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ABSTRACT.

APPROACHES TO THE STUDY OF PROTEIN SECRETION IN YEAST. 

Bhupinder Gill

M utants of the yeast Saccharomyces cerevisiae that showed enhanced 
secretion yield of a m ini-proinsulin  reporter p ro te in  w ere iso lated , 
following random  mutagenesis, via a footprint assay screen. Three such 
m utants, exhibiting a 2-3 fold increase in secretion yield, were show n to 
contain recessive m utations in three separate chromosomal genes (ESI1 , 
ESI4 and ESI9). It was not possible to combine these m utations into a single 
strain  as double heterozygous strains failed to produce viable spores. 
Surprisingly, all three m utants showed reduced levels of the reporter gene
mRNA. Expression of a second secretory reporter, wheat a-am ylase, also 
showed altered secretory product yield and mRNA levels. How ever the 
pattern of effect was different to mini-proinsulin, indicating a specificity of 
action of the m utations. In contrast, cytoplasmic gene expression w as 
unaffected, w ith the exception of m inor codon containing heterologous 
genes in esi9 cells, whose expression was blocked. Generally, the three 
m utants appear to enhance protein secretion by im proving efficiency at the 
initial stage of the secretory pathw ay probably via the co-translation 
mechanism. The decreased level of mRNA may result from a direct linkage 
to the degradation of secretory mRNA, which occurs at an increased rate in 
the mutants, to its mode of translation.

A second set of m utants show ing both enhanced and reduced
secretion yield of the Aspergillus niger (3-galactosidase secreted protein have 
also been isolated. Again a random  m utagenesis approach was used, but 
this time it was coupled to visual plate assay. These m utants await further 
analysis.

The final part of this thesis concerns the attem pted isolation of SEC  
gene homologues from Arabidopsis thaliana. Initially this was tried, using a 
fu n c tio n a l co m p lem en ta tio n  ap p ro ach  w ith  sec m u ta n ts  from  
Saccharomyces cerevisiae and two A.thaliana  cDNA expression libraries, 
but no homologues were isolated. A second approach utilising the PCR and 
degenerate or homologous oligonucleotide primers, designed to the SEC18 
and SEC4  genes respectively, was attem pted. Use of the hom ologous 
oligonucleotides led to the isolation of possible SEC4 homologous clones 
from one A.thaliana cDNA expression library but these clones were unable 
to com plem ent a sec4 m utant. It is possible that these represent a 
homologue that functions in a slightly different m anner in the A.thaliana  
secretion pathway, as the gross secretion pathway is well conserved between 
species.
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Chapter One .

Introduction

1.1 General Introduction.

The yeast Saccharomyces cerevisiae is a eukaryotic single celled 
organism that can exist in a stable haploid or diploid state, or as a polyploid or 
aneuploid. A haploid cell can be induced to exit cell cycle progression and 
undergo a series of changes to prepare it for mating. Mating occurs betw een 
two haploid cells of opposite m ating types, a  and a to form a diploid. The 
mating type of the cell is determined by the M A T  locus which has two alleles, 
M A T  a  and M A T  a, specifying a -  and a-type cells respectively (reviewed by 
Herskowitz, 1981).

The S.cerevisiae genome is approxim ately 14 mega bases in length and 
has now  been fully sequenced. Pulse-field gel electrophoresis was used to 
show that the genome consists of sixteen chromosomes (Carle and Olson, 1985; 
Carle and Olson, 1987; Link and Olson, 1991) . This value is supported  by 
genetic data (M ortimer et al., 1989), as well as by fluorescence and electron 
m icroscopy studies (Dresser and Giroux, 1988; Kuroiwa et al., 1984) . The 
current genetic map of S.cerevisiae contains over 1000 markers.

Haploid S.cerevisiae has proved amenable to the isolation of genetic 
m utations, producing num erous strains that possess a num ber of non-lethal 
auxotrophic markers. The subsequent development of yeast transform ation by 
DNA plasmids and fragments has m ade the organism particularly amenable to 
gene cloning and genetic engineering techniques. Thus m utan ts w ith  
identifiable phenotypes can be transform ed w ith genomic DNA libraries to 
isolate the corresponding genes or suppressors w hich com plem ent the 
defection.

S.cerevisiae has several properties which have established it as an 
im portant system for the expression of foreign proteins for research, industrial 
and medical use. It has already been utilised in brewing, baking and liquor 
production for many centuries, therefore establishing it as safe, and a wealth of 
knowledge is known abouts its biochemistry and the fermentation process. As 
a 'generally regarded as safe', or G.R.A.S. organism it is highly acceptable for 
the production of pharmaceutical proteins. In contrast E.coli has toxic cell wall 
pyrogens and mammalian cells may contain oncogenic or viral DNA, as well 
as prions, so that products from these organism s m ust be tested m ore 
extensively. Yeast can be grown rapidly on simple media and under controlled
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conditions to high cell density. With its genetics being more advanced than 
any other eukaryote and a highly versatile DNA transform ation system, it can 
be manipulated almost as readily as E.coli. As a eukaryote it has the same basic 
cellular processes, such as protein secretion and post translation modification 
activities, as higher eukaryotic organisms, thus making it a suitable host for 
the analysis of protein secretion and production of recom binant secreted 
proteins.

This Introduction covers a num ber of areas concerned w ith the yeast 
secretion pathway and the production of recombinant proteins. These include 
a general outline of the basic form of the pathw ay linked w ith a detailed 
account of some of the more im portant areas; the requirem ents for foreign 
gene expression in S.cerevisiae; the limitations of the secretion pathw ay and 
ways in which enhanced secreting m utants have been isolated; the selection of 
a reporter protein for the isolation of enhanced secretion m utants; and, finally 
the Aims of this Thesis.

1.2 The yeast secretion pathway.

Yeast has played an im portant role in developing understanding of the 
eukaryotic protein secretion pathw ay at the molecular level. In particular, the 
m icro-organism 's genetic system has proved to be a particularly pow erful 
approach to identifying genes whose products are involved in the pathw ay. 
This has been well exemplified by the isolation of the SEC gene m utan ts, 
encoding products essential for protein secretion (Schekman, 1985). These 
defined steps in the pathway and could be ordered in sequence (Novick et al., 
1981) All were tem perature-sensitive m utants, indicating that a functional 
secretion pathway is essential for cell viability. Num erous mammalian, higher 
p la n t and o ther eukaryo te  hom ologues have since been  iso la ted , 
dem onstrating a high degree of conservation of pathw ay functions and the 
relevance of yeast as a model eukaryote.

The basic form of the secretory pathway and its direct analogy to that of 
m am m alian cells, was provided by the work of Novick, Field, Ferro and 
Schekman in 1980, 1981, 1983 and 1985 (Novick, 1980; Novick, 1985; Novick et 
al., 1981; Schekman et al., 1983). As show n in fig u re l.l. secretory proteins 
follow the route:
endoplasmic reticulum —►  Golgi body —►  vesicles —►  cell surface.
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Secreted proteins are exported from the cell primarily at the surface of growing 
buds (Novick, 1980). The original tem pera tu re  sensitive sec m u tan ts  
identified by Novik and Schekman (1979) were isolated by looking at two 
naturally  secreted proteins of S.cerevisiae, invertase and phosphatase. Two 
classes of secretion-defective m utants were obtained. Class A sec m utan ts 
exhibited intracellular accumulation of active invertase under the restrictive 
condition, whereas class B sec m utants did not accumulate active invertase at 
37°C even though protein synthesis was not affected. It was the construction 
and analysis of the appropriate sec double-m utant combinations, that show ed 
the order of the genes in the pathw ay. This conclusion was reached by 
electron-microscopic visualisation of term inal phenotypes of such double 
m utants.

In subsequent years our understanding of the secretion pathw ay has 
been dramatically improved. Extensive m utational searches have resulted in 
the identification of num erous other SEC  genes. Also biochem ical and 
genetical approaches have revealed m any other com ponents of the pro tein  
secretion pathway, giving an insight into the complexity of the pathw ay. The 
secretion pathw ay can be divided into the four stages shown in fig u re l.l, and 
each stage can be considered in turn.

1.2.1 Protein Translation and M a tura tion  in the Yeast E ndoplasm ic  
R eticu lum .

The first step in the protein  secretion pathw ay distinguishes those 
proteins to be secreted from those that are to remain intracellular and inputs 
the former into the endoplasmic reticulum. As in higher eukaroytes, protein 
secretion in yeast is directed by an amino-terminal signal sequence which is 
responsible for their translocation into the lum en of the endoplasm ic 
reticulum  (ER). Signal sequences are usually located at the amino end of the 
nascent protein and are composed of about 20 amino acids containing a large 
num ber of hydrophobic residues and, typically, a positively charged N- 
terminal domain. The signal peptide is removed by a signal peptidase. Once 
in the ER, it is probable that a default pathw ay directs a protein to the plasma 
m em brane for release into the external environm ent or onto the cell surface, 
unless it contains specific signals to cause retention in the ER or Golgi, or to 
target it to the vacuole.

3



Genetic selections for S.cerevisiae m utan ts exhibiting tem pera tu re- 
sensitive conditional defects in the targeting and translocation of secretory and 
m em brane proteins (Deshaies and Schekman, 1989) have proved a pow erful 
technique for identifying yeast proteins involved in these latter processes. 
Protein translocation in yeast can occur by both co-translation and post
translation mechanisms (Zimmerman, 1986). In vitro approaches involving 
chemical cross linking have provided new insights into the organisation of 
the ER protein-conducting channel and the interplay among its components. 
The figures 1.2. and 1.3. show the possible mechanisms of co-translational and 
post-transla tional targeting of secretory precursors to the endoplasm ic 
reticulum  (ER) membrane. These illustrate how various cytosolic and ER 
membrane-bound proteins may facilitate both targeting and translocation.

Ng et a/.,(1996) have show n that preproteins fall into three distinct 
classes: Signal Recognition Particle (SRP)-dependent, SRP-independent, and 
those that can use both pathways. They have show n pathw ay specificity is 
conferred by the hydrophobic core of signal sequences. A nalysing the 
hydrophobic cores of signal sequences Ng et al., (1996), found that SRP- 
dependent substrates and those requiring both pathways carry signal sequences 
w ith  significantly greater hydrophobicity  than those of SR P-independent 
substrates. Thus, SRP-dependent substrates can use an SR P-independent 
pathw ay if SRP function is im paired or saturated. As cells are viable in the 
absence of SRP, every secretory pathw ay protein that is essential for cell growth 
m ust be able to use an SRP-independent route.

The co-and post-translational mechanisms in yeast cells differ chiefly in 
the steps preceding the insertion  of the nascent po lypeptide  in to  the 
translocation apparatus. There are a num ber of cellular components involved 
in targeting for co-translation. Homologues of the mammalian 7SL RNA(scRl 
RNA) and the 54KDa po lypep tide  subun it of the m am m alian signal 
recognition particle (SRP54) have been identified in S.cerevisiae (N unnari, 
1992). The SEC65 gene, encoding the hom ologue of the 19KDa polypeptide 
subunit of the mammalian SRP((Nunnari, 1992; Sanders and Schekman, 1992) 
was identified using a genetic selection in S.cerevisiae for im paired assembly 
of integral membrane proteins into the ER The sec65ts allele is conditionally 
lethal and displays a strong block of insertion into the ER of both secretory and 
membrane proteins, suggesting the Sec65p interacts with precursors a n d /o r  ER 
m em brane com ponents and at the restrictive tem perature , im pairs the 
translocation machinery.

The post-translational im port m echanism  is A T P-dependent and 
requires the cytosolic Ssalp and Ssa2p, and members of the yeast protein hsp70
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Figure 1.2. Model of co-translational secretory protein translocation into the yeast 
endoplasmic reticulum: components m ediating polypeptide targeting, 
insertion and maturation.

KEY; SRP54 & scRI RNA- Homologues of the m am m alian 7SL RNA and 
54kDa polypeptide subunit of the m am m alian signal recognition 
particle.

SRP101- Homologue of a subunit of the m am m alian docking 
protein.

FDI- Protein disulphide isomerase.

SPase- Signal peptidase.

Euglp- 65kDa protein functionally related to PDI.



SRP 101



Figure 1.3. Model of post-translational secretory p ro tein  translocation into 
the yeast endoplasm ic reticulum : com ponents m ed ia ting  p o ly p ep tid e
targeting, insertion and m aturation.

KEY; SRP101- Homologue of a subunit of the m am m alian docking 
protein.

PDI- Protein disulphide isomerase.

SPase- Signal peptidase.

E ug lp- 65kDa protein functionally related to PDI.

S sa lp - Member of a subfamily of the seventy kilodalton heat 
shock proteins (hsp70).
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family (Gao et al., 1991; Slater and Craig, 1989). These proteins are thought to 
bind nascent polypeptide chains and prom ote maintenance of a translocation- 
competent, unfolded conformation until precursor sorting and translocation 
into the ER are completed. This model does not preclude a role for yeast SRP 
and docking protein (DP) hom ologues in targeting to the ER, bu t it does 
suggest that other factors may allow nascent polypeptides to bypass the SRP-DP 
m ediated pathw ay. Once the nascent chain has been targeted to the ER 
m em brane the difference betw een the two m echanism s of translocation  
disappear.

Using a genetic selection strategy (Rothblatt et al., 1989) that dem anded 
cystolic localisation of a modified histidinol dehydrogenase (the enzym e that 
catalyses the terminal step in histidine biosynthesis) whose norm al cytosolic 
location had been altered by addition of a secretory signal sequence to its 
am ino term inus, three genes coding for essential ER m em brane-bound 
proteins were identified: SEC61 (Stirling et al., 1992), SEC62 (Deshaies and 
Schekman, 1989) and SEC63 (Stirling et al., 1992). By selection for grow th on 
m in im al m edium  con ta in ing  h is tid in o l and  screen ing  m u ta n ts  for 
pleiotrophic defects in secretion, it was possible to distinguish betw een two 
classes of m utants that arose as histid inol p ro to trophs; signal sequence 
m utations and mutations in the ER translocation machinery.

Evidence for interactions of Sec61p, Sec62p and Sec63p with each other, 
w ith  other ER lum enal (Kar2p) and m em brane-bound proteins (Sec66p, 
Sec67p) and with translocating polypeptide intermediates, has been obtained by 
both  genetic and biochemical analyses (Sanders and Schekman, 1992). A 
translocation intermediate of prepro-a-factor could be crosslinked to Sec61p in 
the presence of ATP, but this interaction was abrogated in microsomes from 
sec62 or sec63 m utant cells. These observations suggested that Sec62p and 
Sec63p act upstream  of Sec61p for translocation across the ER m em brane 
(Sanders and Schekman, 1992).

Kar2p, or yeast BiP (heavy chain binding protein) is required for the 
translocation of secretory precursors into the E.R (Norm ington et al., 1989). 
Like m am m alian BiP, yeast Kar2p is a resident lum enal protein of the ER 
(Gething and Sambrook, 1992) and its function in translocation appears to be 
distinct and separable from that provided by cytosolic hsp70 (Brodsky and 
Schekman, 1993). The physical interaction of Kar2p and Sec63p has been 
dem onstrated biochemically (Brodsky and Schekman, 1993), and is likely to 
occur via the lumenal domain of Sec63p.

Increased synthesis of BiP is induced w hen abnorm al p ro te in s 
accumulate in the ER, and BiP preferentially associates w ith such proteins.
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M any proteins fold poorly or aggregate when their glycosylation is inhibited, 
and in such cases association with BiP is frequently observed. Binding of BiP 
to these substrates is hydrophobic in nature, which suggests that they are 
recognised, at least in part, by the presence of exposed hydrophobic residues 
tha t are norm ally buried w ith in  the m ature, p roperly  folded p ro tein . 
Although the main function of BiP is probably to prom ote protein assembly, it 
may serve to prevent export of misfolded proteins from the ER; such proteins 
remain associated with BiP until they either fold correctly or are degraded.

In yeast, proteolytic m odification of precursors occurs concom itantly 
w ith their translocation across the ER membrane. Cleavage of N -term inal 
signal peptides is accomplished by the signal peptidase, which in yeast has been 
identified as the product of the SEC11 gene (Sadler, 1989). Covalent addition of 
the N-linked carbohydrate side chains to the secreted protein, involves the 
assem bly of dolichol-linked GlcNAc2 -M a n 9 -G lc 3  core o ligosaccharide 
precursors in a series of reactions occurring on both sides of the ER membrane, 
follow ed by the transfer of the precursors from dolichol to appropria te  
asparagine residues on nascent polypeptides in the ER lumen (Herscovics and 
O rlean, 1993). A num ber of genes encoding enzym es involved in these 
processes have been identified. Amongst those required for assembly of the 
dolichol-linked precursors are the various ALG genes (Munoz et al., 1994), as 
well as SEC53, (Feldman et al., 1987) SEC59  (Bernstein et al., 1989)and D P M I  
(Orlean, 1992). The yeast oligosaccharyl transferase enzyme is a m ulti-subunit 
complex (Kelleher and Gilmore, 1994); one component W bplp , is the yeast 
hom ologue of the m am m alian  OST48 (Kelleher and G ilm ore, 1994) 
transm em brane protein, a second component, Sw plp (Kelleher and Gilmore, 
1994), is a 30KDa transm em brane p ro te in  tha t is also necessary  for 
oligosaccharyl-transferase activity in vivo and in vitro.

Genetic and biochemical studies suggest that in addition to its role(s) in 
protein translocation, Kar2p/BiP is required for protein oligomerisation in the 
ER (Schonberger, 1991). The yeast protein disulphide isom erase (PDI) is 
know n to catalyse d isu lph ide bond form ation in proteins en tering  the 
secretory pathway and is essential for yeast cell viability (Gunther, 1991). There 
are a num ber of other yeast homologues of mammalian ER proteins thought 
to be involved during protein folding that have been identified, including 
calnexin and the peptidyl prolyl isomerases FKB2 (Partaledis and Berlin, 1993) 
and cyclophilin (Frigerio and Pelham, 1993), but information as to their roles 
in the yeast ER is limited at present.
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1.2.2 Proteins common to transport from  the ER to Golgi apparatus and 
through the Golgi apparatus to the cell surface.

There are two sets of proteins involved in carrier vesicle form ation 
(budding), targeting and fusion that are common both to the export of proteins 
from the ER to the cis Golgi network (CGN), which is the first com partm ent of 
the central Golgi apparatus, and to the transport of proteins through the Golgi 
apparatus to the cell surface. The first set of proteins are involved in the 
specificity of vesicle targeting (SNAREs) (Pelham et al., 1995), these are the 
receptors for the soluble N -ethylm aleim ide-sensitive attachm ent p ro te in s 
(SNAPs). The second set of proteins are involved w ith vesicle budding  and 
fusion (coat proteins) (Schekman and Orci, 1996).

1.2.2.1 SNAREs and the specificity o f transport vesicle targeting.

Several m olecules p a rtic ip a tin g  in vesicle-m ediated  m em brane 
trafficking pathw ays have been identified and characterised in recent years. 
Work in three areas has led to this rapid advancement: the genetic dissection 
of the secretory pathw ay in S.cerevisiae ; in vitro characterisation of the 
requirem ents for membrane trafficking in animal cells; and the biochemical 
characterisation  of synaptic vesicle m em brane trafficking in neurones 
(Rothman and Warren, 1994) (Bennett and Scheller, 1994). A general model of 
vesicle targeting and fusion has been postulated. This is based on the 
characterisation of the assem bly and disassem bly of protein  com plexes 
specifically com posed of synaptic  m em branes and soluble m em brane 
trafficking factors (Bennett and Scheller, 1994; Sollner et al., 1993a; Sollner et 
al., 1993b). This model is represented in figure 1.4.

The model indicates that the specificity of vesicle targeting is generated 
by complexes that form between membrane proteins on the transport vesicle 
(known as v-SNAREs) and m em brane proteins on the target m em brane 
(know n as t-SNAREs). The form ation of the SNARE (SNAP receptor) 
complex produces a scaffold for the sequential recruitm ent of two general 
m em brane traffick ing  factors, NSF ( N - e th y lm a le im id e - s e n s i t iv e  
fac to r)(W hiteheart et al., 1994) and a-SNA P (Clary et al., 1990). NSF is an 
ATPase whose catalytic activity leads to the disruption of the SNARE complex,
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Figure 1.4. Model of the proposed role of SNAREs in transport vesicle targeting 
and fusion. The assembly o f a SNAREcomplex composed of v-SNAREs and 
t-SNAREs (a) specifically targets the transport vesicle to its appropriate fusion 
partner. This is followed by the binding of the general membrane trafficking 
factors a-SNAP and NSF (b) and the dissassemoly of the SNARE complex 
induced by ATP hydrolysis (c).

Taken from Hasson & Mooseker, Current Opinion in Cell Biology 1995.



an event that may lead to membrane fusion (W hiteheart et al., 1994)(Figure 
1.4.).

In yeast, two SNARE complexes have been isolated successfully: one 
composed of SNAREs required for ER to Golgi apparatus transport (Sogaard et 
al., 1994), and the other composed of SNAREs involved in Golgi to plasm a 
m em brane tran sp o rt (Brennw ald et ah, 1994) . The yeast Golgi-plasm a 
membrane(PM ) SNARE complex is sim ilar in com position to the synaptic 
SNARE complex. It consists of two t-SNAREs, S so l/2 p  (Aalto, et al., 1993) (a 
syn tax in  hom ologue) and Sec9p (B rennw ald et ah, 1994) (a SNAP-25 
hom ologue), and one v-SNARE, S n c l/2 p  (Protopopov et ah, 1993) (a VAMP 
homologue). In contrast, the yeast ER to Golgi SNARE complex consists of a 
single t-SNARE, Sed5p (Banfield et ah, 1995) (a syntaxin hom ologue) and 
m ultiple v-SNARE candidates Boslp, Betlp, Sec22p and Ykt6p/26p (Newm an 
et ah, 1990; Sogaard et ah, 1994). The fact that SNARE complexes in yeast are 
composed of two m utually exclusive sets of SNAREs (Brennwald et ah, 1994; 
Sogaard et ah, 1994) is consistent w ith the role they are thought to specify in 
transport vesicle targeting.

It has been hypothesised that regulation of SNARE complex form ation 
is perform ed by a group of transport associated low molecular w eight GTP- 
b inding  proteins (Rab proteins), tha t are know n to regulate m em brane 
trafficking pathw ays (Pfeffer, 1994). In yeast, num erous genetic interactions 
between the genes encoding SNAREs, Rab proteins and the SEC1 gene family 
have been documented (Sogaard et ah, 1994) (Aalto, et al., 1993). For instance, 
the SEC9 gene that encodes a yeast Golgi to PM t-SNARE, is a potent high copy 
suppressor of mutations in the effector dom ain of Sec4p, the Golgi to plasm a 
m embrane (PM) Rab protein (Brennwald et ah, 1994). It has also been observed 
that the assembly of the ER to Golgi SNARE complex (Sogaard et ah, 1994) and 
the pairing of two of its t-SNAREs is dependent on the function of Y ptl (Lian 
et ah, 1994), the ER to Golgi Rab protein. These studies do not dem onstrate a 
direct role for Rab proteins in SNARE complex assembly, but indicate they are 
involved .

1.2.2.2 Coat proteins and their role in vesicular transport.

Electron microscope im m unocytochem istry was used to follow the 
progress of newly synthesised proteins and to localise the Golgi compartm ents 
in which various post-translational modifications (mainly glycosylations) take 
place (Dunphy and Rothman, 1985). Proteins were found to leave the ER and 
cross the Golgi stack together. It was only during exit from the last, trans
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com partm ent that the various precursors w ere separated  according to 
destination (Griffiths and Simons, 1986). Transport from the ER-to-Golgi and 
betw een each cisterna in the Golgi was found to be m ediated via vesicles. 
Most of the fully formed vesicles and all of the vesicles still in the process of 
budding, had a distinct coat, which was -18 nm  thick, on their cytoplasmic 
surface (Orci et al., 1986) and which resembled the clathrin coat of endocytic 
vesicles (Pearse and Robinson, 1990). The assembly of the coat from cytosolic 
precursors may drive budding (see figure 1.5).

Transport across the Golgi and from the ER-to-Golgi appears to employ 
these coated vesicles, which are termed COP (for coat protein)- coated vesicles 
(Orci et al., 1993b). There are two sets of COP-coated vesicles that have been 
isolated, COPI (Bednarek et al., 1995) and COPII (Barlowe et al., 1994; Schekman 
et al., 1994). The first set of proteins were originally isolated as m ediating 
transport across the Golgi stack, although there is now  considerable evidence 
(Lewis and Pelham, 1996) that COPI-coated vesicles can also m ediate ER-to- 
Golgi transport. The COPII-coated vesicles have been shown to m ediate ER-to- 
Golgi transport (Barlowe et al., 1994).

The Golgi stack is specialised for protein processing and transport, and 
vesicles w ith the surface area of an entire cisterna pass between one cisterna 
and the next every few minutes. After coat assembly and budding the coat 
m ust be removed to allow fusion of the enclosed vesicle. The coat contains 
eight polypeptides; one is ADP-ribosylation factor (ARF) (Serafini et al., 1991), a 
GTP-binding protein found m ainly as a m onomer in the cytosol (Kahn and 
Gilman, 1986). The other seven (termed COPs) are associated in an equim olar 
coat protom er (coatomer) complex (Waters et al., 1991). Coatomer is mainly 
cytosolic like ARF, and therefore they co-assemble on the Golgi surface to form 
vesicles ; their later release constitutes uncoating (Ostermann et al., 1993).

The physico-chemical properties of ARF and its presence in the coat 
suggested how GTP binding and hydrolysis m ight trigger budd ing  and 
uncoating (Serafini et al., 1991). ARF is N-m yristylated and its GD P-bound 
form  is water-soluble; the GTP-bound form, how ever, is inserted  into 
m em branes in a m yristic ac id -dependen t m anner (Kahn et al., 1991). 
Membrane insertion appears to be m odulated by the GDP-GTP conformational 
switch, via controlling exposure of the covalently attached fatty acid. Bud 
assembly is achieved by coatmer recruitm ent from the cytosol by the Golgi- 
bound ARF-GTP, with cytosolic ARF-GDP being activated for budd ing  via 
GTP-GDP exchange at the Golgi surface (Serafini et al., 1991). ARF is therefore 
required to initate budding by providing binding sites for coatmer. Coatmer, 
ARF and GTP create buds on Golgi membranes that are converted to vesicles
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Figure 1.5. Outline of steps in a round of transport.
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NSF is essential for fusion.

Taken from Rothman, Nature 1994.



w hen palm ityl coenzyme A is included in the incubation (Orci et al., 1993a; 
O sterm ann et al., 1993). The release of ARF and coatmer by hydrolysis of the 
bound GTP induces uncoating.

A second set of COP-coated vesicles (COPII) have been discovered in 
S.cerevisiae (Barlowe et al., 1994)which can m ediate ER-to-Golgi transport in 
vitro  and in vivo. The budding m echanism  resembles that of COP-coated 
vesicles. Sarlp , a small GTP-binding protein similar to ARF (Nakano and 
M uramatsu, 1989), is recruited to the ER where a transient interaction w ith the 
cytosolically exposed domain of Secl2p converts Sarlp-GDP to the activated 
GTP-bound form (Yoshihisa et al., 1993). Sarlp plays a role analogous to that 
of ARF and a complex of other polypeptides, Sec23p/Sec24p and S ec l3p /p l50  
(150K protein) form the coat (Barlowe et al., 1994). Sec23p is a GTPase- 
activating protein (GAP) for Sarlp  (Yoshihisa et al., 1993), and could ensure 
that uncoating follows budding since it only comes into contact w ith Sarlp- 
GTP once the coat is assembled. Once the coat is shed the targeting proteins (v- 
SNAREs) on the transport vesicle (Sec22p, Boslp and Betlp (Rexach et al., 
1994) ) become exposed and provide part of the binding selectivity to ensure 
that vesicles interact w ith targeting proteins, such as Sed5 (Sollner et al., 
1993b), on the Golgi membrane.

It is thought that the COPI may mediate the budding of Golgi -to-ER 
retrograde transport vesicles (Lewis and Pelham, 1996). Yeast and mam m alian 
COPI binds to the carboxyl-terminal KKXX motif found on certain ER resident 
membrane proteins, allowing their return after escape to the Golgi.

1.2.3 ER to Golgi Transport,

Export of protein from the ER involves the sequential form ation 
(budding), targeting and fusion of carrier vesicles to the cis Golgi netw ork 
(CGN), which is the first compartment of the central Golgi apparatus (Dunphy 
and Rothman, 1985). The m ajority of proteins studied to date, originally 
identified by biochemical and genetical analysis (Pryer et al., 1992; Rothman 
and Orci, 1992), participate in transport in the context of m acrom olecular 
protein complexes. Interactions between the proteins involved are extensive 
and may occur during synthesis, recycling or during the differential steps 
involved in carrier vesicle budding, targeting and fusion.

Using both molecular genetical analyses and biochemical assays two 
different sets of in teracting  com ponents have been detected , w hich  
reconstitute transport between the ER and Golgi (Pryer et al., 1992; Rothm an
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and Orci, 1992). The first set are those com ponents required for export 
(budding) from the ER which lead to the form ation of carrier vesicles. The 
second set are proteins involved in either vesicle targeting a n d /o r  fusion to 
the Central Golgi Network. This distinction can be confusing as it is not 
possible to determine between when a protein is recruited and when it actually 
functions; i.e. a protein may be essential for m aturation of a protein "scaffold" 
triggering vesicle fission, as well as being involved in targeting a n d /o r  fusion.

Another set of key components involved in ER to Golgi transport are 
the GTP-binding proteins (Pfeffer, 1994). M aturation of protein betw een the 
ER and CGN requires at least six GTP-binding proteins. Sari, A rf and 
R ab/Y ptl are members of the Ras superfamily of small GTP binding proteins 
(Pfeffer, 1994). This superfamily of proteins are now recognised to be critical in 
regulating m any aspects of membrane and cytoskeletal function (Novick and 
Brennwald, 1993; Schwaninger et al., 1992). These proteins act as "molecular 
switches" whose conformations are regulated by a cycle of GDP/GTP exchange 
and hydrolysis. Sequential interactions betw een other com ponents of the 
tran spo rt m achinery are regulated  by conform ational changes in these 
proteins. It is anticipated that additional effector proteins, including GTPase 
activating (GAPs) and guanine-nucleotide exchange factors (GEFs) are integral 
com ponents of the transport m achinery involved in GTP-binding protein  
function or recyling, since purified GTP-binding proteins both hydrolyse and 
exchange guanine nucleotides inefficiently.

Why should so m any interacting proteins be required for transport 
betw een the ER and Golgi ? The recruitm ent and potential concentration of 
protein at the export site (the first step in transport) is likely to be a critical 
event in initiating flow of protein through the rest of the secretory pathw ay. 
W hether export from the ER is via a "bulk" (non-selective) (Pfeffer and 
Rothm an, 1987) or "gated" (selective)(Schwaninger et al., 1992) m echanism  
rem ains to be determ ined. It is essential to build a "machine" that will 
physically segregate lipid and protein at the export site from the bulk of the ER 
membrane. This "fission machine" is probably linked to the quality control 
m achinery, that ensures that only correctly folded and properly assem bled 
proteins exit the ER, and is likely to comprise both regulatory and structural 
com ponents.

C urrent evidence suggests that the first step(s) in vesicle budd ing  
requires the participation  of the G TP-binding p ro teins S ari, A rf and 
R ab l/Y p tl. Sarlp has strong biochemical and genetic interactions w ith Secl2p, 
Sec23p and Sec24p, where Sec23p is the Sarlp  GAP (Yoshihisa et al., 1993) and 
Secl2p a Sarlp  specific GEF (Barlowe and Schekman, 1993). It is thought that
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Sarlp  may be involved in the selection of a vesicle budding site as it is not 
detected on transport vesicles. The small-GTP-binding proteins R ab l/Y p tl and 
Arf on the other hand are likely to be essential for different aspects related to 
the recruitm ent a n d /o r  assembley of the coat protom er complex to the 
budding site. This coat-forming complex was first found in m am m alian cells. 
The Sec21p is a subunit of a sim ilar protein complex found in yeast cells 
(Stenbeck et al., 1992).

W hen approaching the targeting /fusion  end of this step in pro tein  
secretion another complex is identifiable. This consists of the ATP-binding 
pro tein  NSF (W hiteheart et al., 1994), which functions in the context of a 
biochem ical complex containing the SNAPS (soluble NSF a ttachm ent 
protein), a,p and y  (Clary et al., 1990). This complex is thought to be associated 
with vesicles via an integral membrane protein, the SNAP receptor (SNARE). 
It has been postulated that NSF is a component of a m ulti-subunit protein  
complex dictating transport vesicle formation. The yeast gene hom ologues to 
a-SNAP and NSF have been identified as SEC17 (Griff et al., 1992) and SEC18 
(Eakle et al., 1988) which act at a late step in tran sp o rt, lending further support 
to the idea that NSF may be involved in targeting or fusion. There is strong 
genetic evidence that the yeast Yptl protein participates in targeting or fusion, 
being recruited during vesicle form ation as part of a coat complex, w ith 
sebsequent GTP hydrolysis serving to regulate a later event in trafficking 
(Bacon et al, 1989).

There are a num ber of other gene products having hom ology to 
previously identified mammalian proteins, that also interact w ith complexes 
involved in fission and fusion. For example Betlp (Sogaard et al., 1994) has 
hom ology w ith synaptobrevin  (a com ponent of m ature neurosecretory  
vesicles) indicating that this protein may participate in vesicle targeting and 
fusion, even though it is recruited during vesicle synthesis. The yeast 
hom ologue of one of the com ponents of m am m alian gerany lgerany l 
transferase is the protein Bet2, which is essential for the addition of isoprene 
groups to both Yptlp and Sec4p (Rossi et al., 1991). This addition is critical for 
both membrane association and function.

The last set of proteins isolated in the ER to Golgi flow of secretory 
proteins, are involved in the retention of proteins w ithin the ER and the 
retrieval of proteins from the Golgi back to the ER (Pelham, 1989). The 
importance of retention/retrieval signals such as the "FIDEL" sequence found 
on m any yeast ER proteins, and the "KDEL" sequence found on m any 
m am m alian ER proteins, in the function of the early secretory pathw ay is 
largely known. It is becoming clear that resident ER proteins m ay recyle
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between the ER and CGN (Dean and Pelham, 1990). There are a num ber of 
proteins that may play an important role in retrieval an d /o r the stablisation of 
both the ER and Golgi structures. These include proteins such as Erd2, Sed4, 
Sed5 and Sec20 in yeast (Gimeno et a l,  1995; H ardw ick and Pelham , 1992; 
Lewis and Pelham, 1996; Lewis et al., 1990; Sweet and Pelham, 1992).

There are a number of proteins, isolated on the basis of their role in ER 
to Golgi transport, that are also required for inter-Golgi transport and in some 
cases, later steps. This group includes at least four proteins; Sec7, (3-COP/Sec21, 
R ab l/Y ptl and NSF/Secl8.

1.2.4 Transport through the Golgi apparatus and to the cell surface.

Three main approaches have been used to isolate com ponents of the 
secretory machinery required for vesicular traffic through the Golgi apparatus 
and to the cell surface. One approach has been the genetic dissection of 
vesicular transport in yeast. This has yielded many genes whose products are 
required for different stages of the secretory pathw ay (Pryer et al., 1992). A 
second approach from a biochemical point, involved the reconstitution of 
vesicular traffic. This enabled the purification of a num ber of p ro teins 
required for transport through the Golgi (Rothman and Orci, 1992) and for the 
calcuim triggered fusion of secretory granules w ith the plasm a m em brane 
(Hay, 1992). A third approach utilises the purification of vesicular carriers and 
the isolation of proteins associated w ith them. Peripherally associated coat 
p ro te ins (D uden et al., 1991) and m em brane spaning com ponents of the 
vesicular carriers (Decamilli et al., 1990) have been identified using this 
approach.

1.2.4.1 Transport through the Golgi apparatus.

The Golgi apparatus and the closely associated trans-Golgi netw ork 
(TGN) are the site of extensive modification of transported proteins and lipids 
as well as a key "way-station" for intracellular m em brane traffic (Farquhar, 
1985). Proteins undergo covalent modifications including the addition and 
trimming of carbohydrate and the proteolytic processing of precursors. Many 
of the modifying enzymes have already been identified and localised to unique 
compartments of the Golgi or TGN. It is apparent that the Golgi netw ork and 
TGN m ust contain an elaborate array of m achinery as a w ide range of
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transported molecules are appropriately m odified and correctly sorted into 
distinct vesicle carriers within this organelle. The Golgi apparatus has been 
sub-divided into three distinct comparments: cis, medial and trans Golgi and 
the TGN (Dunphy and Rothman, 1985; Griffiths and Simons, 1986).

As with transport through from the ER to the Golgi, transport through 
the Golgi apparatus requires the ATP-binding pro tein  N S F /secl8  and its 
associated SNAPs, as well as the GTP binding protein ARF that is associated 
with coatomer (see section 1.2.2.).

Analysis of yeast secretory m utan ts has yielded several tha t are 
predom inantly  blocked in transport through the Golgi apparatus. These 
define two complementation groups, SEC7 (Achstetter et al., 1988) and SEC14 
(Bankaitis et al., 1989). The SEC7 gene encodes a large protein associated w ith 
carrier vesicles (Franzusoff et al., 1992) that is thought to play a role in the 
coating of transport vesicles, similar to clathrin function in endocytosis. SEC14 
encodes a phosphatidylinositol transfer pro tein  (Cleves et al 1991) that is 
associated w ith the cytoplasmic face of Golgi m em branes in vivo (Decamilli 
and Jahn, 1990). The current view is that Secl4p plays a direct and essential 
role in stim ulating Golgi secretory function by m aintaining an appropriate  
phospholipid  composition in yeast Golgi m em branes (Decamilli and Jahn,
1990), reflecting the importance of lipid composition to the function of the 
yeast Golgi.

1.2.4.1.1 KEX1 ,KEX2 and STE13 proteases.

The KEX1 gene encodes a serine carboxypeptidase (kexlp) responsible for 
processing the carboxy term inus of secreted proteins such as a-factor and K1 
killer toxin (Cooper and Bussey, 1989; Dmochowska et al., 1987). a-factor and 
K1 killer toxin are produced as precursors that are endoproteolytically cleaved 
at dibasic sequences to release a peptide or protein w ith a carboxy-terminal 
extension of two basic residues, which are subsequently removed by Kexlp. It 
is now  known that Kexlp (Bussey, 1988; Fuller et al., 1988) is a m em brane 
spanning protein that resides in a late Golgi com partm ent and is retained 
there by interactions that involve its cytoplasmically exposed dom ain (Cooper 
and Bussey, 1989; Cooper and Bussey, 1992).

Cleavage at the carboxyl side of Lys-Arg and Arg-Arg sequences, w ithin 
polypeptide precursors of a-m ating pherom one and the M l-encoded killer 
toxin, is perform ed by KEX2 (Dm ochowska et al., 1987). The kex2p is a 
transm em brane, Ca2+ dependent serine protease of the subtilisin superfam ily
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and resides in a late compartment of the yeast Golgi complex (Franzusoff et al., 
1991; R edd ing  et al., 1991). The reten tion  of the enzym e in th is late 
com partm ent requires its cytoplasmic tail sequence and a functional clatherin 
heavy chain (Fuller et ah, 1989; Payne and Schekman, 1989).

The STE13  protease encodes a G olgi-localised, m em brane-bound 
dipeptidly aminopeptidase (DPAP A) that is required for the final and rate- 
lim iting  step in the processing of the m ating  pherom one, a - f a c t o r  
(Dm ochowska et al, 1987). DPAP A attacks the free N-terminus generated by 
kex2 protease cleavage and removes the -X-Ala- repeats so exposed (Julius et 
al., 1983). Both DPAP A and Kex2p are dependant on the CHC1 (clathrin heavy 
chain) and VP SI (vacuolar protein sorting) genes for proper localisation in the 
Golgi.

1.2.4.1.2 Glycosylation in the Golgi apparatus.

It has been shown that the oligosaccharide modifications experienced by 
yeast glycoproteins in transit through the Golgi complex are executed in a 
sequential and biochemically separable manner. This supports the notion that 
the yeast Golgi complex possesses a functional com partm entalisation akin to 
that in mammalian Golgi complexes. Although core glycosylation (in the ER) 
in S.cerevisiae is identical in com position to that of m am m alian  cells 
(Herscovics and Orlean, 1993), outer chain glycosylation is considerably 
different. Modification of N-linked oligosaccharides proceeds in sequential 
fashion on proteins in transit through the secretory pathw ay. O uter chain 
carbohydrates in yeast, unlike complex oligosaccharides in m am m alian cells, 
are composed principally of mannoses added in specific linkages by different 
m annosyl transferases. M annose residues are added to core oligosacharide 
units in a l-6 , a l-2  and a l-3  carbon linkages, including the attachm ent of 
mannobiose-phosphate in diester linkage (see Zhang et al., 1982 for review).

In more recent times Franznsoff and Schekman (1989) have carried out 
w ork which suggests that the yeast Golgi appparatus does indeed consist of 
com partm ents that specialise in assembly of different aspects of the outer 
chain, and that Sec7p facilitates protein transport from one m em brane to the 
next. In conjunction w ith their work Franzsoff and Schekman (1989) have 
proposed a general model for biochemical com partm entation of the yeast 
Golgi complex-associated mannosyltransferase activities. This model is show n 
in figure 1.6.
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1.2.4.2 Transport to the cell surface.

The final stage of the secretory pathw ay requires the fusion of secretory 
vesicles with the plasma membrane. So far yeast m utants, defective in the 
final stage of export, define ten com plem entation groups. The products of 
these genes are required for this stage of the pathway, but not for earlier steps.

The SEC4 gene of S.cerevisiae encodes a GTP-binding protein of the ras 
superfam ily that is required for exocytosis and is found on secretory vesicles 
and the plasm a membrane (Novick et al., 1992). There are now a num ber of 
GTP binding proteins (of which the mam m alian members are know n as rab 
proteins), that are more closely related to Sec4p than to ras. Each mem ber of 
this new family of GTP-binding proteins appears to localise to a unique stage of 
the exocytotic or endocytic pathway and to regulate vesiclular transport at that 
stage (Novick et al., 1993).

Native Sec4p and the other m em bers of the family are though t to 
function in a cycle (Novick et al., 1993), as indicated in figurel.7. The model 
shows GTP binding by Sec4p to be coupled to its association with vesicles, with 
GTP hydrolysis being coupled to the dissociation of Sec4p from the target 
m em brane. By interaction w ith  GDP dissociation inhibitor p ro te in  the 
nucleotide dependent solubilisation of Sec4p and other rab p ro teins is 
accomplished. The release of GDP is stimulated by the exchange protein Dss4 
(M oya et al., 1993),or its m am m alian hom ologue Mss4p (Burton et al., 1993). 
Hydrolysis of the bound GTP is initiated by interaction with a specific GTPase 
activating protein. This cycle may serve to regulate an effector that controls 
the fusion of vesicles with the plasma membrane.

1.2.5 Membrane traffic to the yeast vacuole.

The two major pathw ays to the lysosom e/vacuole are the endocytic 
pathw ay from the plasma membrane and the biosynthetic pathw ay from the 
Golgi complex (Kornfeld and Mellman, 1989). I shall only be considering the 
latter process. Newly synthesised vacuolar proteins are sorted from  cell 
surface and secreted proteins in a late Golgi com partm ent and subsequently 
transported to the vacuole. A vast num ber of genes (over 65) required for 
vacuolar protein sorting and vacuolar biogenesis have been identified in 
genetic screens. These genes were isolated by utilising genetic screens for the 
identification of yeast mutants with lowered levels of vacuolar proteases (vps)
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(R aym ond  et al., 1992), m utants w ith altered vacuolar m orphology (vam) 
(W ada et al., 1992), mutants with increased sensitivity to calcium (els) (Ohya et 
al., 1991), m utants defective for vacuolar acidification (vm a/vph ) (Preston et 
al., 1992) and m utants defective for vacuolar inheritance (uac)(Shaw and 
Wickner, 1991).

This m ultitude of genes encode proteins including two kinases, a H + 
-ATPase, several zinc finger containing pro teins and a Rab5 hom olog. 
However a detailed analysis of the physiology and cell biology of the vacuolar 
p ro tein  sorting receptor(s) is still required to further our know ledge of 
vacuolar biogenesis. It has also been suggested that there are a large num ber of 
small GTP-binding proteins involved in vacuolar biogenesis, that are still to be 
identified (Pryer et al., 1992).

As we are concerned with the secretion of heterologous proteins from 
S.cerevisiae, and having covered the major processess and some of the genes 
involved in pathw ay function, it w ould be logical to consider now  w hat is 
required for foreign gene expression in yeast.

1.3 The expression o f foreign proteins in yeast.

Most yeast expression vectors have been based on the multi-copy 2pm 
plasm id (due to high num ber and good mitotic stability) (Armstrong, 1989; 
Broach, 1983; Parent, 1985). They also contain sequences for propagation in 
E.coli and in yeast, as well as a yeast prom oter and term inator for efficient 
transcrip tion  of the foreign gene. Insertion of a foreign gene into an 
expression vector does not guarantee a high yield of the foreign protein, as 
gene expression is a complex m ulti-step process and problem s can arise at 
num erous stages, from transcription through to protein stability. Despite 
increased understanding of the process of secretion, the greatest success in 
improving yields in recent years has been with a classical random  m utagenesis 
approach. Also a num ber of other yeasts have become im portan t host 
organisms for foreign gene expression because of their advantages in prom oter 
streng th , secretion efficiency, or ease of grow th to high cell density . 
Consequently some of these will be chosen in preference to S.cerevisiae.
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1.3.1 2jim-based vectors.

The 2pm is a 6.3kb circular double stranded plasm id present in m ost 
S.cerevisiae strains at about 100 copies per haploid genome (Futcher, 1988; 
Murray, 1987; Volkert et al., 1989). The plasmid encodes four genes : FLP (orA), 
REP1 (or B), REP2 (or C) and RAF (or D.) In addition the 2pm contains an 
origin of replication (ORI which behaves as a typical ARS element), the STB  
locus (required in cis for stabilisation), and two 599 bp inverted repeat 
sequences. FLP  encodes a site-specific recom binase w hich prom otes 
recom bination betw een the FLP recom bination targets (FRT) w ith in  the 
inverted repeats, so that cells contain two forms of 2pm, A and B.

The 2pm is stably inherited, despite the fact that it confers no know n 
phenotype, and indeed may be slightly disadvantageous to the host cell. 
Having the STB locus in cis together with the REP1 and REP2 gene products is 
required for efficient segregation. The host regulation which restricts each 
replication origin to one initiation per cell is overcome and appears to depend 
on the inverted repeat sequences and the FLP gene product. FLP prom otes 
recombination between replicated and unreplicated inverted repeat sequences 
so that a double rolling circle is produced where the two replication forks can 
follow each other around the molecule. Such a mode of replication allows the 
production of multiple copies from a single initiation event (Futcher, 1988).

In 2pm+ host strains, sim ple 2pm vectors that contain just the 2pm 
ORI-STB, a yeast selectable m arker and bacterial plasm id sequences, can be 
used; the host strain supplies the REP1 and REP2 proteins in trans (Kikuchi, 
1983). These O RI-STB  expression vectors are the most convenient to use 
routinely in the laboratory due to their small size and ease of m anipulation. 
The majority of plasmids used in this study are based on these sim pler 2pm 
plasmids. Such vectors are tenfold more stable than autonom ous replicating 
sequence (ARS) containing plasmids, and are present in 10-40 copies per cell.

1.3.2 Transcriptional Promoters and Terminators.

It has long been established that yeast prom oters and term inators are 
essential for the efficient transcription of foreign genes. Yeast prom oters 
consist of at least three elements which regulate the efficiency and accuracy of 
initiation of transcription(Struhl, 1989): upsteam  activation sequences (UASs), 
TATA elements and initiator elements. Yeast prom oters m ay be highly 
complex, extending over 500bp, and containing m ultiple TATA elem ents
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associated w ith different initiation sites (Struhl, 1989). Glycolytic prom oters 
seem to be the most powerful S.cerevisiae prom oters and are induced  by 
glucose. The ADH1  (alcohol dehydrogenase I) (Hitzeman et al., 1983) and PGK  
(phosphoglycerate kinase ) (Hitzeman et al., 1983; Tuite et al., 1982) genes are 
examples of strong glycolytic prom oters. As the glycolytic enzym es form 
approximately 50% of total cell protein, so their prom oters appear to be strong.

Yeast transcription terminators are usually present in expression vectors 
for efficient mRNA 3' end form ation. Efficient term ination is probably  
required for maximal expression (Zaret and Sherman, 1982). It appears that 
yeast mRNAs follow the sam e p a tte rn  of term ination, processing and 
polyadenylation of pre-mRNA as higher eukaryotes. However in yeast these 
processes are tightly coupled and occur w ithin a shorter distance, near the 3' 
end of the gene.

1.3.3 RNA stability.

The half lives of yeast mRNAs range from 1 to 100 m in and  can 
therefore have a profound effect on the steady state level of a protein product 
(Brown, 1989). The difference between stable and unstable mRNAs m ay be 
that the latter have destabilising elem ents (Brown et al., 1988). Insertion of 
p rem ature stop codons in yeast mRNAs has been show n to cause their 
destabilisation, suggesting that ribosome attachment may contribute to mRNA 
stability (Hoekema, et al., 1987)(Hoekema et al., 1987; Pelsy and Lacroute, 1984). 
H ow ever Stantiago (Santiago et al., 1987) found no obvious correlation 
betw een ribosome loading and stability for a num ber of mRNAs. As little is 
known about yeast mRNA degradation mechanisms, it is impossible to predict 
w hether a foreign mRNA will be stable. The stability of .several foreign 
mRNAs have been tested and it is thought that poor codon usage in foreign 
mRNA may cause ribosome stalling (Herrick et al 1988) and this ribosom e 
stalling could result in less mRNA w ith heterologous genes com pared w ith 
homologous genes (Herrick, 1990).

1.3.4 Codon usage and foreign gene expression.

The degeneracy of the genetic code allows a num ber of different codons 
to code for each individual amino acid. As in most organisms, yeast shows a 
bias towards the use of a certain subset of possible codons. This is especially
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apparen t w ith  highly expressed genes and correlates w ith  the relative 
abundance of corresponding tRNAs and am inoacyl-tR N A  syn the tases 
(Bennetzen and Hall, 1982) . As codon usage varies between organisms, it is 
likely that a foreign gene will show a different bias to that of yeast. This does 
not prevent expression, however, as yeast contains the tRNAs for all 'sense' 
codons. The significance of codon usage becomes apparent w hen high-level 
translation is required from abundant mRNAs. W hen Hoekema et al. (1987) 
changed 39% of the major codons to minor ones in the highly-expressed PGK1 
gene, the yield of PGK protein decreased 10-fold. Thus, optimal codon usage is 
required for a high translation rate (Hadfield et al., 1993) .

1.3.5 Initiation and elongation o f translation.

Translational efficiency can be influenced prim arily  by the rate  of 
initiation (assum ing no dow nstream  rate-lim iting steps), w hich in tu rn  is 
affected by the structure of the 5' untranslated leader of the mRNA. Initiation 
in eukarotes is thought to follow a scanning m echanism  w hereby the 40S 
ribosomal subunit plus co-factors (eIF2, eIF3, eIF4C, Met-tRNA and GTP) bind 
the 5' cap of mRNA then migrate dow n the untranslated leader scanning for 
the first AUG codon (Kozak, 1989). However the consensus sequence around 
the initiating AUG in yeast is different from that in higher eukaryotes (Cigan, 
1987). It should be possible to predict w hether a foreign 5' leader will be 
deleterious by examining the sequence (Kozak, 1989). Initiation rather than 
elongation is usually the rate lim iting step of translation, but translational 
elongation can become rate-lim iting w ith very high mRNA levels. The 
overall rate of translation of a mRNA is not usually affected by a slower 
elongation rate unless ribosomes become limiting, w hich w ould affect all 
transcripts in the cell.

1.3.5 Polypeptide folding.

During or following translation, polypeptides m ust fold to adopt their 
functionally-active conformation. It appears that the information for correct 
folding is contained in the p rim ary  polypeptide structure (G ething and 
Sambrook, 1992). However, folding comprises rate-lim iting steps during  
which some molecules may aggregate, particularly at high rates of synthesis 
and at higher temperatures (Buchner et ah, 1991). Certain heat-shock proteins
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act as molecular chaperones in preventing the formation and accum ulation of 
unfolded aggregates, while accelerating the folding reactions (Gething and 
Sambrook, 1992)(see also section 1.2.1)

1.3.6. Post-translational processing.

Am ino-term inal m odifications of polypeptides are the com m onest 
processing events and occur on most cytosolic proteins (Kendall et ah, 1990). 
Two types of events normally occur; removal of the N-term inal m ethionine 
residue, catalysed by M et-am ino-peptidase, and acetylation of the new  N- 
term inal residue, catalysed by N a -acetyltransferase. Both enzym es are 
associated w ith the ribosome and act on nascent polypeptides. A variety of 
other post-translational modifications, e.g. phosphorylation (Perentesis et ah, 
1988; Sam bucetti et ah, 1986), m yristylation (James and Olson, 1990) and 
isopreny la tion  (Schafer et ah, 1990), which are often critical for biological 
activity appear to be conserved between yeast and higher eukarotes.

W ithin the secretion pa thw ay  p ro te in  d isu lph ide-isom erase  and 
petidylprolyl cis-trans isomerases are the two cellular enzymes, that in vitro 
catalyse the isomerisation of intramolecular covalent bonds. These enzymes 
catalyse the two rate-determ ining steps involved in protein folding. PDI 
catalyses th io l/d isu lp h id e  in terchange reactions and prom otes p ro te in  
d isu lphide bond form ation, isom erisation or reduction (Freedman, 1989a; 
Freedman, 1989b) depending on the nature of the polypeptide substrate and 
the imposed redox potential. A polypeptide folding pathw ay is not determ ind 
by PDI, rather PDI promotes rapid reshuffling of incorrect disulphide pairings, 
thereby facilitating formation of the correct set of disulphide bonds.

The slow isomerisation of X-proline peptide bonds (where X is any 
amino-acid) are catalysed by the enzyme peptidyl-prolyl cis-trans isomerase. 
This can accelerate the refolding of proline-containing polypeptides in vitro 
and in vivo (Fischer and Schmid, 1990; Lang et ah, 1987; Schonbrunner et ah,
1991).

1.3.7 Strategies fo r the secretion o f foreign proteins.

Heterologous proteins may be secreted from yeast using either a foreign 
signal, often derived from the protein being secreted, or a yeast signal. A
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num ber of studies aimed at identifying the features of yeast signal peptides 
have been performed. Ngsee et al. (1989) concluded that the essential feature 
of a signal peptide is a hydrophobic core of 6-15 amino acids, which m ay be 
in te rrup ted  by non-hydrophobic residues. A classical signal sequence 
comprises a charged N-terminus, a central hydrophobic core and a consensus 
sequence for cleavage in the ER by signal peptidase. Some secreted proteins, 
such as the yeast mating pheromone, a-factor, have additional pro sequences 
which may aid secretion.

An extremely wide range of heterologous proteins have been secreted 
from yeast and as S.cerevisiae secretes only 0.5% of its own proteins, a secreted 
protein is contaminated with few other proteins. Many foreign signal peptides 
function in S.cerevisiae and num erous foreign proteins can be secreted via 
their own secretion peptides (with varying degrees of sucess). These range 
from bacterial to fungal, p lant and m am m alian proteins, indicating that 
secretory leader requirements are well conserved.

Typically the expression of heterologous genes has been obtained by 
using signal sequences and prom oters of highly expressed yeast genes. By far 
the m ost frequently used secretion leader is that of the a  m ating factor, 
encoded by the gene M F a l,  composed of a pre and pro region.

1.4 Apparent lim itations o f the secretion pathway.

There are a number of stages in the secretory process at which problems 
may occur. Proteins may be retained in the Golgi due to misfolding. This is 
usually a consequence of overexpression as folding is a rate limiting process. 
The yeast proteins which assist in folding and disulphide bond form ation 
differ from their counterparts in higher eukaryotes and this may affect folding 
of foreign proteins. M isfolding can result in retention in the ER and 
degradation.

W ith larger proteins especially, retention by the cell wall m ay be a 
problem , although factors other than m olecular m ass are know n to be 
im portant. In addition to the problems of transport, other undesirable events 
such as aberrant processing or hyperglycosylation may take place during the 
secretory process. Each of these problems will be considered in turn.

Folding of secreted proteins occurs in the ER and involves accessory 
pro teins such as BiP (N orm ington et al., 1989), and p ro tein  d isu lph ide  
isomerase (Freedman, 1989b). Nascent proteins bind to BiP co-translationally
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and are released upon folding, assembly and glycosylation (if applicable); 
malfolded proteins bind permantly and are retained in the ER by BiP. During 
the secretion of foreign proteins, problem s m ight arise either from saturation 
of these accessory proteins or from their inability to aid the folding of 
heterologous proteins, as they also can be rate limiting.

In addition to requiring successful targeting and folding in the ER, a 
foreign protein also has to pass through the secretory organelles in order to be 
released into the culture medium. Transport from the ER to the Golgi has 
been shown to be rate limiting in the secretion of calf prochymosin (Moir and 
Dumais, 1987). Also Hepatitus B virus large surface protein is retained in the 
ER, provoking the enlargement of this organelle.

A Golgi or post-Golgi bottleneck was postulated to represent a major 
obstacle in the secretion of Im m unoglobulin fragment-I (Steube et al., 1991); 
retained m aterial may have been mal-folded. This is likely to be a comm on 
reason for in tracellu lar accum ulation of pro teins w ith in  the secretory  
pathway.

Hyperglycosylation is also a major problem  because it results in more 
extensive glycosylation than is found in higher eukaryotic glycoproteins. In 
the case of Epstein-Barr virus glycoprotein 350 (EBV gp350), secreted from 
S.cerevisiae (Schultz et al., 1987), extensive glycosylation inhibited reactivity 
w ith antibodies.

The overexpression and secretion of m em brane proteins can cause 
problem s, due to their non-specific insertion into intracellular m em branes, 
probably as a result of membrane retention signals. EBV gp350 was highly 
toxic due to its interaction with intracellular membranes, but could be secreted 
in a membrane anchor-minus form (Schultz et al., 1987).

The presence of the cell wall complicates the secretion process in yeast. 
Permeability may be a limiting factor and it is notable that most success of 
secretion of foreign proteins has been w ith very small proteins; some proteins 
have been reported to be localised mainly in the cell wall when secreted from 
S.cerevisiae, e.g. a-IFN (Zsebo et al., 1986). A num ber of very large proteins 
such as EBV membrane glycoprotein (Schultz et al., 1987) (approximately 400 
kDa) and cellobiohydrolase (Penttila et al., 1988) (up to 200 kDa), have been 
show n to be capable of passing through the cell wall and therefore this 
property is not related simply to the size of the molecule. It is difficult to draw  
conclusions from observations of perm eability since m any other factors, 
including strain, growth phase and com position of m edium  may have an 
effect on cell wall porosity (Denobel and Barnett, 1991).
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Correct processing of the signal peptide or prepro region m ust take place 
so that the m ature product is secreted. The yeast signal peptidase, KEX2  and 
STE13 gene products (Bussey, 1988) are involved in the processing of the signal 
peptide or prepro region; incomplete STE13 or KEX2  processing or saturation 
of the signal peptidase has been reported(Haguenauertsapis and Hinnen, 1984). 
A solution to the problem of inefficient processing is to over-express the 
processing enzyme genes. This approach was successfully em ployed in the 
expression of transforming growth factor a  (Barr et al., 1987).

In addition to inefficient proteolytic processing, problems may also be 
caused by abberant processing at internal sites in the protein. In the extreme 
case of [3-endorphin, no com plete m ature pro tein  w as secreted in to  the 
m edium  (Bitter et al., 1984), because of two trypsin-like cleavage sites at lysine 
residues. Use of the vacuolar protease m utant pep 4-3 did reduce degradation, 
suggesting that proteolysis was taking place during  passage th rough  the 
normal secretory pathway.

It has been postulated (Moir et al., 1985; Romanos et al., 1992) that 
heterologous pro tein  secretion from  S.cerevisiae becomes sa tu rated  at a 
surprisingly low level, due to bottlenecks in the pathw ay. Despite increased 
understanding of the processes of secretion, the greatest success in im proving 
yields in recent years has been w ith a random  m utagenesis approach (see 
section 1.5).

1.5 Improving secretion yields from  S.cerevisiae.

A num ber of S.cerevisiae strains w ith a "super-secreting" phenotype 
that overcomes an apparent blockage in the secretion pathw ay, have been 
isolated by screening for m utants w ith increased secretion of a particu lar 
protein product. Smith et al., (Sm ith et al., 1985) reported the isolation of 
three m utants (ssc l,ssc2  and SS CX)  that displayed significantly im proved 
secretion of calf prochymosin, nearly all of which was retained previously 
w ithin the secretion pathway of w ild-type yeast cells. The secreted material, 
which was activated by the low pH  of the medium, was assayed by overlaying 
the surface of the plate with a mixture of milk and molten agarose. Chymosin 
clots the milk and hence the speed of appearance of the opaque clotted regions 
and their size and intensity indicate the level of prochymosin secretion. One 
of the mutations (ssc l) was later identified as being in the PMR1  gene, which 
encodes a Ca2+ ATPase (Rudolph et al., 1989) (Moir et al. 1989). Protein
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secreted by the m utant did not contain outer-chain glycosylation, suggesting 
that p m r l  somehow causes a bypass of the Golgi w here such glycosylation 
takes place.. The pm rl mutation significantly increased the secreted levels of 
prochymosin and bovine growth hormone by 5 to 50 fold (Smith et al., 1985).

W orking w ith  recom binant hum an  a lbum in, Sleep et al. (1991) 
developed a visual assay that relied upon antibody precipitation in solid 
m edium , to isolate a number of super secreting strains that over-produced a 
range of secreted and internal proteins. How ever these m utations affected 
expression level via promoter m utations a n d /o r  an increase in plasm id copy 
num ber.

Similarly, Sakai et al. (1988) reported the isolation of a m utant, osel,  
which resulted in oversecretion of mouse amylase. Like pm rl  and ssc2 , osel 
also facilitated the over secretion of a different secretory protein, indicating a 
pleiotropic effect of the defect.

The isolation of these m utants suggested that it m ight be possible to use 
an altered secretion level phenotype as a m eans of identifying genes that 
influence the flow of secretory proteins through the pathw ay, rather than ones 
that are essential for its function, like the SEC  genes. A lthough the initial 
screen for such m utants would be altered secretion yield, it is clear that other 
m utations, besides those specifically within the secretion pathw ay, could also 
give rise to such a phenotype. Thus, increases in secretion yield could be due to 
prom oter de-repression or plasm id copy num ber increases (Sakai et al., 1988; 
Sleep et al., 1991), or due to factors external to the cell, such as loss of a cell- 
surface protease or a cell wall component (Bussey et al. (1983).

An indication from the isolation of these m utants is that different 
secretory proteins may encounter 'bottlenecks', or rate-lim iting steps, at 
different places within the whole route from initial expression, through the 
secretion pathw ay itself, to their release into the outer environm ent. It is 
possible, therefore, that the secreted reporter protein used to isolate m utants 
could actually target specific steps that are limiting in its passage through the 
secretion pathway. This is a central tenet of the studies perform ed in this 
Thesis.

1.6 Selection o f a secretion reporter protein.

M ini-proinsulin was chosen as a secretion reporter p ro tein  to be 
expressed at a high level in S.cerevisiae, in this initial study, for a combination
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of reasons. Mini-proinsulin is a single-chain, disulphide-bonded recom binant 
precursor of hum an insulin of the structure B-LysArg-A chain, where B and A 
are the peptide chains of human insulin (Thim et al., 1986) . When coupled to 
a suitable secretion leader peptide, mini-proinsulin is secreted from yeast w ith 
yields been quite high to begin with. Increasing expression to a m axim um  
w ould increase pressure on any bottlenecks in its passage th rough  the 
secretion pathway, whilst reducing the possibility of isolating m utants that 
simply result in an increase in overall expression level.

Maximum expression requires strong transcription and high translation 
efficiency. A strong prom oter is not difficult to provide. However, a major 
factor influencing translation efficiency, particularly applying to the expression 
of foreign genes in yeast, is codon usage. The small size of m ini-proinsulin 
therefore enabled a DNA molecule based on codons optim ised for high 
expression in yeast, to be chemically synthesised (see figure 1.8). Being a small 
peptide (53 amino acids and M^ 6 kDa) it would be expected to pass through the 
cell wall with ease, thus eliminating that stage as a potential bottleneck. Any 
rate limiting steps in secretion of mini-proinsulin w ould therefore be expected 
to occur during the intracellular stages.

In order to detect m utations that alter the flux of proteins through the 
secretory pathway, it is essential to employ a secretion reporter protein that has 
a reliable qualitative assay. This needed to be developed for mini-proinsulin, 
although prelim inary studies indicated that this should be possible. In 
addition, yields could be accurately quantified by "ELISA" assay of liquid 
culture supernatants using monoclonal antibodies raised to both the A (21 
amino-acid residues) and B (30 amino-acid residues) chains of hum an insulin. 
These chains are joined together by two disulphide bridges; a third disulphide 
bridge is formed within the A-chain (figure 1.9).

1.6.1 Processing and secretion o f  insulin in humans and yeast.

The biosynthesis of insulin occurs in the pancreatic (3-cells via the 
synthesis and modification of a single-chain precursor, preproinsulin. H um an 
preproinsulin has a prepeptide of 24 amino-acid residues, which directs the 
molecule (during synthesis) to the endoplasmic reticulum (ER) and into the 
secretory pathway, being cleaved off as it passes into the lumen of the ER. The 
resultant proinsulin of 86 amino-acid residues has the composition B-Arg- 
Arg-C-Lys-Arg-A, of which C is a peptide of 31 amino-acid residues and B and 
A are the B and A-chains, respectively, of m ature insulin. Shortly after entry
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Figure 1.8 A comparision of codon usage of the synthesised mini-proinsulin gene for expression in S.cerevisiae with human insulin. The 
amino acid sequence is given first, then the codons utilised for amino acid production and human insulin synthesis (Human) and finally 
the optimum codons as described by Sharpe and Co we (1991), utilised for expression and synthesis of mini-proinsulin in yeast (yeast). The 
codons that have been changed to optimise expression in yeast are underlined.

Amino acid Phe Val Asn Gin His Leu Cys Gly Ser His Leu Val Glu Ala Leu Tyr Leu Val Cys Gly Glu

H um an  UUU GUG AAC CAA CAC CUG UGC GGC UCA CAC CUG GUG GAA GCU CUC UAC CUA GUG UGC GGG GAA

Yeast UUC GUU AAC CAA CAC UUG UGU GGU UCU CAC UUG GUU GAA GCC UUG UAC UUG GUU UGU GGU GAA

Amino acid Arg Gly Phe Phe Tyr Thr Pro Lys Thr Gly lie Val Glu Gin Cys Cys Thr Ser lie Cys Ser

H um an CGA GGC UUC UUC UAC ACA CCC AAG ACC GGC AUU GUG GAA CAA UGC UGU ACC AGC AUC UGC UCC

Yeast AQA GGU UUC UUC UAC ACU CGA AAG ACU GGU AUC GUU GAA CAA UGU UGU ACU UGU AUC UGU UCU

Amino acid Leu Tyr Gin Leu Glu Asn Tyr Cys Asn

H um an CUC UAC CAG CUG GAG AAC UAC UGC AAC

Yeast UUG UAC CAA UUG GAA AAC UAC UGU AAC



Figure 1.9 The schematic am ino acid com position of hum an  insulin  after na tu ra l 
b iosyn thesis  and  processing  in hum an  pancrea tic  (3-cells com pared  to the 
synthetic m ini-proinsulin  used in this study  after biosynthesis and processing in 
S.cerevisiae cells. The position of the three d isu lph ide bridges are indicated. The 
only difference betw een the two products being the 'mini-c' pep tide  linking the B 
and A chains in the synthetic product, w hich is rem oved in vitro via trypsin  and 
carboxypeptidase B digestion. Therefore before in vitro processing the p roduct 
p ro d u ced  by S.cerevisiae  cells is still a single chain  p recu rso r w hereas the 
pancreatic (3-cells generate a fully processed 2-chain insulin m olecule.
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into the ER, the proinsulin folds and establishes the three disulphide bridges. 
The proinsulin then transits to the Golgi, where it is packaged into secretory 
granules and w herein it is converted to m ature insulin. This involves 
endoproteolytic cleavage at the Arg-Arg and Lys-Arg sequences to remove the 
C peptide. Fusion with the cell m em brane to relase insulin from the cell is 
controlled by calcium ion import, which controls m em brane fusion. This in 
turn  is regulated, so that the secretory granules accumulate in the cell until 
signalled for secretory release.

Yeast cells have similar processing abilities to the pancreatic p-cells 
although secretion is not regulated bu t consitutive, and therefore offer a 
sim ilar route to the biosynthetic production. Thus, w hen expressed in 
S.cerevisiae, a heterologous proinsulin fused to the M F a l  prepro sec re tio n  
leader peptide was directed to the secretory pathway, where it folded correctly, 
formed the disulphide bonds correctly, was processed by the KEX2  subtilisin- 
like activity and a mixture of m ature insulin and incom pletely processed 
forms was secreted into the m edium  (Thim et al., 1986) . However the yield of 
insulin was very low, whilst the C peptide was about 10-fold more abundant. 
As one w ould expect both proteins to be m ade in equim olar ratios, the 
discrepency indicates differential degradation of insulin compared to the C 
peptide in yeast. This presumably reflects the differences in specificity between 
the yeast and p-cell processing enzym es. An alternative stra tegy  was 
developed to circumvent this problem , involving the production of a single
chain precursor m ini-pro insulin  in yeast (figure 1.8), w hich w as not 
endoproteolytically cleaved by KEX2  protease and was secreted in high yields. 
This could subsequently be converted to insulin by an in vitro step (Thim et 
al,  1986).

1.6.2 Synthetic mini-proinsulin gene construction.

The m ini-proinsulin gene used by Thim et al (1986) was derived from 
modified hum an cDNA. Due to the problem  of unfavourable codon usage 
limiting the level of expression in yeast it was considered appropriate to use a 
synthetic gene containing optim al yeast codons. The m in i-pro insu lin  
encoding sequence was therefore constructed from synthetic oligonucleotides 
(termed Insl). This sequence was designed for subsequent fusion to a yeast 
secretion leader sequence. The strategy for the construction and design of the
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m ini-proinsulin gene is further described in British Patent A pplication No. 
9513967.1.

1.6.3 Cloning o f Insl into the pDP series o f yeast secretory expression vectors.

There were a number of reasons for choosing this series of vectors for 
expression of the cloned Insl product. They contain the ORI-STB  region of 
2pm, facilitating multicopy replication (approximately 20 copies/cell) and high 
stablity inheritance in yeast, plus the LEU2 gene, which enables presence of the 
plasmid to be selected in leu2 deficient host strains, the M F a l  prom oter which 
provides strong transcription of heterologous genes and the A D  H I  term inator 
for efficient transcription term ination (figure 1.10). Both vectors facilitate 
fusion of the M F a l  prepro secretory leader peptide. The difference betw een 
the two plasmid vector constructs made is that pDP315 results in direct fusion 
at the K F X 2  endopeptidase processing site, w here a S t u I site has been 
engineered via in vitro mutagenesis, such that B-LysArg-A would be produced 
after digestion. The pDP314 construct results in liberation of GluAlaGluAla-B- 
LysArg-A after KEX2 protease digestion and therefore requires S T  E l  3 
processing to remove the two Glu-Ala dipeptides serially and so generate the 
m ature product.

The fusions were m ade as described by Hadfield., et al (1997) and 
verified by sequencing. Both constructs provide in-frame fusions to the M F a l  
secretion leader peptide, as shown in figure 1.11.

1.7. Aims

The overall aim of this project was to identify rate limiting steps in the 
yeast secretion pathway. To achieve this new secretion m utants were to be 
generated , using a num ber of secretion reporters and plate assays in 
conjunction with random  mutagenesis. Prior to the start of this project, the 
vectors containing the synthetic m ini-proinsulin  gene had  already been 
constructed and transformed into a num ber of yeast strains. Initial studies had 
been perform ed with these strains and an appropriate antibody based plate 
assay was being developed.

The aims of this study can be divided into two distinct sections;
(i) the work carried out w ith the mini-proinsulin reporter; and
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Figure 1.10. The pDPseries of expression vectors. This series allows the 
constuction of three different vector constructs; pDP314 which utilises the 
n a tu ra l H in d l l l  site in the M F a l  leader for its translational fusion: pDP315
which provides a engineered S tid  site for direct fusion to the KEX2 cleavage site 
and pDP316 where a Sph l  site has been introduced to allow fusion directly to 
the  pre  peptide. KEX2, STE13 and signal peptidase (SP) sites are indicated by 
arrows. Only the first two constructs were utilised.
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Figure 1.11 In -frame fusions of Insl in vectors pDP314 (a) and pDP315 (b). The vector 
sequence is in bold print and the KEX2 and STE13 (pDP314 only) processing sites have 
been indicated, as well as the Hindlll site used in the fusion in pDP314.

a.
M Faprepro  KEX2 STE13

Val Ser Leu Asp Lys Arg Glu Ala^" Glu Ala^ Phe Val Asn Gin

GTA TCT TTG GAT AAA AGA GAG GCT I GA A GCTITTC GTT AAC CAA
I_________ I

Hind III site used in fusion.

b.
MF a  prepro KEX2

Val Ser Leu Asp Lys Arg ' Phe Val Asn Gin

GTA TCT TTG GAT AAA AGA TTC GTT AAC CAA



(ii) the selection and utilisation of another secretion reporter protein.

I shall consider each of these areas in turn.

The m ini-proinsulin reporter protein.
Once the antibody-based plate assay had been fine tuned, the next stage 

of the project was to to select a yeast strain for mutagenesis. The m utagenised 
cells would then be screened and strains showing enhanced secretion of m ini
proinsulin  isolated, via the plate assay. These m utant strains w ould be 
analysed to confirm that their m utations were chromosomal in origin and did 
not lead to an elevation in transcript levels of the reporter protein.

After these prelim ary analyses the m utant strains w ould be further 
analysed on a genetic and m olecular basis. Also other secreted and 
cytoplasmic, reporter proteins could now be transform ed into these m utant 
strains, to see if the mutation was specific for secreted proteins. The final part 
of the analysis would attem pt the isolation of the genes resulting in the 
enhanced secretion phenotype.

The selection and utilisation of another secretion reporter protein.
A different secretion reporter was used to attem pt the isolation of other 

enhanced secretion mutants. The p-galactosidase protein of Aspergillus niger 
was selected. This protein is m uch larger in size than the m ini-proinsulin 
reporter and glycosylated. Therefore this m ight target different areas of the 
secretion pathway that were rate limiting for the secretion of this protein.

There were a num ber of criteria used for the selection of this secretion 
reporter protein;

(1) The secretion reporter protein m ust not have been utilised in a 
previous study.

(2) The size of the protein; large and small proteins m ay encounter 
different bottlenecks.

(3) The extent of glycosylation.
(4) The availability of a suitable assay to allow rapid screening of yeast 

colonies for potential mutants. This could be based on staining or antibody 
precipitation of substrate or product.

(5) Availability of a reliable culture assay.

Once these criteria had been met the proceedure would be similar to the 
one followed for the isolation and characterisation of the m ini-proinsulin  
m utant strains.
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Chapter Two

DEVELOPMENT OF A MINI-PROINSULIN REPORTER FOOTPRINT ASSAY 
SYSTEM FOR THE ISOLATION OF ENHANCED SECRETION MUTANTS OF 
SACCHAROMYCES CEREVISIAE.

2.1 Results

2.1.1 Detection and quantification o f  m ini-proinsulin  in the culture m edium  
by ELISA assay.

Once vectors for the expression of m ini-proinsulin from S.cerevisiae 
had been constructed and checked via sequencing, the next stage was to select a 
num ber of yeast strains to be transform ed w ith these vectors. Additionally a 
reliable assay system was required , to detect and quantitate  any m ini- 
proinsulin secreted into the liquid m edium . Early m ethods used to detect 
insulin  secreted from yeast cells into the m edium , extracted from E.coli 
inclusion bodies or isolated from hum an patients, involved radioim m uno
assays utilising I125. W orking w ith  highly penetrative radioactiv ity  is 
how ever undesirable (though very  sensitive) and m ore recently  non 
radioactive m ethods have been developed (Boehringer 1990), based upon 
enzyme linked immuno-sorbant assay (ELISA) of insulin for quantification. It 
was this method that was selected for the assay of m ini-proinsulin in liquid 
m edium .

2.1.2 Strain selection and variation.

A  num ber of hap lo id  labo ra to ry  s tra in s  w ere availab le  for 
transform ation w ith pDP314-Ins. In order to assess w hether host strain  
genotype had any effect on the level of insulin produced, a num ber of strains 
were chosen based on the following criteria:

1) all strains were m ating-type a  to enable the ME a  prom oter on the 
plasmid to function.
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2) each had to possess a num ber of auxotrophic m arkers that w ould 
allow selection of plasmids transform ants and facilitate the construction of 
diploids for genetic analysis.

3) strains which had been previously used for the successful expression 
of other foreign proteins were utilised (e.g. JHRY188) .

4) protease deficient strains (BJ2168 and TGY47.1) and non-protease 
deficient strains were compared, since secreted products can occasionally suffer 
from protease degradation (Jones, 1991; Wingfield and Dickinson, 1993).

Using this rationale the following yeast strains, BF307-10, DBY746, 
JRY188, BJ1991 and TGY47.1 w ere transform ed by the lith ium  acetate 
procedure w ith the pDP-Insl plasm id and transform ants able to grow  in 
minimal medium lacking leucine isolated. Transformant clones of each strain 
were grown on minimal medium and then inoculated into 10 mis of YPD and 
incubated. The secretion of m ini-proinsulin into the m edium  was m easured 
via ELISA (table 2.1). These assays were also performed on cell extracts of each 
strain in order to determine whether any insulin rem ained intracellular . All 
transformants containing a pDP-Insl plasmid secreted ELISA reactive m aterial 
into the culture medium, indicating that the pDP-Insl constructions gave rise 
to im m unologically identifiable m ini-proinsulin . There was no reactive 
m aterial present in the control culture m edium  or w ithin the cell extracts. 
This indicated that all of the insulin produced was secreted. The assay results 
showed that there was significant strain variation for the production of m ini
proinsulin. Strain DBY746 secreted approxim ately half the am ount of m ini
proinsulin of strain BF307-10, and the two protease deficient strains BJ1991 and 
TGY47.1 did not secrete increased levels of mini-proinsulin; indeed they gave 
levels similar to those obtained w ith strain JRY188 which had previously been 
used for the secretion of hum an EGF (Brake et al., 1984). All three of these 
strains gave secretions levels lower than those obtained with BF307-10 bu t 
slightly higher than those obtained with DBY746.

The objective of the project was to pu t the secretion pathw ay in 
S.cerevisiae under pressure. This was achieved by synthesising the m ini
proinsulin gene with optimal codons for expression in yeast, w ith expression 
itself driven from a strong prom oter on a multi-copy plasmid. Thus, secretion 
of mini-proinsulin was optimised allowing us to isolate m utants that further 
im proved the efficiency of secretion, rather than  m utants that affected 
essential genes (e.g. the sec m utants). Strain BF307-10 was chosen for future 
w ork as it secreted the greatest levels of quantifiable m ini-proinsulin and 
would therefore be putting the pathw ay under the greatest "stress".
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Table 2.1. An example of the levels of insulin secretion from different strains of 

S.cerevisiae.

Strain Insulin mU/L st-

Secreted Intracellular

BF307-10 144(±13) 0.5

DBY746 83(±8) 0.5

BJ1991 90(±10) 0.6

TGY47.1 98(±4) ' 0.5

JRY188 101 (±6) 0.6

*By ELISA (see Methods) using hum an insulin as the standard; 
mean values for 3 separate assays.

All strains were cultured to ODeso =1 before harvesting.
The experiment was repeated on at least three other occassions and the results 
were similar to those shown above.



2.1.3 Stability o f insulin plasmids in yeast.

It is possible that he tero logous p ro te in  expression  m ig h t be 
disadvantageous and reduce the grow th rate of yeast cells expressing the 
protein. Hence plasmid-free cells will out grow plasm id containing ones 
leading to a reduction in measurable insulin levels. It has also been show n 
that 2pm based vectors (as utilised in this study) are lost from cells during 
vegetative growth because of asymmetric distribution during mitosis (M urray 
and Szostak, 1985). This rate of loss can vary, depending on the laboratory 
strain of S.cerevisiae being utilised (Dr.K.Duffy. personal com m unication). 
Therefore it was necessary to establish the stability of the insulin expressing 
plasm ids in S.cerevisiae. Transformant yeast colonies of strain BF307-10 were 
inoculated into 10 mis of minimal m edium  lacking leucine to m aintain the 
selection for the plasmid, and incubated at 30°C overnight. Cells from  the 
resultant culture were used to inoculate both non-selective YPD m edium  and 
selective minimal medium. After growth for at least 50 generations, cells were 
plated onto YPD and incubated at 30°C for 2-3 days. The colonies w ere then 
replica-plated onto minimal m edium  to determine the proportion of plasm id- 
containing (Leu+) cells in the original populations. In minimal m edium  97% 
of 2000 colonies were Leu+, indicating that the propagated cells had retained 
the plasmid; 92% of the cells still carried the plasm id after culturing in non- 
selective YPD medium. This dem onstrated a high degree of mitotic stability 
indicating that the expression of the insulin precursor products did not affect 
plasm id stability. As a control plasm id stability was also m onitored w ith 
BF307-10 cells transformed with vector pDP314 only. The results were nearly 
identical to those obtained with recombinant pDP314-Insl indicating that the 
expression of the insulin precursor did not affect plasmid stability.

Additionally the growth rate of strain BF307-10 containing pDP314-Ins 
was compared against strain BF307-10 without plasmid. It was found that the 
growth rate of both strains was almost identical, indicating that the expression 
of the insulin precursor products did not cause toxicity.

2.1.4 Standardisation o f insulin production in shake fla sk  cultures.

Transformant yeast colonies containing pDP314-Insl were inoculated 
into 10 ml of minim al m edium  lacking leucine and incubated at 30°C 
overnight. lOOpl aliquots of cells at a concentration of 108cells/m l were used
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to inoculate 100 mis -YPD medium in 200 ml conical flasks. Culture grow th 
was followed using a spectrophotometer to measure cell density and the ELISA 
technique to measure insulin levels. The results (Table 2.2 and figure 2.1.) 
showed that insulin production increased gradually w ith culture density until 
a peak level of production was reached at the end of exponential grow th, 
approxim ately thirty hours after culture inoculation. If the culture was 
allowed to continue growing eventually insulin levels fell, until none was 
detectable as the cells entered stationary phase. This may be due either to an 
unknow n protease activity released into the culture medium, the drop in pH  
of the medium with time, or to aggregation of the mini-proinsulin proteins to 
produce fewer separate discernible molecules. For subsequent assays a time 
point around the twenty hour (O.D650nm 1.8-2.0 approximately 6 x 107 cells/m l) 
period was used, with samples diluted if need be, to allow m easured insulin 
levels to fall within the standard curve limits.

2.1.5 Development o f a plate fo o tp rin t assay fo r  m ini-proinsulin producing 
colonies.

The plate assay devised for detection of m ini-proinsulin secreted by 
transform ed yeast colonies w as dependant upon the general p roperty  of 
proteins to bind to nitro-cellulose filters. W hen a filter was placed upon the 
surface of nutrient agar, its porosity enabled w ater and nutrients to pass 
through, so that yeast cells inoculated on the filter could grow and form 
colonies. Cells secreting m ini-proinsulin deposited the peptide on the surface 
of the filter and the material became bound to the filter in a quantitative 
manner. Mini-proinsulin bound to the filters was detected immunologically 
using goat anti-insulin prim ary antibody and rabbit anti goat secondary 
an tibody , conjugated to the enzym e alkaline phosphatase  to give a 
chromogenic reaction. This appeared as a coloured deposit. Thus the colony 
produced a immuno reactive 'footprint' w here the intensity reflected the 
am ount of mini-proinsulin secreted, and could be used as a basis for detecting 
changes in the amount secreted.

As a preliminary test of the system, solutions of hum an insulin (lpg- 
lOng in a volume of 5 ml H 2 O, adjusted to pH  4.0 by HC1) were spotted onto 
nitro-cellulose membrane filters w ith pore sizes of 0.45 pm, 0.2 pm, 0.15 pm 
and 0.1 pm placed in double thickness upon agar plates and left overnight at
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Table 2.2. An example of insulin production from BF307-10 S.cerevisiae 
cells in shake flask cultures.

Time (Hrs) O.D.^sonm Cell Num ber Insu lin

m U /L*

0 0.06 1

6 0.096 3 x 106/m l 9

8 0.221 43

10 0.49 1.3 x 107/m l 68

12 1.00 2.8 x 107/m l 160

16 1.80 242

23 2.01 6.2 x 107/m l 440

30 2.50 473

96 2.89 176

110 3.00 2.2 X 108/m l 87

*By ELISA (see Methods); mean values for 3 separate assays.
The production of insulin was followed over a period of llOhrs in BF307-10 
S.cerevisiae cells to determine the optim um  time point (optical density) for 
insulin assay.
The experiment was repeated on at least three other occassions and the results 
were similar to those shown above.
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room  tem perature to allow the insulin to bind. The filters and subsequent 
footprints were then developed.

The results showed that insulin would bind to the nitro-cellulose filters 
under conditions suitable for colony growth. The best results were obtained 
w ith 0.2 jLim pore size, which bound most of the insulin, w ith only about 5% 
passing through to a second filter underneath. With 0.45 pm pore size, about 
25% passed through to the second filter. Both of these pore sizes showed spot 
intensities (as estimated by eye) that reflected the relative quantity of insulin 
applied to the filter. In contrast, the 0.15 pm and 0.1 pm pore sizes w ere too 
poorly wettable to be used for effective footprint production.

Since the m ini-proinsulin secreted by transform ed yeast cells was a 
single chain precursor (Thim et ah, 1984) there was no guarantee that it w ould 
bind to nitro-cellulose with the same capability as norm al insulin. To test this 
and complete development of the footprint plate assay, a num ber of different 
M A T  a  yeast strains were transform ed w ith the pD P-Insl plasm ids and the 
am ounts of mini-proinsulin produced in liquid culture m edium  quantified by 
ELISA (Table 2.1). Cells from strains BF307-10 and DBY746 cultures were also 
washed in sterile water, resuspended in water at 108 cells per ml and then 5 pi 
spotted onto 0.2 pm nitro-cellulose filters placed upon the surface of SD- 
minimal selective or YPD agar plates. This test was performed to see w hether 
the two-fold difference in levels of insulin secretion as analysed by ELISA 
could be visualised on colony footprints The plates were then incubated at 
30°C for 2-4 days to enable colony growth. To minimise the chance of bacterial 
or fungal contaminant growth, the filters were pre-sterilised by exposure to 
ultraviolet light and 15 p g /m l tetracycline was incorporated into the growth 
m edium .

After colony growth, the filters were placed upside down in a beaker of 
SB buffer and the liquid gently swirled to wash off the yeast cells. The filters 
w ere given two further washes in SB buffer and then incubated in SB-BSA 
prior to antibody detection-staining. Footprints were detected where the mini
proinsulin secreting colonies had been located and they varied in intensity 
relative to the amount assayed in liquid culture medium. Figure 2.2a shows 
results for two different yeast strain  hosts. Transform ed strain  DBY746 
secreted half the amount of m ini-proinsulin as BF307-10 (Table2.1) and their 
colony footprints showed a corresponding difference in intensity.

A 2-fold difference in foo tp rin t in tensity  visible on filters w as 
sufficiently sensitive for detecting enhanced secretion mutants. In the case of 
control colonies that did not secrete mini-proinsulin, a negative footprint was 
observed due to other proteins secreted by the yeast cells blocking the filter to
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Figure 2.2 Colony footprint assay for m ini-proinsulin  secretion.

(a) Colony footprints for two different non-m utan t yeast stains, BF307-10 
and DBY746 both containing plasm id pDP314-Insl. A negative colony footprint is 
seen for w ild-type BF307-10 and DBY746 cells that do not contain plasm id pDP314- 
In sl (C“). It is possible to distinguish the two fold difference in footprint intensity 
betw een BF307-10 and DBY746.

(b) Detection of an enhanced secretion m u tan t (arrow ed) from  original 
m utagenesis of strain  BF307-10.
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background staining more effectively than BSA. This does not block the mini
p ro insu lin  secreted by transform ed cells from binding to the m em brane, 
how ever. This would appear to be because yeast naturally  secretes few 
proteins at low levels, into its growth medium. Additional m ini-proinsulin is 
therefore able to bind without being blocked.

2.2.5 M utagenesis and isolation o f enhanced secretion mutants.

The colony footprint assay was used to isolate m utant cells show ing 
enhanced levels of secretion of mini-proinsulin. BF307-10 (pDP314-Insl) cells 
were chemically m utagenized w ith either ethyl methyl sulphonate (EMS) or 
nitrosoguanidine (NTG) at concentrations determ ined to give 60% killing 
(Sleep et ah, 1991). Prelimenary experiments were perform ed to determ ine the 
percen tage of surv iv ing  cells after m utagenesis and  the ap p ro p ria te  
concentration of m utagen selected. Surviving cells were plated onto m inimal 
selective agar. The resultant colonies were then either replica-plated or 
toothpicked onto sterile 0.2 pm pore size nitro-cellulose filters placed upon 
YPD-tetracycline agar plates, incubated at 30°C for 3-6 days, and the m ini
proinsulin footprints stained as before. Prospective m utants having footprints 
of greater intensity were selected (25 out of 80 000 m utagenized colonies) and 
rescreened to test how reproducible the footprint assay was. It was noted on 
the control plate of unm utagenised cells that the variation in footprin t 
intensities w ithin the strain BF307-10 was minimal. Also it was noted that 
footprint intensity was not dependant on colony size or age. An example of an 
enhanced secreting colony can be seen in figure 2.2b.

For final confirm ation of enhanced secretion, the colonies w ere 
inoculated  into liquid m edium  and yields of secreted m ini-pro insu lin  
accurately assayed by ELISA. Of the rescreened m utagenized colonies, 10 
consistently showed increased secretion yields of m ini-proinsulin ranging 
from 1.3- to 3-fold (Table 2.3). Thus these appeared to be candidate m utants 
show ing enhanced efficiency of the protein  secretion pathw ay and were 
denoted as esi mutants, for the enhanced secretion of m ini-proinsulin.
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Table 2.3. Insulin assays on ten prospective esi m utants isolated by 
footprinting screening.

Strain Insulin mU/L*$ Relative Yield

+ untransform ed 0 0

+ 58(± 4) l.Ox

esil 127(±8) 2.1x

esi2 78(±3) 1.3x

esi3 91 (±6) 1.6x

esil 103(±5) 1.8x

esi5 81 (±2) 1.4x

esi6 89(±5) 1.5x

esi7 83 (±4) 1.4x

esiS 81 (±9) 1.4x

esi9 109(±7) 1.9x

esilO 83 (±6) 1.4x

M easured by ELISA technique, using hum an insulin as the standard. All 
strains were cultured to an OD65o=0.8 before harvesting. Strains highlighted 
were those with the most enhanced secretion.
+ = BF307-10 non-m utant parent strain.
$ = Levels of insulin secretion are lower than those in table 2.1 as cultures 
were harvested at a lower cell density.
The experiment was repeated on at least three other occassions and the results 
were similar to those shown above.



2.3 Discussion.

A general strategy has been developed and em ployed to enable the 
isolation of mutations affecting the efficiency of the secretion pathw ay. Such 
m utants might alter the rate of flow of secretory proteins through the pathw ay, 
rather than eliminate pathway function altogether. Using a synthetic m ini
pro insulin  as a secretion reporter, and a footprint assay for detecting the 
am ount of protein secreted by yeast cells we isolated a num ber of m utants that 
show ed an increased secretion phenotype. The m utation frequency (at 
approximately 1 in 104 mutagenised cells) was very similar to that observed by 
Sleep et al (1991) who used another im m unological m ethod to recover 
m utants showing enhanced secretion of hum an serum  albumin.

Levels of mini-proinsulin in shake flask cultures reached a m axim um  
of approximately 19mg/L in YPD m edium  . When minimal m edia w as used, 
a two fold reduction in levels was seen. These levels of m ini-proinsulin  
production  are roughly equivalent to those quoted by Thim et al (1986)- 
lO m g/L  in m inimal media, using m ini-proinsulin expressed from m odified 
hum an cDNA (B-chain-Lys-Arg-A-chain). However the m ini-proinsulin gene 
used in their study is based on the hum an cDNA and the codons were far from 
optim al for expression in yeast, unlike the synthetic m ini-proinsulin used in 
this study. Insulin levels in the supernatan t have been determ ined by 
rad io im m une assay ra ther than  ELISA, and one w ould  expect the 
radioimmune assay to be as sensitive as the ELISA as both have been calibrated 
against the international standard  for insulin. It is difficult how ever to 
compare expression levels accurately as different plasm id selection systems 
were used as well as different host strains and culture conditions.

From the initial screen and subsequent rescreening ten esi m utan t 
strains were isolated that secreted greater amounts of m ini-proinsulin than 
non mutagenised cells. These strains were cultured and assays revealed that 
three m utants showed secretion levels 2-3 fold greater than wild-type, whilst 
the other seven showed enhancem ent of between 1.3-1.5 fold. No m utants 
w ere isolated that secreted lower levels of m ini-proinsulin than w ild-type 
(which could have been identified as colonies with white footprints) nor were 
any m utants recovered that secreted m ini-proinsulin at levels m ore than 
three times greater than wild-type. The rationale behind the design of this 
m utan t screen was to isolate a different subset of genes involved in the 
secretion pathway, to those essential genes isolated as tem perature sensitive 
m utations by Novik and Schekman (1980). As the rationale for the screen 
relied on a situation with maximum possible flow through , but still w ithin
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the capacity of the secretion pathway to try to isolate new genes. It is possible 
that m utants may have been isolated that are defective in non-essential genes, 
(including essential genes that are part of a gene family) or carry non-lethal 
m utations in essential genes.
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Chapter Three.

GENE EXPRESSION ANALYSIS OF THE ESI MUTANTS.

3.1 Introduction.

It was decided that it w ould be probably too difficult to w ork w ith 
m utants showing less than 2-fold enhanced levels of' secretion, thus only the 
three m utants esil ,  esi A and esi9, show ing 2- to 3-fold enhanced secretion 
(Table 3.1a) w ere selected for further characterisation. Initially it w as 
im portant to ascertain whether each m utant's phenotype was independent of 
the "secretion-reporter" plasmid used for the isolation. Secondly we decided 
to express the synthetic mini-proinsulin from a different prom oter to test the 
possibility that the enhanced secretion phenotypes seen were due to enhanced 
transcription and were prom oter specific. Also the effects of the m utations on 
secretion reporter transcription w ould have to be investigated. This w as to 
determ ine w hether the enhanced secretion phenotype was a general property 
for all secreted proteins or specific to the m ini-proinsulin reporter. The final 
p a rt of this analysis involved studying  the effects of the m utations on 
cytoplasmic reporter expression, as this would indicate whether the m utations 
specifically affected proteins to be secreted or generally affect both cytoplasmic 
and secreted proteins.
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Table 3.1. Am ount of mini-proinsulin secreted into the yeast cell culture 
m edium  by esi m u tan ts . * All strains were cultured initially in selective 
m edium  before inoculation into non-selective YPD. C ulures w ere 
harvested after cells had reached OD6 5 0  of 2.

a. Cells containing pDP314-Insl

Strain Insulin mU/L* Relative Yield

+ 194 (± 3) l.Ox

esil 501 (± 4) 2.6x

esi4 340 (± 5) 1.8x

esi9 346 (± 5) 1.8x

b. Cells containing pBGl (see section 3.2.3)

Strain Insulin mU/L* Relative Yield

+ 100 (± 10) l.Ox

esi 1 274 (± 15) 2.7x

esi 4 207 (± 11) 2.1x

esi 9 220 (± 6) 2.2x

* M easured by ELISA, using hum an insulin as the standard.



3.2 Results.

3.2.1 Effect o f assay point.

As a first step, insulin levels were determined for higher cell densities. 
Insulin levels were again determined by ELISA but this time w hen the cells 
had reached an OD6 5 0  of 2 (approximately 6 x 107 cells/ml). This is closer to the 
point of peak insulin production as previously determ ined in chapter two 
(Table 2.2. and Figure 2.1) and explains why the levels of insulin produced are 
higher than those recorded in table 2.1 and 2.3, where cells were harvested 
when they had reached OD6 5 0  of one (approximately 2.8 x 107/m l).

3.2.2 Plasmid based or chromosomal mutations?

The first step in analysis w as to ascertain  w hether the m u tan t 
phenotypes of esi 1, 4 and 9 were plasmid derived or chromosomal in origin. 
Thus, plasm id free segregants were recovered as leucine-auxotrophs by 
grow ing the m utant strains for 30 -40 generations in non-selective YPD 
m edium  . These strains were then retransformed with fresh pDP314-Insl and 
transform ants selected on m inimal m edium  plates lacking leucine. Leucine 
-p ro to trophic transfom ants w ere grow n overnight in m inim al m edium , 
inoculated into 10 mis of YPD and the am ount of m ini-proinsulin secreted 
into the culture m edium  determ ined by ELISA. The results show ed the 
retransform ed esi m utants to have the same secretion pattern as the original 
isolates, w ith levels of secreted insulin being 2-3 fold greater in the esi m utants 
than the wild type BF307-10. Thus the esi phenotypes were chromosomal in 
origin rather than plasmid based.

3.2.3 Construction o f pBGl.

A new yeast expression vector was constructed for two reasons: firstly to 
allow the expression of the synthetic insulin from a different yeast prom oter, 
in order to exclude the possibility of prom oter bias on insulin expression and 
m utan t production: secondly, as the M P a  prom oter used in the vector
pDP314-Insl is not active in diploid cells a different yeast prom oter was
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required to allow diploid strains to be constructed for genetic analysis of the 
m utan ts.

As the M F a  secretion leader peptide was still required to direct the 
insulin  produced  into the secretion pathw ay, and there were no available 
restriction sites to release the leader peptide encoding region from the M F a  
prom oter in vector pDP314-Insl, the region encoding the pre-pro M F  a  
le a d e r/in su lin  cassette was extracted from pDP314-Insl using the PCR 
technique. For this purpose oligonucleotides were designed to be homologous 
to the M F a  pre-pro leader sequence and to the end of the synthetic Insl gene 
(see experimental procedures). The PCR conditions were set up in accordance 
w ith  the guidelines provided  by the m anufacturers of the Deep Vent 
Polymerase used in the reaction, and the calculated melting tem peratures of 
the oligonucleotide sequences. The Deep Vent Polymerase used has a proof 
reading elem ent in the 3' to 5' direction. Therefore the single stranded  
exonuclease activity only removes m isincorporated bases from the 3' end. 
These conditions were modified until only the required product was isolated. 
The final reaction conditions are set out below;

Step 1 95°C 5 mins (DNA denaturation)
Step 2 94°C 30 secs (To prevent DNA reannealing)
Step 3 50°C 1 min (Annealing of oligonucleotides)
Step 4 72°C 30 secs (DNA synthesis)
Step 5 15°C Hold temperature.

Thirty cycles were completed from step 2 to step 4.
The synthetic oligonucleotides were designed to incorporate cleavage 

sites for the BamHl  restriction endonuclease both before the start of the pre 
open reading frame and at the end of the synthetic insulin gene. The products 
of the PCR were checked by agarose gel electrophoresis and the correct sized 
product of 470 bp isolated from the gel by electroelution. The DNA fragment 
isolated was cleaved with restriction endonuclease BamHl  to produce cohesive 
ends and ligated to DNA of plasm id vector pUC19, which had also been 
digested w ith restriction endonuclease BamHl.  The PCR product cloned in 
pUC19 was then sequenced to check there was no misincorporation of bases 
during the PCR procedure. An autoradiograph of the corresponding sequence 
can be seen in figures 3.1 and 3.2 The sequence generated was compared with 
the known sequence and it was noted that a one base substitution had occurred 
during the PCR procedure. The base substitution involved the replacement of 
a cytosine residue with a guanine residue at codon A13 of the insulin  
sequence, which results in the amino acid change, leucine to phenylalanine.
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Figure 3.2. Sequence of Insl of the PCR product M F a /In s l, cloned into the vector 
pUC19 to facilitate sequencing.

(a) A representative autoradiograph of the M F a  pre-pro sequence. T he 
reverse -48 prim er (see experim ental procedures) w as used for sequencing from  
pUC19, which yields the top coding strand of the  M F a  pre-pro. The M F a  pre-pro 
D N A  sequence read from the bottom  to the top of the au toradiograph (shown 
below) was checked against the know n M F a  pre-pro sequence on the data base 
and found to have no errors.

5' CGA TTT TAT TCG CAG CAT CCT CCG CAT TAG CTG CTC CAG TCA

ACA CTA CAA CAG AAG ATG AAA CGC CAC AAA TTC CGG CTG AAG

CTG TCA TCG GTT ACT CAG ATT TAG AAG GGG ATT TCG ATG TTG

CTG TTT TGC CAT TTT 3'

(b) The Insulin B -chain/M Fa p re -p ro  junction. The universal -20 prim er 
(see experim ental procedures) was used for sequencing from pUC19, which yields 
the bottom  non-coding strand of m ini-proinsulin sequence in the reverse  
orientation. The junction of the M F a p re -p ro  leader peptide and the B-chain 
peptide is arrow ed. Given below is the extrapolated DNA sense sequence of the  
junction. W here the Insulin B-chain peptide DNA is given in norm al p rin t and 
the  M F  apre-pro  leader peptide DNA in bold print.

5’ CAA AAC GTT TTC AAG TAA GGA 3 '
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pUC19 to facilitate sequencing.
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(b) The Insulin  B-chain /  M F  apre-pro  junction. The universal -20 prim er 
(see experim ental procedures) was used for sequencing from pUC19, w hich yields 
the  bo ttom  non-cod ing  s tran d  of m in i-p ro in su lin  sequence  in the  reverse  
orientation . The junction of the M F  apre-pro  leader p ep tid e  and  the B-chain 
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junction. W here the Insulin  B-chain pep tide  DNA is given in norm al p rin t and 
the M F  apre-pro leader pep tide DNA in bold print.
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A num ber of clones were sequenced and all showed the same base substitution 
indicating an early PCR error. However this is not at a residue considered to 
be critical in folding and receptor recognition (Hua et ah, 1991) and is therefore 
acceptable for a reporter protein. It was not necessary therefore to report the 
PCR and cloning procedure to obtain a none-defective clone.

The 470 bp M F a  leader/insulin  cassette was isolated from pUC19-M F a  
/insulin by digestion w ith BamHl,  electrophoresis and the DNA electroeluted 
from the appropriate gel slice. This fragment was then cloned into the unique 
Bgll l  site of the yeast expression vector pBEJ15 (figure 3.3a)> as the two 
restriction enzymes cleave DNA to produce compatible cohesive ends, to form 
the recombinant plasm id pBGl (figure 3.3b.).

The three esi strains were transform ed w ith pBGl, which carries the 
m ini-proinsulin coupled to the PGK1 promoter. Transformants were isolated 
on leucine deficient agar plates, as the vector pBGl contains the LEU2 m arker, 
cultured in m inim al m edium  and then inoculated into YPD for the assay of 
insulin levels. The am ount of m ini-proinsulin secreted by the strains was 
m easured after the cultures had reached O.D6 5 0  of 2. This again showed that 
the m utants produced 2- to 3-fold more secreted insulin than wild-type (Table 
3.1b). Thus, the elevated yields were independent of prom oter type. Generally 
the levels of secreted insulin, w hen expression is driven by the P G K 1  
prom oter, were lower than those seen w hen expression was driven by the 
M F a  promoter. This is consistent w ith observations made by Jordan (1993).
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Figure 3.3. Construction of the expression vector pBGl.

(a) Expression vector pBEJ15 ((Jordan, B. 1993) that contains a unique 
Bglll  cloning/expression site generated by Bal3l  deletion in itia ted  
from w ithin the natural coding sequence of the gene, deleting the 
ATG translation start codon, but retaining the transcription start- 
point. A linker was then added  to insert the restriction site. The 
arrow  on the DNA sequence m arks the transcription start-point.

(b) Expression vector pBG l, w ith the M F apre -pro  m ini-pro insu lin  
sequence inserted at the unique Bglll  site.
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3.2.4 Transcriptional analysis o f esi mutants.

In order to assess whether the phenotype of the m utants was due to a 
gain in efficiency of the secretion pathw ay or sim ply due to elevated 
expression levels, transcript analysis was carried out. The strains were grown 
overnight to an OD 6 5 0  of approximately 2 and total RNA isolated from BF307- 
10 (wild-type) and esil,4 and 9 strains containing pDP314-Ins and also from a 
wild-type control strain containing no plasmid. The level of insulin transcript 
p resen t in the to tal RNA prepared  was m easured by N orthern  blot 
hybridisation (figure 3.4a). Hybridisation with an actin probe (figure 3.4a) was 
included as a control for variations in sample preparation and the levels of 
hybridisation to the actin and insulin probes quantified by phosphorim ager 
(figure 3.4b). As shown in figure.3.4, none of the m utants contained more 
m ini-pro insulin  mRNA than the w ild-type control. Thus the increased 
secretion of m ini-pro insu lin  in the m utants w as not due to elevated  
transcrip tion, resulting from elevated prom oter activity or elevated gene 
dosage due to raised plasmid copy number.

The ratio of m ini-proinsulin  to actin mRNA levels from es i l  was 
slightly reduced compared to wild-type, but in the cases of esi4 and esi9 the 
am o u n t of m in i-p ro in su lin  m RNA w as sign ifican tly  red u ced  (by 
approxim ately  5-fold and 30-fold, respectively). As reduced d enovo  
transcrip tion  levels typically resu lt in reduced p roduct yields it is not 
im m ediately obvious how such decreases in m ini-proinsulin mRNA can be 
linked w ith the enhanced secretion phenotype. One possibility these results 
suggest, is that the m ini-proinsulin message may be being used and turned 
over at a faster rate to facilitate the enhanced secretion yield. However, there 
is no direct correspondence between the extent of product yield increase and 
message levels, as esil showed the greatest m ini-proinsulin secretion, but the 
smallest decrease in mRNA. The esi4 and esi9 m utants both gave a two-fold 
increase in mini-proinsulin secretion, but different reduced levels of mRNA.
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Figure. 3.4. M ini-p ro insu lin  tran scrip ts  in esi m u tan ts. The filter w as 
hybridised seperately w ith the insulin and actin probes, before being exposed 
to X-ray film.

(a) N orthern blot of total yeast RNA (10gg total RNA loaded per 
track) from w ild-type BF307-10 and m utant stains carrying plam id 
pDP314-Insl hybridized w ith m ini-proinsulin  (Insulin) and actin 
(Actin) probes.This is a com posite picture of the tw o X-ray films.

Lanel: esil pDP314-Insl 
Lane2: esiA pDP314-Insl 
Lane3: esi9 pDP314-Ins 1
Lane4: BF 307-10 negative control (no plasm id present)
Lane5: BF 307-10 pDP314-Insl (positive control)

(b) Phosphorim ager quantification of mRNA levels.



(b)

Relative mRNA 

mRNA abundance abundance

Strain Insulin Actin insulin/ actin

+ 126277 3997 31.6 (l.Ox)

esil 118941 4574 26.0 (0.8x)

esi4 53416 8889 6.0 (0.2x)

esi9 12979 9020 1.4 (0.04x)

t  Phosphorimager counting units (mean of duplicates)



3.2.5 Phenotypic analysis using alternative secretion reporters

The effects of the esi m utations on the secretion of other secretory 
reporter p ro teins were investigated. The three m utant strains, along w ith 
w ild-type parent, were transformed with plasmids YEpJKl-aw (figure 3.5a) and 
pV K l.l (figure 3.5b), which carry genes encoding wheat a-amylase (Kirkham., 
1989; Rothstein, 1984) and Aspergillus niger (3-galactosidase (K um ar et al., 
1992). These two proteins are naturally secreted and are also secretable by yeast. 
Both p lasm ids contain the encoding cDNAs, which include the natu ra l 
secretion leader sequence, coupled to the ADH1  promoter and carry the 2pm 
O R I-ST B  for m ulticopy replication. Transformants of the esi m utants and 
w ild -type  BF307-10, w ere cu ltu red  in selective liquid m edium  lacking 
tryptophan for the transform ants containing YEpJKl-aw and lacking uracil for 
transform ants containing pV K l.l. All strains were cultured overnight in 
minim al m edia and then inoculated into YPD m edium , and harvested w hen 
they had reached an OD 6 5 0  of 1.5 (approximately 4 x 107 cells/ml). Assays on 
cell extracts and secreted products were perform ed. The DNS assay (see 
Chapter 8) was used to ascertain wheat a  -amylase activity as the formation of 
maltose from soluble starch, and (3 -galactosidase activity was m easured by the 
rate of ONPG hydrolysis (see Chapter 8). Both reactions could be m onitored 
spectrophotom etrically.

W heat a  -am ylase is non-glycosylated like m ini-proinsulin , bu t at 
approximately 30 kDa it is about 5-times as large. As shown in Table 3.2a., it is 
secreted with approximately 99% efficiency from wild-type BF307-10 yeast cells. 
The esil m utant showed the same secretion pattern and yield as w ild-type 
BF307-10, in contrast to secreting 3-fold more m ini-proinsulin than wild-type 
BF307-10. However, the esi4 m utant secreted about 3-times more a-amylase 
than wild-type, which, in combination with the amount of product found in 
the cells, constituted almost a 3-fold increase in total yield. This represents a 
greater enhancem ent of product yield than observed w ith m ini-proinsulin 
(approxim ately 2-fold increase). In contrast again, the esi9 m utant failed to 
secrete any a-amylase, whilst the amount found in the cell showed an almost 
8-fold increase in yield over wild-type, but with an overall ten-fold decrease in 
total amylase yield. This failure to secrete differs from the phenotype with 
m ini-pro insulin, in that secretion is restored following meiosis (see chapter 4). 
Figure 3.6. shows the phenotypes as seen on starch plates. Thus, the m utant 
phenotypes were different for the different secretory product.

Analysis of the amylase transcripts produced in the m utants (figure 3.7) 
also show ed differences w ith m ini-proinsulin. Thus, esil cells contained
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Figure 3.5. Vectors for the expression of w heat a-am ylase and A .n ig e r  (3- 
galactosidase cDNAs.

(a) Y pJK law  (Kirkham, J. 1989). Shows the w heat a-am ylase cDNA, 
cloned into the unique EcoRl site, (again generated by Bal31 deletion 
and linker insertion) w ith the A D  H I  prom oter utilised to drive 
expression.

(b) pV K l.l (Kumar et al., 1992). Shows the A .n ig e r  p-galactosidase 
cDNA cloned into the unique EcoRl site, w ith the A D H 1  p rom oter 
being utilised to drive expression.
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Table 3.2.
(a) The effect of esi m utations on the secretion of wheat a-amylase. +

Strain a-am ylase activity.* % Secreted Relative Yield.

Cell Supernatant Secreted Total

+ 0.55 40.5 98.7 l.Ox l.Ox

esi 1 0.71 50.5 98.6 1 .2 x 1 .2 x

esi 4 1.57 124.7 98.7 3.1x 3.1x

esi 9 4.3 0 0 0 O.lx

+ BF307-10 parent and m utant cells containing YEpJKl-aw. Strains were cultured 
in m inim al m edium , inoculated into non-selective YPD m edium  and cells 
ha vested w hen they had reached an O.D .6 5 0  of 1.5
* M altose p ro d u ced  in m g /m l /o f  su p e rn a tan t or cells as de te rm ined  
spectrophotometrically by DNS assay (see Experimental procedures). The figures 
are the mean of duplicate assays.

(b) The effect of esi m utations on the secretion of A.niger (3-galactosidase. +

Strain p-galactosidase activity.* % Secreted Relative Yield.

Cell Supernatant Secreted Total

+ 40 8.3 17 l.Ox l.Ox

esi 1 47.7 1 2 . 8 2 1 1.5x 1 .2 x

esi 4 45.5 1 0 . 2 18 1 .2 x 1 .2 x

esi 9 8.7 0.67 7 0.08x 0 .2 x

+ BF307-10 parent and m utant cells containing pV K l.l.
* nM of ONPG converted/m inute (see Experimental procedures). The figures are 
the mean of duplicate assays.



Figure 3.6. esi  m utant phenotypes after transform ation w ith Y pJK law . 
Single colonies have been streaked onto m inim al m edium  containing 2% 
starch and lacking tryptophan. The diploid strain esi9 X BJ2168 has been 
included to show  that amylase secretion is restored after m ating. The areas 
of starch hydolysis are easily distiguishable as zones of clearing. The plates 
are m arked as to which strain they contain.



esi 9 X BJ2168



Figure 3. 7. W heat a -am ylase  transcrip ts  in esi m u tan ts. The filter w as 
hybrid ised  seperately  w ith the w heat a -am y lase  and actin probes, before 
being exposed to X-ray film.

(a) N orthern  blot of total yeast RNA (10|ig total RNA loaded per 
track) from w ild-type BF307-10 and m utant stains carrying plasm id YEpJKl- 
a w  hybridized w ith w heat a-am ylase  (Am ylase) and actin (Actin) probes. 
This is a com posite picture of the two X-ray films.

Lanel: BF 307-10 negative control (contains no plasm id).
Lane2: BF 307-10 YEpJKl-aw positive control.
Lane3: esil YEpJKl-aw.
Lane4: esi4 YEpJKl-aw.
Lane5: esi9 YEpJKl-aw.
Lane6: esi9 YEpJKl-aw X BJ2168 diploid.

(b) Phosphorim ager quantification of mRNA levels.



(a) 1 2 3 4 5 6

Amylase

Actin

(b)

Relative mRNA 
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Strain Amylase Actin Amylase/ Actin

+ 60566 3905 15.0 (l.Ox)

esil 5852 11254 5.2 (0.3x)

esi4 117113 7284 16.0 (l.Ox)

esi9 <100 12833 <0.008 (<0.0005x)

esi9/+ 5109 10322 0.5

+ Phosphorimager counting units (mean of duplicates)



reduced levels (ca. 40%) of amylase mRNA, compared w ith levels similar to 
the non-m utan t parent for m ini-proinsulin (fig3.4). M utant esi4 showed the 
converse, w ith  am ylase mRNA levels sim ilar to the non-m utant parent, 
w hilst m ini-pro insulin  mRNA was reduced (ca. 40%). However, esi9 had 
substan tia lly  reduced  mRNA levels for both amylase (0.06%) and m ini
pro insulin  (10%).

The A.niger  p-galactosidase is extensively N-glycosylated (unlike m ini
pro insulin) and is approxim ately 20 times larger than m ini-proinsulin  at 
llOkDa. As show n in Table 3.2b., it is secreted w ith approxim ately 20% 
efficiency from  w ild-type BF307-10 cells. Both the esi 1 and esi4 m utan ts 
showed essentially the same secretion pattern and yield as wild-type BF307-10. 
H ow ever the esi9 m utan t prov ided  greatly reduced levels of secreted p 
-galactosidase (0.08 times that of wild-type) as well as a reduced level w ithin 
the cell (0.2 times that of wild-type) and therefore a reduced overall total yield 
(0.2 times that of wild-type). This pattern is very similar to the observed with 
the w heat a-am ylase secretion reporter. The overall pattern indicated by these 
resu lts suggests that the enhanced secretion phenotype seen for m ini
proinsulin is specific for that reporter, and not a general effect seen w ith all 
secreted proteins. No transcript analysis were therefore perform ed in the 
m utants containing the p-galactosidase reporter plasmids.

The reduced mRNA levels in the m utants may have resulted from 
either a reduced transcription rate or more rapid turnover. This question was 
addressed by exam ining the abundance of a mRNA encoding a cytoplasmic 
protein expressed from the A D  H I  prom oter. We already had data for the 
expression of w heat a-am ylase from the ADH1 promoter.
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3.2.6 Effect o f mutations on cytoplasmic reporter expression.

By considering the effects of the esi m utations on cytoplasmic reporter 
expression, we were asking the question w hether the mutations were specific 
for secretory reporter expression or general affecting cytoplasmic protein genes 
as well. Thus the esi m u tan ts and non-m utan t parental stra ins w ere 
transfo rm ed  w ith  pCHlOO (H adfield  et ah, 1986), a 2pm-based plasm id 
encoding chloramphenicol acetyltransferase (CAT), a cytoplasmically expressed 
protein. This plasmid was chosen for two reasons; firstly expression of CAT 
was from the AD H 1  prom oter and secondly it is cytoplasmic in nature. This 
second feature w ould enable us to determ ine whether the reductions seen in 
mRNA levels for the esi m utations are specific for genes encoding proteins 
destined for the secretion pathw ay. Transformed yeast strains were cultured 
o vern igh t in selective Y P G E /ch loram phenico l selective m edium  and 
harvested w hen cells had reached a concentration of 1X107 cells/m l. CAT 
enzym e assays of total soluble cell protein extracts showed that expression 
levels in esil and esi4 cells were the same as in the non-m utant parent (figure 
3.8b). This was associated w ith similar levels of mRNA (figure 3.8a). Thus, 
the decreases in mRNA level and altered secretion yields associated w ith these 
two m utants appear to be due to defects specifically w ithin the secretion 
pathway.

In the case of esi9, the level of CAT mRNA was reduced two fold but no 
product was detected (Figure 3.8a and b). This indicates a possible defect at the 
level of translation. This was exam ined further by transform ing the esi9 
m utant and wild-type control strains w ith plasmid pLG669-Z, which expresses 
cytoplasmic p-galactosidase from the CYC1 prom oter (Guarente and Ptashne, 
1981). In the w ild -type  BF307-10 strain , an average (from 4 different 
transformants) of 260 P-galactosidase activity units (nmol ONPG converted per 
m inute per OD650nm culture) was found in the cells, compared w ith only 0.9 
units in esi9 cells. This substantiated the occurrence of a blocking effect of the 
esi9 m uta tion  on the translation  of the cytoplasmic reporter genes. A 
universal blockage of cytoplasmic expression would prove greatly debilitating - 
if not lethal - to the cells, however, the esi9 cells showed no difference in 
grow th rate to non-m utant cells. Nor were there any other signs of toxicity 
that w ould be expected w ith such an effect. This suggested that it could be 
atypical, possibly reflecting the fact that both the CAT and P-galactosidase genes 
are heterologous and contain highly unfavourable codons for translation in 
yeast.
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Figure 3.8 Expression of chloramphenicol acetyltransferase in  esi mutants 
containing pCHlOO.

(a) N orthern blot of total yeast RNA (lOjug total RNA loaded per 
track) from w ild-type BF307-10 and m utant stains carrying plasmid pCHlOO 
hybridized w ith chloramphenicol acetyltransferase (CAT) and actin 
(Actin) probes.

Lanel: BF 307-10 negative control (contains no plasmid).
Lane2: BF 307-10 pCHlOO positive control.
Lane3: esz'lpCHlOO.
Lane4: esz’4pCH100.
Lane5: cs/9pCH100.

(b) Quantification of mRNA levels (by phosphorimager) and CAT 
and ADH protein product levels (by enzyme assay).



To in v es tig a te  th is possib ility , in trace llu lar levels of alcohol 
dehydrogenase (ADH) were assayed in m utant and wild-type cells. The ADH 
in glucose-grown mid-log phase cells is mainly encoded by ADH1,  w ith AD H2  
and m A D H  expression being repressed (Ciriacy, 1975). Im portantly for this 
investigation, A D  H I  has close to optimal codon usage (Sharp, 1986). It was 
found that non-m utant control cells, esi9 , and also the other two esi m utants, 
all contained approxim ately 0.3 ADH units per mg cell protein (see figure 3.8). 
Thus, the esi9 m utation had no effect on expression of the highly expressed, 
major codon containing ADH1  gene. Poor codon adaptation, as in the CAT 
and p-galactosidase genes, is thought to cause translational stalling (Herrick, 
1990), w hich m ay act in association w ith the m utant esi9 phenotype to inhibit 
cytoplasmic expression. This w ould appear to confirm that the blockage of 
cytoplasm ic expression in esi9 is atypical affecting only those genes that 
contain unfavourable codons for translation in yeast.
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3.3 D iscussion .

A lth o u g h  m u tan t es i l  show ed elevated levels of secreted m ini
pro insulin  w ith  unaltered  mRNA levels, in the cases of esi4 and esi9 the 
phenotype w as associated w ith  reduced mRNA levels. The latter is m ost 
surprising, as it w ould appear unlikely that reduced prim ary transcription 
would result in increased secretion yield. In fact, it would be expected to have 
the reverse effect. This might arise if the product was toxic to the cells - which 
it does no t appear to be, as both  grow th rates and plasm id stability are 
unaffected (see H adfield et al, 1993, for review of effects of toxic products on 
yeast cells). Another possibility is that by expressing a heterologous protein at 
a high level a 'log-jam' effect at a rate-limiting step may be caused, which is 
reduced by reducing expression. Alternatively, prim ary transcription may be 
unchanged in the m utants, bu t mRNA turnover rate increased in esi4 and 
esi9 for some reason.

A dditionally, w hen w heat a-am ylase was expressed in the same cells 
using the A D  H I  prom oter rather than M F a l ,  thereby elim inating prom oter- 
specific effects, its mRNA level was reduced in esil and esi9 , but not in esi4. 
Furthermore, the secretion phenotypes for the amylase reporter differ to those 
for m ini-proinsulin: esil was no different to non-m utant levels; esi4 showing 
5-fold m ore secreted product and a 3-fold increase in total yield; and esi9 
showing no secretion, but a 3-fold elevation of intra-cellular amylase.

G ains in p roduct yield w ithout associated transcriptional increases 
suggest gains in translation efficiency. Analysis of cytoplasmic CAT expression 
showed no differences in product or mRNA yields for esil and esi4, indicating 
that reduced  mRNAs and elevated products were specific for secretory 
proteins. In the case of esi9 CAT, expression was reduced but not the mRNA 
level, indicating that expression of CAT was being impeded in the m utant.

The effects at the level of mRNA and translation associated w ith the 
three esi m utants suggest that all act at an early stage of the secretion pathw ay 
and translocation into the endoplasm ic reticulum. This would support the 
view that the m ain barrier to secretion of mini-proinsulin - the reporter with 
which they w ere isolated - is at this level. Reduced mRNA half-life has been 
associated w ith  translational pausing. The signal recognition particle (SRP) is 
thought to interact w ith the secretion leader peptide directly upon synthesis by 
the ribosome and cause a translational pausing (Siegel, 1988; Wolin, 1989). Its 
action in in itia ting  p ro tein  secretion can therefore be linked w ith  the 
phenotypes of enhanced secretion yield and reduced steady-state mRNA level.
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The observations m ade in this study lead us to a different view than that 
proposed by Siegel (1988) or Wolin(1989).

Differences in phenotype of amylase secretion may come about because 
the leader peptide is different, causing altered efficiency of interaction with the 
SRP, or because the amylase is transcribed and translated at a lower rate and is 
also larger. This may also be the same for p-galactosidase secretion.

Indications from gene expression analysis of the esi mutants is that they 
do not affect the same function w ithin the yeast cell. Therefore they may be 
m utations in three different genes all acting at an early stage of the secretion 
pathway.
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Chapter Four.

GENETIC ANALYSIS OF ESI MUTANTS.

4.1 Introduction.

The next stage in the analysis of the esi m utants utilised a genetic 
approach. Here a num ber of questions w ould need to be addressed concerning 
the m utations.

(1) Were they dom inant or recessive?
(2) Are the phenotypes due to m utations in single genes or as can 

happen  w ith  random  chem ical m utagenesis, m utations in a num ber of 
different genes.

(3) Were the three esi m utations in separate genes.

As the m utants were isolated in a haploid background it is possible to answer 
the above questions by m ating the esi m utants initially w ith a w ild-type 
haploid M A T  a. strain (as the original strain used for mutagenesis was M A T  a), 
and then against each other.
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4.2 Results.

4.2.1 Dominance tests.

The first part of the genetic analysis was to determine whether the esi 
m utations were dom inant or recessive. To achieve this heterozygous diploids 
were made by m ating each of the esi m utant strains and the wild-type parent 
(BF307-10) control, all of w hich w ere M A T a a n d  contained plasm id pBGl, 
w ith a suitable M  A  Ta strain. The initial M A T  a. strain selected was 74/2. 
H ow ever this cross failed to produce viable spores even with the wild-type 
control, after sp o ru la tion  of the d ip lo id  and tetrad  dissection. This 
incom patability  betw een yeast strains of opposite m ating types form ing 
inviable spores, is occassionally w itnessed (general laboratory observation). 
Another M A T  a strain was used (JHRY20-2C) and the cross set up as detailed 
below;

BF307-10 esi+ -(pBGl)MATa X JHRY20-2C M A T  a

M atings were carried out as described in the experimental procedures and 
d ip lo ids selected on plates lacking the amino acids leucine, tryptophan , 
arginine, adenine and m ethionine (therefore not allowing haploids to grow). 
The diploids were then grow n in selective liquid minimal m edium  and the 
am ounts of m ini-proinsulin  secreted into the m edium  assayed. The results 
(Table 4.1a) show ed that heterozygous diploids containing an esi m utation 
gave rise to a sim ilar am ount of secreted m ini-proinsulin as that m ade with 
the w ild-type parent control. This indicated that each of the esi m utations is 
recessive in nature.

4.2.2 M eiotic Segregation Analysis: are the esi mutations in single genes ?

The diploids of each cross including the wild-type parental control were 
sporulated after being cultured in enriched YPD presporulation medium. This 
was achieved by plating the diploids under conditions of nitrogen starvation 
(see experim ental procedures) which allows cells to commit to the meiotic cell 
cycle, so creating four haploid spores. These four haploid spores, known as a 
tetrad, are encased in an ascus (which can be digested away to allow dissection) 
and are the product of a single meiotic event. Dissection of these tetrads and

50



Table 4.1. Amount of mini-proinsulin secreted into the culture medium by 
esi diploids containing pBGl.

a. esz/wild type diploids.

Diploid a Insulin mU/L

+/+ 97 (± 11)

e s i1 /+ 75 (±13)

esi 4 /+ 106 (± 15)

esi 9 /+ 77 (± 13)

a BF307-10 M A T  a  esi* (pBGl) /  JHRY20-2C M A T a  = + /+

b. esi/esi  diploids (complementation tests).

Diploid b Insulin mU/L

+ /+ 100 (±15)

esil /esiA 83 (± 15)

esiA/esi9 82 (± 17)

es i l /es i9 94 (± 28)

b BF307-10 M A T a  e s t  (pBGl) /  BF307-10 MATa esi~ URA3+ = + /+



germ ination of each of the four spores indiv idually  allows study  of the 
products of a single meiosis. Each of the four haploid progeny from complete 
tetrads (ones where all four spores germ inated) from the diploid strains were 
cultured in selective liquid m edium , inoculated into non-selective YPD liquid 
medium and grown to an OD650=2, before analysis by ELISA.

W ith the BF307-10 control strain all four spores from complete tetrads 
showed the same (wild-type) levels of insulin secretion. In the case of the 
es i4 /  + heterozygous d iploid , a 2:2 ratio  of inheritance of the enhanced 
secretion phenotype to w ild-type w as obtained for ten complete tetrads 
analysed. This indicated  th a t the esiA m utation  occurred in a single 
chromosomal gene. A selection of analysed tetrads are represented in Table 
4.2. A num ber of other chrom osom al m utations, such as those for adenine 
(ade4, ade6), m ethionine (metA) and tryptophan (trp 1) auxotrophies were also 
shown to display allelic segregation from their wild type alleles.

The es i l /+  heterozygous diploid showed 2:2 segregation for the presence 
or absence of the plasm id pBGl. This showed the possibility of a second 
chrom osomal m utation affecting meiotic cell division inheritance of the 2pm 
based plasmids. To test w hether this defect was specific to meiosis, the mitotic 
stability of plasm id pBGl was analysed in esil m utant strains over a period of 
approxim ately 60 cell doublings. The results indicated no difference between 
plasm id stability in the esil  haploid  strain  com pared w ith its non-m utant 
(ESI1+) BF307-10 parent strain, indicating that the defect was specific to meiotic 
division.

This meiosis specific m utation was further investigated. M utant strain 
esil containing plasm id Y pJK law , was m ated w ith wild-type M A T  a strain 
BJ2168 to form diploids. The diploids were sporulated under conditions of 
n itrogen starvation  and the resulting tetrads dissected. The spores were 
germ inated on non-selective YPD solid m edium  and then replica plated onto 
selective solid m edia, to screen for maintenance of the plasmid. Again a 2:2 
segregation for presence or absence of the plasm id Y pJK law  was noted 
indicating that the m utation giving plasm id instability occurred at a single 
single locus.

Of the tw enty complete tetrads that showed 2:2 segregation for plasmid 
pBGl, ten were selected for further analysis. In the ten complete tetrads those 
spores that failed to inherit the plasm id were cultured in non-selective YPD 
m edium  and then transform ed w ith the plasmid pBGl. Each set of meiotic 
segregants were cultured in selective liquid medium and then inoculated into 
non-selective YPD liquid m edium  and grown to an OD65q=2. Analysis of 
secreted m ini-proinsulin levels by ELISA showed a 2:2 segregation of the esil
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Table 4.2. Meiotic segregation analysis of esi4/ESI4 heterozygotes of the enhanced 

secretion of insulin following the sporulation of esi 4 pBGl / JHRY20-2CMATa ESI+ 

diploids.

Sporulated 

diploid Asci a A

Yield of secreted mini-proinsulin (jxU/ml) 

from germinated spores b,

B C D

Ratio 

+ : esi

+ /+  (control) 

asci

99 82 89 80 4 :0

esi4/+ 1 100 98 200 178 2 :2

asci 2 76 81 224 241 2 :2

3 228 232 491 441 2 :2

4 103 90 241 274 2 :2

a BF307-10 M A T a  ESI+ (pBGl)/JHRY20-2C MAT* ESI+ =+/+  diploid. 

esi4 M A T a  esi- /JHRY20-2C MATa ESI +

b By ELISA assay (see Methods); mean values from 3 separate assays.



single chromosomal gene (Table 4.3 shows a selection of complete tetrads that 
were analysed). A num ber of other chrom osomal m utations, such as adenine 
{ade4,6, m ethionine {met A) and tryp tophan  (trpl) were shown to be inherited 
in a 2:2 ratio. The results indicated no linkage betw een the meiotic plasm id 
loss phenotype and the esi phenotype as meiotic products showed all four 
possible com binations; 2\i~ e s i l +, 2\xr esil~, 2[i+e s i l + and 2\i+esil~. W hen 
M A T a  esil derivatives isolated from the initial esil (pBGl) cross with JHRY20- 
2C, were backcrossed w ith strain  JHRY20-2C, the 2:2 meiosis segregation 
phenotype was observed again. This backcross was performed in an attem pt to 
try to separate the esi m utation from the lesion causing plasm id instability. 
These data seem to contradict the results recorded in Table 4.3. As only a small 
num ber of M A T a  esil derivatives (three) show ing the enhanced secretion 
phenotype w ere backcrossed, no firm conclusion can be m ade about linkage 
betw een the two genes. Subsequently a further backcross between a M A T a  
es/lderivative (isolated from the first backcross) and a ESI+ strain showed a 2:2 
segregation of w ild-type and meiosis specific plasmid instability phenotypes.

H eterozygous diploids form ed from the cross of M A T a  esi9pBGl  w ith 
M A T a  stra in  JHRY20-2C produced  tetrads on sporulation m edium . After 
digestion and dissection onto non-selective YPD solid medium very few of the 
spores germ inated, m aking it impossible to complete the meiotic segregation 
analysis. H ow ever one advantage of the Singer MSM dissection machine, is 
the facility to utilise the m achines' autom ated grid pattern to re-examine the 
dissected spores after incubation of the plate. Therefore it is possible to see at 
w hat stage of germ ination or developm ent individual spores had arrested. As 
show n in figure 4.1, the spores arrested at different stages of germination and 
colony developm ent; some were unable to germinate and remained as single 
cells (approx. 50%), whilst others had been able to go through one cell division 
or even a num ber to form  a m ulticellular m icrocolony structure before 
arresting (approx. 40%).

A num ber of other M A T  a strains were tested in matings w ith the esi9 
m utan t { M A T a )  to try to obtain a dipolid that would sporulate to give asci 
w ith four viable spores. In all cases this was unsuccessful. In addition, it was 
also noticed that the esi9 haploid  strain eventually stopped secreting m ini
proinsulin , or as an ultim ate consequence of the m utant phenotype. This 
acqu ired  secre tion  defect w as m aintained  w hen the esi9 m u tan t was 
transform ed w ith  a plasm id carrying a wheat a-amylase gene, as described in 
chapter 3. The esi9 Y pJK aw l (see chapter three) strain was m ated against 
M A T a  strain  BJ2168 resulting in a diploid that was able to secrete a-am ylase. 
This show ed the defect to be recessive as initially observed w ith  m ini-
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Table 4.3. Meiotic segregation analysis of e s i l /E S I l  heterozygotes of the enhanced 

secretion of insulin phenotype following the sporulation of 

esi 2pBGl/JHRY20-2CMATa ESI+ diploids.

Sporulated 

diploid A scia A

Yield of secreted mini-proinsulin (fxU/ml) 

from germinated spores b,

B C D

Ratio 

+ : esi

+ /+  (control) 

asci

90 88 82 94 4 :0

esil /+ 1 12+ 20+ 319" 231" 2 :2

ascic 2 10+ 11- 303- 267+ 2 :2

3 10“ 9+ 269+ 265- 2 :2

4 24+ 16+ 160- 155- 2 :2

a BF307-10 M A T a  ESI+ (pBGl)/JHRY20-2C MATa ESI+ = + / + diploid.

esil M A T a  esi- /JHRY20-2C MATa ESI + = e s il/+  diploid.

b By ELISA assay (see Methods); mean values from 3 separate assays 

c + and - respectively indicate presence or absence of inherited plasmid pBGl.

Those spores that did not contain the plasmid were transformed prior to assay.



Figure 4.1 Individual spores dissected out from four spore asci onto YPD medium 
from the esz9pBGl/JHRY20-2C diploids after sporulation. Letters (a)-(d) 
show a selection of these germinated spore cultures from the same 
meiosis, that have arrested at different stages of development. The 
figure shows the abberant morphology of these germinated spores.

(a) (b)



proinsulin  as the secretion reporte r protein . Sporulation of this diploid 
yielded 4 viable spores per ascus indicating that the defect in spore viability 
m ay be associated  w ith  the  p resence  of secretory  m in i-p ro insu lin . 
Germination of the tetraspores and assay of a-am ylase secretion levels showed 
a 2:2 segregation of the enhanced secretion phenotypes versus w ild-type, 
indicating that it was encoded by a single chromosomal gene (Table 4.4).

4.2.4 Complementation analysis  between esi mutants.

Com plem entation analysis was undertaken to investigate w hether the 
esi m utations w ere in separate genes. Before the com plem entation analysis 
could be perform ed MATa. esi haploids were recovered from tetrad dissections 
of es/lpBG l x JHRY20-2C and es/4pBGl x JHRY20-2C diploids. The phenotype 
of the spores were determ ined and are listed below;

esil M A T a  Leu+ T rp+ Met" Ura" His" A de+ (pBGl)

es/4 MATa Leu+ Trp" Met+ Ura" His" Ade" (pBGl)

As both of the M A T a  enhanced secreting spores were uracil auxotrophs, the esi 
(pBGl) m utan t strains and w ild-type strain BF307-10 were transform ed with 
the U R A 3  gene m arker to m ake them  uracil p ro to trophs. The yeast 
integrating vector YIp31 (Hadfield et al., 1987) was digested w ith restriction 
endonuclease Hindlll  and the URA3  gene isolated as a l.lk b  fragment after gel 
electrophoresis. After purification the fragm ent was transform ed into the 
s tra in s  a llow ing  in te g ra tio n  of the  U R  A 3  gene into the genom e. 
T ransform ants w ere isolated as uracil prototrophs. The M A T a  esiA (pBGl) 
strain was m ated against the BF307-10 U ra+ (pBGl) wild-type control and esil 
ores/9  U ra+ M A T a  (pBGl) strains to create double heterozygous diploids , 
esil/esiA,  and es/4/es/9. The M A T a  esil (pBGl) strain was mated with the esi9 
Ura+ M A T a  (pBGl) strain to create a double heterozygous diploid carrying the 
es i l /es i9  m utations, as well as w ith wild-type control strain M A T a  BF307-10 
U ra+ (pBGl) to check the effect of the integrated URA3  gene on sporulation 
and spore viability . These diploids were then grown in selective liquid 
m edium  lacking leucine, m ethionine and uracil and the am ounts of m ini
pro insu lin  secreted into the m edium  assayed. In all cases, the levels were
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Table 4.4. Secreted w heat a-amylase from meiotic segergants of esi9/ESI9 heterozygotes 

following the sporulation of esi 9 (pJKl-aw) /  BJ2168 MATa. ESI+ diploids.

Sporulated 

diploid A scia

Yield of secretory a-amylase 

from germinated spores b, c 

A B C D

Ratio 

+ : esi

+ /+  (control) 1 40.4 o.6 41.0 o.6 40.2 0 .5 39.9 0 .6 4 :0

asci 2 29.0 o.6 28.0 o.6 25.7 0 .5 28.0 0 .6 4 :0

3 30.0 o.6 31.0 0 .5 28.0 0 .5 32.0 0 .5 4 :0

esi9 /+ 1 18 0.6 20 0 .3 41 2.0 37 0 .3 2 :2

asci 2 15 0.3 00 o 3 1 1.4 31 0 .7 2 :2

3 13 0.5 15  0.3 35 i.o 31 0 .6 2 :2

4 43 o.6 V
I

O 65 i.6 73 1.4 2 :2

5 43 0 .5 42 \2 6 8 1 .1 64 0 .5 2 :2

6 36 0 .3 47 !.0 68 1.0 67 0 .5 2 :2

3 BF307-10 M A T a  /BJ2168 MATa = + /+  diploid. 

esi9 (pJKl-aw) /  BJ2168 MATa ESI+ diploid.

b mg of maltose equivalents liberated from soluble starch per ml of culture 

(see Methods); m ean values from 3 separate assays. 

c Subscript value is for residual activity within the cell.



sim ilar to that for the w ild-type d ip lo id  (Table 4.1.b), indicating that the 
m utations were in different genes.

The double heterozygous diploids carrying the esi m utations and the 
w ild-type controls were sporulated under conditions of nitrogen starvation; all 
produced four spore asci on sporulation m edium  (see figure 4.2) and the two 
control heterozygous diploids m ade from M A T a  BF307-10 Ura+X M A T a e s i l  
(pBGl) and MATa. esiA (pBGl) produced viable spores after dissection and 
germ ination. A fter te trad  d igestion  and dissection of the esi double 
heterozygotes on to non-selective YPD solid m edium  very few spores 
germ inated, m aking it im possible to perform  any further analysis. It was 
noted however that the walls of the asci from double esi heterozygotes seemed 
very fragile, requiring little or no digestion w ith [3-glucuronidase before they 
were dissected. Again it was possible to m onitor individual spores using the 
Singer MSM dissection machine, and spores were seen arrested at a range of 
different stages of developm ent. Examples from the double esi heterozygote 
dissections can be seen in figure 4.3.
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Figure 4.2. Tetrads produced after sporulation of esi heterozygous diploids. 
Two four spore asci are arrowed.



Figure 4.3. Exam ples of arrested spores from the double m utan t dissections 
esil  /  esi9,es il  /  esi9 and e s i l / e s i l .  Letters (a)-(f) show  a selection of spores that 
have arrested at different stages of developm ent.



(a) (b)

(c) (d)



4.3 D iscussion.

Genetic analysis has show n all three esi m utations to be recessive. 
Although the esil  and esi9 strains had secondary chromosomal m utations, it 
was still possible to deduce that all three esi defects, leading to the enhanced 
secretion of m in i-p ro insu lin  pheno type  are m utations in single genes. 
Com plem entation analysis indicated that the m utations are in three different 
chrom osom al genes. A nother reason for constructing the diploid strains 
containing two of the esi m utations was to try to isolate a haploid derivative 
w ith both m utations and then to test the levels of insulin secretion in this 
haploid strain. Com bining tw o such m utations w ithin a haploid cell could 
possibly result in greater increases in yield. It was not possible to isolate such a 
derivative as heterozygous diploids expressing mini-proinsulin, had very low 
levels of spore germ ination after sporulation and dissection. The tetrads of 
such diploids were quite fragile, suggesting the possibility that high m ini
pro insulin  secretion m ay im pede secretion of proteins necessary for spore 
viability or result in their mislocalisation.

Cells enter meiosis th rough  the meiotic prophase, which includes a 
round of DNA synthesis and the events associated with recombination. This is 
w here chrom osom es condense and transient double-stranded chrom osome 
breaks occur, allowing gene convertants and recombinants appear. Cells then 
go th rough  m eiosis I (reductional) and m eiosis II (equational) divisions. 
Finally, spore walls form through deposition of spore coat materials w ithin a 
m em brane outgrow th near the spindle poles ((Briza et al., 1990). Meiotic genes 
have been divided into three classes - early, m iddle and late - based on their 
time of expression (Clancy et al., 1983; W ang et al., 1987). It is the late genes 
that may be affected in the esi m utants as their products are involved in spore 
packaging and possibly require secretory processes. Therefore the low level of 
spore viability seen in the double heterozygous diploids could be a result of 
aberrant deposition of spore coat materials. This w ould allow spores and 
tetrads to be form ed and w ould only become a problem after dissection and 
attem pted germ ination.

Another consideration to be addressed is that of tetrad fragility seen in 
the esi double heterozygotes. The tetrads of the double heterozygotes required 
little or no p-glucuronidase enzym e to digest the ascus wall surrounding the 
four spores. This w ould im ply that combining the esi m utations im pairs the 
cells ability  to secrete all the proteins required for effective ascus wall 
form ation.
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The esi 1 m u tan t possesses a secondary m utation that results in a 
meiosis specific plasm id segregation defect. The results show 2:2 segregation of 
two 2pm based plasm ids (pBGl and YpJK aw l) after sporulation and tetrad 
dissection, indicating a chrom osom al m utation in a single gene. This would 
im ply that a host cell function is involved in the m ovem ent of 2pm based 
plasm ids into the spores during sporulation, confirming the present view that 
2jim based plasm ids either passively diffuse into the spores or use a host cell 
function for segregation into the spores.

Like other extrachrosomal elements there is a 4:0 segregation of the 2pm 
in the spores p roduced  by meiosis. It was reported that 82% of the 2pm 
plasm id pool present in a diploid cell, is segregated to the spores. Whereas, 
only 55% of the m itochondrial DNA is segregated into the spores (Brewer and 
Fangman, 1980). This is probably indicative of the cellular location of the two 
extrachrom osom al elements. The 2pm plasm id is present w ithin the nucleus, 
whilst the m itochondrial DNA is present w ithin the cytoplasm, only a fraction 
of which is enveloped into the spores. There is little information about 2pm 
m aintenance during  the host cell's alternative developm ental pathw ays. For 
exam ple, it has not been determ ined w hether the partioning m echanism  is 
required for the inheritance of the plasm id during sporulation bu t there is 
strong evidence to im ply that it is required during diploid vegetative growth. 
It has been show n how ever that 2pm based plasm ids are significantly more 
stable in diploids, than in haploids (Mead et ah, 1986).

Little is know n about 2pm  plasm id  m aintenance du ring  meiosis. 
Meiotic nuclear division differs from mitotic division in that there is a high 
rate  of hom ologous recom bination  d u ring  pre-m eiotic S phase. The 
investigation  of p lasm id  inheritance during  m eiosis could im prove the 
understanding of the processes involved in the segregation of nuclear material 
during sporulation. It w ould be interesting to determine whether the meiosis 
specific segregation defect seen in m utant esil is a general defect affecting all 
nuclear plasm ids or only 2pm.

Of the three m utants esi4 was the easiest to analyse from a genetic point 
of view  as it had  no secondary m utations that affected spore viability or 
plasm id segregation. Therefore it should be possible to use the initial insulin 
colony footprin t assay, after the m utan t strain containing pBGl had been 
transform ed w ith  the YCp50 yeast genomic library (Rose et ah, 1987), to isolate 
the w ild-type ESI4 gene. A num ber of attempts were made to isolate the gene 
in this way, b u t none were successful as the primary antibody had deteriorated. 
As it w as not possible to obtain more of the primary antibody, m utant esi4 was 
transform ed w ith  the Ins2 reporter plasm id, which contained a 9E10 epitope
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tag at the end of the gene. U sing the appropriate  prim ary and secondary 
an tibod ies fo o tp rin ts  w ere de tec ted  after m u tan t esi4 Ins2 had  been 
transform ed w ith  the YCp50-based genomic library(Rose et al., 1987). It was 
not possible how ever to use this new  reporter to isolate the wild-type gene as 
the putative positive clones identified were shown to be false positives after 
ELISA assay.

The esi9 m utan t w as the m ost difficult to analyse genetically due to 
secondary chrom osom al m utations that drastically reduced spore viability. 
This reduction in spore viability could how ever have resulted from a single 
chrom osom al m utation  that affected the secretion of proteins required for 
spore form ation (considered earlier) as well as resulting in higher levels of 
m ini-proinsulin  secretion.
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Chapter Five.

THE ISO LA TIO N  OF ALTERED SECRETION MUTANTS USING THE 
ASPERGILLUS NIG ER  p-GALACTOSIDASE.

5.1 Introduction.

W ith the esi m utants already isolated and their genetic and phenotypic 
characterisation underw ay, a different secretion reporter was used to attem pt 
the isolation of other enhanced secretion m utants. The industrially im portant 
secreted p-galactosidase protein of Aspergillus niger was selected. This protein 
is m uch larger in size than the m ini-proinsulin reporter and glycosylated. 
Therefore this m ight target different areas of the secretion pathw ay that were 
rate lim iting for the secretion of this protein.

The annual w orld production of whey, a major by-product of cheese and 
caesin m anufacture, exceeds over 10n kg. The protein contained in w hey has 
significant value in the food industry, and is separated and concentrated for 
these purposes by ultrafiltration (Irvine and Hall, 1985). The lactose and salts 
(whey perm eate) how ever have low er value and are frequently discarded 
w hich can represen t a major source of w ater pollution w ithout expensive 
sewage treatm ent. Therefore alternative uses need to be found for whey 
perm eate. As S.cerevisiae  lacks both  a lactose uptake system  and a p- 
galactosidase (p-D -galactohydrolase E.C.3.2.1.23.), it cannot utilise lactose 
directly (Sreekrishna and Dickson, 1985). Therefore the expression and 
secretion  of A .  n ig e r  p -g a la c to s id ase  from  S .cerev is ia e  w ould  be of 
biotechnological im portance as it w ould  allow the ferm entation of whey, 
solving the disposal problem  and producing useful alocohol and biomass for 
yeast extracts.

As discussed in chapter 3 the Aspergillus niger p-galactosidase is a large 
pro tein  approxim ately  130kDa in size, w ith 12 potential sites of N-linked 
glycosylation. As the protein is m uch larger than mini-proinsulin and heavily 
glycosylated, it w as thought a different type of enhanced secretion m utant 
could be generated utilising this reporter. It has been observed that other 
A.niger genes utilise non-preferred S.cerevisiae codons which reduce overall 
expression, for exam ple the glucoamylase (Boel et al., 1984) and pectin lyase D 
(Gysler et al., 1990) genes. The p-galactosidase protein shows little codon bias 
tow ards A .n ig e r  codons and is expressed using its own signal peptide in 
S.cerevisiae. A p lasm id  construction, pV K l.l, containing the A sperg illus
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niger  p -galactosidase gene (K um ar et al., 1992) w as kindly  supp lied  by 
Dr.W .Lancashire from W hitbread. The plasm id contained the encoding lacA 
cDNA, which includes the natural secretion leader sequence, coupled to the 
ADH1  prom oter and carries the 2|jm ORI-STB  for m ulticopy replication.

5.2 Results.

5.2.1 Strain selection and variation.

As described in chapter two a num ber of haploid laboratory strains were 
available for transform ation w ith  recom binant plasmids. Following the same 
criteria as before, in order to assess w hether host strain genotype had any effect 
on (3-galactosidase production, the yeast strains BF307-10, DBY746, JRY188, 
TGY47.1 and BJ2168 were each transform ed by the lithium acetate procedure, 
w ith the p V K l.l plasm id (see figure 3.5b). Transform ants able to grow in 
m inim al m edium  lacking uracil w ere isolated. Transform ant clones of each 
strain were grow n in minimal m edium  and inoculated into 10 mis of YPD and 
incubated. The secretion of P-galactosidase into the m edium  was m easured 
via ONPG hydrolysis (table 5.1). Assays were also performed on cell extracts of 
each strain in order to determ ine the levels of intracellular p-galactosidase. As 
we can see from  table 5.1. only approxim ately 10% of the p -galac tosidase  
produced is actually secreted, w ith  the other 90% therefore rem aining within 
the cell. The results also show ed that there w as strain variation for the 
production of p-galactosidase; the two protease deficent strains BJ2168 and 
TGY47.1 secreted approxim ately half the am ount of p-galactosidase of strain 
BF307-10 w ith  in tracellu lar levels being lower as well. There was little 
difference betw een the other three strains tested, however strain BF307-10 
secreted the grea test am ount of p-galactosidase and had  the greatest 
accum ulation of intracellular p-galactosidase Flence the secretion pathw ay is 
probably being overw helm ed in this strain. Because of this strain BF307-10 
was chosen for fu ture  w ork, as the passage through the secretion pathw ay 
seem ed lim iting for protein production.
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Table 5.1. Levels of p-galactosidase secretion from different strains of S.cerevisiae.

Strain P-galactosidase activity.*

Cell Supernatan t

BF307-10 158 15.2

DBY746 132 12.11

BJ2168 98 8.3

TGY47.1 100 7.9

JRY188 146 13.01

* nM  of ONPG converted/m inute (see Experimental procedures). The 
figures are the mean of duplicate assays.
All strains were cultured to OD 6 5 0  =2 before harvesting.



5.2.2 Stability  o f pV K l.l plasmid in yeast.

In som e cases heterologous protein  expression can have deleterious 
effects upon the host yeast cells resulting in reduced grow th and unusually  
high incidence of plasmid-free cells, which out-grow plasm id-containing ones. 
Therefore, as an indication of possible product toxicity, it was necessary to 
estabilish the stability  of the P -galactosidase  exp ressing  p lasm id s in 
S.cerevisiae. Transform ant yeast colonies of strain BF307-10 were inoculated 
into 10 mis of m inim al m edium  lacking uracil to m aintain the selection for 
the plasm id, and incubated at 30°C overnight. Cells from the resultant culture 
w ere used  to inoculate bo th  non-selective YPD m edium  and selective 
minimal m edium . After growth for at least 50 cell doublings, cells were plated 
onto YPD agar and incubated at 30°C for 2-3 days. The resultant colonies were 
then replica-plated onto m inim al m edium  to determ ine the p roportion  of 
p lasm id -con ta in ing  (Ura+) cells in the original populations. On m inim al 
m edium  out of 1500 colonies scored, 92% were derived from cells that had 
retained the plasm id; w hilst 87% of the cells still carried the plasm id after 
culturing in non- selective YPD m edium . As a control the experim ent was 
also undertaken  at sam e tim e w ith BF307-10 cells transform ed w ith  vector 
only. The results w ere nearly identical to those obtained w ith recom binant 
pV K l.l indicating that the expression of the p-galactosidase reporter protein 
did not affect plasm id stability. This dem onstrated a reasonable degree of 
mitotic stability indicating that the expression of the p-galactosidase reporter 
did not affect plasm id stability and is consistent with the observations made by 
Kumar et al., (1992).

For a second assay of potential toxicity by the accumulated intracellular 
p-galactosidase, the grow th  rate of strain  BF307-10 containing pV K l.l was 
com pared against stra in  BF307-10 w ithou t plasm id in non-selective YPD 
m edium . It w as found that the grow th rate of both strains was almost 
identical, indicating that the accum ulation of the P-galactosidase reporter 
p ro tein  d id  no t cause toxicity. Thus, the inefficient secretion of the p 
-galactosidase reporter protein, w hich m ight be expected to overwhelm  the 
secretion pathw ay, at some stage- did not appear to have any detectable toxic 
effects upon the host cell.
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5.2.3 Standardisation o f fi—galactosidse production in shake fla sk  cultures.

Transform ant yeast colonies containing pV K l.l were inoculated into 10 
ml of m inimal m edium  lacking uracil and incubated at 30°C overnight. lOOpl 
aliquots of culture at a concentration of 108cells/m l were used to inoculate 100 
mis -YPD m edium  in 200 ml conical flasks. Culture growth and secreted (3- 
galactosidase levels w ere then follow ed (table 5.2. and figure 5.1). For 
subsequent assays a time point around the tw enty four hour (OD650nm 1.8-2.0) 
period w as used  to m easure secreted P-galactosidase activity, as this was 
tow ards the end of log phase and before stationary phase. It was noted that 
unlike m ini-proinsulin  the levels of p-galactosidase did not fall drastically 
after approxim ately 36 hours.

5.2.4 Plate assay fo r  the detection o f p-galactosidase producing colonies.

There w as a p late  assay available for the detection of S.cerevisiae  
colonies secreting P-galactosidase, w hich rem oved the need to develop one. 
This assay relied on the chemical X-gal being incorporated into solid minimal 
media. As transform ant yeast colonies grow and secrete p-galactosidase they 
breakdow n the X-gal in the m edia, w hich results in a blue halo appearing 
around the colony. The size of the halo produced around the colony would be 
expected to be indicative of the level of p-galactosidase being secreted by the 
colony.

W hen cells of strain BF307-10 containing plasm id pV K l.l. were grown 
overnight in selective m inim al m edia and then inoculated into non-selective 
YPD m edium , and plated  onto solid m inim al m edium  containing X-gal, the 
halo size w as h ighly  reproducible , w ith  little difference betw een colonies. 
Therefore it seem ed possible to use this visual halo assay for the isolation of 
enhanced secreting colonies after random  mutagenesis.

5.2.5 M utagenesis and isolation o f enhanced secretion mutants.

The plate assay w as used to isolate m utant cells showing enhanced and 
reduced levels of secretion of P-galactosidase. BF307-10 (pVK l.l) cells were
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Table 5.2. P-galactosidase production from BF307-10 S.cerevisiae  cells in  
shake flask cultures.

Time (hrs) Culture O.D. 600n m P-galactosidase 

activity* (secreted)

Cell number

0 0.04 0 -

3 0.07 12 2.2 x 106/m l

7 0.201 18 8.1 xl06/m l

22 1.98 148 6.0 xl07/m l

46 2.60 168 -

70 2.79 180 1.5 xl08/m l

104 3.02 196 2.2 xl08/m l

* nM of ONPG converted/m inute (see Experimental procedures). The 
figures are the m ean of duplicate assays.
The production of P-galactosidase was followed over a period of 104hrs in 
BF307-10 S.cerevisiae cells.
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chem ically  m u tag en ized  w ith  e th y lm e th y l su lp h o n a te  (EMS) at a 
concentration determ ined to give 60% killing. Surviving cells w ere plated  
onto minimal selective agar and incubated at 30°C for 3-6 days. Prospective 
m utants having larger or smaller b lue halos w ere selected (approxim ately 38 
out of 40 000 m utagenised colonies ) and rescreened to test how reproducible 
the halo assay was. An example of an "enhanced secretion" colony can be seen 
in figure 5.2.

For quantitative confirm ation of enhanced secretion, the colonies were 
cultured in liquid m edium  and yields of secreted P-galactosidase accurately 
assayed by ONPG hydrolysis. Of the rescreened m utagenized colonies, only 4 
consistently show ed increased secretion yields of p-galactosidase and were 
term ed esg (enhanced secretion of p-galactosidase), approxim ately  4-fold 
greater than  w ild-type (Table 5.3.). Thus these appeared to be candidate 
m utants show ing enhanced efficiency of the protein secretion pathw ay. There 
were four other m utagenised colonies that showed decreased yields of secreted 
P-galactosidase and were term ed dsg (decreased secrection of P-galactosidase), 
approxim ately 3-fold lower than  w ild-type (Table 5.3.) The failure of the 
majority of m utants to m aintain the enhanced secretion phenotype of initial 
isolation, suggested a possible instability in the secretion phenotype, that made 
analysis of potential m utants difficult.

5.2.6 Is the A.niger p-galactosidase toxic to S.cerevisiae cells?

It was noted that colonies of S.cerevisiae expressing and secreting the p- 
galactosidase reporter gene began to lose their blue colour when left on solid 
media for periods of time longer than five-ten days. After fifteen-twenty days 
the colonies were dead. Thus the secreted product did after all appear to have 
a cryptic toxic effect on the host cells. There are a num ber of instances where 
the product m ay affect the cell. One m ay see leathality upon induction of 
expression, if the gene has been in troduced into the cell under repressing 
conditions, an exam ple of th is been the expression of D iphtheria toxin 
(Perentesis et a l,  1988). H ow ever in less serve cases, the recombinant product 
may not be lethal, b u t reduce grow th or viability such as that seen w ith the 
expression of polyom a virus middle-T antigen (Belsham et al, 1986).

N one of these adverse affects were witnessed on the intial introduction 
and expression of the A.niger  p-galactosidase w ithin S.cerevisiae cells and it 
was possible to isolate prospective enhanced secretion mutants. However, it
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Figure 5.2. S.cerevisiae  BF307-10 ce lls  p la te d  o u t  o n to  X -gal p la te s  a f te r  

random  m u ta g e n e s is . To th e  to p  a n d  r ig h t of th e  p h o to g ra p h , an  ex a m p le  o f 

a colony s h o w in g  enhanced sec tio n  of p -g a la c to s id a se  can  b e  seen.



Table 5.3. P-galactosidase assays on nine prospective mutants isolated by 

halo size.

Strain P-galactosidase activity.* % Secreted Relative Yield.

Cell S upernatan t Secreted Total

BF 168 14.53 8 l.Ox l.Ox

1 117 70.9 27 4.9x l.Ox

2 148 6 4 0.4x 0.84x

3 145 6 4 0.4x 0.83x

4 190 56 23 3.9x 1.35x

5 179 59 25 4.0x 1.30x

6 148 2 1 0.14x 0.82x

7 149 6.8 4 0.47x 0.85x

8 112 13.5 11 0.93x 0.69x

9 155 50 25 3.44x 1.12x

* nM of ONPG converted /m inute  (see Experimental procedures). The 
figures are the m ean of duplicate assays.

Strains highlighted were those w ith altered secretion.



w ould appear that a build up of P-galactosidase inside the cells might affect 
colony size, secretion yield and eventually result in cell death. This provided a 
major barrier to sucessful mutant isolation and characterisation.

5.2.7 The androgen inducible expression vector system .

To try to overcome this problem of cell toxicity caused by constitutive 
expression of the p-galactosidase reporter gene, an inducible expression vector 
system  w as selected, enabling expression to be turned off until required for 
assay. In this w ay toxic effects w ould  be kept to an absolute minimum. 
Although a number of inducible promoter system s are available, for example 
G A L 1 ,10 (Johnston, 1987), P H 05  (Meyhack et al., 1982) and CUP1 (Butt et al., 
1984), the changes in the growth media used to induce transcription can cause 
profound effects on cellular metabolism, which would not be desirable. A 
inducible prom oter system  w as therefore chosen that w ould avoid such  
problems. This utilised a hormone-inducible promoter (Purvis et al., 1991).

The hum an androgen receptor can be expressed in S.cerevisiae in a 
form capable of activating transcription from a yeast promoter carrying 
androgen-responsive elem ents, in an androgen-dependent manner. This 
system  requires tw o plasm id constructs to function in S.cerevisiae; one 
expreses the androgen receptor and the other contains a promoter under the 
control of an androgen response element, so that expression of a downstream  
coding sequence is only  activated w hen an androgen hormone (usually  
dihydrotestosterone (DHT) is added to the medium. The DHT would be taken 
up from the medium  by the yeast cells via the androgen receptors, which are 
produced when the cells are grown on glucose as expression of the hAR  gene 
is driven by the PGK promoter.

This system  w as constructed for inducible expression of secretory (3- 
galactosidase as follows. The first plasmid pPGK-hARI (figure 5.3a), containing 
the com plete encoding sequence of the human androgen receptor gene, 
expressed from the PGK promoter, was integrated into the trip 1 locus of the 
prospective esg mutants and wild-type BF307-10.

The second plasm id YEpPGKareBRSNX (figure 5.3.b) contained a 
m odified PG K  promoter, lacking the normal upstream activation seqence 
(UAS) , but w ith a triple arrangement of androgen response elements (ARE) 
positioned at the normal UAS site. It carried the 2\im ORI-STB  for multicopy 
replication, the LEU2 marker gene to maintain selection and it contained a
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Figure 5.3. Vectors required for the androgen inducible system.

(a) pPGK-hARI integrative plasm id contains the com plete encoding  
sequence of the hum an  androgen recptor gene (h A R ) expressed from 
the PGK prom oter. In tergration is achived after restriction 
endonuclease  d igestion w ith Ncol in the m iddle of the TRP1  m arker 
and transform ation .

(b) YEpPGKareBRNSX plasm id  that contains a m odified PGK  
prom oter w ith  a triple arrangem ent of androgen  response elem ents 
(ARE). The plasm id has a m ulti-cloning site at the end of the ARE 
elem ents that incorporates an ATG site, if required at the Ncol 
restriction site.
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m utiple clon ing site downstream of the heterologous promoter, to enable 
insertion of the heterologous coding sequence to be expressed.

5.2.8 C onstruction  o f  pBG 2-p-gal.

The com plete cDNA sequence encoding the full length secreted p- 
galactosidase w as isolated from the expression vector pV K l.l by partial 
digestion w ith the restriction endonuclease EcoRI and gel electophoresis; a 
time course of the digestion was performed to calculate the time required to 
yield the correct 3.2kb fragment containing the whole of the p-galactosidase  
gene. The final reaction conditions required one unit of restriction  
endonuclease EcoRI with the digestion being stopped after nine minutes. 
After gel electrophoresis the 3.2kb fragment w as purified using the BIO101 
Gene Clean Kit and ligated into vector YEpPGKareBRSNX, that had also been 
digested  w ith restriction endonuclease EcoRI, to form vector pBG2-p-gal 
(figure 5.4.).

It was not posible to check the fragments orientation by endonuclease 
restriction analysis. Therefore in order to identify a plasmid isolate that had 
the A.niger p-galctosidase gene in the correct orientation for expression, strain 
BF307-10 containing an integrated copy of the hAR  gene was transformed with 
a number of the pBG2-p-gal isolates. Transformants were isolated on leucine 
and tryptophan deficient agar plates, as the integrated vector pPGK-hAR 
contained the TRP1 marker and the pBG2-P-gal isolates contained the LEU2 
marker. These transformants were then replica plated onto leucine and 
tryptophan plates that contained the androgenic ligand (DHT) at a 
concentration of lOOnM plus X-gal. This DHT concentration was high enough  
to induce expression (Purvis et al., 1991) of the P-galactosidase gene via the 
ARE’s in the vector. Yeast colonies transformed with plasmid pBG2-p-gal 
with the P-galactosidase gene in the correct orientation, would be blue and 
have blue halos around them as they would be able to breakdown the X-gal. 
Several such colonies were obtained, at a frequency of approximately 50% as 
would be expected for random insertion in either orientation.

Once a plasmid with the P-galactosidase gene in the correct orientation 
had been isolated it w as transformed into the esg mutants (which had been 
p rev io u sly  cured of p V K l.l)  containing the integrated h A R  gene. 
Transformants were isolated on leucine and tryptophan deficient agar plates 
containing glucose. These transformants were cultured in minimal medium,
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Figure 5.4 Expression vector pBG2-(i-gal that has had the A.niger P-galactosidase 

inserted at the un ique EcoRI site of YEpPGKareBRSNX
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inoculated into YPD containing DHT and P-galactosidase activities assayed 
(table 5.4). The results obtained with this androgen inducible system were 
sim ilar to those obtained with plasmid pV K l.l, although the levels of p- 
galactosidase activity within the cell and secreted were generally lower than 
those seen w ith the pV K l.l plasmid. However it was now possible to store 
(especially  on solid  media) and revive the mutants isolated using the P- 
galactosidase reporter. Thus it was possible to minimise toxicity by using this 
inducible system .

5.2.9 Cell w a ll perm eability  m utants?

As the Aspergillus niger P-galactosidase is a large protein, approximately 
130kDa in its native form, plus carbohydrate chains from glycosylation, it 
seem ed likely that m ost of the protein m olecules may be unable to pass 
through the cell wall and become trapped in the periplasmic space between the 
plasma membrane and the cell wall. This would explain the blue colour of the 
cells. Therefore it could be possible that those mutants showing enhanced 
secretion phenotypes for P-galactosidase affect cell wall permeability. This was 
investigated by determining how much p-galactosidase activity was released 
when the cell wall was removed, whilst cell lysis was avoided.

The four enhanced secretion mutants and the wild-type control, were 
grown overnight in minimal media and then inoculated into lOmls of YPD 
media containing DHT. Cultures were harvested when they had reached an 
OD650nm of 2. The cell w alls were removed by zym olase treatment in 
osm otically stabilising medium (see experimental procedures) and cells were 
checked under the microscopic until approximately 50% spheroplasting had 
occured (this level was chosen so that spherplasting did not go too far and 
produce large am ounts of cell debris. The resultant spheroplasts were 
harvested  by centrifugation and the supernatant, containing liberated  
periplasm ic proteins, assayed for P-galactosidase activity. This determined 
how  m uch p-galactosidase activity was released when the cell wall was 
rem oved, w hilst avoiding cell lysis. The spheroplasts were then lysed and 
assayed for intracellular p-galactosidase activity. The results (table 5.5) 
indicated that two of the enhanced secretion mutants, esg 1 and esg9, do have 
altered cell w all permeability, as they had similar levels of intracellular P- 
galactosidase activity to wild-type but had reduced levels of activity present in
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Table 5.4. P-galactosidase assays on nine prospective mutants isolated by 
halo size using the new  androgen inducible vector system.

Strain P-galactosidase activity.* % Secreted Relative Yield.

Cell Supernatant Secreted Total

BF 108 10.53 9 l.Ox l.Ox

1 77 40.9 34 3.9x l.Ox

2 108 3.5 3 0.33x 0.94x

3 85 4.1 4.6 0.4x 0.76x

4 130 35 21 3.3x 1.40x

5 119 38 24 3.61x 1.33x

6 88 1.1 1.2 O.llx 0.82x

7 99 4.6 4 0.47x 0.76x

8 62 8.23 11.7 0.78x 0.60x

9 95 28 23 2.66x 1.04x

4 nM of ONPG converted /m in ute (see Experimental procedures). The 
figures are the mean of duplicate assays.
Strains highlighted were those with altered secretion.
Originally proteins assays were performed on cell extracts and supernatants 
using the Biorad assay kit. However it was found that proteins were nearly 
identical for each mutant and the wild type control. Subsequently proteins 
assays were not performed.



Table 5.5. Intracellular, periplasmic and supernatant p-galactosidase assays on esg 

m utants.

Strain ‘ p-galactosidase aictivity.*

Intracellular Periplasmic Supernatant

+ 63 (63) 27 (27) 10 (10)

esigl 65(56) 12 (11) 39 (33)

esig4 89 (55) 40(25) 34(21)

esig5 73 (52) 31 (22) 36 (26)

esg 9 70 (61) 18 (16) 27 (24)

* nM of ONPG converted/m inute (see Experimental procedures). The figures are 
the m ean o f duplicate assays and those enclosed in parenthesis indicate 
percentages.



the periplasm ic space. The other two mutants, esg4 and esg5, had very similar 
levels o f both intracellular P-galactosidase activity and periplasmic to wild- 
type, but more P-galactosidase was secreted into the medium. This suggests 
they affect secretion in some other way.

66



5.3 Discussion.

U sing a strategy based on the A .n iger  p-galactosidase gene reporter 
protein I have able to isolate another set of altered secretion mutants. Again 
these seem  to be mutations that affect the efficiency of the secretion pathway; 
such m utants m ight alter the rate of flow of secretory proteins through the 
pathw ay or carry cell wall permeability mutations, rather than eliminate 
pathway function altogether. The mutation frequency (at approximately 1 in 
5 x l0 3 m utagenised cells) was greater than that observed by Sleep et al ,.(1991), 
and that seen w hen isolating the esi mutants (see chapter 2).

From the inital screen and subsequent rescreening eight mutant strains 
that show ed an altered secretion pattern of P-galactosidase compared to non 
m utagenised cells were isolated. These were cultured and assays revealed that 
four mutants show ed secretion levels 3 fold greater than wild-type, whilst the 
other four show ed reduced secretion levels approximately 4-fold lower than 
w ild-type. As w ith the mini-proinsulin reporter no mutants were recovered 
that secreted p-galactosidase at levels more than three times greater than wild- 
type. Futher analysis has shown that two of esg mutants could be cell wall 
m utants.

As previously discussed, the rationale behind the design of this mutant 
screen w as to isolate a different subset of secretion pathway genes, to those 
essential genes identified by temperature sensitive mutations by Novik and 
Schekman (1980). H owever the situation with the P-galctosidase reporter was 
very different to that seen w ith the mini-proinsulin reporter, in that nearly 
90% of the p-galactosidase activity remained within the cell, whereas all of the 
m ini-proinsulin was secreted into the medium. Therefore it is probable that 
the mutations affect different components of the secretion pathway, which are 
lim iting for the secretion of P-galactosidase, to those identified using the mini
proinsulin reporter. This is clearly the case for those affecting cell wall 
permeability and is a justification for using different reporter systems to isolate 
different subsets of mutants. As with the esi mutants it is possible that the 
esg /rsg  m utants may be defective in non-essential genes, or carry non-lethal 
m utations in essential genes.

These mutants need to be further analysed in a number of ways: firstly 
to determine whether or not altered secretion phenotype seen is due to altered 
p-galactosidase transcription: secondly the effects of the m utations on
secretion reporter transcription need to be investigated and genetic studies 
undertaken to determine if the mutations are in seperate genes: the final part 
of this analysis w ou ld  involve studying the effects of the mutations on
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cytoplasm ic reporter expression, as this would indicate whether the mutations 
specifically affected proteins destined to be secreted or generally affect both 
cytoplasm ic and secreted proteins.
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C hapter Six.

General Discussion.

The rationale for this work w as the employm ent of two secretory 
reporter system s that should exert pressure upon the yeast protein secretion 
pathway, in order to create bottlenecks in the passage of the reporter protein 
through the pathw ay. Mutants that relieved or caused such bottlenecks, 
recognisable by a phenotype of enhanced or decreased secretion yield, would  
then enable the identification of gene products that acted at the rate limiting 
steps. Such mutants w ould alter the rate of flow of secretory proteins through 
the pathway, rather than eliminating pathway function altogether.

6.1 The mini-proinsulin reporter expression system.

In this study a footprint assay has been developed that allows the 
detection  of sm all increases in m ini-proinsulin secretion. U sing this 
expression system  a number of mutations giving rise to enhanced secretion 
w ere isolated. All gave fairly small increases in mini-proinsulin yield, to a 
m axim um  of 3-fold , w ith the majority giving less than 2-fold. Thus, 
inefficiencies in the pathway could be genetically identified, but they were not 
unduly large.

Three of the mutations analysed by genetic methods were shown to be 
in separate genes, designated E SI1 , E SI4  and ESI9  and enhanced mini- 
proinsulin  secretion w ithout increasing expression levels of cytoplasm ic 
proteins. The evidence provided from studies of levels of messenger RNAs 
encoding secreted and cytoplasm ic reporter proteins, suggested that the 
m utations act at the very beginning of the secretion pathway and enhance 
secretion by stim ulating the introduction of more products into the pathway, 
with an associated degradation of the mRNA. Furthermore as all three genes 
act at this initial stage, it suggests that this is the major rate-limiting step for 
the secretion of m ini-proinsulin in S.cerevisiae.

Interestingly, in both non-mutant and mutant cells no mini-proinsulin 
could be detected w ithin the cells, suggesting that once entered into the 
secretion pathway the polypeptide is transported through it, and secreted, with 
high efficiency. Alternatively, invisible losses may occur within the pathway,
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such as rapid proteolytic degradation of a proportion of the molecules, perhaps 
as a result of m is-folding or erroneous routing.

Tw o m echanism s are known to operate in yeast for directing proteins 
into the secretion pathway, co-translational and post-translational (Hann and 
Walter 1991; Rothblatt et a l, 1994) (see Introduction). The co-translational 
m echanism  involves recognition and binding of the nascent secretion leader 
peptide by a signal recognition particle (SRP) as the secretory protein mRNA is 
being translated by the ribosome. Binding of the SRP causes a pausing of 
translation until the SRP binds with its receptor in the ER membrane. The 
leader p ep tid e  can then direct secretion and translation resumes w ith  
concurrent passage of the new ly translated protein through the ER membrane 
and sim ultaneous removal of the signal peptide. In the post-translational 
m echanism  SRP binding is not involved. Instead SSA proteins bind to the 
n ew ly  translated polyp ep tid e to prevent it from folding. Subsequent 
interaction of the signal peptide with the ER membrane then facilitates entry 
into the secretion pathway. H aving been kept in an unfolded state, the 
polypeptide is able to pass through the ER membrane.

O f these tw o alternative mechanisms, it would seem more likely that 
the co-translational mechanism is enhanced in all three of the mutants. This 
is suggested  by the different specificity effect noted between mini-proinsulin 
and am ylase secretion, which is understandable if SRP recognition of two 
different leaders (M F a  pre-pro and wheat a-amylase) is involved. In a recent 
review  a kinetic partitioning model was proposed to explain the affinity of a 
signal sequence for SRP (Zheng and Gierasch 1996). Zheng and Gierasch (1996) 
have collated evidence from the work of Hann and Walter (1991) and N g et al., 
(1996), to show  that it is possible to classify signal sequences by their 
translocation pathway preference in yeast. They have qualitatively ranked a 
number of signal sequences in terms of their dependence on the yeast SRP:

DPAP-B (d ipeptidyl am inopeptidase B), Pho8 (repressible alkaline 
phosphatase) > Kar2, O chl (a-l,6-mannosyltransferase) > invertase, prepro-a- 
factor, G asl (glycophospholipid-anchored surface protein), PDI > prepro CPY 
(carboxypeptidase Y).
N g et al (1996) argue that the hydrophobicity of signal sequences correlates 
w ith preference for translocation pathway. Signal sequences for proteins that 
folow  the SRP independent were found to be relatively less hydrophobic than 
those utiliz ing  both Therefore under normal conditions in yeast the M F a  
signal peptide has a low  affinity for SRP. The esi mutations could act to
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enhance the binding affinity of the SRP for the M F a  signal peptide, whilst 
sequence differences w ith the amylase signal peptide could result in the 
m utations having quite different effects on binding affinity for the amylase 
leader, as observed. A second factor is the association of reduced mRNA levels 
for secreted proteins w ith the esi mutations. This could occur if mRNAs for 
secreted proteins were being selected more efficiently for translation and this 
w as associated with degradation. As the co-translational mechanism involves 
pausing of translation, this could have the consequence of initiating message 
degradation, analogous to the situation in which the presence of rare codons 
appears to cause reduced message levels by stalling translation (Herrick et al 
1990).

The odd action of the esi9 mutant in inhibiting expression of minor 
codon-containing genes encoding reporter proteins, but not expression of 
major codon containing genes, suggests that the esi9 mutation reduces mRNA 
half life and hence protein yield. H owever, any mRNAs coupled to SRP via 
signal peptides are stabilised and product is yield unaffected or even increased.

In contrast, it is difficult to explain the action of the mutants via a 
m odification of the post-translational mechanism. Thus, although an increase 
in SSA protein production could improve secretion yield, it might be expected 
to have a general effect on other secretory proteins, which was not the case. 
Furthermore, the post-translational mechanism cannot be linked with the 
decreased levels of mRNAs encoding secretion proteins that are associated 
w ith the mutations. This explanation would promote the notion that the co- 
translational m echanism  may be potentially more efficient than the post- 
translational one, which is less sophisticated and absent in higher eukaryotes.

Further clarification of the molecular effects of the esi mutations on the 
m echanism  of protein secretion must await the cloning of the genes and 
molecular analysis of the products they encode. At the present time this has 
been attempted but not achieved, so corresponding with a general picture that 
has em erged over the past ten years. Although a number of enhanced or 
reduced secretion mutants have been isolated over the years (Bussey et al., 
1983; Sakai et al., 1988; Sleep et al., 1991; Smith et al., 1985) only in one case has 
a gene been identified that is clearly responsible for the enhanced secretion 
phenotype- nam ely PMR1 (Rudolph et al., 1989).

It is interesting to reflect that, despite the great complexity of the 
secretion pathw ay, the basic approach of looking for functions acting at rate- 
lim iting steps in the secretion pathway has been successful. Although the
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m utants analysed in this study only seem  to affect the beginning of the 
pathw ay, this approach is by no means exhausted. Other mutants that act 
elsew here in the pathway, may be obtained. Screening for altered levels of a 
secreted reporter protein (elevated or lowered) enables the isolation of 
m utations that are not lethal. This is either because they partially alter the 
activity of the gene product or because it is not essential to viability.

The esi m utants generated and analysed in this study have potential 
usefu lness in the production of biotechnologically important proteins from 
yeast at elevated levels. The general procedure used in this study is still 
em p loyed  in industry to im prove secretion yields of biotechnologically  
important proteins. The yeast strains used by Delta Biotechnology Ltd for the 
secretion of recom binant hum an album in, have been developed over a 
num ber of years using this approach.(Sleep et al., 1991). Strains isolated  
in itially  w ith  enhanced secretion of recombinant human albumin, were 
subjected to further m utagenesis and screened for an even greater level of 
secreted product. This process was repeated again and again until no visible 
increase in secreted product w as seen. Another approach w ould be to 
characterise genetically  the m utant strains and combine two or more 
mutations into one strain, to see the effect on secreted product.

A lthough this approach has been very good at generating mutants with 
altered secretion levels, further clarification of the molecular effects of the 
m utations on the mechanism of protein secretion and gene isolation has not 
been very forthcoming. Consequently this approach may be reaching the end 
of its shelf-life. H owever, it may be possible to carryout high density colony 
screens using autom ation/robotics, to look for colonies that have reverted 
back to their w ild-type levels of secretion after transformation with a yeast 
genom ic DN A library. It is this reversion back to wild-type levels of secretion, 
that has been the stumbling block in this project.

6.2 The P-galactosidase reporter.

U sing a strategy based on the A .niger  p-galactosidase gene reporter 
protein I have been able to isolate another set of altered secretion mutants. 
Again these seem  to be mutations that affect the efficiency of the secretion 
pathway; such m utants might alter the rate of flow of secretory proteins 
through the pathway, or carry cell wall permeability mutations rather than
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elim inate pathw ay function altogether. Eight mutant strains have been 
isolated, four that showed secretion levels 3 fold greater (esg) than wild-type, 
w hilst the other four showed reduced secretion levels (rsg) approximately 4- 
fold low er than w ild-type. Futher analysis has shown that two of the esg 
mutants could be cell wall mutants.

These mutants need to be further analysed in a number of ways: firstly 
to determ ine whether or not altered secretion phenotype seen is due to altered 
p-galactosidase transcription: secondly the effects of the mutations on
secretion reporter transcription need to be investigated and genetic studies 
undertaken to determine if the mutations are in seperate genes: the final part 
of this analysis w ou ld  involve studying the effects of the mutations on 
cytoplasm ic reporter expression, as this would indicate whether the mutations 
specifically affected proteins destined to be secreted or generally affect both 
cytoplasmic and secreted proteins.
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C hapter Seven .

CAN SEC  GENE HOMOLOGUES BE ISOLATED FROM A R A B ID O P S IS  
T H A L IA N A ?

7.1 Introduction.

The last ten years has seen an increase in the expression and secretion of 
antibodies and enzym es in plants. This has subsequently led to a greater 
interest in the plant secretory pathway, the mechanism by which these foreign 
proteins are produced. The plant cell signalling initiative by the EPSRC has 
also provided a valuable insight into inter-cellular signalling within plants. A 
number of m ethods have been used to try to isolate genes that are involved in 
the secretion pathway of Arabidopsis thaliana . The reasons for choosing this 
organism are apparent. It has a manageable genome with regards to size and is 
therefore not as complex on the evolutionary scale as higher plants such as 
tobacco. This introduction gives a very general outline of the plant secretion 
pathw ay as v iew ed today and considers the isolation of gene homologues 
using a complem entation approach.

7.1.1 The p la n t secretion pa thw ay.

Protein secretion is ubiquitous in nature but was until recently a poorly 
understood process in plants. As with animal and yeast cells (see Chapter 1) 
secreted proteins are synthesised on the membranes of the rough endoplasmic 
reticulum and transported to the cell surface by secretory vesicles formed at the 
Golgi apparatus. Understanding the process of secretion in plants has been 
slow , in part because of their autotrophic mode of nutrition, that negates the 
need for specialised digestive glands. However, plant cells are surrounded by a 
cell w all that can contain as much as 20% structural proteins by w eight 
(Lamport, 1981), and therefore the synthesis and secretion of these proteins has 
been extensively studied (reviewed by (Cassab and Varner, 1988). It is now  
apparent that constitutive secretion of proteins occurs via a default pathway as 
in animals and yeast (Burgess and Kelly, 1987; Denecke et al., 1992) .

The proteins that are secreted from plant cells can be separated into two 
distinct groups based on differences in their structure and biological functions.
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Secreted glycoproteins, with sugars attached to the protein through an O- 
glycosid ic  linkage, are thought to play principally structural, non-enzymic 
roles (Fincher, 1983) (Cassab and Varner, 1988)). On the other hand, enzymic 
proteins are generally N-glycosylated (Akazawa and Hara-Nishimura, 1985), 
although it has been reported that som e secreted enzym es are not post- 
translationally modified by oligosaccharide addition (Jacobsen, 1988).

7.1.1.2 Transport into the ER.

A s w ith  anim al and yeast, plant secretable proteins contain amino 
terminal signal sequences that direct them into the lumen of the ER (Dorrel et 
al 1988). An examination of the signal peptides from different secreted plant 
proteins sh ow s little sequence hom ology even though there can be a high 
degree of sequence conservation among related proteins (Vonheijne, 1985). It 
is now  clear that the molecular components required for the translocation of 
proteins into the ER share many common features in animal, yeast and plant 
cells. Indeed the A .th a lia n a  gene for the 54-kDa subunit of the signal 
recognition particle has been isolated and characterised (Denfert et al., 1992; Sze 
et al., 1992). Subsequent work has show n that A.thaliana  actually expresses 
three distinctly divergent SRP genes (Schnepf, 1993).

In plants, but not in animals, the hydoxyproline residues of O-glycosidic 
proteins are replaced by either galactose residues or arabinose oligosaccharides 
(Robinson, 1985). The biochem ical and molecular details of protein N -  
glycosylation in plant cells are well understood, and are similar to those in 
animal cells (Elbein, 1979; Elbein, 1987; Komfeld and Kornfeld, 1985). Thus 
these proteins are co- or post-translationally glycosylated in the ER (see 
Chapter 1) and transfered to the Golgi stacks in vesicles (Morre et al 1989). The 
initial step of N-glycosylation occurs in the lumen of the ER (Faye et al 1992).

7.1.1.3 Transport to and through the Golgi apparatus.

It is thought that following their synthesis and cotranslation in the ER, 
plant secretory proteins exit the ER in transition vesicles using processes 
similar to those described in Chapter One. Indeed functional homologues of 
the yeast E R D 2, SEC12  and S A R I  genes have been isolated from A.thaliana  
(D enfert et al., 1992; Lee et a l, 1993). The work of Kinal et al., (1995) has also 
show n evidence for a Kex2p-type processing pathway in plants. These ER
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vesicles enter the czs-face cistemae of the Golgi , and proteins move through 
the G olgi stack and exit through the trans-G olgi network, where vacuolar 
proteins are sorted from proteins destined for the plasma membrane and the 
cell wall. The major synthetic products of the Golgi apparatus of most plant 
cells, how ever, are not glycoproteins but complex polysaccharides that are 
com ponents of the cell wall (Moore and Staehelin, 1988; Robinson and 
Kristen, 1982).

The G olgi apparatus of plant cells differs in several important aspects 
from its animal counterpart (Rambourg and Clermont, 1990). For example, 
onion root tip cells at interphase typically contain about 400 individual Golgi 
stacks (Garciaherdugo et al.f 1988) which are usually dispersed throughout the 
cytop lasm ; m ost anim al cells contain only ten stacks clustered in a 
juxtanuclear postion (Rambourg and Clermont, 1990).
An A rabidopsis  ARF (ADP-ribosylation factor) gene has been isolated that 
encodes a GTPase probably involved in Golgi vesicle trafficking (Regad et al.,
1993). M any other sm all GTP-binding proteins, that are important for 
G TPase/G TP-binding activities have been isolated from A.thaliana  (Anai, 
1991; Anuntalabhchai, 1991; Ma, 1994; Reynolds et al., 1993; Yi and Guerinot,
1994) ; som e of these have been classified as structually and functionally 
similar to the ypt gene family of yeast (Palme et al., 1993). This would indicate 
that there is a family of small GTP-binding proteins in plants, carrying out a 
sim ilar fuction to those isolated in mammals and yeast , involved in the 
secretion pathway.

7.1.1.4 Targeting to the plasma membrane and vacuole.

Little is known about the proteins involved in the transport of secretory 
proteins to the plasma membrane in plants. The flow of proteins to the plant 
vacuole has received much greater attention however and numerous genes 
have been isolated that are involved in vacuolar protein sorting/targeting  
(D a llm an n  et al., 1992; Lee and Wickner, 1992; Sze et al., 1992). The signal 
sequences required for targeting have also been studied (Gal and Raikhel, 1994; 
N e u h a u s  et al., 1991; N ieto et al., 1993). The whole process of vacuolar 
targeting has been reviewed ((Pryer et al., 1992; Vitale and Chrispeels, 1992).

As m entioned in this section numerous gene homologues have been isolated 
using functional complementation of yeast mutants, and it is this technique 
that I shall consider next.
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7.1.2 The iso la tio n  o f  gene homologues using the complementation approach.

C loning by complementation (this is not complementation in the true 
sense, but more phenotypic rescue) is a powerful method for gene isolation in 
prokaryotic and lower eukaryotic systems. This technique has not been used 
extensively in higher eukaryotes because of the difficulty of introducing large 
numbers of clones into a mutant organism- e.g. humans, mice, fruit flies and 
plan ts- and the general lack of m utations in the system s where  
com plem entation m ight be possible (e.g. mammalian tissue culture). This 
problem is overcom e by the expression of genes from higher eukaryotes in 
organism s more amenable to single gene introduction, using selections and 
screens to identify the genes of interest. Interspecies complementation has 
been u sed  previou sly  to isolate genes (Haubruck et al., 1990; Jones and 
Robinson, 1989). The first gene from yeast was isolated by complementation of 
an am ino acid biosynthetic mutation in E.coli (Struhl, 1977). Since the cloning 
of a hum an cD N A  by direct com plem entation of the fission yeast 
Schizosaccharomyces pombe (M oore et al., 1991), many other genes have been 
obtained by this approach (Bowser et al., 1992; M ollenhauer et al., 1991; 
N euhaus et al., 1991; Vitale and Chrispeels, 1992).
For com plem entation of a particular mutation in the host organism, a library 
of the genes expressed (cDNA) from the organism of interest must be cloned 
into a suitable expression vector for expression in the host organism.

7.1.2.1 Arabidopsis thaliana cDNA expression libraries.

There were tw o A.thaliana  cDNA expression libraries constructed in 
vectors able to be propagated in E.coli and yeast, available for the purpose of 
this study. The first constructed in the bacteriophage vector A YES-R was 
kindly supplied  by Dr.S.J.Elledge , and the second constructed in plasmid 
vector pFL61 by Dr.F.Lacroute . I shall consider each of these libraries in turn.

7.1.2.1.1 The AYES -R  cDNA expression library.

The AYES, a m ultifunctional phage A vector system  is designed to 
facilitate gene isolation from eukaryotes by complementation of E.coli and 
Saccharomyces cerevisiae mutations (Elledge et al., 1991). The cDNA library in 
AYES-R can be converted into a S.cerevisiae/E.coli shuttle vector form by cre-
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lox excision  fo llow ing infection of the E.coli strain BNN132 (Elledge et al., 
1991). BNN132 is a lysogen resistant to A, infection, which carries the ere gene 
from PI, encoding a protein that catalyses the site specific recombination of lox 
sites. Two lox  sites are present in X YES-R, flanking a linearised plasmid 
sequence to yield a circular plasmid (figure 7.1), confering ampicillin resistance 
on the host bacterium.

Thus the plasm id form of A,YES-R contains the ampicillin resistance bla 
gene and the bacterial origin of replication for selection and propagation in 
E.coli. For selection and maintenance in yeast it contains the URA3 gene and 
the A R S 1  and C E N 4  sequences. The low copy number of this plasmid was 
seen as an advantage, in that it reduced the likelihood of encountering 
m ulticopy suppression or toxicity (Rose et al., 1987). As the DNA cloning 
strategy em ployed in making the library is non-directional, half of the inserts 
are in the proper orientation for expression in yeast, driven by the G AL1  
inducible promoter and half for expression in E.coli driven by the lac promoter 
(E lledge et al., 1991). Adjacent to the lac promoter is a termination sequence 
derived from the H I S3  gene, in the same orientation as G AL1  initiated  
transcripts.

The A,YES-R cDNA library used in this study, was prepared with mRNA 
from total Arabidopsis plants and has been shown to complement a deletion 
of the trpD  gene in E.coli, complementing clones being isolated at a frequency 
of approxim ately 1 in 100 000 (Elledge et al., 1991). Elledge et al (1991) were 
also able to complem ent the cdc28 mutation of S.cerevisiae with clones being 
isolated at a frequency of approximatley 1 in 200 000.

7.1.2.1.2 The pFL61cDNA expression library.

In this case a A .th a l ia n a  cD N A  bank w as constructed in a 
E.coli/S.cerevisiae  plasmid shuttle vector pFL61 (figure 7.2.) (Lacroute 1992). 
The cDNA's are expressed in S.cerevisiae from the phosphoglycerate kinase 
(PGK) prom oter in conjuction with the PGK terminator. The pFL61 vector 
contains the PGK promoter separated from its terminator by a m ultisite 
polylinker, the URA3 gene and a small part of the 2p,m plasmid for selection 
and m ulticopy maintenance in S.cerevisiae, and the vector pUC19, containing 
the bla gene and bacterial origin for selection and maintenance in E.coli. The 
library w as constructed after the isolation of poly(A)+ mRNA's from  
A .tha liana  seed lings ( at the two leaf stage), including roots, and cDNA's
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Figure 7.1. Cre-lox  mediated excision of library plasmid from X backbone. 

X YES-R phage genomes are designed to enable the automatic subcloning of 

inserts in a S.cerevisiae/E.coli  shuttle vector.

X YES-R library

lox pYES-R lox

Cre m ediated recombination between 
lox sites

lox
 ►---------------

A X  YES-R

pY E S-R  library



Figure 7.2. The pFL61 vector containing a A.thaliana cDNA bank, that has been 
inserted into the BstXl restriction sites of the vector, after addition of DNA adaptors. 
The inserted DNA can be exercised by the digestion of pFL61 with restriction 
endonuclease BsfXI or Notl.

BstX I

GGCCGCCAGTGTGATGGCTGCATGGCCAGCACACTGGC N o t l  
N o t  I  CGGTCACACTACCGACGTACCGGTCGTGTGACCGCCGG

i t
BstXl

U R A 3  
1096 bp

PGK3' 
484 bp

PGK5' 
858 b p

pUC19 
2341 bp



inserted into the BstXl restriction sites after digestion of pFL61 with restriction 
en d on u clease  B stX l (figure 7.2). This directional cloning of cDNA inserts 
provided the correct orientation for expression from the PGK  promoter. 
cD N A  inserts ranged in size from 0.2kb to 20kb and larger. Lacroute et al 
(1992) w ere able to com plem ent eight auxotrophic marker genes form 
S.cereevisiae mutants, with complementing clones been isolated at a freqency 
ranging from 1 in 20 000 to 1 in 2000.

7.1.3 A im s of this project.

A num ber of genes involved w ith protein secretion, biosynthetic 
pathw ays and cell cycle function, have been isolated from a selection of 
organism s by complementation of the appropriate yeast mutant.

The prim ary aim of this section of my Thesis was to use the 
com plem entation approach in an attempt to isolate SEC  gene hom ologues 
from the plant species A.thaliana.

The second part of this project (see section 7.4.) is involved with the use 
of oligonucleotides in conjunction with the PCR technique to try to isolate SEC 
gene hom ologues from A.thaliana.
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7.2 R esu lts.

7.2.1 C om plem entation efficiencies fo r the tw o  cDNA libraries.

After both the A. YES-R and pFL61 cDNA libraries had undergone 
transform ation/infection  into the appropriate bacterial strains, large scale 
plasmid preparations, using either caesium chloride gradients or Qiagen midi 
colum ns were carried out. To check the ability of each of these libraries to 
com plem ent S.cerevisiae mutants, test transformations were performed.

The X YES-R library was transformed into the GALl,ura3-52,  trp l  and 
leu2 yeast strain BJ2168 and identical aliquots of cells, plated onto minimal 
m edium  plates lacking uracil (URA3  being the marker gene on the library 
plasm id) but containing galactose as the carbon source. The plates were 
incubated at 30°C for 2-4 days and the number of U R A 3+ transformants noted. 
The transformation efficiency for strain BJ2168 was then calculated and found 
to be approximately 5 x 105 transformants/jig of library DNA. This indicated 
that the preparation of the A. YES-R library could be used for complementation 
studies.

The next stage of the proceedure was to check the ability of the A.YES-R 
library to complement the leu2 muation in strain BJ2168. This was achieved 
by replica plating the U R A 3  transformants isolated above, onto minimal 
media plates lacking uracil and leucine and containing galactose as the carbon 
source. The plates were incubated at 30°C for 2-4 days and the number of 
U R A 3 + and L E U 2 + transform ants noted. Before calculating the 
com plem entation efficiency of the A.YES-R library, the U R A 3 +and LEU 2 + 
transformants had to be checked to ensure that complementation of the leu2 
marker w as dependent on the cDNA in the library plasmid and not due to 
reversion.

After plasm ids had been rescued from the transformants, the strains 
were cultured on 5-FOA plates to select for Ura"cells that had lost the plasmid. 
A single colony w as selected for each of the transformants from the 5-FOA 
plates and streaked onto minimal medium plates with and without uracil to 
ensure that the plasmid had been lost. Complementation of the leu2 marker 
by the cD N A  present in the original A,YES-R plasmids isolated was confirmed 
by transforming the isolated plasmids back into strain BJ2168, and selecting for 
transform ants on m inim al media plates lacking uracil and leucine and 
containing galactose. The frequency of complementing plasmids in the library 
containing the LEU2  gene was found to be approximately 1 in 105 to 1 in 106. 
This is sligh tly  lower than that observed by Elledge et al., (1991) for the
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isolation of the human CDC28  homolog (1 in 105) by complementation of the 
S.cerevisiae cdc28  mutant, and may be due to continual propagation of the 
library.

This procedure was repeated for the pFL61 cDNA library with a number 
of slight alterations. As the cDNAs in this library were under the constitutive 
expression of the PGK  promoter it was not necessary to transform a galactose 
inducible S.cerevisiae strain. The strain BF307-10 was used as it had a number 
of auxotroph ic markers; t r p l ,  u ra 3 ,  h is3 ,  leu2  and met4. Selection of 
transform ants w as m ade on minim al m edium  plates lacking uracil and 
containing glucose, and the complementation ability of the library checked by 
utilising the met4  marker of strain BF307-10. The frequency of plasmids in the 
library containing the M E T 4 gene homologue was found to be approximately 1 
in 30 000, which compares favorably with that observed by Lacroute et al (1992) 
for the biosynthetic pathway U R A 3 ,U R A 5  and URA7  hom ologues.

7.2.2 Selection of S.cerevisiae sec strains for library transformations.

As the only sec mutants available to use, that were also GAL+ were the 
seel  and s e e l 8 strains, these were transformed with the X YES-R galactose 
inducible cDNA library. It should have been possible to transform all of the 23 
available sec mutant strains w ith the pFL61 cDNA library, so a selection 
procedure was needed as it was not possible for one person to transform all 23 
strains (due to the time constraints). The criteria for selection were as follows; 
that the S E C  gene hom ologue chosen had not already been reported from 
A.thaliana  ; that the SEC  gene hom ologues chosen had been isolated from 
other organism s, thereby indicating a degree of functional conservation  
between organisms; that each part of the secretion pathway had been covered. 
The mutant sec strains chosen were secl3  (ER to Golgi), sec7 and secl4  (Golgi 
to secretory vesicles) and , sec8 (secretory vesicles to plasma membrane). 
U nfortunately the sec mutant strains supplied by Dr.A.Boyd possessed no 
auxotrophic nutritional markers which would allow library plasmid selection 
after transformation. As both libraries utilised the URA3  selectable marker for 
yeast transformation a ura3::CmR disruption was introduced into the genome 
of each of the chosen strains.

The plasm id YIp31::CmR was digested by restriction endonuclease 
H i n d l l l  to yield a ura3::C m R fragment approximately 3kb in size. This was 
checked by gel electrophoresis and the appropriate gel slice removed and

81



purified. This w as then transformed into the appropriate mutant sec strain, to 
a llo w  th e  fragm en t to in tegrate itse lf  in to  the chrom osom e. 
C h lo r a m p h e n ic o l-r e s ita n t  tran sform ants w ere iso la ted  on YPE 
chloram phenicol m edium  after 5-6 days incubation at 30°C (the permissive 
temperature for sec strains). The uracil auxotrophy of the transformants was 
confirmed by streaking onto minimal medium lacking and containing uracil.

7.2.3 Transform ation  o f  sec ura3::CmR strains.

Prelim inary transformations were performed with each of the sec 
ura3::C m R strains to determine their transformability. Each strain yielded  
between 1 xlO4 to 1 xlO5 transformants per microgram of cDNA library.

Various strategies were employed to optimise the possibility of isolation 
of com plem enting clones for each of the sec mutations;

(1) For each transformation performed with the cDNA libraries into the 
sec ura3::CmR strains, a minimum of approximately one hundred thousand 
transformants were plated.

(2) Potential transformants were plated immediately after being heat 
shocked, the plates left at room temperature for 2-4 hours and then incubated 
at 37°C (the non-permissive temperature for sec strains) for up to ten days.

(3) Using the trial transformations as a guideline, it was attempted not
to put more than ten thousand possible transformants on a plate .

A dditionally  conditions for the selection of transformants were varied as 
follows:

(a) With the galactose inducible X YES-R plasmid library, cells were 
plated on to solid minimal medium lacking uracil and containing galactose 
and incubated at 30°C for 3-4 days. Potential transformants were replica plated 
on to the same media and incubated at 37°C for up to 6 days.

(b) For both libraries cells were grown for up to four hours at 30°C after 
transformation, to allow them to recover and express the genes contained 
w ithin the library plasmid. These cells were pelleted and re-suspended in the 
appropriate amount of TE before being plated. Once the cells had been plated 
the plates were incubated at 37°C for up to 6 days.

(c) It had been shown by Denfert et al., (1992) that complementation of 
a mutant secl2  strain by a A.thaliana  cDNA library had not been possible at 
37°C (the non-perm issive temperature) but had been possible at a lower
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tem perature of 33°C, which is also a non-permissive temperature for cell 
growth of the mutant sec strain. Therefore this approach was adopted for the 
sec ura3::C m R strains.

7.2.4 Complementation of the seel and secl8 mutations using the A YES-R 
library.

At least four transformations for each of the sec ura3::CmR strains, were 
perform ed in an attempt to isolate complementing clones from the cDNA  
library. The conditions were varied as described in section 7.3.3. and the 
number of potential positives colonies isolated after the initial transformation 
noted. These were rescreened by streaking on to galactose plates lacking uracil, 
and incubating these plates at the non-permissive temperature used for the 
original transformation procedure. Approximately 98% of the colonies for 
each transformation proved to be false positives. The remaining colonies that 
w ere able to grow at the non-perm issive temperature underwent further 
analysis. Firstly this involved rescuing the library plasmid from each of the 
potential complem enting clones. The rescued plasmids were transformed in 
to E.coli XLl-blue cells to allow their large scale preparation. Digestion of the 
possible com plem enting plasmids with restriction endonuclease Xhol, would 
have released the cD N A  insert, if one was present. These inserts were 
visualised by gel electrophoresis.

The second step in the analysis involved eliminating the potential 
com plem enting plasm ids from the original sec ura3::Cm R colonies that had 
grown at the non-permissive temperature. This was achieved using the 5FOA 
technique. Colonies that had grown on the 5FOA plates were taken and 
restreaked on uracil-deficient and uracil-containing glucose media, to confirm 
the loss of the plasmid. These Ura' colonies that had lost their plasmids were 
replica-plated onto uracil containing glucose medium and incubated at the 
non-perm issive temperature. This was to confirm that growth at the non- 
perm issive temperature was plasmid dependent.

The original sec ura3::Cm R strains used for the library transformations 
w ere retransformed with the previously rescued plasmids. Transformant 
selection w as on uracil deficient, galactose solid medium after incubation at 
30°C. Transform ants were replica plated on to the same medium and 
incubated at the non-permissive temperature.
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N on e of the possible com plem enting plasm ids isolated from the 
see l  urfl3::Cm R or sec l8 u ra 3 ::C m ^  strains were able to complement after 
retransform ation, indicating that com plem entation of the seel and sec!8 
m utations had not taken place.

7.2.5 C om plem enta tion  o f  the sec m uta tions using the pFL61 library.

This process was almost the same as the one used for the A.YES-R library. 
The only differences were;

(1) potential positives colonies isolated after the initial transformation 
were rescreened by streaking on to glucose (not galactose) plates lacking uracil.

(2) approximately 95% of the colonies for each transformation proved to 
be false positives. The remaining colonies that were able to grow at the non- 
perm issive temperature underwent further analysis.

(3) possible com plem enting plasm ids were digested with restriction 
endon uclease N ot I, to release the cDNA insert, if one was present. These 
inserts were visualised by gel electrophoresis.

The second step in the analysis was as described in section 7.3.4.
N on e of the possible com plem enting plasm ids isolated from the 

sec7ura3::C m R strain (see figure 7.3) were able to complement the original 
strain after retransformation, indicating that complementation of the sec7 
mutation had not taken place. This was also the case for the plasmids isolated 
from the sec8ura3::C m R strain and the secl3ura3::C m R and secl4ura3::C m R 
strains, indicating that complementaion of the sec8, secl3 and secl4  mutations 
had not taken place.

Small sections of the cDNA inserts in some of the plasmids were 
sequenced and the resulting DNA sequence analysed via the GCG molecular 
biology package. Although computer translations showed the presence of 
continous open reading frames, when the deduced amino acid sequences were 
compared to the computer data bases using the BLAST and BLITZ searches, 
they failed to identify any previously reported homologues.

It was decided to analyse the potential complementing plasmids isolated 
from the sec8, ura3::CmR strain transformations further, and see if the cDNA  
inserts they contained were similar to each other. This was achieved by 
isolating the cDNA insert from the plasmid in lane 3 (figure 7.4) and using it 
as a probe for Southern blot analysis of the other plasmid inserts, with lane 3
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Figure 7.3. Possible complementing clones isolated from the sec7ura3::C m R 
strain after transformation with the pFL61 cD N A  library. Subjected to 
digestion with restriction endonuclease Not I and analysed via agarose gel 
electrophoresis.

(a) Lane 1: 1Kb ladder (marker)
Lanes 2-16: 15 different possible complementing clones.
The vector (pFL61) and cDNA inserts are arrowed where 
present.

(b) Lane 1: 1Kb ladder.
Lanes 2-4: Another three possible complementing clones.
The 1Kb and 500bp markers on the ladder are arrowed as well 
as the vector and cDNA insert.
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Figure 7.4. Possible com plem enting clones isolated from  the sec8ura3::C m R 
strain  after transform ation w ith the pFL61 cDNA library.

(a) Lanes 1-5: Possible com plem enting clones. Subjected to 
d igestion w ith  restriction endonuclease Not  I and  analysed  via 
agarose gel electrophoresis.

The vector is arrow ed.

(b) Southern blot analysis perform ed on the above agarose gel, 
after the DNA had been transfered onto nylon m em brane. The 
cDNA insert from lane three w as used as a probe, and  cross 
hybridised w ith  the cDNA insert in lane 1 (arrow ed).
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included  as a positive control (figure 7.4.). As can be seen from the results that 
even  th o u g h  the p lasm ids w ere unable to com plem ent the sec8ura3::C m R 
stra in  on retransform ation , two of the cDNA inserts did cross hybridise. This 
in d ica ted  th a t tw o of the cDNAs isolated originally as com plem enting the 
m u ta tion  shared  a certain  am ount of hom ology at the DNA level. This seems 
u n lik e ly  to  be ju s t a fo rtu ito u s  m atch  d u e  to the large num ber of 
tra n s fo rm a n ts  iso la ted  after each tran sfo rm atio n  ( approxim ately  105). 
H ow ever it is no t possible  to d raw  any conclusions from this data as the 
p la s m id s  w e re  u n a b le  to c o m p lem e n t the  o rig in a l m u ta tio n  on 
re tra n sfo rm a tio n .

7.2 .6  Can the P olym erase Chain R eaction  be used to iso la te  SEC gene 
hom ologues fro m  A .tha liana?

W hen hom olgous genes have been isolated from a num ber of different 
o rgan ism s often specific regions of sim ilarity  (know n as consensus regions), 
w ith in  these  p ro te in s  can be iden tified . These consensus regions can be 
u tilised for the design of oligonucleotides to be used in the PCR, in an attem pt 
to try  to isolate the gene of interest from  another organism . In this section, I 
describe the design of degenerate  and hom ologous oligonucleotides, to try to 
isolate N S F / SEC18  and SEC4  hom ologues from A.thaliana.

7.2.7 Design o f  degenerate oligonucleotides.

A  p ro te in  sensitive  to N -ethy lm ale im ide  (NEM), know n as NEM- 
sensitive fusion pro tein  (NSF), catalyses the fusion of transport vesicles w ithin 
Golgi cisternae. It has been show n that this protein is equivalent to the SEC18 
gene p roduct of the yeast S.cerevisiae, w hich is essential for vesicle-m ediated 
tran sp o rt from  the ER to the Golgi apparatus. A SEC18  hom ologue has also 
been isolated  from  the dim orphic fungus Candida albicans, indicating that the 
m echanism  of vesicular fusion is thus highly conserved betw een species.

All th ree  p ro teins are betw een 750 am ino acids to 790 amino acids in 
leng th  and  h ave  tw o consensus regions w hich constitu te a pu tative  ATP 
b in d in g  site. The am ino acid sequence and corresponding DNA sequence of 
the tw o consensus regions from  S.cerevisiae, C.albicans and m am m als, are 
rep re se n te d  in figure 7.5. These w ere used to design oligonucleotides to
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Figure 7.5. The tw o consensus regions from S.cerevisiae, C.albicans and m am m a 
that form  the ATP binding site of theSEC18/NSF  p rotein .

First Part o f ATP Binding Site.

M am m als AA: Gly Pro Pro Gly Cys Gly Lys Thr
DNA: GGC CCC CCT GGT TGT GGT AAG ACT

S.cerev is iae  AA : Gly Pro Pro Gly Thr Gly Lys Thr
D N A : GGT CCT CCA GGT ACT GGT AAG ACC

C.albicans AA : Gly Pro Pro Gly Thr Gly Lys Thr
D N A : GGA CCT CCA GGT ACT GGT AAA ACG

O ligonucleotide 1: G G I CCC CCC GGT AC T GGT AAG AC
T T A

5' ^  3'

Second Part of ATP Binding Site.

M am m als AA: Gly Leu His lie lie lie Phe Asp
DNA: GGC TTA CAC ATC ATC ATC TTT GAT

S.cerev is iae  AA: Ser Leu His lie lie lie Phe Asp
D N A : TCC TTA CAC ATT ATT ATT TTC GAT

C.albicans AA:  
D N A :

Ser
GAT

Leu
TTA

His
CAT

H e
GTT

lie
ATT

lie
ATT

Phe
TTC

Asp
GAT

O ligonucleotide 2: CCG AAT GTG TAG TAG TAG AAA CTA  
A A A A G

3’ 5’



a ttem p t iso lation  of the hom ologue from A.thaliana via the PCR. To do this it 
w as necessary  to take into account the degeneracy of the genetic code, w ith the 
u tilisa tio n  of d ifferen t codons in each of the organism s for the sam e am ino 
acids. The oligonucleotides so designed are show n in figure 7.5.

7.2.8 O p t im i s a t io n  o f  the PC R condit ions  f o r  product  isolation.

The PCR cond itions w ere set up  in accordance w ith  the guidelines 
p ro v id ed  by  the supp liers  of the Deep Vent Polym erase used in the reaction, 
an d  th e  calcu lated  m elting  tem pera tu res of the oligonucleotide sequences. 
The D eep V ent Polym erase has a 3 -5 ' proof reading activity w hich rem oves 
m isincorporated  bases from  the 3' end  of the grow ing chain. These conditions 
w ere  varied  on num erous occasions in an attem pt to isolate the PCR product 
fro m  A.tha l iana .

The p roducts of the PCR w ere exam ined by agarose gel electrophoresis. 
Two p ro d u cts  of approxim ately  350bp and 220bp w ere isolated after the PCR 
u sin g  genom ic S.cerevisiae DNA. N o p roducts w ere isolated after the PCR 
u s in g  genom ic  A . th a l ia n a  DNA, only  a sm ear of DNA w as seen. This 
in d ica ted  th a t u sin g  d egenera te  o ligonucleo tides and  the PCR to isolate 
h o m o lo g u es from  A.thal iana  w as no t very  effective, possibily due to non
specific b ind ing  of the oligonucleotides to the genomic DNA. This is probably 
bo rne  o u t by  the fact that tw o p roducts are am plified w hen using genomic 
S.cerevisiae DNA.

7.2.9 Design o f  h o m ologous  ol igonucleotides.

Small GTP b ind ing  proteins are encoded by ras-related genes and play a 
cen tral role in vesicle transport. The SEC 4  gene of S.cerevisiae encodes a 
24kDA G T P-binding p ro tein  involved in the final stage of secretion. Ras and 
ras-related  p ro teins constitute a superfam ily of eukaryotic proteins which, by a 
cycle of GD P and  GTP b ind ing , are though t to act as regulators of diverse 
cellu lar processes. All of these p ro teins are around 200 amino acids residues 
long, and  con ta in  h igh ly  conserved segm ents, w hich are know n to interact 
w ith  the  b o u n d  guanine nucleotide.

In m am m als at least three sub families of small GTP-binding proteins 
can be d is tingu ished : Ras, Rho and Rab. The yeast counterparts of the Rab 
p ro te ins have  been called Ypt proteins. Ras related proteins have been cloned
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from  a w id e  range  of evolutionary distinct organism s, including m am m als, 
b ird s, Drosophila and  plants.

H om ologous oligonucleotides w ere designed to the DNA sequence of 
the  S .p o m b e  Y P T 2  gene (a SE C 4  hom olog) tha t is able to com plem ent a 
S.cerevisiae sec4 m u ta n t (H aubruck et al. 1990). There w ere two reasons for 
tak ing  th is approach : (i) degenerate oligonucleotides had already being used 
w ith  p o o r effect, d u e  to non-specific b ind ing  (see previous section); (ii) 
S.pombe is m ore closely related to A.thaliana  on the phylogenetic tree than is 
S.cerevis iae.
The o ligonucleo tides w ere specifically designed to three of the four regions 
im plica ted  in the b ind ing  of GTP in the SEC4  gene (see figure 7.6.). These 
o lig o n u c leo tid es  w ere  used  in the  follow ing com binations; prim ing w ith  
oligonucleotides 4.1 and 4.2 should yield a product approxim ately 160bp in size 
after the  PCR reaction; prim ing w ith  oligonucleotides 4.1 and 4.3 should yield 
a PCR p roduct of approxim ately 320bp.

7.2.10 O ptim isa tion  o f  the PCR conditions fo r  product isolation and cloning.

The o rig ina l PCR cond itions w ere  set up  in accordance w ith  the 
gu idelines p rov ided  by the m anufacturers of the Deep Vent Polym erase used 
in the reaction, and  the calculated m elting tem peratures of the oligonucleotide 
sequences. Test PCRs w ere perform ed to check that the oligonucleotides were 
able to generate  the correct sized DNA product from genomic S.pombe DNA . 
The p roducts of the PCR w ere exam ined by agarose gel electrophoresis (figure 
7.7.). As can be seen from  the gel electrophoresis products of approxim ately 
the correct sizes are obtained using  the oligonucleotides 4.1 w ith 4.2 and 4.1 
w ith  4.3. The PCR w as perfo rm ed  using  genomic S.pombe, A. thaliana  and 
K.lactis DNA tem plates as well as the pFL61 A.thaliana  cDNA library. Both 
conditions and  quantities of genomic DNA used in the PCR were altered until 
the correct sized DNA products w ere obtained (see figure 7.7.).

H ow ever, it w as only possible to produce the correct sized product in 
large enough  quan tities using oligonucleotides 4.1 and 4.2. Different sets of 
reac tio n  co n d itio n s  w ere  tried  in an a ttem p t to isolate the 320bp DNA 
fragm en t from  A.thaliana  using the 4.1 and 4.3 oligonucleotides. H ow ever it 
w as no t possible to do so. The products of the PCR were examined by agarose 
gel e lectrophoresis (figure 7.7.). As can be seen from the gel electrophoresis a 
p ro d u c t  o f a p p ro x im a te ly  the  co rrec t size w as o b ta in ed  u sin g  the  
o ligonucleo tides 4.1 w ith  4.2. The 165bp DNA fragm ents were rem oved from
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Figure 7.6.
The am ino acid sequences of the S.cerevisiae (S.cerev) Sec4 protein and its 
functional hom ologue from S .pom be ,  ypt2 (Salminen and Novick 1987). The 
bold p rin t indicates the exact regions to which the oligonucleotides were 
designed. The arrow s indicate the 5' to 3' direction of the oligonucleotides and 
the tw o CC indicate the carboxy terminus.

 — ►
S . p o m b e  ypt2: 1 MSTKSYDYLIKLLLIGDSGVGKSCLLLRFSEDS
S .cerev  Sec4: 1 MSGLRTVSASSGNGKSYDSIMKILLIGDSGVGKSCLLVRFVEDK

^  — --------
S . p o m b e  ypt2: FTPSFITTIGIDFKIRTIELDGKRIKLQIWDTAGOERFRTITTA
S .cerev  Sec4: FNPSFITTIGIDFKIKTVDINGKKVKLQLWDTAGQERFRTITTA

S . p o m b e  ypt2: 
S .cerev  Sec4:

S . p o m b e  ypt2: 
S .cerev  Sec4:

YYRGAMGILLLYDVTDKKSFDNVRTWFSNVEQHASENVYKILIG 
YYTGAMG11LVYDVTDERTFTNIKQWFKTVNEHANDEAQLLL VG

— — —

N K C D C EDQRQVS FEQGQAL ADELGVKFLEAS AKTNVNVDEAFFT 
N K S DME - TRWTADQGEALAKELGIPFIES S AKNDDNVNEIFFT

S . p o m b e  ypt2: LAREIKKQKIDAENEFSNQANNVDLGNDRTVKR-------CC
S .cerev  Sec4: LAKLI - QEKIDSNKLVGVGNGKEGNISINSGSGN S SKSN- CC



Figure 7.7. Products of PCR examined by gel electrophoresis.

(a) Agarose gel of test PCR's to check the oligonucleotides 4.1, 4.2 and 4.3 (designated 
as sim ply 4.1, 4.2 or 4.3 below) w ere able to generate the correct sized DNA product 
from  genom ic S.pombe DNA.

Lane 1: 1Kb ladder
Lane 2: 4.1 and 4.2 negative control.
Lane 3: 4.2 and 4.3 negative control.
Lane 4: Reaction mix containing 50ng of genom ic S.pombe DNA (4.1 and 4.2).
Lane 5: Reaction mix containing 200ng of genom ic S.pombe DNA (4.1 and 4.2).
Lane 6: Reaction mix containing 400ng of genom ic S.pombe DNA ( 4.1 and 4.2).
Lane 7: Blank lane.
Lane 8: Reaction mix containing 50ng of genom ic S.pombe DNA (4.1 and 4.3).
Lane 9: Reaction mix containing 200ng of genom ic S.pombe DNA (4.1 and  4.3).
Lane 10: Reaction mix containing 400ng of genom ic S.pombe DNA (4.1 and 4.3).

The products are arrow ed for each of the set of oligonucleotides.

(b) A garose gel of PCR's perform ed using  genom ic S.pombe , K.lactis and  A.thaliam 
DNA and the pFL61 A.thaliana cDNA library.

Lane 1: 1Kb ladder
Lane 2: 4.1 and 4.2 negative control.
Lane 3: Reaction mix containing 200ng of genom ic S.pombe DNA (4.1 and  4.2).
Lane 4: Reaction mix containing 200ng of genom ic K.lactis DNA (4.1 and 4.2).
Lane 5: Reaction mix containing 200ng of genom ic A.thaliana DNA (4.1 and  4.2). 
Lane 6: Reaction mix containing 200ng of p¥L6lA. thaliana  cDNA (4.1 and  4.2).
Lane 7: Reaction mix containing 400ng of pFL61 A.thaliana cDNA (4.1 and  4.2).
Lane 8: 4.1 and 4.3 negative control.
Lane 9: 4.1 and 4.3 negative control.
Lane 10: Reaction mix containing 200ng of genom ic S.pombe DNA (4.1 and 4.3). 
Lane 11: Reaction mix containing 200ng of genom ic K.lactis DNA (4.1 and 4.3).
Lane 12: Reaction mix containing 200ng of genom ic A.thaliana DNA (4.1 and  4.3). 
Lane 13: Reaction mix containing 200ng of pFL61 A.thaliana cDNA (4.1 and 4.3). 
Lane 14: Reaction mix containing 400ng of pF161 A.thaliana cDNA (4.1 and  4.3).

The products are arrow ed for each of the set of oligonucleotides.
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the gel lanes w here  the PCR products had been derived from A.thaliana  
genom ic  D N A  tem plate  and the A.thaliana cDNA library and isolated by 
e lec troe lu tion . The DNA fragm ents isolated w ere ligated into the cloning 
vecto r pU C18 w hich  had  been digested w ith restriction endonuclease Smal  
and phosphatased .

A fter be ing  cloned into the S m a l  restriction site of pUC18, positive 
c lones co n ta in in g  PCR p roducts  derived  from  A.thaliana  genomic DNA 
tem plate  or the A.thaliana cDNA library were identified by colony PCR. Three 
clones w ere  selected containing genom ic DNA inserts and three containing 
cD N A  inserts , and  subjected to au tom ated  DNA sequence analysis. The 
sequences obtained w ere analysed via the GCG molecular biology package. All 
six D N A  sequences w ere different. C onsequently  w hen the DNA sequence 
w as transla ted  into the resulting am ino acid sequence, it was different for each 
clone (see figure 7.8.). One of the isolates (36.4) did not produce a translated 
p roduct of a reasonable size in any of the possible six reading frames, so it was 
not used for further analysis.

7.2.11 The iden tifica tion  o f  hom ologous protein sequences.

Potential hom ologues to the pro tein  sequences show n in A ppendix 2, 
w ere ob tained  using  the BLAST server on the NCBI netw ork and the BLITZ 
program m e at EBI . The BLAST and BLITZ searches show that a whole range 
of pep tide  sequences were obtained from the Swissprot data base (see Appendix 
2). The p ep tide  sequences from clones 30.2, 31.14 and 34.25 all showed very 
h igh  hom ology to Arabidopsis genes that have already been isolated (A R A 1  
and A R A 4 ) w hich are small GTP binding proteins. The peptide sequence from 
clone 33.13 show ed little hom ology w ith any of the proteins on the Swissprot 
database, w hilst the 32.16 clone show ed hom ology to ras related proteins from 
rice, Dicti/ostelium discoideum,  hum ans, yeast and Arabidopsis.  Therefore I 
decided to use the 32.16 DNA insert as a probe against the pFL61 cDNA library 
in an a ttem pt to isolate a complete SEC4  hom ologue.

7.2.12 Screening the pFL61 cDNA library fo r  pu ta tive  homologues.

The pFL61 cDNA plasm id library was transform ed into E.coli strain XL1- 
blue and  cells w ere plated onto large LB-agar plates containing ampicillin. On 
average 20 000 colonies were p u t on each plate and grow n overnight at 37°C.
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Figure 7.8. The peptide sequences of six clones selected after transformation in E.coli. The first three contained 
A.thaliana  genomic DNA and the last three contained A.thaliana  cDNA from the pFL61 library. The bold print 
denotes the peptide sequence of the original oligonucleotide 4.1 used in the PCR. The arrow indicates 5' to 3' 
translation.

 ►
30.2 GDSGVGKSNL LSRFTRNDFS HDSRSTIGVE FAHVASRSTT RLSKLRYGTL LARN

 ►
31.14 GDSGVGKSNL LSRFSRDEFD TNSKATIGVE FQTQLVEIEG KEVKAQIWXT TGQEREFG

32.16 GDSGVGKSNL LSRFTRNDFS HDSRSTIGVE FGTRRSRSTT RLSKLRYGTL LAGTGYR

 ►
33.13 GDSGVGKSNW RSISRVPVRV RPSVTGTSGQ KVPDLELTLL PFDLARLRSF TRCRIGQS

 ►
34.25 GDSGVGKSNL LSRFSRDEFD TNSKATIGVE FQTQLVEIEG KEVKAQIWTL LARN

 ►
36.4 V*VI*AAATE VTTAAQDAAR MPEKLFRLSP VTKTIY*PIT TMHVLHYVCM ILSKPWC



D uplica te  lifts w ere taken from each of the p lates using H ybond-N  filters. 
S ou thern  b lo t analysis w ere perform ed on these filters using the DNA insert 
from  clone 32.16 as a probe.

P o sitiv e  clones w ere  iso lated  using  the dup licate  au to rad iog raphs 
p ro d u ced  from  the fiters screened, and a secondary screen perform ed on these 
p u ta tiv e  positives. Those that w ere still positive on the secondary screen were 
streaked  on to  LB-ampicillin agar plates, before a tertiary screen was perform ed 
on  them . U sing  the  au to rad io g rap h  p roduced  by the tertiary  screen, six 
positive  clones w ere selected (nam ed GTP1-6) and the pFL61 library plasm ids 
iso lated  from  them . Large scale p reparations w ere m ade of these clones using 
Q iagen colum ns. These plasm ids w ere digested w ith restriction endonuclease 
N o t  I to  re lease  the  cD N A  in se rt, and  these  w ere  exam ined by gel 
e lectrophoresis (see figure 7.9). As a final check to see if the clones contained 
the  pa rtia l G TP-binding site, a PCR w as perform ed using the oligonucleotides
4.1 an d  4.2 and  the p lasm id  isolates. All the clones GTP1-6 contained the 
partia l G TP-binding site as they produced the correct sized 165bp fragm ent after 
PCR.

7.2.13 Transform ation o f  a sec4 ura3 m utant.

A  sec4 ura3 yeast strain  w as obtained from Prof.D.Gallwitz and each of 
the  clones GTP1-6 w ere ind iv idua lly  transform ed into this strain  to see if 
com plem en ta tion  of the  tem pera tu re  sensitive phenotype w ould take place. 
The conditions w ere varied  as described in section 7.4.2. None of the clones 
GTP1-6 w ere  able to com plem ent the sec4 ts phenotype. There was how ever 
in su ffic ien t tim e to sequence  all the  clones in o rder to com plete their 
characterisa tion .
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Figure 7.9. Positive clones GTP1-6 digested with restriction endonuclease Notl to 
release the cDNA inserts.

Lane 1: 1 Kb ladder 
Lanes 2-7: Clones GTP1-6

1 2 3 4 5 6 7

pFL 61

cDNA inserts



7.3 D iscu ss io n .

A lth o u g h  in terspecies com plem entation cannot isolate every gene of 
in terest from  h igher organism s, a very large num ber of genes are potentially 
accessible using  this approach, including m any of the general biosynthetic 
genes, genes involved in conserved cellular processes such as protein sorting 
and  transport, and cell cycle regulatory genes. Many genes have been isolated 
by the com plem entation  of yeast m utants. The previous isolation of secretion 
p a th w a y  gene h o m o lo g u es u sin g  the  com plem en ta tion  approach  and 
A .th a l ia n a  cD N A  lib raries has been docum ented. Therefore it should be 
p o ss ib le  to  use  th is m ethod  to isolate  fu rther S E C  hom ologues from  
A .tha liana .  In th is study  how ever it has not been possible to do this. There 
could have been a num ber of reasons for this; firstly, only the basic functions 
of a eukaryotic  cell are expressed in yeast; secondly, m any proteins function in 
n a rro w  in te rac tio n  w ith  n e ig h b o u rin g  p ro te in s or nucleic acids (RNA 
Polym erase  subun its, ribosom al proteins, proteins involved in RNA splicing 
etc). In th is case heterospecific com plem entation  is unlikely to function 
effectively in organism s which have w idely diverged in evolution.

It has been show n how ever, that the secretion pathw ay is generally well 
c o n se rv e d  b e tw een  species, th ere fo re  it m ay have been a reasonable  
assum ption  to m ake that the genes involved in protein sorting and transport 
cou ld  be iso lated  by com plem entation. In all cases in this study putative 
com plem en ting  clones w ere isolated after the initial transform ation. After 
p lasm id  rescue and  then  retransfo rm ation  into the strains they had been 
iso lated  from  how ever, the com plem entatin  of the sec ts phenotype did not 
occur.

As th is w ork  w as being  b ro u g h t to a conclusion an in teresting  
pub lication  w as released by Shevell et al. (1994) concerning the isolation of 
E M B 3 0 ,  a gene involved in apical-basal pattern  form ation in the Arabidopsis 
em bryo. E M B 30  is essential for norm al cell division, cell expansion and cell 
adhesion  in Arabidopsis and encodes a protein that has sim ilarity to the yeast 
Sec7 p ro te in  and to tw o other open reading frames identified in clones from 
h u m an s and  C.elegans. This region of sim ilarity am ong these four sequences 
has been refered to as the Sec7 domain.

The em b30-l  allele has a m utation  in the Sec7 dom ain that alters a 
res idue  conserved  in all four of these sequences, suggesting that this dom ain

90



m ay be im p o rtan t for EM B30  function. Since yeast tem perature-sensitive sec7 
m u ta n ts  a cc u m u la te  exaggera ted  Golgi cisternae at the non-perm issive  
te m p e ra tu re  (N ovick  et al., 1981), Shevell et al., (1994) exam ined em b 3 0  
m u ta n ts  an d  WT seed lings using  transm ission  electron m icroscopy. No 
o b v io u s  ch an g es in the  s truc tu re  of the Golgi appara tu s of em b30  cells 
com pared  w ith  tha t of WT w ere observed by Shevell, indicating that although 
the  tw o  genes h ad  areas of hom ology, their cellular functions probably  
differed.

The p rocedu re  of using hom ologus and degenerate oligonucleotides for 
the iso la tion  of o ther gene hom ologues has becom e an accepted laboratory 
p rocedure . It should  therefore have been feasible to isolate gene homologues 
to at least the SEC4  gene if not the SEC18  gene. The results indicated however 
th a t u s in g  d eg en era te  o ligonucleo tides to try  to isolate the SEC 18  gene 
hom ologue from  A.thaliana  w as not possible. This w as probably due to non
specific b ind ing  of the oligonucleotides to the A.thaliana  genomic and cDNA 
from  the library.

It shou ld  have  been  possible to isolate gene hom ologues using  the 
techniques m entioned  above. That th is has not been possible m ay be due to 
species d ivergence  betw een  S.cerevisiae, S.pombe and A.thaliana, bu t is more 
likely to be as a result of the interactions of the proteins of the genes selected 
(as gross secretion pathw ay  function has been show n to be very well conserved 
betw een  species), i.e. A hom ologue m ay have been isolated using the PCR 
technique, b u t m ay function in a slightly  different m anner in the A.thaliana  
secre tio n  p a th w ay , in te rac ting  w ith  the sam e gene p roducts b u t w ith  a 
d ifferent specificity, therefore being unable to com plem ent the yeast m utant.

It w as how ever possib le  to isolate  DNA products  using  the PCR 
technique. A lthough these w ere sim ilar to m any of the GTP-binding proteins 
that h ad  already  been isolated from m any species, w hen plasm id clones were 
iso la ted  from  the pFL61 A .th a lia n a  cDNA library , they w ere unable to 
com plem ent the sec4 ts m utant. Due to time restrictions it was not possible to 
sequence these clones and confirm  that they did indeed encode GTP binding 
p ro te in s .
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CHAPTER 8.

EXPERIMENTAL PROCEDURES

8.1 G row th M edia and Conditions.

8.1.1 Luria broth (LB)/ agar.
E.coli s tra in s w ere grow n in complex LB m edium  containing 1% (w /v) bacto- 
pep tone , 0.5% (w /v )  bacto-yeast extract and 0.5% (w /v ) NaCl, pH  adjusted to
7.2 w ith  N aO H . BBL agar w as added  to a final concentration of 2% for luria 
agar plates.

8.1.2 E.coli transformant selection.
The selection of plasm id-carrying E.coli cells was achieved via incorporation of 
e ither am picillin  of kanam ycin (lOOmg/ml stocks) in the grow th m edium  at a 
final concen tra tion  of 100|Lig/ml. Both inducer IPTG and the chrom ogenic 
su b s tra te  X-gal (lO O m g/m l stocks) w ere used  at a final concentration of 
1 0 0 jig /m l,fo r the  specific selection of recom binant p lasm ids in E.coli by 
insertional inactivation of the lacZ gene.

8.1.3 Yeast Peptone D-glucose (YPD), SD media and X-gal media.
Yeast s tra in s w ere grow n in com plex YPD m edium  consisting of 1% (w /v ) 
yeast extract, 2% (w /v ) peptone and 2% glucose (added after autoclaving from a 
40% stock), o r in m inim al SD m edia. SD m edium  w as com posed of 6.7% 
(w /v )  Difco Yeast N itrogen Base (containing (NH)2 SC>4 but not am ino acids) 
and  2% (w /v )  glucose. In o rder to supplem ent the auxotrophic m arker genes 
of the  stra ins used in this study  the follow ing am ino acids and bases were 
ad d ed  to SD m edium  after autoclaving, to final concentrations of 40pg/m l : L- 
try to p h an , L-leucine, L -histidine, adenine sulphate, L-arginine, L-methionine 
and  uracil. S.D. galactose m edium  w as m ade w ith 2% galactose instead of 
glucose.
X-gal w as a d d ed  to SD m edia w ith  the appropria te  am ino acids to a final 
concentration  of 40pg /m l from a stock of 20m g/m l.
Starch m edia  consisted of 2% BBL agar, 6.7% (w /v ) Difco Yeast N itrogen Base, 
2% (w /v )  glucose p lus the appropriate amino acids and the pH  adjusted to 6.4 
w ith  sod ium  phosphate  buffer. The m edia was autoclaved at lOpsi, 121°C for 
20 m ins.
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8.1.4 Yeast peptone glycerol chloramphenicol medium (YPGE).
Yeast cells tha t had  been transform ed to uracil auxotrophy by the hom ologous 
reco m b in a tio n  of a U R A 3  gene d isrup tion  (ura3::Cm R) that contained the 
C h lo ro p h en ico l resistance  m arker, w ere grow n on com plex YPGE m edia 
consisting  of 1% (w /v )  yeast extract , 2% (w /v ) peptone, 1.5% glycerol (v /v ), 
2 m g /m l ch lo ram phen ico l (m ade as a lOOmg/ml stock in ethanol) and 1% 
e th a n o l.

8.1.5 5-Fluoro orotic acid (5-FOA) medium.
Yeast cells w ere  streaked on 5-FOA plates (SD m edia containing 1 m g /m l 5- 
FOA an d  the ap p ro p ria te  am ino acids) p repared  as describe by Boeke et al 
(1984) to recover uracil auxotrophs.

8.1.6 Sporulation media.
D iploid stra ins to be sporulated  w ere first grow n overnight in pre-sporulation 
m ed ium  (YP glucose 4%). Strains w ere then streaked onto sporulation plates 
(1% KOAc, 0.1% yeast extract, 0.05% dextrose, 2% agar and the appropriate  
am ino acids and bases).

8.2 Bacterial and yeast strains.
All E. coli and  yeast strains p rov ided , used and constructed throughout this 
s tudy  are listed and characterized in Table 8.2.

Table 8.2 Bacterial and yeast strains used in this study.

Strain Genotype Reference/source

E. coli: 
N M 522 F' (proAB+ laciq. lacZ AM15) A (lac proAB) 

A(hsdM S-m crB)5  rk" mk* mcrB thi snpE
Gough and Murray

(1983)

X Ll-B lue F ’::TnlO proA+B+ lacHAtfacZ) M 15/recAl endA l  stratagene 

gyrA96  (N alr)thi hsdR17 (rk~ m k +) supE44 relAl 

lac
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B N N 132 e n d A l  gyr96 thi hsdR17 supE44 relAl A 
(lac-proAB) F' traD36 proAB + lacl <iZAM15

Elledge et al (1991)

S. cerevisiae:
BF307-10 M A T  a  leu2 ura3 his3 trpl arg4 ade6 met4 Futcher and Carbon

(1986)

JHRY188 M A T a s ir 3 - 8  leu2-3 ural2 his3-52 rme4 Brake et al (1984)

BJ2168 M A T a  leu2 trpl ura3 prbl pep4 prcl gal2 Shore et al (1987)

DBY 746 M A T a l e u 2  trpl ura3 his3 canl D.Botstein

JHRY20-2C M A T a  leu2 ura3 his3 canl NYCC

74/2 M A T a  leu2 his4 NYCC

S150-2B M A T a  leu2 trpl ura3 his3 NYCC

e s i l a M A T a  leu2 ura3 his3 trpl arg4 ade6 met4 esil This Study

e s i4 a M A T a  leu2 ura3 his3 trpl arg4 ade6 met4 esi4 This Study

e s i9 a M A T a  leu2 ura3 his3 trpl arg4 ade6 met4 esi9 This Study

e s i la M A T a  leu2 ura3 his3 trpl arg4 ade6 met4 esil This Study

esi4a M A T a  leu2 ura3 his3 trpl arg4 ade6 met4 esi4 This Study

BF307-10-U M A T a  leu2 URA3 his3 trpl arg4 ade6 met4 This Study

e s i l -U M A T a  leu2 URA3 his3 trpl arg4 ade6 met4 esil This Study

esi4-U M A T  a  leu2 URA3 his3 trpl arg4 ade6 met4 esi4 This Study

esi9-U M A T a  leu2 URA3 his3 trpl arg4 ade6 met4 esi9 This Study

esg l M A T a  leu2 ura3 his3 trpl arg4 ade6 met4 esgl This Study

esg2 M A T a  leu2 ura3 his3 trpl arg4 ade6 met4 esg2 This Study

esg3 M A T a  leu2 ura3 his3 trpl arg4 ade6 met4 esg3 This Study

esg4 M A T a  leu2 ura3 his3 trpl arg4 ade6 met4 esg4 This Study

d sg l M A T  a  leu2 ura3 his3 trpl arg4 ade6 met4 dsgl This Study

dsg2 M A T  a  leu2 ura3 his3 trpl arg4 ade6 met4 dsg2 This Study

dsg3 M A T a  leu2 ura3 his3 trpl arg4 ade6 met4 dsg3 This Study

dsg4 M A T  a  leu2 ura3 his3 trpl arg4 ade6 met4 dsg4 This Study

HM SF1 M A T a gal2 secl-1 A.Boyd

SF294-2B M A T a  sec7-l A.Boyd

HM SF95 M A T  a  sec8-6 A.Boyd

HM SF163 M A T a  secl3-l A.Boyd

HM SF169 M A T a see l4-3 A.Boyd

HM SF176 M A T a  gal2 secl8-l A.Boyd

sec l-u ra M A T a  ura3 gal2 secl-1 This Study

sec7-urs M A T a  ura3 sec7-l This Study

sec8-ura M A T a  ura3 sec8-6 This Study
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sec l3 -u ra M A T a  ura3 seel3-1 This Study
sec l4 -u ra M A T a  ura3 seel4-3 This Study
sec l8 -u ra M A T a  ura3 gal2 seel8-1 This Study
NY405 M A T a  ura3-52 sec4-8 Gallwitz et al

(1994)
MPC1 M A T a  his4 M.Pocklington
MPC6 M A T a  his4 M.Pocklington

S .p o m b e
NCYC 972 ura3 gal NCYC

8.3 Bacteria l and y e a s t  p lasm ids.
All E. coli and  yeast p lasm ids used and constructed throughout this study are

listed and  characterized in Table 8.3.

T ab le  8.3 Bacterial and yeast plasm ids used in this study.

P lasm id  D escription Reference

pUC18/19 G eneral cloning vectors Pharmacia

pU C18/ p U C 1 8  d i g e s t e d  w i th  r e s t r i c t i o n Pharmacia

S m a l  BAP e n d o n u c le a s e S ra f l l  and  trea ted  w ith  bovine 
A lkaline Phosphatase.

pBS SK-/+ G eneral cloning vector Stratagene

pLG669-Z Yeast /E.coli shuttle vector for the expression of Guarente and

E.coli p-galactosidase (CYCl-LacZ  fusion). Ptashne (1980)

pDP314 Yeast /E.coli shuttle vector for the expression 
of m ini-proinsulin .

D.Pioli. (1991).

pDP315 Yeast /E.coli shuttle vector for the expression 
of m ini-proinsulin .

D.Pioli. (1991).

p V K l.l Y east /E .coli  shuttle  vector for the expression of K u m a r  et al

A.niger  p-galactosidase. (1992)

pBEJl 5 Yeast expression vector utilising the PGK Hadfield et al

p r o m o te r . (1988)
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pPG K -hA R I

pCHlOO

pBG2-Pgal

pYIp31

pYCDE-2 Yeast expression vector utilising the ADH1 
p ro m o te r.

YEpPGKareBRNSX Y e a s t /  E .co li  sh u ttle  vecto r ca rry in g
androgen response 
elem ents(are)

Yeast in tegrating vector carrying the hum an 
androgen  receptor gene (hAR)
Y east/E.coli shuttle vector for the expression of 
CAT.
Y e a s t/E.coli shuttle vector for the expression 
of theA.niger  p-galactosidase.

Yeast integrating vector containing the URA3  
m arkergene.

pFL61cDNA Lib Y e a s t/E.coli shuttle vector containing a 
cDNA library from  A.thaliana, and  
utilising the PGK  prom oter for 
expression of the cDNA’s.

A.-YES-R cDNA Lib A m ultifunctional cDNA expression
vector, containing a library from 
A.tha liana .

Y e a s t/E.coli shuttle vector for the expression of 
m in i-p ro in su lin .
Y east /E .co li  shuttle  vector for the expression of 
w heat a-am ylase.

pB G l

pJK -aw

P urvis e t al( 

1991)

P u r v is  e t 

al{ 1991)

P u rvis e t al

(1991)

Hadfield et al 

(1986)

This study

Hadfield (1987)

Lacroute et al

(1992)

E lled ge e t al 

(1991)

This study

J.Kirham (1989)

8.4 Y ea s t Nucleic A c id  Iso la t io n .

8.4.1 Isolation of genomic DNA.
Based on C ryer et al (1975)
O v ern ig h t 10 m l YPD cultures w ere set up  of the strains of interest. The 
cu ltu res w ere back d ilu ted  to an A6oo of approxim ately 0.1-0.2. The cells were 
g row n  u p  to m id-log phase and then harvested in a H erus centrifuge at 6000 
rpm  for 5 m ins. The pellet was resuspended in 3 ml of 1.2M Sorbitol, 25mM 
EDTA pH  8.0 for each gram m e w et w eight of cells , 175 jil of 1M DTT was 
a d d ed  and  the tube incubated at 30°C for 30 mins. The tube was centrifuged at 
6000 rpm  for 5 m ins and resuspended in 5 ml of 1.2M Sorbitol, 0.1M Na citrate, 
lOmM  EDTA p H  8.0 and lm g  of yeast lytic enzym e added. The cells w ere
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in cu b a ted  at 30°C w ith  gentle shaking until they had spheroplasted. After 
sp h e ro p las tin g  the cells w ere w ashed three times in 5 ml of 1.2 MSobitol and 
then  re su sp en d ed  in 2 ml of 5% Sarkosyl, 0.5M Tris and 0.2M EDTA pH  7.6. 
0.2m g of p ro te inase  K w as added and the cells incubated at 55°C for an hour. 
A fter incubation  the volum e was m ade up  to 5 ml w ith 1.2M Sorbitol and the 
lysa te  ex trac ted  tw ice w ith  ch lo ro fo rm /iso -am yl alcohol, then twice w ith  
p h e n o l/c h lo ro fo rm  and  then  again w ith  chlorofom /iso-am yl alcohol. The 
nucleic acids w ere  recovered by ethanol precipitation, by the addition of 2 
vo lum es of cold absolute ethanol, and centrifugation at 5000 rpm  for 5 mins. 
The pellet w as resuspended  in 500 pi of TE, 20 ul of lO m g/m l RNase I added 
and  the  tube  incubated at 37°C for 2 hours. The DNA was ethanol precipitated 
by the add ition  of 2 volum es of cold absolute ethanol and centrifuged at 7000 
rpm  for 5 m ins. The pellet was air dried, resuspended in 500 pi of TE and the 
D N A  analysed by UV spectrophotom etry and gel electrophoresis.

8.4.2 Yeast RNA preparation.
M odified from  Schm itt et al. (1990).
Ten m l cultures of the strains of interest were grow n in YPD to an A6oo of 2.5- 
5. The cu ltu res w ere harvested at 5000 rpm  for 5 mins and resuspended in 1 
ml of 50mM N a acetate pH5.3 and lOmM EDTA (AE buffer), 40 pi of 10% SDS 
w as ad d ed  and  the tube vortexed for 30s. An equal volum e of AE buffer 
equ ilib ra ted  phenol w as added, the tube vortexed for 30 secs and incubated at 
65°C for 4 m ins. The tube w as then rapid ly  chilled in a dry ice/e thanol bath 
until phenol crystals appeared. The tube w as then placed back at 65°C and the 
c h illin g /h ea tin g  process repeated twice more. The tube was then centrifuged 
at 13000 rpm  for 2 m ins , the upper aqueous phase transfered to a fresh tube 
and  pheno l chloroform  extracted twice. The RNA w as precipitated by the 
add ition  of 40 pi of 3M Na acetate pH  5.3 and 2.5 volumes of absolute ethanol. 
The tube w as incubated in the -20°C freezer for an hour and the RNA collected 
by  cen trifu g a tio n  a t 13000 rpm  for 5 m ins, w ashed in 80% ethanol and 
resuspended  in 50 pi of double distilled water. The RNA was analysed by UV 
spectropho tom etry  and gel electrophoresis.

8.4.3 Rapid preparation of plasmid DNA.
C ru d e  p re p a ra tio n s  of S.cerevisiae  p lasm id  DNA for subsequen t 

transfo rm ation  into E.coli w ere obtained by lysis of yeast spheroplasts. 
S o lu tions:
BME: 0.9M sorb ito l, 0.05M NaPC>4 (pH7.5), 0.1% (v /v ) p -m erc ap to e th a n o l 

(added  just before use)
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4-5 m l yeast cells grow n overnight in selective m edia were pelleted for 
lm in  in a m icrofuge at top speed and resuspended  in 800pl BME. 25pl 
lO m g /m l yeast lytic enzym e (YLE) was added, the tubes mixed by inversion 
and  incubated  at 37°C for 30-45 m ins until cells were spheroplasting. Tubes 
w ere placed at 70°C for 20 mins to denature the YLE, 200pl 5M K acetate added, 
m ixed and  left on ice for 45 m ins, followed by pelleting in a microfuge at top 
speed  for 30sec. The supernatan t w as transferred  to a fresh tube and the 
p lasm id  DN A  precip ita ted  w ith 550pl isopropanol, at room tem perature for 5 
m ins. D N A  w as then  pelleted (13K rpm , 5 mins, room tem perature) washed 
in 70% rt EtO H and resuspended in 20jil TE at 65°C for 5 mins. 10(0.1 sam ples 
could  then  be used  directly for the transform ation of E.coli

8.5 Yeast transformation  , mutagenesis, matings and tetrad dissections.

8.5.1 Lithium acetate high efficiency transformations.
Based on Schiestl and Gietz (1989).
Yeast cu ltu res w ere grow n overnight in YPD from a single colony and back 
d ilu ted  to a cell density  of 5X106 cells/m l in 10 mis of fresh YPD. The cultures 
w ere g row n up  to a cell density  of 2X107 cells/m l and then harvested at 3000 
rpm  for 5 m ins. The spent broth  w as rem oved and the cells resuspended in 1 
ml of lOmM Tris.HCL, O.lmM EDTA pH7.0 (TE) and then spun at 7000 rpm  for 
2s. The su p ern a tan t w as rem oved and the pellet was then resuspended in 1 
ml TE, 0.1M lith ium  acetate and respun  at 7000 rpm . The supernatan t was 
rem oved  and the cells resuspended  in TE, 0.1M lithiun acetate to give a cell 
density  of 2X109cells/m l.
50 |il of cells w ere added  to 7.5mg of single stranded Salmon sperm  carrier 
DNA and 0 .4-lm g of transform ing DNA and the tube mixed by flicking. 300 pi 
of fresh filter sterilized 40% PEG3350 in TE, 0.1M lithium  acetate was added 
and  the tube mixed. The tube was placed on a "rock and roller" mixer at room 
tem p era tu re  for 20 m ins, heat shocked at 42°C for 20 m ins and then plated 
d irec tly  on to  selective m edium  . The plates were incubated at the optim al 
tem pera tu re  for 2-4 days.

8.5.2 One step lithium  acetate low  efficiency transformation.
Yeast cu ltu res w ere grow n up overnight in 10 mis of YPD from a single cell. 
500 pi of cu lture pelleted at 5000 rpm , the spent broth discarded and the pellet 
resu spended  in 100 pi of 40% (w /v ) PEG4000, 0.2M lithium  acetate pH5, 0.1M 
DTT (one step buffer). The transform ing DNA (up to 3 pg) was added, the tube

98



m ixed  w ell an d  incubated  at 45°C for 30 mins. The cells were then p lated  
stra ig h t on to  selective m edium  and incubated at the appropriate tem perature 
for 3-4 days.

8.5.3 M utagenesis of yeast cells. (Based on Sleep et al 1991)
Yeast cells to be m uta ted  w ere grow n overnight in lOmls of YPD and the cell 
d en sity  ca lcu la ted  using  a haem ocytom eter. The cells were harvested by 
cen trifuga tion  at 4000 rpm  for 5 m ins and resuspended in 10 mis of distilled 
w ater. This process w as repeated. To 1 ml aliquots of washed cells 0, 10 pi, 20 
pi, 40 pi, 80 pi or 160 pi of the m utagen stock solution was added. Following

o

in c u b a tio n  a t 30 C for 30 m ins, the  m u ta ted  cells w ere w ashed in Na 
th io su lpha te , then  distilled w ater and  finally resuspended in 1 ml of distilled 
w ater. To determ ine  the percentage of cells that had survived the m utagenic 
trea tm en t, an  a liquot of the appropria te  dilu tion was plated onto YPD plates

o

and  incubated  a t 30 C for 2 days. The % killing was then determ ined for each 
m u ta g en  concen tra tion  and the am oun t of m utagen required to give 40% 
killing calculated. M utagen stock solutions: EMS supplied as a liquid from 
Sigm a an d  used  w ithou t d ilu tion. NTG supplied  as a pow der and used at 
be tw een  20-100mM.

8.5.4 Tetrad dissections.
T etrad  d issec tions w ere perform ed using  a Singer MSM Series 200 system  
m icrom an ipu la to r by follow ing the m anufacturer's instructions.
Asci w ere  d igested  w ith  5 pi of (3-glucuronidase (90 000 u n it/m l) in 250 pi of 
distilled  w ater for 5 m ins before being plated.

8.5.5 Yeast matings.
The stra ins of in terest w ere grow n o /n  in YPD m edium . Inoculated into fresh 
YPD m edium  at a cell density of lx l0 5/m l and grown until they had reached a 
cell density  of lx l0 6/m l. C ultures were m ated by placing 5 jil of the first strain 
on to  selective m inim al m edia p lates (that w ould allow only diploid cells to 
grow ), allow ing this spot to dry  and then placing 5 pi of the second strain on 
top  of the  first. As controls 5 pi a liquots of each strain  were also placed 
separately  on the selective plate. Plates were incubated at 28°C for 2-3 days.
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8.6 Cloning and manipulation of plasmids in E.coli.

8.6.1 Sm all scale plasm id preparations.
M odified from  Bim boim  and Doly, 1979.
1.5ml of overn igh t culture grow n in LB plus antibiotic in the 37°C shaker was 
sp u n  d o w n  in the m icrofuge for 5 mins. The spent broth  was rem oved and 
the bacterial pellet resupended  in 100 pi of 50mM glucose, 25mM TE pH8.0, 
lOmM EDTA pH 8.0 (solution I) . 200 îl of 0.2N NaOH, 0.1% SDS (solution II) 
ad d ed  and  the  contents m ixed by inversion. Following the addition of 150 |xl 
60% 5M KOAc, 11.5% glacial acetic acid (solution III), the tubes were shaken 
briefly  to m ix the  solutions. The precipitate w as rem oved by centrifugation 
and  the  su p e rn a tan t p ipetted  to a new  tube carefully. Following extraction 
w ith  pheno l chloroform  the plasm id DNA w as precipitated by the addition of
2.5 vo lum es of cold absolute ethanol, and recovered by centrifugation for 10 
m ins. The e thanol w as rem oved and  the pellet w ashed in 70% ethanol, air 
d ried  and  resuspended  in 20 ml of double distilled water. 3-4 pi w ere then 
used  in restric tion  analysis. RNase I w as added  to the restiction digest to 
rem ove any RNA present.

8.6.2 Large scale plasmid preparations.

L arger am oun ts of purified  plasm id  DNA w ere obtained by com bining the 
alkaline lysis m ethod (Birnham & Doly 1979) to ion exchange chrom atography 
using  P100 Q uiagen kits according to the m anufacturers instructions.

8.6.3 H ighly purified E. coli plasmid DNA maxi-preparation
Plasm id DNA of h ighly purified quality for specific DNA m anipulations, yeast 
tran sfo rm a tio n  and  DNA sequencing  reactions w as p repared  by buoyant 
d en sity  u ltra-cen trifugation  in CsCl gradients adopted from Sambrook et a l  

(1989) as follows.
S o lu tions:
SUT: 25% (w /v ) sucrose, 50 mM Tris-HCl, pH  8.0 
TES: 50 mM  Tris-HCl, 5 mM EDTA, 50 mM NaCl, pH  8.0 
LS: 0.2% (v /v )  Triton, 100 mM EDTA, 20 mM Tris-HCl, pH  8.0 
TE: 10 m M  Tris-HCl, 1 mM EDTA, pH  8.0
Bacterial cells grow n o /n  in 400 ml selective m edium  were pelleted (6K rpm , 
10 m ins, 4°C), reuspended  in 20 m l SUT, re-pelletted as before and suspended 
in 10 m l TES contain ing  freshly added  lysozym e (1 m g /m l). After 10 m ins 
incubation  on ice and addition of 0.3 ml 0.5 M EDTA (pH 8.0) cells w ere kept 
on  ice for a fu rther 10 m ins and finally lysed by addition of 10 ml LS and gentle
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sw irling  for 30 m ins. Clear cell lysates obtained after centrifugation (35K rpm , 
35 m ins, 10°C) w ere phenol extracted by addition of 8 ml phenol and 3 ml 1 M 
Tris-H C l (pH  8.0) for 5 m ins followed by phenol-chloroform  extraction in 16 
ml p h en o l/ch lo ro fo rm  (1:1 v /v ). To the supernantant (10K rpm , 10 mins, 4°C) 
2g am m onium  acetate w as added and total DNA was precipitated in 0.8 vol. ice 
cold isop ropano l for 30 m ins on ice. After centrifugation (10K rpm , 10 mins, 
4°C) the pellet w as allow ed to dry at rt, well dissolved in 5 ml TE containing 
RNA se (1 m g /m l)  and  incubated at 37°C for 30 mins. Further 16 ml TE and 0.2 
m l of 0.5M EDTA (pH  8.0) w ere added and after dissolving 20g ultrapure CsCl 
(Sigm a) the  so lu tion  w as decanted into Sorvall TV850 tubes using a 20 ml- 
sy ringe  as a funnel. Following addition  of 0.7 ml EtBr (10 m g/m l) the tubes 
w ere  filled up  w ith  paraffin  oil, precisely balanced, crim p-sealed and u ltra
cen trifuged  (45K rpm , 20h, 20°C). Plasm id DNA was gently harvested under 
UV ligh t using  w ide bore syringe needles and EtBr w as rem oved by several 
ex tractions w ith  an equal volum e of w ater-saturated isobutanol. After addition 
of 1 vol. w ater and  2 vol. rt absolute EtOH and incubation at room tem perature 
for l h  p lasm id  DNA w as precipitated  (13K rpm , 30 mins, room  tem perature), 
w ashed  tw ice in 70% rt EtOH, air dried  and usually resuspended in 0.3 ml TE.

8.6.4 Estimation of DNA concentration
D N A  concen tra tions w ere calculated  using  a Shim adzu spectrophotom eter 
and  quartz  cuvettetes of 1 cm path  length. OD 2 6 O and OD 2 8 O of appropriately  
d ilu ted  DNA solutions w ere m easured and concentrations deduced given that 
O D 2 6 O values of 1 equal 50 jig /m l for dsDNA and 20 p g / ml for oligonucleotides 
of abou t 20 m er, respectively (Sam brook et al., 1989). OD 2 6 O /280 ratios w ere 
calculated as well in o rder to deduce DNA quality considering that ratios of 1.8 
are optim al in term s of reduced protein  contam ination.

8.6.5 Transformation of Competent E.coli.
C o m p eten t E.coli X Ll-blue and NM522 cells were prepared using the CaCl2  

m ethod  described by Sambrook et al (1989). The competent cells were stored at 
-80°C un til required .

L igated DNA w as transform ed by adding half of the ligation mix to a 100 
pi a liquo t of com petent cells. The transform atiom  mix was incubated on ice 
for 30 m ins, placed in a w ater bath  at 37°C for 2 m ins to heat shock the cells, 
lm l of LB w as then  added  and the cells incubated at 37°C for an hour in order 
to express the antibiotic resistance genes carried on the new ly recieved cloning 
vector. Follow ing expression the cells w ere collected by centrifugation, the
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sp en t m ed iu m  rem oved and the cells resuspended in 100 pi of LB and 10 and 
90 pi of these cells p lated out onto the appropriate selection plates.

8.7 Nucleic acid electrophoresis and blotting .

8.7.1 D N A  agarose gel electrophoresis.
E lectrophoresis w as carried out at l-10V /cm  in 1 x TAE buffer (0.04 MTris- 
aceta te , 0.5 m g /m l e th ium  brom ide and  0.001 M EDTA). A 0.6% to 1.5% 
agarose gel, depend ing  on the size range of separation required, was prepared 
in 1 x TAE buffer. A fifth volum e of 10 x loading buffer (0.25% brom ophenol 
blue, 0.25% xylene cyanol FF and 30% glycerol in water) was added to the DNA 
sam p le  p rio r to load ing  and running . M arker DNAs of know n m olecular 
m ass w ere  ru n  alongside the DNA sam ples to enable rapid  size estim ation of 
the  D N A  bands w hen visualised on a UV trans-illum inator. The gel w as then 
p h o tog raphed  using a M itsubishi video camera and video processor K65HM.

8.7.2 RNA form aldehyde gel electrophoresis.
A 3% agarose w as prepared  in w ater, cooled to 70°C, and 10 x MOPS buffer (0.2 
M M OPS p H  7.0, 80 m M  Sodium  acetate and 10 mM EDTA pH  8.0) and 
fo rm ald eh y d e  a d d ed  to give final concentrations of 1 x MOPS and 2.2 M 
form aldehyde. The gel w as poured  im m ediately in a fume hood and allowed 
to set for 30 m ins.
The RNA sam ples w ere p repared  in a sterile m icrofuge tube by m ixing the 
fo llow ing;

RNA (up to 20 mg) 4.5 |il

T he sam p le  w ere  h ea ted  to 65°C for 10 m ins and  then  placed on ice 
im m e d ia te ly . T hree  m icrolitres of sterile RNA loading buffer (50% glycerol, 
Im M  EDTApH8.0, 0.25% brom ophenol blue and 025% xylene cyanol FF) was 
a d d ed  to each sam ple, and the sam ples run  in 1 x MOPS, 13% form aldehyde at 
3 -6V /cm . Follow ing staining w ith  ethidium  brom ide (0.5 m g /m l) for 30-60 
m ins the  gel w as photographed alongside a transparent ruler.

5 x MOPS
D eionised form am ide 
F orm aldehyde

2.0 pi
10.0 pi 
3.5 ^1
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8.7.3 Northern Blotting (Thomas 1980).
Follow ing electrophoresis, staining and photography the RNA gels require no 
fu rth e r trea tm en t and  are blotted directly.
A tray  w as filled w ith  10 x SSC and a heavy duty  sponge placed in the tray and 
allow ed to soak up  the 10 x SSC. A piece of 3MM paper cut to size was placed 
on the  sponge and  the gel placed on top, a piece of Hybond-N  cut to size and 
placed on  the gel. The H ybond-N  w as then m asked fully around the edges to 
p re v e n t the  SSC from  passing  a round  the edges ra ther than th rough  the 
H ybond-N . Four m ore pieces of 3MM paper were placed on top of the filter 
and  then  a stack of paper towels on top. A weight (approx. 500 g) was placed on 
top  of the  tow els; the  nucleic acids w ere transfered  to the m em brane by 
cap illary  action overnight.
The nucleic acids w ere fixed on the H ybond-N  m em brane by placing the filter 
face do w n  onto  a UV transillum inator for 2 mins.

8.7.4 Southern Blotting.
DNA w as transferred  from agarose gels to nylon m em branes by the m ethod of 
S ou thern  (1975). A fter blotting, the DNA on the m em brane was imm obilised 
by exposure  to UV on a transillum inator for 5 mins.

8.7.5 Preparation of high specific activity probes by random hexamer priming.
(Based on Feinberg and Vogelstein 1983.)
D N A  p ro b es  w ere  rad io labe lled  using  random  hexanucleotide prim ing. 
Labelling reactions of 15 pi contained 7.5 pi DNA solution w ith a total of 100- 
200 ng  DNA, 3 pi oligonucleotide labelling buffer (OLB-C), 1 pi BSA, 1 pi (6 U) 
K lenow  fragm ent and  2.5 pi 32P-dCTP. OLB-C is a m ixture of solutions A:B:C 
in the ratio  10:25:15 w ith solution A: 18 pi p-m ercapto-EtOH, 5 pi of each 100 
m M  dA TP, dGTP and dTTP; solution B: 2 M HEPES - NaOH (pH 6.6) and 
so lu tio n  C: hexanucleo tides (Pharm acia, in TE buffer). The reaction w as 
in cu b a ted  for 6-20 h at room  tem peratu re . The unincorporated  label was 
rem oved  by runn ing  the reaction mix dow n a 1 ml G50 Sephadex column in a 
p as teu r p ipette , w ith  a polyallom er wool plug. The colum n was equilibrated 
w ith  TE and  the sam ple added  after it had been m ade up  to 100 pi w ith  TE 
pH 8.0. The probe w as eluted w ith  lOOul aliquots of TE and 100 pi fractions 
co llec ted  from  the bottom  of the colum n into seperate  eppendorf tubes. 
F ractions w ere  tested  w ith  a Gieger counter and the fractions giving peak 
read ings w ere pooled. Prior to use in hybridisations radiolabelled probes were 
d en a tu red  at 95°C for 5 m ins and placed on ice imm ediately afterwards.
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8.7.6 Pre-hybridization and hybridization of nylon membranes.
The filte rs  w ere  p laced  into a hybrid ization  cham ber w ith  5ml of C hurch 
b u ffe r  (C h u rch  an d  G ilbert 1986) (7% SDS, Im M  EDTA, 0.5M Sodium  
hy d ro g en  p h o sp h a te  buffer pH7.4) for one or tw o hours at 65 C. The probe 
w as a d d e d  to the  cham ber and the hybrid ization  w as carried out at 65°C 
o v e rn ig h t.
W ashing  strigency conditions;
The filters w ere w ashed  three tim es in 2 x SSC, 0.1% SDS at 65 C. The filters 
w ere partia lly  d ried  and w rapped in Saran wrap. A utoradiography was carried

o

out at -80 C using  X-ray film in a casstte, for a period ranging from a few hours 
to one  w eek  d ep en d in g  on the radio-activ ity  detectable on the filter after 
w ash ing .

8.7.7 Autoradiography and Phospor-Imager
W hen using  35S-dATP in DNA sequencing reactions, gels were dried prior to 
au to rad iography , and exposed naked to X-ray film (Kodak XAR5 13x18 cm, Fuji 
NIF RX 18x24 cm or A m ersham  Hyperfilm ) at room  tem perature. In the case 
of 32P-dCTP, filters w ere w rap p ed  in clingfilm  and exposed to X-ray film 
betw een  tw o intensifying screens at -70°C. For single copy genes exposure was 
24-72 h. A utoradiogram m s w ere developed using an Agfa-Gevaert Gevamatic 
au to m atic  film  processor. For m RN A  analysis, hybrid isation  signals w ere 
quan tified  w ith  a Phosphor-Im ager (M olecular Dynamics) using the Image- 
Q u a n t™  softw are package (Johnston et al., 1990).

8.8 DNA manipulation and modification.

8.8.1 D N A  ligations.
For genera l liga tions of m olecules w ith  com patible cohesive term ini the 
fo llow ing  cond itions w ere used; 100-200ng of digested  dephosphorylated  
vector and  300-400ng of digested gel purified fragm ent were mixed with a fifth 
vo lum e of 5 x ligation buffer ( Gibco-BRL ), 1-10 Weiss units of T4 DNA ligase 
an d  m ad e  u p  to a final volum e of 10-50 pi w ith  double d istilled  w ater. 
Incubations w ere carried  ou t at 15°C overnight. W here b lun t end ligations 
needed  to be perform ed the Pharm acia T4 DNA ligase (8U / pi) was used.
8.8.2 D N A  Restriction endonuclease digestion and dephosporylation
These w ere  carried  ou t according to the m anufacturers recom m endations for 
each ind iv idua l enzym e. Generally a tenfold excess of restriction enzym e was 
used . Restriction enzym e buffers were supplied by the m anufacturer.
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V ecto r D N A  th a t w as d igested  w ith  a single restric tion  enzym e w as 
d e p h o sp h o ry la te d  prior to ligation w ith the fragm ent of interest to prevent self 
lig a tio n  of the  vector. l-5 |ig  of vector w ere d igested  w ith  the re levant 
restric tion  enzym e. The digest w as then mixed w ith a tenth  final volum e of 
10 x CIP buffer (lOOmM Tris.Cl pH8.5, lOmM M gC^ and lOmM ZnC^), one unit 
of C alf In testinal A lkaline Phosphatase was added and the incubation allowed 
to p ro ceed  at 37°C for 30 m ins. The dephosphory lated  vector w as then  
extracted  w ith  phenol /chloroform , ethanol precipitated, dried and redissolved 
in doub le  distilled  w ater.

8.8.3 Purification of DNA fragments.
D N A  fragm en ts w ere purified  from  agarose gels directly using the "Gene 
Clean" kit (BIO 101 Inc) according to the m anufacturers instructions. Gel slices 
w ere  m elted  in 6M N al at 65°C, the DNA adsorbed onto silica glass beads, 
w ashed  and  subsequently  dissociated from the glass in TE buffer at 65°C. One 
ten th  of the purified  DNA w as used in agarose gel electrophoresis to estim ate 
quality  and  quantity  of DNA and the rem ainder used or stored at -20°C.

8.8.4 D N A  phosphorylation
DN A  fragm ents w ere phosphorylated m ainly to facilitate direct cloning of PCR 
p roducts using  dephosphatased  pUC vectors. In all cases the enzyme of choice 
w as P o lynucleo tide  K inase supp lied  w ith  reaction buffer by NEB. Kinase 
reactions of 100 jllI contained 20 units enzym e, ATP at a final concentration of 1 
mM , and  up  to 5 jig  DNA. They w ere incubated at 37°C for 30 m ins and 
inactivated by direct phenol extraction. Phosphorylated DNA was recovered by 
s tandard  EtOH precipitation.

8.8.5 DNA sequencing.

8.8.5.1 Manual sequencing.
D N A  sequence w as derived directly from double stranded plasm id DNA by 
u sing  the T7 sequencing kit (Pharm acia LKB Biotechnology) according to the 
m an u fac tu re r 's  instructions. DNA fragm ents w ere labelled w ith 35S-dA TP 
u sing  bo th  stan d ard  pUC universal and synthesised oligonucleotide prim ers. 
Sequencing reaction products were analysed by PAGE on a 0.5 m m  x 45 cm x 20 
cm (50 ml) d en a tu rin g  acrylam ide gel. Com m ercially available sequencing 
g rade  40% (w /v )  acrylam ide (Accugel 40, 19:1 acrylamide: bisacrylamide) was 
u sed  for m ak ing  the gel. The urea stock (46% (w /v)) w as deionised prio r to
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use, and  w as stored , for up  to two weeks at 4°C. Sequencing gels (1 x TBE, 23% 
(w /v )  u rea , 7% (w /v )  acrylam ide, 0.1% (w /v ) am m onium  persulphate, 0.1% 
v / v  TEMED) w ere electrophoresed in TBE buffer at a constant 1000-1400 V for 
2-6 h. The gel w as then transferred  to a sheet of 3 MM W hatm an paper, 
covered w ith  Saranw rap  and dried under vaccum at 80°C for 2 hrs. The was 
then  exposed to K odak XAR-5 film at room  tem perature for between 16 and 72 
h rs.

8.8.5.2 Autom ated sequencing.
D N A  w as sequenced  using  the PR ISM ™  Ready Reaction D yeD eoxy™  
T erm inato r Cycle Sequencing Kit, and  analysed on a ABI m odel 373A DNA 
Sequencer.
T erm in a to r p rem ix : 1.58|iM A-DyeDeoxy, 94.74|xM T-DyeDeoxy, 0.42|iM G- 
D yeDeoxy, 47.37pM C-DyeDeoxy, 78.95jiM dITP, 15.79pM dATP, dCTP, dTTP, 
168.42mM Tris-HCl (pH9.0), 4.21mM (NH4)2SC>4, 42.1mM MgCl2, 0.42 un its/(il 
A m pliT aq DNA polym erase.

S equencing  reactions w ere  carried  ou t in a to tal volum e of 20(0.1 
(overlaid  w ih  liquid paraffin) containing 9.5|il tem inator premix, l |ig  tem plate 
D N A  and  3.2pm ol p rim er DNA. The cycling reaction was carried ou t in a 
H ybaid  Om n-E therm al cycler, and consisted of 25 cycles of a denaturation step 
(96°C, 30"), an annealing  incubation (50°C, 15") and an extension incubation 
(60°C, 4 m ins). A fter PCR the reaction m ix w as isolated from under the 
paraffin  layer by pipetting, m ade up  to 100|il w ith w ater and extracted twice in 
pheno l : H 2 O : Chloroform  (68:18:14). Extension products were precipitated 
w ith  15(0.1 2M N a acetate (pH4.5), 300jil 100% EtOH, washed in 70% EtOH, then 
analysed  on a ABI m odel 373A DNA Sequencer.

8.8.6 Polymerase chain reaction
PCR w as used  bo th  for engineering novel restriction enzym e sites into DNA 
fragm ents and for am plification of DNA fragm ents which were not amenable 
to d irec t cloning. PCR w as perform ed using a Techne PHC-3 Program m able 
H ea tin g  Block. In itially  A m pliTaq Taq DNA polym erase was used (w ith a 
reaction buffer of 10 mM Tris-HCl pH  8.3, 50 mM KC1, 1.5 mM M gCh, 0.001% 
(w /v )  ge la tine) b u t later Prom ega Taq DNA polym erase and NEB Vent 
Po lym erase  w ere used. dNTPs (Pharm acia, U ltrapure, 5 mM stock stored at 
-20°C) w ere  used  at a final concentration (for each dNTP) of 200 (iM. The final 
concentra tion  of target DNA present in each reaction w as less than 10 ng. All 
o ligonucleotide prim ers, listed in Table 8.3., used for PCR or DNA sequencing 
w ere  syn thesised  by J. Keyte and D. Langton (D epartm ent of Biochemistry,
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U n iv e rs ity  o f L eicester) using  an A pplied  Biosystem s 380B Synthesiser 
acco rd ing  to the P -cyanoethy l-phosphoram id ite  m ethod  (W innacker and  
D orper, 1982). Supplied  as approxim ately 1 ml aqueous am m onia solutions 
o ligonucleo tide purification w as carried out using standard EtOH precipitation 
fo llow ed  by  spectrophotom etric  calculation of concentration. Prim ers w ere 
u sed  in eq u im o lar concentrations at final concentrations of 0.2-1 |liM . PCR 
reac tio n s  w ere  carried  according  to the m anufactu rer's  instructions and 
m ethods outlined  by Ehrlich (1989). A typical reaction profile consisted of 25-30 
cycles of a den a tu ra tio n  step (1 m in, 95°C), an annealing incubation (2 mins, 
40-55°C) and  an extension incubation (1 min, 72°C). All reactions were carried 
o u t in a to tal vol. of 50 or 100 jil and  w ere overlaid w ith  liquid paraffin to 
p rev e n t evapora tion . Tubes w ere heated  to 95°C for 5 m ins to destroy any 
D N A ases, and  cooled on ice p rio r to the addition of polymerase. PCR results 
w ere analysed by horizontal TAE-agarose slab gel electrophoresis.

8.9 Preparation o f  soluble protein extracts and culture supernatants.

8.9.1 Preparation of soluble protein extracts.
Soluble pro tein  extracts w ere required to perform  a num ber of enzymic assays. 
For each enzym ic assay a different extraction buffer was required to optim ise 
the conditions for that particular enzym e. The buffers used were as follows: 
C hloram phenicol Transferase Extraction Buffer (CEB);

50mM Tris-HCl pH7.5, lOOmMsodium chloride,
O.lmM  chloram phenicol,
Im M  Phenylm ethysulfonylfluoride (PMSF).

a-am ylase  extraction buffer; 
lOmM Tris-HCl pH7.0,
50mM sodium  acetate pH5.5, Im M  PMSF.

A lcohol dehydrogenase extraction buffer;
lOmM m agnesium  chloride, Im M  dithiotheritol,
0.4M sodium  chloride, Im M  PMSF.

All s tra in s w ere cu ltu red  in YPD to a cell density  of lx l0 7/m l  for 
p roducing  the  soluble protein  extracts, except for the CAT assays, where strains 
w ere  cu ltu red  in YPGE-chloramphenicol m edium .
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10 m is of cu ltu re  (108 cells) was harvested by centrifugation at 4000 rpm  in a 
H eraeus centrifuge, and the supernatant discarded. Cells were resuspended in 
5 m l of the  ap p ro p ria te  ice cold extraction buffer. Cells were harvested as 
before and  resuspended  in 250 |il of the appropriate ice cold extraction buffer 
and  transfered  to Eppendorf tubes. 0.5g of acid-washed glass beads were added 
and  the m ix ture  vortexed for three periods of 30s, interspaced w ith 30s on ice. 
Cell b reakage  w as confirm ed by m icroscopic exam ination and if intact cells 
rem a in ed  the  vortex  trea tm en t w as repeated. 0.75 m is of the appropria te  
ex traction  buffer w as added and the m ixture vortexed for 10s. Cell debris was 
h a rv e s te d  by  cen trifuga tion  at 5000 rpm  for 5 m ins and the supernatan t 
transfered  to a fresh Eppendorf tube. Finally the tube was centrifuged at 13 000 
rpm  for 5 m ins and  the supernatant collected in a fresh Eppendorf.
P ro te in  concen tra tions w ere estim ated  for extracts as described in 8.10.2. 
Soluble p ro te in  extracts w ere either stored on ice until assays were perform ed 
on them , or frozen and stored at -20°C for assay at a later date.

8.9.2 Preparation of culture supernatants.
For the a-am ylase and P-galactosidase reporter proteins, assays were perform ed 
on  cu ltu re  supernatan ts . W hen cells w ere originally harvested for soluble 
p ro te in  p repara tion , 1 ml of the supernatan t w as saved in a Eppendorf tube 
and  either placed on ice for im m ediate assay or frozen at -20°C, for assay at a 
later date.

8.9.3 Calculation of protein concentrations.
Protein  concentration w as estim ated by the m ethod of Bradford (1976) using a 
BSA or ovalbum in  standard  w ith  the Biorad Protein Assay, according to the 
m an u fac tu re r 's  instructions.

8.10 Enzymic and ELISA assays.

8.10.1 Insulin ELISA assays
In s u l in  a ssa y s  w e re  p e rfo rm e d  u s in g  the  B oeh ringer M annheim  
Im m unodiagnostics Kit, catologue num ber 1 289 101. Assays were carried out 
acco rd ing  to m anufacturers instructions. A schem atic representation of the 
assay is show n in figure 8.10.1. As we can see from the diagram , during  the 
incuba tion  step  (2 hours at room  tem perature) the plastic tubes coated w ith 
m onoclonal an ti-in su lin  an tibodies b ind  to the m ini-pro insulin  w ith in  the 
su p e rn a tan t (sample). A blank was prepared w ithout supernantant. Standards
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Figure 8.10.1 ELISA/One step sandwich assay.
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(con ta in ing  know n units of insulin activity ) supplied w ith the kit were used 
to p re p a re  a s tan d a rd  curve. The incubation solution also contained anti
in su lin  an tibod ies conjugated to the enzym e peroxidase. These bind  to the 
m in i-p ro in su lin  b o u n d  to the tubes. The periox idase  is requ ired  for 
d e v e lo p m e n t o f the  ch rom agen  ABTS (d i-am m onium  2,2 '-azino-bis 3- 
e thy lbenzo th iazo line-6 -su lphonate). The tubes are w ashed to rem ove any 
excess an ti-in su lin -perox idase  conjugate. The chrom agen solution is then 
ad d ed  an d  the tubes incubated at room  tem perature for 1 hour. The contents 
of the are m ixed and their absorbance m easured against the blank at OD420nm/ 
u s in g  a P h ilip s  Pye U nicam  SP6-550 U V /V IS spectrophotom eter. Mini- 
p ro in su lin  activity w as calculated using the standard  curve (see Appendix 3).

8.10.2 p-galactosidase assays.
Solutions; Z buffer:

60mM disodium  phosphate, 40mM sodium  dihydrogen phosphate, 
lOmM potassium  chloride, Im M  m agnesium  sulphate pH7.0.
ONPG: 4 m g /m l o-nitrophenol-P-D -galactosidase in 
lOOmM potassium  phosphate buffer pH7.0.

S tra ins to be assayed  w ere cu ltu red  overnight in YPD m edium  and cells 
perm eablised  for cell enzym ic assays as follows:
1 m l of cells w ere harvested in Eppendorf tubes by centrifugation at 13 000 rpm  
for 5 m ins. Supernatan ts w ere collected and saved for assay im m ediately or 
frozen at -20°C for assay at a later date.
H arvested  cells w ere w ashed twice in 1 ml of distilled w ater and resuspended 
in a final volum e of 1 ml of Z buffer. The OD of the cells was m easured at 
600nm. 50 pi of cells were added to 900 pi of Z buffer, 50 pi of sodium  dodecyl 
su lpha te  (SDS)(0.7%) and 50 pi of chloroform. A blank containing 950 pi of Z 
buffer, 50 pi SDS (0.7%) and 50 pi of chloroform , was prepared to zero the 
spectrophotom eter. After vortexing for 10s sam ples and blank were placed in a 
30°C w aterbath  for 15 mins. 180 pi of ONPG was added, the tubes m ixedand 
re tu rn ed  to the w aterbath. The tim e taken for the sam ples to turn a m edium  
yellow  colour w as noted and the reaction stopped by the addition of 450 pi of 
sod ium  carbonate. The tubes w ere centrifuged at 13 000 rpm  for 5 m ins and 1 
m l of sam ple transfered to a plastic cuvettete. The absorbance of the sam ples 
w ere  m easured  against the blank at OD420nm, using a Philips Pye Unicam SP6- 
550 U V /V IS  spectrophotom eter. P-galactosidase activity w as calculated as 
follow s:
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n m ol O N PG  converted /m in  (p-gal Units)= 1000 x O D 420nm /T  x V x OD600nm

W here T= reaction tim e at 30°C and V= volum e of cells used.
C u ltu re  su p e rn a tan ts  w ere assayed as follows: 100 pi of culture supernatant 
w as a d d ed  to  an E ppendorf tube containing 1 ml of Z buffer and vortexed for 
10s. A b lank  containing 1 ml of Z buffer and 100 pi of YPD was prepared and 
the p rocedure  followed, the same as described for the cell extracts. 
(3-galactosidase activity w as calculated as follows:

P~gal units= 1000 x OD420nm/ T x V x OD600nm 
W here V= volum e of supernatant used and T= reaction time at 30°C.

8.10.3 a-am ylase assays.
a -a m y la se  activ ity  w as m easu red  via the 3,5-dinitrosalicylic acid (DNS) 
m ethod . This m ethod m easures the apperance of reducing sugars as starch is 
broken  dow n  into m altose (causing a increase in absorbance. Either 100 pi of 
so lub le  p ro te in  extracts from  2 m is of culture or 100 pi of supernatan t w ere 
incubated  w ith  an equal volum e of 1% w /w  starch in 50mM sodium  acetate 
pH 5.5 for 3 hrs at 37°C. Blanks w ere also prepared w ithout protein extracts or 
supernatan ts . After incubation 400 pi of DNS (l% w /v  3,5-dinitrosalicylic acid, 
1 .5 % w /v  sod ium  hydrox ide, 30% sodium  potassium  tartrate) reagent was 
ad d ed  and  sam ples boiled in a heating block for 5 mins. Samples were m ade 
up  to 1 m l w ith  dd  w ater and their absorbance m easured against the blanks at 
540nm using  a Philips Pye Unicam  SP6-550 UV/VIS spectrophotom eter, 
a -am ylase  activity w as calculated by taking the difference between the blank at 
A 5 4 0 n m  an(j the sam ple at A540nm and converting this value into mg of maltose 
liberated from soluble starch, using a standard maltose curve (Appendix 4).
The va lue  obtained  from  the standard  curve w as divided by two for the cell 
extracts (as 2 mis of culture w ere used for the assay) and m ultiplied by ten for 
the cu ltu re  supernatan ts (as 0.1 ml of culture was used for the assay) to give 
m g of m altose equivalents liberated from soluble starch per ml of culture.

8.10.4 Chloramphenicol acetyl transferase assays.
Solution; CAT assay buffer (CAB):

50mM Tris-HCl pH7.5, lOOmM EDTA, Im M  5,5'-dithiobis-2- 
benzoic acid, O.lmM Chloram phenicol.

Before assays could  be perfo rm ed  tw o blanks w ere p repared  to zero the 
S h im ad zu  UV -visible recording UV-240 spectrophotom eter. In tw o 0.5 ml
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q u artz  cuvettes (1 cm pathlength) 360 jxl of CAB and 40 pi of acetyl CoA were 
a liquo ted . The spectrophotom eter w as set at a w avelength of 412nm, chart 
speed  of 2 0 m m /m in u te  and a absorbance range of 0-0.5. After zeroing one 
cu v e tte  w as rem oved  to be used for sam ple assays. 350 pi of CAB was 
a liquo ted  together w ith  10 pi of cell extract (0.2-5.Opg protein) and 40 pi of 
4m M  acetyl CoA into the cuvette. A piece of Parafilm was placed over the top 
of the  cuvette  and  the cuvette quickly inverted three times. The cuvette was 
p laced  in to  the spectrophotom eter and the inital rate of increase in absorbance 
a t 412nm  (AA412/m in ) w as m easured for a period of 3 mins.
The CAT activity w as calculated w as calculated as follows:

AA412/m in  x 2 = AA412/m in /m l
(AA412/m in /m l) /p g  protein  x l03= AA412/m in /m l/m g  protein 
(AA412/m in /m l/m g )/0 .1 3 6 =  CAT U /m g  protein

W here 0.136= M  extinction coefficient of DTNB at 412 x 10-3 (for 1 ml volume). 
O ne enzym e u n it is defined  as the am ount of enzym e that catalyses the 
p ro d u c tio n  of lp M  D N T B /m in . The un its are expressed relative to the 
cellu lar p ro tein .

8.10.5 Alcohol dehydrogenase enzyme assays.
Blanks w ere  p repared  as follows: In tw o 1.7 m l quartz cuvettes 50-100pg of 
p ro te in  extract in a 100 pi sam ple w as added together w ith 0.7 mis of lOmM 
Tris-HCl pH9.5 and 0.1 mis of 1.5mM NAD.
A piece of Parafilm  w as placed over the top of the cuvettes and the cuvettes 
inverted . The sam ples w ere zeroed for 2 m ins at 315nm in a Shim adzu UV- 
visible recording UV-240 spectrophotom eter, set at a chart speed of lO m m /m in 
and  range 0-0.5. 0.1 ml of 3M ethanol w as added to the reaction cuvette and 
the  cuvette  quickly m ixed before retu rn ing  to the spectrophotom eter. The 
change in absorbance was m easured at 315nm (E /m inute) for up to 3 m ins and 
AD H  units representing ADH specific activity were calculated as follows:

E /m in u te  X Reaction volum e 
E X path  length X Sample volume

W here E= extinction coefficient (6.622) of ethanol 
p a th  length= 1cm 
Sam ple volum e= 0.1 ml 
Reaction volum e= 1 ml
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8.11 M iscellanous.

8.11.1 Strain conservation
Storage of E. coli strains:
Single colonies of bacteria w ere grow n overnight in 2 ml of selective m edium  
and  an equal volum e of sterile preservation mix (LB, 15% glycerol) was added 
and  the cells w ere snap frozen in ldry ice-IMS. Cells were stored at -70 C.

Storage of yeast strains:
S. cerevisiae s tra ins w ere grow n overnight in 10 ml of m inim al m edium . To
1.5 m l aliquots an equal volum e of sterile preservation mix (12.6 g/1 K2 H P 0 4 ,
3.6 g /1  KH 2 P 0 4 , 0.9 g/1 trisod ium  citrate, 0.18 g/1 MgS0 4 .7 H 2 0 , 1.8 g/1 
(N H 4 )2 S0 4 , 20% v /v  glycerol) was added and the cells were snap frozen in dry

o

ice/IM S. Sam ples w ere then stored at -70 C.

8.11.2 Colony blots.
A nylon filter cut to the shape of the petri-dish was placed on top of E.coli cells, 
on LB-amp plates after they had  been incubated at 37°C o /n , for 30s. Four 
plastic  boxes w ere lined w ith  2 sheets of 3MM w hatm an paper and soaked in 
the  so lu tions listed below . The filter w as then placed in each of the boxes, 
colony side up  for the times listed below:

Box 1 0.5M N aO H  7 mins
Box 2 1.0M Tris-HCl (pH7.4) 2 mins
Box 3 1.0M Tris-HCl (pH7.4) 2 mins
Box 4 0.5M Tris-HCl (pH7.4), 1.5M NaCl 4 mins

The filters w ere carefully blotted dry  and DNA fixed as described in section 
8.7.4. As colony blotts w ere perform ed in duplicate a second filter was placed 
on the LB-amp plate for 2 m ins and subjected to the above procedure.

8.11.3 Library screening.
The A.thaliana  pFL61 cDNA library w as screened as follows: plasm id DNA 
conta in ing  the library w as transform ed into E.coli as described in section 8.6.5. 
T ransfrom ed  cells w ere p lated onto large (18 cm diam eter) LB petri-d ishes
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con ta in ing  lOOjig/ml ampicillin (LB amp), at approxim ately 10 000 cells/petri- 
d ish . D uplicate  colony filter lifts were taken from each plate (section 8.10.5). 
The ny lon  filters pre-hybridised and hybridised w ith radioactive probe (8.7.5), 
w ashed  and  autoradiographed as described in section 8.7.6. Using the duplicate 
au to ra d io g ra p h s , areas containing pu tative  positives were from the plates, 
w ashed  in 1 m l of LB and cultured o /n  in LB amp. Cells from these cultures 
w ere  p la ted  onto  a sm all LB am p plates and re-screened using the duplicate 
colony filter p rocedure  (secondary screen). Positives on the secondary screen 
w ere  confirm ed via a tertiary  screen. Positives isolated on the tertiary screen 
w ere  used  to transform  the S.cerevisiae strain NYCC405.
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Appendix 1. A sum m ary of the BLITZ and BLAST searches for five of the 
six GTP clones.

Sequence 30.2.pep:

1 GDSGVGKSNLLSRFSRDEFD . . . LVEIEGKEVKAQIWTLLARN 54

ID ARA 1_ARATH STANDARD; PRT; 218 AA.
DE RAS-RELATED PROTEIN ARA-1.

Matches 40; Mismatches 4; Partials 4; Indels 0;

Db 19 GDSAVGKSNLLSRYARNEFSANSKATIGVEFQTQSMEIEGKEVKAQIW 66
Qy 1 GDSGVGKSNLLSRFSRDEFDTNSKATIGVEFQTQLVEIEGKEVKAQIW 48

RESULT 2 Score 191; Match 0.0%; Predicted No. 2.946-

ID ARA4_ARATH STANDARD; PRT; 214 AA.
DE RAS-RELATED PROTEIN ARA-4.

Matches 37; Mismatches 4; Partials 7; Indels 0;
★★★ ★★★★★** * ★ * ★ *★★★★★★★★★★★★ ★ ★★★★★★★★★

Db 19 GDSAVGKSNLLTRYARNEFNPNSKATIGVEFQTQSMLIDGKEVKAQIW 66
Qy 1 GDSGVGKSNLLSRFSRDEFDTNSKATIGVEFQTQLVEIEGKEVKAQIW 48

RESULT 3 Score 185; Match 0.0%; Predicted No. 1.496-

ID YPT8_YEAST STANDARD; PRT; 223 AA.
DE GTP-BINDING PROTEIN YPT8.

Matches 34; Mismatches 4; Partials 10; Indels 0;

Db 2 0 GDSGVGKSNLLSRFTKNEFNMDSKSTIGVEFATRTLEIDGKRIKAQIW 67
Qy 1 GDSGVGKSNLLSRFSRDEFDTNSKATIGVEFQTQLVEIEGKEVKAQIW 48

Gaps 0;

5;

Gaps 0;

3;

Gaps 0



Sequence 3 1 .1 4 .pep

1 GDSGVGKSNLLSRFSRDEFD EGKEVKAQIWXTTGQEREFG 58

RESULT 1 Score 230; Match 0.0%; Predicted No. 0.00e+00;

ID ARA1_ARATH STANDARD; PRT; 218 AA.
DE RAS-RELATED PROTEIN ARA-1.

Matches 45; Mismatches 6; Partials 4; Indels 0; Gaps 0;
★ ★ ★ ★ * * ★ * ★ ★ * *  ★ *  *  * * * * * * * * * * * * *  ★ * * ★ * ★ * ★ ★ * * *  *  *  *  *  *

Db 19 GDSAVGKSNLLSRYARNEFSANSKATIGVEFQTQSMEIEGKEVKAQIWDTAGQER 73
Qy 1 GDSGVGKSNLLSRFSRDEFDTNSKATIGVEFQTQLVEIEGKEVKAQIWXTTGQER 5 5

RESULT 2 Score 216; Match 0.0%; Predicted No. 0.00e+00;

ID ARA4_ARATH STANDARD; PRT; 214 AA.
DE RAS-RELATED PROTEIN ARA-4.

Matches 42; Mismatches 6; Partials 7; Indels 0; Gaps 0;
*  *  *  * * * * * * *  *  *  *  *  * * * * * * * * * * * * *  *  * * * * * * * * *  *  *  *  *  ★

Db 19 GDSAVGKSNLLTRYARNEFNPNSKATIGVEFQTQSMLIDGKEVKAQIWDTAGQER 7 3
Qy 1 GDSGVGKSNLLSRFSRDEFDTNSKATIGVEFQTQLVEIEGKEVKAQIWXTTGQER 55

RESULT 3 Score 210; Match 0.0%; Predicted No. 6.09e-41;

ID YPT8_YEAST STANDARD; PRT; 22 3 AA.
DE GTP-BINDING PROTEIN YPT8.

Matches 39; Mismatches 6; Partials 10; Indels 0; Gaps 0
** ** ****** * ** ** ***** * ****

Db 2 0 GDSGVGKSNLLSRFTKNEFNMDSKSTIGVEFATRTLEIDGKRIKAQIWDTAGQER 74
Qy 1 GDSGVGKSNLLSRFSRDEFDTNSKATIGVEFQTQLVEIEGKEVKAQIWXTTGQER 55



Sequence 3 2 .1 6 .pep:

1 GDSGVGKSNLLSRFTRNDFS..........................STTRLSKLRYGTLLAGTGYR 57

RESULT 1 Score 147; Match 0.0%; Predicted No. 7.02e-25;

ID RIC2_ORYSA STANDARD; PRT; 217 AA.
DE RAS-RELATED PROTEIN RIC2 .

Matches 29; Mismatches 2; Partials 3; Indels 0; Gaps 0;

Db 21 GDSGVGKSNLLSRFTRNEFSLESKSTIGVEFATR 54
Qy 1 GDSGVGKSNLLSRFTRNDFSHDSRSTIGVEFGTR 34

RESULT 2 Score 146; Match 0.0%; Predicted No. 1.37e-24;

ID YPT8_YEAST STANDARD; PRT; 223 AA.
DE GTP-BINDING PROTEIN YPT8.

Matches 28; Mismatches 2; Partials 4; Indels 0; Gaps 0;

Db 2 0 GDSGVGKSNLLSRFTKNEFNMDSKSTIGVEFATR 53
Qy 1 GDSGVGKSNLLSRFTRNDFSHDSRSTIGVEFGTR 34

RESULT 3 Score 145; Match 0.0%; Predicted No. 2.68e-24;

ID RBI1_DICDI STANDARD; PRT; 214 AA.
DE RAS-RELATED PROTEIN RABll.

Matches 31; Mismatches 18; Partials 8; Indels 0; Gaps 0;

Db 2 0 GDSGVGKSNLLSRFTRNEFSLETKSTIGVEFATRTIQTEGKTIKAQVWDTAGQERYR 7 6
Qy 1 GDSGVGKSNLLSRFTRNDFSHDSRSTIGVEFGTRRSRSTTRLSKLRYGTLLAGTGYR 57



Sequence 3 3 . 1 3 . pep:

1 GDS6VGKSNWRSISRVPVRV...........................LLPFDLARLRSFTRCRIGQS 58

RESULT 1 Score 63; Match 0.0%; Predicted No. 5.27e-03;

ID NIFA_BRAJA STANDARD; PRT; 582 AA.
DE NIF-SPECIFIC REGULATORY PROTEIN.

Matches 17; Mismatches 15; Partials 10; Indels 2; Gaps
2 ;

★ ★ ★ ★ ★ ★ ★ ★ ★★ ★ * * ★ ★★★
Db 14 5 VPIRVDSTWGTLTIDRIPEGSSSLLEYD-ARLLAMVANVIGQT 187 
Qy 16 VPVRVRPSVTGT-SGQKVPDLELTLLPFDLARLRSFTRCRIGQS 58

RESULT 2 Score 60; Match 0.0%; Predicted No. 2.69e-02;

ID PSM_HUMAN STANDARD; PRT; 750 AA.
DE PROSTATE-SPECIFIC MEMBRANE ANTIGEN (PSM).

Matches 15; Mismatches 15; Partials 2; Indels 1; Gaps 1;
★ ★ ★ ★ ★ ★★ * ★ ★★ ★★★★

Db 310 GGSAPPDSSWRGSLKVPYNVGPGFTGNFSTQKV 342
Qy 1 GDSGVGKSNWRSISRVPVRVRPSVTGT-SGQKV 32

RESULT 3 Score 58; Match 0.0%; Predicted No. 7.7 6e-02;

ID RNH1_CRIFA STANDARD; PRT; 494 AA.
DE RIBONUCLEASE H (EC 3.1.26.4) (RNASE H).

Matches 17; Mismatches 19; Partials 3; Indels 0; Gaps 0;

Db 338 VDAGVPPAALGTSHCVEPDWELSELPQPLRRLVIYTDSR 37 6
Qy 16 VPVRVRPSVTGTSGQKVPDLELTLLPFDLARLRSFTRCR 54



Sequence 3 4 .2 5 .pep.

>sp I Pi9892 IARA1_ARATH RAS-RELATED PROTEIN ARA-1.
Length = 218

Score = 205 (92.3 bits), Expect = 1.3e-22, P = 1.3e-22 
Identities = 40/48 (83%), Positives = 44/48 (91%)

Query: 1 GDSGVGKSNLLSRFSRDEFDTNSKATIGVEFQTQLVEIEGKEVKAQIW 48
GDS VGKSNLLSR++R+EF NSKATIGVEFQTQ +EIEGKEVKAQIW 

Sbjct: 19 GDSAVGKSNLLSRYARNEFSANSKATIGVEFQTQSMEIEGKEVKAQIW 66

>sp I P28187IARA4_ARATH RAS-RELATED PROTEIN ARA-4.
Length = 214

Score = 191 (86.0 bits), Expect = 1.3e-20, P = 1.3e-20 
Identities = 37/48 (77%), Positives = 44/48 (91%)

Query: 1 GDSGVGKSNLLSRFSRDEFDTNSKATIGVEFQTQLVEIEGKEVKAQIW 48
GDS VGKSNLL+R++R+EF+ NSKATIGVEFQTQ + I+GKEVKAQIW 

Sbjct: 19 GDSAVGKSNLLTRYARNEFNPNSKATIGVEFQTQSMLIDGKEVKAQIW 66



Appendix 2. Human Insulin Standard Curve.

The insulin zero standard seems to interact w ith the chromogen giving rise 
to a small change in optical density at 420nm. However w ithin the insulin 
concen tra tions indicated below the curve is a straight line. Therefore test 
solutions can be diluted to fall within this concentration range, to allow 
their accurate quantification.

Insulin Standard Curve
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A ppend ix  3. M altose Standard Curve

W ith the maltose concentrations indicated below the standard curve is a 
straight line. Test solutions can be diluted to fall w ithin this concentration 
range, to allow their accurate quantification.
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OD 590nm = 0.099x - 0.014(c)

OD 590nm + 0.014 = Mg M altose/m l 
0.099


