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Molecular and Genetic Studies on the Kluyveromyces lactis Killer Plasmids

Simon Elliston-Elhinn

Killer strains of K. lactis contain two linear, cytoplasmic linear dsSDNA plasmids, known
as k1 and k2. These plasmids have been cloned and sequenced and sequence analysis has
demonstrated that these plasmids encode 14 large open reading frames. Evidence has
suggested that these plasmids replicate through a protein-primed replication mechanism,
similar to Adenovirus. This study has investigated the identity of some of the constituents
of this replication system, specifically the relationship between the two putative DNA
polymerases encoded by the k1 and k2 plasmids and the k1 and k2 terminal proteins.

Two gene hybrids, a Glutathione S-Transferase k20ORF2 and a Maltose Binding Protein-
k20ORF2 were constructed and an antibody raised against the GST-k20RF2 protein was
shown to cross react with the MBP-k2ORF2 protein. Thus demonstrating the presence of
anti-k20ORF2 antibodies.

ORF1 of k1 has been disrupted using a LEU2 marker and demonstrated to be an essential
gene for the maintenance of the k1 plasmid. ORF1 shares significant homology to the
class B (viral) DNA polymerases and this ORF is believed to encode a k1 specific DNA

polymerase.

Finally, a hybrid k20RF2-k10RF1 DNA polymerase was constructed and used in a set of
experiments which suggested that the terminal protein and DNA polymerase domains of
the putative k1 and k2 DNA polymerases are not totally independent entities, as a
reconstituted DNA polymerase with a k20ORF2 N-terminal domain and a k1ORF1 C-
terminal domain could not replace the functionality of k20RF2 in vivo.
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Chapter 1: Introduction

1.1 Linear DNA Plasmids

Linear, extrachromosomal elements capable of autonomous replication are wide-
spread in both eukaryotic and prokaryotic organisms. The first discovery of such a
plasmid system resulted from investigation into cytoplasmic male sterility in maize in the
1970’s. (Pring et al, 1977) Since then, a number of DNA plasmid systems have been
discovered in organisms ranging across higher plants, yeast and gram-positive bacteria.
(Esser et al, 1986, Meinhart et al, 1990, Meinhardt and Rohe, 1993). The sizes of these
plasmids have, been found to range from 520-580 kb, as in the Streptomyces parvulus
SCP1 plasmid to 1.9 kb, as for the small Fusarium oxysporum plasmid. The presence of
characteristic Terminal Inverted Repeats (TIR’s) and 5’ covalently attached terminal
proteins is a common structural feature which has also been identified in both
bacteriophages, such as Escherichia coli PRD1 and ¢29 of Bacillus subtilis, as well as
adenovirus. (Salas, 1991) This has given rise to the hypothesis that, because of their
similarity with adenovirus, linear plasmids could also utilise an adenoviral form of protein
primed replication. (Meinhardt ef a/ 1990, Meinhardt and Rohe, 1993, Stark er al, 1990)

Linear plasmids within the prokaryotic genera Streptomyces are particularly
widespread and, in contrast to eukaryotic linear plasmids often confer a directly
recognisable and often advantageous phenotype, such as antibiotic resistance, on their host
organisms. (Kinashi et al, 1987)

Within eukaryotes the ascomycete fungi often contain linear plasmids. However,
unlike in Streptomyces the fungal linear plasmids are often cryptic, with a few exceptions
conferring a phenotype, such as the killer plasmid systems of K/uyveromyces lactis and the

kalilo-plasmid induced senescence of Neurospora crassa.

9



Eukaryotic linear plasmids appear to be localised either in the cytoplasm, as is the
case with yeast plasmids, or in organelles. The predominant organelle for plasmid
localisation is the mitochondrion, although in the green alga Chlamydomonas moewusii

linear plasmids have been discovered in chloroplasts. (Meinhardt and Rohe, 1993).
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Table 1.1.1 Linear plasmids in yeast and Filamentous fungi (source Meinhardt et a/, 1989)

Species References Plasmid | Size Localisation
Name (kbp)
Khuyveromyces lactis | Gunge et al, 1981 pGKL1 89 Cytoplasmic
Wesolowski et al, 1982 pGKL2 13.4 Cytoplasmic
Sor et al, 1983
Stam et al, 1986
Phaffia rhodozyma Wilber and Proffitt, 1987 8.0
2.0
Pichia inositovora Ligon et al, 1989
Saccharomyces Kitada and Hishinuma, | pSKL 142 Cytoplasmic
kluyveri 1987
Saccharomyces Shepherd et al, 1987 pScr! 15.0 Cytoplasmic
crataegensis pScr2 7.0 Cytoplasmic
pScr3 5.0
Filamentous
Fungi
Agericus bitorquis Mohan et al, 1984 pEM 7.4 Mitochondrial
pMPJ 3.7 Mitochondrial
Ascobolus immersus | Francou et al 1987 pAl 6.4
Meinhardt et al, 1986 pAIl 7.9
Kempken et al, 1989 pAI2 5.6 Mitochondrial
pAI3 2.8 Mitochondrial
Ceratocystis Giasson and Lalonde, | pCF637 82
fimbriata 1987 pFQ501 6.0
Normand et al, 1987
Claviceps purpea pCIK1 6.7 Mitochondrial
pCIK2 5.5 Mitochondrial
pCIK3 1.1 Mitochondrial
pCCIT9 6.7 Mitochondrial
pCCIB4 6.7 Mitochondrial
pCIT5 7.1 Mitochondrial
Fusarium oxysporum_| Kistler and Leong, 1986 pFOXC1 8.2
Fusarium solani Samac and Leong, 1986 pFSC1 9.2 Mitochondrial
Morchella conica Meinhardt and Esser, | pCM31 8.0 Mitochondrial
1984 pCM32 6.0 Mitochondrial
Neurospora Bertrand et al, 1985 mar 7.0 Mitochondrial
intermedia Bertrand and Griffith, | kaIDNA 1.364 Mitochondrial
1988
Podospora anserina | Osiewacz et al, 1989 pAL2-1 8.4 Mitochondrial
Rhizoctonia solani Hashiba e? al, 1984 pRS64 2.6
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A number of the plasmids listed in the preceding table [Table 1.1.1] have been
subjected to detailed analysis. The results of these analyses have shown that these linear
plasmid DNAs encode RNA and/or DNA polymerases. (Kempken et al, 1992, Rohe et al,
1992) Due to this discovery it has been suggested that the linear plasmid systems rely on
an intrinsic replication and transcription machinery rather than that of the host. (Meinhardt
and Rohe, 1993) In order to analyse the similarity between the linear plasmids further,
comparative sequence alignment of the RNA polymerases and conserved regions of the
DNA polymerases of different linear plasmids, adenoviruses and bacteriophages was
performed and their phylogenetic relationships deduced. (Rohe et al, 1992, Kempken et al,
1992) Data from these studies demonstrated that the DNA polymerases encoded by these
extrachromosomal elements constitute a closely related group designated the type B-type

viral DNA polymerases. (Bernad et a/, 1987, Bernad et al, 1989)
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1.2 Other Linear Plasmids

Although the linear killer plasmids pGKL1 and pGKL2 (otherwise known as k1 and
k2) found in Kluyveromyces lactis were among the first to be discovered, protein-primed
linear genetic elements have also been discovered to be widespread in yeasts, filamentous
fungi and higher plants, although absent from most animal cells. (Gunge et al, 1981)

Throughout this range of elements emerge a number of key similarities which
typify this class. The first is that all members of this family to date have been found to be
non-nuclear with most linear plasmids characterised from filamentous fungi being
localised to the mitochondria, whereas most of those found in yeast are cytoplasmic. A
second similarity is that all linear systems encode a DNA- and RNA- polymerase. In
single plasmid systems, both are encoded by a single element, whereas in multi-element
systems, such as the killer plasmids of K. lactis, each element carries its own DNA
polymerase and either encodes its own or makes use of an externally encoded RNA
polymerase. Good examples of filamentous fungal and yeast linear plasmids are the kalilo
senescence plasmid of Neurospora intermedia and the pSKL plasmid found in the yeast
Saccharomyces kluyveri. The single sub-unit polymerase of k2 is unique, however, in
encoding domains similar to both the E. coli § and B' sub-units within a single polypeptide.
The relative positions of the individual conserved regions is also believed to be unique.

(Wilson and Meacock, 1988)

1.2.1 The kalilo Plasmid

The 9.0kb kalilo plasmid of Neurospora intermedia is a linear plasmid which can
induce senescence through its integration into the mitochondrial chromosome. Like other

linear plasmids, the 1366 bp kalilo DNA molecule has a high A+T value of 70%. (Chan et
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al, 1991) Finally, this plasmid also encodes both an RNA polymerase similar to the viral,
T7 DNA-directed RNA polymerase as well a class B (viral) DNA polymerase similar to
that found in the S-1 mitochondrial plasmid of Zea mays and other mammalian

adenovirus.

1.2.2 The pSKL Plasmid

The plasmid, pSKL from the species Saccharomyces kluyveri, which is closely
related to Kluyvromyces lactis is 14.2 kb in size and has a genome structure with a very
high degree of similarity to one of the K. /actis linear plasmids. Of the 10 open reading
frames analysed, all are predicted to encode proteins with above 42% amino acid sequence

homology with the corresponding ORF product of the K. /actis linear plasmid pGKL2.

1.3 Discovery and General Biology of the K. Jactis k1 and k2 Killer

Plasmids

Shortly after the discovery of the 2 um plasmid in Saccharomyces cerevisiae
(Clark-Walker, 1974; Guerineau et al, 1971), a screen was carried out to identify other
novel yeast plasmids. This involved analysing sodium dodecyl sulphate lysates of yeast
protoplasts by agarose gel electrophoresis. (Gunge et al, 1981) Of the seventy strains
analysed, belonging to seventeen different genera, one strain, Kluyveromyces lactis
IFO1267, was found to harbour two novel plasmids. The smaller and larger plasmids were
designated pGKL1 and pGKL2 respectively, or k1 and k2. These plasmids were further

analysed and found to have several unusual features.
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Electron-microscopic analysis revealed that plasmid fractions purified from gels
consisted of homogenous linear populations of DNA molecules of 2.6-2.7 um (5.4 x 10°
molecular weight) and 4.1-4.2 um (8.4 x 10° molecular weight ) in size, thus suggesting
that these plasmids were linear. (Gunge et al/, 1981) This was confirmed by restriction
enzyme analysis. Buoyant density was also measured, using neutral Caesium Chloride
centrifugation, yielding a figure of 1.687 g/cm® for both plasmid DNAs. (Gunge et al,
1981) This is considerably less than both the yeast nuclear (1.699 g/cm®) and
mitochondrial (1.692 g/cm®) DNAs suggesting that these plasmids have a very high A-T
content. The plasmids were also believed to be present within the host cells at a copy
number of 50-100 per plasmid/per cell. This Kluyveromyces lactis isolate (IFO1267) was
also found to produce a toxin which could inhibit the growth of sensitive strains of S.
cerevisiae, Kluyveromyces lactis, Kluyveromyces italicus, Kluyveromyces thermotolerans,
and Kluyveromyces vanudenii. Mating experiments crossing IFO 1267 with a non-killer
Kluyveromyces lactis strain lacking both plasmids, W600B, clearly implicated the linear
plasmids in the production of this toxin, as all of the progeny from this mating both
contained the linear plasmids and exhibited the “killer” phenotype and the killer plasmids.
This implied that both the toxin and immunity determinants were contained on the linear
plasmids as the inheritance of the killer trait showed a non-Mendelian pattern of
inheritance which correlated with the pattern of inheritance of the linear plasmids. One
final feature of this system was that the smaller k1 plasmid showed an absolute

dependency on k2 for maintenance. The k2 plasmid, however could exist alone in the cell.
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1.4 The Linear Plasmid pGKL1 (k1)

1.4.1 Genome Organisation and Nucleotide Sequence

The nucleotide sequence of plasmid k1 has been completely determined by three
laboratories. Analysis revealed that the plasmid is 8874 base pairs (bp) in length.
(Hishinuma et al, 1984; Sor and Fukuhara, 1985, Stark et al, 1984) [see Figure 1.4.1.1}
The DNA had a uniformly high A-T content of 73.21%, which was in agreement with the
buoyant density analysis. At each of the two termini of the plasmid was a copy of a 202bp
Inverted Terminal Repeat (ITR). (Sor et al, 1985) Further analysis identified four large
Open Reading Frames (ORFs), designated ORFs 1-4, or RFs 1-4, which comprised over
95% of the possible coding capacity of the plasmid. Thus, with the exception of the two
202 bp ITRs, only 50 bp of the DNA were not contained within these ORFs. Interestingly,
some of the ORFs overlap, out of phase; ORF2 and ORF3 overlap on opposite coding
strands and ORF4 extends into the right TIR sequence. Sequence comparisons between
the predicted polypeptide products of the four open reading frames’ showed no significant
similarity either internally or between ORFs. Northern blot analysis of RNAs has been
carried out to confirm these ORFs role as transcribed regions. (Stark et al, 1984) RNA
extracts of K. Jactis strains containing both linear plasmids, when probed with different
fragments of k1, were found to contain three distinct transcripts consistent with the
predicted sizes of the ORFs 2,3 and 4. Although we believe that ORF1 is also expressed,
which I will discuss later, no ORF1 transcript could be detected, thus suggesting that this

gene is only expressed at a very low level.
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Figure 1.4.1.1: The killer plasmid pGKL1 (8874 bp)
with arrows showing the extent of each of the
four large open reading frames. ORF1 is the putative

DNA polymerase gene, ORF2 and ORF4 are the
o, and y sub-units of the killer toxin protein,
respectively. ORF3 has been implicated as the main
killer toxin immunity determinant. The terminal
spheres represent the terminal proteins, covalently
attached to the 5° ends of each DNA strand.



1.4.1.1 k1 Open Reading Frame 1

ORF1 is 2988 bp long and encodes a predicted polypeptide of 995 amino acids in
size with a molecular mass of 116 kDa. Sequence analysis has revealed that the predicted
protein product of this ORF has a high degree of similarity throughout its central and C-
terminal regions to the class B family of viral DNA polymerases found in protein-primed
replication systems such as PRDI1, ¢29, and Adenovirus. (Jung et al, 1987) Figure
1.4.1.1.1 summarises the most similar sequences as determined by a computer similarity
search based on the predicted polypeptide sequence.

This search and all following similarity comparisons were done in the following
way: A BLAST protein sequence similarity search was submitted for processing using the
predicted amino acid sequence for the appropriate open reading frame. The predicted
amino acid sequences for the best matches were then retrieved and the original and best
match sequences aligned using the MACAW sequence analysis tool obtained from the EBI
software database.

As would be expected from earlier analysis, k1ORF1 shows significant similarity
with the Type B (protein primed) family of DNA polymerases. The level of similarity is
highest throughout two of the conserved DNA polymerase domains at sequence positions
700 and 800 amino acids in to the sequence. The N-terminal sequences, in contrast do not

appear to contain any conserved domains.

1.4.1.2 k1 Open Reading Frame 2

ORF2 is 3441 bp in length and encodes a predicted polypeptide of 1146 amino
acids with a molecular weight of 128.95 kDa. Due to several lines of evidence, including
analysis of k1 containing, non-killer deletion mutants and direct sequencing studies, this

ORF has been shown to encode two of the three polypeptide components of
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gure 1.4.1.1.1
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Figure 1.4.1.1.1: Similarity search results for KIORFI1. The following were the top
matches found: PRD1-PRD1 virus DNA polymerase (protein PI) (Jung etal, 1987);
PHAGEM2- Bacteriophage M2 DNA polymerase (Matsumoto etal/, 1989); pCLKI-
Clavicepspurpurea mitochondrial plasmid pCKLI possible DNA polymerase; Sl-
Zea mays mitochondrial plasmid SI DNA polymerase (Oeser and Tudzynski, 1989);
kalilo- Neurospora intermedia mitochondrial plasmid kalilo probable DNA
polymerase (Chan et al, 1991); pAL2-l- Podospora anserina mitochondrial plasmid
pAL2-1 probable DNA polymerase (Hermanns and Osiewacz, 1992).

The orange highlight indicates which sequence the others were compared with. The
dark lines within each sequence show small regions of similarity, with the darker
segments showing higher similarity. Blocks of similar sequences are denoted by
larger squares overlaying the sequence. All comparisons are done between each
sequence, so sequence similarity between non-highlighted sequences is also shown.



the killer toxin, o and B. (Stark and Boyd, 1986) The killer toxin will be discussed in more

detail later.

1.4.1.3 k1 Open Reading Frame 3

ORF3 is 1287 bp in length and encodes a predicted polypeptide of 428 amino acids
with a molecular weight of 50.95 kDa. Evidence has implicated this open reading frame

as an important toxin resistance determinant. (Tokunaga et al, 1987a; Stark et al, 1990)

1.4.1.4 k1 Open Reading Frame 4

ORF4 is 750 bp in length and encodes a predicted polypeptide of 249 amino acids
with a molecular weight of 28.7 kDa. Experimental and sequencing evidence has shown

that this ORF encodes the 27.5 kDa y sub-unit of the killer toxin. (Stark and Boyd, 1986)
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1.5 The Linear Plasmid pGKL2 (k2)

1.5.1 Genome Organisation and Nucleotide Sequence

The entire sequence of the k2 linear plasmid has also been elucidated. (Tommasino
et al, 1988; Sor et al, 1983) Sequence analysis revealed that the DNA of plasmid k2 is
13,457 bp in length and, like k1, is extremely A-T rich (74.7%). Further analysis has
discovered the presence of 10 large open reading frames which account for approximately
97% of the coding capacity of the plasmid. [see Figure 1.5.1.1] Six of the ten ORFs
(ORFs: 1,4,5,6,9, and 10) are transcribed from one strand, while the other four (2,3,7 and
8) are transcribed from the other strand. There is again extensive overlapping of coding
regions of the different ORFs: ORFs 8 and 9 overlap on opposite strands for the first 15, 5°
codons. The start and stop codons of ORFs 1 and 2 overlap by two base-pairs. ORFs 2
and 3, 4 and 5 and 5 and 6 also overlap.

Northern analysis has also been carried out to assess which of the 10 different open
reading frames are expressed. (Tommasino et ali, 1988) Eight differently sized species
have been clearly detected, corresponding in size to ORFs 1,3,5,6,7,8,9,10. A ninth is
possible, since ORF3 and ORF4 are of a similar size. This evidence suggests that open
reading frames 1,3,4,5,6,7,8,9 and 10 are expressed to detectable levels. Open reading
frame 2 is believed to be expressed, albeit at very low levels because it is has been shown
to be an essential gene. (Schaffrath er al, 1995) Another feature of k2 is its inverted

terminal repeats (ITRs), which are 184 bp in length.
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Figure 1.5.1.1: The killer plasmid pGKL2 (13457 bp)with arrows showing the extents of the
large open reading frames identified. ORF1 is a non-essential gene of unknown function,
ORF2 is the putative DNA polymerase gene; ORF3 is a gene of unknown function; ORF4

is an essential gene which shows similarity to the DNA helicase family of proteins;

OREFS is a gene of unknown function; ORF6 is a putative RNA polymerase gene;

ORF7, 8 and 9 are genes of unknown function; ORF10 has been identified as a DNA binding
gene. The spheres show the predicted locations of the terminal proteins, covalently attached
to the 5° ends of each DNA strand.



1.5.1.1 k2 Open Reading Frame 1

ORF1 extends over 675 bp and encodes a protein of 224 amino acids and a
molecular weight of 26.7 kDa. Although this ORF is believed to be expressed, a disruption
of this open reading frame (Schaffrath et al, 1992) with a LEU2 marker has demonstrated
that this gene product is not required for plasmid maintenance. See Figure 1.5.1.1.1 for a
list of the most similar amino acid sequences. Amino acid sequence analysis was carried
out as described in 1.4.1.1. Apart from the known high level of similarity between
k20RF1 and pSKL ORF1, there were no high levels of similarity detected. The best match
found was that with the E. coli KFIC putative glycosyltransferase protein. Unfortunately
KFIC has not been characterised enough to provide us with any insight though this
similarity.
1.5.1.2 k2 Open Reading Frame 2

ORF2 is 2985 bp and encodes a protein of 994 amino acids with a molecular
weight of 118 kDa. Computer sequence analysis has demonstrated that the predicted
amino acid structure shares significant similarity with that of the Class B, viral DNA
polymerases. This similarity extends through the conserved polymerase and exonuclease
domains. (Tommasino et al, 1988) ORF2 also shares significant central and C-terminal
similarity to the k1ORF1 predicted amino acid sequence. Disruption experiments have
demonstrated that this gene is essential for k2 plasmid maintenance. (Schaffrath e al,
1995) See Figure 1.5.1.2.1 for a list of the amino acid sequences with the highest levels of
similarity. As expected from earlier work, k20ORF2 showed significant similarity to the
Type B (protein primed) DNA polymerases. High levels of similarity are found between

the polymerase domains.
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Figure 1.5.1.1.1: Similarity search results for k20RFI. The following were the top
matches found: SK.pSKL-1- Saccharomyces kluyveri plasmid pSKL ORF1
(Hishinuma and Hirai, 1991); ELEGANS- Caenorhabditis elegans cosmid
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Figure 1.5.1.2.1: Similarity search results for k20RF2. The following were the top
matches found: psorfi- Saccharomyces kluyveri plasmid pSKL ORF2 (Hishinuma
and Hirai, 1991); PAI2- Ascobolus immersus mitochondrial plasmid PAI2 probable
DNA polymerase (Kempken et a/, 1989); pCLK2-1: Podospora Anserina
mitochondrial plasmid pCLKI probable DNA polymerase (Oeser and Tudzynski,
1989); Phy mitoc- Physarumpolycephalum mitochondrial DNA polymerase (Takano
etal, 1994).



1.5.1.3 k2 Open Reading Frame 3

ORF3 is 1785 bp and is predicted to encode a protein of 594 amino acids with a
molecular weight of 70.5 kDa. So far, little is known about this Open Reading Frame,
although it has been disrupted to check for plasmid maintenance defect and is believed to
be essential. (Fukuhara, pers. comm) Computer similarity searches have not detected any
significantly similar gene or protein, however Figure 1.5.1.3.1 shows amino acid sequence
comparisons of k20ORF3 with the best matches detected but no clear pattern seems to

emerge.

1.5.1.4 K2 Open Reading Frame 4

ORF4 is 1794 bp and is predicted to encode a protein of 597 amino acids, with a
molecular weight of 69.2 kDa. This gene has been disrupted and shown to be an essential
gene. (Soond, 1994) Computer analysis shows, significant similarity between the
predicted amino acid structure of this ORF product and the DNA helicases. See Figure
1.5.1.4.1 for comparison of this sequence with the most similar sequences found during a

sequence similarity search.

1.5.1.5 K2 Open Reading Frame 5

ORFS is 477 bp in length and encodes a predicted polypeptide 158 amino acids in
length, with a predicted molecular weight of 18 kDa. ORF 5 has been studied in detail by
R. Schaffrath. ORFS is one of the most highly expressed k2 open reading frames in the
k1/k2 system and is therefore suspected of playing an important role in the replication of
k2. (Shaffrath and Meacock, 1996) Disruption analysis carried out has shown that this
OREF is essential for plasmid maintenance and that it can be trans-placed onto k1 and still
show functional complementation of its own deletion. This implies it is a trans-acting

replication factor of unknown function. (Shaffrath and Meacock, 1996) Recently,
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Figure 1.51.3.1: Similarity search results for k20RF3. The following were the top
matches found apart from pSKL ORF3: BP74- Dictyostelium discoideum cyclic
AMP-inducible protein BP74 (Hopkinson ef al, 1989); NADH DH: Neurospora
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RTO02A1 Acanthamoeba castellanii RPS2 ribosomal protein S2 (Lonergan and Gray,
1993).
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Figure 1.5.1.4.1: Similarity search results for k20RF4. The following were the top

matches found: FPDS- Fowlpox virus (strain FP-1) Early transcription factor 70 kDa
sub-unit [potential ATP binding at amino acid position 45 and potential DEAH box
motifat amino acid position 135] (Tartaglia et al, 1990); D11L- Vaccinia virus
(strain Copenhagen) nucleotide triphosphatase I (Rodriguez et al, 1986); PSORF4:
Saccharomyces klityveri pPSKL ORF4 (Hishinuma and Hirai, 1991); 8706L- African
swine fever virus helicase Q7062 (Yanez era/,1995); J10L- African swine fever
helicase J10L (Vydelingum et al, 1993); MCO095R- Molluscum contagiosum virus
subtype 1 protein [contains DEAH ATP HELICASE motif at positions 135 - 138§]

(Senl'ich *tnl 1996).
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evidence has been gathered supporting a role as a single stranded DNA binding protein.
(R. Schaffrath, pers. comm.) See Figure 1.5.1.5.1 for a list of the most similar sequences
found. All these proteins appear to be some type of lysine rich, possibly DNA binding

protein which agrees with the preliminary evidence obtained by Schaffrath.

1.5.1.6 K2 Open Reading Frame 6

ORF6 is 2949 bp in length and encodes a predicted polypeptide 982 amino acids in
length, with a predicted molecular weight of 114 kDa. Sequence analysis of the predicted
polypeptide structure encoded by this open reading frame has implicated this ORF as a
RNA polymerase for the expression of linear plasmid genes. (Wilson and Meacock, 1988;
Shaffrath et al, 1995) Figure 1.5.1.6.1 shows the results of a sequence similarity search
carried out on the k20RF6 predicted amino acid sequence. Clearly, k2ORF6 shows
significant similarity to the Gram negative § and B’ sub-units as well as the Drosophila
melanogaster RNA polymerase I sub-units. Significant similarity is also shown to the 147

and 132 kDa Vaccinia RNA polymerase genes.

1.5.1.7 K2 Open Reading Frame 7

ORF7 is 399 bp in length and encodes a predicted polypeptide 132 amino acids in
length, with a predicted molecular weight of 15.5 kDa. This open reading frame is
believed to encode a second sub-unit of the linear plasmid RNA polymerase. (Schaffrath,
1996) Transcription and translation has been demonstrated as this ORF has been
expressed in the linear plasmid system with an attached c-myc protein tag. This tag
allowed the direct visualisation of this protein using Western Analysis. Disruption analysis
of this ORF has suggested that this ORF is important in cis. (Schaffrath et al, 1997)

Figure 1.5.1.7.1 shows comparisons of the K2ORF7 amino acid sequence against the
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Figure 1.5.1.5.1: Similarity search results for k20RFS5. The following were the top
matches found: MTN25- Meicago truncatula protein MTN25 [lysine rich] (Gamas et
al, 1996); HP0537- Helicobacter pylori CAG pathogenicity island protein CAG16

(Tomb et al, 1997); CAGM- Helicobacter pylori CAGM gene (Rappuoli and

Covacci, 1996); PSORF5- Saccharomyces klixyveri pSKL ORF5 (Hinshinuma and
Hirai, 1991); HAHB-3- Homeodomain containing protein from Helianthus Annuus

(Chan and Gonzalez, 1994); ORF60- Lymantria dispar multicapsid nuclear

polyhedrosis virus hypothetical 10.9 kDa protein in LEF8-FP intergenic region
(Bischoffand Slavicek, 1996); MG134- Mycoplasma genitalium hypothetical protein
MG 134 (Fraser et al, 1995).
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Figure 1.5.1.6.1: Similarity search results for k20RF6. H. pylori- Helicobacter pylori
DNA directed RNA polymerase beta sub-unit (Tomb et al, 1997); Cparadoxa-
Cyanphoraparadoxa DNA directed RNA polymerase beta sub-unit (Stirewalt,
unpublished); RPOB_EB- Escherichia coli DNA directed RNA polymerase beta sub-
unit (Ovchinnikov et al, 1981); RPOC_EC- E. coli DNA-directed RNA polymerase
(3 chain(Ovchinnikov et al, 1982); RPA1_DM- Drosophila melanogaster DNA-
directed RNA Polymerase I largest subunit (Knackmuss et al/ unpublished);
RP01_W - Vaccinia vims DNA-directed RNA polymerase 147 KD polypeptide
(Broyles and Moss, 1986); RP02_W - Vaccinia vims DNA-directed RNA
polymerase 132 KD polypeptide (Amegadzie et al, 1991);5 acidoc- Sulfolobus
acidocaldarius DNA directed RNA polymerase beta sub-unit (Puehler ez a/, 1989).
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Figure 1.5.1.7.1: Similarity search results for k20RF7. The following were the top

matches found excluding pSKL plasmid: DRE4- Drosophila melanogaster probable
transcriptional regulator (Washington et a/, unpublished); Vace E6- Vaccinia virus
protein E6 (Gershon et a/, unpublished); Q25661- Plasmodium chabaudi putative
glutamate and asparagine rich protein (Wiser and Giraldo, unpublished); QPH]1-
QPHI1 plasmid ORF100 fragment Coxiella burnetti (Thiele et al, 1995); 0 9 -
Swinepox virus protein C19 (Massung et al, 1993); YMF22- Marchantiapolymorpha
hypothetical 9.3 kDa protein in NAD3-NAD?7 intergenic region [mitochondrial] (Oda
etal, 1992)

132
1059
567
1368
101
215

79

1400



closest matches obtained from a BLAST sequence similarity search. No very significant

matches were found to any known protein.

1.5.1.8 K2 Open Reading Frame 8

ORF8 is 288 bp in length and encodes a predicted polypeptide 95 amino acids in
length, with a predicted molecular weigh of 11 kDa. This ORF has so far been
uncharacterised, and no disruption analysis has been carried out to assess its importance to
the linear plasmid replication system. Sequence analysis reveals no significant similarity

to any known gene.

1.5.1.9 K2 Open Reading Frame 9

ORF9 is 1362 bp in length and encodes a predicted polypeptide 453 amino acids in
length, with a predicted molecular weight of 55 kDa. Disruption analysis has been carried
out on this ORF and it appears to be an essential gene for plasmid maintenance. (Fukuhara,
pers. comm.) This ORF has no significant sequence similarity to any other known gene.
See Figure 1.5.1.9.1 for best similarity search matches. Of those proteins detected in this
search no clear pattern emerged to provide any significant hint as to what the function of

this protein is.
1.5.1.10 K2 Open Reading Frame 10

ORF is 312 bp in length and encodes a predicted polypeptide 103 amino acids in
length, with a predicted molecular weight of 12 kDa. Tommasino reported that the ORF10
protein product successfully bound DNA-Sepharose and could be eluted with 350 mM salt.
(Tommasino, 1991) This ORF has also been overexpressed in Escherichia coli and the
overexpressed protein has been found to specifically bind the Inverted Terminal Repeat
(ITR) regions of k2. (McNeel and Tamanoi, 1991) This gene was hence designated TRF1

(Terminal Recognition Factor 1). While TRF1 is known to bind the termini k2, it is not
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Figure 1.5.1.9.1: Similarity search results for k20RF9. The following were the top
matches found excluding pSKL plasmid: ADDPOL- Canine adenovirus 1 DNA
polymerase (Campbell and Zhao, unpublished); F1B10.2- Caenorhabaitis elegans
protein similar to heavy chain myosin (Wilson et al, 1994); Cchabaudi- Chabaudi
chabaudi NE-rich protein (Snounou ef al, 1988); BABR p3- Babesia bovis gene
BABR protein 3 (Cowman et al, 1984); PFZ1- Methanobacterium thermoformicium
plasmid pFZI (Noelling et al, 1992); RHOPTRY- Bergei yoelii rthoptry protein
(Sinhal et al, 1996); RIBO PROT- Emericella nidulans mitochondrial protein S5
(essential for mitochondrial protein synthesis and required for the maturation of small
ribosomal sub-units) (Lazarus and Kuntzel, unpublished)



believed that it is the terminal protein, from which plasmid replication initiates, because
the interaction is not believed to be covalent. These two results taken together would
seem to suggest a more general DNA binding role for TRF1 than simply ITR binding as
well as the predicted size being significantly different to that shown by preparations of

terminal proteins. (Reay,1997)
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1.6 Protein Primed Replication

One of the most fascinating aspects of the k1-k2 linear killer plasmid system is its
DNA replication which remains, as yet, largely unelucidated. Sequence analysis has
suggested that both k1 and k2 encode their own DNA polymerases which could,
presumably, be used to replicate the plasmids in the absence of the nuclear DNA
polymerases of the host organism. (Tommasino et a/, 1988; Jung et al, 1987) The use of
their own DNA polymerases to drive replication, as well as the known linear nature of
these plasmids and the presence of covalently attached terminal proteins suggested that the

linear killer plasmids use a “protein- primed” replication system.
1.6.1 Evidence for Terminal Proteins

Further study of the general biology and structure of the killer plasmid DNA
molecules themselves has demonstrated that the termini of the linear plasmids appear to be
“blocked”; by a protein covalently attached to the 5° end of the DNA strand. Several lines
of evidence suggest this. The first was that attempts to radio-label the 5’ ends of the
plasmid DNA with [y] **P-ATP were unsuccessful.  Killer plasmid DNAs were also
resistant to the 5°-3” exonuclease activity of the A - exonuclease but were sensitive to the
3’-5’ exonuclease activity of Exonuclease III. (Stam et a/, 1986) Experimental evidence
has further defined the sizes of the k1 and k2 terminal proteins as 28 kDa and 36 kDa
respectively. This was demonstrated through two methods. The first was a set of
experiments of carried out by Stam et a/ who demonstrated that terminal restriction
fragments of k1 and k2 with attached terminal proteins did not enter an agarose gel matrix.
Also '?] labelling of restriction fragments followed by agarose electrophoretic analysis of

these restriction fragments also provided good evidence for the presence of terminal
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proteins. (Stam er al, 1986) Further work by Reay in which the k1 and k2 terminal
proteins were separated from killer plasmids, labelled with '*I and subjected to

polyacrylamide electrophoresis confirmed the sizes predicted by Stam et al. (Reay,1997)
1.6.2 Functions of Terminal Proteins

The fact that these plasmids are linear and have covalently attached terminal
proteins suggests several things about their mode of replication. The first is that, since
they do not appear to have telomeres, they must have some way to overcome the continual
5’ deletion of DNA that would result from the use of RNA primers for replication. One
method used to overcome this problem is for linear molecules to initiate replication from a
protein bound to the 5° end of the DNA molecule, this is known as protein priming and all
known examples of this utilise a covalently attached terminal protein. Well characterised
examples of this include the animal virus, Adenovirus, and the bacteriophages PRDI
which infects E. coli and S. typhimurium, and $29 which infects Bacillus subtilis.
(Bamford er al, 1983; Challberg et al, 1982; Watabe and Ito, 1983) Experimental evidence
from Adenovirus and bacteriophages has demonstrated the importance of the covalently
attached terminal protein in terminus recognition by the initiation complex. (Caldentey et
al, 1992; Challberg and Rawlins, 1984) This suggests that the terminal protein can
recognise itself either alone or when in a complex with other components. In addition to
this role in DNA replication, terminal proteins presumably perform several other functions.
One of the key functions could be to protect the termini of the DNA molecules from 5°-

exonuclease attack and recombination within the cell.
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1.6.3 Protein Primed Replication

Protein primed replication initiation occurs in a similar form in several different
organisms. Essentially what happens is that an interaction between the terminal protein,
DNA polymerase, a specific dNTP and accessory factors, such as DNA binding proteins
(DBP) and single-stranded binding proteins, forms an initiation complex. This contains a
terminal protein molecule attached to a specific ANTP through an ester linkage to a serine,
threonine or tyrosine residue of the terminal protein. This charged terminal protein and
other factors, bind and recognise the terminal region of the DNA molecule to be replicated
as well as its associated terminal protein. An initiation complex is formed at the extreme
terminus of the molecule, the 5°-3” strand displaced and the specific ANTP attached to the
terminal protein forms a stable base pair with the extreme 3’ base on the complementary
template. The DNA polymerase then catalyses new strand formation and the parent strand
is displaced, with single-strand DNA binding proteins stabilising the displaced
complementary strand. There are two theories as to how the second strand is synthesised.
The first is that the replication is somehow co-ordinated over the two strands and leads to
the simultaneous formation of the two daughter plasmids. The second is that one daughter
plasmid is produced, displacing the other strand during replication and that the displaced
strand forms a “pan-handle” structure which is then replicated by a separate replication
initiation event. [see Figure 1.6.3.1] In the example of $29 the DNA polymerase catalyses
the formation of the terminal protein-deoxynucleotide link. Interestingly, in the absence of
$29 DNA to guide the deoxynucleotidation a formation can be formed between any ANTP
and the terminal protein. This is in contrast to the situation when the DNA is present,

when a strong dATP preference is shown. (Blanco er al, 1992)
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Figure 1.6.3.1: Model for Protein-Primed Replication of DNA
(Based on Salas, 1991)
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1.7 Expression of Killer Plasmid Open Reading Frames

1.7.1 Transcription

Due to the cytoplasmic nature of the K. lactis killer plasmids which denies them
access to the host transcriptional machinery it was believed that their genes are expressed
using a plasmid coded transcription system. (Stark et a/, 1990) This belief was based on
experimental evidence which demonstrated a transcriptional barrier to expression when
attempts were made to express killer plasmid genes on conventional nuclear localised
plasmids, such as pKD1 derived plasmids or those based on the S. cerevisae 2 um plasmid.
(Stam et al, 1986, Romanos and Boyd, 1988, Kamper et a/, 1991, Ambrose, 1993, Soond,
1994) Experiments showing that a linear plasmid promoter could not drive gene
expression when carried on a nuclear plasmid even when linear plasmids were present in
the cell further demonstrated the clear separation of the linear plasmid and nuclear
transcription machinery. (Wilson and Meacock, 1988) This transcriptional barrier is due
to aberrant initiation and premature message termination in the nucleus, caused by the high
AT content of the DNA. (Romanos and Boyd, 1988) Analysis of sequence similarities
between linear plasmid open reading frame upstream sequences has revealed conserved
sequences approximately 14 nucleotides upstream of the transcriptional start point as
determined by earlier primer extension mapping. (Stark ez al, 1984, Romanos and Boyd,
1988, Wilson and Meacock, 1988, Stark et al, 1990) These Upstream Conserved
Sequences (UCS) have a general form of ACT Alr AATATGA.

The importance of these UCS’s in gene expression has been demonstrated by their

ability to drive expression of nuclear genes when fused at an appropriate distance upstream
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of the transcriptional start site of the gene, in contrast to the failure of conventional yeast
promoter elements to drive transcription in killer plasmids. (Kémper et al/, 1989, Kdmper
et al, 1991, Gallo and Galeotti, 1990, Tanguy-Rogeau et al, 1990, Schaffrath er a/, 1992)
Successful transcription of nuclear genes inserted into k1 arises through plasmid
circularisation or addition of telomeres to the k1 plasmid and its re-localisation into the
nucleus and replication through the use of fortuitous ARS sequences. (deLouverncourt et
al, 1983, Kamper et al, 1989, Kamper ef al, 1991, Meinhardt ef al, 1990) All these data
clearly indicated that a separate plasmid encoded transcription system is present in the cell.
(Romanos and Boyd, 1988, Wilson and Meacock, 1988, Stark et al, 1990)

The next question to be resolved was, what were the constituent parts of the
transcription system. The k20RF6 product has been implicated as the probable RNA
polymerase for both the k1 and k2 plasmids. (Wilson and Meacock, 1988, Stark et al,
1990) Sequence analysis has shown that the 974 amino acid polypeptide shares amino
acid sequence homology to both the B and B’ sub-units of the E. coli RNA polymerase,
encoded by the rpoB and rpoC genes, respectively as well as the corresponding sub-units
of the RNA polymerase of the eukaryotic RNA Pol I homologues, also Nicotiana tabacum
chloroplasts and the liverwort Marchantia polymorpha. (Wilson and Meacock, 1988)
Sequence analysis on ORF7 has also suggested it as a possible component in the
transcription apparatus due to its sequence homology to a conserved carboxy-terminal
domain of the E.coli rpoC(p’) which is missing from ORF6. (Rowland, Glass and
Meacock, unpublished data; Schaffrath, PhD thesis)

A third possible component could be the k2 ORF4 gene product. Which shows
significant homology to a vaccinia virus DNA-dependent ATPase. (Wilson and Meacock,

1988)
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The k1 transcripts have 20 - 50 nucleotide 5° untranslated leader regions, whereas
k2 has untranscribed 5° leader regions of between 30 and 110 nucleotides. The transcripts
are also believed to not be poly-adenylated as they are excluded, for the most part, from
the nuclear transcription machinery. Sequence analysis data published by Meinhart et a/
has also demonstrated that K2ORF3 may encode a viral-like RNA capping enzyme.

(Larsen et al, 1998)

1.7.2 Translation

Several features might affect the rate of the translation of linear plasmid transcription
products. Firstly is that it is possible that the mRNA produced by linear plasmids is
uncapped. This would have a detrimental effect on the translation of these mRNA in
relation to the other, capped mRNAs competing for the same 80s ribosomes in vivo,
because of the importance of this capped region in stimulating the efficiency of ribosome
binding. (Kozak, 1983) This lack of capping could require the presence of additional
factors to stimulate translation, possibly, produced by the linear plasmids.

One example of adaptation of uncapped RNA is S. cerevisiae VLP’s which, it has
been suggested, have sequences within their 5° region which allow them to hybridise with
the 3’ end of the 5.8S or 18S ribosomal RNA thus stimulating binding efficiency.
(Leibowitz et al, 1983) The diminutive 5° untranslated regions could also have an effect.
The third factor which could have a major effect on translational efficiency is the very high
A+T content which, through the constraints it places on codon usage and hence bias in the

tRNA population used, slow down translation.
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1.8 The Killer Phenotype

1.8.1 Toxin Structure

Strains of Kluyveromyces lactis harbouring the k1 and k2 linear plasmids exhibit a
“killer” phenotype, hence the name “killer plasmids”. This phenotype exhibits itself as an
inhibition of sensitive strain growth surrounding a “killer” K. lactis colony. This killer
phenotype is mediated through the action of a large secreted hetero-trimeric glycoprotein
toxin. The killer toxin was first purified by Stark and Boyd and demonstrated to consist of
three sub-units, designated a (97 kDa), B (31 kDa), and y (28 kDa). (Stark and Boyd,
1986) Further analysis demonstrated that secretion of this toxin is inhibited by
tunicamycin, a glycosylation inhibitor, thus suggesting that the killer toxin is a
glycoprotein. The open reading frames encoding the toxin sub-units have been identified,
through sub-unit purification followed by amino acid sequence analysis, to be k1 ORF2 for

the a and 3 sub-units and k1 ORF4 for the y sub-unit. (reviewed by Stark et al, 1990)

1.8.2 Toxin Biosynthesis

Following the transcription and translation of the k1 ORF2 and k1 ORF4 genes
polypeptide processing occurs. The primary translation products have the typical amino-
terminal hydrophobic regions of secreted proteins and hence are passed into the
endoplasmic reticulum where the leader sequences are removed by signal peptidase.
Proteolytic cleavage is required for the separation of the initial ORF2 peptide into the o
and P sub-units. This proteolytic separation of the o and  sub-units has been shown to
require a KEX like protein, contained within the Golgi, and a single mutation, kex/ has
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been found to prevent toxin secretion in K. /actis. Upon the cloning by complementation
and sequencing of the wild-type KEXI gene, it was found to be a serine protease which
shares structural similarities to the S. cerevisiae KEX2 gene. (Wésolowski-Louvel et al,

1982) (review in Stark et al, 1990)

1.8.3 Toxin Secretion

1.8.3.1 Mode of Action

The toxin secreted by k1* k2" strains of Kluyveromyces lactis can inhibit the growth of a
surrounding lawn of sensitive K. /actis. It has been shown to have similar inhibitory
effects on several other yeast strains, including Kluyveromyces thermotolerans, S.
cerevisiae, Toruplopsis glabrata, Candida utilis, Candida intermedia, Kluyveromyces
vanudenii, S. italicus, S rouxii, but has no effect on some species of yeast, including
Schizosaccharomyces pombe. The effects and patterns of toxin secretion have been
studied in some depth, although there is no definitive answer as to the utility of this toxin
in the wild or as to its mode of action. Such work has also shown that diploid strains show
a marked decrease (20 - 100 fold) in sensitivity in comparison with their haploid
derivatives. Data obtained for the effectiveness of toxin inhibition of cell growth following
release from Hydroxyurea induced S-phase arrest suggests that the toxin is principally
active at G1. Several toxin resistant mutants have been isolated, some of which have
helped clarify the situation. (Gunge et al, 1981; Tokunaga et al, 1989; Butler et al, 1991,
Butler et al, 1994)

Toxin production has been demonstrated to be tightly coupled to vegetative growth and

reach its maximum production in late exponential phase. Stark er a/ have demonstrated
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that the toxin shows maximal activity at pH 7.0 and has good temperature tolerance. (Stark
and Boyd, 1986)

Despite the lack of any clear knowledge of the precise mode of action, studies which have
expressed the y -subunit intracellularly from a GAL7, galactose inducible promoter region
have demonstrated that it is this sub-unit which is responsible for the intracellular toxin
activity. The alpha sub-unit is known to bind to cell walls and demonstrates a chitinase

activity. (Butler et al, 1991)

1.8.3.2 Toxin Immunity

In order for toxin producing system to be viable in any context, the toxin producing strain
must encode its own immunity mechanism. (Gunge et al, 1981) Within the k1 - k2 killer
plasmid system several lines of evidence have demonstrated this to be the case. Evidence
has suggested that the immunity gene for the killer toxin is encoded by k1. Further sub-
cloning of killer plasmid DNA has demonstrated that k1 ORF3 appears to play a major role
in immunity. The ORF3 region was sub-cloned onto a circular plasmid and introduced it
into a k2" k1-free host. Transformants were found to have a significant but reduced level
of toxin resistance than k1" k2* bearing cells: transformants had a 100% immunity to toxin
concentrations up to 40ng/ml but only a 20-50% immunity to toxin at a concentration of
400 ng/ml, in contrast to wild-type, k1 containing cells which show a 100% resistance in
toxin concentrations up to 400ng/ml. (Tokunaga et al, 1987) The analysis of this result
demonstrated that wild-type k2 was also required for gene expression, thus k2 must either
have a role in k1 ORF3 expression or produce a product which interacts with the ORF3

protein product.
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1.9 Linear Plasmid Genetic Manipulations

Because of the linear and cytoplasmic nature of the k1 and k2 linear plasmids as
well as the presence of a terminal protein moiety at the 5° ends of both strands, linear
plasmids are not amenable to direct molecular manipulation techniques analogous to those
used with circular plasmids. The key problems appears to lie not in the isolation of the
linear plasmids, as several studies, in addition to this work have reported successful
isolation of linear plasmids. (Stam et al, 1986, Reay, 1997) Only one study, so far, has
reported the successful re-transformation of intact linear plasmid DNA and its subsequent
replication in vivo. (Delouvencourt et al, 1983) Attempts to repeat this experiment in
other labs have failed, thus suggesting that transformation is probably highly strain or
condition dependent as well as being an extremely rare event. One of the causes of this
inability to re-transform K. Jactis with linear plasmids could be the loss of terminal protein
molecules from the 5 ends. This leads us to the inevitable conclusion that, for example, a
whole k1 plasmid, lacking terminal proteins could be transformed directly into a parental
strain containing the k1 and k2 linear plasmids but would not be replicated and maintained
if replication requires the presence of an existing terminal protein in order to initiate
replication. There is also the problem that if the plasmids are transformed into a k1° k2°
cell there will be no linear plasmid RNA polymerase present to allow transcription of
linear plasmid genes.

Due to these difficulties with direct molecular manipulation, an alternative system
has been devised to allow linear plasmid genetic manipulation. (Kamper et al, 1991,
Shaffrath and Meacock, 1995) This technique involves the production of a recombinant

linear plasmid fragment containing the desired recombinant region produced by cloning,
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PCR and other molecular techniques on a circular E. coli based vector. This recombinant
region must be flanked by linear plasmid DNA and a nutritional marker such as TRP/ or
LEU? fused to a linear plasmid UCS or promoter region allowing expression of these
genes in the cytoplasm. These fragments must be arranged in such a way as to allow two
targeted in vivo recombination events to occur thus resulting in the formation of a
recombinant linear plasmid. This circular DNA molecule is then digested with appropriate
restriction endonucleases to result in a linear recombination fragment. Following
transformation of these linear fragments into a K. /actis strain, containing either the k1 and
k2 plasmids or the k2 plasmid alone, recombinant linear plasmids are isolated following
their selection on appropriate growth media. The result of this process is to produce cells
harbouring both the wild-type and recombinant plasmids. Successive sub-culturing of the
isolates allows the derivation of pure recombinant isolates, providing that the recombinant
plasmid has not had an essential component deleted or deleteriously modified. Deleterious
recombinants reach a state of equilibrium between the wild-type and recombinant
plasmids, at an appropriate level to allow both the nutritional marker and essential gene
product to be produced at the necessary levels. This genetic method, while cumbersome, is
the best technique presently available for analysis of the linear killer plasmids and has
been extensively used. (Schaffrath er al, 1992, Schaffrath and Meacock, 1995; Schaffrath
and Meacock, 1996; Shaffrath et al, 1997) . Despite this technique’s usefulness, it would
require a great deal of perseverance to use for the fine analysis of genes or as a technique
for the introduction of point mutations. The usefulness is also somewhat lessened by the
availability of useful restriction endonuclease recognition sequences, although the use of
PCR can overcome this.

One good example of the above genetic techniques being used for detailed analysis

of a gene was the development by Schaffrath and Meacock, of a novel “gene shuffle”
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method. k2 ORF5 was demonstrated to be an essential gene though a combination of
disruption of the open reading frame and its transplacement onto k1, thus demonstrating its
trans-active nature. This result was confirmed through immunochemical analysis carried
out on the recombinant k2 ORF5 gene product which contained a C-Terminal c-myc
epitope tag which could be detected using an anti-c-myc monoclonal antibody. (Schaffrath

and Meacock, 1996)
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1.10 Project Aims

The principal aims of this project were to explore the theory that the
Kluyveromyces lactis killer plasmid terminal proteins are encoded within the cryptic 300
amino acids domains of the k1 and k2 DNA polymerase genes, klORF1 and k2ORF2. In
order to approach this question, biochemical and genetic analysis was undertaken to relate
the presence and properties of the amino-terminal domain of the DNA polymerase protein

k20RF?2 to the known actions and localisation of the k2 terminal protein.
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Chapter 2: Biochemical Analysis of the k2ORF2 DNA

Polymerase

2.1 Introduction

2.1.1 Properties of the Killer Plasmid Terminal Proteins

My initial aim was to determine which of the fourteen K1/K2 encoded open
reading frames or host genes encoded the k1 and k2 terminal proteins. Due to the fact that
the killer plasmids can function in other strains and species of yeast, notably
Saccharomyces cerevisiae, and the belief that the terminal proteins are essential for
replication and plasmid stability, the idea that they would be host encoded seemed
unlikely. (Gunge and Yamane, 1984; Stam et al, 1986; Gunge et al, 1995) If these proteins
were host encoded then the genes would need to be very highly conserved across species;

thus implying that these proteins would perform other key cellular functions.

2.1.2 Possible Locations of the Terminal Protein Genes

Because the two proteins show marked differences in both their electrophoretic
mobility, size and their trypsin cleavage pattern, it is likely that they are either encoded by
two separate open reading frames or are differentially processed from a common protein
precursor. (Kikuchi et al, 1984; Stark et al, 1990) Computer analysis of the killer plasmid
open reading frames has revealed none which would encode predicted polypeptides of
precisely the correct sizes for the k1 terminal protein (28 kDa) and for the k2 (36 kDa)

terminal protein. Also, if there were two genes which encoded the k1 and k2 terminal
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proteins one would expect them to share a high degree of similarity if they had originated
from the same ancestral gene. Amongst the k1 and k2 open reading frames however, there
are no two, other than the two putative DNA polymerase, which share significant
similarity.

Since all ORFs on plasmid k1 can be assigned functions, it seems unlikely that any
could solely encode the k1 TP. Thus, if the two TPs are encoded by individual genes then
those ORFs must be on k2.

This whole issue is further complicated by the discovery of another linear dsDNA
plasmid which appears to exist alone in cells of the related yeast S. kluyveri, yet bears a
striking similarity to k2. (Hishinuma and Hirai, 1991) This plasmid is called pSKL and is
a 14.2 kb linear plasmid originally isolated from Saccharomyces kluyveri , a close relative
of Kluyveromyces lactis. Plasmid pSKL DNA has a similar A + T content to k1 and k2
DNA, of 71.7%, and contains 10 large open reading frames which all appear to be
transcribed. (Hishinuma and Hirai, 1991) [see Figure 2.1.2.1] Furthermore, pSKL contains
terminal inverted repeats and has covalently attached proteins, analogous to k1 and k2.
(Hishinuma and Hirai, 1991) Interestingly, fifteen of the sixteen terminal nucleotides of
pSKL are identical to those of k2, suggesting that the two plasmids may have similar
methods of replication. (Hishinuma and Hirai,1991) Plasmids pSKL and k2 appear to be
functionally identical. The open reading frames of the two plasmids are arranged in a
similar orientation, are of similar size and are transcribed in the same direction.
(Hishinuma and Hirai, 1991) The predicted amino acid sequence for each pSKL open
reading frame shares a high degree of similarity with that predicted for the corresponding
k2 ORF product; for example, the putative k2 DNA Polymerase shares 61.7 % amino acid

sequence identity to the putative pSKL DNA polymerase.
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Figure 2.1.2.1: Genome Organisations of k2 and pSKL



Thus, the essentially analogous nature of the pSKL plasmid to k2 as well as the fact
that all of the open reading frames appear to be highly conserved seems to argue against
the k1 terminal protein being k2 encoded because of pSKL’s solo nature in the cell.

An alternative theory is that the terminal proteins are encoded in the N-terminal
regions of the k1 and k2 putative DNA polymerases. One of the bases of this theory comes
from the composition of k1 and k2 predicted DNA polymerase polypeptide sequences. In
addition to having strong amino acid identity with other B-Type viral DNA polymerases
they are very similar to each other. (Stark et a/, 1990; this study) This identity spans the
central and carboxyl regions of polypeptide sequences but not the approximately 300
amino acids at the N-termini [Figure 2.1.2.2]. These non-homologous regions are capable
of encoding polypeptides of approximately 28 kDa and 36 kDa for the k1 and k2 DNA
polymerases, respectively, i.e the precise size of the k1 and k2 TPs.

This theory implies that each plasmid encodes its own DNA polymerase and
explains the divergence of protein sequence at the amino terminal ends, where no DNA
polymerase conserved sequences are located. Moreover, the N-terminal portions appear to
have a characteristic amino acid composition for DNA binding proteins, with a high
percentage of positively charged residues, such as lysine and arginine. See Figure 2.1.2.3
for the charge distribution of the polypeptide encoded by k20ORF2.

Therefore, a series of experiments were carried out to attempt to determine whether

the amino-terminal region of the k2 DNA polymerase was the k2 terminal protein.
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Figure 2.1.2.2: DotPlot comparison of the amino acid sequences of the
kl and k2 DNA Polymerases. [Window 30, Stringency 8]
(Stark et al, 1990)
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Figure 2.1.2.3: Charge distribution diagram of the K20ORF2 predicted amino acid sequence.
Positive charge is depicted as being above the 0.0 mark and negative charges below.



2.2 Synthesis of a GST-k20RF2 Overexpression Construct

The method we decided on, to investigate this theory, was an immunochemical
approach. This was chosen, from several possibilities, mainly due to the limitations
imposed on analysis by the killer plasmid system itself.

Due to the difficulty of expressing either the whole or fragments of the native killer
plasmid genes in any standard expression system, a decision was made to use a fusion
construct expression vector previously synthesised in the lab to attempt to over-express a
fragment of the k2 putative DNA polymerase in E. coli. (C.A. Ambrose, PhD thesis;
Romanos and Boyd, 1988) The construct was based on the expression vector pGEX-2T,
in which the gene of interest is fused to a Schistosoma japonicum Glutathione S-
Transferase (GST) construct driven by an IPTG-inducible 7ac promoter for expression in
E. coli. (Smith and Johnson, 1988) [Figure 2.2.1 (Plasmid map of pGEX-2T)] In order to
overcome the difficulties of expressing A + T rich killer plasmid open reading frames in E.
coli, a 160 bp DNA fragment encoding the extreme N-terminus of the k2 putative DNA
polymerase was re-synthesised utilising E. coli codon bias. (C.A. Ambrose, PhD thesis)
Two 90-mer oligonucleotides sharing a 18bp overlap were annealed and PCR
amplification resulted in a fragment encoding the N-terminal 54 amino acids of the K2
putative DNA polymerase, flanked by 5° BamHI and 3’ EcoRI endonuclease recognition
sequences. [Figure 2.2.2 (Construction of resynthesised fragment by PCR)] The fidelity of
the PCR was confirmed by DNA sequencing. The fragment was purified, treated with
BamH]I and EcoRI endonucleases and sub-cloned into the pGEX-2T vector, resulting in an
in frame fusion between the GST gene and the N-terminal fragment of the k2 DNA
polymerase. (C.A. Ambrose, PhD thesis) The resulting plasmid was called pCA28.

Expression studies were then performed. Although the 31 kDa fusion protein was
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Figure 2.2.1: Plasmid map of pGEX-2T

This plasmid contains a S.japonicum Glutathione-S-transferase gene
fused to a Ptac promoter with a lacl gene present to provide
repression of GST gene expression. At the end of the GST gene is a
multiple cloning site to allow in-frame fusion of the desired gene
with the GST gene. The plasmid also contains an ampicillin
resistance gene for the selection of E. coli transformants.
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Figure 2.2.2: Construction of the GST-k20RF?2 fusion via PCR
amplification of large oligonucleotides encoding the N-terminal

54 amino acids of k20ORF2.



expressed to a high percentage of total cell protein, initial attempts to purify this protein
through the use of the intrinsic glutathione binding ability of the Glutathione S-Transferase
failed. Because GST protein lacking the fusion domain was easily purifiable using this
method, the conclusion drawn was that the resulting fusion protein must be insoluble.

(C.A. Ambrose, PhD thesis)

2.2.1 Confirmation of the Identity and Authenticity of the GST-ORF2

Fusion

Upon starting my project, I resumed work on this construct with the goal of
producing a protein of sufficient purity and in large enough quantities for antibody

production. The first step was to confirm the plasmid’s integrity.

2.2.1.1 Confirmation of the Construct by Restriction Digest

A frozen E. coli stock containing the plasmid was inoculated into growth media
and plasmid DNA prepared. Purified pCA28 plasmid DNA was treated with BamHI and
EcoRI restriction endonucleases and the resulting fragments analysed on a 0.7% agarose
gel. The DNA was detected through the use of indirect fluorescence using Ethidium
Bromide. Two fragments were detected, a 4 kb fragment and a 160 bp fragment, which
agreed with the reported sizes of the vector and fusion fragment, respectively. (C.A.

Ambrose, PhD thesis) [Figure 2.2.1.1.1]

2.2.1.2 Confirmation of the Construct by Protein Expression

Next, the plasmid was checked for its ability to express the fusion protein. Small
scale IPTG induction experiments were performed and total cell protein (TCP) samples
were analysed using SDS-PAGE. Following induction, bacteria containing the pGEX-2T
vector produced a protein of approximately 27 kDa, while those containing the fusion
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Figure 2.2.1.1.1 Agarose gel ofplasmid pCA28 samples treated with restriction
endonucleases. Lane 1: WHindlll molecular weight markers; Lane 2: pGEX-2T parental
plasmid treated with .EcoRI; Lane 3: pGEXT-2T parental plasmid treated with both
BamHI and EcoRI; Lane 4: pCA28 plasmid treated with EcoRI; Lane 5: pCA28 treated
with EcoRI and BamHI; Lane 6 and 7: pGEX-2T parental plasmid treated with EcoRI
and EcoRI and BamHI, respectively. Lane 8: §/Haelll molecular weight markers



construct produced a protein of approximately 29 kDa. Both proteins were highly
expressed and represented a significant proportion of total cellular protein [Figure
2.2.1.2.1]. Since the apparent molecular weight as detected via SDS-PAGE was 2 kDa
smaller than the 31 kDa expected, DNA sequencing was performed to confirm that the

plasmid construct was correct.

2.2.1.3 Confirmation of the GST-Fusion Construct By DNA Sequencing

An oligonucleotide identical to a portion of the upstream coding region of the GST
gene was synthesised. Sequence data were then obtained for the GST-N-terminal fusion
region. The sequence data obtained agreed with those previously published (C.A.
Ambrose, PhD thesis), thus confirming that the construct was correct. The aberrant
apparent molecular weight could be due to the highly charged nature of the protein

affecting the correct resolution of its size by SDS-PAGE.

2.2.2 Purification of the Fusion Protein by Inclusion Body Isolation

Due to the reported insolubility of the GST-k2DPol fusion protein, in conjunction
with its apparent abundance as judged through SDS-PAGE, it was deemed likely that this
protein would form inclusion bodies in E. coli. Inclusion bodies are highly insoluble
protein conglomerations formed through the interaction of the hydrophobic regions of
partially folded proteins. They are relatively common when foreign proteins are
overexpressed in E. coli. The highly insoluble nature of inclusion bodies can be used to
purify them from other cellular proteins. Briefly, bacteria are lysed and the insoluble
fraction of the lysate removed by high speed centrifugation. This insoluble fraction is then
repeatedly washed with increasingly stronger detergents, to remove all but the most

insoluble proteins, thus yielding a relatively pure inclusion body preparation. All the
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Figure 2.2.1.2.1: Total cell protein extracts of E. coli containing pGEX2T and

pCA28 plasmids showing the expression ofthe GST and GST-k20RF2 fusion proteins
electrophoresed on a 10% SDS-PAGE gel, stained with Coomassie blue.

Lane 1: Low molecular weight protein standards, Lane 2: E. coli containing pGEX-2T
before induction of GST expression; Lane 3: E. coli containing pGEX-2T following
induction, Lane 4: E. coli containing pCA28 before induction of GST-fusion expression,
Lane 5: E. coli containing pCA28 following induction of GST-fusion expression.



fractions are then assayed for the desired protein to judge at which point the protein is
separated from the insoluble mass, or to determine protein loss through this treatment if
the protein is almost entirely in inclusion bodies.[see Figure 2.2.2.1]

Following induction of protein synthesis through the addition IPTG, an inclusion
body preparation was performed. When this preparation was analysed using SDS-PAGE,
very little of the fusion protein was found to be present in the insoluble fraction, thus
suggesting that the protein was soluble. Repetitions of this experiment yielded identical

results.

2.2.3 Purification of the Fusion Protein by Glutathione Affinity

Because the previous experiment had suggested that the fusion protein was soluble,
it seemed likely that it could be purified by using the intrinsic affinity of the GST for
glutathione sepharose. In order to purify large quantities of the GST-k20RF2 fusion
protein Sml of L-Broth containing 50 pg/ml ampicillin were inoculated with the host E.
coli strain containing the fusion plasmid and incubated overnight. The next day, samples
were diluted 1:100 into fresh L-Broth supplemented with 50 pg/ml Ampicillin and grown
for two hours. Expression of the fusion protein was then induced by the addition of IPTG
to a final concentration of 1mM and the culture was grown for a further 3 hours. Cells
were then harvested by low speed centrifugation and disrupted by sonication. Cell debris
was removed from the supernatant via high speed centrifugation and the supernatant was
poured through a column containing Glutathione sepharose beads. The column was
washed with 10 volumes of column buffer and fusion protein eluted with column buffer
containing 10 mM glutathione. Following purification, the purified protein samples were

analysed using SDS-PAGE and appeared to be virtually free of other protein species.
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Figure 2.2.2.1: Inclusion body preparation from induced pGEX2T and pCA28 containing
strains E. coli strains electrophoresed on 10% SDS-PAGE gel, stained with Coomassie blue.
Lane I: low molecular weight standard; Lane 2: Total cell protein extract from pGEX2T
strain, uninduced; Lane 3: Total cell protein extract from pCA28 strain, uninduced;

Lane 4: Insoluble fraction from pGEX-2T strain; Lane 5: Insoluble fraction from pCAZ2S;
Lane 6: pGEX-2T diluted soluble lysate fraction. Lane 7: pCA28 diluted soluble lysate
fraction; Lane 8 and 10: protein prepared from pGEX-2T via GST affinity;

Lane 9: protein prepared from pCA28 via GST affinity.



[Figure 2.2.3.1(Purification of GST-Fusion Proteins)] The 29 kDa GST and 31kDa fusion,
however appeared to have very similar migration patterns on the 15% SDS-PAGE gel.
This is due to the polyacrylamide concentration not showing separation characteristics
within this molecular weight range to separate the 29 kDa and 31 kDa GST and GST-
Fusion proteins. Later SDS-PAGE analysis used an acrylamide concentration of 10%
which showed better resolving properties within this range. Finally, a protein assay was
performed in order to determine preparation yield; a final concentration of 453 pg/ml was
obtained with a total of Sml of protein solution obtained, resulting in a total yield of 2.2mg

from 400ml of E. coli.

2.2.4 The Production of Anti-GST-N-terminal ORF2p antibodies

Following the purification of a large quantity of the GST-ORF2 fusion protein, this
was used to raise antibodies against the N-terminus of the ORF2 DNA-polymerase. After
study and consideration of the various animal systems available for the production of
polyclonal-antibodies, chickens were judged to be the most suitable for this series of
experiments, due to their superior resilience, reduced antigen requirement and high
antibody production. (Gassman et al, 1990) The requirement for polyclonal antibodies
was based on our need for a highly sensitive antibody due to the very low level of the
terminal protein present in the cell (2 per linear plasmid molecule). A course of two
injections was performed. Two weeks after the course was completed, eggs were obtained
and IgY, the chief constituent of the chicken antibody response, was purified using a
differential PEGgq precipitation method described by Gassman et a/ (1990). Pre-immune
IgY was also purified from eggs taken from the two chickens prior to the first antigen

injection.
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Figure 2.2.3.1: Purification o f GST-Fusion proteins as shown by SDS-PAGE
analysis. Electrophoresis performed on 15% SDS-PAGE gel and silver stained.
.Lane 1: low molecular weight protein standards. Lane 2:Total cell protein
pGEX-2T containing E. coli induced. Lane 3: Total cell protein pCA28
containing E. coli induced. Lane 4: Glutathione purified protein from pGEX-2T
containing E. coli. Lane 5: Glutathione purified protein from pCA28 containing
E. coli



2.2.5 Westem Blot Analysis using the Polyclonal Antibody

To determine if the antibody preparation contained IgY molecules which
specifically recognised epitopes within the k2 ORF2 N-terminal fragment, Western-blot
analysis was performed. Antibody dilutions of 1:1000 clearly detected both the GST and
GST-Fusion proteins. This experiment, however, did not demonstrate whether any
antibodies specifically recognised the k2 ORF2 domain of the protein since most of the
antigen injected was GST protein.

In order to demonstrate that specific anti-k20RF2 antibodies were present, an
attempt was made to separate the GST and ORF2 peptides through the use of the
Thrombin protease consensus target sequence, located between the GST and ORF2
domains. When these experiments were carried out, however, although Thrombin clearly
cleaved the fusion protein, only the 27 kDa product, which corresponds to the GST carrier
protein could be detected in Western analysis. Silver staining of Thrombin treated fusion
protein clearly showed that no detectable amount of the 5 kDa fragment, which
corresponds to the re-synthesised ORF2 fragment, was produced. The two possible
explanations for this were that the small peptide is being degraded by proteases during its
incubation, or that Thrombin, in addition to its normal cleavage site, was cleaving a site
within the fragment thus resulting in one or more fragments, of a size below the level of
detection for conventional SDS-PAGE. The optimal thrombin cleavage sites are: A-B-Pro-
Arg|-X-Y where A and B are hydrophobic amino acids and X and Y are non-acidic amino
acids and Gly-Arg||-Gly. (Chang, 1985) There were, however, no obvious matches for

these two patterns within the k2ORF2 fusion region.
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2.3 Synthesis of a Maltose Binding Protein (MBP)-ORF2 Fusion

Protein

Due to the difficulty encountered in obtaining separate GST and k2ORF2 amino
terminal protein fragments using thrombin protease cleavage, a DNA construct capable of
producing a second fusion protein was designed utilising the Maltose Binding Protein
fusion vector pMAL-C2. This was constructed on the assumption that the anti GST-
k20ORF?2 antibody preparation would have no antibody molecules which would specifically
recognise the E. coli maltose binding protein. Thus if an MBP-ORF2 fusion protein was
detected by Western analysis using the antibody obtained from the previous inoculation of
GST-ORF?2 this interaction would, most likely be the result of a specific interaction with
the ORF2 peptide part of the fusion protein.

In order to express this new protein a new E. coli expression vector was
constructed. The first step in the construction of this vector was the treatment of the
pCA28-GST fusion construct with BamHI and Scal endonucleases. This resulted in the
liberation of two fragments, 868 bp and 4.1kb in size. The 868 bp fragment contained the
entire k2 ORF2 fragment, 14 bp of the pGEX2T vector and a 305 bp fragment of the B-
lactamase gene; this k2 ORF2 fragment was then purified from a 0.7% agarose gel. The
pMAL-c2, E. coli Maltose Binding Protein vector was also treated with the BamHI and
Scal endonucleases, resulting in the production of a 5.6kb fragment containing the vector
portions of the plasmid and an unwanted, 1kb insert fragment. The 5.6kb fragment was
purified and ligated to the 868 bp ORF2 containing fragment described earlier, thereby
recreating the ampicillin resistance gene thus resulting in a new MBP-ORF2 fusion
construct, pSWE1 [see Figure 2.3.1]. This construct was then confirmed using restriction

analysis.
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Figure 2.3.1: Construction of the MBP-k2ORF2 expression
plasmid pSWE1
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2.3.1 SDS-PAGE Characterisation of MBP-N-terminus k2 ORF2

Transformants

Following selective growth on medium containing 50 ug/ml ampicillin, resistant E.
coli transformants were picked and sub-cultured in 2ml test-tubes. Once the culture
reached an optical density (Agg) of 0.4, synthesis of the fusion protein was induced by the
addition of IPTG to a final concentration of 0.1mM. All of the 12 transformants picked,
appeared to produce a 49 kDa fusion protein, to approximately 50% of total cell protein, as
judged by SDS-PAGE analysis. The fusion protein was somewhat smaller than the original
MBP fusion, because the MBP protein replaced in the original vector was fused to a
fragment of the lacZ gene, resulting in a MBP-f-galactosidase of 51kDa. The new fusion

construct disrupted the original MBP-/acZ fusion.

2.3.2. Westem Analysis of a MBP-ORF2 Fusion Transformant

Maltose binding protein and MBP-ORF?2 fusion proteins were both purified using
amylose affinity column chromatography in a method analogous to the column affinity
purification of the GST and GST-fusion proteins. The main difference between the two
methods is the use of an amylose bead resin and elution conditions containing 10mM
maltose. Yield of fusion protein from this procedure was much lower than with the GST-
process, with an MBP-fusion yield of approximately 200 pg/ml in 5 mi or a total of 1mg
of protein from 400ml.  Proteins were eluted from the column and their purity assayed
using SDS-PAGE analysis followed by band visualisation via silver staining. [Figure
2.3.2.1(SDS-PAGE analysis of Purified MBP-Fusion protein)] The MBP-ORF2 sample

had few co-purifying contaminants, but the MBP sample had several contaminating
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Figure 2.3.2.1: Purified Maltose binding protein and maltose binding protein
k20RF2 fusion protein analysed on a 10% SDS-PAGE gel and silver stained..
Lane 1 and 10: Protein low molecular weight standards; Lane 2 and 9: Purified
Maltose binding protein. Lane 3 and 8: Purified maltose binding protein
following Factor Xa treatment. Lane 4 and 7: Purified MBP fusion protein
Lane 5 and 6: Purified MBP fusion protein following factor Xa treatment.



proteins which constituted less than 1% of total cell protein. In order to further purify the
MBP sample, approximately 10 ug of the purified MBP sample were electrophoresed on a
10% SDS-PAGE gel, blotted onto a PVDF (Polyvinyl Diethyl Flouride) membrane and the
~49 kDa band purified using a PVDF band purification method (see Materials and
Methods). The resulting sample had no contaminants as visualised by silver stain analysis.
The purified proteins were subjected to Western blot analysis using the chicken
anti GST-ORF2 fusion antibody preparation. This Western analysis showed that there
were only background levels of cross-reactivity with the native MBP, but there was a clear
recognition of the MBP-ORF2 Fusion protein by the antibody. This demonstrated that
there are specific k2ZORF2 recognising antibodies within the antibody preparation. [Figure

2.3.2.2 (Antibody Recognition of MBP-Fusion protein)]

2.4 Western Analysis of Terminal K2 Fragments

Following the determination that the antibody preparation did contain specific,
anti-k2orf2p antibodies, the next step was to investigate the presence of a cross-reacting
protein at the termini of the k2 plasmid. Such a finding would provide good evidence that
the k2 terminal proteins are derived from the primary k2ORF2 gene product. Several
different methods were considered and attempted for the isolation of intact k2 linear
plasmids and one method was finally determined to be the most effective based on the
percentage of k2 which still had attached terminal protein, as determined by agarose
mobility studies. This was an adaptation of a method previously developed in this
laboratory for the preparation of linear plasmid DNA. It is described in detail in the
Materials and Methods chapter; briefly it involves the gentle lysis of linear plasmid

containing Kluyveromyces lactis cells, followed by fractionation of the cytosolic
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Figure 2.3.2.2 Western analysis of MBP fusion protein following
electrophoresis on a 10% SDS-PAGE gel and Western transfer onto
a nitrocellulose membrane visualised using the LUMINS8 chemi-
luminescence kit. The antibody used was the anti-GST-Fusion
protein antibody present at concentration of 1:10,000.
Lane 1: Purified MBP protein
Lane 2: MBP protein following Factor Xa treatment
Lane 3: Purified MBP-Fusion protein
Lane 4: MBP-fusion protein following Factor Xa treatment

(Factor Xa did not cleave a significant proportion of

the MBP-fusion protein)



components via Ammonium Sulphate precipitation resulting in the enrichment of the
sample for the linear plasmids against other nucleic acids and proteins. Further
purification can be performed by subjecting the resultant sample to size fractionation on a
Sepharose S-1000 fine column.

During development of the purification procedure parameters such as culture
growth conditions, precipitating salt concentrations and cell wall digestion were all
optimised. The procedure was found to be very robust and under most conditions similar
quantities and purities of the k2 plasmid were obtained, as visualised by SDS-PAGE. Two
different strains were used for this isolation procedure: first the wild type k1" k2" strain
IFO1267 and second the k1° k2" strain SD802. The second strain was expected to be the
more useful for this series of experiments due to the need to obtain pure k2 plasmid DNA,
but in my hands, the yield and purity of k2 plasmid was never as high as that obtained from
the wild-type, IFO1267 strain. Therefore the [FO1267 strain was used preferentially.

Experiments were then performed, attempting to detect the k2 terminal protein
directly with the anti-GST-k2ORF2 antibody. A starting amount of 5 pug of purified linear
plasmid DNA was electrophoresed on a 4% polyacrylamide gels and then transferred to a
nitrocellulose membrane. Western blot analysis using a primary antibody concentration
of 1:1000, however showed no detectable signal. Twenty repetitions of this experiment
using antibody concentrations of 1:100 to 1:10,000 and plasmid DNA concentrations of up
to 50 ug were carried out. However, direct detection of the terminal protein, was ever
achieved and when low antibody dilutions of 1:100 - 1:200 were used, very high non-
specific background signal became apparent. In order to attempt to increase the binding of
DNA to the blotting substrate, Western and Southern blotting onto Nylon membranes was

also attempted. Nylon has a significantly increased binding affinity for DNA compared
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with Nitrocellulose. This result yielded disappointing results as a very high level of
background signal was detected during antibody analysis of the resulting filter.
Experiments were also performed using Agarose supplemented with 2% v/v SDS and by
performing DNAse treatment prior to SDS-PAGE, but these were also unsuccessful.

At about this time a paper was published by Takeda et a/ detailing the isolation of a
large quantity of the k2 terminal protein and its subsequent amino acid sequencing. The
limited sequence data they obtained, due, they claim to the high amount of degradation of
the k2 terminal protein following its liberation from the k2 DNA, demonstrated that the
terminal protein was derived from the N-terminal region of the k2 ORF2 predicted

polypeptide. (Takeda et al, 1996)
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2.5 Discussion

The results published by Takeda et al (1996) are not totally conclusive because
they predict the start of the terminal protein to be well inside the N-terminal region of the
K2 ORF2 polypeptide at amino acid 228. This would suggest that, based on its known
size, the terminal protein would extend through several conserved DNA polymerase
domains. [see Figure 2.5.1] They do, however, provide the first clear evidence that the k2
terminal protein is derived from the amino terminal region of k2ORF2.

Suggestions as to why my experiments failed are strongly hinted at by the problems
encountered by the group which carried out the sequencing experiments. In order for them
to obtain the 10 mg of k2 TP they finally obtained, and were able to sequence, they had to
start with 1kg of Kluyveromyces lactis cells. This acceptable, but low yield of terminal
protein would suggest that there is a high level of loss of linear plasmid during the
purification procedure. I calculate that this yield represents about 10 - 20% of the total
amount of k2 DNA. A large part of the loss of linear plasmid during purification could be
due to the inherent “stickiness” observed by both our group and other investigators. (Reay,
1997) This characteristic is also evident during electrophoresis as k2 linear plasmids with
attached terminal proteins do not migrate through an agarose gel matrix in the absence of
high salt, such as 150mM-200mM NaCl, or ionic detergents, such as 0.1% SDS. Following
treatment with a non-specific protease, such as protease K, this “stickiness” is no longer
seen. This effect complicates further manipulation of the plasmid DNA. This
“stickiness” coupled with the difficulty in isolating sufficient amounts of the protein
species means that despite the avidity of the antibody or the sensitivity of the detection

method a very large amount of k2 plasmid would be needed for any meaningful detection,
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Figure 2.5.1: Comparison of the predicted domain structure of the
k20RF?2 peptide product. TP(Predlcted) shows the predicted
terminal protein based on its known size. DNA Polymerase
(Predicted) illustrates the predicted DNA polymerase domain
containing the conserved EXO (exonuclease) and POL (polymerase)
domains. TP??? shows the extent of the terminal protein based on N-
terminal sequence data obtained by Takeda et al for the terminal
protein. Note the overlap of the predicted terminal protein and the
two exonuclease domains.



especially because the polyclonal antibody raised only recognises a small region of the

putative terminal protein,
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Chapter 3: Genetic Analysis of the k1IORF1 DNA

Polymerase

3.1 Introduction

Sequence analysis has implicated k1ORF1 and k20RF2 open reading frames as
encoding DNA polymerases. (Jung ef al, 1987, Tommasino et a/, 1988) Earlier disruption
analysis carried out by R. Schaffrath in this laboratory has demonstrated that the k2ORF2
putative DNA polymerase is indeed a gene essential for the maintenance of k2. (Shaffrath
and Meacock, 1995) This suggests, together with previous evidence demonstrating the
independence of k2 maintenance from that of ki1, that the two DNA polymerase serve
identical functions for the two different plasmids. In order to confirm this theory,
therefore, it was necessary to demonstrate that the putative kIORF1 DNA polymerase was

essential for k1 maintenance, but not needed for k2 replication.

79



3.2 Construction of a k1ORF1 Disruption Cassette in Escherichia

coli

In order to carry out the disruption of the k1ORF1 open reading frame it was
necessary to construct a kIORF1 disruption cassette bearing a selectable marker, in this
case the LEU2 leucine biosynthesis gene, for positive selection of the mutant plasmid. All
genetic analysis on linear plasmids, as noted before, must follow a certain pattern. The
cycle of a gene disruption involves four key steps:
¢ Construction of a disruption cassette containing the disrupted gene flanked both
upstream and downstream with linear plasmid DNA to target correct integration.
A selectable marker is also contained within the DNA fragment to be inserted,
driven by a linear plasmid UCS promoter element. [Figure 3.2.1]

e Liberation of the DNA fragment carrying the disruption cassette and
transformation into the target host XK. /actis cell [Figure 3.3.1].

e Selection of transformants and molecular characterisation to ensure correct

integration of the disruption cassette into the target linear plasmid.

o Successive selective sub-culturing of transformants and genetic analysis to

determine the phenotypic effect of the gene disruption.
Since the initial recombination event only occurs in a single plasmid molecule, the long
term successive sub-culturing under selective conditions is needed to drive the plasmid
population to homogeneity or at least to an equilibrium situation. This work intensive

approach to gene disruption is necessitated due to the high copy number,
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Figure 3.2.1: Construction of the pPPMWS5 k10RF1 disruption vector. The k1ORF1 gene
was sub-cloned from the parental pKILK 109 plasmid into the pUC based vector pRS22
to form pPMW4.

The Saccharomyces cerevisiae LEU2 gene which is fused to a killer plasmid UCS
promoter element was then transferred from its parental pRS17 vector into pPPMW5
thereby causing a large central deletion of the klORF1 gene.



approximately 100 copies per cell, of the linear plasmids within a linear plasmid bearing
yeast cell.

The first step in the construction of the k1ORF1 disruption cassette was the sub-
cloning of a fragment, containing all of the k1ORF1 into a suitable vector for further
manipulation [see Figure 3.2.1]. This was done by treating 10 ug of pKLK109 plasmid
DNA with BamHI and Nsil restriction enzymes to yield a 4428 bp fragment which
contained both the k1ORF1 gene and approximately 1 kb of kIORF2. Next 10 pug of
pRS22 plasmid DNA was treated with BamHI and Ps:l restriction enzymes. Plasmid
pRS22 is a pUC-based vector with the Ndel and HindlIll restriction enzyme target sites
deleted. Successful ligation together of the compatible PstI and Nsil “sticky ends™ results
in the disruption of both recognition sites. The band purified k1ORF1 fragment and the
digested pRS22 vector were then ligated together using standard techniques, using a insert
to vector ratio of 4:1. Following an overnight ligation reaction the mixture was
transformed into competent E. coli and trasformants were selected for by plating on Luria
agar media supplemented with 50 ug /ml ampicillin. Following overnight growth, 24
colonies were picked and grown overnight in 2ml of Luria broth supplemented with 50 ug
/ml ampicillin. The next day small scale plasmid preparations were performed using 1ml
of each culture. The plasmid DNA was then subjected to restriction enzyme treatment
using EcoRV and BamHI. The samples were then electrophoresed on a 0.7% agarose gel
and stained with Ethidium bromide. The expected result was that for a successful ligation
two bands should be present following restriction, a 2.7 kb pRS22 vector band and a 3.8 kb
k1ORF1 band. Four of the samples showed the correct banding pattern and one of these
was chosen for further plasmid manipulation. The resultant plasmid was designated

pPMW4. The next step was the deletion of a central 651bp fragment of ORF1 by the
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digestion of the pPMW4 plasmid with Pstl and Ndel. The LEU2 for insertion into the
Pst1-Ndel gap was obtained from a Pst/-Ndel digestion of the pRS17 vector, followed by
the preparatory electrophoresis and purification of the UCS-LEU2 containing fragment.
The two fragments were then ligated together yielding the final disruption cassette
contained within a pUC based vector in E. coli. This plasmid was called pPMWS5 [Figure

3.2.2]. The plasmid structure was confirmed by restriction analysis [see Figure 3.2.3].
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Figure 3.2.2: The k1ORF1 disruption plasmid pPMW5
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Figure 3.2.3: Restriction enzyme analysis ofthe k1 disruption vector
pPMW5

Lane 1: TJHindlll DNA molecular weight standards Lane 2: untreated
plasmid Lane 3: Bell treated plasmid Lane 4: Xmal treated plasmid

Lane 5 and 6: X/Hind!ll molecular weight markers and §X\/4/Hae\\\
molecular weight markers. Lane 7: Smal treated plasmid Lane 8: BeB-Xmal
treated plasmid (digestion did not run to completion) Lane 9: BcB-Smal



3.3 Disruption of the K10ORF1 gene in Kluyveromyces lactis

Once the k1ORF1 disruption cassette had been constructed in E. coli, the next step
was to introduce it into a host K. Jactis strain which contained both k1 and k2. The
liberation of the cassette and its transformation into the host strain allowed it to take part
in recombination with the k1 linear plasmid. The cassette was constructed so that
homologous recombination would target it to integrate into the k1 plasmid replacing the
central region of the kIORF1 gene with a UCS-LEU2 construct which can produce the
LEU2 gene product using the intrinsic linear plasmid RNA polymerase. The disruption

cassette lay within a 4.1 kb Hindlll - Bcll fragment. [Figure 3.3.1]

3.3.1 Production of Ak10RF1 Disruptant Strains

A large scale Hindlll - Bcll restriction digest was performed using 50 u.g of
pPMWS5 plasmid DNA. Following treatment, the digestion mixture was added directly to
two 700 ul aliquots of competent K. Jactis and a transformation performed. The X. lactis
strain used was AWZ-137 as it contains both k1 and k2 and the useful /ex2 and #rp/
auxotrophic markers. Following transformation, leucine prototrophic transformants were
recovered on synthetic define medium (SD) plates supplemented with tryptophan, but
lacking leucine. This should select for integration and expression of the A-
k10RF1:UCS:/eu2 cassette. The transformation mix was also plated onto tryptophan and
leucine-containing medium as a positive control, and medium containing neither
tryptophan nor leucine as a negative control. A third control of cells which had not been
exposed to any vector DNA was also used to ascertain the frequency of spontaneous Leu"
revertants.
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Figure 3.3.1: Plan for disruption ofthe kIORF1 gene using a disruption cassette liberated from pPMW5



3.3.2 Analysis of Putative Disruptants

Following three days of growth on the different media, the results of the transformations
were analysed. The positive control plates supplemented with tryptophan and leucine had
confluent growth as expected. On media selecting for cassette integration approximately
200-300 distinct Leu’ colonies were counted yielding a transformation frequency of
approximately 10 per ug of DNA. No spontaneous LEU" colonies were detected in the
control (no DNA) transformation. This demonstrated that there was no detectable
reversion of the LEU2 point mutation in the parental AWZ-137 strain. Based on the
estimated number of cells spread onto each plate, this indicates a reversion frequency of
less than 1 in 600,000. The very high stability of this particular mutation has been noted
before and suggests therefore, that the conversion of the transformants to leucine
prototrophy must, in most cases, be the result of an effect of the input plasmid vector

DNA. (R. Schaffrath, pers. comm)
3.3.3 Southem Blot Analysis of Leucine Prototrophic Transformants

Following the isolation of the 200-300 Leucine prototrophic colonies, a screen was
carried out using Southern blot hybridisation analysis of total DNA extracts to determine
whether integration had been successfully targeted to the k1 plasmid. The expectation was
that if the correct integration of the UCS-LEU2 gene had caused the leucine prototrophy
then three linear plasmids should be present, the wild type k1 and k2 plasmids and a
recombinant k1 containing the UCS-LEU2 gene. As predicted, both versions of the kil
plasmid were present, as determined by DNA electrophoresis in the presence of Ethidium

bromide, with the intermediate band between the wild type k1 and k2 bands at
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approximately 9.5kb in size, as expected. Southern analysis using a S. cerevisiae LEU2
probe revealed that the LEU2 gene was contained within the recombinant plasmid, as
expected [Figure 3.3.3.1]. Southern hybridisation was performed as detailed in the
Materials and Methods chapter. For the initial screen, a *2P-labelled Saccharomyces
cerevisiae LEU2 probe was used to detect marker integration. This screen provided some
interesting results. In most cases, the LEU2 marker had not properly integrated into the k1
plasmid. Hybridisation was detected to both low molecular weight, and extremely high
molecular weight, DNA species. The low molecular weight structures detected could be
circularised linear plasmid DNA as linear plasmid DNA is capable of forming circular
structures and replicating via the use of fortuitous ARS regions contained within it. The
high molecular weight fragments detected could be chromosomal or integrated LEU2
sequences. In two isolates, however hybridisation was detected to correctly sized,

recombinant k1 plasmids.
3.3.4 Sub-culturing of a Ak10ORF1 Strain

The next stage in the analysis of the isolated disruptant strains was to attempt
displacement of the wild-type k1 plasmid from the strain containing the k1ORF1 deletion
by continuous rounds of growth and selection for the recombinant A-k1ORF1-UCS:LEU2
k1 plasmid. This is a key part of the analysis which tests whether the disrupted gene is
essential for plasmid maintenance; the logic being that a wild type k1 plasmid can support
the growth of a recombinant k1 plasmid that lacks essential genes provided the gene

product can function in trans (i.e. is diffusable). In this situation, however the loss of the
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Figure 3.3.3.1: Southern blot analysis oftotal DNA samples treated with
RNase and protease of LEU transformants of AWZ-137 obtained using the
pPMW5 disruption cassette. Samples electrophoresed on 0.7% agarose gel
supplemented with 0.1% SDS and Southern blotted onto a nylon membrane
and probed with Saccharomyces cerevisiae LEU2 probe,

k1, k2 and rkl show the locations ofthe k1, k2 and recombinant k1
plasmid on the autoradiograph. This autoradiograph was over-exposed in
order to allow the visualisation of'the wild type linear plasmid species.
There are no easily visible kI and k2 plasmids in Lane 1 because there was
significantly less growth ofthis strain. Longer exposures, however, did
reveal the presence ofthe kl and k2 plasmids at the locations shown.

Lane 1: AWZ-137 parental strain

Lane 2-12: LEIT isolates from pPMW5 disruption cassette transformation
.Transformant samples in lanes 2,3,5,6,8,9 and 12 show a recombinant rkl
plasmid.

Lane 13: untreated pPMWS5 plasmid DNA as a positive control



wild type k1 which supports the growth of both k1 plasmids will prevent the replication of
the recombinant k1 plasmid which carries the gene selected. Thus all growing cells will
either contain the wild type k1 and k2 plasmids as well a copy of k1 containing the
selective marker or contain only the k1 and k2 plasmids and have undergone a spontaneous
reversion of the non-functional gene which is used for selection.

If the gene is non-essential, then it will be possible for the wild type species to be
eliminated so generating cells carrying only the recombinant derivative. This is based on
the assumption that plasmids are chosen at random for replication, thus one gets a gradual
bias or drift occurring in the content of a population of plasmids and eventually the non-
favourable plasmid species can be lost.

Full details of sub-culturing conditions are detailed in the Materials and Methods
section, but briefly, the original culture is diluted 1:800 in fresh minimal media (SD)
supplemented with glucose and tryptophan but lacking leucine, thus selecting for
maintenance of the ORF1A Leu" recombinant k1 plasmid. This process of subsequent sub-
culturing was continued for approximately 250 generations. Following each round of sub-
culturing linear plasmid DNA was purified and kept for later analysis by agarose gel
electrophoresis and hybridisation. The results of this analysis demonstrated that one strain
had lost its recombinant plasmid, but the other still had both the recombinant and wild-
type k1 plasmids present at levels apparently very similar to those at the start of the
selective growth regimen. [Figure 3.3.4.1 (Final southern analysis of Sub-culturing).
Since neither strain had lost its wild type plasmid in favour of the recombinant under
selective pressure, this strongly suggests that the putative kI DNA polymerase is an
essential gene product. This finding correlates with data obtained by Shaffrath and
Meacock on k20RF2 which also encodes a putative DNA polymerase. (Shaffrath and

Meacock, 1995)
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Figure 3.3.4.1: Southern blot analysis of linear plasmid samples taken from LELT
pPMWS5 disruption cassette transformants. Samples were electrophoresed on a
0.7% agarose gel and blotted onto a nylon membrane for analysis. The probe used
was Saccharomyces cerevisiae LEU2. The clear rkl band can be seen continuing
throughout the rounds of sub-culturing. The presence and locations ofthe kI and
k2 bands were established from other, over-exposed, autoradiographs and Ethidium
bromide visualisation.

Lane 1: AWZ-137 parental strain

Lanes 3-8: purified linear plasmid samples isolated from rkl containing cultures
following 0, 10, 20, 30, 40, 50 and 60 generations, respectively.



3.4 Discussion

What was sought in this work was a clear indication as to whether k1ORF1 is an
essential gene. Two results could have been seen: the first was that a disrupted k1ORF1
containing k1 plasmid bearing the wild type S. cerevisiae LEU2 gene could replicate
successfully within the yeast cell and, through random selection for replication in some
cases displace the wild-type k1 plasmid. This would have meant that the k1ORF1 gene
product was not required for k1 replication. The second alternative was that the disruptant
derivative could not displace the wild type k1 plasmid thus indicating that the k1ORF1
gene product is essential for k1 replication.

This series of experiments have suggested that the k1 ORF1 putative DNA
polymerase is indeed essential for k1 maintenance and correlates with data obtained for
the k2 putative DNA polymerase disruption. Also they supported the idea that two DNA
polymerases are required for the killer plasmid system. The question then immediately
arises, why two? Why has selective pressure not reduced the number of DNA polymerases
to one? As was mentioned in the last chapter, the N-terminal region appears to hold the
key to the differentiation of the different DNA polymerases as it is this region which is the
most divergent. Further comparison between the highly homologous k2 and pSKL
plasmids which have very similar N-terminal ends as well as a highly similar ITR structure
suggests that the ITR sequences could be the reason for this difference as terminal proteins
and ITR sequences must co-evolve. Further experiments which could be carried out to
clarify this relationship would be to swap the ITR regions of the k1 and k2 plasmids and
repeat this experiment although this would be very difficult to do with the current state of
linear plasmid technology. In order to do this for k1 one would need to flank the k1 DNA

with k2 terminal DNA and attempt to use homologous recombination and selection to
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form a recombinant plasmid in vivo. The second alternative would be to attempt to
construct an entire k1 plasmid with k2 ITR regions and an internal selectable marker and
transform it into a k2 only auxotrophic strain. Successful transformants could be selected
via plating onto selective medium.

If the ITR regions are truly responsible for this difference then the wild-type kil

plasmid should be able to be displaced by the recombinant LEU2 containing k1 plasmid.
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Chapter 4: Production and Characterisation of a Hybrid

k10RF1-k20RF2 DNA Polymerase

4.1 Introduction

The products of k1ORF1 and k20RF2 are homologous and appear to be related to
the type B (viral) DNA polymerases. The only significant differences between them occur
in the amino-terminal 1/3 of the proteins, whereas the central and carboxyl-terminal
regions, which contain the conserved exonuclease and polymerase motifs, are closely
related. Experimental evidence has suggested that each of the DNA polymerases cannot
compensate for a severe defect in the other. The question that inevitably arises is where
does the plasmid specificity lie within each of the two DNA polymerases. (Schaffrath ez al,
1995) Presumably, this specificity must lie within the approximately 300 amino acid, non-
conserved, amino-terminal region. Interestingly the amino terminal region of k2ORF2 has
also been implicated as encoding the terminal protein. (Takeda et al, 1996; this study)
Therefore, it was decided to try to carry out a “domain-swap” experiment to ask if the
exonuclease and polymerase domains were interchangeable.

In order to determine the significance of the amino terminal amino acid sequence
divergence, comparisons were done between the k2 and pSKL plasmid. The plasmid,
pSKL is closely related to k2 and has both a very high degree of terminal inverted repeat
sequence homology as well as a very high level of DNA polymerase similarity throughout
the entire predicted protein sequence. [Figure 4.1.1: (Comparison of k2 versus k1 and

pSKL DNA polymerase)]
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Figure 4.1.1: Predicted polypeptide sequence comparison between kIORFI, k20RF2 and pSKL
ORF2 putative DNA polymerases.



Evidence from deletion studies of both the k2 DNA polymerase (Schaffrath and
Meacock, 1995) and the k1 DNA polymerase (this study) has also demonstrated the
inability of the k1 and k2 DNA polymerases to substitute for each other in vivo.

In order to determine if the N-terminal (terminal protein) domain is vital to plasmid
recognition, or more precisely, to determine if the C-terminal domain is generic and
interchangeable for DNA polymerase, I decided to try to construct a hybrid DNA
polymerase, containing the k20RF2 N-terminal and k10ORF1 central and C-terminal
domains. The region encompassed within the k2ORF2 N-terminal domain contained all of

the non-conserved regions as well as a small region of the conserved central DNA

polymerase region.

4.2 Construction of the k20RF2-K10RF1 DNA Pol Hybrid Gene

The pMS100 plasmid contains the k1 “left” inverted terminal repeat, as well as a
small (300 bp) fragment of the k1ORF1 gene, immediately flanked by a LEU2 nutritional
marker driven by a kIORF2 UCS. This plasmid was chosen due to its advantageous
restriction sites and because it already contained k1 sequences, as well as a selectable
marker. See Figure 4.2.1 Construction of pSWE3.

Next, plasmid DNA from the plasmid pKLK109, which contains a fragment of the
k1 plasmid starting from the “left-hand” inverted terminal repeat and continuing to the
start of the k1ORF4 gene, was isolated from the dam™ E. coli strain, JM110. The Dam
methylase of E. coli performs methylation of adenosine residues within a GATC tetramer.
This methylation can inhibit the activity of some restriction enzymes which contain this

partial sequence in their recognition site, such as Bcl/l and Xbal.
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Figure 4.2.1: Construction of the k1ORF1-k20RF2 hybrid DNA polymerase
transformation cartridge.



The next step was to generate a suitable C-terminal fragment of the k1ORF1 gene
for further manipulation. Fortuitously, due to the rarity of available restriction sites within
the A-T rich linear plasmid DNA, a 2.4kb HindllI-Bcll restriction fragment contained the
desired central and C-terminal regions of the ORF1 gene.

Digestion of plasmid pMS100 with restriction enzymes BamHI and Hindlll resulted
in a 2.68 kb insert fragment and a 5.32 kb vector fragment. The latter was band-purified
from an agarose gel using standard techniques. The 5.32 kb BamHI-HindIll pMS100
vector and the 2.4 kb Hindlll-Bc/l pKLK109 fragment were then ligated together using
standard ligation techniques with a ratio of insert to vector of 10:1. E. coli transformants
were selected on Luria agar plates containing 100 ug/ml Ampicillin. Small scale plasmid
preparations were performed on a number of transformants until one with the correct
recombinant plasmid was found. A large scale preparation of this plasmid DNA was
performed and its structure confirmed by restriction enzyme analysis. This analysis
showed that, as expected, a single HindlIll site and a double treatment with Hindlll and
Pstl resulted in the production of a 616 bp and a parental band. This confirmed the correct
orientation of the Ak1ORF1 fragment within the recombinant plasmid. The recombinant
plasmid was designated pSWE2. [see Figure 4.2.2]

The next requirement was to make an in-frame fusion of the N-terminal k20RF2
gene with the k1ORF1 fragment on the pSWE2 plasmid. Due to the lack of available
restriction sites, two primers were designed for the PCR amplification of the k2ORF2 N-
terminus. These two primers were designated KFUSH1 and KFUSH2 for the forward and
reverse primers, respectively. The 5° primer extends through the extreme N-terminus of
k20RF2 and introduced HindllI restriction sequences to facilitate cloning. In addition to

their use in the amplification of the 1 kb k2ORF2 N-Terminal fragment, both KFUSH1 and
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KFUSH?2 also append a Hindlll site at the ends of the amplified fragment such that their
cleavage results in a fragment that can be fused, in frame, with the HindIII treated k1ORF1
gene. A PCR used as template DNA of the plasmid pICK2R which contains a 5.5kb
fragment of the k2 plasmid including a complete ORF2. The products of this PCR were
electrophoresed on a 1.0% Agarose/TAE gel and the 1 kb amplified fragment purified for
further manipulation.

Finally, the purified k2 ORF2 PCR fragments and pSWE2 plasmid DNA previously treated
with HindIIl were ligated together. The results of the ligation reaction were then
transformed into competent DH10 E. coli and transformants selected on Luria agar
containing 100 ug /ml ampicillin. Small scale plasmid preparations were performed on a
number of colonies resulting from this transformation and restriction analysis of the
resulting DNA was used in order to determine if the insert was in the correct orientation.
One isolated strain contained a plasmid of the required structure. A large scale alkaline
lysis plasmid preparation of this isolate was then performed and the resulting plasmid
DNA was restriction mapped in order to ensure that the correct plasmid had been isolated.
[see Figure 4.2.3] The sequencing conﬁrm;d the expected result, with a HindIlI digest of
the recombinant plasmid yielding a 1kb k20ORF2 fragment and the correct orientation of
the insert was shown by the Bglll-Pstl double endonuclease treatment giving a 681 bp
fragment, in addition to the vector fragment. In order to confirm the accuracy of the PCR
fragment, sequencing was also performed on the PCR derived fragment within the
plasmid. Following confirmation of plasmid structure, this plasmid was designated

pSWES3.
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Figure 4.2.3: Restriction analysis of pPSWE3, domain swap vector.

Lane 1: XIHind!U DNA molecular weight standards; Lane 2: EcoRV treated plasmid;
Lane 3: Pstl treated plasmid; Lane 4: Bglll - Pstl treated plasmid; Lane 5: HindU! treated
plasmid; Lane 6: Bgl/ll treated plasmid; Lane 7: Pst/- Seal treated plasmid; Lane 8: Xho/-
Scal treated plasmid; Lane 9: Pst/ - EcoRV treated plasmid



4.3 Analysis of Hybrid DNA Polymerase Transformants

Once the structure of plasmid pSWE3 had been confirmed the next step was to use
this for a gene replacement experiment where the introduced k2ORF2-k10RF1 fusion
fragment would replace that part of k2, specifically ORF2, and so generate a recombinant
form of plasmid k2 containing this hybrid DNA polymerase open reading frame. [see
Figure 4.2.1] In order to accomplish this, 5 ug of DNA of plasmid pSWE3 was treated
with the Xhol restriction endonuclease and incubated for 2h-3h. Competent cells of the K.
lactis strain AWZ-137(trp lew’) containing both the k1 and k2 wild-type plasmids were
then transformed with the resultant fragments in the restriction buffer. Following
transformation, the cells were spread onto SD plates supplemented with tryptophan, but
lacking leucine in order to select for Leu” transformants. Plates were incubated at 30 C for
three days and growth data were then analysed. Approximately 500 transformants were
isolated; small scale linear plasmid preparations were performed and their linear plasmid
composition investigated by both restriction enzyme and Southern blot analysis. The
expected result of a Southern blot analysis of LEU+ transformants using a K1ORF1 C-
terminal probe would be that two bands would be detected: the wild type k1 and the
recombinant k2. Initially no colonies were isolated with this altered plasmid content. This
experiment was repeated several times and, finally, two correct transformants were
isolated. Their plasmid composition, as expected, consisted of the two wild type plasmids,

k1 and k2, and the additional recombinant k2 plasmid. [see Figure 4.3.1]
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Figure 4.3.1: Autoradiograph of Southern blot analysis of linear plasmid species
from LEU+ transformants of strain AWZ-137 after transformation with pSWE3
transformation cartridge. Total DNA samples were electrophoresed on a 0.7%
agarose gel supplemented with 0.1% SDS, blotted onto a nylon membrane and
hybridized to Saccharomyces cerevisiae LEU2 gene probe.

Lanel: AWZ-137 parental strain.

Lane 2 to 12: individual transformants from the Southern blot screen.
Recombinant k2 plasmids can be seen in lanes 3 and 10.

In lanes 4, 8, 9 and 11 a second type of LEU2 containing species is present which
seems to correspond to neither the &/ or kl plasmids, thus suggesting it may be some
type of circular linear plasmid species which has formed and may replicate via the
fortuitous ARS sequences contained within the linear plasmids.



4.4 Analysis of Hybrid Transformants

Following the isolation of the two transformants containing the recombinant k2
plasmid, an experiment was performed to ascertain whether the hybrid DNA polymerases
could replace the function of the wild type k2 DNA polymerase in vivo. The recombinant
clones were grown under leucine deplete conditions which selected for the maintenance of
the LEU2 bearing recombinant plasmid.

Therefore, similar to the work carried out on the disruption of the Ak1ORF1 (see
Chapter 3) it was reasoned that growth under this selective regimen would lead to the
eventual displacement of the wild-type k2 by the recombinant k2 if the k2ZORF2-k10RF1
recombinant DNA polymerase was able to substitute for the K2ZORF2 product (see Chapter
3). Repeated sub-culturing experiments were performed in order to determine the
functionality of the hybrid DNA polymerase. Following 20 sub-culturing stages, the
equivalent of 250 generations, detailed analysis was performed in order to determine the
plasmid composition of the culture.

Thus the recombinant clones were sub-cultured in SD medium supplemented with
tryptophan for three days for each of the twenty rounds of sub-culturing and linear plasmid
DNA purified and subjected to agarose gel electrophoresis. Southern blot analysis was
then carried out on the resultant plasmid DNA using a Saccharomyces cerevisiae LEU2
probe. These experiments showed that the wild type plasmid was still present along with
the recombinant form. Moreover, the recombinant k2 species represented only a small
proportion of the plasmid content compared to the wild type k2, as judged by visual
inspection of Ethidium Bromide stained agarose gels. Figure 4.4.1 shows the results of
restriction analysis carried out on plasmid DNA purified using the Ammonium Sulphate

purified linear plasmid DNA from isolates containing the recombinant k2 plasmid.
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Figure 4.4.1: Restriction map ofthe linear plasmid content ofa leucine prototrophic
pSWE3 catridge transformant. These digests were used to ensure that the correct
k20RF2-klIORFI1 hybrid plasmid structure had been obtained.

Samples treated were the linear plasmid fraction ofa leucine protrophic isolate purified
using the ammonium sulphate method described in this study, performed so as to
minimize kI contamination.

Lane 1: VHindlU-fX\74/Haelll molecular weight standard. Lane 2: Untreated plasmid
DNA. Lane 3: Pstl treated plasmid DNA. Lane 4: HindlU treated plasmid DNA.

Lane 5: HindUI-Pstl treated plasmid DNA.

The results are as expected (see restriction map), thus demonstrating that a correct rk2
construct was contained within the transformant. This proved that the tk2 plasmid was
unable to replace the native k2 plasmid in vivo.



The Ammonium Sulphate preparation was performed with an 80% and 85% saturation
purification step, which removes most of the k1 plasmid DNA, as judged by Ethidium
Bromide staining, thus yielding a relatively pure k2 sample from the 90% saturation
sample. What this experiment was designed to determine was if the structure of the rk2
plasmid in vivo was as expected. The Hindlll digest clearly yielded a 1075 bp fragment
and the Hindlll-Pstl double endonuclease treatment yielded a 616bp fragment. This
experiment demonstrated that the correct rk2 plasmid was present in the cell in addition to
the wild-type k2 plasmid. What was expected, if the construct could replace the
functionality of the native k2 DNA polymerase, was that the recombinant k2 plasmid
would replace the native k2 plasmid under leucine selection. Since the k2* plasmid had
not been eliminated, I concluded that the k2ORF2-k10ORF1 fusion protein is unable to
substitute for the native k20ORF2 protein and therefore the wild-type k2 plasmid was
required for maintenance of the recombinant species. It did, however, demonstrate that the

recombinant plasmid was being maintained within the cell and that its structure was as

expected.
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4.5 Discussion

The successful, in frame fusion between the k20ORF2 and k1ORF1 genes, followed
by the introduction of the fusion protein into the k2 plasmid demonstrated that the terminal
recognition domain does not appear to be the sole point of the DNA polymerase protein
responsible for plasmid specificity within the k2 system.

The inability of the k2Z0ORF2-k1ORF1 hybrid DNA polymerase to replace the
function of the normal DNA polymerase must suggest one of several pbssibilities. Firstly,
the construct contained insufficient N-terminal amino acids to constitute a fully functional
domain; secondly, the domain structure of the DNA polymerase may be more complex
than proposed, with multi-domain, tertiary and quaternary structural interactions playing
an essential role in defining plasmid specificity e.g. terminal recognition; thirdly, the
central and/or C-terminal region could have an important role in terminal recognition. In
order to address these possibilities, more research is necessary, but due to current
limitations in techniques used for this type of manipulation, an exhaustive experiment
involving a large number of possible sized fragments would be very time consuming,
although it is possible. The possibility that the C-terminal region is important in terminal
recognition is unlikely, based on a comparison with the adenovirus system, but a sequence

specific interaction between the two cannot be ruled out.
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Chapter 5: Discussion

5.1 Introduction

As a conclusion to this work I would like to recap the main points of this study and
draw some conclusion, as well as make suggestions for further experiments which may

help to clarify the still murky picture of the X. /actis “killer” plasmid system.

5.2 Biochemical Analysis of the k20RF2 Putative DNA

Polymerase

This part of the study set out to examine the possibility that the k2 terminal protein,
earlier detected biochemically, was encoded by the cryptic amino terminus of the putative
k20RF2 DNA polymerase. The immunochemical approach used to address this question
was chosen because it was expected to be sensitive, reproducible and reliable. Once an
antibody is available for a particular protein it allows sophisticated protein and gene
expression studies to be carried out as well as giving a means of very specific purification.

The inability of the antibody raised against the GST-k20RF2 to detect k2 linear
plasmid terminal proteins could stem from several root causes. The two most likely
possibilities are firstly that too little terminal protein was present so that the signal was
below the level of detection, or, secondly, that many of the terminal proteins attached to
the plasmids, were in a degraded state caused by release of proteases during the
purification procedure. We believe that the terminal proteins do remain largely intact
following isolation, because of the retarded migration of linear DNA fragments detected
during gel electrophoresis and due to I'** detection studies. (Kikuchi ef a/, 1984; Stam et

al,1986; Reay, 1997)
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The amino terminal sequence evidence provided by Takeda et al/, while implicating
k20RF2 as encoding the terminal protein is ambiguous about where the terminal protein
actually starts. (Takeda et al, 1996) Figure 2.5.1 illustrates the terminal protein and DNA
polymerase domains which would be predicted using the sequence data obtained. These
sequence data were likely to be derived from within the terminal protein since calculation
of the size of the terminal protein predicts that it would span some conserved DNA
polymerase domains, an unlikely situation.

The third possibility is that the terminal protein is folded in such a way as to
sterically hinder the binding of antibody to the extreme N-terminal domain used for
antibody production as only partially-denaturing conditions were used to analyse the
protein-plasmid complexes.

One experiment which might overcome many of the difficulties encountered would
be to repeat the raising of antibodies using a peptide 34 times the size. This synthetic
route is costly but since previous attempts to express large fragments of k2ORF2 have been
unsuccessful, it appears the only available method. (Ambrose, 1993) The peptide used in
this experiment was constructed by producing a oligonucleotide encoding the amino
terminus of the k20ORF2 protein using E. coli codon bias. Constructing a larger fragment
would require the synthesis of several oligonucleotides, which could then be ligated
together to form the larger fragment. The use of this larger fragment might also solve
much of the sensitivity problems encountered, as a much higher titre of ORF2 specific
antibodies would be present within the antibody sample and would limit the effect of steric
hindrance as more of the protein would be available for interaction with the antibodies.
This experiment could be practically done but the cost may be prohibitive! A éecond
possibility is that antibodies could be raised to a number of small epitopes along the amino

terminus of tﬁe k20RF?2 protein.
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5.3 Genetic Analysis of the k1ORF1 DNA Polymerase

This series of experiments was designed to examine whether the k1 putative DNA
polymerase encoded by k1ORF1 was essential for k1 maintenance or if its function could
be carried out by the k2ORF2 encoded DNA polymerase. It was important to establish
whether the k1 and k2 plasmids can utilise the same DNA polymerase for replication.

In evolutionary terms, the sequence and functional diversity of the k1 and k2
putative DNA polymerases suggests a co-operative relationship between k1 and k2. The
k1 plasmid encodes a DNA polymerase but the rest of its compact genome is entirely given
over to killer toxin production and resistance. Plasmid k2, which also has a DNA
polymerase, appears to encode no components of the “killer” toxin system, but must
encode the transcriptional and replicative functions needed by the plasmids. The
dependency of k1 upon k2 is clear but what advantage the relationship with k1 confers on
k2 is still unclear. In comparison the S. k/uyveri plasmid, pSKL, which is very similar to
k2, exists alone. (Hishinuma and Hirai, 1991)

There are at least two possible types of interaction which could exist between k2
and k1. The first is that k1 confers a competitive advantage to the K. /actis cell in relation
to non-killer yeast. Thus natural selection has helped the development of a stable k1-k2
interaction in which selection drives the formation of a stable binary plasmid system. The
second is that k1 is efficient enough at replicating that it can maintain itself in the cell in
the absence of any positive selection, but not so efficient as to inhibit the replication of k2
by using too many of the k2 replication proteins for its own duplication. I believe that
there is also a third alternative, which is another shade of the first possibility: at some point
k1 must have either entered a cell through a mating or fusion or arisen through a series of

alterations to the k2 plasmid and insertion of killer toxin DNA. Following its introduction
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k1 produced the killer toxin and resistance proteins and hence provided a form of negative
selection for its loss. Any cell spontaneously losing the k1 plasmid was affected by the
toxin. This, over time, may have led to the development of a stable system. If linear
plasmid experimental technology was better developed, it would be interesting to assay the
relative quantities of replication or transcription proteins produced by pSKL and k2, as the
relationship with k1 that exists in the K. /actis system may have selected for elevated
levels of these proteins. The suggestion is therefore that the pSKL plasmid may be able to
carry out a similar function as k2 by supporting k1 replication. This experiment could be
performed by performing a protoplast fusion between K. lactis cells containing k2 and k1
and S. kuyveri cells containing pSKL. The k2 plasmid would need to bear some selectable
marker which could be used to counter-select for its maintenance thus showing whether
pPSKL can carry out its k1 maintenance functions.

The experiments performed demonstrated that k1ORF1 is essential to ki
maintenance and that the k2 DNA polymerase is unable to complement a defect in this
gene, thus confirming that both DNA polymerases are required. Why two DNA
polymerases are required is perhaps best explained by the idea the k1 plasmid was
introduced into the cell after k2 had already become established. This means that both
plasmids had their own DNA polymerase and because their starting points were dissimilar
and hence could not easily converge. Also, the terminal protein domains on the respective
DNA polymerases must have evolved to optimally recognise their inverted terminal repeat
regions. The co-evolution of ITR and terminal protein must be a pre-requisite for this type
of system to function. Historically the proteins which would become the terminal proteins
must have been some type of generic charged protein which was capable of binding DNA
and became capable of forming the covalent attachment vital to protein primed replication.

The ability of the terminus to adapt through random mutation and maintain the high
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binding affinity of the terminal protein would have been vital not only to replicative
efficiency but also for replication itself. During the continuing co-evolution, any change
in the make-up of the ITR which stimulated binding resulted in an evolutionary advantage
whilst any which inhibited binding has a disadvantage.

Following on from the previous point, a second aspect of the terminal protein-
plasmid relationship which remains unanswered is whether the terminal protein-DNA
polymerase hybrids are “single use”. The DNA polymerase and terminal proteins appear
to be produced as a single polypeptide and during initiation of DNA synthesis the terminal
protein forms a covalent attachment to the terminus of a linear plasmid. The DNA
polymerase, however, needs to be able to process its way through the DNA strand in order
to function. There are two ways this can happen: either the terminal protein and DNA
polymerase become separated during initiation, leaving the DNA polymerase free to
process the DNA strand, but therefore resulting in the destruction of the DNA polymerases
ability to initiate replication, or the DNA polymerase draws the DNA strand through itself.
The first possibility seems the most likely, both because the second option would be
thermodynamically unfavourable and secondly because the size of the terminal proteins is
known. How the terminal protein separates from the DNA polymerase is unknown, but
could occur in three different ways: the first is that a geheric yeast protease is responsible
for this, the second is that the linear plasmids encode their own specific protease to carry
out this function and the third is that the terminal protein-DNA polymerase protein can
carry out this function itself. The first option is cast into some doubt because of the
relatively wide host range of the k1-k2 linear plasmids. No real evidence is available
either for or against the other two options. If the single use enzyme theory is true, then this
may be the main means through which the linear plasmids regulate their copy number.

The DNA polymerase - terminal protein complex is known to be transcribed at a very low
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level, so it is conceivable that this is one of the main factors affecting copy level. In order
for this to function efficiently a positive feedback loop can not be established. Following
any transient increase in level of this enzyme a rapid increase in replication could be
envisaged, although the kinetics of such a effect would need to be such that the enzymes
were rapidly used up. The mechanism by which it is used up and does not cause any long
term effects on the linear plasmid copy levels could be through its “single use” nature,
whereby each DNA polymerase-Terminal protein polypeptide can only drive one
replication event.

Further DNA analysis that could be done using the gene replacement technique
would be to attempt to replace the various function of domains of the k2 DNA polymerase
with those of the pSKL DNA polymerase in order to examine how closely related these
two plasmids are. This would be a “domain swap” experiment as carried out for the k1 an
k2 plasmids. If this experiment was successful it could also allow the prediction of which
amino acids and structural elements are required for binding specificity in the terminal

protein.

5.4 Production and Characterisation of a Hybrid DNA Polymerase

This phase of the study attempted to localise the site of the plasmid recognition
domain to either the putative terminal protein or DNA polymerase regions. The theory
was that because the polymerase and exonuclease domains of the klORF1 and k20RF2
DNA polymerases are so similar it is likely that they may be generic polymerases which
could replicate either k1 or k2 plasmids. However the divergent N-terminal regions would
target each of them to their specific plasmid. Evidence that the k2 terminal protein is
encoded by the amino-terminal domain of the DNA polymerase also strengthens the

likelihood of some targeting feature of the amino-terminal domain as the terminal protein
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is normally central in the initiation of DNA synthesis in protein primed genomes. A hybrid
DNA polymerase was therefore constructed with a k2 amino terminal protein fragment and
k1 central and carboxyl terminal DNA polymerase domains. If this construct could replace
the normal k2 DNA polymerase it would mean that the k2 terminal specificity determinant
had been successfully linked to the k1 DNA polymerase domains hence constructing a
pseudo k2 DNA polymerase. Moreover it would imply that the DNA polymerase parts of
the 2 proteins were functionally redundant.

The apparent inability of the hybrid k1-k2 DNA polymerase to substitute for the
wild type k2 DNA polymerase and terminal protein pair is a complex issue and could have
stemmed from a variety of causes. It is possible that despite sharing a common
functionality the DNA polymerase domains have evolved to interact optimally with their
attached terminal proteins. This could render the hybrid DNA polymerase reaction much
less favourable, thus giving a replicative advantage to plasmid using the native wild type
k2-DNA polymerases. Thus the hybrid DNA polymerase might be functional but at a less
efficient rate making it unable to compete with the more efficient wild type k2-DNA
polymerase. Imposition of the Leu2” selection would select for the maintenance of the
hybrid DNA polymerase- containing plasmid, but if the hybrid polymerase had a much
lower replication rate then plasmid carrying that gene may have difficulty becoming
dominant. The extreme situation is that the hybrid DNA polymerase is either not
expressed properly, or does not function at all in DNA replication. Both of these
possibilities fit the evidence and the continuing presence of the hybrid DNA polymerase
containing plasmid could be the result of replication brought about by wild type k2 DNA
polymerase. For this experiment, a temperature sensitive mutation in the k2 DNA

polymerase would be ideal.
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In order to determine if the hybrid DNA polymerase is function we would need a
way of removing the wild type k2 DNA polymerase from the cell. One possible way to do
this would be to construct a double mutant. One mutant would contain the wild type
k20RF2 DNA polymerase as well as bearing a counter-selectable marker on a non-
essential gene, i.e. K2ORF1. (Schaffrath ef a/, 1992) The second would contain the hybrid
DNA polymerase bearing k2 plasmid as constructed here, bearing the LEU2 gene. Counter
selection for a marker contained within the klORF1 disruption version of k2 could be used
to drive the loss of the plasmid from the cell. If the hybrid DNA polymerase is functional
isolates will be found that lack wild type k2. If the hybrid DNA polymerase is not
functional no pure hybrid k2 isolates will be found.

This study has also described a simplified method which utilises a standard
ammonium sulphate precipitation procedure to facilitate rapid purification of linear
plasmids (see Materials and Methods). Further refinement of this procedure could lead to
an easy method of purification which would allow the purification of large quantities of
linear plasmid material for experimentation. The improvements which could be made to it
would include definition of the optimum pH and salt concentration for precipitation.
Currently, preliminary evidence obtained during this study has shown that different salt
concentrations precipitate the k1 and k2 plasmids differentially, as would be expected
when one considers that ammonium sulphate precipitation functions through the
neutralisation of surface charges, thus allowing aggregation. This method was based on
that described by Reay (described in Materials and Methods) in terms of the conditions the
yeast cells are grown in and the means of cellular disruption, but whereas Reay made use
of charge and size separation chromatography, this method makes use of Ammonium
Sulphate in order to selectively precipitate the linear plasmids. (Reay, 1997) The main

advantage of this method over those earlier described is the speed at which isolation can be
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done. (Reay, 1996; Stam ez al, 1986) Whereas the other methods described require at least
two days, a similar isolation can be done in about 4 hours. The quality of material seems
to be similar to that of Reay although detailed comparison has not been carried out. The
terminal proteins also appear to be intact, judging by the behaviour of the linear plasmids
in gel electrophoresis. The amount of material obtained appears to be approximately 10-
20% more that that obtained by Reay from the same number of cells.

What is really needed in order to better analyse the system is a new method of
genetic analysis which greatly simplifies the manipulation of linear plasmid DNA and the
development of a good biochemical expression system to produce the individual plasmid
open reading frame products in a pure form. One candidate system is Baculovirus, which
has been used previously in this laboratory to express a recombinant k20ORF5 form.
(Schaffrath and Meacock, 1995) Baculovirus needs to be more fully investigated as a
linear plasmid ORF expression system, although it is currently believed that it is limited to
the expression of small ORF products. If these proteins were available in pure forms
detailed work could be carried out on them similar to that already performed on the
Adenoviral and Phi-29 systems studying the linear plasmid replication in vitro. (Caldentey
etal, 1993; Pronk et al, 1992) Out of this would come detailed knowledge about the
initialisation of linear plasmid replication as well as detailed knowledge about the function
of the k2 RNA polymerase and allow characterisation of the other k2 open reading frames

for which no current function is known.
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5.5 General Discussion

The preceding sections summarised the different sections of this study and possible
alternative and/or supplementary experiments. In conclusion I feel it is useful to review
again our current state of knowledge about the replication of the k1 and k2 plasmids.

It is believed that the linear plasmid replication initiates from plasmid specific
terminal proteins and proceeds uni-directionally, without Okazaki intermediates. Also, it
is known that the terminal protein and DNA polymerase are transcribed and presumably
translated mono-cistronically, at a low level. This means that klORF1p and k20RF2p are
most likely expressed and bind the corresponding plasmid terminus during initiation the
terminal protein and DNA polymerase domains become separated by proteolytic cleavage.
The presence or nature of accessory factors is currently unknown, although helicases
would presumably be needed in order to unwind the DNA during replication, as well as a
protease to perform the TP-DNA polymerase separation. K20RF4 is believed to be a good
candidate for the helicase role based on its similarity to the vaccinia virus DNA dependent
ATP helicase. (Wilson and Meacock, 1988; Soond, 1994) The similar vacinnia product is
believed to unwind the vacinnia linear DNA duplex in order to allow transcription to
occur.

The family of linear plasmids has grown greatlyb since the original discovery of the
K. lactis killer plasmids and several, including the killer plasmids have been relatively well
characterised. Many have had their complete sequences resolved. Analysis of these
sequences has, apart from demonstrating that most linear plasmids encode their own
transcription/translation system, left key questions unanswered about why this class is so
widespread. At first these plasmids were thought to be something of an oddity, but it is

becoming apparent that this family of genetic entities is highly successful and has spread

118



throughout the plant and yeast phyla, although with, so far, no good examples of higher
animals hosting them.

Why these entities are so successful is a mystery, especially in terms of nice, clear,
Darwinian evolutionary thinking. Apart from a few examples, including the killer
plasmids and the kalilo senescence plasmids of Neurospora intermedia, most of these
plasmids have been assigned no clear phenotype; they appear to give no conceivable
advantage to the host. These plasmids could be best described as genetic parasites, or
“selfish DNA”, living off a rich genetic resource, but unlike many parasites, the linear
plasmids appear to be, as a class, non-harmful due to the tight control of their replication
processes most likely imposed by the inefficiency of their promoter RNA polymerase
recognition system.  This is perhaps the key to their success. Perhaps they are a prime
example of a type of neutral selection in which a non-harmful parasite which confers no
selective advantage but is simply efficient and good at reproducing itself has survived and
prospered. The linear plasmids must, however place some degree of strain on the host
system, this implies that yeast and plant cells have evolved so that they have a metabolic
over-capacity which can be exploited by parasites.

The origins of the linear plasmids is also shrouded in mystery. Due to their
apparent viral nature many have theorised that they stem from viruses, but none have been
found to have clear remnants of viral capsid protein genes. Unless all of the linear
plasmids stemmed from a single event long ago, one could expect clear examples of viral
gene expression to be present, other than that required for simple replication. Structurally,
the Morchella conica pCM32 plasmid has been reported to share some structural
similarities with simian adenovirus but whether this means that it originated from
adenovirus or it has acquired some of the DNA by a recombination event is still unclear.

(Rohe et al, 1991) It could have also evolved from a common ancestor. If all linear

119



plasmids in fact stem from viruses, it perhaps is not so much of a mystery as to why they
have lost the structural genes over time if one presumes a constant pressure for
compactness so allowing rapid replication times and hence more effective competing for
resources. The fact, however that all linear plasmids appear to be in a similar evolutionary
state is interesting because this perhaps mean that some event in history triggered this to
occur, or it could mean that linear plasmids and viruses diverged from each other, taking
opposite tacks in how to approach replication. Viruses perhaps acquiring protective
coatings to allow them to move more easily from cells to cell, but the linear plasmids
remaining stable in a line once established. Either way, I am not convinced that the linear
plasmids arose simply through a random event which caused the viruses to lose their
normal form of replication. Perhaps this type of replication is preferable in relatively
isolated environments in which other members of the same species are rare and growth
rates slow, but many viruses have adapted to similar conditions and been successful. The
resolution of this mystery will require so very detailed comparison of viral and linear
plasmid sequences. This analysis should shed much light on the inter-relationship between

linear plasmids and viruses.
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Chapter 6: Materials and Methods

6.1 Strains and Media

6.1.1 E. coli Strains

NMS22: [ A(lac proAB) thi supE A(hsdMS-mcrB) 5 re-my- merB/ F° proAB+ lacIQ lacZ

Am15]; Gough and Murray (1983)
6.1.2 Kluyveromyces lactis Strains

AWZ-137: leu2, trpl [k1* k2*] Kamper et al. (1991)
NK-40: a, adel, ade2, leu2, [k1° k2*]

IFO1267: Wild Type [k1" k2] Gunge et al. (1981)
SD801: a, trpl, lac4 [k1° k2°] Stark & Milner (1989)

SD802: a, trpl, lac4, [k1° k2*] Wilson (1988)

6.1.3 Growth Media

Luria Broth: All growth of E. coli was done in Luria Broth (10g bacto-tryptone, 5g bacto-
yeast extract, 10g NaCl and pH adjusted to 7.5 with NaOH or HCl per litre) Luria Broth
was autoclaved and stored in sealed bottles or flasks at room temperature until used.

Synthetic Defined Media: Made in 500ml batches by dissolving 3.5g Yeast Nitrogen Base
lacking amino acids in 500ml of distilled water and. The resulting solution was autoclaved
and then stored in sealed bottles until use. Prior to use medium was supplemented with

glucose to a final concentration of 2% and with amino acids as appropriate. All disruption
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analysis of linear plasmids in X. /actis was carried out using this media, supplemented with
the following amino acids as required at 30C: L-Leucine (30 mg/L), L-Tryptophan (20
mg/L). Solid media was supplemented with 1.5% (w/v) Difco purified agar.

Yeast Peptone Broth: 2% peptone, 1% yeast extract. Made in 400ml volumes, autoclaved
and stored in sealed bottles or flasks at room temperature until used. Before use YPD was
supplemented with glucose to a final concentration of 2%. Rapid growth of large
quantities of K. /actis for linear plasmid purification was carried by growing the required

strains in this media at 30C.
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6.2 Stock Solutions

Ampicillin Stock Solution: A 100 mg/ml stock solution was made in water and filter
sterilized. 400 ul aliquots were then stored at -20C. This stock solution was diluted to a

final concentration of 50-100 ug/ml in growth media.

6.2.1 Stock Solutions for DNA Analysis

Church-Gilbert Hybridisation Buffer: 0.5M NaH,PO,/Na,HPO, (pH 7.4), ImM EDTA,
7% SDS (w/v) (Church and Gilbert, 1984).

DNA Loading Buffer: The 6x loading buffer used consisted of 30% glycerol and 0.25%
bromophenol blue

DNase Free RNase: A 10mg/ml solution was made by dissolving lyophilised RNaseA in
distilled sterile water. The solution is then rapidly heated to 100C for 20 minutes and
allowed to cool slowly to room temperature. The solution was then divided into 10ul
aliquots and store frozen at -20 C.

¢X174\Haelll standard: This marker was diluted to a concentration of 1ug\Sul, 5ul was
routinely used per gel. DNA fragment sizes were: 1,353bp, 1,078 bp, 872 bp, 603 bp, 310
bp, 281 bp, 271 bp, 234 bp, 194 bp, 118 bp, and 72 bp.

A\Hind III standard: The A standard used was a 0.5ug\ 5 pl stock made by diluting a
0.5pug\ul stock. Aliquots of Sul were normally used per gel. DNA fragment sizes were:
23,130 bp, 9,416 bp, 6,557 bp, 4,361 bp, 2,322 bp, 2,027 bp, 564 bp and 125bp.

Alkaline Lysis Plasmid Preparation Solution I: 25mM Tris(8.0), 10mM EDTA (pH 8.0),
made up to 100ml with distilled water and autoclaved.

Alkaline Lysis Plasmid Preparation Solution II: 0.4M NaOH, 1% SDS, prepared fresh

before use.
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Alkaline Lysis Plasmid Preparation Solution III : 60ml 5M potassium acetate, 11.5ml
glacial acetic acid, made up to 50 ml with distilled water and autoclaved.

SSC (20x): 0.3M Sodium Citrate (pH 7.0), 3M NaCl

Tris-Acetate EDTA (TAE) Electrophoresis buffer[10x stock]:48.4g Trisma base,
11.42ml glacial acetic acid, 20ml of 0.5M EDTA (pH 8) {Per Litre}

Tris-Borate EDTA (TBE) Electrophoresis Buffer[10x stock]: 108g Trisma base, 55g

Boric Acid, 0.5M EDTA(pH 8) 40m! {Per Litre}

6.2.2 Stock Solutions for Protein Analysis

Coomassie Blue Protein Stain/Destain: 50% methanol, 10% acetic acid in distilled
water. For the stain 0.375 g Coomassie brilliant blue was added before the addition of the
distilled water to 1L.

Lysozyme Solution: 10 mg/ml stock was produced by dissolving lyophilised lysozyme in
distilled water and filter sterilised. The solution was then aliquoted into 50 ul amounts
and frozen at -20C.

PAGE Cracking Buffer (2x): 60 mM Tris-HCl (pH 6.8), 1% B-mercaptoethanol, 1%
SDS, 100% glycerol to give a final concentration of 10%, 0.01% bromophenol blue, made
in distilled water.

PAGE Sample Buffer (2x): Twenty milliliter batches of sample buffer were made by
combining 0.92g SDS, 2ml B-mercaptoethanol, 4.0g glycerol, 0.3g Tris base, 2ml

(0.1[w\v] solution) Bromophenol blue dissolved in 20 ml dH5O and adjusted to a pH of 6.8

with HCL.
Protein Molecular Weight Standards: Protein molecular weight standards 2,850 Da -

43,000 range (Gibco). Batches of protein standards were prepared for use according to the
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manufacturers instructions. 5 ul -10 pl were used per well in mini-protein gels and 20 ul -
30 pl were used for large acrylamide gels. Standards solutions were boiled for 3 minutes
before use.

Resuspension Buffer (Inclusion Body Prep): 10mM NaCl, ImM EDTA (8.0), 50 mM
Tris (8.0)

Running Buffer (RB)[10x stock]: 0.5M MOPS, 10mM EDTA, 10mM EGTA, dissolved
in distilled water and adjusted to a pH of 7.5 with Acetic acid. Solution was then filter
sterilised before use. [This stock is the base for the 0.3M NaCl, 0.4M NaCl and 1.0M NaCl
buffers used in killer plasmid purification]

SED Buffer: 1.2M Sorbitol, 20mM EDTA(pH 8.0), 50mM Dithiothreiotol (DTT)
dissolved in distilled water and filter sterilised before use. DTT was added immediately
before use.

SC Buffer: 1.2M Sorbitol, 0.4M CaCl, dissolved in distilled water and filter sterilised
before use.

SDS-PAGE Electroblotting Buffer[4L]: 12.11 g Trisma Base, 57.65g Glycine, 1L
methanol, made up to 4L with distilled water.

SDS-PAGE Electrophoresis buffer: 0.025 M Tris.HCl, 0.192 M Glycine, 0.1% SDS
Thrombin Digestion Buffer: 2.5 mM CaCl, in Wash Buffer (50 mM Tris (pH 7.5), 150
mM NaCl)

Tris Buffered Saline (TBS)[1L of 10x Stock]: 90g NaCl, 60g Trisma base, pH to 7.9 with

HCL.
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6.2.3 Stock Solutions for Linear Plasmid Analysis

Linear Plasmid Loading Buffer: Standard DNA loading buffer supplemented with 1%
SDS

Micrococcal Nuclease Buffer (10x): 500 mM NaBorate (pH 8.8), SOmM NaCl, 25 mM
CaCl,.

Micrococcal Nuclease: 1 mg/ml micrococcal nuclease in 50% glycerol. Aliquoted to 20

ul aliquots.
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6.3 DNA Techniques

6.3.1 General Techniques

Agarose gels: The agarose used was Sea-Kem standard agarose. All gels were 0.7%
agarose made in 1x Tris Acetate EDTA (TAE) buffer and electrophoresed in the same
buffer

Automated DNA Sequencing Automated cycle sequencing was carried out according to
the standard ABI automated sequencing method, using a university ABI automated
sequencing machine.

DNA Dideoxy sequencing Sequencing was carried out using the Pharmacia T7 sequencing
kit according to the manufacturers instructions.

Ligations All ligations were carried out using T4 ligase according to standard methods
Polymerase Chain Reaction (in 20 pl volume): The following were mixed together: 1 ul
dNTPs (25 mM), 1 ul MgSO, 2 ul 10x Vent Buffer, 0.5 ul VENT polymerase, ~ 1 ul
(approximately 100-500 ng/ 1 ul) template, 2 + 2 ul of primers, made up to 20 ul with
distilled water. All PCR reactions were carried out according to manufacturers
recommendations and based on methods described by Ehrlich (1989).

Primer Purification: Purification of all oligonucleotide primers used for both sequencing
and PCR was carried out according to the following method: 100 ul of primer was
transferred to a fresh microcentrifuge tube and centrifuged for 5 minutes at 10,000 rpm in
a to remove debris. The supernatant was then transferred to a fresh microcentrifuge tube.
1 ml n-butanol was then added to the supernatant and mixed. The sample was then
centrifuged for 5 minutes at 10,000 rpm. The supernatant was removed, air dried and the
pellet resuspended in 10 pl of TE.
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Random Prime labeling of DNA: DNA probe labelling was according to the random
hexanucleotide method described by Feinberg and Vogelstein (1983). Approximately 50
ng restriction enzyme treated and purified DNA probe, was made up to a volume of 10 ul
and boiled for 5 minutes. The sample was then briefly cooled on ice and centrifuged at
13,000 rpm in a micro-centrifuge. The following were then added to the DNA solution:5
pl Oligo Labeling Buffer, 1 ul Bovine Serum Albumin, 1 pul Klenow Fragment DNA
Polymerase and all contents were mixed together and centrifuged at 13,000 rpm in a
micro-centrifuge for 2 seconds. Finally 2.5 ul of *’P-dCTP was added and the mixture was
incubated for 4h at room temperature or 30 minutes at 37C to allow the labeling reaction
to proceed.

Rapid DNA Precipitation: 1 pl of 0.5M EDTA (pH 8.0) was first added to chelate
divalent cations. Two volumes of 5M ammonium acetate and 3 volumes of isopropyl
alcohol were then added and the solution was mixed well. The sample was then incubate
for 10 minutes at room temperature and then centrifuged at 13,000 rpm in a micro-
centrifuge for 10 minutes.

Restriction Enzyme digests: All restriction digests were carried out in the suppliers
recommended REact buffer system (Gibco) at the recommended optimum temperature for
the enzyme.

RNase treatment: RNase treatments were carried out by the addition of 1ul of RNAse I,
previously heat treated to denature DNAses, to each sample during restriction enzyme
digests.

Southern Blot Analysis (Southern, 1975): Samples were first electrophoresed on an
agarose gel for a suitable amount of time. Following electrophoreses the gel was

transferred to a plastic dish and soak 2 x 15 minutes in Depurinating solution (0.25 M
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HCI) and then washed with distilled water for 5 minutes. Next, the gel was treated for 30
minutes with Denaturing solution(0.5 M NaOH, 1.5 M NaCl) and then washed with
distilled water for 5 minutes. Finally, the gel was soaked for 30 minutes in neutralising
solution (solution (0.5 M Tris-HCl pH 7.4, 1.5 M NaCl) and then washed with distilled
water for 5 minutes. The DNA fragments were then transferred from the gel onto a nylon
membrane by capillary action (Southern Blotting) using 20x SSC as the transfer buffer for
either 4 hours or overnight. Following the transfer the DNA was fixed onto the membrane
by UV light. The membrane was washed for 15 minutes with Church-Gilbert Buffer and
incubated at 65C for approximately 4h in order to block non-specific probe binding. The
radioactively labeled probe was then added and the incubated for 4h or overnight in 10-
20mi Church-Gilbert Buffer. Following incubation, the filter was washed 2-3 times at 65C

with 3x SSC, 0.1% SDS and then autoradiographed.

6.3.2 E. coli DNA Techniques

Alkaline lysis mini-preps Mini-preps were carried out according to Maniatas ef a/ (1982)

Preparation of Competent Cells and E. coli Transformation CaCl, competent cell
preparation and transformations were carried out essentially according to Hanahan (1983)

Large Scale Plasmid Purification from E. coli (Qiagen): All large scale plasmid
preparations were carried out using the Qiagen plasmid midi-preparation kit and
performed according to the manufacturers instructions. In all large scale preparations, the
E. coli strain was grown overnight at 37°C in a 2L flask containing 400 ml of Luria Broth

supplemented with 50 pg\ml ampicillin.
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6.3.3 Yeast DNA Techniques

Large Scale Linear Plasmid Preparation (Method 1)(Based on Reay, 1997): 400ml of
the desired Killer plasmid bearing strain of X. lactis were either grown overnight in YPD or
for three days in SD supplemented with the appropriate amino acids at 30C. The cells
were then harvested by centrifugation at 6,000 rpm for 10minutes at 4C and washed twice
with 50ml distilled water. The pellet was resuspended in 25 ml Sorbitol EDTA buffer
supplemented with Dithiothreitol and incubated for 30mins at 30C with mild agitation,
harvested by centrifugation at 6,000 rpm for 10mins at 4C and washed with 50 ml 1.2M
Sorbitol. The cell pellet was resuspended in 19ml SC and 5-10 mg Yeast Lytic Enzyme in
SC were then added and protoplast formation was allowed to proceed at 30C, with its
progress checked at 10 minute intervals by microscopy. When protoplast formation was
approximately 90% complete the digestion was stopped by gentle centrifugation at 3,000
rpm for Smins at 4C in a bench top centrifuge to remove the enzyme. The pellet was then
washed twice in 25 ml 1.2M sorbitol and resuspended in 25ml 0.3M Running Buffer
containing 1mM PMSF(75 pl) and 250 pl 10mg/ml RNase. A 5% NP-40 solution was
added to a final concentration of 0.5%. The solution was gently stirred for 15 minutes on
ice with a glass rod, which gently lysed the protoplasts. The cell debris was then removed
by a high speed centrifugation, at 15,000 rpm for 15 minutes at 4C and the supernatant
loaded onto a 20ml DE52 column. The column was washed with 0.3M NaCl RB, 0.4M

NaCl RB and the linear plasmids eluted with 1.0M NaCl RB.

Large Scale Linear Plasmid Preparation (Method 2): Preparation of X. /actis cells was
as above until the resuspension of the cell pellet in 25m 0.3M RB. Following resuspension

of the protoplast pellet, solid ammonium sulphate was added to 20% of saturation and
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incubated with mild agitation at 4C for 30 minutes. The solution was then centrifuged at
6000 rpm in a benchtop centrifuge for 30 minutes, the supernatant removed. Solid
ammonium sulphate was added to a final concentration of 40% of saturation and the cycle
was repeated. This was continued, in 20% of saturation steps until 80% of saturation.
Following the 80% of saturation centrifugation a step of 10% of saturation to a final
concentration of 90% of saturation was performed. Following incubation and
centrifugation the supernatant was removed and the pellet retained. The pellet contained
the purified k1 and k2 plasmids. The pellet was then resuspended in 0.3M RB and
dialysed against 1 L of 0.3M RB overnight at 4C in the presence of 1mM PMSF.

Preparation of and transformation of competent Kluyveromyces lactis: Based on the S.
cerevisiae transformation described by Gietz et al (1992). The culture was grown
overnight in YEPD, subcultured into 50ml fresh medium (approximately 10° cells/ml
maximum) and shaken at 30C until it reached a density of approximately 10”/ml cells.
Cells were harvested by centrifugation for 5 minutes at 5000 rpm and the cell pellet was
resuspended in 10m] TE buffer. Following a second round of centrifugation, cells were
resuspended in 5Sml LA[0.IM LiAc in TE] buffer and incubated with shaking at 30C for 1
hour. The cells were then harvested by centrifugation and resuspended in 5 ml LAG [LA
with 15% glycerol]. The cells were then dispensed into 300 ul aliquots and frozen on dry
ice/IMS (Cells remained competent for 2 approximately months). For the actual
transformation procedure, approximately 10 pl of the desired DNA species dissolved in TE
(0.1 ug-10 ug) were then added to 0.3 ml competent cells, followed by 700 ul of PEG
solution. [50 % PEG warmed to dissolve and filtered in distilled water]. The mixture
was then inverted 6-8 times and incubated at 30C for 1h. This incubation period was

followed by a 5 minute “heat shock” at 42C. The cells were then harvested by
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centrifugation and, resuspended in distilled water and plated on the desired selective

media.
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6.4 Protein Methods

Raising of antibodies in chickens As described in Gassman et a/ (1990). 20 ug of the
GST fusion protein was emulsified with 1ml Freund’s complete adjuvant and 500 ul was
injected in each of the pectoral muscles of two chickens. A 10 ug booster injection was
then carried out on day 12. Following the booster the chickens became ill and the third
and final 10 pg booster was abandoned. On day 20, when the chickens resumed laying,
eggs were harvested and the IgY component purified for analysis.

IgY Antibody and purification As described in Gassman et a/ (1990) Preparation: For
four eggs, yolks were separated from egg whites, and briefly washed with dH,0. The yolk
skins were then removed, yielding approximately 60ml of yolk. 60 ml of Buffer A (10mM
Potassium Phosphate pH 7.2) were then added to the yolks, followed by 120 ml Buffer A +
7% PEG6000 (3.5% PEG). This solution was then gently stirred at room temperature for
30 mins. Precipitate was removed by high speed centrifugation at 13,500 RPM for 10
mins at 4C and the supernatant was filtered through milk filter. Solid PEG 6000 was then
added to a final concentration of 12% and the solution stirred until all PEG was dissolved.
Precipitate was removed by centrifugation at 13,500 for 10 minutes at 4C. The
supernatant was removed and the pellet resuspended in Buffer A. 40 ml Buffer of A +
24% PEG 6000 was then added. The mixture was then centrifuged at 13,500RPM at 4C
for 10 minutes. The

supernatant was removed and the pellet resuspended in 20 ml Buffer A and the mixture
was left to dialyze overnight against buffer A at 4C. The following day the dialysate was

removed and centrifuged at 13,500 RPM for 10 minutes at 4C in order to remove
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precipitated particles. The IgY solution was aliquoted into 1ml fractions into
microcentrifuge tubes and stored at 4C.

Imobulin Band Purification As described in by Szewczyk and Summers (1992)

Small scale GST and GST-fusion purification (Based on Smith and Johnson, 1988) 1 ml
samples of L Broth supplemented with ampicillin to a final concentration of 50 pug/ml were
inoculated with a small loop-full of £. coli containing the appropriate plasmid and
incubated overnight at 37°C with shaking. The samples were then diluted 1:10 the
following day to a total volume of 5 ml with fresh L Broth containing 50 pg/ml ampicillin
and grown for two hours. Cultures were then induced by the addition of 50 mg/ml IPTG to
a final concentration of 1 mM and incubated for a further 3 hours. Aliquots (1.5 ml) were
then centrifuged at high speed in a microcentrifuge for 5 seconds and re-suspended in 500
ul distilled water. These samples were then sonicated at for 5 x 5 seconds and cooled on
ice between sonication bursts. Cell debris was removed by a high speed centrifugation and
10 pl of a 50% glutathione sepharose bead suspension was added to the supernatant.
Samples were incubated 2 minutes during which they were constantly mixed by inversion.
Beads were then spun down by centrifuging for 5 secs and supernatant removed. 20 pl of
2x SDS Sample buffer was then added and following boiling for 5 minutes, samples were
ready loaded onto SDS-PAGE gels.

Large scale GST and GST-fusion protein purification (Based on Smith and Johnson,
1988) 5 ml samples of L Broth supplemented with ampicillin to a final concentration of 50
ug/ml were inoculated with a small loop-full of E. coli containing the appropriate plasmid
and incubated overnight at 37°C with shaking. The samples were then diluted 1:100 the
following day to a total volume of 400 ml with fresh L Broth containing 50 pg/ml
ampicillin and grown for two hours. Cultures induced by the addition of 50 mg/ml IPTG

to a final concentration of 1 mM and incubated for a further 3 hours. Bacteria were
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harvested by centrifugation (5,000 RPM for 10 minutes in a Sorvall GS3 Rotor) and re-
suspended in 20 ml distilled water. Cell debris was removed by high speed centrifugation.
The supernatant was then poured through a 5Sml column containing glutathione sepharose
beads. The column was washed with 10 volumes of wash buffer (50 mM Tris (pH 7.5),
150 mM NaCl) and the protein eluted in 2 volumes of wash buffer containing 10 mM
glutathione.

Large scale MBP and MBP-fusion purification (Based on Aitken ef al/, 1994) 5 ml
samples of L Broth supplemented with ampicillin to a final concentration of 50 pg/ml were
inoculated with a small loop-full of E. coli containing the appropriate plasmid and
incubated overnight at 37°C with shaking. The samples were then diluted 1:10 the
following day to a total volume of 400 ml with fresh L Broth containing 50 pg/ml
ampicillin and grown for two hours. Cultures were then induced by the addition of 50
mg/ml IPTG to a final concentration of 1 mM and incubated a further 3 hours. Bacteria
were harvested by centrifugation (5,000 RPM for 10 minutes in a Sorvall GS3 Rotor) and
re-suspended in 20 ml distilled water. Cell debris was removed by high speed
centrifugation. The supernatant was then poured through a 5Sml column containing an
amylose bead resin. The column was washed with 10 volumes of wash buffer (20 mM
Tris (7.4), 0.2M NaCl, 10 mM B-mercaptoethanol) and the protein eluted in 2 volumes
wash buffer containing 10 mM Maltose.

Polyacrylamide gels All polyacrylamide SDS-PAGE gels were made according to
standard methods based on Laemmli (1970). Typically a 10% or 15% (v/v) separating and
a 6.6% stacking gel were used. The acrylamide bis-acrylamide ratio was 37.5:1.

Silver Staining Silver staining was carried out essentially as described by Dunn and Crisp

(1994).
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Thrombin cleavage of GST and GST fusion Protein: Thrombin cleavage was usually
performed by adding approximately 1-5pl of a 10ug/ml solution of thrombin to 20ul of a
450pg/ml sample of GST-fusion protein followed by overnight incubation at room
temperature in Thrombin cleavage buffer.

Trichloroacetic Acid Protein (TCA) Precipitation: Originally based on Wright et al.
(1988). 100% w/v TCA was added to the desired sample to a final concentration of 10%
v/v. The sample was then incubated for 10 minutes on ice and centrifuged at 13,000 RPM
in a micro-centrifuge for 10 minutes. The supernatant was then removed, the precipitate
washed with one volume of ice cold ether and left to air dry for 10 minutes at room
temperature.

Western Blotting: Gels were Electro-blotted using the Bio-Rad protean electro-blotting
kit according to manufacturers instructions, onto nitrocellulose (Schleicher and Schuell,
0.45 um. Following transfer, the membrane was treated with a Ponceau S-TCA stain for
10 minutes and the molecular weight marker bands marked with pencil. The membrane
was then destained in P(T)BS. The membrane was then pre-blocked with 5% Marvel
(non-fat dried milk). Next, the primary antibody (1:1000-1:10,000 dilution) was added and
incubated for 4 hours or overnight. The membrane was then washed 4x 15 mins with 50
ml P(T)BS. Next the secondary antibody (1:10,000 dilution) was added and incubated for
1 hour. The membrane was then washed 4x 15 minutes with 50ml P(T)BS. For Illumin8
chemiluminescent Western detection the developing solution was made and added (10ml
100mM Tris (8.8), 100 ul Lumin 8A (100x Stock), 100 pl Lumin 8B (100x Stock) and 5 ul

H,0,.
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6.5 Other Methods

Dialysis Tubing preparation: The tubing was cut into appropriate lengths. The tubing
was then immersed in 2% w/v Sodium bicarbonate and ImM EDTA (pH 8) and
autoclaved. The tubing was then immersed in distilled H,O. The tubing was then soaked
in ImM EDTA for 10 mins. Finally, the tubing was cooled and stored in 50% EtOH/50%
distilled water at 4C.

Long Term Storage of E. coli Strains: A 5ml culture of bacteria was grown overnight.
1ml of culture was then transferred to a fresh tube and 0.15 ml sterile glycerol added and
the mixture vortexed before freezing for long term storage at -70C.

Long Term Storage of Yeast Strains: A 5mi culture of the desired yeast strain was grown
overnight in minimal medium. The following day, an equal volume of yeast preservation
mix (12.6 g/l K2HPO4, 3.6 g/l KH2PO4, 0.9 g/l trisodium citrate, 0.18 g/l MgS04.7H20,
1.8 g/l (NH4)2S04, 20% v/v glycerol) and the cells were quick frozen in a dry ice-IMS

bath and samples were stored at -70C.
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