity. At a dilution of 1: 10,000 the antibody reacted well 

with HiTF samples and the fusion protein but also showed an unacceptable level of reactivity 

with the negative control, BL21 (DE3) lysate. A dilution of 1:100,000 showed reactivity with 

the fusion protein and reduced reactivity towards purified HiTF samples but no reactivity to 

the negative control. Thus 1:100,000 was chosen as the anti-HiTF dilution for western blots. 

3.2.2 Cne PRPS Antibody production 

3.2.2.1 Construction of pECI003 

The gene for the Cne PRP8 intein was amplified from piCI005 using primers CneAbFwd and 

CneAbRev2 (Figure 3.3 A). The plasmid piCI005 is an earlier version ofpiCI012 (Chapter 

5) created via the same strategy; however piCI005 did not express protein that was recognised 

by antibodies and was abandoned. The forward primer alters the first residue of the intein 

from the native cysteine to glycine; the reverse primer changes the last intein residue from the 

native asparagine to a threonine and the first C-extein residue from a serine to a leucine. 

These changes inhibit intein splicing allowing intein purification via a C-terminal affinity tag. 

The amplified intein gene was ligated into pET21d+ (Novagen) using Ncol and Xhoi, 

restriction sites for which were incorporated into the forward and reverse primers, 

respectively. Potential clones were screened with a Bglii digest and those exhibiting the 

appropriate restriction fragments (Figure 3.3 B, indicated by arrow) were sequenced with the 

T7 promoter and T7 terminator primers (Figure 3.3 C, D and Appendix A). The resulting 

plasmid, named pECI003, has an IPTG-inducible promoter and an ampicillin resistance gene 

(Figure 3.3 E). The final expressed protein includes the disabled Cne PRP8 intein preceded 

by the dipeptide methionine-alanine and followed by the octapeptide leucine-glutamate

histidine6. 

3.2.2.2 Cne PRPS purification 

To test whether the His· Tagged® protein would bind to cobalt resin and elute with imidazole, 

a batch-test in micro centrifuge tubes was conducted (described in Chapter 2). The protein 

produced from pECI003 both bound to and eluted from Talon™ resin (Appendix B). 

71 



~ 

,• 

:1 

t'> 

)lo. 

.. 
I> 

r. 

,. 

{ 

I f 

' 

A 
kb 

5 
4 

3 

2 
1.6 

0.5 

c 
10 

D 

E 

Figure 3.3 

B 
M E -ve kb M p 

5 
4 
3 

2 

1.6 

0.5 
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ao 

Cne PRP8 ends X hoi 
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Dsp HI (5388) 
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Construction ofpECI003. A) PCR ofCne PRP8 from piCI005 , E =experiment, -ve control contains no template 
DNA. B) Bglii digest of parent vector and pECI003 clone, arrow denotes band indicating correct construct. 
C) Sequencing electropherogram showing theN-terminus ofCne PRP8 . D) Sequencing electropherogram 
displaying the C-terminus ofCne PRP8 in frame with the C-terminal HisTag®. E ) Plasmid map ofpECI003. 
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Subsequent to batch testing, two 600 mL cultures ofpECI003 in BL21(DE3) strain of E. coli 

were grown, the cells harvested and a clarified lysate was generated from the combined cell 

pellet after sonication. Both chromatography columns for this purification were controlled by 

the BioLogicTM HR FPLC system. The first column was a Talon™ (cobalt resin) column. 

The lysate was loaded onto the column and protein eluted with buffer containing 150 mM 

imidazole (Figure 3.4 A). One millilitre fractions were collected from when the imidazole 

first entered the column and 1 ~L of each fraction was run on 12% SDS-PAGE (Figure 3.4 

B). The predominant band was ~27 kDa, and was assumed to be Cne PRP8. Faint 

contaminant bands were visible on the gel, to confirm this 10 ~L of fractions 1 - 8 were run 

on 12% SDS-PAGE (Figure 3.4 C). The level of contamination in the sample necessitated 

further purification. Most of the ~27 kDa band was in fractions five and six but fractions 1 - 8 

were pooled to increase the overall yield of the purification, giving a total of 8 mL for further 

purification. 

The pooled eluate was then fractionated on a Superdex™ HiLoad™ 26/60 (gel filtration) 

column. One hundred and thirty one 3 mL fractions were collected (Figure 3.4 D). Ten 

microlitres of every third fraction was run on 12 % SDS-PAGE and Coomassie stained 

(Figure 3.4 E). The eluted protein was pooled into three distinct pools, owing to contaminant 

bands present in some fractions. A band running at twice the size of the intein was observed 

in all fractions with a high concentration of intein protein, and was assumed to be a dimer 

(Figure 3.4 E indicated by arrow). The pools were: pool A, fractions 110-118 showing a 

contaminant band running just below 31 kDa; pool B, fractions 119-129 with a contaminant 

band running just below the main intein band; and pool C fractions 130 and 131 showing faint 

contaminants below the main intein band (Figure 3.4 E). 

The purified Cne PRP8 ran at a higher molecular weight than expected based on the 

prediction made by PEPSORT (WebAngis), the expected size was 20.8 kDa but the band ran 

at ~27 kDa. Purified protein from pool B was sent to the Protein Microchemistry Facility 

(Biochemistry Department, University of Otago) for mass spectrometry and N-terminal 

sequencing to confirm the identity of the protein (Appendices C and D). Mass spectrometry 

revealed that the protein was ~20.7 kDa (very close to the predicted size), despite running at 

~27 kDa on SDS-PAGE. The first six amino acids were sequenced and unambiguously 

matched the sequence for Cne PRP8 as expressed from pECI003, the lack of any other 

prominent peaks in theN-terminal sequencing reaction indicates that the prominent high 
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Purification of Cne PRP8. A) Trace from FPLC run of cell lysate over Talon™ column, Blue= absorbance at 
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130 and 131 were collected manually. Arrow indicates putative Cne PRP8 dimer. 
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molecular weight band in the fractions was almost certainly a dimer, had it been a 

contaminant another sequence would have been observed during theN-terminal sequencing 

reaction (Appendix D). Thirty three millilitres of purified Cne PRP8 (pool B) was purified 

and concentrated to 10 mL of 1 mg.mL"1 using a YM-10 centricon®. Purified Cne PRP8 was 

mixed in a 2 mL 1:1 emulsion with adjuvant for subcutaneous injection into rabbits. 

3.2.2.3 Testing the specificity of the Cne PRPS antibody 

Two rabbits, I33 and hybrid, were used to create anti-Cne PRP8 antibodies. The antibodies 

were tested using a dot blot after the test bleed. The antibodies from both rabbits were of 

similar reactivity when first tested (data not shown) so only antibodies from I33 were tested at 

both test bleed and exsanguination (Figure 3.5). Dots ofBL21(DE3) cell lysate and 

Cne PRP8 protein of varying concentrations were used as the negative and positive controls, 

respectively. BL21(DE3) lysate was chosen as the negative control, as the western blots used 

whole-celllysates ofthe HiTF-CnePRP8-CBD fusion protein expressed in BL21(DE3). The 

dot blots used whole-celllysates of the fusion protein expressed in BL21(DE3) as test antigen 

(Figure 3.5 KA/C-/S lysate). Pre-immune serum was used at a dilution of 1:10,000 and test 

bleed and exsanguination serum at 1:1,000; 1:10,000; 1:100,000 and 1:1,000,000. The pre

immune serum showed no reactivity to BL21(DE3) whole cell lysate, fusion protein, or 

purified Cne PRP8, indicating I33 did not have pre-exisiting antibody reactivity with E. coli 

proteins or Cne PRP8. For both test bleed and exsanguination, antibodies at a dilution of 

1:1,000 reacted to both Cne PRP8 samples and BL21 (DE3). A dilution of 1:100,000 did not 

show sufficient reactivity to the fusion protein sample (KA/C-/S lysate) for this dilution to be 

used in western blots. A dilution of 1:10,000 was chosen as it was the most reactive to 

Cne PRP8 without reacting to the negative control, BL21(DE3) lysate (Figure 3.5). 
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Antibody: Pre-immune Exsanguination 
----~-----------------------------------

Dilution: 1:10,000 1:1,000 1:10,000 1:100,000 1:1,000,000 

BL21(DE3) lysate 

Cne PRP8, 0.05 !l9 

Cne PRP8, 0.5 !l9 

Cne PRP8, 5 !l9 

KA/C-/S lysate 

BL21(DE3) lysate 

Cne PRP8, 0.05 !l9 

Cne PRP8, 0.5 !l9 

Cne PRP8, 5 !l9 

KA/C-/S lysate 

Dilution: 1:100,000 1:1,000 1:10,000 1:100,000 1:1,000,000 

Antibody: Pre-immune Test Bleed 1 

Figure 3.5 
Dot Blot of Cne PRP8 antibody reactivity. Antibodies were tested in duplicate and are those made in rabbit 
133. The amount ofKA/C-/S lysate loaded is equivalent to twice that used for SDS-PAGE (Chapter 5). 
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Chapter 4 

Cne PRPS purification and structural analysis 

4.1 Introduction 

To assess the recombinant protein integrity and gain insight into the splicing mechanism of 

Cne PRP8, structural and functional studies were undertaken. Models of the mechanism of 

intein splicing currently include only splice junction residues (Chong et al., 1996; Chong et 

al., 1998; Kawasaki et al., 1997a; Xu and Perler, 1996) although other conserved residues are 

believed to be important (Ghosh et al., 2001; Kawasaki et al., 1997b; Klabunde et al., 1998; 

Mizutani et al., 2002; Poland et al., 2000; this study). Structural and functional studies of 

Cne PRP8 aim to not only confirm the importance of the residues at the splice junctions, but 

also to determine which of the other conserved splicing motif residues are required for intein 

splicing, and to suggest their possible role in splicing. Additionally, Cne PRP8 splicing motif 

residues differ from the splicing motif consensus in several positions and structural studies 

would be useful to elucidate the role ofthose residues in splicing, and to determine if that 

function differs from the role of the consensus residue at that position. Structural studies will 

play an important part first in determining if Cne PRP8 resembles other inteins in overall fold 

and secondly provide a three dimensional model for interpretation of the functional studies 

presented in Chapter 5. 

Of the currently available methods for structure analysis, circular dichroism and X-ray 

crystallography were utilised to examine Cne PRP8. Circular dichroism gives an indication 

of the overall secondary structure of a protein, and also gauges whether a protein is folded. In 

the case of inteins, which are almost entirely ~-sheet, circular dichroism may reveal not only 

whether an intein is folded but also if that fold is predominantly ~-sheet. A gold standard in 

structural analysis is X-ray crystallography, which can determine the position of residues in 

an active site relative to each other; this can give insights into the mechanistic action and 

highlight regions of the protein to investigate for further functional analyses. 
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4.2 Results 

4.2.1 Cne PRP8 purification and crystallisation with a C-terminal His·Tag® 

4.2.1.1 The vector pECI003 and Cne PRP8 purification from pECI003 

The vector utilised to produce protein for the Cne PRP8 antibody, pECI003, was also 

employed to produce protein for crystallisation trials (Chapter 3). Cne PRP8 protein was 

purified via an identical strategy to the purification of Cne PRP8 for intein antibody 

production (Chapter 3) except four 600 mL cultures were grown instead of two. 

As previously, 1 mL fractions from the Talon™ column were collected, starting when the 

imidazole first entered the column (Figure 4.1 A). Fractions were run on 12% SDS-PAGE 

(Figure 4.1 B). As observed in the previous Cne PRP8 purification, lanes with the highest 

levels of Cne PRP8 also contained a band at approximately twice the intein size, and this band 

was assumed to be aCne PRP8 dimer (see Chapter 3). Fractions 2- 10 contained the highest 

protein levels and were pooled for further purification. This pooled protein was fractionated 

on a Superdex™ HiLoad™ 26/60 (gel filtration) column (Figure 4.1 C), and fractions were 

collected throughout the protocol (Chapter 2). Fractions 18 - 23 contained the highest protein 

yield (Figure 4.1 D) and were pooled. The concentration was determined by UV absorbance 

using a molar extinction coefficient of22.53 L.mor1.cm"1 as estimated by Vector NTI 

(Invitrogen). The total yield ofthe purification was 17 mL of2 mg.mL"1 purified Cne PRP8. 

Subsequently, purified Cne PRP8 was concentrated to 10 mg.mL-1 using centricons®, and the 

material not immediately used in crystallisation trials was snap frozen in liquid nitrogen and 

stored at -80 °C. The final purified protein had a faint contaminant band running at 31 kDa 

visible by Coomassie staining (Figure 4.1 D). 

4.2.1.2 Crystallisation trials with purified Cne PRP8 from pECI003 

Hanging drop vapour diffusion crystal trays were set up in 24-well trays and incubated at 

21 °C. Initial screens used the Molecular Dimensions 3D structure screen kit of 48 different 

precipitant solutions. After 2 weeks, microcrystals were observed in two drops from the 

screens in the following conditions: 0.1 M sodium HEPES pH 7.5, 1.5 M sodium potassium 

phosphate and in 0.1 M sodium acetate pH 4.6, 1.4 M sodium formate. Crystals that grew in 

79 



A 

B 

·~ 

Flow Through Wash 

;:.()')- • 

·0. ? '>-j 

~--------
()f• : OO : ftl) 01 : 00 : 00 

Clar 
kDa M Lys Lys FT W 

97 

66 

45 

31 

21 

14 

2 

02 : 00 :0 U 03:00 ; 00 
Ht: : MI,., : ~t-<: 

Fractions 

3 4 5 6 7 

80 

8 

;,;, '.!, " .. ' 0 ( ' "~-. 

---- ---------[ 
t . 

t 

0 <1 :00 : 0 0 

9 10 11 



.. 

I> 

... 
t 

l 

~ I 

•'> 

c 

AU 

D 

1 .00 

o . ~t o n. 

C' • .,..,0 

"-'"0.1 

: ::l· 
0. !Oi 

: ::j 

~":C,,ct Jon::. 
I J 4 s e. ·1 e. <J 11 u l:.. n 1 :t 2 ~ :n JO 32 

O.CO"-i-"-----------=--------,...-.,: ----""-----~=~-+ 

1 [. 
-o . toe-.-- --------- . - - - ---· --- ____ T___ • 1 

OV:OO:QO 

kDa 

97 

66 

45 

31 

21 

14 

M 

0 1 : 00 : 00 01::00 : 00 OJ : I)!'I:OU 
Hr : ~ 1n : S o!r. 

Fractions 

16 17 18 19 20 21 22 23 

Figure 4.1 
Purification of C-terminally His-Tagged® Cne PRP8 for crystallography. A) Trace of FPLC run of cell lysate 
over Talon™ column, Blue= absorbance at 280 nm, Red= conductivity mS/cm, Black=% elution buffer. 
B) 12% SDS-PAGE ofTalon samples, Lys =cell lysate, Clar Lys =clarified lysate, FT =flow through, 
W =wash. C) Trace ofFPLC run of pooled Talon fractions run on HiLoad™ 26/60, Blue= absorbance at 
280 nm, Red= conductivity mS/cm. D) 12% SDS-PAGE of fractions covering the HiLoad™ peak. 
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Figure 4.1 
Purification of C-terminally His ·Tagged® Cne PRP8 for crystallography. A) Trace of FPLC run of cell lysate 
over Talon™ column, Blue= absorbance at 280 nm, Red= conductivity mS/cm, Black=% elution buffer. 
B) 12% SDS-PAGE of Talon samples, Lys =cell lysate, Clar Lys =clarified lysate, FT =flow through, 
W = wash. C) Trace ofFPLC run of pooled Talon fractions run on HiLoad™ 26/60, Blue= absorbance at 
280 nm, Red= conductivity mS/cm. D) 12% SDS-PAGE of fractions covering the HiLoad™ peak. 
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the phosphate salt were plate-like and grew up to 0.1 mm along their longest side. The 

microcrystals that grew in formate conditions were too small to measure accurately. 

Optimisation of the sodium potassium phosphate conditions from the Molecular Dimensions 

3D structure screen was attempted. Microcrystals (unwashed) from the Molecular 

Dimensions 3D structure screen tray were used to seed drops using sodium HEPES and 

potassium phosphate as precipitants. The pH ranged from 7.3 to 7.8 and the phosphate 

concentration from 0.5 M to 1.53 M. In five days the majority of the seed crystals had 

dissolved, after a month all had dissolved without encouraging further crystal growth. 

Optimisation of the sodium formate crystallisation conditions from the Molecular Dimensions 

3D structure screen involved both a pH gradient, using sodium acetate as a buffer, and a 

sodium formate concentration gradient. Crystals grew in sodium formate concentrations 

ranging from 1.3 M to 1.8 M, and a pH range of 4.2 to 5.5 buffered by 0.1 M sodium acetate. 

Crystals from 1.6 M sodium formate, 0.1 M sodium acetate pH 4.2 were dissolved and run on 

12% SDS-PAGE confirming that they were protein and not salt (data not shown). Based on 

these findings further sodium formate trays were set up with a precipitant range of 1.4 M to 

2 M and a pH range of 4.1 to 4.6. Ammonium, calcium, cadmium, cobalt, lithium, 

magnesium, manganese, nickel, potassium and zinc cations were added at concentrations 

ranging from 1 mM to 100 mM to potentially aid structural stability of Cne PRP8. Larger 

crystals were obtained using equal volumes of 13 mg.mL-1 Cne PRP8 and a solution of 1.4 M 

sodium formate, 0.1 M sodium acetate pH 4.2, and a range of cation combinations and 

concentrations. The largest crystals were grown with 1 mM MgCh and 30 mM CdCh added 

to the reservoir solution. The crystals were either foliated sheets or thin triangular plate-like 

prisms and grew up to 0.4 mm along their longest edge in 5 days (Figure 4.2). 

Hanging drop crystal trays were also set up using the Molecular Dimensions Clear Strategy 

System I, which is a combination of buffers and precipitants that can be combined to create 

different reservoir solutions. Solutions were combined to closely mimic conditions 

previously used to crystallise inteins (Ding et al., 2003; Hu et al., 2000; Ichiyanagi et al., 

2000; Klabunde et al., 1998; Mizutani et al., 2002; Moure et al., 2002; Poland et al., 2000; 

Werner et al., 2002). Buffer pH ranged from 5.5 to 8.5 and precipitants used were PEGs with, 

sodium acetate, MgCh, or LiS04• Within a week microcrystals had grown in drops buffered 

to pH 6.5 with 0.5 M sodium cacodylate and 0.2 M LiS04 using either 8 % PEG 20,000 with 
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Figure 4.2 
Crystals of C-terminally His·Tagged® Cne PRP8 grown in sodium formate. Crystals grown in 1.4 M sodium 
formate, 0.1 M sodium acetate pH 4.2, 1 mM MgCb, 30 mM CdCb. Left, triangluar prisms, right clusters of 
foliate plates. Crystals are typical of those grown from C-terminally His·Tagged® Cne PRP8. A crystal similar 
to those in the left panel was used for the data set. 
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Chapter Four- Cne PRP8 purification and structural analysis 
8% PEG 350 or 10% PEG 8,000 with 10% PEG 1,000 as precipitants. However, attempts 

to further optimise these conditions did not achieve reproduction of microcrystals or growth 

of larger crystals. 

4.2.1.3 Data collection from Cne PRPS crystals grown in sodium formate 

A selection of the largest crystals, all grown in buffer containing sodium formate and sodium 

acetate, were screened via X-ray diffraction. Prior to screening and data collection, crystals 

were stepped through modified mother liquor containing 10, 20 and then 30% v/v glycerol, 

with less than a minute in each solution. The crystals were then flash-cooled in a 100 K 

cryostream. 

Screening and data collection was carried out at 100 K (Oxford cryostat) using an Raxisii 

image plate with a copper rotating anode X-ray generator (Rigaku MicroMax™-007) 

operating at 40 kV and 20 rnA. Crystals were screened by collecting two diffraction images 

90° apart. A data set was collected on the most promising crystal from this screening, grown 

in 1.4 M sodium formate, 0.1 M sodium acetate pH 4.2, 1 mM MgCh, 30 mM CdCh (Figure 

4.2left panel). Determination of unit-cell parameters and integration of reflections were 

performed using the program CrystalClear™ (d*TREK® version 9.2, Pflugrath 1999). 

The distance between the crystal and detector was 150 mm, and the exposure time was 

20 minutes per frame with 0.5° oscillations (Figure 4.3). The crystal belonged to P1 space 

group with unit cell parameters a= 63.68 A, b = 63.53 A, c = 81.86 A and a= 103.84°, ~ = 

95.71°, y = 117.64°. The highest resolution data was at 2.8 A and a 201° data set was 

collected. The data collection and processing statistics are presented in Table 4.1. Most 

notably the data set showed a high mosaicity (2.1 °). The mosaicity was anisotropic with 

greatest mosaicity along the axis which lies perpendicular to the triangular face of the crystal 

(the a-axis). This is observed as the difference in spot shape and number between the 0° and 

90° images (Figure 4.3 A and B). There are more spots in one direction (Figure 4.3 A) and 

the spots are fewer but rounder in the other (Figure 4.3 B). A calculated Matthews coefficient 

(Kantardjieffand Rupp, 2003; Matthews, 1968) estimated there were six molecules in the 

asymmetric unit, which implies that the crystals were ~4 7 % solvent. In order to ensure that 

the space group was P1, attempts were made to index and refine in P3, the space group of a 

later Cne PRP8 data set. These attempts were unsuccessful, outlines of predicted spots did 

not coincide with 
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Table 4.1 
Data-collection and processing statistics for C-terminally His·Tagged® Cne PRP8. 

Values in parentheses are for the last resolution shell. 

Space group 
Unit cell dimensions 

Resolution range 
Total number of reflections 
Number of unique reflections 
Average redundancy 
% completeness 
Rmerge 
Reduced ChiSquared 
Output <I/sigl> 

C-terminally His·Tagged® Cne PRP8 
Crystal grown in sodium formate 

PI 
63.68 63.53 81.86 
103.84 95.71 117.64 
38.53-2.80 (2.90- 2.80) 
51544 
25019 
2.06 (2.00) 
94.9 (93.5) 
0.151 (0.418) 
0.95 (0.91) 
4.9 (1.7) 

Crystal grown in sodium potassium phosphate 

P3 
117.80 117.80 74.50 
90 90 120 
14.96-3.6 (3.62- 3.5) 
27512 
14212 
1.94 (1.85) 
98.5 (98.6) 
0.085 (0.376) 
0.97 (0.97) 
5.8 (1.6) 
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Figure 4.3 
X-ray diffraction images obtained from aCne PRP8 crystal grown in sodium formate. Each is a 0.5 degree 
oscillation image at 100 K. A) 0 degrees, B) 90 degrees. The top panels are the entire diffraction image, the 
bottom panel an enlarged picture of indicated area. The ring represents a resolution of2.9 angstroms. These 
images were collected at Massey University Institute of Fundamental Sciences on an Raxisll (Rigaku). 
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Chapter Four- Cne PRP8 purification and structural analysis 

actual spots and the refinement process rejected all reflections, both indicators that the 

assigned unit cell is incorrect (CrystalClear™ manual). 

Structurally inteins appear reasonably well conserved, although they do not exhibit high 

amino acid sequence similarity. As molecular replacement utilises alignment of the Cu traces 

of both model and experimental data, and not sequence alignment, molecular replacement was 

attempted to solve the structure; but this was ultimately unsuccessful. The high mosaicity of 

the data made it difficult for CrystalClear™ to define spots and their intensity accurately, 

resulting in a very large Rmerge of 0 .151. The model used for molecular replacement was the 

Cu trace ofthe 1.35 A structure ofSce VMA (pdb ID: 1GPP, Werner eta!., 2002) with amino 

acids 83 to 176 removed from the search model (the deletion encompassed the endonuclease 

domain and some disordered loop regions). AMoRe (Navaza 1994) was used to search for 

the best match between model and experimental data via a translation and rotation search 

utilising a search sphere of20.6 A. The search sphere size was subsequently increased to 

25 A (larger than the size of the search model), as Cne PRP8 is larger than the (truncated) 

search model. The R factor, which measures agreement between the X-ray diffraction data 

and the model, started at 54.9% but only decreased to 53.7% after 24 iterations. An R factor 

greater than 50 % implies that the concordance between observed data and the model is 

extremely poor. Moreover the AMoRe output showed that all models were superimposed. 

This would occur when the search sphere is too small, meaning solutions are only being 

searched for in a limited space, or when the real solutions are ranked too low in a list of 

potential solutions to be utilised. A Wilson plot suggested the data were very anisotropic; 

therefore the algorithm anisotropic correction might not have been high enough to 

compensate. 

Phaser was also employed to search for the best match between model and experimental data. 

Phaser enables multiple search models to be utilised, separately or in combination. The 

conserved portions of various intein structures were used separately and in combination by 

Phaser in an attempt to find a solution. Phaser was not able to decrease the Rrree (a 

measurement of how well the model predicts a subset of measured intensities that have been 

left out of the refinement) but did appear to be placing solutions in plausible positions in the 

unit cell (i.e. not directly superimposed). Phaser and AMoRe both had difficulty processing 

this data set as 20 % of the data consisted of poorly measured spots with intensity over sigma 

values of 0.1, lower than the error value of 0.2. In summary the data were too weak, too 
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Chapter Four- Cne PRP8 purification and structural analysis 

anisotropic, and there were too many molecules in the asymmetric unit to solve the structure 

by molecular replacement. 

4.2.1.4 Crystallisation trials using a crystallisation robot 

Further optimisation of crystallisation conditions was undertaken at Auckland University. A 

MultiPROBE® II HT liquid handling robot from PerkinElmer was used to dispense liquid 

from deep-96-well blocks into 96-well trays. A Cartesian HONEYBEE™ bench top 

crystallisation system robot was used to set up five 96-well sitting-drop crystallisation trays to 

screen a further 480 crystallisation conditions. These conditions included a PEG/ion screen, 

Hampton research Crystal Screen™, an ammonium sulfate screen, a PEG screen, an MPD 

screen, and a Clear strategy screen. Several conditions produced microcrystals, the largest 

(0.04 mm) grew in 1.6 M sodium potassium phosphate pH 7. Microcrystals grown with 20% 

PEG 3,350 with either magnesium acetate, zinc acetate or sodium iodide were almost as large 

as the crystals grown in phosphate buffer. Reproducing the crystals from the PEG conditions 

in larger drops failed, perhaps owing to potentially large differences in pH due to the 

unbuffered nature of the precipitant solution. However mimicking the sodium potassium 

phosphate conditions proved successful, crystals grew in three weeks in 1.4 and 1.5 M sodium 

potassium phosphate at a pH of7.7 and 7.8. The crystals were triangular prisms with most 

measuring 0.1 mm along the longest edge, and the crystal surfaces of the majority of crystals 

appeared to be smooth (Figure 4.4). 

4.2.1.5 Data collection from Cne PRP8 crystals grown in sodium potassium phosphate 

Crystals grown in 1.5 M and 1.4 M sodium potassium phosphate pH 7.7 and 7.8 were 

screened for X-ray diffraction. Prior to screening and data collection crystals were stepped 

through modified mother liquor containing 10 and 20 % v/v glycerol, with up to a minute in 

each solution. The crystals were then flash cooled in a 93 K cryostream. 

Screening and data collection was carried out at 93 K (Rigaku X-stream 2000 low 

temperature system) using an RaxisiV++ image plate with a copper rotating anode X-ray 

generator (Rigaku MicroMax™-007HF) operating at 40 kV and 25 rnA. Crystals were 

screened by collecting two diffraction images 90° apart and a data set was collected on the 

most promising crystal, grown in 1.4 M sodium potassium phosphate pH 7.8. This crystal 

gave the highest resolution data and reflections were round implying low mosaicity. 

89 



<> 
~ ~ 

tJ 

. ~ 
t> 

p-

.... 

~ ;-

t>-

;J.-

v 
,, 

t>-

,. 
p 

• (.-

\.> 

""' 
t> 

~ " 
•) 

;;1 
•,'-

~ .... 

v 

' " ( 

A 

B 

c 

Figure 4.4 
Crystals of C-terminally His-Tagged® Cne PRP8 grown in sodium potassium phosphate. A) Crystals grown in 
1.5 M sodium potassium phosphate pH 7.8. B) Crystals grown in 1.4 M sodium potassium phosphate pH 7.7. 
C) Crystals grown in 1.4 M sodium potassium phosphate pH 7.8. The crystal used to collect the data set was 
from the drop depicted in A. 
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Chapter Four- Cne PRP8 purification and structural analysis 

Determination of unit-cell parameters and integration of reflections were performed using the 

program CrystalClear™ 1.3.6 (d*TREK®, Pflugrath 1999). 

The crystal to detector distance was 300 mm, and the exposure time was 20 minutes per frame 

with 0.5° oscillations (Figure 4.5). The crystal belonged to P3 space group with unit cell 

parameters a= 117.80, b = 117.80, c = 74.50. The highest resolution data was at 3.5 A, and a 

63° data set was collected (Figure 4.5). Data collection and processing statistics are listed in 

Table 4.1. The data set had a lower Rmerge (0.085) and lower mosaicity (1.5°) than the 

previous data set, although still high compared to the ideal values for Rmerge (0.05) and 

mosaicity (0.5°). A calculated Matthews coefficient (Kantardjieff and Rupp 2003; Matthews 

1968) suggested either 5 or 6 molecules in the asymmetric unit, corresponding to 54 % or 

44% solvent, respectively. 

Despite the improved crystal morphology the data from this crystal were weak (intensity over 

sigma of 5.8) similar to the previous data set. Although the Rmerge and mosaicity were 

reduced in this data set the resolution was unfortunately substantially diminished compared to 

the previous data set. Again there are five or six molecules predicted in the unit cell for this 

crystal. Structure determination via molecular replacement would be difficult for this data set 

for the same reasons as the data set from the crystal grown in sodium formate. In light of 

these two data sets optimisation of purification and further crystallisation trials was attempted 

as a more productive route to aCne PRP8 structure. 

4.2.1.6 Attempted optimisation of Cne PRP8 purification from pECI003 

In an attempt to grow higher-quality crystals, a further purification step was introduced into 

the protocol. An ion exchange chromatography step (and appropriate dialysis step) was added 

between the cobalt affinity column and the gel filtration column. As previously the clarified 

cell lysate was loaded onto the Talon™ column and 1 mL fractions collected starting when 

the imidazole first entered the column (Figure 4.6 A). Fractions were run on 12 % SDS-

p AGE (Figure 4.6 B). Fractions 11 - 15 contained the highest yield and were pooled and 

dialysed into a low salt ion exchange buffer pH 7 overnight. Half of the dialysed protein was 

run on an anion exchange column (Uno™ Q-1) at pH 7 (Figure 4.6 C). Almost all Cne PRP8 

was collected in the flow-through at pH 7, fractions 1 - 5 contained Cne PRP8 that bound 

(Figure 4.6 D). The remaining protein from dialysis was run on anion exchange at pH 8.5 

(Figure 4.6 E). Cne PRP8 bound to the anion exchange column at pH 8.5 and eluted at the 
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Figure 4.5 
X-ray diffraction image obtained from aCne PRP8 crystal grown in sodium postassium phosphate. The image 
is a 0.5 degree oscillation image at 93 K. The ring represents a resolution of 4 angstroms. These images were 
collected at Otago Univeristy, Biochemistry Department on an Raxislv++ HF (Rigaku). 
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Figure 4.6 
Purification of C-terminally His-Tagged® Cne PRP8 for crystallography. A) Trace ofFPLC run of cell lysate 
over Talon™ column, Blue= absorbance at 280 nm, Red = conductivity mS/cm, Black=% elution buffer. 
B) 12% SDS-PAGE of Talon fractions . C) Trace ofFPLC run of half of the pooled Talon fractions run on 
Uno™ Q-1 at pH 7, Blue = absorbance at 280 nm, Red = conductivity mS/cm. D) 12% SDS-PAGE of fractions 
covering the protein peak from the Uno TM Q-1 run at pH 7. E) Trace of FPLC run of half of the pooled Talon TM 

fractions run on Uno™ Q-1 at pH 8.5, Blue= absorbance at 280 nm, Red= conductivity mS/cm. F) 12% 
SDS-PAGE of fractions covering the protein peak from the Uno™ Q-1 run at pH 8.5. G) Trace ofFPLC run 
of Uno™ Q-1 at pH 8.5 fractions run on HiLoad™ 26/60, Blue= absorbance at 280 nm, Red = conductivity 
mS/cm. H) 12 % SDS-PAGE of fractions covering the HiLoad™ peak. 
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Chapter Four- Cne PRP8 purification and structural analysis 

beginning of the salt gradient (Figure 4.6 F). Fractions 9- 12, which contained the highest 

protein levels, were pooled and run on gel filtration (Figure 4.6 G). Unexpectedly, the protein 

eluted from the gel filtration column in two peaks, where the first peak corresponded to the 

elution time of Cne PRP8 during previous intein purifications. The two peaks appeared to be 

identical on 12 % SDS-PAGE (Figure 4.6 H). The protein fractions from the first, larger peak 

were pooled. The total yield was 27 mL of 1.15 mg.mL"1 purified C-terminally His·Tagged® 

Cne PRP8, which was concentrated using 10 kDa molecular weight cut-off centricons® to 

13 mg.mL-1 for crystallisation trials. The protein appeared more highly purified via SDS-

p AGE than purifications using only two chromatography columns; there were no bands 

visible by Coomassie staining other than the intein and the intein dimer bands. 

Despite the apparent increased protein purity, crystals grown utilising protein from this 

purification procedure were not superior to those grown from protein purified over two 

columns (Figure 4.7). In fact, crystals were smaller and just as stepped on their triangular 

faces. Replicating the crystallisation conditions became difficult as one of the original 

crystallisation buffers ran out (1 M sodium acetate stock solution at pH 4.2). Despite many 

attempts a sodium acetate solution with similar crystallisation success was not able to be 

produced. The pH of the last of the original solution and the new solutions were measured 

with both pH paper and pH meters to ensure they were identical, and the conductivity of both 

solutions was matched in an attempt to replicate salt concentration exactly. Nevertheless all 

crystals grown in new sodium acetate were smaller and slower growing than those grown 

utlilising the original sodium acetate solution in crystallisation buffers. The smaller crystals 

were expected to diffract X-rays weakly thus these crystals were not screened for X-ray 

diffraction. 

4.2.2 Cne PRP8 purification without an affinity tag 

As most intein crystal structures solved to date used purifications involving non-tagged 

inteins (Ding et al., 2003; Klabunde et al., 1998; Poland et al., 2000; Sun et al., 2005) a 

similar strategy was attempted with Cne PRP8. Purification ofuntagged Cne PRP8 was 

attempted using protein produced from piCI009 (Chapter 5). The intein in this construct was 

flanked N-terminally by Haemophilus influenzae trigger factor and C-terminally by a chitin 

binding domain. The intein was native and flanked by wild type extein residues conferring 

efficient splicing, thus the protein purified from this preparation was an active spliced intein. 
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Figure 4.7 
Crystals ofC-terminally His·Tagged®Cne PRP8 purified with three columns. Crystals grown in 1.4 M sodium 
formate, 0.1 M sodium acetate pH 4.2 . 
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Chapter Four- Cne PRP8 purification and structural analysis 

The clarified lysate was first purified over a DEAE ion exchange column at pH 8.5 (Figure 

4.8 A). The lysate was loaded onto the column and 8 mL fractions were collected throughout 

the salt gradient. The intein was spread over a large number of fractions and fractions 38 - 50 

were pooled as they contained Cne PRP8 as a major protein component, although all fractions 

at this stage of the purification contained multiple proteins (Figure 4.8 B). The pooled protein 

was dialysed into low salt buffer and the dialysed protein was then fractionated on Uno™ 

Q-1, a higher resolution anion exchange column (Figure 4.8 C). Fractions were collected 

throughout the salt gradient. The number of protein species in each fraction was still high at 

this stage in the purification, albeit visibly reduced. Fractions 5 and 6 contained the majority 

of the Cne PRP8 (Figure 4.8 D) and were pooled for gel filtration. The pooled protein from 

anion exchange was fractionated on a gel filtration column (Figure 4.8 E). The intein eluted 

from the column at an equivalent volume to previous intein purifications with fractions 14 -

16 containing purified Cne PRP8, thus these three fractions were pooled and concentrated. 

The fractions contained two contaminant bands visible by Coomassie staining, one at 31 kDa 

and one running at 21 kDa. The relative intensities of the contaminant bands and the intein 

band indicate that this purification procedure is impure compared to previous purifications 

utilising affinity tags, rendering it unsuitable for structural studies. Additionally the untagged 

intein purification yielded a total of 50 J.!L of 5.3 mg.mL-1 Cne PRP8. 

The Mosquito® crystallisation robot was unavailable thus there was only sufficient protein to 

set up one 24-well crystal tray. A crystallisation screening tray was set up with the untagged 

Cne PRP8 using the nine most successful conditions from the Molecular Dimensions 3D 

screening kit (as judged by previous crystal trays set up with C-terminally His·Tagged® 

Cne PRP8) and 15 sodium formate conditions (Table 4.2). Regrettably no crystals grew in 

any of the conditions tested. 

4.2.3 Cne PRP8 purification, circular dichroism, and crystallisation with a removable N

terminal His·Tag® 

4.2.3.1 Construction of pQC1003 

Cne PRP8 was amplified from linearised piCI009 plasmid DNA (Chapter 5) using primers 

CneolntBHfwd2 and CneolntBHrev3 (Figure 4.9 A), and the amplified intein was ligated into 

pGEM-T (Promega). Incorporation ofthe intein was ascertained by sequencing clones, and 

the correct clone named pQCI001 (Figure 4.9 Band C). The intein was removed from 
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Figure 4.8 
Purification of untagged Cne PRP8 from piCI009 for crystallography. A) Trace of FPLC run of cell lysate over 
DEAE column, Blue = absorbance at 280 run, Red = conductivity mS/cm, Black =% elution buffer. B) 12 % 
SDS-PAGE ofDEAE fractions. C) Trace ofFPLC run 1 of the pooled DEAE fractions run on Uno™ Q-1 at 
pH 8.5, Blue = absorbance at280 run, Red = conductivity mS/cm. D) 12% SDS-PAGE of fractions 
covering the protein peak from the Uno™ Q-1 run at pH 8.5, FT = flow through. E) Trace ofFPLC run of 
Uno™ Q-1 fractions on HiLoad™ 26/60, Blue = absorbance at 280 run, Red = conductivity mS/cm. F) 12% 
SDS-PAGE of fractions covering the HiLoad™ peak. Asterisk indicates intein band on all gels. 
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Table 4.2 
Crystallisation conditions tested 4 IlL hanging drops with untagged Cne PRP8. Crystals did not grow in any 
conditions, ppt indicates a precipitate was observed in the drop, - indicates nothing visible occurred in the drop. 
'Old'/'New' refers to sodium actetate solutions, N/A indicates that this distinction is not applicable and that those 
conditions are part of the Molecular dimensions 3D screening kit. 

Crystallisation condition 
0.2 M MgCh, 0.1 M Tris pH 8.5, 2.38 M1-6 Hexanediol 
0.1 M Na HEPES pH 7.5, 7% v/v 2-propanol, 14% w/v PEG 4,000 
0.2 M MgCh, 0.1 M HEPES pH 7.5, 21% v/v 2-propanol 
0.2 M (NH4)2S04, 21% w/v PEG 4,000 
0.2 M LiS04, 0.1 M Tris pH 8.5, 21 % w/v PEG 4,000 
0.2 M MgCh, 0.1 M Tris pH 8.5, 21 % w/v PEG 4,000 
0.2 M (NH4)2S04, 0.1 M Na cacodylate pH 6.5, 21% w/v PEG 8,000 
0.2 M (NH4)2S04, 0.1 M MES pH 6.5, 21 % w/v PEG monomethylether 5,000 
0.1 M CH3C00Na pH 4.6, 1.4 M HCOONa 
1.8 M sodium formate, 0.1 M sodium acetate pH 4.2 
1.9 M sodium formate, 0.1 M sodium acetate pH 4.2 
2.0 M sodium formate, 0.1 M sodium acetate pH 4.2 
1.8 M sodium formate, 0.05 M sodium acetate pH 4.2 
1.9 M sodium formate, 0.05 M sodium acetate pH 4.2 
2.0 M sodium formate, 0.05 M sodium acetate pH 4.2 
1.8 M sodium formate, 0.06 M sodium acetate pH 4.2 
1.9 M sodium formate, 0.06 M sodium acetate pH 4.2 
2.0 M sodium formate, 0.06 M sodium acetate pH 4.2 
1.8 M sodium formate, 0.07 M sodium acetate pH 4.2 
1.9 M sodium formate, 0.07 M sodium acetate pH 4.2 
2.0 M sodium formate, 0.07 M sodium acetate pH 4.2 
1.8 M sodium formate, 0.08 M sodium acetate pH 4.2 
1.9 M sodium formate, 0.08 M sodium acetate pH 4.2 
2.0 M sodium formate, 0.08 M sodium acetate pH 4.2 

102 

'Oid'/'New' 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
0 
0 
0 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

Result 

ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 
ppt 



A 

B 
,_, 

.... c 

" 

D 

kb 

2 
1.6 

0.5 

M E -ve 

' I 

------ -- - ---- --- ---- --· ·----~------

Cne PRP8 starts 

:' T G C ; G G G A T C C /, i ' ;, r; C 'f T G C C T T 
("I ' II ,_.; 

Cne PRP8 ends 

'' I I 
I ' 

·--- ------ ----~--
(' A (i i . ;-.. [ G 

G G - \-T=-'-~--T::-- T ~-·--'------·----- __;:'_ __ · __ . _____ ....:.__~--- ----
('. C T l\ l T T GC!\Cf, C C T C CG G l'. T .!..G C ' 

'·"1 •r.! "'' S1,4 ., ,., .. ~-, '> Ji "' c,p. O.,"i} 

kb G G G G G C M Q Q G Q Q Q 

103 



.. 

.. 

(.> 

E 

F 

2 3 4 5 6 7 8 g* 

kb U B b U B b U B b U B b M U B b U B b U B b U B b U B b 

5 
4 

J 
0.5 

. ··- ~ ·- . 

His· Tag"'' 

\ 

~r ~ - ~~--~~-~---- ~~----~~-~/~----~~~------~--~--~~,~--- -~,·~------------
i, G M C S K W T Y G C A T C A C C l\ T C A c c 
Ill E2 lU ll ·ll 5 116 1:7 118 119 120 121 122 123 124 125 126 127 128 1:19 :30 131 132 133 

3C recognition site 

..... - ...... _ ~---'---'---~--~--.::.....~ ... ---' .. ...-~-~-~ ..... - ··-------
!\ T C A C G G A T C T C T G G A /, G 'T T C 

134 1 3:-. 1 36 13"/ 1 38 139 140 141 142 143 144 145 146 147 148 143 150 151 2.5~ 15.) lS•l 

--L-~----..-~ _., -- , / ...... ~ ~ "'"----"-----' -'-'-· --"------------~=~ 
T G T T C C l\ G G G G C C C ,~. G l\ T c c f ', 

:ss :s6 157 15e 159 160 161 162 163 164 16o 156 1r,7 168 169 110 111 112 1 7< 17? 1 7 ~ , ._, ,. 

Cne PRP8 starts 

I _.. , 
- :...~.__;:,._~--~------<--'--"''·-"'- ·· ... 

T G T G C 
178 17 9 180 

T 
181 182 

c 
183 

c 
184 

T 
185 

T C A G 
186 187 188 189 

A A T 
190 191 192 

G 
193 

G 
19 4 

T 
195 

l • c 
196 197 ;_9 8 

G Cne PRP8 ends 
BspEI 1------ ter Beg inn ing of Xhol site 

'--"'------~--~-~-~-- -'-.--- .,__ __ _:::_~_- _·-.;,--'-"----~~--~-----=----- ---~-, 
T 

6 81) 

G C 
690 691 

Figure 4.9 

A C A C C T CC G G A T l\ 
692 693 694 ~ 696 697 598 699 700 701 702 703 704 

G C 
705 706 

T 
7 C7 

c 
7;)8 

G 
7C 'J 

r, 
"710 

Construction ofpQCI003 . A) PCR amplification ofCne PRP8 from piCI009, M = marker, E = experiment. B) 
Sequencing chromatogram showing the beginning ofCne PRP8 inframe in pGEM-T (giving pQCI001). Orange 
underlining indicated base mutated to disable Cne PRP8. C) Sequencing chromatogram showing the end of 
Cne PRP8 in frame in pGEM-T. D) BamBI Sphl double digest screening for pQCI002, M = marker, G = 
pQCIOOl, Q = pQE80L, C =successful clone (pQC1002). E) BamHI and Bglll digests screening for pQCI003 , 
M = marker, U = uncut, B = BamHI digest, b = Bglll digest, asterisk denotes successful clone (pQCI003). F) 
Sequencing chromatogram showing Cne PRP8 in frame with N-terminal His·Tag®. Magenta line indicates 
His-Tag®, green line indicates the 3C recognition site. Note that base 177 is missing from the chromatogram. 
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Chapter Four- Cne PRP8 purification and structural analysis 

pGEM-T and ligated into pQE80L (Qiagen) using BamHI and Sphl (recognition sites were 

incorporated into the pQCI001 forward and reverse primers, respectively); a BamHI/Sphi 

double digest was used to screen plasmids for the correct clone (Figure 4.9 D). The resulting 

plasmid, pQCI002, has an intein disabled at the C-terminus via replacing the native 

asparagine with threonine, which prevents splicing to facilitate purification, as well as anN

terminal His·Tag® six amino acids upstream of the intein N-terminus. A 3C protease site was 

inserted into pQCI002 using oligonucleotides PreScisBamHIFwd2 and PreScisBamHIRev2, 

creating pQCI003. The oligonucleotides were combined in a 1: 1 molar ratio and heated to 

95 °C for two minutes and then to cooled at approximately 1 °C per minute to anneal. These 

oligonucleotides included sticky ends compatible with BamHI sites but lacked the sixth base 

resulting in an abolished BamHI site when ligated into pQCI002. Clones were screened using 

BamHI and Bglii digests (Figure 4.9 E). Construction of pQCI003 was confirmed by 

sequencing using primers pQEfwd and pQErev (Figure 4.9 F and G). 

4.2.3.2 Cne PRP8 purification from pQCI003 

Four 600 mL cultures ofBL21(DE3) strain of E. coli expressing protein from pQCI003 were 

grown and harvested for this purification (Chapter 2). The clarified lysate was first 

fractionated on a Talon TM column, the computer controlling the FPLC apparatus crashed as 

the lysate finished loading, thus the portion of the A2so trace representing the flow through 

was lost (Figure 4.10 A). Fraction collection started when the imidazole first entered the 

column, and fractions were run on 12% SDS-PAGE (Figure 4.10 B). Fractions with a high 

protein yield (8- 12) were pooled, divided into two pools (A and B) and the pools dialysed 

separately into low salt buffer for ion exchange. There were many protein bands of lower 

molecular weight than the intein in these fractions, this was not seen in similar fractions from 

previous intein purifications (Figure 4.10 B). 

Pool A (His+) was run on anion exchange at pH 8.5 (Figure 4.10 C) while pool B (His-) was 

incubated with 3C protease. His+ anion exchange fractions were run on 12% SDS-PAGE 

and fractions 8 - 13 and the flow through were pooled for gel filtration. The fractions were 

not visibly purified compared to the flow through, illustrating that the anion exchange column 

did not increase purity. Pool A anion exchange fractions contained many proteins oflow 

molecular weight differing from previous intein purifications (Figure 4.10 D). Meanwhile a 

sample of protein from pool B was run on 12% SDS-PAGE to confirm cleavage ofthe 

His·Tag® from the intein (Figure 4.10 E) and revealed greater than half of Cne PRP8 had been 
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Figure 4.10 
Purification ofN-terminally His-Tagged® and non-tagged Cne PRP8 from pQCI003 for crystallography. A) 
Partial trace ofFPLC run of cell lysate over Talon™ column, Blue = absorbance at 280 run, Red = 
conductivity mS/cm, Black=% elution buffer. B) 12 % SDS-PAGE of Talon fractions . M = marker, CL = 
clarified lysate, FT = flow through, W =wash. C) Trace ofFPLC run of His+ pooled Talon™ fractions run on 
Uno™ Q-6, Blue = absorbance at 280 run, Red= conductivity mS/cm. D) 12% SDS-PAGE of fractions 
covering the protein peak from the Uno™ Q-6. M = marker, FT =flow through, W =wash. E) Testing 3C 
cleavage for His- Cne PRP8 . M =marker, H+ =His+ Cne PRP8, H- =His- Cne PRP8. F) Trace ofFPLC run 
of His- pooled Talon™ fractions run on Uno™ Q-6, Blue = absorbance at 280 run, Red = conductivity mS/cm. 
G) 12% SDS-PAGE of fractions covering the protein peak from the Uno™ Q-6. M = marker, FT = flow 
through. H) Trace ofFPLC run ofUno™ Q-6 His+ fractions run on HiLoad™ 26/60, Blue= absorbance at 
280 run, Red = conductivity mS/cm. I) 12 % SDS-PAGE of fractions covering the His+ HiLoad™ peak. M = 
marker. J) Western blot of His+ Cne PRP8 purified from pQCI003. K) Trace ofFPLC run of Uno™ Q-6 His
fractions run on HiLoad™ 26/60, Blue= absorbance at 280 run, Red= conductivity mS/cm. L) 12% 
SDS-PAGE of fractions covering the His- HiLoad™ peak. 
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Chapter Four- Cne PRP8 purification and structural analysis 

cleaved from the His· Tag®. This His- protein was then fractionated on anion exchange at 

pH 8.5 (Figure 4.10 F) and fractions run on 12% SDS-PAGE (Figure 4.10 G). Fractions 9-

13 and the flow through contained the majority of the protein and were pooled for gel 

filtration. Once again the fractions were not visibly purer than the flow through, although the 

fractions of His- protein had fewer spurious low molecular weight bands than the His+ 

fractions. 

Pool A (His+) protein was fractionated on gel filtration and eluted from the column in one 

peak at a volume equivalent to that of previous purifications (Figure 4.10 H). Fractions 

covering the gel filtration peak were run on 12 % SDS-PAGE (Figure 4.10 I). Fractions 24 -

32 contained the highest protein yield and were pooled. However, fractions appeared to be 

significantly contaminated with low molecular weight proteins and so a sample was probed 

with anti-Cne PRP8 antibody (Figure 4.10 J). Almost all bands reacted to the intein antibody 

indicating that the spurious bands were unlikely to be contamination. Either the protein was 

being degraded during the purification to a much greater extent than observed in previous 

intein purifications, or the intein was undergoing some splicing or cleavage during the 

purification that gave rise to the lower molecular weight bands. Tests of the protein sample 

incubated at room temperature overnight showed that the protein did not degrade further (data 

not shown) suggesting the spurious bands were related to catalytic activity of the intein during 

purification. There was also antibody reactivity to higher molecular weight proteins, these 

proteins are unexplained, one possibility is that Cne PRP8 was also forming trimers and 

tetramers under these conditions. Meanwhile pool B (His-) protein was run on gel filtration 

(Figure 4.10 K). Fractions representing the protein peak were run on 12 % SDS-PAGE 

(Figure 4.10 L ). Fractions 18 - 25 contained the majority of the protein and were pooled. The 

His- protein contained fewer lower molecular weight bands than the His+ protein, although 

spurious bands were still present. The lower molecular weight bands that were present could 

represent products ofN-terminal cleavage of the disabled Cne PRP8, resulting in removal of 

the His· Tag®. Additionally a 31 kDa contaminant band was visible by Coomassie staining, 

this band is too large to be an intein and too small to be a dimer and a band of similar mobility 

has been seen in previous intein purifications, thus it was discounted as a cleavage-related 

product. It was decided that the protein purified from this preparation was not homogenous 

enough for crystallisation. Disabling the intein at the C-terminus only appears to impair the 

intein rather than preventing all activity. To circumvent this, another construct was created 

that disabled the intein at both theN- and C-termini, abolishing splicing. 
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Chapter Four- Cne PRP8 purification and structural analysis 

4.2.3.3 Construction of pQCI102 

Cne PRP8 was amplified from linearised piCI009 plasmid DNA (Chapter 5) using primers 

CneointBHfwdser and CneointBHrev3. The amplified intein was ligated into pQE80L 

(Qiagen) using BamHI and Hindiii (recognition sites were incorporated into the forward and 

reverse primers, respectively). The resulting plasmid pQCI101 has an intein disabled at the 

N-terminus, by replacing the native cysteine with a serine, and the C-terminus, by replacing 

the native asparagine with threonine, preventing splicing and thus allowing purification. 

Additionally anN-terminal His·Tag® is present six amino acids upstream of the intein (Figure 

4.11). 

A 3C protease site was inserted into pQCI101 using oligonucleotides PreScisBamHIFwd2 

and PreScisBamHIRev2 (Figure 4.12). The oligonucleotides were combined in a 1:1 molar 

ratio and heated to 95 °C for two minutes then cooled slowly to room temperature to anneal. 

These oligonucleotides included sticky ends compatible with BamHI sites but lacked the sixth 

base so that ligation into the plasmid would abolish the BamHI site enabling screening by 

restriction digest. The annealed oligonucleotides were ligated into the linearised plasmid and 

potential clones were screened with BamHI digests then sequenced using primers pQEfwd 

and pQErev (Appendix E). The resulting plasmid, pQCil 02, contained the coding sequence 

for a 3C protease recognition site between theN-terminal His·Tag® and the disabled intein 

(Figure 4.12 and Appendix E). 

4.2.3.4 Cne PRP8 purification from pQCI102 

Four 600 mL cultures were grown for this purification, harvested and a clarified lysate 

prepared from sonicated cells (Chapter 2). The lysate was first fractionated on a Talon™ 

column, and 1 mL fractions were collected as soon as the elution buffer entered the column. 

Fractions were run on 12 % SDS-P AGE (Figure 4.13) and fractions with high protein yield 

were pooled (2- 20) and split into two 9.5 mL pools of 6.5 mg.mL-1
• 

The ion exchange step in Cne PRP8 purification had previously proved difficult owing to 

difficulties binding to the column. The pi of theN-terminally His·Tagged® intein was 

estimated to be 6.27 (WebAngis) and anion exchange at a pH of7 and 8.5 had been attempted 

in previous Cne PRP8 purifications (see above) but resulted in poor binding at either pH, 

suggesting neither pH induced charge difference satisfactory for binding and subsequent 

elution. Thus for this purification cation exchange was attempted at pH 5. 
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Figure 4.11 
Construction ofpQCilOl. A) PCR amplification ofCne PRP8 from piCI009, E = experiment B) BamHI and 
Hindiii double digest used to screen for incorporation of Cne PRP8 into pQE80L, P =parent plasmid, C = the 
correct clone. C) Sequencing chromatogram showing Cne PRP8 in frame with N-terminal His· Tag®. D) 
Sequencing chromatogram showing the end of Cne PRP8 in appropriate frame with the pQE80L plasmid. 
Orange underlining indicates altered bases. 
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Construction of pQCil 02 from pQCil 01. A) BamHI digest of pQCil 02 and pQCil 01. P = parent plasmid 
(pQCilOl), C = the correct clone (pQCI102). B) Sequencing chromatgram showing incorporation of3C 
recognition site into pQCilOl in the appropriate direction and frame. C) Plasmid map ofpQCI102 showing 
the beta-lactamase (ampicillin resistance) , T5 promoter, theN-terminal His-Tag®, 3C recognition site and 
Cne PRP8. The binding sites of the sequencing primers pQEfwd and pQErev are indicated. 
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Figure 4.13 
Purification ofCne PRP8 using protein expressed from pQCI102. A) Trace ofFPLC run of cell lysate over 
Talon column, Blue= absorbance at 280 nm, Red= conductivity mS/cm, Black=% elution buffer. B) 12% 
SDS-PAGE of samples from Talon™ run, U = uninduced, I= induced, FT = flowthrough, W =wash. 

114 



Chapter Four- Cne PRP8 purification and structural analysis 

Pool A (His+) was dialysed into cation exchange low salt buffer in preparation for cation 

exchange. A very small amount of precipitated protein was observed in the dialysis tubing; 

however the concentration of the remaining soluble protein revealed that an insignificant 

amount had precipitated. The pooled and dialysed fractions were fractionated on a 5 mL 

HiTrap™ SP cation exchange column in two batches, fractions were collected throughout the 

gradient and run on 12% SDS-PAGE (Figure 4.14 A and B). One quarter ofthe dialysed 

sample was run first and the remaining protein fractionated once the HiTrap™ SP resin had 

been proven capable of binding Cne PRP8 at pH 5. However the majority of the protein from 

the second cation exchange run precipitated out of solution once collected as fractions. 

Cne PRP8 eluted from the cation exchange column at two different points in the salt gradient, 

a small peak at 0.74 M NaCl (pool A peak Z) and a larger amount of protein at 1.25 M NaCl 

(pool A peakY) (Figure 4.14 A). The protein in the two peaks appeared identical by SDS-

p AGE except for the presence of a greater amount of intein dimer in the pool A peak Y 

protein in fractions 66 - 70 (Figure 4.14 B), probably owing to the higher protein 

concentration in those fractions. The protein from the two peaks was pooled separately, with 

the equivalent peaks from the two sequential runs pooled. These two pools were then 

fractionated separately on a HiLoad™ 26/60 gel filtration column. Fractions were collected 

throughout the middle of the run (details in Chapter 2) and run on 12% SDS-PAGE (Figure 

4.14 C, D, E and F). There appeared to be greater contamination after the gel filtration runs 

than before the Cne PRP8 fractions, especially those from the pool A peak Y gel filtration 

peak (Figure 4.14 D). A 31 kDa contaminant band is present along with a protein band at 

approximately 45 kDa and an additional faint band just smaller than the intein ~23 kDa 

(Figure 4.14 D). The protein from the smaller cation exchange peak eluted from the gel 

filtration column with apparently greater purity; the only contaminant visible by Coomassie 

staining ran slightly larger than 45 kDa, however this may be owing to lower total protein in 

these fractions (Figure 4.14 F). Protein from the pool A peakY cation exchange peak run on 

the gel filtration column was concentrated to 9.9 mg.mL-1
. The total yield ofN-terminally 

His·Tagged® Cne PRP8 was 400 ~L of9.9 mg.mL-1
• 

Pool B of protein from the Talon™ column (His-) was also dialysed into cation exchange low 

salt buffer overnight but with 3C protease added to cleave off the His·Tag® during dialysis. 

Again, a small amount of protein precipitated during the overnight dialysis. The 3C cleavage 

was assessed by SDS-PAGE (Figure 4.15 A), revealing that over half of the Cne PRP8 had 
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Figure 4.15 
Purification of Cne PRP8 without a His-Tag® from Talon™ column purified intein. A) Verifying 3C cleavage, 
the asterisk denotes untagged Cne PRP8. B) Trace ofFPLC run of pooled His- protein on HiTrap™ SP run 2. 
Blue = absorbance at 280 nrn, Red= conductivity mS/cm, Black= % high salt buffer, the asterisk denotes the 
largest peak eluting at 0.307 M NaCl. C) 12% SDS-PAGE of fractions from His- HiTrap™ run 2. D) Trace of 
FPLC run of pooled HiTrap™ fractions from the larger peak run on HiLoad™. E) 12% SDS-PAGE of 
fractions corresponding to the HiLoad™ peak. 
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Chapter Four- Cne PRP8 purification and structural analysis 
been cleaved from the His-Tag®. His- Cne PRP8 was fractionated on cation exchange (pH 5) 

in four batches in an attempt to avoid the solubility problems observed with His+ protein. 

Some of the protein appeared not to bind to the resin (fractions 1 - 20) and the protein that did 

bind once again eluted in two peaks (Figure 4.15 B). Fractions were run on 12% SDS-

p AGE. The protein in the different peaks eluting in less than 1 M NaCl appeared identical by 

SDS-P AGE and the protein that eluted in greater than 1 M salt appeared to be a mixture of 

His+ and His- protein, with His+ protein being predominant (Figure 4.15 C). The largest 

peak from all four cation exchange runs, which eluted at 307 mM NaCl (Figure 4.15, B 

indicated by an asterisk) was pooled and fractionated on the gel filtration column. Fractions 

31 - 33 from runs one and two, fractions 33 - 35 from run three and fractions 41 - 45 from run 

four were pooled (Figure 4.15 D). The numbering of equivalent fractions in run four differs 

simply as more of the flow through was collected in this run. The eluted protein from the gel 

filtration column was run on 12% SDS-PAGE (Figure 4.15 E) and fractions 19-27 were 

pooled and concentrated to 2.6 mg.mL-1 for circular dichroism studies and setting up crystal 

trays. The protein had two contaminant bands visible by Coomassie staining, a 45 kDa band 

and a band running just below Cne PRP8 (Figure 4.15 E). The purified His- Cne PRP8 

appeared to be purer than the His+ protein but this may be owing to reduced yield. The total 

yield of purified His- Cne PRP8 was 600 !!L at 2.6 mg.mL-1
• 

The elution time on gel filtration of the His+ and His- Cne PRP8 was identical. Estimation of 

molecular weight based on elution time is 20.2 kDa. This purification (His+ and His-) lacked 

the cryptic smaller molecular weight bands observed in the purification from pQCI003. 

Disabling the intein at both termini appears to abolish all cleavage and splicing activity, 

allowing a purification of more homogenous protein. 

4.2.3.5 Circular dichroism of Cne PRP8 with and without a His·Tag® 

Circular dichroism was performed at 20 °C scanning 190 - 260 nm using 1 nm steps and a 

constant integration of three seconds per nanometre. Cne PRP8 protein was scanned at 

concentrations ofO.l mg.mL-1 (His-) and 0.25 mg.mL-1 (His+). Both Cne PRP8 species were 

scanned in a variety of buffers, including gel filtration buffer (20 mM Tris, 10 mM NaCl, 

2 mM ~-mercaptoethanol, pH 8) and buffers similar to previously successful crystallisation 

buffers (1 00 mM sodium formate with sodium acetate pH 4.2 and 100 mM sodium potassium 

phosphate pH 7.8). Cadmium, magnesium and zinc were also added to assess whether they 

stabilised Cne PRP8 structure. Under all conditions Cne PRP8 appeared unstructured 

120 



Chapter Four- Cne PRP8 purification and structural analysis 
(representative scans shown in Figure 4.16). The highest salt concentration that could be used 

in circular dichroism, without absorbance in the far UV range masking signal from the 

protein, was 100 mM for both sodium formate and sodium potassium phosphate buffers. 

4.2.3.6 Crystal trials with His- Cne PRP8 purified from pQCI102 

Crystal trays were set up with His- (pool B) Cne PRP8 protein from a repeated purification 

from pQCI102 which resulted in a higher yield. Protein eluted from cation exchange in two 

distinct peaks of 189 mM (pool B peak Z) and 273 mM NaCl (pool B peak Y). Gel filtration 

was conducted and the protein was concentrated. Yield of the pool B peak Z (His- Cne PRP8 

that eluted from cation exchange at 189 mM NaCI) was 0.2 mL of 6.55 mg.mL-1
• The yield 

of pool B peakY protein was 0.1 mL of7.57 mg.mL-1
• Hanging drop crystal trays were set 

up with the His- protein from both separate pools. In this case crystal trays were set up using 

a Mosquito® crystallisation robot, where two 96-well trays were set up. A Hampton 48-

condition screen was used and a 48-condition phosphate and formate screen was used to 

assess a range of conditions that had aided in crystallisation of the C-terminally His· Tagged® 

Cne PRP8. 

Within 24 hours small crystals had formed in selected sodium formate conditions. The 

crystals formed from pool B peak Z protein grew as hexagonal plates and those from the pool 

B peak Y protein grew as triangular plates or thin triangular prisms similar to those grown 

with C-terminally His· Tagged® protein. Larger hanging drops replicating the successful 

conditions were set up (Table 4.3). The crystals grown from the different protein peaks in the 

larger drops retained the distinct morphology that the crystals in the smaller drops had 

displayed (Figure 4.17). The largest crystals grown were 0.05 mm and have rough non

stepped faces which suggests mosaicity of the data collected from these crystals may make 

data processing difficult (Figure 4.17). Nevertheless crystals were screened at 0° and 90° by 

X-ray diffraction. The highest resolution diffraction observed was 4 A, but the data were 

extremely mosaic (data not shown). Crystals whose diffraction images showed rounded spots 

only diffracted to ~ 11 A, clearly unsuitable for structural determination (data not shown). All 

His- crystals appeared to diffract better in one direction than another (i.e. up-down vs. left

right on the diffraction image), and on one diffraction image than the other (i.e. 0° vs. 90°) 

which implied anisotropic diffraction. Therefore further optimisation of purification protocols 

is required to obtain suitable yield to facilitate optimisation of crystallisation conditions. 
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Table 4.3 
Crystallisation conditions replicated in 4 IlL hanging drops with His- Cne PRP8. N/A indicates that the 
condition was not replicated for that protein sample, - indicates crystals did not grow in that condition, ./ 
indicates crystals grew in that condition. 

Crystallisation condition 

1.5 M sodium formate, 0.1 M sodium acetate pH 4.2 
1.6 M sodium formate, 0.06 M sodium acetate pH 4.2 
1.7 M sodium formate, 0.09 M sodium acetate pH 4.2 
1.4 M sodium formate, 0.09 M sodium acetate pH 4.2 
1.5 M sodium formate, 0.09 M sodium acetate pH 4.2 
1.5 M sodium formate, 0.1 M sodium acetate pH 4.2 
1.6 M sodium formate, 0.05 M sodium acetate pH 4.2 
1.6 M sodium formate, 0.06 M sodium acetate pH 4.2 
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Chapter Four- Cne PRP8 purification and structural analysis 
Attempts to analyse the structure of Cne PRP8 did not prove successful. High mosaicity and 

weakly diffracting crystals hindered attempts to solve the structure. Problematic protein 

purification with limited yield hindered attempts to improve crystal quality. Circular 

dichroism results indicate an unstructured protein implying Cne PRP8 could have portions 

that are natively unstructured, which could explain the poor diffraction of Cne PRP8 crystals. 

However further optimisation of purification procedures to give a greater yield would allow 

more crystallisation conditions to be screened, potentially leading to better crystal diffraction. 
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5.1 Introduction 

Chapter Five- Functional analysis ofCne PRP8 mutants 

Chapter 5 

Functional analysis of Cne PRP8 mutants 

To examine the splicing requirements of Cne PRP8, the intein was cloned into the fusion 

protein construct described below. The construct allows the splicing activity of Cne PRP8 

(and various mutants) to be determined through observing the different sized proteins on 

Coomassie stained gels and determining the antibody reactivity of those proteins with western 

blots (Figure 5.1). Various mutants were made to deduce which amino acids were crucial for 

Cne PRP8 splicing, employing a similar approach to that utilised in See VMA intein studies 

(Hirata and Anraku, 1992; Kane et al., 1990). Numerous intein studies since have used 

similar methodology (for example, Chong et al., 1998), but prior to this thesis only 

Derbyshire et al. (1997) had used antibodies to all three parts of the fusion protein in their 

study; most studies use antibodies to only one or two of the fusion protein components. 

5.2 Results 

5.2.1 Construction of the piCI family of plasmids 

The Cne PRP8 coding sequence was fused between the HiTF gene and the CBD gene by 

replacing the See VMA intein ofpAC6 (described in Chapter 2). Vectors encoding 

Cne PRP8 fusions with Haemophilus influenzae trigger factor (HiTF) as the N-extein and a 

chitin binding domain (CBD) as the C-extein were denoted the piCI family of vectors. The 

Cne PRP8 gene was amplified from C. neoformans genomic DNA using the primers 

CneolntG and CneolntS (which incorporate Xmal and Sphl sites, respectively). The PCR 

product was cloned into pGEM-T using the pGEM-T kit (Promega), giving plasmid piCIOOl. 

The plasmid was sequenced with universal sequencing primers SP6 and T7 promoter to 

confirm that the correct gene was amplified, and to check for PCR errors. The intein was 

excised from piCI001 using Xmai and Sphl and ligated with two gel purified fragments from 

pAC6: a 3358 bp Xmai/Nari fragment and a 3808 bp Sphi/Nari fragment. The ligation 

resulted in the plasmid piCI003, in which the residues immediately preceding the intein are a 

proline and glycine, the first residue of the intein is a cysteine (native) and the first C-extein 
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Figure 5.1 
Schematic diagram showing predicted splicing and cleavage products ofthe piCI constructs. The full length 
fusion protein is shown at the top with the three fusion partners differentially shaded. Predicted molecular 
weights are indicated. 
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Chapter Five- Functional analysis ofCne PRP8 mutants 
residue is an alanine (PG/C-/A) (Pearl, 2002). The original piCI family vectors piCI001 and 

J 

piCI003 were made previously (Pearl, 2002), while the piCI024 (KI/C-/S, -lile) plasmid was 

created by Stuart Geary in a summer studentship (November 2004- January 2005). 

Additional members of the piCI family were generated from piCI003 via site-directed 

mutagenesis as described (Chapter 2). This method used the Muta-Gene® phagemid in vitro 

mutagenesis kit version 2 (BioRad) which is based on a method originally described by 

Kunkel (1985). The method involves extracting single-stranded DNA from phage grown in 

the CJ236 strain of E. coli. These dur ung- bacteria are deficient in the enzymes dUTPase 

(Dut) and uracil-N-glycosylase (Ung). The consequence of this is the occasional 

misincorporation of deoxyuridine instead of thymine in DNA. A complementary mutagenic 

primer was annealed to the single-stranded phagemid DNA and T7 DNA polymerase was 

added to synthesise the complementary strand. The plasmid was subsequently transformed 

into the DH5a strain of E. coli (dut ung+) which selectively degrades the uracil-containing 

strand and resynthesises it utilising the complementary strand as a template. 

Template plasmids and mutagenic primers utilised to create the various mutants are listed in 

Table 2.2. For example utilising piCI003 as a template the first C-extein residue was mutated 

from alanine to serine, the + 1 residue of Cne PRP8 in its native context, utilising the 

mutagenic primer ICIBSPE2 resulting in piCI004. Sequencing confirmed the identities of all 

mutants (Appendices F, G, H, I, J and K). Efficiency of the reaction varied from 5% to 50% 

success. 

5.2.2 Cne PRP8 splice junction mutants 

The following figures contain a number of control lanes. These are a lane of uninduced 

BL21(DE3) cells harbouring the KA/C-/S (wild type) plasmid, a lane of purified Haemophilus 

influenzae trigger factor (HiTF) and a lane with purified His· Tagged® Cne PRP8. There is 

occasional cross-reactivity of the antibodies in some experiments to proteins in the uninduced 

lane. 

Across experiments the CBD antibody blots show unexpected bands at ~60 kDa, ~35 kDa and 

~27 kDa. These bands are observed occasionally in the uninduced lane as well as in some of 

the sample lanes on the anti-CBD blots and show no reactivity with the other antibodies, and 

are thus assumed to be cross-reactivity of the CBD antibody with E. coli proteins. 
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Chapter Five- Functional analysis ofCne PRP8 mutants 

The HiTF positive control lane has a band that is approximately the size of trigger factor at 

~50 kDa via Coomassie stained gels, which is also reactive to the H injluenzae antibody, but 

not the intein antibody. However there is occasional cross-reactivity of the CBD antibody 

with a ~55 kDa band in the HiTF control lane, such as that seen in Figure 5.2 (lane HiTF). 

There is a very faint corresponding band on the anti-HiTF blot and the Coomassie stained gel 

(Figure 5.2 lane HiTF). The HiTF control protein was purified utilising the IMP ACT™ 

system (NEB), which involves HiTF fused to a disabled intein which is fused to a CBD. If a 

small portion of the fusion protein was able to perform splicing, then there could be some 

HiTF-CBD splicing product co-purified with HiTF, which would explain the limited 

reactivity to anti-CBD. 

The Cne PRP8 control lane has two bands in it, one is at ~27 kDa and is the appropriate 

mobility for the His· Tagged® intein. There is also an intein antibody reactive band at twice 

the size of the intein band; it is assumed to be a dimer as it is only present when there are high 

concentrations of free intein (i.e. in the control lane and lanes that correspond to intein 

variants that splice effectively). 

Residues were mutated at the splice junctions of the intein, as these residues participate 

directly in the formation of reaction intermediates. The initial construct has a native first 

residue (a cysteine) and non-native extein residues (PG/C-/A). This construct exhibited a 

prominent band of ~76 kDa, visible by Coomassie staining and reactive to all three 

antibodies, as expected for a full-length, unspliced translation product (Figure 5.1; Figure 5 .2, 

lane PG/C-/A). The predicted size of the fusion protein is 74 kDa. A low level of splicing 

was also revealed by the presence of a ~ 24 kDa band (Figure 5.1) which is consistent with the 

size of the intein and reactive to anti-intein. Although the excised intein migrates more 

slowly than expected (20 kDa) it does migrate slightly more quickly than the purified intein 

fused to a hexa-histidine tag (Figure 5.1lane Cne PRP8). The anomalous migration may 

reflect some residual tertiary structure or the effects of charged residues during 

electrophoresis. There is a very faint band on both the anti-HiTF and anti-CBD blots at 

~55 kDa, consistent with the spliced extein fusion that further suggests there is only a limited 

amount of splicing occurring. The presence of a ~50 kDa band consistent both in size and 

antibody reactivity with free trigger factor is suggestive of premature splicing leadingtoN

terminal cleavage between the trigger factor and intein domains (Figure 5.1lane PG/C-/A). 
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Chapter Five- Functional analysis ofCne PRPB mutants 

Absence of lower mobility bands on all blots is consistent with lack of branched reaction 

intermediates. 

To test whether the low splicing activity could be attributed to the immediately flanking 

amino acid residues, those in the original construct (PG/intein/ A) were progressively replaced 

with those from the native context of the Prp8 protein, creating constructs PG/C-/S, P A/C-IS 

and KA/C-/S. Introducing serine to the+ 1 position restored splicing activity almost entirely 

as shown by PG/C-/S while changing glycine to alanine at the -1 position had minimal 

additional effect on splicing activity (Figure 5.2 lanes PG/C-/S and PA/C-/S). A PG/C-/C 

variant was also created to ascertain if a cysteine as the first C-extein could restore some 

splicing activity, but this substitution was less effective than the wild-type +1 residue (serine) 

(Figure 5.2 lanes PG/C-/C and PG/C-/S). There was a lower mobility band on the anti-HiTF 

blot ofPG/C-/C, suggestive of a branched intermediate; however the band does not react to 

either of the other antibodies, making a branched intermediate an unlikely explanation (Figure 

5.2 lane PG/C-/C). Introducing lysine at -2 produced significantly more spliced intein than 

did constructs with proline at -2. PG/C-/S, P A/C-IS and KA/C-/S each yielded the two 

expected smaller products ofintein splicing (each appearing as a doublet), a ~24 kDa intein 

antibody reactive band, and a larger product of 55 - 60 kDa which reacted with antibodies to 

both trigger factor and the chitin binding domain (Figure 5.2 lanes PG/C-/S, PA/C-/S and 

KA/C-/S). In this and other lanes, doublet bands were attributed to the lack of reductant in 

our samples, an omission necessitated by the possibility that reductant could catalyse non

enzymatic splicing. Inclusion of reductant eliminated the lower band of the doublets (data not 

shown). 

The disappearance ofthe 74 kDa band concomitant with appearance of 55 and 24 kDa 

products suggests that the smaller products are derived from the full-length precursor in a 

post-translational event. Presence of a single prominent band in the KA/C-/S (wild type) lane 

on the trigger factor and Cne PRP8 immuno-blots demonstrates that there is no appreciable 

accumulation of branched or other intermediates of altered mobility (Figure 5.2). 

Although cysteine is the first residue of the intein consensus, inteins with a serine and 

threonine at this position also exist. To determine if either ofthese residues could substitute 

for the cysteine in Cne PRP8, mutants were made replacing cysteine 1 of the intein with 

threonine or serine (KA/T-/S and KA/S-/S). Given the chemical similarity ofthese residues 
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Chapter Five- Functional analysis ofCne PRP8 mutants 
and that the mechanism involves an N-0/S acyl shift as the first step (Shao et al., 1996) it 

seemed reasonable to expect some splicing activity from the mutants. Unexpectedly neither 

mutant exhibited any splicing ability (Figure 5.3 lane KA/T-/S and KA/S-/S) illustrating the 

specificity of Cne PRP8 for particular residues or reactive groups. 

The first residue of the C-extein ( + 1 residue) is also usually a cysteine, serine or threonine, 

although the distribution is more even than for the first intein residue. Constructs were 

created to alter the + 1 residue to alanine, threonine, and cysteine to determine the specificity 

at this site. Alanine was not expected to substitute for the + 1 residue as it lacks a nucleophilic 

side chain with which to attack theN-terminus of the intein, an event believed to be important 

in the transesterification (Mizutani et al., 2002). This assumption proved to be correct, with 

KA/C-/A unable to splice (Figure 5.3 lane KA/C-/A). The more conservative threonine and 

cysteine mutations for serine in the + 1 position were expected to substitute to some extent, as 

they could still be activated to become a nucleophile, which is necessary for 

transesterification (Mizutani et al., 2002). This proved to be the case for cysteine; although 

the mutant had impaired splicing ability (Figure 5.3 lane KA/C-/C). However threonine in 

this position was unable to facilitate any splicing at all (Figure 5.3 lane KA/C-/T). 

To survey the influence of the -1 N-terminal flanking residue a series of mutations were 

introduced. The small residues cysteine and serine (Figure 5.2lanes KS/C-/S and KC/C-/S) 

show slightly impaired splicing (greater amounts of full length polypeptide in the anti-HiTF 

blot) relative to the native context. The KC/C-/S variant also has a slow moving band that is 

reactive to HiTF antibodies only; suggesting it is not a branched intermediate as that would 

react to all three antibodies. A lysine at the -1 position is less deleterious than a proline at -2 

(Figure 5.2lane KK/C-/S). Most strikingly, ~-branched amino acids at the -1 position 

severely impair splicing (Figure 5.2lanes KV/C-/S and KT/C-/S). The valine variant appears 

to not splice at all, and the threonine variant only slightly; the minor band observed at 

~65 kDa in these lanes is not the mobility observed for the spliced product in other variants. 

Because of this anomaly the minor band at ~65 kDa from KT/C-/S was transferred to PVDF 

membrane and theN-terminus sequenced (Appendix L). The first 4 amino acids 

unambiguously matched the first four amino acids ofHiTF. The abundance of the next 

largest peak for each amino acid sequencing cycle was less than 20 % of the abundance of the 

major peak. This implies that the band in KT/C-/S is a spliced product that has some residual 
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Chapter Five- Functional analysis ofCne PRP8 mutants 

tertiary structure or charged residue effects influencing the apparent molecular weight on a 

gel, as opposed to a branched protein which would have two N-termini. 

The -1 valine and threonine results were intriguing. Valine and threonine have a branch in 

their side chains at the ~-carbon which could create steric hindrance at the active site. To test 

if steric hindrance blocks the N-S acyl shift of the first step mutants with an isoleucine (KI/C

/S) and a leucine (KLIC-/S) at the -1 position were constructed. The two residues are similar 

in size and chemistry, the main difference being the position of the branch in the side chains; 

isoleucine branches at the ~-carbon, leucine further from the backbone at the y-carbon. The 

isoleucine mutant did not splice but the leucine mutant could to some extent, suggesting that 

the bulkiness of the side chain near the a-carbon at this position could sterically hinder 

splicing (Figure 5.4). There is an unexplained band of ~31 kDa on the anti-intein blot in the 

lanes of the mutants that splice only to a limited extent (Figure 5.4 lanes KK/C-/S, KT/C-/S, 

KLIC-/S). It was also noted in Figures 5.5, 5.6, and 5.7 and the poss~bility that this is an 

ester-containing intermediate is explored further at the end of this chapter. Additionally the 

splicing reactions in Figure 5.4 appear to have proceeded further than those in Figure 5.2. 

This is evidenced by the increased dimer band in lanes KA/C-/S and KK/C-/S which indicates 

that more free intein is present. The -1 threonine and -1 valine mutants also exhibit more 

activity than in Figure 5.2, with the valine mutant capable of some splicing, although to a very 

limited extent. 

5.2.3 Cne PRP8 B motif mutants 

The conserved threonine and histidine in the intein B motif, at Cne PRP8 position 62 and 65, 

respectively (Table 1.1 ), are known to play a role in intein splicing. Structural studies of 

inteins have suggested that the conserved B motif threonine aids in the stability of a 

tetrahedral intermediate during the first step of splicing (the N-S/0 shift); and that the 

conserved B motif histidine protonates a nitrogen atom in the intermediate, breaking the C-N 

bond and giving rise to an ester intermediate which allows splicing to continue (Ding et a!., 

2003; Klabunde et al., 1998; Mizutani eta!., 2002; Poland eta!., 2000; Sun eta!., 2005). 

Both residues were mutated to sterically or chemically conservative residues to assess 

whether the contribution to splicing was structural or catalytic. Threonine 62 was mutated to 

serine, which preserves the y-hydroxyl group but endows greater flexibility and also to valine, 

to maintain comparable shape but replacing the more reactive hydroxyl group with a methyl 

group. Histidine 65 was changed to asparagine as the 8-nitrogen of asparagine can assume the 
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remaining panels are imunoblots using the indicated primary antibody. T-1-C indicates the full length fusion 
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intermediate band investigated 
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Chapter Five- Functional analysis ofCne PRP8 mutants 
same position as the 8-nitrogen of histidine, and thus could perform some of its roles. Also 

the asparagine planar carboxylate mimics the proximal portion of the histidine ring. Histidine 

65 was also replaced with leucine, eliminating both potentially reactive nitrogen atoms, but 

retaining similar bulk at position 65; and phenylalanine, approximately mimicking the shape 

of histidine's imidazole ring to test the importance of histidine 65 in planar group stacking, but 

eliminating the ability of the residue to form hydrogen bonds. Substitutions involving intein 

residues are indicated by intein residue number, i.e. mutating threonine that is Cne PRP8 

residue 62 to a valine is abbreviated to T62V. 

At both position 62 and 65 substitutions without hydrogen bonding potential, even if isosteric, 

disabled splicing (Figure 5.5 lanes T62V, H65L and H65F). In contrast, substitutions 

involving a residue able to hydrogen bond displayed some splicing activity, emphasising the 

catalytic role of threonine 62 and histidine 65 in Cne PRP8 (Figure 5.5 lanes T62S and 

H65N). There are unexplained bands in the anti-CBD blot running at ~27 kDa and ~35 kDa 

that appear in the uninduced sample lane, so are most likely owing to cross-reactivity of the 

antibody with E. coli proteins, these bands were also evident in Figure 5.3. There is also a 

band reactive to the intein antibody that is ~31 kDa which appears only in lanes that show 

some splicing ability as determined by western blots and Coomassie stained gels (Figure 5.5 

lanes T62S and H65N, band indicated by an asterisk). The ~31 kDa band is approximately 

the right size for a product ofN-terminal cleavage but there is no reactive band on the anti

CBD blot equivalent to this band, and no band on the anti-HiTF blot the size ofHiTF alone, 

implying that the band is not the product ofN-terminal cleavage. The ~31 kDa band also 

cannot be a faster running branched intermediate as there is no antibody reactivity on the 

other two blots to support this. This band appears in other figures (labelled with an asterisk) 

and is investigated later in this chapter. 

5.2.4 Cne PRP8 splicing motif alanine mutants 

Inteins have 49 - 51 residues that comprise the four splicing motifs, A, B, F and G, and each 

position is up to 99 % conserved. Despite the conservation only a few of these residues have 

been studied. The splicing motif residues that were most conserved across all inteins (InBase 

splicing motif alignment, May 2005; Table 5.1) and were less than 25 % solvent exposed in 

the structure of the Mxe GyrA intein (Deep View- swiss pdb viewer version 3.7, Guex and 

Peitsch 1997; Klabunde et al., 1998), were chosen for alanine scanning mutagenesis. Surface 

residues were not included as residues previously shown to be directly involved in splicing 

136 



.. 
,. 

..... 
.... 

... 

• 

1/ 

·"-

- ' 
.. 

... 

( ... 

Figure 5.5 

kDa 

202 
121 

79 

41 

121 
79 

41 

121 

79 

41 

31 

41 

31 

T-C 

T-1-C 

T-C 

T-1-C 

* 

T-1-C 

T-C 

SDS-PAGE of lysates of E. coli producing B motif variants of the HiTF-Cne PRP8-CBD fusion protein. 
Quadruplicate gels were used in the production of the figure . The top panel is a Coomassie stained gel, the 
remaining panels are imunoblots using the indicated primary antibody. T-1-C indicates the full length fusion 
protein, T-C the spliced product, I the intein spliced out, an asterisk marks an intermediate band investigated later . 
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Chapter Five- Functional analysis ofCne PRP8 mutants 
are not solvent exposed, indicating that catalysis of intein splicing occurs remote from the 

solvent. Fifteen residues were selected and mutated to alanine to gauge their importance in 

splicing. Many of the mutants are in the F motif, which is the least conserved of the splicing 

motifs. Cne PRP8, and indeed all of the Prp8 inteins, differ significantly from the consensus 

in this motif and it was thought that mutations in this region may lead to a better 

understanding of the role of the F motif in Prp8 inteins. Residues already assessed via more 

conservative changes were included in the alanine scan to confirm their importance and 

extend our understanding of their functional role. 

The only residue chosen in the A motif was the first residue of the intein. Substituting this 

with alanine (CIA) abolishes splicing (Figure 5.6lane CIA), which is expected given the 

splice junction mutant results above, although some inteins do have alanine as their first 

residue. There is some unexplained reactivity in the anti-CBD blot running at approximately 

27 kDa, which appears in the uninduced lane and the band does not appear to change intensity 

with the splicing capability of the mutant. This band has been seen in previous blots and is 

assumed to be cross-reactivity with E. coli proteins. There is a greater presence of doublets in 

Figure 5.6 than seen in other figures, this is however consistent across the lanes and is 

assumed to be an artifact of the experimental conditions. 

In the B motif changing threonine 62 to alanine (T62A) also abolishes splicing, reinforcing 

conclusions for the mutants shown in Figure 5.5 (Figure 5.6lane T62A). Both T62V (Figure 

5.5) and T62A (Figure 5.6) lack hydrogen bonding potential. Also in the B motif, mutating 

histidine 65 to alanine lead unexpectedly to some splicing activity. Despite the lack of 

hydrogen bonding potential H65A is still capable of a very small amount of splicing, as seen 

by the appropriate bands in the HiTF and CBD blots at the size of spliced product and the 

very faint band at ~24 kDa on the Cne PRP8 blot (Figure 5.6lane H65A). This lane also 

shows the ~31 kDa band seen in Figure 5.5 (Figure 5.6 lane H65A, indicated with an 

asterisk). The band is investigated later in this chapter. 

In motifF, mutating positions 149, I 50 and I60 to alanine does not appear to hinder splicing 

and in all three of these lanes the intein dimer band is present (Figure 5.6 lanes TI49A, 

KI50A and SI60A). The mutant L16IA exhibits reduced splicing activity (Figure 5.6lane 

LI6IA). Substituting residue I5I with alanine (WI5IA) produces an intein with some C

terminal cleavage, but otherwise abolished splicing (Figure 5.6 lanes WI5IA). The 
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SDS-PAGE of lysates of E. coli producing motif A, Band F alanine variants of the HiTF-Cne PRPS-CBD fusion 
protein. Quadruplicate gels were used in the production of the figure. The top panel is a Coomassie stained gel, 
the remaining panels are imunoblots using the indicated primary antibody. T-I-C indicates the full length fusion 
protein, T-C the spliced product, I th®intein spliced out,T-I the result ofC-terminal cleavage, Tis trigger factor 
alone, I-His@he purified His·Tagged intein control. !2 is the spliced intein dimer and I-His2 is the purified 
His·Tagged intein dimer. Asterisk indicates an intermediate investigated further later. 
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Chapter Five- Functional analysis ofCne PRP8 mutants 
premature C-terminal cleavage is evidenced by an anti-CBD reactive band at the dye front on 

the CBD blot, as well as a band slightly smaller than the full length fusion protein that is 

prominent on the Coomassie stained gel, and is reactive to HiTF and intein antibodies only. 

Changing arginine 154 to alanine (R154A) abolishes splicing, as does substituting tyrosine 

162 with alanine (Y162A) (Figure 5.6lanes R154A and Y162A). 

Mutating residue 171 (H171A) and 172 (N172A) in motifG abolish splicing, which was 

anticipated as they play an important role in cleavage from the C-extein (Figure 5.7 lanes 

H171A and N172A). The histidine to alanine substitution at residue 171 abrogates any 

potential hydrogen bonding, and alanine cannot cyclise as the native asparagine does at 

position 172. Changing aspartate 166 to alanine also abolishes splicing (Figure 5.7lane 

D166A) despite this residue being many angstroms from the active site in intein structures 

(Klabunde et al., 1998; Werner et al., 2002). Alanine mutants in motifG that retain their 

activity are Y167A and L170A. 

There is a relatively prominent band in the N172A lane of the anti-intein blot at ~31 kDa that 

does not correspond to any expected products. This is appears to be the same band previously 

seen in mutants with a limited splicing ability, although this mutant does not splice. There is 

a second unexplained· band in this lane running ~62 kDa, a little below the full length 

precursor band; it is only present in this lane. This band is approximately twice the size of the 

~ 31 kDa band and could be a dimer. The ~ 31 kDa band could be a product of the intein 

ligating itself to a small E. coli protein, which would not be picked up by the other antibodies. 

This could not be investigated further as the band was not abundant enough for N-terminal 

sequencing. However, the possibility that the band represented some form of intermediate 

containing ester bonds was tested (see below). 

During the mutagenesis process three serendipitous mutants were isolated (Figure 5.7 lane 

H65N:A79T, lane D31E:S34T:K150A, and lane V1561). The H65N:A79T mutant was 

unable to splice, indicating that the addition of the A 79T mutation to the H65N mutation 

abolished the limited splicing ability that the single mutant had retained. The 

D31E:S34T:K150A mutant however could splice completely, indicating that none ofthe three 

positions mutated are critical for Cne PRP8 splicing, or perhaps these mutations are 

compensatory. The V1561 mutant showed over 50% splicing, indicating that the addition of 

a single methyl group at this position significantly slows splicing. In both Figures 5.6 and 5.7 
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SDS-PAGE oflysates of E. coli producing motifF and G alanine variants ofthe HiTF-Cne PRP8-CBD fusion 
protein. Quadruplicate gels were used in the production of the figure . The top panel is a Coomassie stained gel, 
the remaining panels are imunoblots using the indicated primary antibody. T-I-C indicates the full length fusion 
protein, T-C the spliced product, I the intein spliced out, T the result ofN-terminal cleavage, I-His the purified 
His-Tagged® intein control. I2 is the spliced intein dimer, I-His2 is the His·Tagged® intein control dimer. Asterisk 
indicates an intermediate investigated further later. 
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Chapter Five- Functional analysis ofCne PRP8 mutants 
the doublet nature of bands, especially the intein dimer band, is much more pronounced 

compared to other figures. This is assumed to be an artifact of experimental conditions. 

The ~31 kDa band on the anti-intein blots ofFigures 5.4, 5.5, 5.6 and 5.7 (indicated by an 

asterisk) was initially thought to be an ester-containing intermediate. The band was unlikely 

to represent the normal branched intermediate produced after transesterification because the 

protein ran with increased, as opposed to decreased mobility, and did not react with the HiTF 

or CBD antibodies. To test for the presence of ester bonds in the intermediate samples of 

three of the relevant mutants (T62S, H65N and H65A) were incubated with different reducing 

agents. Hydroxylamine cleaves thioesters at neutral pH (pH 6.5) and oxygen esters at alkaline 

pH (pH 9.8); ~-mercaptoethanol was also used as a general reductant. The first step of 

splicing for Cne PRP8 is believed to create a thioester, and the transesterification step creates 

an oxygen ester, thus incubation with hydroxylamine at different pH could not only identify if 

the band was a branched intermediate but also at which step the intermediate was formed 

(Chong et al., 1996). Since hydroxylamine did not reduce the presence of the ~31 kDa band 

at either pH 6.5 or pH 9.8 the band was not a protein containing either thio- or oxygen ester 

bonds (Figure 5.8). 

The W151A mutant is the only mutant that undergoes premature C-terminal cleavage. The 

equivalent residue in the Ssp DnaE structure (aspartate) has been suggested to play a role in 

facilitating the initial splicing step, as the side chain hydrogen bonds to the carbonyl oxygen 

of the -1 residue (tyrosine) in that structure (Sun et al., 2005). This is consistent with the 

mutant W151A undergoing only C-terminal cleavage. Previous studies have suggested that 

the first step (the N-S/0 shift) of intein splicing is the rate limiting step (Chong et al., 1998) 

and thus a mechanism is required to prevent C-terminal cleavage from occurring before the 

first two steps of splicing (the N-S acyl shift and the transesterification) have completed. 

Tryptophan 151 appears to be in a position to inhibit the last steps of the reaction until the 

first are completed, based on the positioning of the equivalent residue in other intein 

structures (Klabunde et al. , 1998; Sun et al., 2005). Thus W151 might prevent C-terminal 

cleavage before the + 1 nucleophile has attacked the first intein residue to promote the 

formation ofthe branched intermediate. Despite the divergence ofCne PRP8 from the 

consensus sequence in the F motif, W151 (an aspartate in the consensus) might help prevent 

premature C-terminal cleavage, although sequence variation may cause it to function via a 

different mechanism. 
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Figure 5.8 
SDS-PAGE of lysates from E. coli producing variants of the HiTF-Cne PRP8-CBD fusion protein treated with 
hydroxylamine or beta mercaptoethanol. Quadruplicate gels were used in the production of the figure. The top 
panel is a Coomassie stained gel, the remaining panels are imunoblots using the indicated primary antibody. 
Along the top of the Coomassie gel U indicates untreated sample, HL hydroxylamine at pH 6.5, HH 
hydroxlyamine at pH 9.5, and BME beta mercaptoethanol. Along the right hand side of the figure T-1-C 
indicates the full length fusion protein, T-C the spliced product, I the intein spliced out. Asterisk highlights the 
putative intermediate band. 
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Chapter Five- Functional analysis ofCne PRP8 mutants 

The distances between the alpha carbons of the corresponding mutated residue and theN- and 

C-termini of the intein on the structure of the See VMA intein (Werner et al., 2002; pdb ID: 

1 GPP) (Table 5.2) were measured to test the hypothesis that residues closer to the active site 

were more important for splicing. The See VMA equivalent of threonine 149 (G433) is only 

4 A from the active site and changing threonine 149 to alanine does not disrupt Cne PRP8 

splicing. Mutating aspartate 166 to an alanine abolishes splicing and its equivalent on the 

See VMA structure (N448) is nearly 16 A from the active site (Table 5.2). There appears to 

be no general pattern relating the distance of the altered residue from the active site to 

Cne PRP8 splicing activity. This has illustrated that the closest residues to the active site are 

not necessarily the most important for splicing, which suggests that our results reflect specific 

requirements for those residues where alteration leads to abolished splicing, not simply a 

function of their proximity to the active site. 

Residues that when mutated to alanine undergo radical change in size or chemical nature 

could also be expected to be the most disruptive to intein splicing, simply because large 

change may result in greater disruption to intein structure. This does not appear to be the 

case. An excellent example ofthis is K150A, which can splice despite significantly altering 

the side chain both sterically and chemically. Substituting tyrosine with alanine can both 

abolish (Y162A) or allow (Y167A) splicing, confirming that it is not the size ofthe change 

that is responsible for disrupting splicing. Cne PRP8 is remarkably tolerant of changes at 

some positions, giving confidence that results highlight important residues. 

The pattern of splicing of the 15 alanine scanning mutants shows that residues that are highly 

conserved across all inteins are not necessarily the most important for intein splicing in 

Cne PRP8. For example position 167 is more highly conserved than position 166 and yet the 

D166A variant cannot splice while the Y167A variant can (Figure 5.7lanes D166A and 

Y167A; Table 5.1). 

An attempt to find mutations that rescue splicing based on in silica predictions of linked 

residues was considered. A computer algorithm has been designed to identify 'interesting 

networks' of residues (Lockless and Ranganathan 1999). However the algorithm requires 

extremely robust alignments of amino acid sequences of a large number of homo logs to 

accurately find linked positions in the protein (over 270 well aligned sequences). Inteins have 
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Distance Calpha to Calpha of mutated residues from the first and last residue of the See VMA intein (from the lGPP structure). 
Sp = after mutation to alanine still capable of splicing; NSp = after mutation to alanine no longer capable of splicing, H = after mutation to alanine can half splice; 
C = after mutation to alanine shows some C-terminal cleavage and some non-splicing. 
The figures in brackets are the distance range across intein structures lGPP, 1AM2, 1DQ3, 1MI8, lDFA, lJVA, lLWS, lLWT, and 1UM2. 

Cne PRP8 residue 
C1 
T62 
H65 
T149 
K150 
W151 
R154 
S160 
L161 
Y162 
D166 
Y167 
L170 
H171 
N172 

See VMA equivalent 
C1 
N76 
H79 
G433 
1434 
T435 
S437 
H442 
Q443 
F444 
N448 
Q449 
V452 
H453 

Sp/NSp 
NSp 
NSp 
H 
Sp 
Sp 
c 
NSp 
Sp 
H 
NSp 
NSp 
Sp 
Sp 
NSp 
NSp 

Distance to first residue (A) 
0 (0) 
6.0 (5.7-6.3) 
6.0 (5.6-6.8) 
4.0 (4.0-5.7) 
6.6 ( 4.9-6.6) 
8.9 (4.5-8.9) 
15.4 (12.5-15.4) 
12.7 (11.9-13.1) 
12.7 (10.7-12.7) 
12.4 (11.2-12.4) 
16.0 (13.4-17.0) 
16.3 (15.0-16.3) 
9.7 (8.5-9.7) 
8.6 (8.7-9.0) 

(6.3-8.2) 

Distance to last residue (A) 
8.6 (7.3-8.6) 
12.2 (10.9-12.6) 
8.1 (6.9-8.6) 
19.8 (12.5-10.8) 
9.1 (9.10-10.76) 
8.8 (6.3-8.8) 
11.8 ( 6.3-11.8) 
5.6 (4.9-5.6) 
4.6 (4.5-6.0) 
6.2 (6.2-8.4) 
14.3 (14.1-18.7) 
12.5 (12.5-15.7) 
3.7 (3.8-6.8) 
0.00 (3.8-3.9) 

(0) 
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Chapter Five- Functional analysis ofCne PRP8 mutants 
only limited similarity even within the splicing motifs and thus producing a robust alignment 

that would not lead to spurious associations would prove extremely difficult. Therefore this 

approach was not employed. 

The overall trend from this series of experiments was that Cne PRP8 residues which were 

more divergent from the consensus were less important for splicing, as alanine mutagenesis of 

these residues tended to have less effect on splicing (Table 5.3). Examples of this are the first 

residue of the intein; create CIA and Cne PRP8 cannot splice, a cysteine here is both 

Cne PRP8's native residue and the residue in the general intein consensus. Residues 149 and 

150 are different residues in Cne PRP8 from the equivalents in the general intein consensus 

and mutating them to alanines (T149A and K150A) does not measurably disrupt splicing. 

The residues that are divergent between Cne PRP8 and the consensus may differ because they 

are not as strictly required for intein splicing function and thus are more tolerant of mutation. 

However this interpretation does not represent all divergent residues, such as Y162A and 

D 166A, both of which cannot splice and yet are natively different residues from the general 

intein consensus. These residues may vary from the general intein consensus as a response to 

specific requirements of Cne PRP8 due to changes elsewhere in the sequence and thus are 

important only to this intein; hence the inability of Cne PRP8 to splice when these positions 

are mutated to alanine. This intimates that certain features of the Prp8 intein structure and 

even splicing mechanism might differ from that of other inteins. 

147 



. -

• 

,,. 

,I> 

Table 5.3 
Amino acid frequencies of the consensus and Cne PRP8 at splicing motif positions where mutations were made. 
Amino acids are identified by the IUPAC single letter code. Italics indicates where Cne PRP8 differs from the 
consensus; Bold and italics indicates large differences. NSp indicates non-splicing; Sp indicates splicing; H 
indicates half splicing, halfnon-splicing; C indicates halfC-terminal cleavage, half non-splicing. 

Cne PRP8 Consensus Number of Cne PRP8 Number of Splicing 
residue residue inteins with residue inteins with phenotype of 
number consensus that residue alanine 

(tota1178) (incl. mutant 
Cue PRP8) 

1 c 142 c 142 NSp 
62 T 142 T 142 NSp 
65 H 176 H 176 H 
149 v 116 T 15 Sp 
150 y 121 K 4 Sp 
151 D 130 w 3 c 
154 v 117 R 2 NSp 
160 H 111 s 6 Sp 
161 N 88 L 13 H 
162 F 110 y 44 NSp 
166 N 95 D 18 NSp 
167 G 105 y 5 Sp 
170 v 82 L 23 Sp 
171 H 150 H 150 NSp 
172 N 173 N 173 NSp 
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Chapter Six - Impact of external conditions on Cne P RP8 activity 

Chapter 6 

Impact of external conditions on Cne PRP8 activity 

6.1 Introduction 

In previous studies the Ssp DnaE split intein and the Mtu RecA intein (both as a cis-splicing 

and an artificially split intein) were inhibited by addition of zinc, where concentrations above 

1 f.LM were found to have inhibitory effects in vitro (Ghosh et al. , 2001; Mills and Paulus, 

2001). Ghosh et al. (2001) also tested cadmium, cobalt and nickel and found these cations 

had limited inhibitory effect on Ssp DnaE intein splicing. Cne PRP8 is not a split intein and 

no artificially split version has been created in this study, therefore cation exposure 

experiments were conducted in vivo. Cations were selected based on those used in other 

intein systems to provide a context in which any cation effects observed with Cne PRP8 could 

be placed (Ghosh et al., 2001; Mills and Paulus, 2001). First it was necessary to ascertain the 

highest concentrations of the selected cations which were not toxic to the E. coli host, and 

also allowed for acceptable levels of cell growth and protein expression. Subsequently, 

several intein variants were tested for a cation effect on intein splicing. The concentrations of 

cations used in this study were similar to those found to inhibit intein splicing in previous 

studies (Ghosh et al., 2001; Mills and Paulus, 2001). 

Several inteins that exhibit decreased splicing activity because of mutation or altered context 

have been demonstrated to be rescued by incubation at a reduced temperature (Chong et al., 

1998; Evans et al., 2000; Telenti et al., 1997), while activity of other inteins has been shown 

to be reduced by a decrease in temperature (Shao et al., 1996; Xu and Perler, 1996). These 

experiments were conducted in vitro and thus results may not be directly applicable to 

Cne PRP8, nevertheless a range of growth temperatures were used to ascertain if Cne PRP8 

splicing was affected by temperature. The wild type KA/C-/S, a mutant with wild type 

splicing ability KK/C-/S, the partial splicing mutant KA/C-/C, and the non-splicing KA/S-/S 

were utilised. Temperatures similar to those used in previous studies were chosen for this 

study (Chong et al., 1998; Evans et al., 2000; Telenti et al., 1997). 
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Chapter Six -Impact of external conditions on Cne P RP8 activity 

6.2 Results 

6.2.1 Effects of cations on intein splicing 

6.2.1.1 Cation growth curves 

Growth curves were performed on a POLARstar OPTIMA fluorometer, in triplicate. The 

specific concentrations of cations (0, 1, 10, 100, 200, 1000, 2000, 10000 !lM) were chosen as 

they mirrored the concentrations of ZnCh used to inhibit intein splicing by Mills and Paulus 

(2001) and Ghosh et al. (2001). The lowest concentration that showed inhibitory effects in 

these studies was 1 !lM and 1 0 mM the highest. 

Growth curves from the POLARstar OPTIMA were verified for ZnCh with 20 mL growth 

curves in flasks (data not shown). Although the final OD achieved by cell cultures grown in 

the POLARstar OPTIMA plates differed compared to flasks, the trends of cation effects on 

cell growth were the same. The metals used for growth curves were CaCh, CdCh, CoCh, 

LiS04, MgCh, MnCh, NiCh and ZnCh, where zinc, cadmium, cobalt and nickel have been 

previously shown to have an inhibitory effect on splicing (Ghosh et al., 2001; Mills and 

Paulus, 2001). Magnesium and calcium were expected to have negligible effect on intein 

splicing because they are abundant in cells, thus intein splicing would be unlikely to occur if 

inteins were sensitive to them. Furthermore Mg2
+ has been shown to be required for 

endonuclease activity in some full length inteins (Komori et al., 1999a; 1999b; Saves et al., 

2000) and thus it is counterintuitive for intein splicing activity to be inhibited by a co-factor 

required by the intein for later (endonuclease) activity. 

The E. coli BL21 (DE3) cell growth was unaffected by up to 10 mM CaC12, MgCh or LiS04 

(Figure 6.1). BL21(DE3) grew moderately well at 2 mM MnCh, and 1 mM CdCh, NiCh or 

ZnCh (Figure 6.1); however BL21(DE3) could only continue growing in up to 100 !lM CoCh 

(Figure 6.1 ). 

6.2.1.2 Ascertaining entry of cations in to BL21(DE3) cells 

To assess the effect of exogenous zinc in the medium on intracellular zinc levels, cell pellets 

(from BL21(DE3) that had been grown with or without exogenous zinc in the growth 

medium) were analysed for zinc content either after permeabilisation with 50% ether or a 

simple wash with culture medium. Growth efficiency of plated cells was used to verify lysis 
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Figure 6.1 
Cation effects on E. coli growth . Growth curves were performed on a POLARstar OPTIMA fluorometer in 
96-well plates. All growth curves were performed in triplicate. Error bars represent one standard deviation. 
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Chapter Six -Impact of external conditions on Cne P RP8 activity 

from the ether treatment. Growth was assessed the next day, only one ether-treated sample 

retained significant numbers of viable cells (greater than 20 colonies) suggesting that the lysis 

was mostly effective. Where lysis was deemed ineffective the result for that sample was 

discarded. The LB-treated samples all grew well (a 10 J.!L sample of cells diluted 1:10,000 

grew as a lawn) indicating that the LB treatment did not result in significant cell lysis. 

The results verified that when exogenous zinc is added to growth media it enters E. coli cells. 

As there was no exogenous magnesium added the zinc measurement from each sample was 

normalised to the amount of magnesium in that sample, (Figure 6.2). The decreased amount 

of zinc in the cell pellet after lysis indicates that a significant proportion of the zinc enters the 

cells, is not solely bound to membrane proteins, and is soluble or bound to soluble chelators. 

To estimate the concentration of extra zinc inside the cells several assumptions are made. 

Firstly that the cytoplasm makes up approximately 70% of the cell volume (Moat et al., 

2002) and secondly that the density of the cells is 1.07 g.L-1 (Paul and Clark, 1996). The 

percentage of zinc in cells lacking exogenous zinc was 0.01% w/w, or 0.1 g of zinc for every 

1000 g of dry cells, which can also be expressed as the concentration of zinc throughout the 

cells. This calculation (see Chapter 2) gives 0.49 mM zinc throughout cells grown without 

exogenous zinc. The amount of soluble zinc inside cells grown with 1 mM exogenous zinc is 

increased by ~25 %, thus the elevated zinc in these cells is~ 120 J.!M (Figure 6.2). 

Importantly, this is above the concentration of zinc reported to inhibit splicing in vitro by both 

Ghosh et al. (2001) and Mills and Paulus (2001). These results do not indicate whether the 

zinc is free or bound to protein, but if it is free or loosely chelated it could be available to the 

intein in the cytoplasm. 

6.2.1.3 Effects of cations on Cne PRP8 splicing 

The cation effects on intein splicing were tested using KA/C-/S (wild type) and KA/C-/C 

( + 1 Cys ). These two variants were chosen as KA/C-/S is wild type and splices fully, if an 

inhibitor was particularly strong it could be expected to completely abolish all splicing. 

Because inteins appear to splice rapidly, if an inhibitor was not potent it may be unable to 

inhibit a fully splicing intein, thus KA/C-/C is appropriate as it splices less than 50 %, thus a 

weaker inhibitor may be able to reduce splicing further, and any effect of that inhibitor could 

be more easily detected. 
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Metal concentrations used to test effects on intein splicing. Metal tested on the intein constructs are listed, + indicates that the metal was tested at that 
concentration, - indicates that metal was not tested at that concentration. 

Metal 0.01 mM 0.1 mM 

ZnCh + + 
CdCh + + 
MnCh + 
CoCh + 
NiCh + 
LiS04 + 
MgCh + 
CaCh + 

0.2mM 

+ 

1mM 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

2mM 

+ 

+ 

10mM 

+ 
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Chapter Six - Impact of external conditions on Cne P RP8 activity 

The cells were grown as in Chapter 5 with the exception that just prior to induction the 

appropriate concentrations of cations were added to the growth media (Table 6.1 ). Whole cell 

lysates were run on 12% SDS-PAGE and stained with Coomassie blue, gels were scanned on 

an ImageScanner™ densitometer using LabScan™ software (Amersham Biosciences). 

Coomassie staining revealed that both KA/C-/S (wild type) and KA/C-/C ( + 1 Cys) spliced 

fully regardless of cation treatment (Figure 6.3). To investigate further, gels ofKA/C-/C were 

analysed with ImageQuant™ TL software. Volume measurement boxes were drawn around 

the full length fusion protein band, the spliced product band and the region below the 21 kDa 

marker on all experimental lanes. Band intensities in each lane were normalised to the 

intensity in the region below the 21 kDa marker to exclude any loading effects, and following 

normalisation a ratio of spliced product (HiTF -CBD) to full length fusion protein (HiTF

CnePRP8-CBD) was determined, analysis of three biological replicates indicated no 

significant difference regardless of treatment (data not shown). 

Analysis of the lanes representing both KA/C-/S and KA/C-/C cultures grown in the presence 

of ZnCb and CdC12 reveals that the data from the last lane (1 mM CdCb) is not robust as the 

cells were dying at this stage of the experiment (Figure 6.3 A). The 1 mM CoCb lane has 

significantly less protein than other lanes, this is because this concentration of cobalt is toxic 

to E. coli cells, and thus the data from this lane is not as robust as that from the other cobalt 

concentrations (Figure 6.3 B). This correlates well with the CoCb growth curve, which 

indicates that E. coli barely grow in 1 mM CoCh. The CdCb growth curve suggests that 

competent growth is possible in 1 mM CdCb, but the cells are further inhibited compared to 

lower CdCb concentrations, which correlates well with the lesser decrease in overall protein 

at 1 mM CdCb relative to the decrease at 1 mM CoCb. 

Cne PRP8 splicing is not sensitive to cation inhibition in contrast to Ssp DnaE and Mtu RecA. 

Even a partially disabled variant ( + 1 Cys) with a better metal ion binding residue at the + 1 

position does not show susceptibility metal salts. 
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6.2.2 Effects of decreased temperature on Cne PRP8 mutant splicing efficiency 

Cultures of cells expressing KA/C-/S (wild type), KA/C-/C ( + 1 Cys ), KK/C-/S ( -1 Lys) and 

KA/S-/S (first intein residue changed to serine, I1 Ser) inteins were used to test the potential of 

altered splicing at reduced temperature. The wild type and KKIC-/S are full splicing variants, 

testing whether a reduction in growth temperature would correlate with a reduction in splicing 

activity in this case. The + 1 Cys mutant KA/C-/C is capable of partial splicing, and is an 

intein that would be easier to observe a weak temperature effect with than one which does not 

splice at all, while the KA/S-/S intein cannot splice and thus any splicing represents rescue for 

this intein. 

Cultures were grown as for the splicing experiments in Chapter 5 except that the cultures were 

100 mL. When they reached an OD6oo of 0.5 they were split into 4 cultures, put at 4 different 

temperatures to acclimatise for 30 minutes and then were induced, grown for 4 hours, and 

harvested. The temperatures used were 30, 28, 22 and 18 oc (Figure 6.4). 

Coomassie gels demonstrated that KA/C-/S (wild type) and KK/C-/S (-1Lys) spliced 

completely, KA/C-/C spliced partially, while KA/S-/S did not splice, all were unaffected by 

temperature (Figure 6.4). Ratios of spliced product to full length fusion protein were 

calculated for the KA/C-/C mutant in the same manner as for the cation experiment. The 

ratios demonstrated that there was no significant difference in the splicing ability of KA/C-/C 

at different temperatures (data not shown). This indicates that decreased temperature does not 

influence Cne PRP8. In order to test significantly lower temperatures and those above 37 oc a 

split intein system is required. This would enable in vitro experiments which may be 

conducted at temperatures impossible for in vivo experiments. 
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Chapter Six - Impact of external conditions on Cne P RP8 activity 

Thus in relation to other intein studies, Cne PRP8 splicing appears to be unaffected by the 

presence of cations and changes in growth temperature. In both instances various Cne PRP8 

mutants as well as the wild type were unaffected. 
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Chapter 7 

Discussion 

7.1 Overall conclusions 

The work presented in this thesis includes the development of a system to assess intein 

splicing efficiency. The system involves a fusion protein of Cne PRP8 with Haemophilus 

injluenzae trigger factor as the N-extein and Bacillus circulans chitin binding domain as the 

C-extein. Splicing ability of Cne PRP8 was assessed by the size of protein bands visualised 

on Coomassie stained SDS-P AGE, and western blots utilising antibodies to all three 

components of the fusion protein. Two of the three antibodies used to assess intein splicing 

were created during this thesis and all but three of the vector constructs that encode the fusion 

protein variants used to assess splicing were created for this thesis. Through conducting these 

experiments a detailed protocol for creating further mutants and assessing mutants was also 

established. 

The studies of Cne PRP8 presented in this thesis add new insights to the understanding of 

intein splicing. It has been shown that Cne PRP8 can splice, a fact not established when this 

study commenced. The splicing mechanism appears to be fundamentally similar to that of 

other inteins, with the same key residues required for splicing (the first intein residue, the last 

intein residue and the first C-extein residue). Furthermore, mutations to the -1 residue and the 

first intein residue support the hypothesis ofMizutani et al. (2002) which proposes the first 

step of intein splicing is initiated by an attack on the first intein residue by the carbonyl 

oxygen of the N -extein -1 residue, leading to the formation of a sulfur or oxygen nucleophile. 

Mutations in the B motif support the hypothesis that the conserved threonine and histidine 

residues assist in the formation and breakdown, respectively, ofthe tetrahedral intermediate 

formed during the first step ofintein splicing (Klabunde et al., 1998; Mizutani et al., 2002; 

Sun et al., 2005). Tryptophan 151 in the F motif appears to function to prevent the C

terminus of the intein cleaving before theN-terminus has rearranged, thus favouring complete 

splicing over cleavage. This thesis presents a model in which W151 acts as a molecular 
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switch, providing novel insight into a potential mechanism linking theN- and C-terminal 

cleavage activities of inteins. 

Unlike the Ssp DnaE and See VMA inteins, Cne PRP8 is insensitive to the presence of zinc 

and seven other divalent cations when supplemented in the growth media. A partially 

disabled Cne PRP8 with a+ 1 cysteine, which is the residue shown to coordinate zinc binding 

in the Ssp DnaE and See VMA inteins (Poland eta!., 2000; Sun et al., 2005), also shows no 

inhibition in the presence of metal salts. Furthermore, the temperature-sensitivity observed in 

some other inteins does not apply to Cne PRP8 under observed conditions. 

7.1.1 Antibodies 

Antibodies to Haemophilus influenzae trigger factor and Cne PRP8 were successfully 

produced, and these reagents enabled the splicing process to be examined via the piCI family 

of plasmids. The anti-Haemophilus injluenzae trigger factor antibody was used at 1 in 

100,000 dilution whereas the anti-Cne PRP8 antibody was used at 1 in 10,000 dilution, 

suggesting a high level of activity with both antibodies. Both antibodies showed high 

specificity as they did not recognise E. coli proteins, especially pertinent because the intein 

mutants, as well as the recombinant proteins used for antibody production, were all produced 

in the same E. coli host strain. The commercially manufactured anti-chitin binding domain 

antibody (NEB) was used at a dilution of 1 :6,000 and displayed cross-reactivity to E. coli 

proteins in several experiments, indicating that both the reactivity and specificity of the 

antibody was not as high as that of the non-commercial antibodies. 

Discerning the antibody reactivity to all three parts of the fusion protein proved wise, as in 

several experiments bands were observed which might have been misleading using only one 

antibody. One such example was the ~31 kDa band in the intein blot, lane N172A in Figure 

5.7. The band would have been assigned as a product ofN-terminal cleavage on the basis of 

the anti-Cne PRP8 blot alone, however the added information from the anti-HiTF and anti

CBD blots demonstrates that this is not the case. Although the band remains unidentified, the 

complementary data from antibodies to all parts of the fusion protein prevented false 

conclusions being drawn from the experiment. 
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7.1.2 Purification and attempted structural analysis of Cne PRP8 

The purification ofCne PRP8 both with a C-terminal and with anN-terminal (cleavable) 

His· Tag® was successful. The purified protein appeared to be monomeric as the retention 

time on a gel filtration column was indicative of a small protein of ~20 kDa; the predicted size 

for the His· Tagged® protein was 20.8 kDa. Circular dichroism performed on the various 

species of purified Cne PRP8, regardless of position or total absence of His-Tag® suggested 

that the protein did not have ordered structure in solution. Because crystals of the protein 

could only be grown in the presence of salt, various salt conditions similar to the successful 

crystallisation conditions were used. At wavelengths less than 200 nm the absorbance of 

buffer salt increases, decreasing the signal to noise ratio in the data. Blanks containing 

increasing salt concentrations were tested and 100 mM was the maximum concentration of all 

salts tested that had a suitably low level of noise in the spectrum. The gel filtration buffer, a 

phosphate buffer, and sodium formate buffered with sodium acetate were all used. Cations 

used for crystal growth of C-terminally His·Tagged® Cne PRP8 were added to the sodium 

formate/sodium acetate circular dichroism scans in the event that they would facilitate folding 

or stablisation of flexible domains. However no conditions examined induced the formation 

of secondary structure as determined by circular dichroism. As inteins are almost entirely ~

sheet the circular dichroism spectrum of a folded intein is predicted to be negative at 225 nm 

and positive at 195 nm, instead positive values from 205 nm to 230 nm and negative at 

195 nm was observed, indicative of random coil or disordered protein. There are currently no 

studies that examine inteins post-splicing, and there is no evidence that inteins retain ordered 

structure in vivo after excision from the host protein. As single turnover catalysts, 

mini-inteins do not need to have a stable structure after splicing thus this would not be 

selected for evolutionarily. Alternatively inteins could be unstructured in certain conditions 

such as less than 100 mM salt, and only fold correctly when solute concentrations are higher. 

Purified Cne PRP8 was used to grow crystals, which appeared after approximately five days. 

Crystals grew in conditions with pH varying between 4 and 7.8 and high salt conditions 

(greater than 1.3 M); much higher than those utilised with circular dichroism. Cations were 

added to crystallisation buffers in an attempt to stabilise structure and increase the crystalline 

order, following the examples of previously crystallised inteins (Ding et al., 2003; Duan et al., 

1997; Ichiyangai et al., 2000; Mizutani et al., 2002; 2004; Poland et al., 2000; Werner et al., 

2002). The majority of crystals were triangular plates with very stepped faces, as if the 

crystals had been laid down sequentially rotating several degrees between layers (an apparent 
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screw axis). The fact that crystals grew suggests either: Cne PRP8 is only structured at high 

salt and therefore revealed no ordered structure at the lower salt circular dichroism conditions, 

or most of the protein was unstructured, hence the circular dichroism trace, but a small 

proportion of it has structure that seeded subsequent crystal growth. Since Cne PRP8 must 

splice in its host environment to allow survival ofthe host organism it is counter-intuitive to 

suppose that the intein can only fold in extremely high salt, therefore the second hypothesis 

seems more likely. 

The crystals grown from C-terminally His· Tagged® Cne PRP8 using sodium formate as a 

precipitant diffracted X-rays to 2.8 A, whereas those grown using phosphate buffer as 

precipitant diffracted to 3.5 A. The low resolution obtained could be attributed to the inherent 

flexibility of the structure, perhaps related to lack of structure seen by circular dichroism. The 

formate-grown crystal had a PI unit cell with dimensions very similar to that of the 

phosphate-grown crystal, which had a P3 unit cell. Attempts to index the P 1 data set in P3 

were unsuccessful, suggesting the original PI unit cell assigned was correct. The formate

grown crystal's data set displayed very high mosaicity (2.I 0 ) and the phosphate-grown 

crystal's were also significantly mosaic (1.5°). The mosaicity in both crystal types was 

anisotropic, and greater along the axis lying perpendicular to the largest face of the crystals 

(the a-axis). The direction of greatest mosaicity is consistent with the stepped faces of the 

formate-grown crystals, as the stepping intimates that protein during crystallisation was laid 

down on the face of the crystal on a slightly different lattice relative to protein that was 

already in place. This would manifest as elongation of diffraction spots in the direction 

perpendicular to the stepped face of the crystals, implying the stepped faces of the crystals are 

the macromolecular indication of the mosaicity in the data set, which is in turn an indication 

of disorder in the formate-grown crystal along a specific axis. The phosphate-grown crystal 

had displayed smoother faces via microscopy and yielded diffraction data with a lower 

mosaicity, indicating somewhat less disorder in those conditions. The formate-grown crystal 

was in the space group P 1, meaning it was devoid of any symmetry. A data set of 201 o was 

collected with an Rmerge of0.151 and a maximum resolution of2.8 A. In contrast, the 

phosphate-grown crystal was in space group P3, and a 63° data set was collected. The Rmerge 

of this data set was 0.085, a significant improvement on the previous data set, and the average 

intensity was also greater (output intensity over sigma 5.8 cf 4.9) but the resolution was 

reduced (3.5 A). Molecular replacement was attempted on the formate crystal data set, using 

available intein structures as a model. The artificial mini See VMA intein structure was used 
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in most attempts (pdb ID 1GPP, Werner et al., 2002). Phaser and AMoRe were used to try 

and find the estimated 6 molecules in the asymmetric unit, however this was unsuccessful 

thus solving the structure with molecular replacement was abandoned. Molecular 

replacement and was not attempted with the phosphate-grown crystal data set, for four main 

reasons: 

Firstly, the data were weak (output intensity over sigma of 4.9 for the formate-grown crystal 

data, and 5.8 for the phosphate-grown crystal data) making any structure solving method more 

difficult as this signal to noise ratio will give greater error in the data. 

Secondly, molecular replacement relies on translations and rotations of a model structure to 

find the correct orientation for a solution within the asymmetric unit. Molecular replacement 

algorithms find molecules in the asymmetric unit sequentially. If there are multiple molecules 

in the asymmetric unit, selection of one erroneous molecule at any stage in the iterations 

makes the probability of finding the correct solution very much lower. As the number of 

molecules in the asymmetric unit increases, the probability of erroneous solutions increases 

which has a concomitant decrease in the likelihood of identifying the correct solution. The 

data sets collected for the formate-grown and phosphate-grown Cne PRP8 crystals suggested 

about six molecules in the asymmetric unit. 

Thirdly, the portions of solved intein structures that are highly conserved do not represent the 

entire intein structure and so the model used to search for a molecular replacement solution 

was only the structurally conserved portions. Thus the search model was somewhat smaller 

than the solution it was to match manifesting as a further decrease in the chance of finding the 

correct solution. 

Finally, although from structures solved to date inteins appear to be structurally conserved 

(Ding eta!., 2003; Duan et al., 1997; Hu eta!., 2000; Ichiyanagi eta!., 2000; Klabunde eta!., 

1998; Mizutani eta!., 2002; 2004; Moure eta!., 2002; Poland eta!., 2000; Sun eta!., 2005; 

Werner eta!., 2002) they are poorly conserved at the level of amino acid sequence. However, 

sequence divergence may manifest as a significant structural difference, such as may be the 

case for the F motif of Cne PRP8 (discussed below). Structural variation would confound 

molecular replacement approaches to structure solving because molecular replacement 

solutions require a robust carbon backbone structural similarity. However, other intein 

structures have been solved by molecular replacement, so unless Cne PRP8 proves to be 

unexpectedly different this may not have been an insurmountable problem. 
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Additional crystallisation trials were set up with protein lacking the His· Tag® purified both 

utilising a removable N-terminal His· Tag® and purified with no affinity tag. Owing to the 

very low yield from the untagged intein only one crystal tray was set up and it did not yield 

any crystals. If a crystallisation robot had been available at that time more conditions could 

have been tested. Crystal trays were also set up using Cne PRP8 purified via a removable N

terminal affinity tag. A newly purchased crystallisation robot allowed many conditions to be 

screened despite the low purification yield. Small crystals grew from protein purified from 

each of two peaks from cation exchange chromatography and intriguingly the crystals from 

different peaks displayed different crystal morphology. Those grown from the first peak, 

which came off the cation exchange column in lower salt, showed plate growth similar to that 

seen with the His· Tagged® protein, but crystals were hexagonal. Those from the second (and 

larger) peak showed a similar morphology to the original thin triangular crystals grown with 

C-terminally His· Tagged® Cne PRP8. Despite replicating conditions in larger drops the 

crystals were too small to screen by X-ray diffraction, which was unfortunate given the 

interesting difference in crystal morphology. A higher yield purification protocol would 

allow further conditions to be screened and greater optimisation of successful crystallisation 

conditions. 

A potential reason for Cne PRP8 not crystallising in an ordered fashion could be the His· Tag® 

at the C-terminus. Inteins fold in such a way that theN- and C-termini come into close 

proximity to form the active site, a His· Tag® bearing six charged residues may disrupt the 

active site and the overall fold of the intein, thereby preventing the formation of a stable 

structure required for crystallisation. Where intein crystallisation information is published, 

the protein has been predominantly purified without an affinity tag on the final purified intein 

(Ding et al., 2003; Klabunde et al., 1998; Poland eta!., 2000; Sun et al., 2005). The single 

group who did have an affinity tag on the final purified protein utilised anN-terminal 

His·Tag® (Werner et al., 2002). 

Owing to the potential complications introduced by the affinity tag, and the observed 

mosaicity with data from the resulting crystals, Cne PRP8 was purified without an affinity 

tag. Multiple purification strategies were employed in an attempt to obtain significant 

quantity of pure Cne PRP8. The initial strategy to purify C-terminally His·Tagged® 

Cne PRP8 across cobalt and gel filtration columns gave a high yield (~3 mL at 10 mg.mL-1
), 

although the purity was not high as there were contaminating bands visible on SDS-P AGE by 
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Coomassie staining. Adding an ion exchange column (anion exchange at pH 7, pH 8, and 

pH 8.5) between the cobalt and gel filtration columns had negligible effect on purity as most 

of the protein species (including the majority of the Cne PRP8) did not bind anion exchange 

resin. Attempts were made to purify Cne PRP8 with no tag at all. Hydrophobic affinity was 

attempted but Cne PRP8 did not bind the three resins tested at a range of salt concentrations, 

which implies Cne PRP8 does not expose significant hydrophobic surfaces under high salt 

conditions. It is interesting to note that circular dichroism also reveals that Cne PRP8, despite 

lacking discemable secondary structure remains soluble. The untagged intein was eventually 

isolated over low-resolution anion exchange, high-resolution anion exchange and finally gel 

filtration. The omission of an affinity tag to separate Cne PRP8 protein from bacterial 

proteins increased heterogeneity of each fraction, hence few fractions were pooled after each 

purification step which resulted in a meagre yield. The combination oflow yield (0.05 mL at 

5.3 mg.mL"1
) and decreased purity made the resulting protein unsuitable for structural 

analyses. Purifying Cne PRP8 with a removable His· Tag® involved purification over a cobalt 

column before removing the tag from half of the protein. The His+ and His- pools were 

separately purified over ion exchange and gel filtration. The His+ and His- protein pools both 

eluted from cation exchange in two peaks, indicating a proportion of protein that differs by 

surface charge. This could occur if a proportion of the protein was more completely folded 

than the remainder, thus different charges could be available on the surface ofthe molecule to 

bind to the column. After cation exchange the two elution peaks from each pool were kept 

separate for gel filtration. Purifying Cne PRP8 with a removable His· Tag® produced 

Cne PRP8 with higher purity but a much reduced yield (His+ 0.4 mL at 9.9 mg.mL-1
, His-

0.6 mL at 2.6 mg.mL"1
). 

Despite sequence divergence among the intein structures solved to date, the general fold of 

the intein appears to be very well conserved (Ding et al., 2003; Duan et al., 1997; Hu et al., 

2000; Ichiyanagi et al., 2000; Klabunde et al., 1998; Mizutani et al., 2002; 2004; Moure et al., 

2002; Poland et al., 2000; Sun et al., 2005; Werner et al., 2002). While most structures lack 

zinc the intein crystal structures of See VMA (Poland et al., 2000) and Ssp DnaE (Sun et al., 

2005) both have zinc atoms, although the co-ordination of the active site zinc ion is highly 

variable. The single common residue that coordinates the zinc ion in both structures is the + 1 

residue, a cysteine in both cases. 
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Crystal structures of inteins have aided in the understanding of the splicing mechanism and 

solving the structure of Cne PRP8 would add to the current knowledge, especially in 

conjunction with the analysis of mutants. Ifthe structure ofCne PRP8 were to be solved it 

could test hypotheses about the involvement of specific residues, and suggest other mutants 

that could be created and tested for impact on splicing. Moreover, if the structure of different 

mutants could be solved this would add greatly to our knowledge of the mechanism of intein 

splicing, as conformational shifts or changes in hydrogen bonding in 'snapshots' of different 

intein splicing steps might be revealed. Cne PRP8 is not inhibited by zinc in vivo, a structure 

could potentially provide insight and suggest possible reasons for the lack of strong inhibition. 

7.1.3 Splicing mutants of Cne PRPS in a HiTF-intein-CBD fusion protein 

The Cne PRP8 intein can splice and we have observed splicing in a foreign protein context. 

Detection of a ~55 kDa band recognized by both the HiTF and CBD antibodies is strong 

evidence for successful splicing, further emphasised by the lack of reactivity towards the 

intein antibody. Because the intein is encoded between the HiTF and CBD proteins, splicing 

is required to generate such a product. The appearance of an intein antibody-reactive 

polypeptide with mobility very similar to the purified Cne PRP8 intein confirms that splicing 

is taking place. That the intein has remained active during evolution strongly suggests that its 

excision with concomitant religation of the flanking regions of the Prp8 protein is crucial for 

Prp8 function and cell survival. This accords with our understanding of Prp8 as an essential 

gene and with the intein's presence within a highly conserved region. 

This study demonstrated that the efficiency of splicing depends on the residues immediately 

flanking the intein. The HiTF -intein-CBD fusion protein system showed that the + 1 serine 

residue, believed to act as a receiver in trans-esterification during splicing, is indeed required. 

However, substitution of a thiol for its hydroxyl is tolerated, with the cysteine variant 

possessing significant levels of splicing activity; while the threonine variant is incapable of 

splicing. This preference for the native C-extein is in accord with both the variation seen 

between related inteins (those located in the same insertion site) and previous experimental 

findings (Xu and Perler, 1996). The first residue of the intein (Cysl) appears to be strictly 

required, neither serine nor threonine mutants exhibited detectable splicing or cleavage in the 

fusion protein created during this study. This is in contrast to some other inteins which have 

hydroxyl containing residues at this position. Substitution at this position in the Psp Poll and 
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See VMA inteins permit premature C-terminal cleavage, in the case of See VMA without any 

splicing (Chong eta!., 1996; Xu and Perler, 1996). Strikingly none of the Cne PRP8 N

terminal splice junction mutants show any premature C-terminal cleavage. Creating a C 1 S 

mutant in Mxe GyrA also abolishes splicing (Klabunde et a!., 1998), indicating that 

Cne PRP8 is not unique in requiring strict conservation at this position for activity. 

The properties of the flanking residues in the N-extein are somewhat less crucial determinants 

of Cne PRP8 splicing. The lack of intermediates or cleavage products in celllysates 

expressing -2 and -1 non-splicing variants suggests that the reaction is blocked at an early 

stage. Variations at the -2 position showed a modest effect on intein splicing with proline 

reducing the yield to somewhat below that seen with lysine. The -1 position was more 

extensively investigated and mutations in this position showed a greater influence on splicing 

activity. The native alanine and other 'small' residues, including glycine, serine and cysteine, 

are well tolerated in our fusion protein, and leucine also allowed some splicing. In contrast, 

~-branched amino acids such as valine, tltreonine or isoleucine at this position severely inhibit 

splicing. This is in contrast to both the Mtu RecA intein and the See VMA intein, in which 

splicing is 90% impaired by valine and isoleucine, but not threonine (Chong eta!., 1998; Lew 

and Paulus, 2002). The steric constraints associated with ~-branched amino acids may be 

inconsistent with the strain observed in the peptide bond at position -1 in crystal structures of 

the Mxe GyrA (Klabunde eta!., 1998) and PI-Scel (See VMA) miniprecursor inteins (Poland 

eta!., 2000). This bond strain was proposed to drive the acyl transesterification, which 

initiates the splicing reaction (Shao and Paulus, 1997), which would explain the results 

observed for the ~-branched residues at the -1 position. However, a different crystal structure 

of the See VMA intein shows a very different, unstrained conformation for the N-extein 

boundary, in close association with residues of the B motif, particularly histidine 362, 

equivalent to Cne PRP8 histidine 65 (Mizutani eta!., 2002). The histidine 362 side chain 

constrains the -1 side chain position in this See VMA structure. A ~-branched amino acid at 

this position would be forced to adopt a x1 near 0, a very unfavorable rotamer for threonine or 

valine (Ponder and Richards, 1987). 

The most highly conserved residues of the B motif are the threonine and histidine that equate 

to residues 62 and 65 respectively in Cne PRP8. Structural (Klabunde eta!., 1998; Poland et 

a!., 2000; Werner eta!., 2002) and mutagenesis studies (Ghosh eta!., 2001; Kawasaki eta!., 

1997b) have implicated these residues as having catalytic as opposed to structural roles in 

171 



Chapter Seven -Discussion 
intein splicing. In this thesis residues 62 and 65 of Cne PRP8 were mutated to structurally 

conserved and chemically similar residues. The substituted amino acids with hydrogen 

bonding potential allowed some splicing (i.e. T62S and H65N), whereas isosteric residues 

without hydrogen bonding potential abolished all splicing (i.e. T62A, T62V, H65F and H65L) 

except for the H65A mutant which retained some splicing ability. This was surprising as 

histidine 65 is highly conserved across many inteins (Perler, 2002), and is observed in 

structures to be involved in splicing (Klabunde et al., 1998; Mizutani et al., 2002), and when 

mutated to alanine in Ssp DnaE abolished all splicing (Sun et al., 2005). In Cne PRP8 the 

splicing activity ofthe H65A mutant was equivalent to that of the H65N mutant despite the 

fact that an alanine side chain is unlikely to substitute for the catalytic role of histidine. 

Perhaps Cne PRP8 H65A utilises the neighbouring asparagine residue (N64), which may 

simulate the catalytic role of the histidine. It appears that it is, as hypothesised, the catalytic 

function of the conserved threonine and histidine residues that is important. The fact that the 

splicing capabilities of these mutants was inhibited to such an extent highlights the 

importance of these residues in catalysis, explaining the almost complete conservation across 

all inteins (Perler, 2002). The proposed interactions and their relation to catalysis of splicing 

are discussed later. 

The four splicing motifs of inteins (A, B, F and G) are composed of a total of 49 - 51 amino 

acids (Perler, 2002). Prior to this thesis only those residues at or directly adjacent to the splice 

junctions, and the conserved threonine and histidine ofmotifB outlined above, had been 

assessed for their influence on splicing (Chong et al., 1996; Chong et al., 1998; Derbyshire et 

al., 1997; Xu and Perler, 1996). In this study the above mentioned residues were investigated, 

and additionally those residues that were highly conserved across all intein sequences, and 

were solvent exposed less than 25% in the Mxe GyrA structure were mutated to aianines. 

Some of the residues chosen for mutation do not adhere to the general intein consensus in 

Cne PRP8. It appears that where Cne PRP8 residues differ markedly from the intein 

consensus they are, perhaps predictably, less essential for splicing. This suggests that 

functional constraint at these positions has been relaxed in Cne PRP8, rather than some 

unique feature of Cne PRP8 requiring specific amino acids different to the consensus. There 

were three exceptions to this hypothesis, the most surprising being histidine 65, which when 

changed to alanine exhibited very limited splicing, despite being one of the most conserved 

intein residues. The other two exceptions are tyrosine 162 and aspartate 166; both differ from 

the general intein consensus sequence in Cne PRP8, but cannot splice when these are mutated 
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to alanine. These two residues may be important for Cne PRP8 splicing and differ from the 

consensus owing to either a catalytic requirement for these specific residues, or they have 

diverged as Cne PRP8 evolved to meet a specific structural requirement, brought about by 

mutation at other intein positions. Altogether, this study has identified residues previously 

unidentified as essential for catalysis of intein splicing. 

Residues threonine 149, lysine 150 and serine 160 in the F motif all allow Cne PRP8 to splice 

when individually mutated to alanine. The fact that K 150A was still capable of splicing was 

surprising, owing to the large change in side chain size and chemistry. All substitutions were 

however allowed substitutions for a protein core according to the matrix of Bordo and Argos 

(1991). Bordo and Argos (1991) created their matrix to indicate tolerated residue changes for 

maintaining structural integrity of proteins while performing site directed mutagenesis. Thus 

it was concluded that residues 149, 150 and 160 are not involved in the catalysis ofintein 

splicing and may solely act to maintain the appropriate intein tertiary structure. However, 

Ding eta!. (2003) have proposed that the equivalent residue to Cne PRP8 residue 160 (H143) 

in Ssp DnaB aids cyclisation of asparagine in the third step of splicing, however this does not 

appear to be a feature of the Cne PRP8 mechanism. The F motif in Cne PRP8 diverges from 

the consensus and it is plausible that this motif functions differently for Cne PRP8 than other 

inteins, explaining the discrepancy between the two studies. 

Substitutions in the F motif that have some effect on splicing are W151A, R154A, L161A and 

Y162A of these, the W151A mutant is of particular interest as it undergoes some premature 

C-terminal cleavage, but otherwise no splicing. This is the only example of C-terminal only 

cleavage in Cne PRP8. Examining the equivalent residue and its hydrogen bonding partners 

in intein structures suggests this residue plays a role in splicing via hydrogen bonding with 

residues closely associated with the active site (Ding eta!., 2003; Klabunde eta!., 1998; Sun 

eta!., 2005). Sun eta!. (2005) demonstrated structurally that the Wl51 equivalent in 

Ssp DnaE forms a hydrogen bond with the -1 residue carbonyl oxygen. This thesis has shown 

W151 is required to prevent cleavage ofthe peptide bond at the C-terminus ofthe intein 

occurring before the N-terminus cleaves. This observation and knowledge that mutants 

created both in this thesis and by Nichols and Evans (2004) that block the first step of splicing 

do not lead to C-terminal cleavage suggests there is a molecular 'switch' in Cne PRP8 and 

Ssp DnaE that prevents C-terminal cleavage from occurring without N-terminal cleavage 

preceding it. This 'switch' may not be ubiquitous for inteins as the See VMA and Psp Poll 
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display premature C-terminal cleavage after changes to the first and second intein residues 

(Chong et al., 1996; Xu and Perler, 1996) and the -1 residue (Chong et al., 1998). Tryptophan 

151 may be well positioned to act as this molecular 'switch'. Observing the near interactions 

ofD140 (the equivalent ofCne PRP8 residue W151) in the Ssp DnaE structure (Sun et al., 

2005) it is clear that D 140 hydrogen bonds, other than its ~-sheet bonds, to the -1 residue and 

the zinc ion blocking the C-terminus of the intein. Phenylalanine 139 (K150 is the equivalent 

in Cne PRP8) hydrogen bonds to the A motif creating ~-sheet. From this the following model 

can be proposed; interaction ofW151 with residues near theN-terminus positions the 

tryptophan's indole ring to block catalysis of C-terminal cleavage. After cleavage at theN

terminus the position of the A motif changes and this interaction, previously assisted by K150 

hydrogen bonding to the A motif, is broken and constraint is relaxed (the indole ring is 

repositioned) thus cyclisation and cleavage at the C-terminus can occur. In support of this 

model the equivalent residues in the Mxe GyrA structure (Y178 and S 179) bridge the gap 

between theN- and C-termini (Klabunde et al., 1998) Comparing the structures of a spliced 

and a disabled Ssp DnaE intein highlights the movement ofD140 (W151 in Cne PRP8) upon 

splicing (Sun et al., 2005). In fact Ssp DnaE is the intein other than Cne PRP8 for which 

there is functional evidence (N-terminal splice junction mutants do not undergo premature C

terminal cleavage) that a switch exists (Nichols and Evans, 2004). 

Arginine 154 and tyrosine 162 both abolish splicing when mutated to alanines. Both of these 

residues have side chains functionally competent for catalysis, but are both distal from the 

active site (Table 5.2). These mutations are both considered 'neutral' changes according to the 

buried residues substitution matrix of Bordo and Argos (1991), suggesting they are less likely 

to perturb the structure. However hydrogen bonding potential of these residues may assist in 

the formation of the tertiary structure, which would act to align the catalytic residues. 

The L161A mutant can undergo ~50% splicing. This suggests that this residue is not 

essential for splicing but is important for splicing efficiency. The reduced side chain could 

cause a conformational change decreasing the efficiency of splicing by moving the active site 

residues from their optimal alignment. The equivalent residues to L161 in previous intein 

structures are positioned 10.7- 12.7 A from the first intein residue and 4- 5 A from the last 

residue, too distant for a direct interaction in catalysis. 
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Residues in the G motif that abolish splicing are the last two residues of the intein, as 

mentioned above, and aspartate 166. The equivalent residue in the Mxe GyrA structure is 

found far from the active site but is central to the structure, hydrogen bonding to motifs A, B, 

and G. Thus aspartate 166 may not be playing a catalytic role in splicing, rather aligning the 

splicing motifs in close proximity to each other. Neither tyrosine 167 or leucine 170 has any 

effect on intein splicing when mutated to alanines, which suggests that these side chains do 

not play a part in splicing. These may be conserved to preserve a hydrophobic core important 

in maintaining the intein's overall structure, the position of the equivalent residues (P154 and 

A157) in the Ssp DnaE structure supports this hypothesis (Sun et al., 2005). 

The serendipitous mutants have indicated further positions of interest. The H65N :A 79T 

mutant has revealed that alanine 79 is important for the efficiency of Cne PRP8 splicing, as 

the H65N mutant could splice a little while the double mutant did not splice. The triple 

mutant D31E:S34T:K150A showed that positions 31, 34, and 150 are not critical to intein 

splicing, as this mutant could undergo complete splicing as does the single K150A mutant. 

Another possibility is that the D31E and S34T mutants are complementary, in combination 

they do not affect splicing but either mutation in isolation would be deleterious, but given that 

both substitutions are conservative and these positions are not in conserved motifs this is 

unlikely. The V156I mutant highlights this position as interesting, as the addition of one 

methyl group leads to a striking decrease in splicing activity. Retaining hydrophobicity, and 

more specifically a branch at the ~-carbon at position 156 is insufficient, as the mutant could 

not splice with much greater than 50% efficiency. These mutants identify positions crucial to 

the splicing requirements ofCne PRP8, however more specific mutagenesis ofthese positions 

is required to test the above hypothesis regarding their role in Cne PRP8 splicing (see Future 

work). These additional important splicing residues, if it can be demonstrated that they are 

catalytically important, will also need incorporation into the current mechanism. 

The current splicing mechanism makes little mention of the conserved threonine or histidine 

in motifB, although several groups have shown that these residues are involved (Ghosh et al., 

2001; Kawasaki et al., 1997b; Klabunde et al., 1998; Mizutani et al., 2002; Poland et al., 

2000). They are proposed to activate the initial acyl shift. Mizutani et al. (2002) propose that 

splicing is initiated by deprotonation of the first intein residue S or 0 by the carbonyl oxygen 

of the -1 residue creating a nucleophilic S or 0 atom on the side chain of the first intein 

residue. Mutations ofthe Cne PRP8 -1 residue that alter splicing ability could do so by 
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altering alignment of the carbonyl oxygen of the -1 residue with the first intein residue, 

reducing the likelihood of deprotonation. Conversely variants with an altered -1 residue that 

do not perturb the orientation of the -1 residue carbonyl oxygen allow S or 0 of the first intein 

residue to be protonated, manifesting as limited alteration of splicing activity. The ~

branched -1 residue variants may block splicing in this way, while more dramatic changes to 

the -1 residue (such as lysine) may not. Once activated through the acyl shift the first intein 

residue side chain attacks the carbonyl carbon ofthe -1 residue leading to a tetrahedral 

intermediate (Klabunde et al., 1998; Mizutani eta!., 2002). This intermediate has been 

proposed to be stabilised by hydrogen bonding from the residue 1 carbonyl oxygen to the 

hydroxyl ofthe conserved threonine in the B motif(Klabunde et al., 1998; Sun et al., 2005). 

The catalytic importance of the conserved threonine hydroxyl was confirmed by the finding 

that mutants lacking a hydroxyl (such as T62V) abolished splicing in Cne PRP8, while T62S 

retained some splicing ability. The methyl group ofT62 may be important for fine 

positioning of the hydroxyl and thus the residue 1 carbonyl carbon. 

The tetrahedral intermediate is postulated to be broken down through protonation of the imine 

nitrogen of the intermediate by the conserved histidine from motifB (Klabunde et al., 1998; 

Mizutani et al., 2002; Sun et al., 2005). Mutating the conserved histidine in Cne PRP8 to 

residues that could not act as proton donors abolished splicing, with the exception ofH65A. 

The ability of this mutant to splice could be attributed to a substitute proton donor, either N64 

or a water molecule; either of these would have greater access to the imine nitrogen in a 

H65A mutant compared with H65 mutants with a bulkier side chain at this position. The 

breakdown of the tetrahedral intermediate leads to cleavage of the C-N bond creating a thio

or oxygen ester. The Cne PRP8 mutants discussed above support the current hypothesis for 

the catalysis of the first step of intein splicing. 

7.1.4 Effect of cations and temperature on Cne PRP8 splicing 

Several previous studies have shown that external factors affect intein splicing. Poland et al. 

(2000) were the first to observe an interaction between zinc and the See VMA intein through 

structural studies, and subsequently zinc has been discovered to inhibit the splicing of 

Ssp DnaE (Chin et al., 2003; Ghosh et al., 2001; Mills and Paulus, 2001). Ghosh et al. (2001) 

have also shown other cations are capable of inhibiting intein splicing but to a lesser extent 

than zinc. All of these inhibition studies have been performed in vitro (Chin et al., 2003; 
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Ghosh et al., 2001; Mills and Paulus, 2001). Wild type Cne PRP8 appears to be unaffected 

by the presence of cations in vivo, while Cne PRP8 variant with a+ 1 Cys (the residue that 

binds zinc in Ssp DnaE) is also unaffected by the presence of zinc or seven other cations. 

Measurements of cell pellets from intact and lysed cells confirmed that zinc entered the cells 

and was not merely bound to cell wall and membrane proteins on the cell exterior. The 

measurements also confirmed that if the zinc was bound inside the cell it was bound to 

soluble proteins or other chelators which would be released by ether permeabilisation. The 

increase of soluble zinc in the cells was~ 120 J.tM, which is a high enough concentration to 

inhibit intein splicing in vitro (Ghosh et al., 2001; Mills and Paulus, 2001). This estimate of 

concentration is based on several assumptions regarding the bacterial cells and thus is likely 

an over-estimate, primarily because the measurements did not quantify how much zinc was 

bound to soluble chelators, and thus less available to the intein for inhibition of splicing. In 

order to have more control over the immediate environment of the intein in vitro experiments 

will need to be performed. To facilitate this, a temperature sensitive or an artificially split 

Cne PRP8 would need to be created, discussed in further detail below. 

Of the intein structures solved to date, only See VMA (Mizutani et al., 2002; Poland et al., 

2000) and the Ssp DnaE (Sun et al., 2005) inteins show zinc bound at the C-terminus. Both 

ofthese inteins have a cysteine as the first C-terminal extein residue and in both of these 

structures the zinc has been co-ordinated by the cysteine. The amino acids other than the + 1 

cysteine that co-ordinate the zinc ion differ between the two inteins (Poland et al., 2000; Sun 

et al., 2005). The inhibitory action of zinc has been attributed to its ability to neutralise the 

+ 1 nucleophile so it is unable to attack the thioester at theN-terminus (Sun et al., 2005). The 

first C-extein residue of Cne PRP8 is serine, the hydroxyl side chain of which can not co

ordinate zinc. As cysteine is crucial for zinc binding, it is perhaps unsurprising that zinc does 

not interact with this serine and thus inhibit splicing in the wild type Cne PRP8. The partially 

active Cne PRP8 mutant with a+ 1 cysteine was also found to be unaffected by zinc. This 

suggests that Cne PRP8 does not have the strong zinc binding capability of other inteins and a 

structure of Cne PRP8 would help to confirm this. Alternatively the effective intracellular 

zinc levels may have been too low to elicit a sizeable inhibition from either wild type or 

+ 1 Cys Cne PRP8. The wild type Cne PRP8 splices very well, thus partial zinc inhibition (for 

example an increase in the time it takes to splice) might go undetected with the methodology 

employed here. 
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Temperature changes have been shown to affect intein splicing. Lowered temperature has 

been shown to rescue splicing in some inteins in a foreign context and also some mutant 

inteins (Chong eta!., 1998; Telenti eta!., 1997; Xu and Perler, 1996). Other studies have 

shown increased intein activity at elevated temperatures (Shao et al., 1996; Xu and Perler, 

1996). These studies were performed in vitro allowing precise control and a greater range of 

temperatures than is accessible in vivo. Various Cne PRP8 mutants were tested at four 

different temperatures in vivo. Only the partially disabled KA/C-/C Cne PRP8 variant 

exhibited a discemable effect on intein splicing at decreased temperature in vivo, splicing 

more efficiently at lowered temperatures. At the optimal temperature of22 °C, the ratio of 

spliced product to unspliced precursor is approximately doubled, although the overall change 

is small enough to go practically unobserved without densitometer analysis. Enhanced 

activity at lowered temperature suggests increased protein stability, but the only residue 

altered in the temperature sensitive variant is a key catalytic residue. It is possible that 

mutating the + 1 residue reduces the rate or efficiency of a step occurring later in splicing and 

the lowered temperature compensates by stabilising the preceding reaction intermediate. The 

stabilisation may lead to an increased effective duration of the ester intermediate, which 

would increase the probability of the intein continuing past that point to full splicing. 

None ofthe Cne PRP8 variants showed any temperature effects. The intein Cne PRP8 is from 

a parasitic organism. Experiments in this study suggest that Cne PRP8 does not suffer from 

decreased stability at temperatures lower than those seen in the host (i.e. the human or animal 

host to the fungus); further experiments are required to test if the same is true for increased 

temperatures. The mutants tested at different temperatures did not reveal any decrease in 

splicing ability at any temperatures tested, indicating that any alteration of splicing activity is 

unlikely owing to a temperature-dependent structural stability. A decrease in splicing of other 

Cne PRP8 mutants was therefore attributed to other causes. Including temperatures higher 

than 37 °C in future studies would extend the applicability ofthis claim. 

Splicing environment experiments could be extended by the development of a split Cne PRP8 

intein. In vitro experiments would allow more direct control over reaction conditions, 

eliminating any effect of the bacterial cell response to a change in environmental conditions, 

such as upregulation of cold-shock proteins or a toxic response to metals. Temperature 

sensitive inteins may have folding defects at higher temperature and benefit from slower 

folding at a lower temperature than those tested. Inteins that splice at higher temperature, 
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similar to those made by Xu and Perler ( 1996), could have an increased energy of activation, 

enabling splicing only at temperatures high enough to overcome the initial energy barrier. 

Additionally, Cne PRPS may only be sensitive to metal ion concentrations above those 

feasible in vivo. In vitro experiments would also allow direct control over the effective cation 

concentration. 

7.2 Relevance of this work 

7.2.1 Cne PRP8 and the fight against cryptococcosis 

The Prp8 protein is highly conserved across eukaryotes (reviewed in Grainger and Beggs, 

2005) suggesting that it plays an important role in all organisms containing spliceosomal 

introns. The Prp8 protein is strongly believed to be essential for the survival of Cryptococcus 

neoformans, although this has not been directly demonstrated. Prp8 is known to be essential 

for Saccharomyces cerevisiae, as a plasmid borne copy of the gene was required for survival 

in a Prp8 knock-out strain (Kuhn et al., 2002). A truncated Prp8 protein in the retina of 

humans leads to retinitis pigmentosa which can be inherited as a dominant or recessive form 

(McKie et al., 2001). Our direct evidence for splicing confirms that Cne PRPS remains a 

valid target for drug design to treat cryptococcal infection. The extein requirements tell us 

that in order to achieve optimal protein splicing, and thus maximise the effectiveness of 

screening for inhibited splicing, reporter constructs should include a lysine and alanine as the 

-2 and -1 residues as well as a serine as the + 1 residue i.e. the native extein context at 

positions -2, -1 and+ 1 is required for optimal splicing. This knowledge of context 

requirements will allow the design of inhibitor screens. Additionally, knowledge of the 

catalytic mechanism can inform structure based drug design or refinement. 

7.3 Future work 

ACne PRPS X-ray crystallographic structure would greatly aid in the interpretation of the 

functionally characterised mutants from this thesis, in tum contributing to understanding the 

splicing mechanism. Considerable optimisation of existing crystallisation conditions has 

already been undertaken, thus optimising the purification of Cne PRPS protein for subsequent 
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crystallisation would be the next step in this line of work. Optimising the ion-exchange step 

to identify conditions at which Cne PRP8 reliably binds the column and remains soluble once 

eluted would greatly increase the yield, and facilitate greater optimisation of crystallisation 

conditions as more conditions would be trialled. A structure would allow formation of more 

refined hypotheses regarding the involvement of specific residues in the splicing reaction and 

specific residues could be probed. Should robust crystallisation conditions be identified, 

crystal structures of different intein mutants could reveal both the effects of point mutation on 

overall structure and the arrangement of catalytic side chains within the active site. 

Another method successfully employed for determining structure of proteins including inteins 

is nuclear magnetic resonance imaging (NMR). NMR has been used to ascertain whether 

various mutant forms of inteins are structurally similar to the wild type (Romanelli et al., 

2004). This would enable distinction between deleterious mutants where the effect on 

splicing is owing to a large structural rearrangement and those that do not perturb the overall 

structure and thus might have a catalytic function. On a more fundamental level, NMR could 

identify whether purified Cne PRP8 is folded at all. 

Given some of the unexpected results from the alanine mutants mentioned above constructing 

alanine mutants of the remaining splicing motif residues may also help decipher the 

mechanism of splicing. Substituting with alanine residues that are not conserved to such a 

high extent across intein sequences, such as threonine 6 and methionine 69, both of which 

were excluded in this work but are the two next most conserved residues, could be 

informative. Mutating asparagine 64 from the B motif to alanine both singly and as a double 

mutant with H65A would also be interesting, to evaluate the suggestion that it aids in 

protonation of the first step intermediate in the H65A mutant. Klabunde et al. (1998) have 

shown that in Mxe GyrA the equivalents ofN64 and T62 appear to be involved in stabilising 

the tetrahedral intermediate in the first step of intein splicing, suggesting that mutation ofN64 

could be deleterious - if it functioned similarly in Cne PRP8. 

Creating more mutants to investigate valine 156 and surrounding residues would also be 

informative. The substitution of valine with isoleucine at this position allows more than 50% 

splicing, altering this residue to something less similar, such as an alanine, would therefore be 

expected to abolish splicing. Mutating this position to leucine would indicate whether or not 

the ~-branch common to both valine and isoleucine is important, ifV156L had the same 
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splicing ability as V156I it would suggest not, if the splicing was reduced further it would 

suggest the P-branch of the amino acid is important. 

Residues in the Cne PRP8 F motif that correspond to gaps in the alignment from most other 

inteins would be interesting to examine as there is no information regarding their function, so 

mutating them to alanines and more chemically conservative residues would help elucidate 

the function of this region. The F motif of the nine known Prp8 inteins is vastly different 

from the F motif in most other inteins (Table 1.1 ). However, some distance from the C

terminus there is a sequence of amino acids unique to the Prp8 inteins, which is as similar to 

the consensus F motif as is the Cne PRP8 F motif defined by Perler (2002). In this study the 

F motif identified by Perler (2002) was taken to be the actual splicing F motif, based on the 

position of most F motifs relative to the end of the intein. Nonetheless, alanine mutants of 

some of the residues in the sequence from 97 to 112 could test this assumption by evaluating 

whether residues in this "alternate" F region play similar roles to residues of the F motif of 

canonical inteins and may possibly reveal an important motif unique to the Prp8 inteins. 

To understand the role of the residues that render Cne PRP8 incapable of splicing when 

mutated to alanines, further mutations at those positions to residues that mimic the native 

residue structure or chemical nature could be made. This would help differentiate between 

residues that are involved in maintaining the structural integrity required for splicing, and 

those that participate in the catalysis ofintein splicing. For example changing W151 to the 

structurally conservative phenylalanine would allow us to ascertain whether tryptophan is 

playing a structural role involving stacking of the planar ring groups only, or whether 

hydrogen bonding at this residue, such as the suggested hydrogen bonding to the C-terminus 

of the intein, is also required. Changing W151 to aspartate, the residue found at this position 

in most other inteins, would test if the position could act in a similar manner to the equivalent 

position in other inteins. Changing R154 to lysine or histidine would test if a positively 

charged residue is required at that position for splicing, creating glutamate and aspartate 

mutants might also provide functional insight. To test ifthe ring structure ofY162 is 

important for its role in maintaining structural integrity of Cne PRP8, tyrosine could be 

substituted for phenylalanine or tryptophan. Changing aspartate 166 to glutamate would test 

the role of the charge at this position as these two residues share the same reactive group with 

the side chains differing in length by one carbon. Mutating D 166 to asparagine is a 
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conservative structural change but removes the charge from this position, which is likely to 

have significant effects. 

Changing L 161 to alanine decreased splicing efficiency allowing only about half the level of 

wild type splicing, changing this residue to another hydrophobic residue such as isoleucine or 

valine, with larger side chains than alanine, may restore complete splicing. Creating L 161 N 

would test whether Cne PRP8 diverges at this position because of relaxed constraint (in which 

case splicing activity would be expected) or a constraint different to other inteins (in which 

case lack of activity would be expected). Given the sometimes surprising results in the 

mutageneses thus far it would still be an informative mutant to make in the event that it 

displayed some splicing or cleavage. 

To further investigate the F motif defined by Perler (2002), mutants whose change to alanine 

did not alter Cne PRP8 splicing could be altered to residues consistent with the F motif 

consensus. Threonine 149 would become a valine, lysine 150 a tyrosine and serine 160 a 

histidine. If these changes abolished intein splicing it would support the hypothesis that the F 

motif in Cne PRP8, and indeed other Prp8 inteins, has a different function to the F motifs in 

most other inteins. 

Creating random mutants using error-prone PCR would extend study beyond the clearly 

conserved amino acid positions. The main difficulty in this approach is in screening bacterial 

colonies for mutants, a more high throughput system than the HiTF-intein-CBD fusion 

protein would be needed to identify mutants. Blue-white selection using the p-galactosidase 

a-complementation peptide could allow rapid identification of mutants. Alternatively, 

cloning mutagenised intein into the middle of an E. coli lethal gene such as sacB would allow 

selection for colonies that survive via inactivation of sacB. The sacB gene encodes a 

levansucrase from Bacillus subtilis, which acts by breaking down sucrose into levans which 

disrupt cell wall synthesis (Gay et al., 1985). Cells that could grow on media containing 5 % 

sucrose are expected to contain a disrupted sacB; a proportion of these would be intein 

mutants. Reversing the approach, complementary rescue mutations could be isolated from 

mutagenised non-splicing inteins cloned into antibiotic-resistance cassettes, where rescuing 

the splicing capability would restore the antibiotic resistance. Complementary rescue mutants 

are often more informative as they would demonstrate what features are required for splicing, 

and hence are not as ambiguous as deleterious mutants. Different non-splicing variants could 
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be used to find complementary rescue mutations, if successful this would provide more 

information on the roles of specific required residues. 

The cation and temperature experiments yielded negative results. In order to test if this was 

because the host cells were maintaining a homeostatic environment during expression, an 

artificially split intein and appropriate mutants could be made. The separate halves could be 

purified individually then combined either in the presence of the cation, or at the temperature 

to be tested. As we are yet to identify any inhibitors or temperature sensitive Cne PRP8 

variants, a split intein would be required to prevent the native intein from splicing until it is 

purified. The intein would need to be purified in two halves for cation exposure and 

temperature studies. This will require significant optimisation and splitting a protein would 

be expected to introduce further aggregation risks. Purifying intein halves separately has led 

to solubility and reassociation problems with other artificially split inteins (Mills et al., 1998; 

Mootz and Muir, 2002; Mootz et al., 2003; Mootz et al., 2004; Shingledecker et al., 1998; 

Southworth et al., 1998) and would likely require optimisation, although this was not 

necessary with the artificially split Ssp DnaB intein (Brenzel et al., 2006). 

Regardless of these potential difficulties a split intein would allow investigation of the effect 

of metal salts on Cne PRP8 splicing. An in vitro experiment would allow absolute control of 

the cation availability, and would allow higher concentrations to be utilised as ions would be 

directly available to the intein. 

A split intein system would also enable more testing of Cne PRP8 including splicing at higher 

and lower temperatures. Testing intein splicing at higher temperatures would be interesting as 

Xu and Perler (1996) created a mutant which could not splice at 30 °C but could splice at 

42 °C. This is a temperature near the upper limit for E. coli. Attempting to rescue splicing 

more of Cne PRP8 variants could also be attempted at lower temperatures than those tested in 

this study, temperatures as low as 12 °C have been used to rescue splicing in previous studies 

(Xu and Perler, 1996), the lowest used with Cne PRP8 was 18 °C. 

A split intein system would also allow the pH dependence of Cne PRP8 to be tested. It would 

be interesting to compare the optimal pH of Cne PRP8 splicing with that of other inteins, 

which optimally splice at a pH around 6 (Xu et al., 1993; 1994; Shao et al., 1996). Altering 

the pH may have an effect on the tetrahedral intermediate in the first step of splicing. A 
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GAGCAGGACGGCGAGCAAGATTGTTCGCGGCGAAGAGCGTCTCTACCGTATC 

GGCTCGAAGATCTTGTCTGTACCCATAACCACATCCTTTCTATGTATAAAGAAAGGTCTGGTTCGG~ 

GCGAGCCCATTCTCCTAGTGCCGACCTCAGCCTCACAGACAGCCATGAGAGAGTCGATGTGACTG 

CGATGACTTTGTCCGCCTTCCTCAACAAGAGCAACAGAAGTATCAGCTTTTCCGTTCAACTGCTTC 

GTGCGACACGAGCGACCATCCACTTCTAAATTAGACACCACCTTGTTACGCATCAATTCTATCGA 

CTTGAGGACGAGCCTACGAAGTGGTCCGGTTTTGTGGTTGACAAAGACAGTCTTTATCTTCGTC 

::::: - -.. - - • ---- - - - - - -~----- ·- -·------- ___________ , __ ' _r --' _' r_, -'-'-

SKLDTTLLRINSIELEDEPTKWSGFVVDKDSL YLRHDYLVL 

Appendix G 
Top: coding sequence for piCI009. Blue highlighting shows the Haemophilus influenzae 
trigger factor (HiTF) coding sequence; green highlighting shows Cne PRP8 coding sequence; 
red highlighting shows the chitin binding domain (CBD) coding sequence. Bold indicates the 
start and stop codons. Bottom: intein coding sequence translated with some flanking amino 
acids, colour coding as for DNA sequence. 
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Appendix I (1) 

32 33 34 35 36 

G C C T T 
31 32 3 3 34 .!5 

G c C T T 
32 33 3 4 35 36 

piCI006 PA/C-/S 

piCI012 PG/C-/C 

piCI014 KA/C-/C 
rev camp 

piCI015 KKIC-/S 

piCI016 KS/C-/S 

piCI017 KC/C-/S 

piCI018 KT/C-/S 

DNA sequencing chromatograms for piCI family splice junction mutants. The black boxes 
indicate mutations altering the amino acid. 
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Appendix I (2) 
DNA sequencing chromatograms for piCI family splice junction mutants. The black boxes 
indicate mutations altering the amino acid. 
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Appendix J 
DNA sequencing chromatograms for piCI family B motif mutants. Includes serendipitous 
mutants. The black boxes indicate mutations altering the amino acid. 
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DNA sequencing chromatograms for piCI family alanine mutants. The black boxes indicate 
mutations altering the amino acid. 
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