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ABSTRACT

The low secretory capacity of the yeast Saccharomyces cerevisiae limits its productivity 

for synthesis of secreted products. Mutagenesis is widely adopted to increase the 

secretory efficiency of this host and to provide "supersecretor" strains. This study was 

based upon the chance observation (made by Zeneca Pharmaceuticals) that S. cerevisiae 

cells engineered to secrete elafin also produced extracellular ubiquitin. Since there was no 

ubiquitin secretion by cells prior to the introduction of the elafin gene, there was an 

apparent association between this ubiquitin secretion and elafin production. Congenic and 

isogenic S. cerevisiae strains were therefore employed in order to investigate if cellular 

ubiquitin levels might influence elafin secretion. Loss of the stress-inducible 

polyubiquitin gene (UBI4) reduced elafin secretion 3 to 4-fold. Conversely, 

overexpression of ubiquitin by galactose induction of an integrated UBI4 gene under 

GALl promoter control, enhanced elafin secretion 7 to 10-fold and caused appreciable 

association of free ubiquitin with the yeast periplasm. However production of a-factor 

and certain other natural yeast proteins is unaffected in ubiquitin overexpressing strains, 

indicating that ubiquitin overexpression can only be used to enhance the secretion of 

certain proteins. This is the first study to show that the secretion of a heterologous protein 

can be influenced by ubiquitin.

In parallel studies, the physiological effects of ubiquitin overexpression were examined. 

Ubiquitin has been shown to have a chaotropic action on proteins, which may be why it 

is not normally in excess in cells. However overexpressing ubiquitin did not have 

detrimental effects on growth and even increased certain stress tolerances (e.g. tolerance 

of aminoacid analogues). Besides the elafin expression studies, work was also conducted 

on intracellular expression of the native alcohol dehydrogenase of yeast. Plasmids for 

moderate and high overexpression of this tetrameric enzyme were constructed and 

inserted into yeast in an attempt to identify any problems that may be associated with very 

high expression (to 40-50% total cell protein) of a multimeric, NAD-requiring 

dehydrogenase.
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CEp Ĉ trkoX/i prot̂ -.n
C-terminus carboxy-terminus

Ci curie
cpm counts per min
dATP adenosine deoxyribonucleoside triphosphate
dCTP cytidine deoxyribonucleoside tiiphosphate
ddATP adenosine dideoxyribonucleoside triphosphate
ddCTP cytidine dideoxyribonucleoside triphosphate

ddGTP guanosine dideoxyribonucleoside triphosphate
DDT dithiothreitol

ddTTP thymine dideoxyribonucleoside triphosphate

DEPC diethyl-pyrocaibonate
dGTP guanosine deoxyribonucleoside triphosphate

DMSO dimethyl sulphoxide

DNase deoxyribonuclease
dNTPs equimolar mixture of dATP, dCTP, dGTP, dTTP
ds-DNA double-stranded DNA
dTTP thymine deoxyribonucleoside triphosphate
EB ethidium bromide

EDTA ethylenediaminotetia-acetic acid

FITC fluorescein isothiocyanate

G guanosine deoxyribonucleoside monophosphate

g times gravitational force

HEPES N-2-hydroxyethylpiperazine-N"-2-ethanesulphonic acid

HSP Heat shock proteins

IgG immunoglobulin G

kb kilobase pairs
kD kilodaltons
LacZ E.coli gene for p-galactosidase

M Pa Mating factor a

MOPS 3-(N-moipholino)propanesulphonic acid

13



mRNA messenger RNA
N-terminus amino-terminus
CD optical density
ONPG O-nitrophenyl-p-D-galactoside

ORF open reading frame
PBS phosphate buffered sahne
PCR polymerase chain reaction
PEG polyethylene glycerol
PGK Phosphoglycerate kinase
RNA ribonucleic acid
RNase ribonuclease
rpm revolutions per min
SDS sodium dodecyl sulphate
ss-DNA single-stranded DNA
TE Tris-EDTA buffer
UBI Ubiquitin
UV ultraviolet

14



Chapter 1 Introduction

1.1 Yeast gene expression

S. cerevisiae has been analysed by classical genetics for several decades. Since it was 
shown that yeast cells could be transformed with exogenous DNA (Beggs 1978; Hinnen 
et a l y 1978), recombinant DNA technology has also been applied to yeast, allowing this 
organism to be manipulated almost as readily as Escherichia coli. Techniques optimised 
over the past few years now permit the production of a variety of heterologous proteins in 
yeast (reviewed in Romanos et a l, 1992)

A number of factors affect the level of expression of a gene in yeast. These include the 
copy number and stability of the expression vector, the strength of the promoter, and the 
efficiency with which the mRNA is translated. The amount of expressed protein will also 
be affected by the stability of this protein, its subcellular location, and by conditions of 
fermentation. It is conceivable that the 'defence strategies' of the host strain that allow it 
to respond to the 'extra protein load' of producing a heterologous protein not only 
involve plasmid loss, down regulation of transcription or translation and gene 
rearrangement, but also include enhanced proteolytic degradation of the expressed 
protein. Most strategies to express foreign genes in yeast have focused on the production 
of high mRNA levels in order to maximise gene expression. This is usually done by 
increasing the number of gene sequences per cell through the use of multiple copy 
plasmids and fusion of protein coding sequences to strong yeast promoters. In this 
section the expression vectors and the promoters most frequently used in obtaining 
strong transcription of cloned genes will be discussed. Subsequently yeast protein 
secretion and proteolytic systems will be described.

1.1.1 Introduction of cloned genes into S. cerevisiae

1 .1 .1 .1  Transformation and selection

The first methods for transformation of S. cerevisiae involved enzymatic removal of the 
cell wall to produce sphaeroplasts which could take up DNA on subsequent treatment 
with calcium and polyethylene glycol (Beggs 1978; Hinnen e ta l,  1978). Transformants 
were then plated out in a selective, isotonic top agar for regeneration of the cell wall. A 
more convenient method was later developed in which intact yeast cells were made 
competent by treatment with lithium ions (Ito et a l, 1983). This is now widely used 
despite the fact that it gives lower transformation frequencies. DMSO was reported to 
increase the efficiency of this latter procedure 215-fold (Hill et al. 1991). More recently a
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third approach, electroporation, has been shown to be highly efficient (Meiloc et al,
1990).

The genes most commonly-used on vectors for the selection of transformants are LEU2, 
TRPl, UR A3, and HIS 3; these being used in conjunction with the corresponding 
auxotrophs for leucine, tryptophan, uracil or histidine, respectively. Such strains are 
widely available, many non-reverting mutant alleles of leu2, trpl, ura3 , or his3 being 
available. It is worth noting that TRPl and URA3 vectors can also be selected in media 
containing acid protein hydrolysates (e.g.Bacto casamino acids (Difco)) since these lack 
tryptophan and uracil. Casaminoacids are often added to semi-defined media in order to 
enhance growth rates.

1 .1 .1 .2  Vectors used for transformation

The production of recombinant proteins in yeast requires stable maintenance of a gene 
introduced by transformation, and its high expression. Yeast plasmid vectors are usually 
shuttle vectors that can be selected and replicated in both E.coli and yeast, except for Yip 
vectors (see below) which do not replicate autogenously in yeast but must integrate into 
chromosomal DNA. These vectors fall into four main categories based on their mode of 
replication within yeast.

I. Episomal vectors (YEp): YEp vectors contain the replication origin (ORI) of the 
endogenous 2|i plasmid of S. cerevisiae. This interacts with replication proteins supplied 
by the 2|i plasmid (Kikuchi, 1983). YEp vectors either contain all the 2p,m plasmid 
sequences (complete 2|im vectors) or only the ORI-STB region (partial 2|im vectors). 
The later replicate only in cir+ strains where the endogenous 2|im DNA provides 

replication functions in trans. YEp vectors are generally maintained at moderate copy 
numbers (20-30) but by selection for the leuld  gene on the plasmid copy numbers rise to 
about 2(X) per cell because of the weak expression gene from the defective promoter of 
leu ld  (Beggs, 1978; Erhart and Hollenberg, 1983). One drawback of YEp vectors is 
their poor stability especially under long term fermentation conditions (Futcher and Cox, 
1984). This is due both to segregational bias between mother and daughter cells on 
division, especially at high growth rates, and other factors as outlined by Tottrup and 
Carlsen (1990). The stability of complete 2pm vectors is much greater. These can cure 
cir-k strains of the endogenous 2pm plasmid and they may be of more use in long term 

industrial fermentations (Beggs, 1981).

II. Replicative vectors (YRp): Yeast replication origins from chromosomal DNA are 
termed autonomously replicating sequence (ARS) elements. ARS-containing plasmids
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(YRp) can replicate in yeast cells, usually to a dozen or more copies per cell but are not 
efficiently partitioned at mitosis and are rapidly lost in the absence of selection.

in. Centromere vectors (YCp): ARS-containing plasmids can be greatly stabilised by the 
addition of a chromosomal centromere (GEN). Centromeres are the sites of spindle 
attachment on each chromosome, needed for stable replication and precise partitioning of 
chromosomes at mitosis and meiosis. YCp vectors are stably maintained in yeast at 1-2 
copies per cell.

IV. Integrating vectors (Yip): Yip vectors usually carry at least one yeast gene 
(e.g.URA3) as a selectable genetic marker but have no yeast replication origins. They are 
instead stably integrated into the yeast genome allowing long term growth of the 
transformed cell in the absence of selection (Hinnen et a l, 1978; Zhy e ta l,  1986). Yip 
vectors are usually integrated into the yeast genome using the homology between the 
selectable gene on the plasmid and the chromosomal defective copy of this gene using 
plasmid DNA linearised within this selectable gene. Following recombination of the 
introduced DNA with the chromosome the integrated sequences are extremely stable and 
excise at a very low frequency of about 1x10-3 to IxlQ-^ (Zhy et a l,  1986).

The choice of plasmid for recombinant gene expression is clearly of vital importance 
since it influences copy number and stability of the vector. 2 |i DNA based vectors are 
most suited to high level expression of a heterologous protein during a short fermenter 
run. For longer fed-batch or continuous fermentations, the stability of the vector is all 
important and integrative vectors seem to be most advisable. In many cases product 
toxicity due to accumulation of high levels of the heterologous protein causes plasmid 
instability, manifested by plasmid rearrangement or complete loss of the plasmid. The 
expression cassette can also sometimes be lost without loss of the selectable marker, 
producing cells that can still grow in the selective medium but no longer express the 
heterologous gene (Belsham et a l, 1986).

1.1.2 Yeast promoters

Three main elements constitute yeast mRNA promoters which regulate the efficiency and 
accuracy of initiation of transcription (Struhl, 1989): upstream activation sequences 
(UAS), TATA elements and initiator elements. UASs determine the activity and 
regulation of the promoter through specific binding to transcriptional activitor proteins 
(e.g. GAL4 and GCN4), and act at variable distances 5' to the initiation site. Some UASs 
have been mapped to short regions of DNA (e.g. the GALI-GALIO  UAS, a 108 bp 
intergenic region containing four short synergistically-acting 17-21 bp sequences of dyad 
symmetry, necessary for binding of the GAL4 trans-activator and for galactose-
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regulation). UASs of some constitutively-expressed genes contain poly (dA-dT) tracts 
which probably activate transcription by affecting nucleosome structure (Struhl, 1989). 
TATA elements are found 40 to 120 bp upstream of the initiation site, in contrast to the 
more rigid distance of 25 to 30 bp in higher eukaryotes, and define a window within 
which initiation can occur. The initiator element directs mRNA initiation at closely 
adjacent sites. Yeast promoters may be highly complex, containing multiple UASs and 
negative regulatory sites, and multiple TATA elements associated with different initiation 
sites (Struhl, 1989).

Most promoters are regulated to some extent, but the most powerful glycolytic promoters 
are poorly regulated. This makes them undesirable for expressing genes in large-scale 
culture, where there is more opportunity for the selection of non-expressing cells, and 
unsuitable for expressing toxic proteins. In such cases it is preferable to use a tightly- 
regulated promoter so that the growth stage can be separated from the expression stage. 
GALl has been the most commonly-used regulated promoter, despite a severe limitation 
in its efficiency when present in multiple copies. However, there are now several 
alternative native or engineered promoters that give satisfactory regulated expression 
(Romanos e ta l,  1992).

1 .1 .2 .1  Constitutive promoters

Expression of heterologous proteins in yeast can be achieved using promoters from the 
highly expressed glycolytic genes of S. cerevisiae. Initial vectors usually incorporated 
promoters from genes such as PGK and GAD PH (Tuite et a l. 1983; Holland and 
Holland, 1979). Use of these promoters to drive the expression of heterologous proteins 
can cause these proteins to accumulate to 2-5% total cell protein (Rosenberg, et a l, 
1984). In cases where the heterologous protein is extremely stable, e.g. superoxide 
dismutase (SOD), levels of expressed protein can reach 50% total cell protein (Hallewell 
et a l. 1987). However, a major drawback to the use of such strong constitutive 
glycolytic promoters is that they are actively expressing protein from the start of the 
fermentation. This can cause an energy drain to the cell, slowing its growth before the 
fermentation has reached the high biomass levels required for efficient and economic 
protein production (Fieschko et al, 1987).

1 .1 .2 .2  Regulated promoters

Use of a regulated promoter should allow synthesis of a heterologous protein to be 
switched on when cells have obtained a high biomass, minimising the effects of product
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toxicity on growth and plasmid stability. A number of highly regulated expression 
systems have been developed using promoters which are turned on by physiological 
changes triggered by changes to the growth medium or temperature shift (Romanos et 
a l,  1992; Martin and Scheinbach, 1989). The promoter of the acid phosphatase PH05 
gene is induced 200 fold by phosphate depletion from the growth medium and has been 
used for the regulated expression of a number of heterologous proteins (Kramer et a l, 
1984).

Promoters involved in galactose metabolism such as GALl are glucose repressed and 
can be induced up to 2(XX) fold by removal of glucose and addition of galactose (St John 
and Davis, 1981). This has become a key model system for investigating eukaryotic 
transcriptional regulation (Johnston, 1987). In the regulation of the GALl promoters the 
central interaction is between the trans-activator encoded by GAL4, the repressor encoded 
by GAL80, and the GAL UAS (Figure 1.1). The binding of GAL4 protein to the UAS 
necessary for induction does not occur in the presence of glucose. GAL80 protein binds 
GAL4 and acts as a repressor unless galactose is added. The regions of GAL4 protein 
that bind GAL80 and the UAS have been defined, as have the structural features of the 
different GAL promoters (Johnston, 1987).

Another approach to regulate heterologous gene expression is to utilise the promoters of 
genes that are naturally switched on by the cell under certain fermentation conditions 
without the need for medium manipulation. The ADH2 promoter is an example of a 
catabolite repressed promoter whose activity can be induced 200 fold by glucose 
depletion from the growth medium, or 1000 fold by transfer from 5% glucose to 3% 
ethanol (Yu e ta l,  1989).

Temperature regulated expression are already in widespread use for the expression of 
heterologous proteins in E. coli (Caulcott and Rhodes, 1986). Cells may be grown to 
high cell density at the restiictive temperature, then induced by a shift to the temperature 
permissive for expression. However such systems have not yet been widely employed 
for expressing proteins in yeast (Kirk and Piper, 1991)

The choice of an expression system for a heterologous protein is, to a great extent, 
dependent on the protein to be expressed. Proteins vary in their toxicity to the host and in 
their effect on plasmid stability. Proteins such as SOD and p28 antigen (Loison et a l, 
1989) can be constitutively overexpressed to high intracellular levels since they are 
extremely stable and non-toxic. For toxic proteins, constitutive overexpression is 
unsuitable and a regulated system must be implemented.
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Protein secretion by yeast

Protein targeting

Proteins normally have a precise localisation within the cell. They are either secreted into 

the culture medium or periplasm, embedded in membranes as integral membrane 

proteins, targeted to organelles such as the nucleus or mitochondria or, if untargeted, 

remain in the cytosol. An outline of protein targeting pathways is shown in Figure 1.2 .

Two main protein transport routes exist in the yeast cell. Route I (co-translational) is for 

proteins destined to be secreted outside the cell, to be inserted into the plasma membrane, 

or to enter the vacuole. Route II (post-translational targeting) is for proteins that are 

destined for organelles, i.e. mitochondria and nucleus. The routes however are not 
always distinct, for the a-factor precursor translocates across the endoplasmic reticulum
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(ER) membrane both cotranslationally and post translationally in yeast (Hansen et a l y 
1986).

Route I proteins are targeted to the ER. This occurs while the polypeptide is still being 
synthesised on the ribosome and the ribosome-mRNA-nascent protein complex moves 
from the cytoplasm to the cytoplasmic face of the ER. Translocation usually occurs as 
synthesis is continuing (co-translational translocation). The route II proteins, however, 
are targeted to the organelles once their synthesis has been completed at ribosomes and 
remain free in the cytoplasm until binding to the receptor that determines their targeting 
(post-translational translocation).

Proteins following route I are subsequently transported in vesicles from the ER to the 
Golgi and then from the Golgi in further transport vesicles either to vacuoles, the plasma 
membrane, or outside the cell (Figure 1.2). The Golgi is a collection of cistemae that 
have three functional compartments, cis, medial and trans, through which the proteins 
are sequentially transported and the destination of the proteins is determined. It is also the 
major site of protein glycosylation. Proteins that are secreted are transported in secretory 
vesicles, and the secretion occurs by the fusion of the secretory vesicle with the plasma 
membrane.

1.2 .2  Signals of protein targeting

A number of studies have identified the amino acid sequences and/or post-translational 
modifications that interact with receptors on target membranes to cause specific protein 
targeting. Four different targeting sequences have been proposed. The first is the signal 
sequence. This is essential for the unidirectional transport of proteins from the cytosol 
across the ER membrane. Most proteins that are targeted to lysosomes or plasma 
membrane, or that are secreted from the cell, contain a signal sequence. Proteins that are 
destined to remain embedded in membranes must only be partially translocated. These 
integral membrane proteins therefore contain a second signal (membrane anchor 
sequence) that blocks their complete translocation. Many proteins span membranes at 
multiple points, while others (e.g. RAS proteins) insert on to one face of a membrane 
through a lipid membrane anchor. Many proteins translocating to the ER lumen have 
further targeting signals decoded in the Golgi to enable transport to the vacuole or 
returned to the ER lumen (if they have a KDEL C-terminus). In the absence of such 
signals they are secreted.
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Figure 1.2 Protein transport in yeast cells (from Kingsman and Kingsman, 1988)

1.2.3 Transport to the endoplasmic reticulum
Most proteins that are translocated across or into the ER membrane contain a 
hydrophobic leader of 15-30 amino acids essential for their targeting to the ER (Goodey 
et al., 1987; Kohara etal., 1991). This leader is usually removed by proteolytic cleavage 
in the ER involving a specific membrane bound signal peptidase. Signal sequences for 
route I proteins (Figure 1.2) have three features in common (see review by Larriba, 
1993): (1) a positively charged N-terminus, (2) a central hydrophobic core containing at 
least nine hydrophobic residues and (3) a cleavage site recognised by a signal peptidase. 
Apart from these there seems to be little specificity in the recognition of the signal 
sequence. The signal sequences of post translational targeting (route H Figure 1.2) are 
also extremely variable. They tend to be far more hydrophilic than route I signal 
sequences, having many basic and hydroxyl residues but few acidic residues. They also
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have the potential to form ampiphilic a-helixes (Goodey et al., 1987; Kingsman and 

Kingsman, 1988; Reid, 1991; Kikuchi and Ikehara, 1991; Kohara etaly  1991).

Immediately after synthesis the signal sequence of route I proteins binds to signal 
recognition particle (SRP), an IIS cytoplasmic ribonucleoprotein. Translation is then 
arrested until SRP binds to the SRP receptor, a 72 KD integral membrane protein on the 
cytosolic face of the ER membrane. The SRP-polysome complex dissociates, translation 
continues and the nascent polypeptide is cotranslationally translocated cross the ER 
membrane. Translocation can be blocked at the point of transfer of the nascent chain from 
the SRP into the ER membrane by an inhibitor (DIDS) (Berit et al., 1993). GTP- 
hydrolysis is required for the recycling of SRP so that it is available for subsequent 
rounds of translocation (Rapiejko et a l, 1992). Although SRP and docking protein are 
not yet fully characterised in yeast, the secretory pathway of this organism appears to be 
markedly similar to that in higher animals (Zimmermann and Meyer, 1986; Das and 
Shultz, 1987; Kingsman and Kingsman, 1988).

Through protein chaperone action nascent protein precursors are kept in a state where the 
signal peptide is exposed and where the precursor stays water soluble as well as partially 
unfolded (Wiech et a l, 1991). The soluble ER protein BiP is essential for transport into 
the ER, being probably analogous in function to the mitochondrial Hsp70 (SSCI in 
yeast) in binding the protein chain as it emerges on the lumenal face of the ER membrane 
(BiP) or the inner mitochondrial membrane (SSCI) (Reid, 1991; Gething and Sambrook, 
1992). Mayinger et a l (1993) recently found protein translocation into the ER of yeast 
could be inhibited by agents believed to specifically affect the transport of ATP through 
the membrane, suggesting the involvement of a translocation component that binds ATP. 
This maintenance of proteins in an incompletely folded state appears to be a universal 
requirement for efficient translocation across membranes. The importance of molecular 
chaperones in this process is now clear from a number of studies (Gething and 
Sambrook, 1992). Chaperones function in a manner that is not specific for transported 
proteins or their targeting signal. They stabilise unfolded or partially folded structures 
during folding, assembly and disassembly and prevent the formation of inappropriate 
intra- or interchain interactions but are not a part of the final assembly. BiP is a good 
example of^chaperone. Its synthesis can be induced by a number of different stress 
conditions that lead to the accumulation in the ER of unfolded polypeptide (Kozutsumi et 
a l,  1988). In yeast, BiP is the only Hsp70 family protein located in the ER and is the 
product of KAR2 (Nicholson et a l, 1990). The promoter region of the KAR2 gene has 
recently been found by Kohno et a l (1993) to contain two cis-acting elements, one a heat 
shock element [HSE] and the other an unfolded protein response element (UPR). The 
UPR is activated in response to the presence of unfolded or incompletely proteins in the
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ER. SRP behaves in many respects as a chaperone but with a clear specificity for proteins 
that bear a signal sequence (Reid, 1991). The two cytosolic systems which seem to be 
involved in protein translocation across membranes can be represented in the consensus 
transport scheme (Figure 1.3):

ribosome
ribonucleo protein ^ —
particle O  /  \

^  ̂  C O  chaperone

GXP

translocase

ATP

cytosol

cis-side
microsomal
membrane
trans-side

Figure 1.3 A general consensus model for two alternatives routes of protein 
transport across membranes in yeast ( from Wiech etal.^ 1991)

1.2.4 The ER and Golgi

Upon entering the ER proteins are transported to the Golgi transport in vesicles. Core 
glycosylation and sorting also take place during this process. Some proteins (those with a 
HDEL C terminus) are returned to the ER (Section 1.2.7) but most are redirected 
elsewhere in the Golgi. Proteins that are destined for the vacuole, the cell surface, or the 
periplasm, are exported from the Golgi in vesicles through energy-dependent transport. 
In the Golgi further modifications can take place including proteolytic events (e.g. 
removal of the pro sequence of the a  factor precursor) and addition of carbohydrate 

(Goodey e ta l, 1987).

1.2.5 Protein folding in the ER

Protein folding in the ER lumen is assisted by both molecular chaperones and enzymes 
that catalyse specific isomérisation steps that may otherwise limit the rate of protein 
folding (notably protein disulphide isomerase (PDI) and peptidyl prolyl isomerase). PDI 
is an essential protein in yeast (Lamantia et al., 1991) that does not determine a
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polypeptide folding pathway, but rather promotes formation of the correct set of 
disulphide bonds (Freeman, 1989). The cytoplasm is a reducing environment, where 
few, if any, proteins contain disulphide bonds. Foreign secretory proteins recovered after 
expression in the cytoplasm of yeast are often undisulphided and incorrectly folded, 
whereas secreting the protein can result in its correct folding and disulphide bridge 
structure (Das and Shultz, 1987).

1.2.6 Protein glycosylation in the ER and Golgi

Proteins naturally secreted by S. cerevisiae are invariably glycosylated in either mature 
or precursor form, mannose being the sole sugar constituent. The initial events of 
glycosylation (core glycosylation) are essentially as in mammalian cells, an 
oligosaccharide core of N-acetyl glucosamine, glucose and mannose 
[Man(GlcNAc)2(Glc)3] being covalently linked to certain asparagine residues via an N- 
glycosidic link (Kukuruzinska et a l, 1987). This core oligosaccharide is assembled on a 
dolicholphosphate carrier in the ER membrane (Tanner and Lehle, 1987).

In addition to N-linked carbohydrates, yeast glycoproteins may contain short manno- 
oligosaccharides attached to the hydroxyl groups of serine or threonine (SerZThr)-Man- 
ManO-3 (Innis, 1990). Such 0-linked oligosaccharides are transferred from ER 
membrane dolicholphosphate-mannose in a unique way. Thus, while similarities are 
found in N-glycosylation between all eukaryotic organisms this is not the case with O- 
glycosylation. Yeast 0-linked glycans are added in the ER and modified in Golgi, 
whereas the 0-glycosylation in mammals occurs exclusively in the Golgi. Glycoproteins 
containing only 0-linked glycans have not been studied in detail and, except for a 
possible involvement in mating, their functions have not been defined. 0-linked 
glycosylation has been demonstrated on heterologous proteins made in S. cerevisiae 
(Innis e ta l. 1985; Ernst gr a l , 1987; Kukuruzinska e ta l,  1987; Innis, 1990).

Extension of O-linked and N-linked oligosaccharide modifications takes place as the 
protein passes through the Golgi (Kukuruzinska et a l, 1987). The core oligosaccharides 
in N-glycoproteins are modified by the addition of further mannose residues to produce a 
polymannose backbone of 1-6 linked residues up to 150 residues long. This backbone is 
also modified by 1-3 linkage of mannose residues to produce complex branching 
structures. Glycoproteins form only a small fraction of yeast proteins, these being 
secreted, vacuolar, and membrane-bound enzymes, or structural components of the cell 
wall (Kukuruzinska et a l, 1987). So far no native non-glycosylated protein is known to 
traverse the conventional secretory pathway of 5. cerevisiae (Tanner and Lehle, 1987). 
Secreted and vacuolar proteins differ in the number of mannose residues added during
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outer chain glycosylation, indicating that glycosylation provides these protein with 
important sorting signals (see 1.2.7). For further discussions on glycosylation see 
Kukuruzinska e ta l,  1987; Tanner and Lehle, 1987; Innis, 1990 and Goochee et al, 
1991.

1.2.7 Sorting signals

Although soluble ER proteins are referred to as "resident", there is considerable evidence 
that they are able to leave the ER but are rapidly retrieved from a later compartment on the 
secretory pathway and returned to the ER lumen. Fusion proteins tagged with the C- 
terminal tetrapeptide sequence HDEL (His-Asp-Glu—Leu) undergo Golgi-specific 
glycosylations, yet are retained in the ER (Kukuruzinska et a l, 1987). It thus appears 
that the critical step in ER retention takes place in the Golgi where HDEL-bearing proteins 
are recognised by a receptor that is then recycled with the protein ligand to the ER (Reid,
1991).

Transport to the vacuole also proceeds from the Golgi . Many vacuolar enzymes are 
derived from inactive glycoprotein precursors, whose proteolytic processing and 
enzymatic activation taking place in the vacuole(Jones, 1991). Vacuolar proteins contain 
less mannosyl residues than external proteins like invertase. This difference in 
modification could be part of the sorting of vacuolar proteins determined by the time 
interval that molecules are present in Golgi. However, no large differences seem to exist 
for how long molecules stay in the Golgi: the half-life for carboxypeptidase Y 
translocation from the ER into the vacuole is 6 min, it takes 5 min for newly synthesised 
acid phosphatase to reach the Golgi, and only 1.5 min to convert the core invertase to the 
highly glycosylated form (Tanner and Lehle, 1987). Extended glycosylation seems 
therefore to mark proteins for secretion. The oligosaccharide chains of overexpressed 
carboxypeptidase are not extended, which would suggest that the protein itself is 
somehow determining the degree of carbohydrate modification (Tanner and Lehle, 1987). 
The vacuolar transport system, however, is saturable since cells overproducing 
carboxypeptidase Y or proteinase A secrete as much as 60% of these enzymes (Stevens 
e ta l,  1986).

Lysosomal protein targeting in mammals is mediated by attachment in the Golgi of 
mannose 6-phosphate residues, then recognition of these mannoses by a receptor protein. 
The function of carbohydrate in the targeting and activation of vacuolar enzymes in yeast 
remains obscure, as these processes are not affected by glycosylation defects 
(Kukuruzinska e ta l ,  1987). Phosphorylated mannose residues are found in yeast 
vacuolar proteins but are not required for vacuolar targeting. Instead, the sorting of
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carboxypeptidase Y to the yeast vacuole depends upon a N-terminal sequence in the 
proenzyme rather than the glycosylation pattern (Vails et a l, 1991).

Although extended glycosylation seems to mark proteins for secretion, these 
carbohydrate residues are not always essential for protein export since secretion is found 
to occur even in the presence of tunicamycin, an inhibitor of N-linked glycosylation. In 
one case, prepro a-factor, it has been shown that carbohydrate modification of the 
precursor is essential for secretion of native a-factor (Reid, 1991). For some proteins, 

glycosylation may help to stabilise an optimum conformation that increases the efficiency 
of secretion (Ferro-Novick et a l, 1984), or to increase stability of the protein in the 
extracellular environment. Several proteins have been shown to undergo post- 
translational covalent attachment of lipids and these modifications can affect both 
localisation and function. For example, many cell surface proteins are attached to the 
plasma membrane by a glycosylphosphotidylinositol (GPI) tail that is attached in the ER, 
and some intracellular proteins, such as ras, are attached to membranes by other lipid 
modifications, notably isoprenylation, palmitoylation and myrisroylation (Schafer et a l,
1989).

1.2.8 Transport to the cell surface and secretion

Glycosylated proteins destined for secretion are packaged at the Golgi into 60-80 nm 
secretory vesicles which fuse with the plasma membrane of the growing bud with release 
of the processed protein (Anderson et a l, 1989). Certain proteins are retained in the 
periplasmic space whereas others pass through the cell wall into the medium. What 
determines passage through the cell wall is not yet clear although size, net charge and 
glycosylation are probably all important (DeNobel and Barnett, 1991).

The secretory pathway is constitutively active in vegetative yeast. Vesicle transport of 
proteins from the Golgi to the cell surface is generally rapid and the steady state level of 
vesicular intermediates is low (Holcomb et al, 1988). Secretory proteins in mammalian 
cells, however, are sometimes stored in dense secretory granules and secreted in 
response to hormonal or sympathetic nervous system stimuli, thereby causing regulated 
secretion (Kingsman and Kingsman, 1988).

1.2.9 Protein normally secreted by yeast

Most enzymes secreted naturally by yeast are located in the periplasm or in the cell wall. 
Examples include invertase, acid phosphatase, and L-asparaginase. Some smaller non- 
glycosylated proteins, such as a-factor and killer toxin, pass efficiently through the cell
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wall, yet yeast is not particularly active in secretion. The total protein secreted into the 
medium represents less than 0.5 % of total cell-associated protein (Bitter, 1988; Martin 
and Scheinbach, 1989). Cells approaching stationary phase appear to be most active in 
secretion, as demonstrated by the fact that a- factor is secreted efficiently only towards 
the end of growth (Scheckman and Novick, 1982; Goodey etal., 1987; Das and Shultz, 
1987).

1.2.10 Dissection of the secretory pathway using sec m utants

Studies of yeast secretion have made extensive use of conditionally lethal mutations. 
These block secretion at the restrictive temperature, causing accumulation of secretory 
proteins and organelles at specific stages and defining more than 50 genes necessary for 
secretion (Novick ern/., 1981; Novick, 1985; Tschopp etal., 1984; Riezman etal., 
1986; Holcomb e ta l,  1988). Figure 1.4 illustrates how certain of these mutations affect 
secretion:

Figure 1.4 sec m utations 
affecting the yeast secretory 
pathway. NM: nuclear
membrane, N: nucleus, ER: 
endoplasmic reticulum, PM: 
plasma membrane, CW: cell 
wall (Scheckman and Novick 
1982).

Nine or more SEC genes and energy are required for vesicular transfer of material to the 
Golgi. Two or more functions then facilitate the packaging of protein into vesicles, which 
are then transported into the bud where they fuse with the plasma membrane under the 
direction of at least ten additional gene products (Novick e ta l,  1981; Scheckman and 
Novick, 1982). The sec53 and sec59 mutants block transport of proteins into the lumen 
of the ER (Ferro-Novick, 1985), while sec61 mutants block secretion even before 
translocation across the ER membrane (Holcomb et a l, 1988). Cells carrying the sec53 
mutation appear to be defective in lipid-linked oligosaccharide biosynthesis (Innis, 1990). 
It has recently been found that the essential Ras-related yptl and sec4 act at distinct 
stages of the secretion pathway : Yptl being required for vesicular transport from the ER 
to the Golgi whereas sec4 is required for fusion of secretory vesicles to the plasma
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membrane (Bunn et a l, 1993). Alternative ways of studying protein secretion are to use 
antibody probes for secreted proteins in the staining of cell organelles via immuno-gold 
labelling, or to isolate transport organelles (Tschopp et a/., 1984). However Novick et 
al. ( 1981) found that the transit time for the enzyme invertase is 5 min or less. Also 
according to Holcomb et at. (1988) the steady state level of secretion vesicles in the cell 
is very low. These factors make visualisation of intermediates difficult in wild-type cells, 
with the result that the sec mutants have gained popularity as a tool in secretion research.

1.2.11 A non-classical secretory pathway in yeast

a-factor is produced from a much larger precursor (pre-pro-a-factor) that possesses a 

hydrophobic N-terminal signal presequence. It enters the secretory pathway, and is then 
subjected to specific proteolytic processing events during its transit to the cell surface 
(Figure 1.8). The mature, biologically-active pheromone produced by MATa haploids, a- 
factor, differs from a-factor in at least 3  features : (1) a-factor is 12 aminoacids 
long,being post-translationally-modified to carry on the C-terminal Cys both a famesyl 
moiety (attached via thio ether linkage) and a methyl group (attached via ester linkage to 
the carboxyl end (Green et at., 1988; Schafer et a l, 1989); (2) its precursor has no 
hydrophobic N-terminal signal sequence and is devoid of sites for Asn-linked 
glycosylations (Brake et a l, 1984); and (3) none of the mutations that prevent proteolytic 
processing of prepro-a-factor block maturation of a-factor precursor (Julius et a i,  1983; 
1984). These results indicate that a-factor is processed and released from MATa cells by 
a route that is quite distinct from the typical secretion pathway. Kuchler et al. (1989) 
found that a-factor export involved the STE6 protein, a plasma membrane protein with 
multiple membrane spanning segments and two hydrophilic domains and strikingly 
homology to some prokaryotic permeases and mammalian mdr (multiple drug resistance) 
transporters. They proposed that the function of STE6 protein in a-factor production is to 
serve as an ATP-driven transporter that actually translocates a-factor through the plasma 
membrane.

1.3 Protein degradation

There are at least two major types of intracellular proteolysis in yeast (Jones, 1991): (1), 
highly unspecific proteolysis, catalysed by enzymes of very broad specificity and 
restricted to the vacuole, and (2), specific proteolysis, where proteases of highly 
restricted specificity recognise discrete protein structural elements. Such specific 
proteolysis can take place in every cellular compartment, leading to specific activation, 
modification or inactivation of target proteins (Achstetter and Wolf, 1985). An example is 
the endopeptidase processing of prepro a-factor (Figure 1.8).
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1.3.1 Non-specific protein degradation

S. cerevisiae contains more than 40 proteolytic enzymes (Wolf, 1986; Jones 1991) and 
proteases appear to be found in most, if not all, compartments of the cell. The most 
active proteinases are in the vacuole; notably, proteinases A and B, carboxypeptidases Y 
and S, and aminopeptidases I, Co and V (Achstetter and Wolf, 1985). They are non
specific and can readily be detected by using highly unspecific substrates like collagen 
derivatives. Generally depletion of the ATP level in cells decreases their ability to 
degrade proteins and investigators have concluded that ATP is required for protein 
degradation (Rivett, 1989). There are several clear examples where covalent modification 
of a protein has been found to mark it for degradation by changing its susceptibility to 
intracellular protein degradation. Several types of covalent modification have been 
implicated. These include phosphorylation, mixed-function oxidation (Stadtman, 1986), 
oxidation of cysteine or methionine residues, oxidation of FeS centres, glycosylation, 
deamination (Geiger and Clarke, 1987) and acétylation. It is likely that different types of 
modification mark different proteins for degradation (Rivett, 1989).

There are several advantages for the cell having the capacity to degrade intracellular 
proteins. Protein turnover provides a way of disposing proteins which become 
chemically damaged, partially denatured or abnoimal as a result of exposure of the cell to 
some kind of stress. Continuous turnover of proteins also allows cells to adapt to 
changes in metabolic conditions by changing protein levels. Changes in the level of 
proteins of short half life (e.g. regulatoi*y enzymes) can be achieved very rapidly. During 
starvation protein degradation provides amino acids for the synthesis of essential 
proteins. The ability of cells to activate degradation systems during starvation or when 
abnormal proteins are produced in large amounts may help them to recover from stress 
(Rivett, 1989).

When cells become exposed to heat shock and other kinds of stress, abnormal and 
misfolded proteins accumulate. This accumulation induces the stress response, leading 
to higher expression of the so-called heat-shock proteins. Heat shock proteins of the 
Hsp70 and Hsp60/groEL classes can directly interact with misfolded or misassembled 
proteins and can sequester these prior to their refolding to native form or their degradation 
(Gething and Sambrook, 1992). Stressed cells also activate several components of a 
cytosolic proteolytic degradation system that normally functions to "turnover" 
cytoplasmic and nuclear proteins. This "ubiquitination" system that plays such an 
important role in the degradation of abnormal proteins involves conjugation of ubiquitin 
to proteins prior to their degradation (Hershko and Ciechanover, 1982). It is found in all 
eukaryotic cells and employs the small 76 amino acid polypeptide ubiquitin to mark a
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protein for proteolysis. Many of the enzymes utilised in ubiquitin-dependent proteolysis 
have been isolated and examined in detail, and several are induced by heat shock and 
other stress factors (Schlesinger, 1990; Finley and Chan, 1991; Jentsch 1992).

1.3.2 The ubiquitin system

Ubiquitin is found either free or covalently joined to a variety of cytoplasmic, nuclear, 
and integral membrane proteins. Ubiquitination is used in a wide variety of regulatory 
mechanisms including DNA repair, cell cycle control, the stress response and selective 
degradation of certain proteins. However since not all ubiquitinated proteins are degraded 
ubiquitin is suspected to play other roles besides marking proteins for selective 
degradation.

Ubiquitin (8.5 kDa) has a tightly packed globular structure with four C-terminal amino 
acids, leu-arg-gly-gly, extending outward (Vijay-Kumar etaly  1987a). Two functional 
sites have been identified. The C-terminus is the site through which ubiquitin is ligated to 
acceptor proteins. In the protein substrate, e-amino groups of Lys residues are the target 

sites for this ubiquitin linkage. A second critical residue in ubiquitin is Lys-48. This 
residue can serve as an acceptor site for ubiquitination in the same way as Lys residues in 
other proteins, enabling the formation of a polyubiquitin structure. Ubiquitin is the most 
highly conserved protein yet discovered in eukaryotes and exhibits profound stability to 
extremes of heat and proteolytic degradation (Monia et a i,  1990a; Rivett, 1989; 
Schlesinger, 1990; Jentsch e ta l,  1990)

1.3.2.1 The ubiquitin genes

There are two kinds of ubiquitin genes. One type, the polyubiquitin gene, has multiple 
sequences of ubiquitin arranged in tandem repeat. The second encodes a ribosomal 
protein as a carboxyl extension of ubiquitin (a Ub-CEP fusion). Four different ubiquitin 
genes comprise the yeast ubiquitin gene family (Figure 1.5). UBIl and UBI2 both 
encode 52 amino acid extensions to ubiquitin (UbCEP52), JJB13 encodes a 76 amino 
acid extension to ubiquitin (UbCEP76) and UBI4 encodes a pentamer repeat of ubiquitin 
(Finley and Vashavsky, 1989). Selective pressure has been exerted during evolution to 
maintain the CEP-encoding sequences as ubiquitin fusions, since Ub-CEPs are highly 
conserved at the amino acid level among organisms as widely divergent as yeast, mouse 
and man (MoniajgW., 1990b).
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Figure 1.5 The ubiquitin genes of S. cerevisiae (Warner, 1989). 

Ubiquitin gene regulation

In yeast, ubiquitin gene expression is differentially regulated during different stages of 
yeast growth. UBI4 (polyubiquitin) expression occurs at low levels during exponential 
growth but is strongly induced by stress and entry to stationary phase. U B Il-3 are 
expressed only in rapidly dividing cells, and down regulated at stationary phase (Finley et 
al, 1987, Tanaka e ta l, 1988). Expression of UBI4 is regulated by cAMP level (Tanaka 
et a l, 1988). In yeast, cAMP regulates the cell cycle via cAMP-dependent protein kinase 
and expression of UBI4 is most probably repressed by cAMP-dependent protein 
phosphorylation. The function of UBI4 appears to be to provide ubiquitin to cells under 
stress (Finley et a l, 1987), cells deficient in UBI4 exhibiting hypersensitivity to 
starvation, protein damaging agents and other kinds of stress (Finley et al, 1987, Cheng 
et a l,  1994). Under conditions amenable to rapid cell growth, ubiquitin is synthesised 
mainly from Ub-CEP transcripts, while under conditions of stress polyubiquitin genes 
are strongly induced (Ozkaynak et a l 1987, 1986; Finley et a l , 1987, 1988).

Processing of ubiquitin precursors is extremely rapid. Two classes of processing enzyme 
have been identified. The first catalyses the processing of Ub-CEPs to generate ubiquitin 
monomer and CEP and the second cleavage of polyubiquitin. Both classes of enzyme can 
be blocked by altering the glycine-76 residue of ubiquitin. Ubiquitin processing enzymes 
must therefore recognise sequences in ubiquitin as well as in the conjugated protein 
(Monia et a l, 1990b). In this study (Chapter 4) it is shown that there is no defect in 
polyubiquitin processing with UBI4 gene overexpression.
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1.3.3 In tracellu lar functions of ubiquitination

Ubiquitin has been shown to function in a variety of essential cellular processes. These 
include not just selective degradation of cellular proteins but also maintenance of 
chromatin structure, the stress response, ribosome biosynthesis, and in mammalian cells 
possibly membrane receptor function. The interaction of ubiquitin with the three major 
macromolecules of the cell: DNA, RNA and protein, is depicted in Figure 1.6.
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Figure 1.6 The central role of ubiquitin in yeast (macromolecular) metabolism 
(Schlesinger,1990).

1.3.3.1 Ribosome biogenesis

Ubiquitin is involved in ribosome biogenesis by virtue of the necessity for two 
ribosomal proteins to be synthesised as the CEP component of Ub-CEP fusions for 
proper ribosome assembly in the nucleus (Finley et a l, 1989). During times of rapid cell 
growth, when Ub-CEP gene expression is maximal, ribosome synthesis is a major 
priority. However priorities shift during stress from protein synthesis to protein 
degradation, such that Ub-CEP genes are shut off (Section 1.3.2).

1.3.3.2 Selective protein degradation

Proteins have strikingly different half-lives (from a few min to several hours). In general, 
not just damaged or abnormal proteins but also short-lived regulatory proteins are
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rapidly degraded. Since the discovery of the involvement of ubiquitin in protein 
turnover, it became apparent that eukaryotes have evolved a highly complex pathway to 
regulate the selectivity of this process. First, proteins that are naturally short-lived, 
abnormal and misfolded become polyubiquitinated, then these ubiquitin-protein 
conjugates become degraded (Jentsch et a l, 1990). Regulation of this proteolysis is 
critical for controlling levels of key enzymes and regulatory proteins. It has been 
estimated that at least 90% of the short-lived proteins present in cells are degraded by 
ubiquitin-dependent processes (Monia e ta l,  1990b; Jentsch e ta l,  1990)

The essential reactions in the conjugation of ubiquitin to proteins are shown in Figure 1.7.

U—z 
N

peptides(+U?)

A T P \E i-S H
ATP isopeptidase

.AMP
1-SHUn ProteinUn+i Protein

[ multiple Ez species ]

Figure 1.7 Protein ubiquitination. Ubiquitin precursors (Un—Z) which may contain one 
or more ubiquitin repeats (N=l,2,3....) and carboxyl-terminal nonubiquitin sequences (z) 
are processed into mature ubiquitin (U). Ubiquitin conjugated through high-energy bonds 
(~) is represented to the right of the acceptor molecule; for low-energy (amide bind) 
conjugates, ubiquitin is to the left, followed by a subscript (n=0,l,2,...), denoting the 
multiplicity of ubiquitin moieties covalently bound to the acceptor. The question mark 
denotes the current uncertainty as to whether a significant proportion of ubiquitin in 
ubiquitin-protein conjugates is regenerated upon degradation of acceptor proteins 
(Modified from Finley e ta l,  1984)
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Three kinds of enzymes: E l, E2 and E3 participate in the activation and transfer of 
ubiquitin to a target protein.Ten isoforms of E2 and two of E3 have been isolated so far. 
E l activates ubiquitin in an ATP-dependent reaction, and transfers it to one of the E2s. 
E3 (also probably E2s) recognise a target protein and transfers ubiquitin from a specific 
E2 to that protein (Schlesinger, 1990). ATP-dependent degradation of ubiquitin-protein 
conjugates results in the breakdown of substrate proteins and the release of free ubiquitin 
(Hershko, 1988; Ciechanover and Schwartz, 1989; Rivett, 1989).

The determinants of whether a protein will be targeted for ubiquitination have been under 
intense study. Presently available information indicates that protein structures suitable for 
degradation are recognised by the ubiquitin-protein ligase, E3. Reiss et al. (1990) isolated 
from reticulocyte extracts two species of E3, E3a and E3(3. One signal recognised by 
E3a is the N-terminal amino acid residue of the protein. Hershko a/. (1984b) first 
found that a free N-terminal a-amino group is required on many proteins for their 
degradation by the ubiquitin system. Study of the stability of p-galactosidase molecules 
with different N-termini in yeast has led to the formulation of the "N-end rule" (Bachmair 
et aly 1986; Gonda et a l, 1989). This rule defines the amino-terminus of a protein as a 
major feature in susceptibility to ubiquitin-dependent degradation. Proteins with charged 
or bulky hydrophobic residues at their amino terminus are most susceptible to rapid 
degradation. However, the "N-end" rule is probably not the only determinant for protein 
turnover. Reiss et al. (1988) showed other features of a protein besides its amino 
terminus were recognised by the E3a encoded by UBRl and that the N-terminal 
recognition is due to the specificity of the binding sites of the ubiquitin-protein ligase, 
E3a. With the use of simple amino acid derivatives that compete with the binding of 
different proteins to E3a, Reissgr al. (1988) could distinguish three classes of protein 
substrates that bind to different sites of E3a. At the N-terminal position Type I and II 

substrates have basic and hydrophobic-bulky residues respectively. The binding of Type 
I proteins to E3a is specifically inhibited by amino acid derivatives that have basic 
residues at the N-terminal position and the binding of Type II proteins to E3a is 

specifically inhibited by amino acid derivatives that have the hydrophobic-bulky residues 
at the N-terminal position. Type in protein substrates have none of the above N-terminal 
amino acid residues, and their binding to E3a is not inhibited by any simple amino acid 

derivatives. However the ubiquitin-dependent degradation of certain Type III proteins 
specifically requires the second species of ubiquitin-protein ligase, E3p. Apart from its 
different substrate specificity, E3p resembles E3a in several physical and enzymatic 
characteristics. The signal in proteins recognised by E3p remains to be defined. Based on 

their results, Heller and Hershko (1990) proposed that a protein that fails to fold properly 
or that partially unfolds might be recognised by this isoform of E3 and become
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ubiquitinated. The unfolded proteins continually formed in stressed cells are recognised 
by the ubiquitin E3 enzyme, and become polyubiquitinated as more E2-ubiquitins are 
shuttled onto the E3-protein complex. The E2 ubiquitin-conjugating enzyme UBC2 (also 
called RAD6) has been found to be physically associated with E3a to form a E3a-UBC2 

complex (Dohmen e ta l,  1991). Its stability and functional activity require the presence 
of a highly acidic 23-residue region at the C-terminus of UBC2 to guarantee proteolysis 
according to the N-end rule pathway (Madura et a i, 1993). A chain of branched 
ubiquitin-ubiquitin conjugates forms on protein destined for degradation, in which the 
carboxyl-terminal Gly76 of one ubiquitin is joined to the internal Lys48 of an adjacent 
ubiquitin (Chau et a l,  1989; Johnson et al, 1992). This polyubiquitinated protein is 
degraded by a cytoplasmic 26S pro tease complex in the presence of ATP (Reiss et a/.,
1990). The 26S protease consists of three components, one of which is the 20S 
proteinase complex, the 'catalytic core' of the proteasome where peptidylglutamyl- 
peptide-hydrolysing and chymotryptic activities encoded by PRE4 and PRE2 genes 
respectively have recently been found (Hilt et a l, 1993, Heinemeyer et a/., 1993). The 
other two components are assumed to have ATP binding sites related to the ATPase of 
the proteasome. It might be that polyubiquitinated proteins are first bound to a specific 
conjugate binding site on the 26S complex and that the energy of ATP hydrolysis is 
required for the translocation of ubiquitin-protein conjugates from this conjugate binding 
site to the protease ' catalytic core' (Ganoth et a l, 1988) where they finally get degraded.

1.3.3.3 Chromatin structure and gene expression

Ubiquitin exists linked covalently to histones H2A and H2B in isopeptide linkage to a 
specific lysine near the carboxyl terminus of the histone sequence. These mono- and 
polyubiquitinated histone conjugates are not degraded. Their precise function is unknown 
but a variety of data indicate that ubiquitination is essential for DNA to be active in 
chromatin. Condensed chromatin is devoid of ubiquitinated histones, while the latter are 
enriched in DNA fractions undergoing transcription and replication. However, not all 
genes active in transcription are rich in ubiquitinated histones (Schlesinger, 1990; Monia 
e ta l,  1990a).

In heat-shocked cells, ubiquitinated histones disappear rapidly. It is likely that this is 
associated with the condensation of chromatin detected in stressed mammalian cells and 
to the rapid decrease in DNA synthesis after stress. A ubiquitin hydrolase has been 
described that removes ubiquitin from histones. This enzyme may be activated by stress, 
thereby releasing ubiquitin that can then exit the nucleus and participate in the ubiquitin 
dependent proteolytic degradation pathway (Schlesinger, 1990; Monia e ta l,  1990a).
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1.3.3.4 Receptor function

Three mammalian cell surface receptors have been reported to be ubiquitinated. The first 
to be identified was the lymphocyte homing receptor, a transmembrane protein of 
endothelial cells involved in lymphocyte recognition and transport (Siegelman et a l,
1986). The ubiquitin is localised to the extracellular domain of this receptor, conjugation 
being an early event during its biosynthesis. However, the exact stage of receptor 
maturation during which ubiquitination occurs and the number of ubiquitin molecules 
covalently attached remains unclear. Receptors for platelet-derived growth factors and 
growth hormone have also been found to be ubiquitinated (Yarding et al. 1986; Leung et 
a l,  1987). In these cases, however, little is known concerning the stage of receptor
biosynthesis at which ubiquitination occurs. Ubiquitination of receptors may be involved
in receptor regulation and signal transduction in a way analogous to receptor 
phosphorylation. One can also perceive a role for ubiquitin in receptor down regulation as

a signal for receptor turnover. The role ubiquitin plays in receptor function and turnover 
remains, however, to be demonstrated.

1.3.3.5 Protein translocation

Ubiquitination may be involved in protein translocation across certain membranes. The 
predicted sequence of the PAS2 gene product, required for peroxisome biogenesis in 
yeast (Erdmann et a l, 1989), is strikingly similar to that of known ubiquitin-conjugating 
enzymes. Also uptake of monoamine oxidase B into isolated mitochondrial outer 
membranes appears to require ubiquitin (Zhuang et a l, 1989). Ubiquitin conjugates are 
also found in other membrane-bounded organelles, for instance, lysosomes and 
multivesicular bodies (Simeon et a l, 1992; Low et a l, 1993).

1.3.3.6 Stress response

Yeast cells respond to stressful environmental changes by synthesising stress proteins. 
These changes include increase of growth temperature, depletion of certain nutrients and 
exposure to oxidising agents, DNA or protein damaging chemicals (e.g.4-nitroquinoline 
l-oxide(4-NQO), methylmethane sulfonate (MMS), ultraviolet light (UV), arsenite, 
cadmium, paromomycin, amino acid analogues). Ubiquitin is one of the stress proteins 
(Section 1.3.2.1). The stress-inducible UBI4 gene is expressed at low levels in growing 
cells, ubiquitin pools being maintained by expression of UBIl-3. A variety of treatments 
cause UBI4 induction, including starvation, heat stress, amino acid analogues (Finley et 
a l,  1987), DNA-damaging agents (e.g. 4-NQO and MMS) (Fraser et al, 1991), cAMP 
depletion (Tanaka et a l, 1988) and respiratory growth (Cheng et a l, 1994). In addition.
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stress conditions induce not only UBI4 but also other elements in the ubiquitin- 
dependent proteolysis system. For example, genes for the ubiquitin-conjugating enzymes 
UBC4 and UBC5 are heat shock inducible (Seufert and Jentsch 1990). The presence of 
either UBC4 or UBC5 is required for degradation of many abnomal proteins. A ubc4 
ubc5 double mutant shows greatly reduced degradation of amino acid analogue- 
containing proteins and high stress sensitivity (Seufert and Jentsch, 1990). A capacity for 
ubiquitination is therefore important for cells to survive a variety of stresses. A simple 
explanation is that a common effect of heat shock and other stresses may be the 
generation of denatured, mislocated, abnormal or misfolded proteins, protein which must 
be ubiquitinated and degraded (Parag et al., 1987). However, ubiquitin and the UBC4 
and UBC5 products are only three of many heat induced proteins that probably counteract 
protein damage. Some of the other heat shock proteins (e.g. Hsp70) are chaperones 
acting to sequester heat-damaged (presumably misfolded) proteins, and possibly 
reversing heat damage by facilitating folding and assembly (Gaitanaris et al., 1990; 
Gething and Sambrook, 1992). In short, it is still unknown what features of damaged or 
denatured proteins determine whether they are degraded by the ubiquitination pathway, or 
alternatively rescued through chaperone-mediated refolding.

1.3.3.7 An alternative non-proteolytic role of ubiquitin

Covalent linkage of a ubiquitin molecule to a protein does not necessarily result in 
degradation [e.g. ubiquitination of histones (3.2.1.4) or receptors (3.2.1.5)]. 
Metabolically stable conjugates have been discovered, suggesting an alternative non- 
proteolytic role for ubiquitin in direct modification of the structure and function of 
proteins (Jentsch etal., 1990). It has been proposed that conformation changes in 
ubiquitin, while it is conjugated to the target protein, determine whether a conjugate is 
stable, deubiquitinated, or degraded. The signals determining those proteins degraded by 
the ubiquitin system, though, are not yet clearly defined (Monia et al., 1990a). It is clear, 
however, that protein ubiquitination can result in one of the three possible outcomes: (1) 
the protein may be stable and exist in the cell covalently attached to one or more ubiquitin 
moieties indefinitely; (2) the ubiquitin may be removed by ubiquitin isopeptidases, or 
(3) the protein may become multiubiquitinated, which leads to its destruction by the 
proteasome complex (Monia etal., 1990b).

Using p-galactosidase (p-gal) as a test protein Chau et al. (1989) found that 

degradation in yeast is preceded by ubiquitination and that 1 to more than 20 ubiquitin 
moieties could be attached to each molecule of P-gal. The multiubiquitin chain in a target 

protein, however, was essential for the degradation of this protein since 
monoubiquitination was not sufficient for the degradation of p-gal. Thus, the ligation of
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one or a few ubiquitin molecules to proteins appears to modify their function rather than 
cause their breakdown (Hershko, 1988). If the protein is damaged or denatured, a 
conformational change in ubiquitin may be triggered and these conjugates become 
preferred substrates for further ubiquitination, ensuring efficient degradation of only 
those proteins that are damaged.

1.4 Improving protein production and secretion in 5. cerevisiae

In the above sections, aspects of cloned gene expression, proteolytic events and protein 
secretion pathways are summarised. This section will discuss some specific details and 
examples of how high protein yield and supersecretor strains are obtained in yeast.

There is tremendous interest in manipulating S. cerevisiae to secrete foreign proteins. The 
reasons for this are: (1) to facilitate the production of proteins with authentic N-termini; 
(2) to facilitate purification; (3) to prevent the intracellular degradation of unstable 
proteins, (4) to reduce the intracellular concentration of toxic proteins; (5) to optimise 
protein folding, and (6) to obtain post-translational modifications normally found with 
secreted proteins (Kingsman and Kingsman, 1988).

1.4.1 RNA levels and translational efficiency

Heterologous genes are generally expressed to a much lesser extent than their 
homologous counterparts in yeast, partly because of lower steady state mRNA levels. 
Mellor et al. (1985) showed that the 10-fold difference in the synthesis of PGK and 
interferon-a-2 in S. cerevisiae could be explained by the fact that interferon-a-2 mRNA 
levels were 10 times lower than PGK mRNA levels. The level of an mRNA is a function 
of both its rate of synthesis and degradation. The synthesis rate is mainly controlled by 
the strength of the promoter although for a fixed promoter strength one plausible 
bottleneck in the synthesis of recombinant protein may be a shortage of RNA polymerase 
within the cell (Wood and Peretti, 1990).

When constructing an expression cassette for yeast, a 5' yeast promoter sequence is 
joined to the coding region of the foreign gene. The yeast sequences generally contain 
not only promoter regions but also the information determining the sites of transcription 
initiation, as well as the 5' non-translated leader sequences of a yeast mRNA. In 
consequence, the transcript that is synthesised is hybrid at the 5' end with potential 
consequences on mRNA stability or translation efficiency. Adequate transcription 
termination is also an important factor in mRNA stability and this is usually achieved by 
insertion of the transcription termination signals from a yeast gene downstream of the 
heterologous coding sequence.

39



The sequence preceding the AUG codon of the mRNA is not particularly critical for 
translation efficiency (Moir and Davidow, 1991) but the heterologous gene itself may 
affect the extent of gene expression by its content of nonoptimal codons for yeast. The 
choice of synonymous codons in both prokaryotic and eukaryotic organisms is strongly 
biased, and this non-random choice appears to be directly related to the availability of 
tRNA isoacceptors within the cell. Genes that are strongly expressed show a much 
greater bias in their codon usage than genes that are expressed at lower levels. Bennetzen 
and Hall (1982) have shown that the highly expressed yeast genes encoding 
glyceraldehyde-3-phosphate dehydrogenase and alcohol dehydrogenase (ADR) 
isoenzyme 1 exhibit an extreme bias in codon usage. Over 96 % of the amino acid 
residues are coded for by 25 out of a possible 61 coding triplets. This very asymmetric 
codon usage pattern was also shown to contiibute to high protein expression from the 
yeast phosphoglycerate kinase (PGK) gene (Hoekema et a l,  1987). Replacement of an 
increasing number (from 2 to 39 %) of abundant codons by minor ones lowered PGK 
levels and with 39 % of the codons changed, a 10 fold reduction in the protein level was 
observed.

This degree of codon bias is absent in more poorly-expressed genes as well as 
heterologous genes and this is believed to reflect differences in the rate of translation of 
these mRNAs. Several authors have therefore speculated that translation efficiency 
might be optimised by chemically synthesising genes using only those codons that are 
used at high frequency in yeast mRNAs. Ko tula and Curtis (1991) optimised the codons 
in an immunoglobulin kappa chain gene to those preferred in S. cerevisiae , resulting in a 
more than 5-fold increased rate of synthesis and at least a 50-fold increase in the steady 
state level of protein. In contrast, other investigators have concluded that codon usage 
plays only a minor role in determining the amount of protein produced but this may be 
highly dependent on the protein being expressed. Ernst and Kawashima (1988) showed 
that variations in codon usage are not correlated with altered heterologous gene 
expression in either S. cerevisiae or E. coli, and that translation efficiency therefore 
cannot be optimised this way.

1.4.2 The nature of a protein determines the strategy for its
expression

The nature of the protein itself is important, especially with regard to its toxicity to the 
host. Also only certain protein structures are probably efficiently secreted by eukaryotic 
cells. Secreted proteins are not subject to the N-end rule (Section 1.3.3.2), so proteins 
with a destabilising N-terminus can be stabilised by secretion.
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1.4.3 Ubiquitin-protein fusions

Sabin et a l  (1989) have found that the capacity of the Ub-CEP processing activity 
(Sections 1.3.2.1; 1.3.3.1) in yeast cells is very high. They expressed an engineered Ub- 
CEP fusion at levels up to 25% of total yeast protein, but were unable to detect the 
unprocessed form by immunoblotting. Other workers have used Ub-CEP fusions as an 
alternative approach to produce heterologous proteins intracellularly. Butt et al. (1988) 
and Ecker et al. (1989) have shown that expression of heterologous gene can be 
increased up to several hundred fold by synthesis as a Ub-CEP fusion to 1-2 % of total 
cell protein. In addition the endopeptidase that cleaves the Ub-CEP is not very specific 
for the N-terminus of the CEP component, enabling synthesis of proteins with any 
desired N-terminus. Rian et al. (1993) have also successfully obtained the otherwise 
short-lived hPTHrP (1-141) (human parathyroid-hormone-related protein) using the 
ubiquitin fusion system. Thus, synthesis as Ub-CEP fusions is a useful way of 
increasing expression levels of authentic functional proteins.

The mechanism by which protein expression is increased with ubiquitin as a "leader" 
sequence is unknown. With natural Ub-CEP fusions the ubiquitin may be chaperoning 
the CEP component during assembly of a cellular structure (the ribosome) (Finley et al.y
1989). Increased transcription or message stabilisation is not responsible for the 
increased expression of Ub-CEP fusions and the ubiquitin may be protecting the amino 
terminus of the CEP component, preventing rapid proteolysis (Ecker et a/., 1989).

1.4.4 Use of protease-deficient strains

S. cerevisiae contains more than 40 proteolytic enzymes and all compartments of the cell 
represent possible locations for proteolysis. When very low protein productivity is 
obtained it is often presumed that this is due to degradation and that depression of 
protease activity may result in more efficient production (Okada et al., 1987a). Mutant 
strains that lack one or more proteolytic enzymes might prove useful for the stable 
accumulation of heterologous proteins. While a number of laboratories have carried out 
expression work in pep4-3 strains substantially lacking vacuolar protease activity (Mellor 
er fl/., 1983; Smith etal., 1985; Miyajima gf a/., 1985), none have reported dramatic 
enhancements of yields. The same was found for elafin production in this study (Chapter 
3). Producing human parathyroid hormone (hPTH) by secretion, however, Gabrielsen et 
al. (1990) reported that the use of a protease-deficient yeast strain and addition of high 
concentrations of amino acids to the growth medium resulted in a significant increases in 
the yield of intact hPTH. Wingfield and Dickinson (1990,1992) and Kirk and Piper 
(1991) also found that intracellular expression of p-gal increased two-fold using pep4-3
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strains. They concluded this is due to pep4-3 increasing p-gal expression, rather than an 

artefact of the procedure for making cell extracts prior to enzyme assay.

The presence of significant amounts of a heterologous protein designed to be secreted 
inside the cell as well as outside is often characterised as inefficient protein secretion. It is 
also necessary to consider the trivial possibility that secretion only appears inefficient 
because the protein outside the cell or in the periplasm is unstable. For example, Bussey 
etal. (1983) isolated ski5 mutants, apparently deficient in a cell surface protease, that 
probably do not secrete more efficiently but simply accumulate larger amounts of killer 
toxin and a-factor in the culture broth because these proteins are more stable in the 
absence of an active SKI5 encoded protease. This is an unlikely explanation for 
inefficient secretion of many heterologous proteins because many of these, such as calf 
prochymosin or human urinary plasminogen activator (u-PA), appear quite stable in the 
culture broth (Smith, Melnick and Moir, unpublished results}. Similar findings have 
been reported for a consensus a-interferon (Zsebo et at., 1986) and for somatomedin-C 

(Ernst, 1986). Although it is still possible that there are two classes of secreted proteins, 
an unstable major class and a stable minor class, there is no direct evidence for such an 
unusual situation (Moir, 1990).

1.4.5 Influence of protein size

Most documented cases of inefficient secretion by yeast involve "large" proteins. Many 
smaller peptide hormones, such as human epidermal growth factor (hEFG) (Brake, 1984) 
and p-endorphin (Zsebo, 1986) are secreted with little or none of the heterologous 
protein remaining inside the cell. Nevertheless, such a correlation fails to provide a 
mechanistic understanding of the problem. After all, yeast secretes invertase, which is 
synthesised as a monomer of about 60 kDa and forms glycosylated octamers of over 650 
kDa by the time it appears in the periplasm. Because of the large size of invertase it is 
apparently trapped behind the cell wall, but there is no obvious defect in its passage 
through the secretory pathway. The factors that determine whether the proteins will 
subsequently cross the cell wall and enter the medium are not fully established. 
However, it does not appear that the yeast cell wall acts as a sieve, since recombinant 
derived material with a molecular weight in excess of 100 kD can be secreted into the 
medium (Goodey et al, 1987). De Nobel and Barnett (1991) concluded after reviewing 
124 references on protein secretion, that there is no direct correlation between molecule 
size and the amount of protein secreted to the medium, but that the cell wall becomes 
much less permeable in stationary phase. Therefore there is no apparent reason why a 
heterologous protein of molecular weight greater than 10 kDa should encounter difficulty 
in its secretion. It is possible, however, that large homologous proteins carry signals in
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addition to the amino terminal secretion signal and that large heterologous proteins lack 
such signals (Moir, 1990).

1.4.6 Culture conditions

Protein secretion into the growth medium depends on environmental factors, including 
composition the medium, growth temperature and pH (Rossini et a l, 1993). The choice 
of medium is very important because it must support cell growth to high biomass, allow 
stability of a product secreted to the medium and often ensure plasmid stability. Defined 
medium also restricts the density to which cells can grow as compared to complex 
medium (Tottrup and Carlsen, 1990). When studying the production of HBsAg in batch 
fermentation, it was found that the use of complex medium could increase productivity by 
70 fold even though 15 % plasmid loss occurred during the fermentation (Carty et a l,
1987). Expression of a SOD-PI fusion protein was also found to be stable in complex 
medium but to decline rapidly with growth in defined medium (Tottrup and Carlsen,
1990). Degradation of both intracellularly expressed and secreted proteins has been found 
to be higher in defined as compared to complex medium batch fermentations, possibly 
due to a nutritional limitation of defined medium activating proteolytic enzymes within the 
cell (Coppella and Dhurati, 1989; Ichikawa et a l  1989) or the protective action of 
protease peptone against proteases.

pH of the medium might also have an influence on protein stability. Ruohonen et a l, 
(1991) found that a Bacillus a-amylase was efficiently secreted by S. cerevisiae in early 

log phase, but this activity rapidly disappeared from the culture medium during late log 
phase. The inactivation was due to a decrease in medium pH and could be prevented by 
buffering the medium.

Gopal e ta l  (1989) have investigated some bioenergetic consequences of over-expressing 
homologous (PGK) and heterologous (prochymosin) proteins in S. cerevisiae in 
chemostat culture. Both over-expressing strains were found to exhibit similar 
fermentation patterns despite a 10-fold difference in product expression levels. Biomass 
yields were lower than those for a control strain, and the onset of oxido-fermentative 
metabolism occurred at a lower dilution rate, indicating that plasmid-encoded protein 
expression occurs at the expense of host biomass production and growth rate. The 
authors propose that expression of heterologous prochymosin imposes a greater energy 
drain on the host than over-expression of homologous PGK, and this energetic drain may 
be a limiting factor in heterologous gene expression. The energetic limitations, however, 
cannot alone account for differences between growth characteristics of different strains, 
even if extremes of energetic demand are ascribed to foreign gene expression. Kingsman
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et al. (1985) reported that expression of PGK at 50-80 % of total cell protein has no 
effect on cell growth rate, but expression of prochymosin at 5 % of total cell protein can 
increase cell doubling time from 2.5 to 4 h. The factor of homologous versus 
heterologous protein is therefore quite critical.

The growth phase of a batch culture is important if one is trying to achieve optimal levels 
of secretion. A number of reports have indicated that maximal levels of secreted product 
are achieved in stationary phase cultures. Brake et a l (1984), for example reported that 
only 33 % of hEGF expressed from the M F a l promoter was secreted from 

logarithmically growing cells, yet 24 h after the cells reached stationary phase less than 1 
% of hEGF remained intracellular, hEGF being >90% of the secreted protein in the 
culture supernatant

As a result of systematic changes of yeast expression signals, promoters, host-vector 
systems and media composition. Broker et al. (1991) achieved a 1000-fold increase in 
human blood coagulation factor Xllla in S. cerevisiae. The authors tested 24 different 
strains with high genetic diversity and found that the production yield of the individual 
strains differed enormously. However no direct correlation could be deduced between 
productivity and parameters such as growth yield, plasmid stability, number of 
auxotrophic markers and pH of the culture broth at the end of fermentation. It is 
interesting that even in strains with five or seven auxotrophic requirements, relatively 
high yields of FXIIB could be achieved in complex media. A high plasmid stability alone 
did not guarantee a high production yield, but seemed to be one prerequisite for high- 
level synthesis. Addition of Ca^+ to the medium, the presence of which is a prerequisite 
for the biological activity of FXllIa. had no stimulating effect on the production rate of 
FXllla, nor did the authors observe any effect by supplementing the medium with amino 
acids, vitamins or a mixture of trace elements, or a reduction in temperature from 30® C 
to 2 5 0  c .

1.4.7 Are additional signals required for secretion ?

For efficient secretion proteins may need domains that interact with components of the 
secretory apparatus in addition to the amino terminal leader. These could be species 
specific and either missing from many foreign proteins, or alternatively, be misread by 
the yeast secretory machinery. This could result in immobility of the protein in an 
improper cellular compartment or "bottlenecks" to proper secretion. For example, 
attempts to secrete E. coli p-gal fused to invertase in yeast failed at the ER stage (Emr et 
al.y 1983), and most of a human interleukin-let remains within a membrane associated 
cell fraction (Livi etaly  1990). Quite recently Schreuder et al. (1993) have reported that
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the C-terminal sequences of a-agglutinin (the sexual adhesion protein of S. cerevisiae 
M ATa cells) contain the information needed to incorporate a protein into the cell wall. 

These examples clearly indicate that signals recognised by the secretory system are an 
important topic to investigate in order to enhance general secretion of heterologous 
proteins in yeast.

Several authors have studied how the glycosylation pattern might affect secretion. No 
obvious trend is found. Some proteins are only secreted if the protein is fully and 
correctly glycosylated (Schultz et al., 1987 a,b) whereas others are secreted in both 
under- and non-glycosylated forms (Shaw etal., 1988).

Prochymosin-secreting yeast cells appear to direct all the prochymosin they produce to 
the secretory pathway, but they secrete only a small fraction of it. Smith (1985) found 
that the translocation of core oligosaccharide-containing prochymosin from the ER to the 
Golgi , transit through the Golgi, or the addition of outer-chain carbohydrate in this 
organelle may all be rate-limiting steps in prochymosin secretion. A substantial fraction 
of the core glycosylated invertase-prochymosin within the cell is located in the vacuole 
and this may be because a rate-limiting Golgi-associated step might cause this protein to 
be diverted to the vacuole. Alternatively, heterologous proteins may contain insufficient 
sequence information to ensure efficient secretion, the vacuole becoming a repository 
for protein that cannot be sorted properly.

Protein folding might affect secretion. Intracellular transport of membrane and secretory 
proteins might be blocked because their structures may be incorrectly folded. Based on 
this assumption, many non-secreted proteins are thought to be misfolded. Human a- 

amylases with deletions or substitutions were not secreted despite correct glycosylation. 
Also similar results were obtained in a study on the folding of human lysozyme, 
demonstrating the requirement for an appropriate conformation for secretion (Kikuchi and 
Ikehara, 1991). It is possible that heterologous proteins may not fold as efficiently in the 
yeast cell as in their native organisms. If 90 % of the molecules follow an unproductive 
folding pathway in yeast, then only 10 % of the molecules may be available for secretion. 
Species-specific protein folding could be the additional signal necessary for efficient 
secretion of large proteins in yeast (Moir, 1990).

1.4.8 Screening for "supersecretor” mutants that display increased
secretion of a product

It has long been clear to industrial microbiologists that random mutagenesis and screening 
for desired properties can solve many problems, with knowledge of the molecular details 
whereby of the problem is solved being unnecessary. Yeast mutants with altered
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secretion properties include sec (Novick et a l, 1980), ssc (Smith et al. 1985), vptt 
(Bankaitis et al. 1986), and vpl (Rothman and Stevens, 1986) mutants.

Several approaches have led to yeast mutants that display increased secretion of specific 
proteins (" supersecretors"). All are based on screening for more of a particular product 
outside of the cell. On finding that less than 1 % of the prochymosin made in yeast was 
secreted. Smith etal. (1985) employed mutagenesis coupled with a rapid screening 
assay to isolate super-secreting colonies. 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. The chymosin clots the milk and the speed of 
appearance of the opaque clotted regions, their size and intensity indicate the level of 
prochymosin secretion. Two super-secreting strains were subjected to particular study 
{sscl and ssc2). The effects appeared to be additive in the double ssclssc2 mutant. The 
SSCI gene was later found to be identical to PMRl, which encodes a Ca^+ transporting 
ATPase of the Golgi (Rudolph et a l, 1989). Thepmrl mutation increased the secreted 
levels of prochymosin, bovine growth hormone and scuPA by 5- to 50- fold (Smith et 
a l . y  1985; Turner gr a/., 1991).

In addition to using plate assays to find the most efficient secretors, Moir and Davidow 
(1991) described a screening procedure which involved in vitro mutagenensis of scuPA 
genes on plasmids. This enabled identification of mutant forms of scuPA with either 
decreased or increased activity as compared to the parental form. The assay uses fibrin 
agar and colonies are scored by measuring zones of clearing.

In summary, random mutagenesis has frequently provided super-secreting strains and is 
an approach that deserves consideration when a high yield is required for industrial 
applications. This thesis (Chapter 4) descripted an alternative way of increasing secretion 
of human leucocyte elastase inhibitor (elafin). It operates by an elevation of cellular 
ubiquitination.

1.4.9 Integrating an expression cassette for a secreted product
into the chromosome often improves secretion efficiency

Smith et al. (1985) observed that when the gene for prochymosin, under the control of 
a yeast promoter and secretion signal sequence, was integrated into a yeast chromosome a 
considerably greater proportion (about 4 times) of the prochymosin was secreted than 
when the same construction is introduced on a multicopy plasmid vector. The hypothesis 
that the use of the multicopy plasmid caused lower secretion efficiency because of the 
higher gene expression level and larger reservoir of unsecretable prochymosin was ruled
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out because the integrants produce approximately the same absolute amount of 
prochymosin as strains containing the same constmction on a multicopy plasmid. This 
effect is significant and reproducible, but the mechanism is unclear. However it might 
reflect differences in either the rate or the level of expression from plasmid-bome and 
integrated copies of the gene. Nevertheless, chromosomal integration appears to be the 
method of choice for introducing foreign genes into yeast, especially if secretion of 
product is desired (Romanos et a/, 1992).

1.4.10 Using signal sequences for secretion

Some heterologous proteins have been secreted from yeast using their own signal 
sequences. These include human IFN-ct and IFN-K, E. coli p-lactamase, wheat a - 
amylase, plant thaumatin, mouse immunoglobulin light and heavy chains, and an 
Aspergillus glucoamylase. However, in almost all cases the overall levels of preprotein 
synthesis are significantly lower as compared to those obtained using a native yeast 
leader. In addition, processing of the preprotein to its mature form is not always 
consistent, resulting in the accumulation of unprocessed, processed, and incorrectly 
processed molecules (Das and Shultz, 1987). A number of secretion vectors based on 
yeast signal sequences have therefore been constructed. The most widely used are based 
on signal sequences from the (a-factor) and SUC2 (invertase) genes.The
processing at the signal-mature junction is accurate, but contrary to the a-factor fusions, 
only a fraction of the total protein produced from the SUC2 signal is secreted, indicating 
some limiting factor in the secretion pathway (Kingsman et a l,  1987). The signal 
peptides from genes for acid phosphatase (PH05) and Kluveromyces lactis killer toxin 
have been used as well, but the majority of the studies to date have utilised the a-factor 

leader (summarised in: Bitter, 1988; Martin and Scheinbach, 1989; Marten and Seo, 
1989).

In many instances intracellularly expressed heterologous proteins retain their initiating N- 
terminal methionine, either due to overloading of the cleavage enzyme (an aminopeptidase 
in the cytoplasm) or due to the sequence content in the vicinity of the N-terminal. 
Consequently the expressed protein may prove to be antigenic if the Met residue is not 
present on the natural protein. Secretion provides a route for creating authentic N- 
termini, the heterologous protein being derived from the cleavage of a larger precursor.

1.4.11 Synthesis of the a-factor pheromone

Haploid MATa S. cerevisiae cells secrete a 13-aminoacid peptide required for efficient 
mating with cells of the opposite a mating type, a-factor is derived from larger precursor 
polypeptides encoded by two structural genes, M F al and MFa2 (Brake, 1990). The
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secretion leader of the MFal gene is particularly efficient for secretion of heterologous 

proteins, providing high rates of secretion concomitant with efficient processing of the 
secretory precursor (Ernst, 1986).

In the literature the M Fal promoter is reported as being induced to higher expression in 

late exponential growth (Ernst, 1986; Gu et a l, 1991; Park et a l,  1989; Goodey 1987). 
Marten and Seo (1989), however, favour the explanation that a-factor is constitutively 
expressed in a  cells but that secretion becomes more active towards the end of batch 
growth. Kirk and Piper (1994) showed that M F al promoter activity is constitutive but 

higher on nonfermentable substrates.

M Fal gene expression has been intensively studied. Results of Kurjan and Herskowitz, 

1982; Julius et a l, 1983; Julius et a l , 1984; Bitter et a l, 1984; Vlasuk et a l,  1986; 
King et a l, 1988; Bitter et a l, 1988; Fuller et a l, 1989; and Brake, 1990, show that 
M Fal encodes a 165-residue polypeptide (prepro a-factor) containing four repeats of the 
mature a-factor peptide, each preceded by a spacer peptide of 6-8 residues with the 

structure Lys-Arg-(Glu/Asp-Ala)2 -3  (Figure 1.8). These repeats are preceded by an 83- 
residue prepro sequence containing a 19 amino acid hydrophobic signal presequence and 
the pro-sequence with three sites for Asn-linked oligosacchaside addition (Figure 1.8). 
The minor M F a l gene encodes a similar precursor polypeptide containing only two 
repeats of a-factor (Brake, 1990).

All of the three glycosylation sites in the prosequence become glycosylated soon after the 
translocation of the prepro a-factor into the ER (Das and Shultz, 1987). Mutagenesis of 
these sites blocks secretion, suggesting that they are involved in directing the precursor 
through the secretory pathway (Kurjan, 1982). However, only the pre-sequence of the 
leader, defined by the first 19 residues, is necessary for correct processing, glycosylation 
and secretion of human GM-CSF and acid phosphatase (Ernst, 1986; Ernst, 1988; Sidhu 
and Bollon, 1987). Thus the glycosylated pro-segment is not required to direct the 
precursors of some heterologous proteins into the proper secretory pathway.
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S ig n a l  P r o  a F i  o F 2  a P 3  a F 4

T t
Lys-Arg-Glu-Ala-GLu-Ala- a -factor -Lys-Arg

Cathepsin B-like cleavage 
^  KEX2

Glu-Ala-GLu-Ala- a-factor -Lys-Arg

I_____
Dipeptidyl amino peptidase 

STE13 t
a  -factor -Lys-Arg

Carboxypeptidase B-like cleavage

a  -factor
I

Figure 1.8 The precursor product of the MFod gene and the pathway of processing
by the KEX2 and STE13 endopeptidases (Das and Shultz, 1987). Sites of 
pro region glycosylation are asterisked.

The a-factor repeats are excised from the precursor by the endoprotease product of the 

KEX2 gene (Figure 1.8). This yscfox KR endoprotease (a membrane-bound, calcium- 
dependent serine protease located in the Golgi) cleaves the a-factor precursor on the 

carboxyl side of the dibasic sequence: -Lys-Arg (Brake, 1990; Seeboth and Variant,
1991). Two exopeptidases, encoded by the STE13 and KEXl genes, are localised in the 
secretory vesicles, where they subsequently process the cleaved repeats to generate the 
native 13 amino acid a- factor peptide. KEXl product removes Lys-Arg from the 

carboxy-terminus of the first three excised units, while dipeptidylaminopeptidase A 
(product of the STE13 gene) removes the Glu-Ala, Asp-Ala, or Val-Ala from the amino 
terminus of the repeats to generate the mature a- factor peptide (Zsebo et a i,  1986; 

Brake, 1990).
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1.4.12 Peptide production using the a-facto r signal

Expression systems based on the yeast a-factor leader have proved to be generally useful 

for directing the secretion of a wide variety of proteins. These proteins vary in size from 
14 amino acids (somatostatin) to over 800 residues (Epstein-Barr virus envelope 
glycoprotein), and include a number of proteins which have been refractory to efficient 
expression using other recombinant DNA systems (Brake, 1990). Other proteins have 
however proved refractory to efficient secretion and/or processing using the same 
expression strategy. A number of laboratories have introduced modifications to 
overcome limitations or problems which have arisen in the basic a-factor expression 

system for secretion of heterologous proteins (Brake, 1990).

Initial constructions of a-factor prepro region fusions to genes took advantage of a 
convenient Hindlll site in the MFod gene at the junction of the leader and the first a-factor 

repeat. The resulting fusions thus contained spacer peptides sequences, requiring the 
action of the STE13 gene product for complete maturation of the secreted product. It was 
found that a large fraction of secreted hEGF (Brake et a l y 1984), p-endorphin (Bitter et 
a/., 1984), and interferon a l (Singh etaly  1984) contained an N-terminal extension 

corresponding to the (Glu-Ala)n spacer sequence. This had been encountered previously 
in strains over-expressing a  factor and indicates that the STE13-encoded 
dipeptidylaminopeptidase is present in an amount insufficient to process high levels of 
protein (King etaly 1988; Brake, 1990; Seeboth and Variant, 1991). Approaches used to 
overcome this problem include: elimination of the Glu-Ala codons (Brake et a l 1984; 
Zsebo et a l 1986) increased expression of the limiting STE13 dipeptidylaminopeptidase 
by including the STE13 gene on the same plasmid as the a-factor leader fusion gene and 

reliance on the alternative endopeptidase KEX2 to generate the product N-terminus. Such 
modified genes gave efficient secretion of heterologous proteins at levels similar to those 
seen for the original, spacer-containing fusions. This also indicated that the spacer 
regions of prepro-a-factor were not essential for transport or processing by the KEX2 
protease. Thus, subsequent a-factor leader fusions have usually utilised this direct 
joining of the heterologous protein to the Lys-Arg processing site of the a-factor leader 

(Brake, 1990). However, this approach does not always work and may act to inhibit 
KEX2 cleavage (Martin and Scheinbach, 1989). Expression of some a-factor leader 

fusions lacking spacer peptide sequences has resulted in the intracellular accumulation or 
secretion of unprocessed and partially processed forms, while the same fusions 
containing (Glu-Ala) spacers are efficiently processed by the KEX2 protease. Zsebo 
(1986) carried out Western blot analysis of proteins secreted from yeast expressing a- 
factor leader-IFN-al fusions. Lack of a spacer peptide resulted in secretion of
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considerable levels (> 50 %) of unprocessed, heavily glycosylated fusion protein. Yeast 
transformants expressing similar fusions including a (Glu-Ala) 2  spacer efficiently 
secreted fully processed IFN. Thus, some fusions linked directly to the Lys-Arg 
processing site must be poor substrates for the KEX2 protease and an increase in the 
expression of the STE13 gene may be the solution in these cases.

Increased expression of the KEX2 gene provides an alternative solution to poor 
processing at the Lys-Arg site. Barr et a l (1987) employed this approach to improve the 
secretion of correctly processed transforming growth factor a (TGF-oi) from an a-factor 

leader-TGF-% fusion. Insertion of the KEX2 gene into the multicopy plasmid carrying 
the a-factor leader-TGF-ot fusion gene resulted in the elimination of uncleaved higher 

molecular weight species and a corresponding increase in the secretion of properly 
processed TGF-a (Brake, 1990).

1.5 Aims of the project

A small peptide ubiquitin is involved in selective intracellular protein degradation, 
becoming attached to heterologous proteins recognised in yeast as abnormal or damaged, 
immediately prior to their degradation (Section 1.3.3.2). One question asked in this 
thesis is whether or not defects in systems for intracellular protein turnover might lead to 
increased removal of heterologous protein from the cell by enhanced secretion (Chapter 
3). The influence of cellular ubiquitin levels on the secretion of mammalian elafin [a small 
(57 aminoacid) unglycosylated peptide inhibitor of elastase-type serine proteases] and the 
secretion of other foreign or yeast enzymes was studied (Chapters 3 and 4). Also 
intracellular expression of recombinant LacZ and yeast alcohol dehydrogenase II (ADH2) 
was investigated in yeast strains showing different ubiquitin expression levels (Chapter. 
6). In addition, the effects of overexpression of intracellular ubiquitin on the physiology 
of the yeast cell were examined (Chapter 5). The eventual goal was to see if it was 
possible to alter ubiquitin levels of yeast in order to obtain increased protein production 
and secretion, or increased stress tolerances.
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Chapter 2 Materials and methods

2.1 Materials

Standard reagents: 

Microbiological media:

Electrophoresis reagents:

Enzymes:

Protease inhibitors:

AR grade supplied by Sigma and BDH.

Auxotrophic requirements, ampicillin, paramomycin, 
arsenite and cadmium supplied by Sigma.

Acrylamide and bis-acrylamide (Electran grade), 
agarose, and ammonium persulphate supplied by BDH. 
TEMED supplied by Sigma. Molecular weight markers 
or protein gel and Tricine supplied by Sigma.

Protease V8 from Staphylococcus aureus supplied by 
ICN immunobiologicals. a-Chymotrypsin type VII and 
RNAase A typelRA supplied by Sigma.
DNase-Free RNase supplied by Sigma.
Restriction enzymes supplied by Pharmacia 
T4 DNA Ligase supplied by Anglian Biotechonology. 
Zymolyase-20T supplied by Seikagaku Kogyo Co. 
Lysozyme and Alcohol Dehydrogenase supplied by 
Sigma.

PMSF, TLCK, TPCK and Pepstatin A all supplied by 
Sigma.

Transfer membranes for protein (Western) blotting:
Nitrocellulose (0.2m pore size) supplied by Schleicher 
and Schuell.

Immunological reagents: Biotinylated goat anti-rabbit IgG, streptavidin-horse- 
radish peroxidase conjugate and 4CN all from Bethesda 
Research Laboratories Life Technologies, Inc (BRL).

Reagents for protein assay: Dye reagent concentrate and BSA standard supplied by
Bio-Rad.

Radiolabelled amino acids, 
nucleotides and sulphur: L-p5S]-Methionine (l,OOOCi/mmol; lOmCi/ml), 

L-[4,5-^H]-Leucine (60Ci/mmol; ImCi/ml),
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Other reagents:

[a-32p]-ATP (3,000Ci/mmol; lOmCi/ml) and [a-32p] 

dCTP and [35S]H2S0 4  supplied by Dupont (NEN 
research products).

Cycloheximide and Coomassie blue R-250 were 
supplied by Sigma. SOS (biochemical grade) was 
supplied by BDH. Triton-X114 was supplied by 
Boehringer Mannheim. Ecoscint A was supplied by 
National Diagnostics (Manville, New Jersey, USA). All 
buffer salts (Tris, MES and CAPS) supplied by Sigma.

Sources of any other materials are stated where appropriate in the text.

2.2 Strains

2 .2.1 Yeast strains

The strains of Saccharomyces cerevisiae used in this study are given in Table 2.1, 
T able 2.1 Y east strains

Strain Genotype Source

SUB61 a  leu2 ura3 his3 lys2 trpl
SUB63 a  leu2 ura3 his3 lys2 trplubi4::LEU2

D. Finley 
D. Finley

ubc5 a  leu2 ura3 his3 lys2 ubc5::LEU2
ubc4 a  leu2 ura3 his3 ubc4::HIS3
W023 a  leu2 ura3 his3 ubc4::HIS3 ubc5::LEU2

S.Jentsch
S.Jentsch
S.Jentsch

PMY 1.1 a  leu2 ura3 his4 N.Kirk

CT3c a  leu2 trpl ura3 
CT3b a  leu2 trpl ura3 pep4-3
BJ2168 a  leu2 trpl ura3phbl-1122 pep4-3 prcl-407gal2

R. Dickinson
R.Dickinson
H.Pelham

2.2.2 E.coli strain
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JM107 endAly thi, gyrA96, hsdR ll (tk", mk"*"), re/Al, supEAA, A(/ac-proAB),
[F, rraD36,proAB, lacVQAM\5\

2.3 Growth media and culture conditions

2.3.1 For yeast

Yeast cultures were grown in rich media (YEP) containing either glucose (YBPD) or 
galactose (galactoseYEP); or defined medium: glucose (YNB) or galactose (YNB). The 
recipes for these are given below (all % values are w/v):

glucose YEP: 1% yeast extract, 2% bactopeptone, 2% glucose.

galactoseYEP: 1% yeast extract, 2% bactopeptone, 2% galactose.

glucose YNB: 0.67% Difco yeast nitrogen base (without amino acids), 2% 
glucose.

galactose YNB :0.67 % Difco yeast nitrogen base (without amino acids), 2% 
galactose.

glycerolYNB :0.67% Difco yeast nitrogen base (without amino acids), 3% 
glycerol.

succinate-
bufferedYNB : YNB buffered with 0.085M succinic acid and 0.15M NaOH (pH 

5.8)

plus one or more of the following auxotrophic requirements 
where appropriate; L-leucine (30mg/L), L-lysine (30mg/L), L- 
tryptophan (20mg/L), L-histidine (20mg/L) and uracil 
(20m g/L).

For solid media 2% bactoagar was added.

Liquid cultures were grown at 28°C with rapid agitation in conical flasks, media volume 
being 1/5 of the flask volume. Stocks of yeast strains were maintained at -70®C in 
2xYEPD plus 15% glycerol.

2.3.2 For E .co li

2TY: 1.6% bactotryptone, 1% yeast extract, 0.5% NaCl.
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2TY plus 
ampicillin: 2TY containing 50 |ig/ml ampicillin for plates; lOOug/ml for 

liquid medium.

Liquid media cultures were grown in 2TY at 37®C with rapid agitation in conical flasks, 
media volume being 1/5 of the flask volume. Stocks of Exoli strains were maintained at 
-7Q0C in 2TY plus 15% glycerol.

2.4 P lasm ids

Table 2.2 Sources of plasmids used in this study (for restriction maps see results 
chapters)

Name Source Name Source

pDP280 Zeneca pDP298 Zeneca
pDP299 Zeneca YIplc211E Zeneca
pDP2805 This work pDP2985 This work
pDP2995 This work YIp-GUB This work
pMW5 P.Meacock p767/301ADH This work
PMA301ADH This work PBM272ADH This work
pAV2 A.Vlamis pDP500 N.Kirk

2.5 M onitoring cell growth

Yeast cell growth in liquid media was monitored by taking OD550nm readings at 
appropriate intervals and, where necessary, counting cells by using an improved 
Neubauer haemocytometer (Hawksley).

2.6

2.6.1

Recombinant DNA Techniques 

Restriction enzyme digests

Routinely, l|ig  of DNA was digested with lOU of enzyme in 1(̂ 1 of IX buffer for 2h. at 

37®C. Restriction buffers were prepared as lOX stocks, and used as recommended by 
BCL, were:
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(1) lOOmM Tris-HCl, 50mM MgCl^;, IM NaCl, lOmM 2-Mercaptoethanol (pH 8);
(2) lOOmM Tris-HCl, lOOmM MgClz,, 0.5M NaCl, lOmM DTT (pH 7.5);
(3) 0.5M Tris-HCl, lOOmM MgCl^, IM NaCl, lOmM DTT (pH 7.5).

2.6.2 Gel electrophoresis of DNA

DNA restriction fragments were separated by electrophoresis on agarose gels containing
O.lmg/ml ethidium bromide (EtBr). Gels were viewed using a short wave U.V. 
transilluminator and photographed using Polaroid type 55 positive/negative film.
Two types of gels were used:
(1) Mini-gels : DNA fragments were separated on an 0.8% agarose gel containing 0.5X 
TBE (90mM Tris base, 90mM boric acid, 2mM EDTA). Eletrophoretic buffer was 0.5X 
TBE and gels were run at 5 V/cm.
(2) Large-scale gels: DNA fragments were separated on a 1% agarose gel containing IX 
E-gel buffer (0.4M Tris, 0.2M sodium acetate, 20mM EDTA). Electrophoretic buffer 
was IX E-gel buffer and gels were run at 5V/cm for l-2h.

2.6.3 Recovery of DNA fragments from agarose gels

DNA fragments were recovered from agarose gels as described in Sambrook et al. 
(1989). Following electrophoresis, a slit was made in the gel just in front of the desired 
band. A piece of Schlicher and Schull NA45 ion exchange paper was placed into the slit 
and electrophoresis was resumed so that the DNA ran onto the paper to which it became 
bound. The paper was transferred to a microfuge tube containing 0.5M NaCl, 20mM 
Tris-HCl pH8.0, lOmM EDTA and was heated to 60®C for l-2h. The paper was 
removed and the DNA recovered by ethanol precipitation.

2.6.4 Ligation and Alkaline phosphatase treatment of plasmid 
DNA (Maniatis et al., 1982)

Ligations were carried out in 10 |il ligation mix (50mM Tris-HCl, lOmM MgCl2 , lOmM 

DTT, ImM spermidine, ImM ATP) at 15®C overnight. Routinely lOOng of vector DNA 
was ligated with a four fold excess of fragment DNA, using 0.1 unit of T4 DNA ligase.

Where appropriate vector DNA was pretreated with alkaline calf intestinal phosphatase 
(CDP) to prevent self ligation. The DNA was dissolved in CIP buffer (50mM Tris-HCl 
pH 9.0, ImM MgCl2 , O.lmM ZnCl2 , lOmM spermidine). 0.01 U of CIP was added for 
each pM of DNA and the mix was incubated at 37^C for Ih. CIP was inactivated by
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heating at 65®C, followed by phenol extraction. DNA was recovered by ethanol 
precipitation.

2.6.5 Rapid isolation of plasmid DNA from E.coli

Small scale plasmid DNA preparation from E.coli was via the rapid preparation procedure 
(Maniatis e ta l ,  1982). Single colonies of transformed cells were used to inoculate 2ml 
2TY plus ampicillin, which were grown to saturation at 37^C overnight. Cells were then 
harvested and resuspended in 100 |il of 50mM glucose, lOmM EDTA, 25mM Tris-HCl 
pH 8.0. 200 pi of 0.2M NaOH, 1% SDS was then added and the mixture was left on ice 
for 5 min. before the addition of 150 pi 3M KG Ac (pH 4.8). After vortexing briefly, the 

mixture was left on ice for a further 5min and the cell debris was removed by 
centrifugation. The supernatant was then extracted with 1:1 phenol/chloroform and the 
nucleic acid recovered by ethanol precipitation. The nucleic acid was then resuspended in 
100 pi TE (lOmM Tris-HCl, ImM EDTA, pH 7.4) containing 10 pg/ml of DNase-Free 
RNase A and incubated at 37®C for Ih. The DNA was then recovered by phenol 
extraction and ethanol precipitation.

2.6.6 Large scale purification of plasmid DNA

The method used for large scale purification of plasmid DNA was from Maniatis et al. 
(1982).

Recombinant E.coli were grown overnight in 500ml 2TY plus AMP at 37®C. The cells 
were then harvested and resuspended in 8 ml ice-cold 10% sucrose, 50mM Tris-HCl (pH 
8.0). Lysozyme was then added at a final concentration of 2 mg/ml and the cells were 
incubated for 5min. on ice, before the addition of 1.6ml 0.25M EDTA. After a further 
15min. on ice, 6.4ml of 2% Triton X I00, 60mM EDTA, 50mM Tris-HCl (pH 8.0) was 
added to the cells which were then centrifuged in a Sorvall SS34 rotor at 20,000rpm for 
30min.

The lysate was decanted and weighed. Caesium chloride (CsCl) was added to a final 
concentration of 0.923g/g lysate and EtBr (lOmg/ml) was added to a final concentration 
of 75.4 pg/g lysate. The lysate was transferred to a Beckman ultraclear tube and was 

centrifuged in a Beckman 50Ti fixed angle rotor at 40,000rpm for 36h. at 15®C. The 
plasmid DNA was collected via a syringe and 1.1mm needle. EtBr was removed by 
repeated extractions with isopropanol saturated with CsCl. The DNA was then 
precipitated with ethanol.
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2.6.7 Extraction of total RNA from yeast

Based on the protocol of Piper (1994), 50 ml yeast culture was harvested in precooled 
silanised glass centrifuge tubes spun at 5000 rpm for 5 min, rinsed with 10 ml cold sterile 
DEPC treated water, then spun at 5000 rpm for 5 min. 7.5 ml phenol and 1 g glass beads 
was added together with 7.5 ml cold mRNA extraction buffer (lOmM EDTA, 20mM Tris 
pH 8.5 and 1% SDS ). The tubes were immediately vortexed for 3 min. The phenol was 
separated from the aqueous phase by centrifugation (6000 rpm 6 min). A pasteur pipette 
was used to transfer the aqueous (upper) phase to the fresh set of tubes. 0.8 ml NH^OAc 
(6M, pH 6.5) was added together with 2x volumes of 100 % EtOH (-20 ®C). After 20 
min at -20 ®C the tubes were spun 12,000 rpm for 20 min.The RNA was resuspended in
0.5 ml DEPC-treated water and stored at -20®C.

2.6.8 In  vitro labelling of DNA probes

DNA was labelled with ^2p by random primer-directed DNA synthesis (Feinberg and 
Vogelstein, 1983). The DNA (100 ng) was denatured in 30 |il H2O by boiling for 5 min 
then cooled rapidly on ice for 5 min to prevent renaturation. The denatured DNA was 
labelled at 37^C for 30 min by adding the following components of the kit for probe 
DNA synthesis (Amersham): 10 pi dNTP mixture, 5 |il random primer, 3 |il [a-^^p] 
dCTP and 2 |il (2U) Klenow polymerase. After a 30 min 37®C incubation, 50 |il TEN 
(0.2M NaCl, 20mM Tris HCl (pH 8), 2mM EDTA (pH 8) was added. Unincorporated 
p2p] dCTP was separated from labelled DNA by chromatography on a G50 Sephadex 
spun column equilibrated with TEN (1ml). The reaction mixture was spun through the 
column at 1600 g for 4 min. The probe was collected, boiled for 3 min and loaded 
directly into the bag containing the blot treated with prehybridisation mix.

2.6.9 Polymerase chain reaction (PCR)

The 100 |il reaction mixture contained 5 ng plasmid DNA(pMW5), 1 U Taq DNA 
polymerase, 10 mM Tris pH 8.3, 1.5 mM MgCl2, 50 mM KCl, 0.1 mg/ml gelatin, 250 
|iM of each dNTP, and 0.5 pM of each primer. After the initial dénaturation at 95®C for 4 

min, 40 cycles of dénaturation at 95^ C for 1 min, annealing at 53® C for 2 min, DNA 
synthesis extension at 72® C for 2 min were performed, followed by a final single 
extension step at 72® C for 6 min to ensure that all amplified molecules were completed. 
The PCR product was visualised by electrophoresis on a 1% agarose gel.

2.6.10 Procedures for nucleic acid analysis
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2.6.10.1 Determination of nucleic acid concentrations

Nucleic acid samples were diluted 1:200 in dH2 Û and absorbance 260nm read 
spectrophotometrically. Nucleic acid concentrations were determined according to the 
equation: 1 OD260 unit (1cm light path) = 50 |ig/ml DNA or 40 |ig/ml RNA.

2.6.10.2 Southern transfer

Following electrophoresis (Section 2.6.2), agarose gels were capillary blotted as 
described in Maniatis et al. (1982). The membrane used was nitrocellulose membrane. 
Blotting was carried out for 16-20h. using 20X SSC (3M sodium chloride, 0.3M sodium 
citrate).

2.6.10.3 Northern transfer

RNA electrophoresis was carried out essentially as described by Sambrook et al. (1989). 
10 to 20 pg of each RNA sample was resuspended in 20 pi of a denaturing buffer (50% 
form amide, 2.2 M formaldehyde, 20 mM MOPS (morpholino-propane-sulphonic acid) 
pH 7, 1 mM EDTA, 8 mM NaOAc). Samples were incubated at 65° C for 5 min 
followed by addition of 1/10th volume 10 x RNA loading buffer (0.25% bromophenol 
blue, 0.25% xylene cyanol dissolved in 50% glycerol, 1 mM EDTA). RNA samples 
were separated by gel electrophoresis through a 1% agarose gel made up in 2.2 M 
formaldehyde, 20 mM MOPS buffer and run submerged in 20 mM MOPS buffer at 
5V/cm with continuous buffer re-circulation till the front dye had moved 8 cm. Transfer 
to nitrocellulose filters was as described for the transfer of DNA (2.6.10.2). After 
transfer, the filter was dried and baked 2 h at 80^ C.

2.6.10.4 Hybridisation of membrane bound nucleic acid to random
primer translated probes

Hybridisation of membrane bound nucleic acid to random primer translated probes 
(2.6.8) was according to Sambrook e ta l  (1989).

Membranes were dried at 80^C for 2-4h, then pre-hybridized in a sealed bag containing 
50% formaldehyde, 0.2% polyvinyl-pyrrolidone, 0.02% bovine serum albumin, 0.2% 
ficoll, 50mM Tris-HCl pH 7.5, IM NaCl, 0.1% sodium pyrophosphate, 1% SDS, 10% 
dextran sulphate, 1(K) ng/ml denatured calf thymus DNA. Pre-hybridization was at 42®C
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for a minimum of 6h. after which the membrane was transferred to a fresh bag and 
hybridized with the relevant probe in the same buffer at 42®C overnight.

Blots were washed at room temperature for 15min. with 2X SSC, followed by a high 
stringency wash at 65®C in 2X SSC, 1% SDS for 15min. and a final low stringency 
wash at room temperature in 0.1% SSC for 15min. All washes were carried out in 
duplicate with constant agitation.

2.6.10.5 A utoradiography of hybridization signal

Membranes were exposed to Fuji X-Ray film at -70®C in an autoradiographic cassette 
(Protex).

2.7 P reparation  and transform ation of com petent E.coli and S.
cerevisiae

2.7.1 For E .co li

Competent E.coli cells were prepared by CaClz treatment as described in Sambrook et 
al. (1989). 0.6 ml of an overnight culture of E.coli was inoculated into 250ml of 2TY 
and grown at 37°C for a further 3h. The cells were then harvested and resuspended in a 
total volume of 125ml ice-cold 50mM CaCl]. After incubation on ice for 20 min., the 
cells were pelleted and resuspended in 20 ml ice-cold 50mM CaCl2 - The suspension was 
left on ice for 4h. Following the addition of 7 ml of 50% glycerol, the cells were 
immediately aliquoted and stored at -70®C until required.

Transformation was as described in Sambrook et al. (1989). Frozen competent cells 
were thawed on ice and incubated with the appropriate DNA (lOOng DNA/150 pi cells) 

for 20 min. on ice. The cells were then heat shocked 2 min. at 42°C, then allowed to 
recover for 10 min. at room temperature before the addition of 250 pi 2TY. After 
incubation at 37®C for Ih., the cells were plated onto 2TY containing 100 pg/ml 

ampicillin and incubated overnight at 37®C.

2.7.2 For S. cerevisiae

Transformation of yeast was by the alkali salt method for transformation of intact cells 
(Ito e ta l,  1983):
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A 100 ml YEPD culture was grown overnight to late exponential phase. The cells were 
harvested, washed twice with 20 ml sterile TE (10 mM Tris-HCl pH 7.5, 1 mM EDTA 
pH 7.5), resuspended in 5 ml LA (0.1 M lithium acetate in TE) buffer and incubated at 
the growth temperature for 30 min. After harvesting the cells were resuspended in 0.5 ml 
LA. To 100 p-l cells 2 jig plasmid DNA and 100 |ig ss.carrier DNA ( sheared, heat- 
denatured salmon sperm DNA) was added. 100 ill competent cells without addition of 

plasmid DNA were also processed as a control. After incubation on ice for 10 min, 1 ml 
70% Fison's PEG 4000 (7 g PEG 4000 in 3 ml TE) was added with mixing. Cells were 
incubated at the growth temperature for 45 min, then heat shocked 5 min at 45 ®C. After 
harvesting the cells were resuspended in 0.5 ml YS (0.25 ml 2 M sorbitol, 0.25 ml 2x 
minimal medium). After incubating at the growth temperature for 60 min, 100 |il aliquots 

were plated on selective dry plates which were then incubated in a 2 8 ^  incubator.

2.8 Assaying for stress tolerance

All stress tolerance experiments were on cultures in exponential growth (0.5-1x10^ 
cells/ml) at 28®C in either glucose YEP or galactoseYEP medium. Before each experiment 
these cultures were briefly sonicated by a 5 sec. burst at 5m, interrupted by 5 sec. rest 
period (x5), a treatment which was just sufficient for no cell aggregates to be seen by 
light microscopy (a microprobe [tuned to 23KHZ] of an MSE Soniprep Ultrasonic 
Disintegrator was used). The stress was then applied (Section 2.8.1-2.8.4 below), after 
which cells were spread on YEPD and galactoseYEP plates using dilutions designed to 
give 500 cells per plate. In the experiment with canavanine, arsenite and paromomycin 
(2.8.2), various concentrations of these agents were contained in the solid medium. In all 
of the stress tolerance experiments killing was measured from colony formation on either 
YEPD or galactoseYEP; glucoseYNB or galactoseYNB plates maintained 3-5 days at 
28«C.

2.8.1 Liquid culture assays of tolerence to ethanol, salt or 
heat stress

Exponential cells grown in galactoseYEP were exposed to the stated stress (15% athanol 
(28 ®C), 2.5 M NaCl (28 ®C), or 39.5®C or 50®C heat shock) in the same medium for 
different periods, then diluted >50-fold in the same medium (28^0) lacking stress agent 
and immediately plated on YPD plates. Colonies were counted after 3 days at 28®C, 
percentage viabilities being expressed relative to the plating efficiency of cells treated 
identically but for absence of the stress.

2.8.2 Assaying for tolerance to ultraviolet irradiation
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Cells were diluted to appropriately to 5000 cells /ml in galactoseYEP and 0.1ml aliquots 
were spread on YEPD plates. Immediately after plating, lids were removed from the petri 
dishes and the exposed surfaces irradiated by an ultraviolet light source (2.6x10^ 
ergs/sec/cm^) for various times.

2.8.3 Plate assays for colony formation in the presence of
protein damaging agents

Cells were grown to mid-log overnight at 28®C in either glucoseYNB or galactoseYNB. 
They were then diluted appropriately (to 0.5-2 x 10  ̂cells/ml) in the same medium and 
immediately plated (200-300 cells per plate) on either glucoseYNB plates (for the 
glucoseYNB medium cultures) or galactoseYNB plates (for the galactoseYNB cultures), 
plates that contained the stated concentrations of canavanine, cadmium chloride, sodium 
arsenite or paromomycin. Colonies were counted after 3 days at 28°C, percentage 
viabilities being expressed relative to the plating efficiencies of cells plated identically but 
for the absence of any stress agent-

2.8.4 Assaying for tolerance to nitrogen starvation

Exponential cells grown in galactoseYEP were washed with H2 O and resuspended in 
galactoseYNB (5000 cells/ml) in which the (NH4 )2 S0 4  component had been replaced by 
Na2 S0 4 - The resulting cell suspensions were left shaking at 28®C and at various times 
100 |il of cell suspension was plated onto galactoseYEP plates, which were then 

incubated at 28®C for 5 days.

2.9 Labelling in sulphate-free medium and ubiquitin analysis

Sulphate-free minimal medium was prepared as in Stevens et a l (1986) with supplements 
of leucine (30|ig/ml), uracil (20p,g/ml), histidine (20|ig/ml), tryptophan (20|ig/ml) and 
lysine (20|ig/ml) and either 2% glucose (sulphate-free glucoseYNB) or 2% galactose 

(sulphate-free galactoseYNB). Cultures were initially grown on standard YNB or 
galactoseYNB and then resuspended in one-fifth the original culture volume of the same 
medium. Proteins labelling (28®C) involved incubating 0.5 ml of these concentrated cells 
with 50p.Ci P^S]-H2 S0 4  (1200 Ci/mmol, New England Nuclear). At the end of the 
labelling period cells were chased by addition of 10 pi IM cold Na2 SÛ4  for 45 min. The 
cells were then spun down at 6500 rpm for 3 min. The supernatant was collected and 
frozen, and the pellets resuspended in sterile 250 pi SCE buffer (IM sorbitol, lOOmM 
sodium citrate and 60mM EDTA) to which 10 pi of Zymolyase (lOmg/ml in H2 O) was 

added. This mixture was incubated at 37®C until sphaeoplasting was complete (about 30 
min), after which sphaeroplasts were sedimented at 6500 rpm for 3 min. The
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supernatants (periplasmic fractions) were frozen. The pellet was resuspended in 200p.l 
water and vortexed with glass beads (BDH, 40 mesh) 30 sec, placed on ice 30sec (4x). 
Glass beads and unbroken cells were pelleted by a 10 sec spin in a microcentrifuge at 
6500 rpm. The supernatant was saved frozen as total soluble or intracellular protein.

2.9.1 Measuring radioactivity incorporated into proteins

Samples of labelled proteins were precipitated by addition to 5 ml 5% (w/v) TCA, 0.1% 
(w/v) bactopeptone. After 15 min on ice, precipitated protein was filtered by suction onto 
glass fibre filters (Whatman GF/C, 2.5 cm). The filters were washed once with 5 ml cold 
5% TCA, 0.1% bactopeptone, twice with cold absolute ethanol, dried (120®C, 15 min) 
and placed into 5 ml scintillation vials containing 4 ml of Ecoscint A scintillation fluid for 
counting.

2.10 Protein assays

Protein concentrations were determined by the dye-binding assay of Bradford (1976), 
using the Bio-Rad Protein Assay Kit and BSA as a protein standard. Both the standard 
and microassay procedures were as described in the manufacturer's instructions.

2 . 1 0 . 1  Preparation of samples of total cell protein

2.10.1.1 Total cell SDS-solubilised soluble protein for PAGE
analysis

A 50 ml culture was harvested by centrifugation (5 min, 5,000 rpm, Sorvall SS34 rotor) 
and the resulting cell pellet resuspended in two volumes of acid washed glass beads 
(BDH, 40 mesh), followed by one volume of Protein Extraction Buffer (PEB)(500 mM 
Tris-HCl pH 8.0, 50mM MgCl2 , 2mM EDTA, 2% SDS, 2% 2-mercaptoethanol, 0.5 
|lg/ml RNase plus 1 pi lOOX protease inhibitors (50mM toluene-4-sulphonamido-2- 

phenyl ethyl chloromethyl ketone (TPCK), 0.2mg/ml pepstatin A, lOOmM 
phenylmethanesulphonyl floride (PMSF)) that just covered the cells and glass beads. 
Cells were disrupted by vortexing 30 sec followed by 30 sec on ice (6x). Glass beads 
and unbroken cells were pelleted by a 10 sec spin in a microcentrifuge at 6500 rpm. The 
supernatant was saved and frozen as samples of total cell protein.

2.10.1.2 Total cell soluble protein prepared in absence of SDS for
enzyme assays

This was prepared as in 2.10.1.1 but for the absence of SDS in the protein extraction 
buffer.
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2.11 Separation of proteins by gel electrophoresis

2.11.1 SDS-PA GE

Proteins were fractionated by size using the discontinuous electrophoresis system 
(Laemmli, 1970, Hames, 1990). Briefly, the Laemmli system is composed of the 
following: (A) Stacking gel, 0.125M Tris-HCl (pH 6.8), 0.1% SDS, and 4% 
polyacrylamide. (B) Resolving gel, 0.375M Tris-HCl (pH 8.8), 0.1% SDS, and a 
polyacrylamide concentration (see Table below) that will give the best separation of the 
proteins in question. (C) Electrode buffer (pH 8.3): 0.025M Tris, 0.192M glycine and
0.1% SDS. (D) Protein Sample Buffer (PSB): 0.125M Tris-HCl (pH 6.8), 10% glycerol 
(v/v), 5% p-mercaptoethanol (v/v), 2% SDS (w/v) and 0.013% bromophenol blue 

(w/v). The 30% acrylamide stock used to prepare solutions A and B was composed of 
29.2% acrylamide and 0.8% bis-acrylamide. Gels were polymerised by the addition of
0.05% (v/v) of TEMED and 0.7% (w/v) of ammonium persulphate from a 10% (w/v) 
solution. Samples were prepared for electrophoresis by addition of an equal volume of 
solution D, incubated for 15 min at 37®C, then loaded into adjacent gel wells alongside 
protein marker samples of the appropriate size range.

Table 2.3 Compositions of different percentage gels.

FOR 100 ml 10% 12.5 % 15% 16%

1.5 M Tris-HCl pH 8.8 (ml) 25 25 25 25

30 % acrylamide stock (ml) 33.3 41.7 50 53.3

10 % SDS (ml) 1 1 1 1

H20 40.7 32.3 24 21

2.11.2 Tricine PAGE gels for low molecular weight proteins
(Schagger, 1987)

A. Gel stocks: [T denotes the total percentage concentration of both monomers 
(acrylamide and bisacrylamide); C denotes the percentage concentration of the crosslinker 
relative to the total concentration T]
1. For 50 ml 49.5%T, 3%C stock:
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24 g acrylamide, 0.75 g bisacrylamide, add H2 O to 50 mis.
2. For 100 ml 49.5%T, 6%C stock:

46.5 g acrylamide, 3 g bisacrylamide, add H2 O to 100 mis.

B. Gel buffer:
3 M Tris base, adjust pH to 7.5 with HCl, then add SDS to a final concentration 

of 0.3%.

C. Gels:
1. Separating Gel (50 mis )-----16.5T, 6%C, 6M urea

stock 2: 16.7 ml
gel buffer: 16.7 ml
urea: 18 g
H2 O: to 50 mis

To 30 ml add 100 |il 10% ammonium persulfate, 10 }il TEMED.

2. Spacing Gel (10 ml ):
Stock 1: 2.03 ml
gel buffer: 3.3 ml
H2 O: to 10 ml

10% ammonium persulfate: 33 |il, TEMED: 3.3 |il. Mix well and pour into plates about 
2-3 cm in height. Add H2O to seal top.

3. Stacking Gel:
Stock 1: 1 ml
gel buffer: 3.1 ml
H2 O to 12.5 ml
10% ammonium persulfate: 100 |il, TEMED: 10 jil.

D. Protein running buffers:

1 For 500 ml anode buffer(+):
Mix 100 mis of 1 M Tris pH 8.9 to 400 ml of H2 O. pH 8.9

2. For 500 mis of cathode buffer (-):
Mix 50 mis of 1 M Tris pH 8.9, 445 ml of H2 O, 8.96 g Tricine. 
pH 8.25. Then add 5 mis of 10 % SDS.
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E. Electrophoresis was at constant voltage 100 v, run about 20 hours.

2.12 Analysis of gels following electrophoresis

Upon completion of electrophoresis, the gel plates were separated and the stacking gels 
discarded. The resolving gels were analysed by one of the following ways:

2.12.1 Direct staining

Abundant proteins (Ipg or more) were detected by staining with Coomassie Blue R-250. 

Gels were incubated for 2 hours at room temperature in 0.05% (w/v) Coomassie blue, 
50% (v/v) methanol, 10% (v/v) acetic acid. Destaining was by incubation at room 
temperature with gentle agitation in 5% (v/v) methanol and 7.5% (v/v) acetic acid; this 
solution being changed periodically.

2.12.2 Ponceau S staining

The advantage of this method is that it can identify protein transfer efficiency (from gel to 
nitrocellulose filter) without damaging proteins on the filter. Ponceau S provides distinct 
staining of the protein zones and may be evaluated visually or scanned densitometrically 
(500-560 nm).

20 ml stock contains: Ponceau S 2 % (store at 18-26 ®C), TCA 30 %, sulfosalicylic acid 
30 %. This 20 ml stock solution is diluted with 200 ml dH20. This working solution is 
stable at least one month when stored tightly capped at room temperature. The membrane 
is immersed in it 10 min, then rinsed 3 times in 5 % acetic acid.

2.12.3 Gel autoradiography and fluorography

Gels were dried onto Whatman 3MM paper.

Gel-fractionated-[3^S]-labelled proteins were visualised by fluorography. Unstained gels 
were soaked in IM sodium salicylate (pH 5-7) for 20 min (Chamberlain, 1979), then 
dried under vacuum using a Bio-Rad gel dryer, as described by Harlow and Lane 
(1988a). Dried gels were placed in direct contact with Fuji RX film in light proof 
cassettes for the appropriate length of time at -700C. Typically, 50,000 cpm of resolved 
total protein labelled with could be visualised by a 4 day exposure and 15,000 cpm of 
supernatant protein labelled with needed 10 days exposure.

2.12.4 Transfer of proteins from gels to membranes (Western
blotting)
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SDS-PAGE separated proteins were blotted onto nitrocellulose by electrophoretic transfer 
(Western blotting) using a LKB Multiphor apparatus. The gel is first soaked in transfer 
buffer [this transfer buffer is typically of low ionic strength (25mM Tris, 150mM glycine 
pH 8.3) and contains 20% methanol to minimise swelling of the gel as blotting 
progresses]. 8  pieces of Whatman 1 paper and one piece of nitrocellulose filter were cut 
to the same size as the gel. The filter is submerged in H2 O and the Whatman 1 paper in 
transfer buffer for 15 min. The blotting apparatus is wetted with H2 O then, in order, 4 
pieces of Whitman 1 paper, the nitrocellulose filter, the gel and the remaining 4 pieces of 
Whatman 1 paper placed on the lower electrode plate. The upper electrode plate is then 
added and electrophoretic transfer allowed to proceed 1.5 h at a current of 0.8 mA/cm^. 
After blotting, efficiency of transfer was determined by staining the gel with Coomassie 
blue (2.11.1). Prestained markers were also run on the gels to serve as internal markers 
for transfer and molecular weight.

2.12.5 Detection of specific proteins by immunostaining

Antibody detection of proteins immobilised on nitrocellulose membranes used the BRL 
streptavidin detection system. The procedure described below is a combination of those 
of Sambrook et al. (1989) and the BRL Products for Immunodetection Applications 
Guide. Solutions containing immunological reagents or chromogenic substrate were 
freshly prepared. All incubations were at room temperature with gentle agitation on a 
platform shaker. Also, incubations of blots with primary antibody, goat anti-rabbit IgG 
and peroxidase were performed in heat sealed plastic bags in a final volume of 0 . 1 ml per 
cm2 of nitrocellulose membrane. Preliminary experiments were conducted to determine 
optimal dilutions of primary antibody, while the quantities of immunodetection reagents 
used were as recommended by BRL.

After electrophoretic transfer ( section 2.12.4) remaining protein-binding sites on the blot 
were blocked by 1 h incubation in a blocking solution of 5% (w/v) non-fat dried milk in 
pH 7.4 phosphate buffered saline (PBS: 8  g NaCl, 0.2 g KCl, 1.44 g Na2 HP0 4 , 0.24 g 
KH 2 PO 4 , made to IL), followed by 2 h incubation with blocking solution plus an 
appropriate amount of the primary antibody. The blot was then washed over 30 min in 3 
changes of PBS. This was followed by Ih incubation in blocking solution plus the 
appropriate quantity of biotinylated goat anti-rabbit IgG. Blots were then washed with 
phosphate-free blocking solution (150 mM NaCl, 50 mM Tris HCl pH 7.5), followed by 
a Ih incubation with phosphate-free block solution plus the appropriate amount of 
streptavidin-horseradish peroxidase conjugate. The blots were washed with PBS as 
before and bound peroxidase detected by incubation with PBS containing 0.01% H2 O2 , 
and 0.06% 4CN. Within 5-10 min the polypeptides to which the primary antibody had
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bound appeared blue against the white background of the blot. The stained blots were 
washed for 10 min in 3 changes of H2 O and stored in the dark.

2.12.6 Origin of antisera used in the work

Polyclonal antisera against ubiquitin were both purchased from Sigma and Dakopatts, 
and also raised in rabbits as described by Harlow and Lane, (1988 [c]) using as antigen 
ubiquitin conjugates prepared as in Bright (1985).

Polyclonal sheep anti-elafin IgG was from Zeneca.

2.13 Affinity purification of elafin-antibody

2.13.1 Method coupling ligands to CNBr-activated Sepharose 4B

The basic procedure for coupling ligands to CNBr-activated Sepharose 4B was that of 
Pharmacia. A 1 ml column containing 1 mg of bound elafin (Zeneca) was constructed for 
affinity purification of anti-elafin antibody.

1. One gram of freeze dried CNBr-activated Sepharose 4 B powder was swollen for 15 
min in 200 ml of 1 mM HCl (1 g swells to 3.5 ml final gel volume) and washed on a 
sintered glass filter (porosity 05) with the same solution. HCl preserves the activity of 
the reactive groups which hydrolyse at higher pH.

2. The swollen gel was washed (5 ml per 1 g of dry gel) with Coupling Buffer( 0.1 M 
NaHCOg, pH 8.3, containing 0.5 M NaCl) whilst on the 03  glass filter and immediately 
transferred to the elafin solution (1 mg elafin in 1 ml Coupling Buffer).

3. The solution was mixed on a shaking platform at room temperature for 2 hours. It was 
important not to use a magnetic stirrer at any time as this would fragment the beads.

4. The suspension was centrifuged for 2 min at 1500 x g and the supernatant removed.

5. The gel was resuspended in 0.2 M glycine-NaOH (pH8.0) and mixed on a shaking 
platform for 2 hours at room temperature. Olycine is a small primary amine and was used 
to block any remaining active groups. The gel was transferred to a 10 ml syringe at the 
end of the incubation procedure.
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6. Excess adsorbed protein was then removed by extensively washing alternately with 
Coupling Buffer followed by 0.1 M CHgCOONa (pH 4.0) containing 0.5 M NaCl.

7. Finally, the column was extensively washed with Coupling Buffer.

2.13.2 Affinity purification of anti-elafin antibodies from crude
sheep serum

Affinity purification of antibodies to mammalian elafin was carried out in two stages. 
Firstly a crude IgG fraction was made using ammonium sulphate precipitation and then 
the redissolved precipitate was applied to a elafin affinity column.

1. Crude sheep anti-elafin serum (25 ml) had solid (NH4 )2 S0 4  added slowly to 50% 
(w/v).

2. After 7 h at 4®C with constant stirring the suspension was centrifuged 1000 xg 15 
min.

3. The precipitate was resuspended in a small volume of PBS (section 2.11.5) and 
dialysed for 8 h at 4 ®C against 2 changes of 21 PBS.

4. Following a 10 min centrifugation in a microfuge the clear supernatant was applied to a 
1 ml elafin affinity chromatography column. The column was pre-treated using the 
following protocols.

a) The 1 ml affinity column was washed with 15 ml 6 M guanidine-HCl and then 
equilibrated with 25 ml of Buffer T (0.05 M Tris-HCl, pH 7.4). Treatment with 
guanidine-HCl ensures that any ligand that is not properly covalently linked to the solid 
phase is removed.

b) The column was washed with 20 ml of Buffer M (4.5 M MgCl2 , 0.1% (w/v) BSA in 
Buffer T) and then rewashed with 50 ml of Buffer T.

5. The IgG cut crude serum (10 ml) was applied to the affinity column over a period of 2 
hours (to obtain maximal adsorption) and at 4°C.

6. The column was washed successively with 20 ml of Buffer T, 40 ml of 1 M 
guanidine-HCl, and 20 ml of Buffer T.
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7. Purified anti-elafin antibody was eluted with Buffer M. Fractions (1 ml) were 
collected. From each a 1 }il sample was taken, diluted in 10 ul of PBS and used to 

identify where the IgG had eluted. Each fraction was dialysed separately for 3-5 hours 
against PBS immediately after taking these samples.

8. After dialysis against PBS the factions were re-dialysed against 2 1 of PBS containing 
35% glycerol overnight. The fractions were then stored at -70®C (for long term storage) 
or -20®C (for short term storage). The glycerol prevents the antibodies from freezing at 
-20 OC and the presence of BSA stabilises them.

9. The column was washed extensively with Buffer T and stored in Buffer T containing 
20% ethanol.

10. The samples taken were spotted on to nitrocellulose. IgG containing fraction were 
identified by probing the filter with anti-sheep IgG antibody following the procedure for 
Western blotting (2.11.5). Fractions giving a positive signal were pooled.

2.14 Enzyme assays

2.14.1 Elafin assay (Zeneca)

The elafin assay is a colourimetric assay based on inhibition of the elastase hydrolysis of 
N-methoxysuccinyl-ala-ala-pro-val p-nitro-anilide, a synthetic substrate (AAPV). AAPV 
is cleaved by elastase causing an increase in absorbency at 405 nm. The elastase inhibitor 
elafin binds the active site of the enzyme thereby preventing cleavage of the AAPV- 
substrate. The constant rate of absorbancy increase (AA/min) is measured, the higher this 
rate the less elafin present in the sample.

Materials:

1. Assay buffer O.IM HEPES
0.5M NaCl 
Adjust to pH 7.5 

before use add 1% (w/v) BSA ( must be RIA grade )

2. Substrate AAPV (1 mg/ml in DMSO) and elastase
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3. HPLC-pure elafin (supplied by Zeneca)

4. Yeast culture supernatant samples (concentrated approximately 10 fold by 
centrifugation through Centricon-3 (Amicon) microconcentrators at 40C, 7000 rpm).

Procedure:

A standard inhibition curve is made by having various amounts of purified elafin 
(Zeneca) in separate assay tubes. 100 pi 10 fold concentrated supernatant samples are 
added to eppendorf tubes (using 100 pi assay buffer as positive control).Elastase was 
diluted 100 fold in assay buffer and 100 pi added to each sample and the control (use the 
diluted elastase within 1 h). After incubation at room temperature for 30 min, dilute the 
AAPV 40 fold in assay buffer (200 pi AAPV in 7800 pi assay buffer for the control and 
9 samples) and add 800 pi of this substrate to the first sample, mix, then wait 2 min. 
After zeroing the spectrophotometer with diluted AAPV the constant rate of absorbency 
change/min is measured at 405 nm over a 2 min period for all the samples, treating all 
samples the same and using a constant reaction time.

Calculation:

According to the elafin standard curve, the amount of elafin in the assay can be obtained:
( 1 - AA sample / AA control ) X 100 %

2.14.2 Acid phosphatase assay

This assay, based on that of Schurr and Yagil (1971), was carried out with a suspension 
of intact yeast cells. The reaction mixture, in a final volume of 2 ml, contained 1.9 ml. p- 

nitrophenyl phosphate (NPP, 0.8 mg/ml) dissolved in 0.1 M sodium acetate buffer 
(pH5.1) and 2 OD550 units of cells. After 20 min at 37°C the reaction was terminated 
with 0.5 ml 3 M-NaOH in order to maximise yellow colour due to the liberated p- 

nitrophenol. Total acid phosphatase was determined from the extinction at 420nm, One 
unit being the amount of enzyme catalysing the liberation of 1 pmole p-nitrophenol/min.

2.14.3 Hydrogen peroxidase assay 

This is detailed in 4.6.1.

2.14.4 p-G alactosidase assay
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A defined number of OD550 units of cells (1-5) were removed from the culture, 
harvested by centrifugation, resuspended in 0.5 ml Z-Buffer (1.61% Na2 HP0 4 .7 H2 0 , 
0.55% N aH 2P04.7H 20, 0.075% KCl, 0.0246% MgS04 7 H 2 O. 0.27% g -  
mecaptoethanol), then assayed for p-Galactosidase by the permeabilised cell technique 

(Müler 1972).

60 |il of chloroform and 40 pi of 0.1% SDS were added and the cell suspension vortexed 

for 10 sec. The assay mixture was then incubated 28 ®C 5 min before the reaction was 
initiated by the addition of 200 pi of ONPG. After a defined time, the reaction was 

terminated by the addition of 0.5 ml IM Na2C 0 3 . The mixture was then centrifuged 1 
min and the OD420nm of the supernatant measured against a blank of H2 O. 
p-Galactosidase specific activity of the solution was expressed according to the equation: 

OD420 / OD550 x time (min)

Specific activity is expressed as nmoles ONPG hydrolysed/min/OD550 culture.

2.14.5 Pherom one production assay (halo assay)

A simple petri plate assay (Sprague, 1991) was used to determine a-factor pheromone 
production. The plate assay uses a special tester strain, a a-factor supersensitive strain 
(RC629 a sst 1 (barl)) that lacks the barrier protease (BAR) activity that degrades a- 

factor.

A master plate was prepared by growing small patches of the strains to be tested on the 
surface of a galactoseYEP plate at 30®C overnight. 10  ̂ cells of the pheromone tester 
strain were spread as a lawn on the surface of a BBMB plate (galactoseYEP plus O.IM 
citrate, pH 4.5 and 0.03% (w/v) methylene blue, both added from concentrated stocks 
after autoclaving). The dye accents the halos and the low pH may increase the sensitivity 
of the assay. The master plate was replica plated to the tester lawns and the halo's 
examined after growth of these lawns for 1-2 days (incubation at room temperature gives 
larger halos than incubation at 30®C.

2.14.6 Alcohol dehydrogenase II assay (Denis et al., 1981)

Alcohol dehydrogenase U (ADH2) oxidises ethanol to acetaldehyde with the concomitant 
reduction of NAD+. ADH2 activity was assayed in total cell extracts (2.9.1.2) in the 
following reaction mixture: 300 mM ethanol, 2.5 mM NAD+, 16 mM pyrophosphate, 
pH 8.8.
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1 ml reaction mixture is pipetted into a 1 ml cuvette to which 10 |il cell extract is added (if 

required cell extract is diluted 10-100 times with non-SDS protein extraction 
buffer)(2.9.1.2)). After 5x quick inversion to mix, the rate of absorbency change at 340 
nm is read 1 min. The reaction mixture with no extract added is used as blank. One unit 
of ADH activity is defined as that reducing 1 (imol NAD+ per min at 22®C.

Calculation:
Units = 1/6.22 X (volume of reagent + sample / sample volume) X AA/t X dilution 
factor.
6.22 = extinction coefficient of NAD+ (mol’  ̂cm~0 
AA = change of absorbency; t = time (min)
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Chapter 3 Elafîn secretion by strains with mutational defects in vacuolar 
proteases or the ubiquitination system for intracellular 
protein turnover

3.1 Introduction

Saccharomyces cerevisiae usually secretes only about 2% of the protein it makes, so that 
a heterologous product secreted to the medium is already substantially pure when 
concentrated from the culture supernatant. Also it has a eukaryotic secretory system that 
performs authentic disulphide bridge formation folding and core glycosylation of many 
secretory proteins (Romanos et a l, 1992), this making it an attractive host for the 
production of heterologous proteins. In industry, people usually isolate supersecretor 
expression hosts empirically. They mutagenise a strain that secretes a heterologous 
protein and then screen for enhanced secretion. This screening process is straightforward 
with an easily-performed assay for product secretion, but the nature of the mutations 
giving rise to the supersecretor phenotype is generally not known. It was originally 
thought that yeast might show enhanced secretion in direct response to reduced capability 
for intracellular protein degradation. The work discussed in this chapter indicates this is 
not the case, but at the start of this work it was thought that such a generality might 
establish a general principle applicable to other eukaryotic expression hosts. By chance,
D.Pioli (personal communication) had observed that yeast cells secreting elafin (a small 
57 aminoacid, unglycosylated peptide inhibitor of elastase-type serine proteases, see 
below) also secreted free ubiquitin. This ubiquitin secretion was not seen in the parent 
non-elafin-producing strains, neither have there been other reports of extracellular 
ubiquitin. This may indicate that elafin production stresses the host cells, stimulating the 
ubiquitination system for intracellular proteolysis (section 1.3.3.2).

To study this question, we chose to investigate the expression and secretion of elafin in 
the S.cerevisiae strains in Table 2.1 and to determine if supersecretion correlates with 
reduced ability for intracellular protein turnover; whether through defects in the vacuolar 
proteases or defects in the ubiquitination cycle for intracellular protein turnover. The 
vacuole has been designated the major digestive compartment of the yeast cell fWiemken 
et a l, 1979), thus being functionally related to the lysosome of higher eukaryotic 
organisms. It contains many non-specific protease activities. The ubiquitination system 
for protein turnover, in contrast, mediates highly specific intracellular protein degradation 
(Section 1.3.3.2). However these systems are probably not completely independent, 
since in vacuolar protease-deficient strains polyubiquitinated proteins accumulate in the 
vacuole (Simeon e ta l,  1992). Heterologous peptides could be recognised by yeast cells
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as abnormal and induce higher levels of ubiquitination system activity. Should this be 
true, the use of ubi4 (deleted polyubiquitin gene) strains, or ubc4, ubc5 and ubc4ubc5 
strains (defective in ubiquitin conjugating enzymes which link ubiquitin to substrates 
destined for proteolysis; Seufert and Jentsch, 1990), might give higher and/or more 
prolonged synthesis of such heterologous proteins. This is tested here using a secreted 
product (elafin) and in Chapter 6 the effects ofubi4 on intracellular protein production is 
described. Overloading of proteolytic systems due to overexpression of elafm might force 
the cell to secrete more product into the medium. The results reported in this chapter 
indicate that this is not the case, as neither a vacuolar protease defective strain nor a strain 
lacking the UBC4 and UBC5 ubiquitin conjugating enzymes secretes increased elafin. 
Unexpected results obtained using the ubi4 mutant revealed that a certain ubiquitin level 
must be present in the cell for efficient secretion of elafin and in Chapter 4 it is shown that 
elafin secretion can be greatly increased by ubiquitin overexpression.

3.2 Results

3.2.1 Reconstruction of plasmids pDP280, pDP298, pDP299

The elafin secretion vectors provided by Zeneca Pharmaceuticals (pDP280, pDP298, 
pDP299) were made by fusing an in vitro synthesised elafin coding sequence (codon- 
optimised for expression in yeast) to different portions of leader and pro-region 
sequences of the M Fal a-factor precursor, a sequence expressed under the control of 
M F a l  promoter and AD H l terminator sequences. These constructs (Figure 3.1 A ) 
differ only in the use of either the leader peptidase (pDP298), the KEX2 (pDP299) or the 
STE13 (pDP280) endopeptidase recognition sequences to generate the authentic alanine 
N-terminus of mature elafin (Figure 3.1 A, B and C). Work at Zeneca has shown that all 
three of these expression cassettes direct secretion of mature elaHn by S.cerevisiae^ 
except the pDP280 cassette which gives some N-terminal heterogeneity due to incomplete 
STE13 endopeptidase cleavage of Glu-Ala spacers (D.Pioli, personal communication). 
Reliance on STE13 for maturation has been shown to give incomplete processing in other 
heterologous gene expression studies (Brake et a i, 1984; Bitter et al. y 1984).

All the Zeneca plasmids used LEU2 selection for maintenance in yeast. Since some of the 
strains needed for this work were not leu2 strains the secretion cassettes were transferred 
to the URA3 selection vector YEplacl95 (Geitz and Sugino, 1988). To do this the 
M F al promoter-elafin fusion was purified as EcoRl plus Sail fragments from plasmids 

pDP280, pDP298 and pDP299 and ligated into the EcoRl and Sail linearised YEplacl95 
(Figure 3. IB). The resulting constructs were named by adding ”5" to the names of the
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original L E V I  vectors that were used as source of expression cassette, pDP2805, 
pDP2985 and pDP2995 (Figure 3.IB). pDP2805 contained Signal Peptidase, KEX2 and 
STE13 processing sites; pDP2995 Signal Peptidase and KEX2 processing sites; and 
pDP2985 only the Signal Peptidase site (Figure 3.1C). Unlike their parents, these new 
constructs do not have the A D H l terminator. Attempts to get rid of the Sail site 
upstream of this terminator by using BamHl and Espl to cut the original expression 
plasmid, refilling of the cohesive ends by T4 polymerase in the presence of dNTPs and 
finally joining of the resulting blunt ends by T4 DNA ligase, failed. The similar levels 
of elafin secretion by SUB61 transformed using the original and new constructs showed 
this terminator was not critical for proper expression of the elafin gene (Figures 3.3, 
3.4).
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Figure 3.1 A: Elafm expression plasmids provided by Zeneca.
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Figure 3.1 B: Construction of pDP2805, pDP2985 and pDP2995. a-factor-elafin 
expression cassettes obtained from pDP280, pDP298 and pDP299 were cloned into the 
multiple cloning site (MGS) of YEplacl95, thereby generating pDP2805. pDP2985 and 
pDP2995 respectively.
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pDP2985:

pDP2995:

pDP2805:

ATG Signal
Peptidase

Phe Ala Ala Ser Ser Ala Leu Ala. Ala Gin Glu Pro Val

MFa signal peptide ^

Signal 
ATG Peptidase 

I I

KEX2

Glu Gly Val Ser Leu Asp Lys Arg. Ala Gin Glu P ro  Val 

MFa KEX2 |

ATG
Signal
Peptidase KEX2

STE13

Ser Leu Asp Lys Arg Glu Ala Glu Ala. Ala Gin Glu Pro Val 

MFaKEX2 |  | s T E l 3 i f

Figure 3.1 C: Detailed illustration of the a-factor prepro-region fusions to elafin in 

pDP2985, pDP2995 and pDP2805. Reconstructed sites for Signal Peptidase, KEX2 and 

STE13 endopeptidase cleavage (arrows), the leader peptide (filled box), pro-region 

(hatched box) and elafin coding region (open box) arc shown. Below each gene is shown 
the sequence at the fusion of M F al and elafin sequences (the latter bold and underlined).
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3.2.2. Transformation of yeast strains with original and new 
constructs

Several of the yeast strains in Table 2.1 were transformed with pDP280, pDP298 and 
pDP299 (leucine prototroph selection) or pDP2805, pDP2985 and pDP2995 (uracil 
prototroph selection) as in Section 2.7.2. Apart from YW023 which gave a very poor 
transformation frequency, all the other strains were reasonably transformable (Table 3.1).

Transformation Efficiency

Strains Transformants / |ig plasmid DNA
pDP280 pDP298 pDP299 pDP2805 pDP2985 pDP2995

CT3c
CT3b
SUB61
ubc4-

210 218 135
193 265 133
540 530 252
308 707 145

ubc5- >500 >500 >500
YW023 6 7 5
SUB61 >300 >300 >300
SUB63 >300 >300 >300

Table 3.1 Transformation Efficiency

3.2.3 Preparation of a standard curve for elafin inhibition of 
porcine elastase

Elafm is a potent, natural inhibitor of human leukocyte elastase (HLE), a proteolytic 
enzyme present in the azurophilic granules of neutrophils. Elafin, first isolated from 
scales of patients with psoriasis (Wiedow et al, 1990), is a single peptide chain of 57 
amino acid residues, a molecular mass of 5999 daltons and 4 disulphide bridges. Elafin 
functions by binding to a single site on HLE, blocking the reactive serine at the enzyme's 
catalytic centre. The kinetics of inhibition of HLE by elafin were not completely known 
when this project started. To assay elafin in the medium of elafin-secreting yeasts, we 
used the same assay protocol as used at Zeneca. This is a colourimetric assay that
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measures the ability of elafin to inhibit porcine elastase cleavage of the synthetic substrate 
AAPV (see 2.14.1), a cleavage that causes an increase in absorbency at 405 nm. A 
sample of homogenous purified elafin provided by Zeneca was used to enable amounts 
of inhibition in the assay to be related to the absolute amount of elafin present (2.14.1). 
Figures 3.2 shows this relationship between the extent of inhibition of elastase and the 
amount of pure elafin present in the reaction. The rate of AAPV cleavage declined with 
linear increase in elafin from the initial maximal value to about 20% of this value 
(Figures 3.2 A, B). As activity slowed from 20% to about 10% the relationship was then 
non-linear, while with further increases in elafm the level of inhibition remained almost 
steady regardless of the amount of elafm (not shown). This was consistent with similar 
results obtained by Zhou et al. (1989) who proposed the explanation that the reaction of 
enzyme and inhibitor was reversible, so that significant free enzyme always exists in the 
reaction solution. This mechanism has recently been proven by systematic study of the 
kinetics of this reaction (Ying and Simon, 1993). Therefore for purposes of this study we 
always used data from assays where the level of inhibition ranged between 100% and 
20%. Figure 3.2B shows the putatively linear range of a typical inhibition calibration 
curve, using the the computer-derived best-fit line. All the calculations of medium elafin 
in this work were based on this equation. A control with only elastase plus substrate 
present in the reaction was always needed for each set of assays to give a value against 
which the percent inhibition values could be calculated.
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Figure 3.2 A.B Elastase inhibition by purified elafin. The inhibition was linear with 

increase of elafin in the reaction, from 100 % to about 20 % of initial elastase activity, 

then increasingly non-linear as the amount of elafin increased from about 100 ng to 200 

ng (A). The linear range of inhibition was used for assay of medium elafin according to 

the computer-derived best-line fit to the data (B).
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3.2.4 Processing and secretion of elafin

Yeast transformants containing pDP-series episomal vectors for elafin expression (section 
3.2.2) were selected at random and streaked on fresh selective plates. These 
transformants were then grown in shake flask batch cultures to early stationary phase in 
leucine-free or uracil-free minimal medium (YNB) so as to provide selection for the 
recombinant plasmid. After removal of the cells by centrifugation, the supernatant was 
subjected to 10-fold concentration using Centricon-3 microconcentrators (these have a 
protein cut off of 3000 daltons) and then assayed for elafin. Elafin secretion levels were 
transformant-dependent, each secretion level shown in Figures 3.3, 3.4 being the average 
of measurements obtained from three independently-isolated transformants derived from 
the same transformation. The bars are the standard deviation of the elafin assay data from 
these three cultures. The variations in secretion suggest that either (1), the expression 
plasmid exhibited variable copy number and possibly loss or rearrangement during 
growth, or (2), elafin may not be completely stable either in the culture broth or during 
the concentration process. To minimise possible instability effects all conditions of 
culturing and assaying were made as similar as possible. Nonetheless the following 
points can still be drawn from these studies:

1. The yield of active elafin was virtually the same between YW023 (the ubc4,ubc5 
double mutant) and SUB61 (the isogenic wild type).

2. The vacuolar protease defective (pep4-3) strain (CT3b) did not give a higher yield of 
elafm as compared to a PRA1+ strain of the same parentage (CT3c).

3. Opposite to our expectation, all transformants of the ubi4 strain SUB63 secreted elafin 
at lower levels than transformants of the isogenic strain SUB61.

4. The overall yield was quite low (below 1(X) |ig/l).
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Figure 3.3 Elafin secretion levels in cultures of SUB61, ubc4, CT3c and CT3b bearing 

pDP280, pDP298 and pDP299. An average value of elafin from two transformants of a 

strain bearing each of the three plasmids is shown. The bar is the standard deviation of 2 

measurements used from two separate transformants. This figure shows: (1), that there is 
relatively little difference in elafin secretion between a strain lacking the UBC4 ubiquitin 

conjugating enzyme (ubc4) and wild type cells (SUB61), and between the vacuolar 

protease defective (CT3b) and wild type (CT3c) strains; and (2), there is no consistent 

difference in elafin secretion as directed by the three plasmids (this is also shown in 

figure 3.4 below).
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Figure 3.4 Elafin secretion levels in cultures of SUB61, SUB63, ubc5 and Y W 023 

bearing pDP2805, pDP2985 and pDP2995. An average value of elafin from two 

transformants bearing each of the three plasmids is shown. The bar is the standard 

deviation of the two measurements. This figure shows: (I) as in Figure 3.3, little 

difference in elafm secretion between ubiquitin conjugating enzyme-defective strains 

{ubc5, YW 023) and an isogenic wild type (SUB61); (2) that the ubi4 mutant (SUB63) 

secreted considerably less elafin than an isogenic UBI4 wild type (SUB61).
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3.2.5 Elafin secretion by yeast integrants

To confirm that the lowered ubiquitin levels of SUB63 adversely influence elafin 

secretion (Figure 3.5) and to avoid effects of plasmid instability or variable copy number 

an integrative construct (YIplac211E) bearing the same elafm expression cassette as 

pDP2985 (Figure 3.1) and supplied by Zeneca was used. This construct contained the 
same AfFapre-region-Elafm-ADHt terminator expression cassette as pDP2985(see Figure

3.1 A and B), but inserted into Ylplac211 (Geitz and Sugino, 1988). YIplac21 IE was 

linearised by cutting at the unique EcoRV site within the vector URA3 gene and then 

integrated into the genome of SUB61 and SUB63 by selection for uracil prototrophy. 

Four integrants for each strain (named 61-IEC and 63-IEC respectively) were randomly 

picked for elafin assay. Cultivation conditions were the same as in Section 3.2.4. The 

results of elafin secretion (Figure 3.5) agreed with the conclusions drawn from 
transformants of SUB61 and SUB63 with plasmid-borne elafin genes (Figure 3.4), that 
lowered ubiquitin levels have an adverse effect on elafin secretion.

"ehs
c

u

Figure 3.5 Elafin secretion by VBM and ubi4 strains containing the lEC cassette grown 
to early stationary phase in minimal medium (YNB). Elafin secretion levels in cultures of 

4 SUB61 integrants (1-4) and in 4 SUB63 integrants (5-8) are shown. 9 and 10 are the 

average levels of these secretions by SUB61 and SUB63 respectively, the bars being the 

standard deviation. This confirmed that elafin secretion is in general 2-fold lower in ubi4 
mutant cells as compared to in wild type.

8 6



3.2.6 mRNA analysis

To find out whether the higher elafin secretion in yeast was due to higher
transcription of the elafin gene in cells with normal ubiquitin levels, transcript levels of 
the elafin and UBI4 genes were investigated. 61-IEC and 63-IEC were grown in 
succinate-buffered YNB (2.3.1) and total RNA samples prepared at different time points. 
Identical Northern blots were prepared and probed with TY transposable element 
sequences (used as a loading control), a UBI4 gene fragment (the 1.88 kb EcoRl-HincII 
fragment from plasmid pUB2, Finley et al., 1987) and the elafin gene (EcoRl-Sall 
fragment from pDP280). Figures 3.6, 3.7 show the growth curve data obtained in this 
laboratory by Kirsten Petersen (unpublished results), cultures from which I prepared 
RNA for northern analysis.

Results in Figure 3.6 show that UBI4 was expressed at lower level in 61-IEC during 
exponential growth and was induced as the cells entered into the stationary phase. No 
UBI4 transcripts appeared throughout the growth for the ubi4 strain 63-IEC (Figure 
3.7B). In contrast to 63-IEC, whose 0.9 Kb UBIl+3 transcripts were present throughout 
growth, 61-IEC cells in stationary phase did not have this strong band. The reason is not 
known but may reflect SUB63 cells expressing UBI1,3 at higher level to compensate for 
the loss of UBI4. These two strains differ only in UBI4. UBIl+3  mRNA do not 
separate on the gel, but in 61-IEC were present during log phase and switched off when 
cells were in stationary phase for as previously reported (Finley et at, 1987). These two 
transcripts appeared throughout the growth of 63-IEC which could be due to the lack of 
UBI4. Cells require ubiquitin to survive and they may obtain the basal level of ubiquitin 
by increasing UBIl-3 expression when UBI4 is not available. The elafm transcript 
seemed to be at constant level throughout growth in both strains. The increase of elafin 
mRNA in stationary samples of 61-IEC (Figure 3.6C) seemed not to be due to presence 
of UBI4 because the loading of these samples was more than that of log phase samples 
(data not shown). Therefore the increased secretion of elafin by 61-IEC as compared to 
63-IEC appeared not to be due to increased elafin transcript level (also see Figure 4.5 ).
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Figure 3.6 A.B.C Growth of 61-IEC in succinate-buffered YNB (A). RNA samples (1- 

10) were prepared at the times indicated by anows along the growth curve and used to 

prepare identical Northern blots. Tw o of these blots were probed with either UBI4 (B) or 

elafm gene (C) sequences. The fonder probe also detects the transcripts of the UBIl and 

UBI3 and a 2.6 kb transcript also described by Tanaka et a l, 1988.
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Figure 3.7 A.B.C Growth of 63-IEC in succinate-buffered YNB (A). RNA samples (1- 

9) were prepared at the times indicated by arrows along the growth curve. Identical 

Northern blots from these RNA samples were probed with either UBI4 (B) or elafin gene 

(C) sequences.
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3.2.7 Effects of medium composition on elafin secretion

S.cerevisiae has a relatively low secretory capacity, and there is still inadequate 
knowledge of the culture media and fermentation requirements for optimal secretion from 
this organism. Low secretion of elafm led us to consider possible effects of pH of the 
medium, yeast strain, growth phase and in particular the medium composition, on the 
secretion of this model product.

Bacto-yeast nitrogen base without amino acids (YNB; Difco, U.S.A.) is often used as a 
chemically defined medium that provides the salts, essential vitamins and trace elements 
for yeast culture (Sherman et a l, 1986; Treco et a i, 1989). It has the convenience of 
commercial availability, a major reason for the numerous reports of its use for culture of 
recombinant yeasts (see, for example: Bayne et ai, 1988; Bitter et ai, 1984; DaSalva and 
Bailey, 1989, 1991a, 1991b; Gu etal., 1989,1991; Jung etal., 1991; Kang etaL, 1990; 
Marten and Seo, 1989; Sode et a i, 1988). YNB medium also has disadvantages. It is 
limiting in inositol (Henry et al., 1977). Also it cannot efficiently support respiratory 
growth, therefore being suitable only for fermentative culture, ethanol being accumulated 
in both fed-batch (Gu et at., 1991) and batch aerobic YNB cultures subject to catabolite 
repression. Another problem is that secreted products sometimes become substantially 
degraded during prolonged YNB fermentation, probably due to the action of secreted 
proteases (Coppella and Dhurjati, 1989).

Some of the problems associated with use of YNB medium might be surmountable by a 
suitable nutritional supplement. We investigated the effects of various supplements to 
YNB on the production of elafin by secretion from yeast, including the widely-used 
casaminoacid supplement that allows both respiratory growth on this medium and 
selection for URA3 or TRPl vectors (Romanos et at., 1992).

Saccharomyces cerevisiae strain PM Yl.l {leu2,-3,112 his4, ura3) is a ura3 derivative 
(Kirk and Piper 1994) of a strain (PMYl) currently in industrial use for protein 
productions (Zeneca), including for elafin secretion. Therefore it was chosen for 
experiments of the effects of medium composition. A strain secreting elafin 
(PMY 1.1 (YIplac2HE)) was obtained from PM Y l.l by the integration of a M F a l  
promoter-proelafin gene fusion (plasmid YIplac211E: Section 3.2.5) into the PM Y l.l 
genome at the UR A3 locus. Integration into the genome helps to ensure high stability of 
the heterologous gene, thereby preventing the accumulation of an appreciable fraction of 
the cells as plasmid-free nonproducers, as occurs during the culture of cells containing 
plasmid-bome expression systems.
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The 4 culture media tested are given in Table 3.2. These media were succinate-NaOH 
buffered to pH7.0, the vitamin and trace element supplements, where employed, being 
added from sterile-filtered lOOx-concentrated or lOOOx-concentrated stock solutions 
respectively. Cultivation was at 28®C in a shaking incubator, the culture volume being 
50ml in a 500ml Erlenmeyer flask.

Elafin secretion and growth by a single elafin-secreting transformant derived from strain 
PM Y l.l were investigated during batch fermentation on media 1-4 (Table 3.2, Figure 
3.8 A, B and C ). On all four media secreted elafin levels were maximal by 18h, 
thereafter not showing further increase. The casaminoacid supplement to media 3 and 4 
(Table 3.2) allowed growth to higher cell densities (Figure 3.8 A), yet this was not 
reflected in a greater volumetric productivity for elafin synthesis (Figure 3.8 B). Instead, 
allowing for the higher cell densities attained on both media 3 and 4, the productivity of 
the cells for elafin secretion was reduced considerably by the casaminoacid supplement, 
especially with extended culture of 18h or more (Figure 3.8 C).
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Table 3.2 Media Tested in Batch Fermentation Studies

Medium Composition
1 2%(w/v) glucose, YNB*
2 2%(w/v) glucose, YNB*, supplements**
3 2%(w/v) glucose,YNB*, 0.5%(w/v) Bacto-casaminoacids(Difco)
4 2%(w/v) glucose, YNB*, supplements**, 0.5%(w/v)

Bacto-casaminoacids

Contents * ** vitamin and
Bacto YNB+ trace supplement++

Salts: (g/1)
(NH4)2S04 5.0
KH2PO4 1.0
M gS04 0.5
CaCl2 0.1
NaCl 0.1
Vitamins: (mg/1) 
d-biotin 0.002 0.1
Ca-Pantothenate 0.4 20.0
Folic acid 0.002 unchanged
meso-Inositol 2.0 40.0
Niacin 0.4 unchanged
p-Aminobenzoic zcid 0.2 unchanged
Pyridoxine-HCl 0.4 10.0
Riboflavin 0.2 unchanged
Thiamine-HCl 0.4 40.0
Trace elements i (mg/1) 
H 3BO 3 0.5 unchanged
CuS04 0.04 1.6
K1 0.1 unchanged
FeCb 0.2 16.0
M nS04 0.4 8.0
Na2Mo4 0.2 unchanged
ZnS04 0.4 6.0

+ Data taken from Difco manual. 30mg/1 leucine, 20mg/l histidine and 20mg/l uracil 
were also present in all media in order to satisfy the auxotrophic requirements of strain 
PM Yl.l
-H- These are final concentrations and, except for the replacement of FeSO 4 by FeCl 3, 
are the vitamin and trace element concentrations in the medium of Rieger e td  .,(1983).
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Figure 3.8 A Growth of PMYl.l(YIplac21 IE) on media 1, 2, 3 and 4 (Table 3.2). 
Samples were taken for medium elafin assay at the times (2, 11, 18 and 22 hours) 
indicated by the arrows.
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Figure 3.8 B Medium elafin levels during batch culture of PMYl.l(YIplac211E) on 
media 1, 2, 3 and 4, (Table 3.2). Cultures were grown on these media for 22 hours, 
medium elafm being assayed at the times indicated by the arrows in A.
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Figure 3.8 C The productivity of cells for elafin synthesis during batch culture of 

PM Yl.l(YIplac21IE) on media 1-4 (Table 3.2). Cellular productivity is expressed as 

medium elafin per OD550 unit of the culture.
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3.3 Discussion

The main conclusions of the work in this chapter were:

1. The fusions of different portions of the a-factor pre-pro sequences to the elafin gene, 

requiring either signal peptidase, KEX2 or STE13 processing for the production of 
mature elafin result in almost the same level of secretion of active elafin into the medium. 
Hardly any elafin activity was found in total cell protein extracts, indicating low levels of 
intracellular elafin (data not shown), the elafin synthesised by the different yeast 
transformants appearing to be efficiently processed and rapidly secreted. It seems to exit 
the cell by the classical secretory pathway, not by other mechanisms of protein export 
(Kuchler, 1993) since it is correctly processed according to its processing signals 
(D.Pioli, unpublished). These results indicate that, at least for elafin secretion, the M Fal 
signal sequence alone can provide the amino acid sequence information necessary for 
efficient elafin secretion.

2. Comparisons between a vacuolar protease deficient strain (CT3b) and PRA1+ strain 
(CT3c); also ubiquitin conjugating-enzyme deficient strains {ubc4, ubc5 and ubc4,ubc5) 
and an isogenic wild type (SUB61), revealed no obvious differences in elafin secretion as 
a result of these deficiencies for intracellular protein turnover. This indicates that yeast 
cells do not necessarily respond to defects in intracellular protein turnover by removing 
more protein from the cell through its secretion and that strains with such defects are not 
"supersecretors ".

3. Contrary to our expectation that a ubi4 strain (SUB63) might produce more elafin 
than a strain (SUB61) wild-type for ubiquitin genes, due to its lowered ubiquitin levels 
lowering activity of the ubiquitination system for intracellular proteolysis, SUB63 
secreted reduced amounts of elafin. This was demonstrated in two separate sets of 
experiments (Figures 3.2, 3.3 and 3.6), and was observed irrespective of whether the 
elafin cassette was carried on a plasmid or integrated into the genome. This result 
strongly suggests that ubiquitin may play a role in assisting elafin secretion.

4. Studies of ubiquitin and elafin mRNA levels during the growth of 61-IEC and 63-DEC 
showed that the increased elafin secretion in the former was not due to increased 
transcription of the elafin gene in the presence of dJJBI4 gene, suggesting that ubiquitin 
benefits elafin secretion at a post-translational step in gene expression. Results in Chapter 
4 (Figure 4.5) also indicate this.

95



5. Secretion of elafin is low amongst all the strains used although improvement was made 
by using PM Y l.l and by buffering the medium. No improvement in productivity 
resulted from adding casaminoacids to the YNB (Fig 3.7C). It is probable that the ability 
of cells to secrete elafin is strain-dependent

6. Bacto casaminoacids, an acid hydrolysate of casein, is deficient in both uracil and 
tryptophan. For this reason it is often employed as a supplement to defined yeast media 
that permits respiratory growth, the attainment of higher cell densities and selection for 
plasmids bearing the URA3 or TRPl genes (Romanos et a l, 1992). This study shows 
that the higher biomass yields obtained by casaminoacid supplementation to YNB did not 
automatically guarantee an enhancement to product yields by secretion. While these 
improvements to cell yield (Figure 3.7 A) may be beneficial for intracellular productions, 
cellular productivity for elafin secretion is dramatically decreased (Figure 3.7C). Whether 
this was due to reduced product secretion during the latter stages of fermentation on 
media 3 and 4, or an enhanced instability of product in the culture broth during extended 
culture on these media was not investigated. The widely employed casaminoacid 
supplement to YNB does not therefore allow more efficient production of at least one 
secreted product in batch yeast culture.
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Chapter 4 Effects of UBI4  overexpression on extracellular productions 
of elafin, a-factor, hydrogen peroxidase and acid 

phosphatase

4.1 Introduction

The finding that elafin secretion was significantly reduced by the ubiquitin 
underexpression of strain SUB63 (Figure 3.4) led us to investigate whether 
overexpression of ubiquitin might have the converse effect, causing levels of elafin 
secretion to be higher than with (I/B/4+) strains wild-type for ubiquitin genes.

Ubiquitin is a key component in the universal and highly conserved ubiquitin-dependent 
degradation system in eukaryotic cells (Section 1.3.2). During normal yeast growth 
ubiquitin is mostly derived from U BIl-3y but expression of UBI4 is turned on under 
conditions of respiratory growth, heat treatment, treatment with DNA damaging 
alkylating agents, cadmium and amino acid analogues, nutrient limitation and a/a diploid 

sporulation (Finley et a l, 1987; Tanaka et a l,  1988; Treger et a l,  1988; Fraser et a l, 
1991; Jungmann et a l,  1993; Cheng et a l, 1994). There may be limits to how much 
overexpression of free ubiquitin cells will tolerate in view of the chaotropic effects of 
ubiquitin on protein structure (Wenzel and Baumeister, 1993). A vector for galactose- 
inducible overexpression of ubiquitin was constructed, so as to study the effects of this 
overexpression both on secretion of elafin and other proteins (this Chapter) and on cell 
physiology (Chapter 5).

4.2 Construction of an integrative vector (YIpGUB) containing a 
G ALl prom oter-l/B /4 gene fusion

An integrative vector (YIpGUB) containing a galactose-inducible polyubiquitin gene 
(hereafter termed "CUB cassette") was constructed as follows: (i) part of the UBI4 gene 
containing the complete coding region, from the EcoRl site a t -148 (relative to the ATG) 
to the HincII site at +1730, was isolated from plasmid pUB2 (Finley et a l, 1987), then 
made blunt ended and tailored with BamHl termini using BamHl linkers as in Sambrook 
et a l (1989); (ii) this fragment was inserted at the BamHl site of pBM150 (Johnston and 
Davis, 1984) downstream of the GALI promoter of this plasmid, so as to generate a 
plasmid with a GALI promoter-UR/4 gene fusion (pGALUR/4); (iii) the G ALI 
promoter-UR/4 gene fusion of pGALUR/4 was excised as a 2.84 Kb EcoRl plus Sail 
digestion product and cloned into EcoRl plus Sail-cleaved YIplac204 (Geitz and Sugino, 
1988) thereby generating the vector YIpGUB. This construction is summarised in Figure
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4.1. Colony hybridisation was employed to quickly screen a large number of E.coli 
transformants for VBM  sequences, assisting isolation of pG A L f/5 /4—and YIpGUB- 

bearing clones. Restriction analysis using Bam H l, P stl, EcoRV, EcoRl and Bglll in 

either single or double digestion identified the correctly oriented V B M  gene in 

pGAL(/B/4 cassette (data not shown).

BamHl
I

BamHl

+1730-148

UBI4 gene (1.88Kb) from pU82

MCS

TRPl

EcoRV

RPI C/KLIp"

EcoRl BamHl Sail

Amp

GUB

> BamHl
‘Sail

Figure 4.1 Construction of an integrative vector (YIpGUB) containing a GALI 
promoter-Ufi/4 fusion.
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4.3 Analysis of UBI4  overexpression in SUB61 and SUB63

4.3.1 Chromosomal integration of the GUB and lEC expression 
cassettes

Integration of YIpGUB at the trpl allele of yeast strains used YIpGUB cleaved at its 
unique EcoRV site within the TRPl gene of YIplac204-derived sequences and selection 
for tryptophan prototrophy by the transformation procedure of Geitz et al. (1992). This 
integration at the trpl allele of strains SUB61 (a leu2 trpl ura3 his3 UBI4) and SUB63 (a 
leu2 trpl ura3 his3 ubi4::LEU2) (Finley e ta l, 1987) generated strains 61-GUB and 63- 
GUB respectively. Integration into the 61-IEC and 63-IEC previously obtained by 
integration of YIplac211E (section 3.2.5) also used EcoRV-cleaved YIpGUB and 
selection for tryptophan prototrophy, thereby generating 61-GUB-IEC and 63-GUB-IEC 
respectively.

4.3.2 In vivo overexpression and stability of ubiquitin

Total soluble protein extracts were prepared (Section 2.10.1.1) from SUB63, 63-IEC, 
63-GUB, 63-GUB-IEC growing on glucose YNB and galactose YNB. Analysis of these 
extracts on Coomassie stained 16% PAGE gels failed to reveal a distinct ubiquitin band 
(Figure 4.2A). There is no easy ubiquitin assay method since free ubiquitin is not 
quantitatively retained by membranes during Western blotting (unpublished 
observations). Therefore pulse-labelling experiments were conducted to demonstrate the 
overexpression of ubiquitin in GUB cassette-containing strains and investigate the 
stability of this ubiquitin in the cell. The ubiquitin molecule has one N-terminal 
methionine but no cysteines enabling pulse labelling by sulphur (added to the culture 
medium as p^S]-H 2 S0 4 ). To obtain the best incorporation of P^S] into ubiquitin, 
SUB63 (a control) and 63-GUB were grown in sulphur-free medium (Stevens et a i, 
1986) to an OD550 of about 0.7, the cells harvested and resuspended in fresh sulphur- 
free medium, labelled with p^S]-H2 S0 4  and then chased for 30 min with Na2 S0 4  (see 
Section 2.9). At the end of the labelling and chase period total soluble protein was 
extracted (Section 2.10.1.1) and 100,000 dpm of each extract loaded per slot onto both a 
tricine-SDS gel (Huang and Matthews, 1990) and a conventional 10% SDS-PAGE gel. 
Autoradiographs of sample gels are shown in Figures 4.2 B and C.

It was evident from the tricine-SDS gels that free ubiquitin was overproduced in 61-GUB 
(data not shown) and 63-GUB (Figure 4.2C) grown on galactose. Ubiquitin from 
SUB61 grown in glucose and galactose could hardly be seen on gels of pulse-labelled
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proteins (data not shown) preventing estimation of the increase of ubiquitin in galactose 
induced 61-GUB and 63-GUB. However this result showed that ubiquitin was being 
overproduced. Also northern blot analysis (Figure 4.5) indicated at least a 50-fold 
overproduction of UBI4 transcripts with induction of the GUB cassette of 63-GUB and 
63-GUB-lEC. The growth of 61-GUB cells on galactose was almost identical to that of 
SUB61 (Figure 5.1), demonstrating that the yeast cell can endure high expression of 
ubiquitin with little effect on growth. In addition, apart from the t . ubiquitin band, the 
protein patterns were the same between those strains lacking and those possessing the 
GUB gene grown in galactose. Furthermore, labelling of the overexpressed ubiquitin did 
not increase as labelling period was increased from 20 min to 170 min (Figure 4.2C), 
suggesting that the maximal ubiquitin level allowed by GUB expression in the cell may 
be limited by an intrinsic instability of the overexpressed ubiquitin. There is no literature 
on the stability of ubiquitin in any cell type, and these experiments may be the first 
attempt to measure whether ubiquitin is unstable.
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Figure 4.2 Analysis of total cell proteins in SUB63, 63-IEC, 63-GUB and 63-GUB- 
lEC: A Coomassie-stained 16% gel of total cell protein samples, used to show the 
similarity of the proteins of strains grown in glucoseYNB (no. 1-4) and in galactoseYNB 
(no.5-8). Not surprisingly there were no additional stained protein bands when 
comparing 63-IEC (2,6), 63-GUB (3,7) and 63-GUB-IEC (4,8) to the control SUB63 
(1,5), grown either in glucose or in galactose. B and C: Cells labelled on sulphur-free 
medium (galactose) for different time intervals and then chased for 30 min using cold 
Na2 S0 4  as in Methods. SUB 63 cells were labelled for 20 min (lane 1), 50 min (lane 2) 
and 63-GUB cells labelled 20 min (lane 3), 50 min (lane 4), 110 min (lane 5) and 170 
min (lane 6 ). B, C: Low molecular weight labelled proteins were analysed on a Tricine 
gel in (C), the position of nonradioactive ubiquitin being indicated to the right of the 
figure. High molecular weight labelled proteins from the same samples were analysed on 
a conventional 10 % SDS gel in (B), positions of nonradioactive M.W. markers being as 
indicated.
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4.4 Enhanced secretion of elafin by overexpressing free
ubiquitin  in vivo

4 .4 .1  Polyubiquitin gene overexpression increases elafin
secretion

Cultures of 63-IEC, 63-GUB-IEC, 61-IEC and 61-GUB-IEC were grown in 50 ml 
YEPD to mid-log phase, then divided into two portions which were resuspended in either 
glucose YNB or galactose YNB prior to further growth. Growth of galactose YNB cultures 
was terminated when the OD550 reached about 3 (after 36 h further growth) and 3.4 (at 
60 h) (early and late stationary phases) respectively. The growth of glucose YNB cultures 
were terminated at OD550 values of 2.8 (after 36 h) and 3.1 (after 60 h) respectively. 
The culture supernatants were then concentrated 10-fold, where appropriate, with 
centricon-3 microconcentrators and elafin levels measured as in Section 2.14.1. Figure
4.3 shows that 61-IEC and 63-IEC growing on galactose YNB exhibited very slightly 
higher levels of elafin secretion than on glucose YNB, but that 61-GUB-IEC and 63- 
GUB-IEC showed dramatically higher elafin secretion on the galactose YNB.

Ubiquitin overexpression resulted in about 10-fold increase in elafin secretion by 63- 
GUB-IEC on transfer from glucose to galactose, since a strain (63-IEC) completely 
isogenic to 63-GUB-IEC but for the lack of the GUB cassette showed much smaller 
increase in elafin secretion when transfered to galactose (Figure 4.3 a and b). Levels of 
elafin secreted by 61-GUB-IEC on galactose were similar to these secreted by 63-GUB- 
IEC (increasing 7 fold increase as compared to the strain (61-IEC), isogenic but for lack 
of the GUB cassette Figure 4.3a), the later strain showing no significant increase in elafin 
secretion on galactose. The extent of the increase in secreted elafin by GUB-bearing 
strains on galactose indicated by elafin assay was also confirmed from analysis of total 
secreted protein on SDS-Tricine gels (see Figure 4.4a). Since it results from a single, 
defined genetic change to the expression host, and is not seen in strains completely 
isogenic but for lack of the GUB cassette (61-IEC, 63-IEC) this dramatic increase in 
elafin secretion on galactose by strains containing the GUB cassette is caused by the high 
polyubiquitin gene expression, not the use of galactose as a carbon source. It is 
interesting however that the reduced elafin secretion by ubi4 cells growing on glucose 
(Fugures 3.4, 3.5 and 4.3a) was not apparent during growth of these cells on galactose 
(compare 63-IEC and 61-IEC, Figure 4.3a).
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Figure 4.3 Elafin secretion levels in 63-IEC, 63-GUB-IEC, 61-IEC and 61-GUB-IEC 

grown in glucoseYNB or galactoseYNB for 36 hours (a) and 60 hours (b) (only data on 

63-IEC, 63-GUB-IEC are shown for the 60h time point). Data are the mean results from 

two separate experiments, the SD of these elafin determinations being indicated.
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4.4.2 The increased elafin secretion with polyubiquitin gene
overexpression confirmed by pulse labelling

Elafin has 1 methionine and 8  cysteine residues and therefore is labelled readily by P^S]- 
H 2 SO 4 . SUB63, 63-IEC, 63-GUB and 63-GUB-IEC were grown in sulphur-free 

minimal media (either glucose or galactose) to an OD550 of about 0.7. The cells were 
washed, resuspended in the same media and left on the bench to recover 30 min before 
being labelled with p^S]-H2 S0 4  for 30 min and chased with Na2 S0 4  for 45 min (Section 
2.9). Supernatant, periplasmic and intracellular protein fractions were then prepared as in 
Stevens et al.y 1986. The supernatant fractions were concentrated 3 fold, 15,000 cpm of 
total protein from these fractions being loaded onto each lane of a Tricine gel. This gel, 
shown in Figure 4.4a, shows: (i) that elafin is only secreted by cells with the lEC 
cassette; (ii) an approximate 10-fold increase in elafin labelling in 63-GUB-IEC cells on 
galactose as compared to 63-IEC; and (iii) the absence of appreciable levels of free 
ubiquitin secreted into the supernatant, even with GUB expression although ubiquitin 
will be labelled much less efficiently than elafin in these experiments. The equivalent 
SUB61-derived strains grown and analysed in the same way gave similar results (Figure 
4.4d).
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Figure 4.4 a,b, c and d: Analysis of total secreted protein (a), periplasmic protein (b) 
and intracellular protein (c) in SUB63, 63-IEC, 63-GUB and 63-GUB-IEC during 
growth on glucose and galactose. Low molecular weight labelled secreted proteins are 
analysed on a Tricine gel in (a), the relative positions of nonradioactive M.W. markers, 
ubiquitin and elafin being indicated to the right of the figures. Periplasmic proteins, 
released from labelled cells by zymolyase treatment in isotonic solution (Section 2.9) and 
intracellular proteins, are shown analysed on conventional 16%SDS gels in b and c 
respectively. The relative positions of nonradioactive M.W. markers, elafin and ubiquitin 
are indicated. Total secreted protein from SUB61 (lane I), 61-IEC (lane 2) and 61-GUB- 
IEC (lane 3) was also analysed on a 16% gel (d).
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4.4.3 The increased elafin secretion with GUB cassette expression
is not due to increased transcription of the elafin gene

SUB63, 63-IEC, 63-GUB and 63-GUB-IEC were grown in YEPD to mid-log phase, 
then the cultures were split into two parts, being resuspended in either glucoseYNB or 
galactoseYNB and cultivated for a further 24 to 48 hours to late log phase. RNA samples 
were then made from these cultures (Section 2.6.7). lOpg of each RNA sample was 
loaded per gel slot on three identical gels, these gels then being used to prepare three 
identical blots. These blots were probed for either a loading control (PGK) mRNA whose 
levels are constant on glucose or galactose, elafin or ubiquitin mRNAs. The UBI4 gene 
probe was the 1.88 EcoRl-Hindi fragment of pB2 (Finley et a/., 1987), the elafin gene 
probe was the synthetic elafm present in the expression vector used for this study and the 
PGK gene probe was the 2.95 Kb Hindlll fragment from pBl (Piper et a l, 1988). This 
mRNA analysis indicated at least a 50-fold induction of UBI4 transcripts with galactose 
induction of the GUB cassette in 61-GUB, 61-GUB-IEC (data not shown), 63-GUB 
and 63-GUB-IEC (Figure 4.5). It also showed that this induction was having minimal 
effect on levels of elafin gene transcripts. The action of ubiquitin overexpression to 
increase elafin secretion does not therefore involve an increased transcription of the elafin 
gene (lEC), but must operate at a post-transcriptional step of elafin gene expression.
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Analysis of the JJBI4 and 
elafin mRNA levels in 
SUB63, 63-IEC, 63- 
GUB and 63-GUB-IEC 
during growth on glucose 
and galactose. Three 
identical blots were 
probed with a ubiquitin 
gene probe (a, b), an 
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growth on glucose and 
galactose. Short (a) and 
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blot probed for ubiquitin 
gene transcripts show that 
the 1.5 kb GUB cassette 
is transcribed at low and 
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galactose respectively. 
The probe also detects the 
0.9 kb transcripts of the 
VBI l  and VBI3 genes. 
Note that elafin mRNA 
levels do not increase with 
GUB expression (c).
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4.4.4 Does elafin production induce UBI4*i

UBI4 is normally expressed at low level in fermentative yeast cultures but induced to 
much higher levels of expression under specific conditions (Section 4.1). D. Pioli 
(personal communication) observed that yeast strains secreting elafin also produced 
extracellular ubiquitin, a production not seen in the non-elafm-producing parental strains. 
We therefore investigated if elafin production provides a stress to the host cells that 
induces the chromosomal UBI4 gene of 61-IEC cells. However elafin production in 61- 
IEC did not significantly induce the UBI4 gene (data not shown), an indication that 
elafin production has no major stressful effect on the cell.

4.4.5 Some of the overexpressed ubiquitin localises to the 
periplasm

There is no reported involvement of ubiquitin in the secretion process of eukaryotic cells. 
One ubiquitin conjugating enzyme (UBC6 ) locates to the ER membrane, but genetic 
studies indicate that it is involved in turnover of ER membrane proteins (Sommer and 
Jentsch, 1993). The reasons for the observed influence of VBI4 expression on elafin 
secretion (Figures 4.3 and 4.4) are therefore as yet unknown. One purpose of pulse- 
labelling experiments conducted on cells expressing the GUB and lEC cassettes was to 
identify whether there was appreciable ubiquitin secretion with GUB cassette expression. 
These p^Sj-HzSO# labellings, besides confirming the enhanced elafin secretion with 
GUB expression, did not show comparable amounts of ubiquitin secreted into the culture 
supernatant (Figure 4.4a). Instead they revealed significant amounts of free ubiquitin 
becoming associated with the periplasm (Figure 4.4b), overexpressed ubiquitin in the 
intracellular protein fraction being just detectable (Figure 4.4c). In interpreting these 
results it should be noted that elafin ( 8  cysteines, 1 methionine) will be labelled to a 
higher activity than ubiquitin ( 0  cysteines, 1 methionine) by p^S]-H2 S0 4 .

4.4.6 Immunoblot experiments with ubiquitin and elafin antisera

Western blotting experiments using antibodies against yeast ubiquitin conjugates and 
elafin were carried out to investigate the presence of free ubiquitin, free elafin and any 
covalent elafin-ubiquitin covalent conjugates present both intracellularly and 
extracellularly; also to see if elafin expression and the underexpression (SUB63), normal 
expression (SUB61) and overexpression of ubiquitin (61-GUB and 63-GUB on 
galactose) produce differences in the ubiquitinated-protein complexes in cell extracts.
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From these studies we hoped to further understand how ubiquitin (or the ubiquitination 
system) benefited elafin secretion.

Rabbit anti-ubiquitin sera were initially purchased from Sigma and Dakoplatts 
(Denmark). Later they were also raised using (2.11.6) a rabbit injected with bovine y- 

globulin conjugated ubiquitin. An antibody against elafin raised in sheep was provided 
by Zeneca.

Late-log cultures of SUB63, 63-IEC, 63-GUB and 63-IEC-GUB growing in 
glucoseYNB and galactoseYNB were spun down, and the culture supernatants 
concentrated (10-15 fold). Samples of total cell protein were also made from the cell 
pellets (Section 2.10.1.1). 40 |ig samples of total protein were loaded into adjacent slots 

of both a 12.5% PAGE gel (for analysis of higher molecular weight proteins) or a 16% 
PAGE gel (for analysis of lower molecular weight proteins such as free ubiquitin and 
elafin, 8.5 kDa, 6  kDa respectively). Identical gels were either stained with Coomassie 
blue, to ensure that protein samples were not degraded (Figure 4.2 A), or blotted onto 
nitrocellulose filters. The filters were then reacted with the appropriate antiserm by 
standard techniques of immunodetection (Section 2.12.5). Typical results are shown in 
Figure 4.6.
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Figure 4.6 Immunodetection of intracellular ubiquitin, elafin and ubiquitin-related 
conjugates on Western blots of proteins from SUB63 (lanes land5), 63-IEC (lanes 
2and6), 63-GUB (lanes 3 and 7) and 63-GUB-IEC (lanes 4 and 8 ) grown on 
glucoseYNB (lanes 1 ,2 ,3 , 4) and galactoseYNB (lanes 5, 6 , 7, 8 ). a: a blot of a 16% 
gel revealing an extra band in lanes 7 and 8  (likely to be the overexpressed free ubiquitin) 
that was detected by an antiserum against ubiquitin (raised in this work). No such band 
appeared in the glucose cultures of the same strains (lanes 3,4) with their lower ubiquitin 
levels. This suggests that the anti-ubiquitin serum had some activity against free ubiquitin 
and that 63-GUB and 63-GUB-IEC overexpressed ubiquitin on galactose. Probably not 
all the ubiquitin is retained on the filter, much of it passing through during blotting, so 
this is a qualitative not a quantitative result, b: a blot of a lower percentage (12.5%) gel 
showing a high molecular weight protein smear (probably polyubiquitinated proteins) 
detected by the anti-ubiquitin antibody in GUB-expressing cells. The appearance of the 
protein smear is similar to that found by a pulse labelling experiment (Figure 4.4c), 
suggesting that high molecular weight protein-ubiquitin conjugates existed inside cells 
when overexpressing ubiquitin. c: an identical blot to (b) but probed with an antiserum 
against elafin. This figure shows no bands specific for lEC cassette expression and no 
intracellular elafin is detected, suggesting elafin is completely secreted.
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Although ubiquitin-conjugates were detected it seemed that none of these were related to 
elafin production. As shown in Figure 4.6c these same bands were not detected when an 
identical blot was probed using an antielafin antibody. Also the band patterns were the 
same irrespective of whether the lEC cassette was present or not (Figure 4.6b,c).

Blots from gels loaded with the concentrated culture supernatants of the 4 strains grown 
on either glucose or galactose were also probed with antiubiquitin and antielafin 
antibodies but no bands were detected. It is possible that either the amounts of secreted 
elafin (and ubiquitinated-elafin if it exists) were too little to be detected, but more 
probable that the only potential cross-reacting species were free elafin and ubiquitin 
which were not adequately retained but passed through the membrane during blotting.

In order to get a more active, better quality antielafin antibody the antiserum from Zeneca 
was affinity-purified as in 2.13.2. This purified antiserum was used (with*200 dilution) 
to probe identical blots bearing the same set of concentrated supernatants as those for 
Figure 4.6c, with 10 |ig purified elafin as a positive control. Still neither free elafin nor 
ubiquitinated-elafin was detected (data not shown). Since the purified elafin band was 
seen by Coomassie staining of the gel prior to blotting (data not shown) but not visible by 
Ponceau S staining of the blot elafin apparently did not bind to the nitrocellulose 
membrane during the standard blotting conditions employed. Also it is probable that the 
supernatants contain no larger covalent conjugates of ubiquitin to elafin, since such 
bigger conjugates would probably transfer to the membrane and be detected by either the 
anti-ubiquitin antibody or the anti-elafin antibody although the experiments are not totally 
conclusive on this point.
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4.5 a -fa c to r  secretion

To see if a-factor secretion was influenced by overexpression of ubiquitin the halo assay 
for a-factor secretion was conducted as in 2.14.5. S.cerevisiae RC631 is a Mata strain 
that has ihè^st2-l mutation in the BARI protease which normally degrades a  factor, 
rendering it hypersensitive to arrest in the G 1 phase of the cell cycle by a-factor 
(Sprague, 1991). Agar plates containing glucose or galactose and a thin lawn of RC631 
cells were patched with SUB61, 61-GUB, SUB63 and 63-GUB. After the lawns had 
been allowed to grow a clear zone would develop around the cells secreting a  factor due 
to the RC631 being arrested in growth. The radius of the halo of growth inhibition is 
determined by the amount of a-factor secreted by the strain. Figure 4.7 shows that there 
was no detectable difference in the size of this zone during growth on glucose or 
galactose, with or without GUB expression, indicating that ubiquitin overexpression 
has no a major affect on a-factor secretion. lEC cassette expression also did not affect 
levels of a-factor secretion (data not shown).

B

Figure 4.7 a  factor secretion in SUB61(61), 61-GUB(61+), SUB63(63) and 63- 
GUB(63-t-) as indicated by halos of growth inhibition of a RC631 lawn. A : 
YEPD(glucose) plate; B: galactoseYEP plate. This figure shows that there was no 
obvious difference in the zone size produced by all 4 strains on either glucose or 
galactose.

116



4.6 Hydrogen peroxidase secretion with ubiquitin overexpression

The vector (pAV2) for horseradish peroxidase (HRP) expression in yeast was provided 
by Alexios Vlamis (Department of Biochemistry, University of Sussex). The 
horseradish peroxidase gene (sHRPCl) is a British Bio-technology synthetic gene coding 
for the amino acid sequence of the plant isoenzyme horseradish peroxidase Cl, codon- 
optimised for expression in yeast. It was constructed such that the alpha factor leader is 
fused upstream of sHRPCI and expression is under control of the strong constitutive 
yeast PGK promoter (Figure 4.8).

Alpha HRP tPGK oh'*

Amp

pPGK

pAV2
7.685kb

Leu-2d
2-micron

Figure 4.8 Plasmid pAV2
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4.6.1 Modification of the method for hydrogen peroxidase (HRP)
assay

SUB61 and 61-GUB were transformed with the expression vector with no sHRPCI 
gene insert (transformants SUB61 (pMA301) and 61-GUB (pMA301) respectively) or 
the same vector with sHRPCI insert (transformants SUB61(pAV2) and 61GUB(pAV2) 
respectively).

The activity of HRP secreted by SUB61(pAV2) and 61-GUB(pAV2) proved to be 
extremely low using substrate ABTS [2.2'-Azinobis (3-ethylbenz-thiazolinesulfonic 
acid)] as suggested by A.Vlamis (data not shown). This is consistent with A. Vlamis's 
results using other yeast strains (personal communication). Other peroxidase assay 
protocols are available but appear too complicated (Maehly, 1955) for a study that 
required a quick and sensitive assay with which to compare HRP secretion efficiency by 
SUB61 and 61-GUB.

A number of analytical methods have been devised for the identification and 
quantification of HRP. One of these specifically detects hydrogen peroxide (Frew et a l, 
1983) using the principle that hydrogen peroxide couples oxidatively with 4- 
aminoantipyrine and phenol to yield a quinoneimine dye with a maximum absorption at 
505 nm (e = 6.4 X ICPmol'^cm"^):

peroxidase
2 H2O2 + 4-aminoantipyrine + phenol......................-^Chromagen + 4 H2 O

We used this reaction but modified the standard assay by adding excess substrates 
(H2O2 .4-aminoantipyrine and phenol) so that any absorption at 505 nm above the control 
(non-HRP producing) strain should result from the presence of HRP in the supernatant 
produced by the pAV2 harbouring strains. Early stationary cultures grown in either 
glucoseYNB or galactoseYNB buffered with 50 mM MOPS (pH 7.0) were spun down 
and the supernatant either concentrated using centricon 10 concentrators or diluted with 
water. To a 1 ml cuvette 200 [il of the supernatant, 8(X) jil of working reagent [6 ml H2O 

and 4 ml reagent [100 ml reagent solution contains 0.468 g phenol, 0.2 g 4- 
aminoantipyrine, 1 ml potassium phosphate buffer (0.1 M pH7.0), 20 |il 30% H2 O2  and 

H2O to 100 ml)] were added. After 2 hours at room temperature the pink absorbency at 
at 505 nm was read. 800 |il of reagent mixed with 200 jxl H2 O was used as the 

reference. One unit of HRP is defined as giving 1 OD505nm unit. The modified HRP 
assay under these conditions proved successful although there was a background 
produced by the non-HRP producing strain due to spontanous oxidation of 4-
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aminoantipyrine and phenol by the H2O2 in the reaction. The background however hardly 
reached 0.2 unit per OD550 cells (Figure 4.9) whereas peroxidase-producing strains 
gave higher results, the maximum being about 1.3 units of peroxidase (Figure 4.9). 
Figure 4.9 shows that in GUB induction medium (galactoseYNB) secretion of HRP by 
61-GUB(pAV2) was about 2 times greater than by SUB61(pAV2). In contrast these two 
strains gave no difference in HRP secretion when grown in non-GUB-inducing 
conditions (glucoseYNB). This indicates that ubiquitin overexpression slightly enhances 
the inefficient HRP secretion by yeast, but not to the same extent as it benefits elafin 
production.

liCU ^

2

1

42 3 5 6
Strains

Figure 4.9 HRP secretion expressed as relative productivity (units/OD550 unit of cells) in 
61-GUB(PMA301) (a negative control) (1) and (4), SUB61(pAV2) (2) and (5), and 61- 
GUB(pAV2) (3) and (6 ) grown to early stationary phase in either glucoseYNB (1,2 and 
3) or galactoseYNB (4, 5 and 6 ). Bars show SD of the average of two experiment 
results. This figure shows that, in galactose, 61-GUB(pAV2) produced more HRP than 
SUB61(pAV2) (compare HRP levels in 5 and 6 ) whereas in glucose medium these two 
strains gave similar HRP yield (2 and 3).
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4.7 Yeast acid phosphatase secretion

It has long been known that a non-specific phosphomonoesterase, acid phosphatase, 
occurs on the outer cell surface of S.cerevisiae (McLellan and Lampen, 1963). The 
promoter of the PH03 acid phosphatase gene is constitutive, but that for PH05 is about 
50-fold inducible by lack of inorganic phosphate and it has for this reason been used 
extensively for regulatable foreign gene expression (Hinnen et al, 1989). This naturally 
exported, readily assayed product was used to examine the effect of overexpression of 
ubiquitin on a protein (other than a-factor) normally exported from the yeast cell. Three 

strains (SUB61, 61-GUB and SUB63) were grown in phosphate-free minimal medium 
(YNB) containing either glucose or galactose. Samples of each culture were withdrawn at 
different growth stages (Figure 4.10) in order to measure extracellular acid phosphatase 
levels in a standard assay (Section 2.14.2). Figure 4.10 shows: (1), acid phosphatase 
secretion was highest when cells were in exponential phase, becoming lower on approach 
to stationary phase; (2 ), there appears to be no significant difference in acid phosphatase 
secretion amongst ubi4y wild type and UBI4 overexpressing strains (SUB63, SUB61 
and galactose-grown 61-GUB).
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Figure 4.10 Secretion of acid phosphatase. Acid phosphatase specific activity (B for 
glucose cultures and D for galactose cultures) of SUB61 (o), SUB63 ( ■) and 61-GUB 
(□) grown in glucoseYNB (A) and in galactoseYNB (C). Samples were withdrawn at the 
different growth stages indicated by arrows (1-5) for activity assay.
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4.8 D iscussion

This study is the first to show that changing the levels of free ubiquitin in an expression 
host can influence its ability to secrete a recombinant product. Eukaryotic cells naturally 
synthesise a small number of proteins as ubiquitin-CBP fusions (Finley etal. 1989). 
These fusions undergo rapid and complete proteolytic cleavage following synthesis to 
produce free ubiquitin and CEP, natural human ubiquitin-CEP fusions functioning 
correctly in yeast (Monia et a l, 1989; 1990b). The intracellular synthesis of certain 
protein products as the C-terminal (CEP) part of a ubiquitin-CEP fusion is a well- 
established way of enhancing their synthesis\stability. It possibly acts by blocking the 
rapid degradation of otherwise unstable proteins. Also, it can generate a protein with any 
desired N-terminus, since ubiquuitin hydrolase processing of ubiquitin fusion proteins in 
vivo is largely independent of the amino terminus of the protein fused to ubiquitin 
(Finley and Chau, 1991; Jentsch, 1992). A number of recombinant proteins have already 
been made intracellularly in yeast as such ubiquitin-CEP fusions (for a list of these, see 
Rian et a l, 1993).

The approach adopted here is a fundamentally different way of using ubiquitin to increase 
productivity. Instead of expressing the recombinant product as a covalent fusion with 
ubiquitin, it operates by increasing the expression of free ubiquitin within the host cell. 
Also it is used to improve production by secretion, not intracellular synthesis. Alteration 
of polyubiquitin gene expression has not previously been reported to increase the 
expression of a recombinant product in any expression host. Also there is no publication 
that provides any indication that free ubiquitin synthesis or levels influence product 
secretion. While the expression of ubiquitin-CEP fusions will inevitably lead to 
somewhat increased synthesis of free ubiquitin as these fusions undergo cleavage in the 
cytosol, the main function of this expression strategy is to increase the intracellular 
synthesis or stability of the CEP component (Monia et a l, 1990b; Ecker et a l, 1989). 
Also expression as ubiquitin-CEP fusions is not a strategy so far adopted, to our 
knowledge, as a means of increasing the expression of secreted products.

Polyubiquitin gene expression affects elafin secretion at a post-transcriptional step in 
elafin gene expression (Figures 4.3,4.4,4.10), but the identity of this step is completely 
unknown and should be a subject of further study. Halo assays (Figure 4.8) of a-factor 

secretion and assays of acid phosphatase production (Figure 4.10) have shown that these 
two naturally secreted proteins are unaffected by ubiquitin overexpression. In contrast the 
inefficient secretion of recombinant HRP appears to be assisted by ubiquitin 
overexpression (Figure 4.10). Not all secreted proteins are therefore influenced by
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ubiquitin levels. However, further studies, such as localisation and characterisation of 
ubiquitin and ubiquitin conjugates, may lead to the identification of novel enzymes and 
mechanisms involved in assisting elafin secretion (Chapter 7). There needs to be: (i) a 
characterisation of the protein classes whose secretion is affected by ubiquitin levels; and 
(ii) detailed study of the molecular mechanisms behind the involvement of ubiquitin in 
secretion. Further investigation into expression of a wide variety of secreted products and 
protein domains in our ubiquitin under- and overexpressing strains should provide more 
information on which secreted products are affected by ubiquitin level. Ubiquitin 
overexpression will probably benefit the secretion of only certain protein classes (these 
possibly including small, extensively-disuphided, unglycosylated proteins similar to 
elafin, for example pancreatic RNase). It is of vital importance to know the protein 
features or structures which will cause secretion of these proteins to be affected by 
ubiquitin level, so as to establish how generic the benefits of high ubiquitin levels may 
be to protein secretion in general.

Strains deficient in two ubiquitin conjugating enzymes (UBC4 and UBC5) displayed no 
difference in elafin secretion as compared to a wild type strain (Figure 3.3, 3.4). 
However use of other ubiquitination defects might reveal an involvement of a transient 
ubiquitination of elafin, even though no evidence for ubiquitin conjugation of elafin was 
obtained (Figure 4.6 a,b, c). Identification of whether strains with these defects show 
any defect to elafin secretion should identify if covalent ubiquitination is involved in 
elafm secretion.

Investigation of ubiquitinated proteins by probing western blots of total cell protein with 
suitable antisera, also use of strains with well-defined mutations in secretion, should 
enable identification of the specific step of secretion at which ubiquitin acts. We have 
found ubiquitin overexpression causes considerable ubiquitin in the periplasm (Figure 
4.4b). The extent to which this occurs in sec mutants should help to unravel how 
ubiquitin (which lacks a signal peptide) can be secreted.

There needs also to be an investigation of the possibility of ubiquitin functioning as a 
molecular chaperone. Ubiquitination of a protein does not always precede proteolysis of 
that protein (Section 1.3.3.7). It is proposed that ubiquitin plays a chaperone function in 
assembly of certain ribosomal proteins into the ribosome (Finley et al., 1989). Molecular 
chaperones function by recognising structural features of the interactive surface of the 
targeting protein and binding to this feature noncovalently to form a stable complex. Low 
etal. (1993) used immunogold electron microscopy with antibodies which primarily 
detect ubiquitin-protein conjugates to observe ubiquitin-conjugate-specific gold particles
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enriched several fold in acid phosphatase-positive lysosomes (transport vesicles) and 
multivesicular bodies in insect Sf9 cells, an implication that ubiquitin is involved in the 
biogenesis of lysosome-related organelles. This also indicates a pathway in which 
primary lysosomes fuse with multivesicular bodies to generate mature lysosome related 
structures. If this is true of the interaction between ubiquitin and elafm it could explain, to 
some extent, why overexpressing ubiquitin helps more elafm to be secreted. Proteins can 
be rendered susceptible to proteasome degradation merely by incubation with free 
ubiquitin, this ubiquitin participating in a tight noncovalent interaction to keep these 
proteins in a partially unfolded state (Wenzel and Baumeister, 1993). Therefore ubiquitin 
may assist elafin secretion by acting in a chaperone-like capacity, keeping newly- 
synthesised proelafin in open conformation at that most crucial step of secretion, the 
translocation into the ER lumen.

Finally, an easily assayable enzyme or protein should be used as a model for the above 
research because elafin is not as readily assayable as certain enzyme activities and is not 
quantitatively retained on solid supports such as nitrocellulose membrane, therefore 
making Western analysis difficult.
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Chapter 5 Physiological effects of UBI4  overexpression on the cell

5.1 Introduction

As discussed earlier (Section 1.3.2.2), the polyubiquitin gene of S.cerevisiae^ is 
expressed at a low level in vegetative cells, but at much higher levels under conditions of 
completely respiratory growth, heat shock, treatment with DNA-damaging alkylating 
agents or cadmium, starvation and a/a diploid sporulation and it contributes to survival of 

many of these stress conditions (Finley et a l, 1987; Tanaka et a i, 1988; Treger et al.y 
1988; Fraser et a l, 1991; Jungmann et al.y 1993). It also contributes to resistance to 
oxidative stress in respiratory yeast cultures (Cheng et a l, 1994). Ubiquitin is therefore 
an essential component of the stress response systems which enable cells to survive 
damaging environments. However, while considerable attention has been paid to the 
effects of ubiquitin underexpression, little is known about the effects of overexpression 
of ubiquitin. Stressful conditions probably create a need for more ubiquitin to 
counteracting depletion of ubiquitin through increased formation of ubiquitin-protein 
conjugates as aberrant-protein accumulates in the cell. Recently Nelson etal. (1993) 
demonstrated that overexpression of UBI4 could suppress the lethality of S.cerevisiae 
strains carrying the scdl-i allele causing deficiency in clathrin heavy-chain, a protein that 
mediates vesicular transport of proteins in animal cells. Higher than normal levels of free 
ubiquitin were required for turnover of the mislocalised or improperly processed proteins 
that accumulated in the absence of clathrin. In this chapter the effects of overexpression 
of UBI4 on the the growth and stress tolerance of the cell are described. Well-known 
DNA or protein damaging agents, such as heat, amino acid analogues, ethanol, arsenite, 
cadmium, paromomycin and UV light were used to stress SUB61 and 61-GUB cells, to 
see whether GUB cassette expression enhanced tolerance of the cells in these stressful 
conditions.

The noncovalent binding of ubiquitin to other proteins (Wenzel and Baumeister 1993) is a 
chaotropic action that may need to be limited in the cytosol since it could potentially 
inactivate or destabilise native proteins in vivo. This might be a reason that free ubiquitin 
is not normally present in considerable excess in the eukaryotic cell cytosol, but induced 
only under those conditions thought to necessitate more extensive protein turnover by the 
ubiquitination pathway. Another reason to investigate yeast cells engineered to 
overexpress ubiquitin was therefore to determine if this overexpression is toxic. We 
show here that the growth of GUB expressing cells is not markedly altered, but that 
certain stress tolerances are changed as compared to wild type cells.
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5.2 GUB cassette expression causes little effect on cell 
morphology or growth

The GUB gene of 61-GUB and 63-GUB causes overexpression of ubiquitin in 

galactose-grown cells (Section 4.3.2)(Figure 4.2c,4.5). However this overexpression 
does not have markedly adverse effects on growth, growth of 61-GUB on galactose 

medium being similar to that of a strain (SUB61) isogenic but for lack of the GUB 

cassette with the final biomass yields of the two strains in batch galactoseYEP cultures 

being the same (Figure 5.1). Examined by phase-contract microscopy, cells of 61-GUB 

growing on galactose had no abnormal morphology. Both SUB61 and 61-GUB had 

similar size, vacuolar morphology and the same extent of cell aggregation and budding 

(data not shown). Thus overexpression of ubiquitin does not lead to a changed cell 
morphology or slowed growth rate.

10O
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Figure 5.1: Growth of SUB61 (open symbols) and 61-GUB (solid symbols) in shake- 
flask galactoseYEP culture at 2 8 ^ .
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5 .3  U biquitin overexpression protects cells against canavanine

Canavanine is an arginine analogue that is readily incorporated into proteins in vivo, 
causing cells to accumulate aberrant protein. Using the mammalian cell cycle mutant ts85 
it has been shown that amino acid analogue-containing proteins are degraded by the 
ubiquitination pathway (Finley et al., 1984, Ciechanover et a i, 1984). The plating 
efficiency of cells of the ubi4 mutant SUB63 on canavanine is much lower than with 
wild-type cells (Finley et a i;  1987, also Figure 5.2 A and C), yet this defect is more than 
compensated for by the ubiquitin overexpression with GUB cassette expression in 63- 
GUB cells plated on galactose (Figure 5.2D). Indeed the ubiquitin overexpression with 
the GUB cassette expression of 61-GUB and 63-GUB gives a higher plating efficiency 
on canavanine than in SUB61 cells with their normal ubiquitin levels (Figure 5.2).

When overexpressing ubiquitin, tolerance to canavanine increased 90 fold in 61-GUB at 
0.8 pg/ml canavanine (compare both viability curves in 5.2B), and about 70 fold in 63- 
GUB at 0.8 M-g/ml canavanine (compare both viability curves in 5.2D). These figures 
demonstrate that lowered ubiquitin is responsible for canavanine-specific loss of viability 
in ubi4 cells. Not only can the low viability of SUB63 be restored, but tolerance of 
canavanine can be increased above wild-type levels by expressing high levels of ubiquitin 
in the cell.
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Figure 5.2: The effects of normal ubiquitin levels (strain SUB61), ubiquitin 
underexpression in the ubi4 mutant (strain SUB 63) and ubiquitin overexpression 
(galactose-growth 61-GUB and 63-GUB) on the sensitivity of yeast to canavanine. 
Cultures of SUB61(A), 61-GUB (B), SUB63 (C) and 63-GUB (D) were spread on 
glucoseYNB plates (open symbols) or galactoseYNB plates (closed symbols) containing 
up to 0.8 |Xg/ml canavanine. Note that survival with ubiquitin overexpression (the 

galactose-grown cells in B, D) is higher than for SUB61 cultures with their normal 
ubiquitin levels and that the canavanine sensitivity of the ubi4 strain (C) is more than 
compensated for by ubiquitin overexpression (D). Data were the mean results from two 
separate experiments whose SD is indicated.
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5 .4  Ubiquitin overexpression decreases tolerance of several other
agents that cause cells to accumulate aberrant protein

The toxic effects of arsenite and cadmium for all living cells are thought to be due largely 
to disruption of the structure of cellular proteins. In man, chronic exposure to low levels 
of cadmium causes damage to kidneys and acute exposure can result in damage to a 
variety of organs and tissues (Stoppler and Piscator, 1985). Cadmium reacts with thiol 
groups and can substitute for zinc in certain proteins (Vallee and Ulmerr, 1972). The 
lethal action of cadmium has also been attributed to its causation of oxidative damage 
(Stadtman, 1990). Paramomycin is a aminoglycoside antibiotic that not only inhibits 
translational elongation in yeast, but also causes a high frequency of translational errors 
(Tuite and Mclaughlin, 1984; Grant et a l, 1989). All three of these agents induce heat 
shock proteins in yeast (Grant et al, 1989, Sanchez et a l, 1992). In yeast, the ubiquitin- 
dependent proteolysis pathways are activated in response to cadmium exposure and 
mutants in either ubiquitin-conjugating enzymes or the ubiquitin mediated-multisubunit 
proteasome show hypersensitivity to cadmium (Jungmann et a l, 1993). Cadmium 
resistance is therefore mediated by ubiquitin-dependent proteolysis, both cadmium 
(Jungmann et a l, 1993) and paromomycin (Grant et a l, 1989) acting as inducers of the 
single polyubiquitin gene in wild-type yeast. Arsenite is a common inducer of the heat- 
shock response, for example, it induces Hspl04 (Sanchez et a l, 1992). However, so far 
there has been no report of whether or not UBI4 is induced by arsenite.

Results from this investigation showed overexpression of ubiquitin does not increase the 
tolerance of the cell to arsenite, cadmium and paramomycin. Ubiquitin overexpression 
slightly decreased plating efficiency in the presence of sodium arsenite and cadmium 
chloride, especially at higher concentrations of these agents (Figure 5.3 A and B). Its 
effects on susceptibility to paromomycin were much more dramatic, ubiquitin 
overexpression unexpectedly causing a large reduction in plating efficiency in the 
presence of this antibiotic (Figure 5.3C), resulting in a 2000 fold difference in survival 
when cells were grown on plates containing 2 mg/ml paromomycin (Figure 5. 3C).
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Figure 5.3 The influence of ubiquitin overexpression on the sensitivity of SUB61 (open 
symbols) and 61-GUB (closed symbols) to (A) sodium arsenite, (B) cadmium chloride, 
and (C) paromomycin. Mid-log galactoseYNB-grown cells (see Methods) were plated 
onto galactoseYNB plates either without (a control) or with the stated amounts of these 
agents. Open symbols: SUB61, solid symbols: 61-GUB. Data were the mean results 
from two separate experiments the SD being indicated.
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5.5 Ubiquitin overexpression slightly increases ethanol and salt
tolerance, hut has little effect on viability at the highest 
temperatures of growth and thermotolerance at higher, more 
lethal temperatures

Exposure of SUB61 and 61-GUB to galactose medium containing either 15% ethanol 
(Figure 5.4A) or 2.5 M NaCl (Figure 5.4B) revealed the ubiquitin overexpression of the 
latter strain causing small increases in tolerance to these agents.

Heat shock to the highest temperatures that permit S. cerevisiae cell division causes cells 
to arrest transiently in the 01 phase of the cell cycle, possibly as a result of temporary 
destabilisation of cyclins. At these temperatures there is also significant cell death 
(reviewed in Piper (1993)). Underexpression of ubiquitin in the uhi4 mutant increases the 
rate of this cell death in fermentative yeast shifted from 28®C to 38.5®C (Finley et al.y 
1987), these effects of the ubi4 mutation being still more pronounced in respiratory 
cultures (Cheng et at. y 1994). However the converse is not the case, ubiquitin 
overexpression not being protective to yeast at 39.5®C (Figure 5.4 C) nor protecting it 
against the much more rapid cell inactivation at 50 (Figure 5.4D).
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Figure 5.4 Ubiquitin overexpression slightly increases tolerance of cells to ethanol (A) 
and to a salt stress (B), but has no significant influence over thermotolerance levels (C, 
D). SUB61 (open symbols) and 61-GUB (closed symbols) were grown on 
galactoseYEP to mid-log phase at 28®C, then treated with either 15% (v/v) ethanol at 
28«C(A); 2.5M NaCl at 28^0 (B); 39.50C (C); or 500C (D) in the same medium. After 
the times indicated, cells were diluted in 28®C YEPD and spread onto YEPD plates for 
viability determinations (Section 2.8.1). Data were the mean results from two separate 
experiments, the SD being as indicated.
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5 .6 Ubiquitin overexpression increases tolerance to U.V. 
radiation and suppresses the sensitivity of ubi4 cells 
to nitrogen starvation

Ubiquitin overexpression increases UVtolerance (Figure 5.5), probably because it assists 
removal of ultraviolet irradiation-damaged proteins through ubiquitination degradation. 
Table 5.1 shows yeast cells can survive a long period of nitrogen starvation (more than 
30 days). The ubi4 mutant is hypersensitive to nitrogen starvation (Finley et al., 1987) 
but overexpressing UBI4 suppresses this rapid loss of viability. It needs to be noted that, 
probably since there is a little expression of GUB in glucose (see Figure 4.5 a,b), 63- 
GUB cells in nitrogen-free glucose YNB did not die as quickly as SUB 63 (Table 5.1). 
No beneficial effects of ubiquitin overexpression on the nitrogen starvation survival of 
61-GUB as compared to SUB61 are apparent from the data in Table 5.1.

UV Light
10O

cI
0 2 4 6 8

Time(min)

Figure 5.5 Effect of ubiquitin levels on resistance to UV light. Cells were grown to mid
log phase at 28®C in galactose YEP, then diluted in water. 500 cells per plate were 
spread onto YEPD plates then exposed to UV light with the plate lid open, for various 
lengths of time (Section 2.8.2). Untreated cells were spread onto the same medium as 
controls. This figure shows UBI4 overexpression increases tolerance to UV light. Open 
symbols: SUB61, solid symbols: 61-GUB.
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Effect On Surviving Nitrogen Starvation 
(plating efficiency)

Glucose Galactose
SUB61 SUB63 61GUB 63GUB SUB61 SUB63 61GUB 63GUB

Control Plate 514 392 412 325 524 501 518 534

day 1 801 356 440 371 792 453 429 532
day 5 1185 141 721 362 3014 1058 745 904
day 1 0 2103 50 1024 356 3410 1 0 1 2 1 0 1 2358
day 30 1823 28 867 322 1948 9 1433 1721

Table 5.1 Effect of ubiquitin levels on cells surviving nitrogen starvation. Cells were 
grown at 28^0 in YEPD and galactoseYEP. Mid-log cultures were centrifuged and 
resuspended in nitrogen-free glucose or galactoseYNB (yeast nitrogen base used for this 
nitrogen starvation experiment does not contain (NH4)2S04, 0.5% Na2 S0 4  being added 
to compensate SO4 2 +). 100 ul (about 500 cells) was immediately plated on YEPD as 
control plates. The remainder of the cell suspensions were left in 28^0 and 100 [l\ were 

plated on YEPD plates on day 1,5,10 and 30.
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5.7 D iscussion

This study extends earlier observations (Finley, et ai, 1987, Tanaka, et ai, 1988, 
Treger, et ai, 1988, Fraser, et ai, 1991, Jungmann, et ai, 1993, Cheng, et ai, 1994) 
showing that ubiquitin levels can exert dramatic effects on several stress tolerances of 
yeast. Ubiquitin overexpression is not appreciably detrimental to yeast growth (Figure 
5 .IB), despite the chaotropic effects of ubiquitin on protein structure (Wenzel and 
Baumeister 1993). The most unexpected finding of this study is that ubiquitin 
overexpression has dramatically opposite effects on tolerances to canavanine (Figure 5.2) 
and paromomycin (Figure 5.3C). Both are agents that will cause in vivo synthesis of 
aberrant proteins, canavanine through being incorporated as an nonstandard amino acid 
and paromomycin through an increase in translational error frequency. Tolerance to an 
aminoacid analogue (canavanine) was considerably increased by excessive intracellular 
ubiquitin. Tolerance to UV light, NaCl and ethanol was increased slightly, while there 
was no influence on cells surviving sublethal and lethal high temperatures (39^C and 
5 0 ^ 0 , and slightly adverse effects on tolerances to arsenite and cadmium. Most 
surprisingly, overexpressing ubiquitin greatly decreased resistance to paramomycin. 
Possible explanations could be: (1), not all of the abnormal proteins generated {hese 
agents are targeted by proteolysis through the ubiquitination pathway, implying that 
different forms of stress generate different kinds of abnormal proteins; (2), ubiquitin is 
only one factor amongst several components for removal of defective protein, 
overexpression of only ubiquitin not being enough to increase the whole capacity of the 
ubiquitination system because other factors (e.g. ubiquitin ligases, ATP) might be 
limiting when cells need to get rid of large amounts of abnormal proteins; or (3), in the 
case of paramomycin it could be that the unusually high levels of active ubiquitination 
proteolysis needed to tackle this kind of stress may cause malfunction of other cellular 
processes (in this case ubiquitin becomes a stressing agent) which results in quicker death 
of the cell.

This unexpected observation generates the question: Is overexpression of ubiquitin 
always beneficial to the cell? In other words, excessive ubiquitin can provide not only 
advantages to the cell, as increased tolerance to canavanine and other forms of stress 
(Figure 5.2), but also disadvantages as in the case of decreased tolerance to 
paramomycin. During normal growth overproduction of ubiquitin appears not to do 
major harm to the cell, since both SUB61 and 61-GUB grow at the same rate on 
galactose (Figure 5.1). Ubiquitin is a functional protein, especially when cells are in 
stressful conditions, its sufficient supply being required so that cells can diminish 
damages brought about by abnormal proteins generated in these conditions. Reduced

135



tolerance to paramomycin displayed by overexpressing ubiquitin is therefore not 
predicted. However, this result clearly suggests that apart from the conventional function 
of specific protein degradation, ubiquitin or the ubiquitination system has other effects 
on normal cellular functioning that are still not yet fully understood.

Environmental insults, such as an increase in temperature or stress chemicals cause many 
changes in the cell. On the one hand, proteins become misfolded or mistranslated. On the 
other hand, cells adapt these conditions by increasing their synthesis of heat-shock 
proteins (HSPs), including chaperones (such as HSP70, HSP90) whose function is to 
sequester or assist repair of damaged proteins (Gething and Sambrook 1992) or, as in the 
case of ubiquitin, to help destroy the unrepairable proteins by proteolysis. The fact that 
HSPs and ubiquitin are inducible by both heat and other stress agents, also that 
mutational inactivation of some components in the ubiquitination system and some HSPs 
lowers cell viability, suggests that the activities of both molecular chaperones and the 
proteolytic machinery are not separate cellular events. Instead their functions may be 
related, or intimately entwined, in allowing the cell to cope with the presence of 
abnormal proteins. This notion is supported by the fact that yeast ssal ssa2 mutants 
(lacking two of four members of cytosolic HSP70 protein subfamily) and ubc4,ubc5 
mutants (lacking two of at least 10 ubiquitin conjugases) are sensitive to the amino acid 
analogue canavanine (Seufert and Jentsch 1990; Craig et al., 1993). Also while 
molecular chaperones may sequester proteins prior to ubiquitin proteolysis, ubiquitin may 
itself play a chaperone function in certain cellular process (Finley et at., 1989). Clearly 
cells have developed, through evolution, defensive systems whereby molecular 
chaperones and ubiquitination proteolysis help to protect against abnormal proteins 
generated by stress. This system may work in a balanced way. In some cases, for 
example when cells grow in presence of paramomycin, this balance may be broken down 
as paramomycin-induced proteins presumably require unusually active ubiquitin-mediated 
proteolysis. Cells therefore die more quickly than in the balanced system although 
evidence for this model is lacking. Overexpressing a chaperone, HSP70 for instance, in a 
UBI4 wild type strain may test if this model is true.

It is becoming apparent that different strategies will be needed to engineer cells for 
increased levels of different stress tolerances. Thus heat shock protein HSP104 is one 
determinant of thermotolerance at high, potentially lethal temperatures (Sanchez et al, 
1992), such that cells overexpressing HSP104 may have increased thermotolerance levels 
as compared to wild-type yeast. While both the underexpression (Finley, et a i, 1987) 
and the overexpression of ubiquitin (Figure 5.4 C,D) do not affect high temperature 
thermotolerance, they exert strong influences over certain other tolerances. Different
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stress tolerances are therefore not always determined by the same factors. Engineering 
ubiquitin overexpression into cells increases canavanine resistance (Figure 5.2) but is of 
no value for increasing tolerances of many other protein damaging agents (Figure 5.3). 
This reinforces the view that there are fundamental differences to the protein damage 
caused by aminoacid analogues, cadmium and heat (Hahn and Li, 1982).

137



C hapter 6 Investigation of the expression of E .coli LacZ and native 
yeast ADH2 in strains expressing different levels of 
u b iq u itin .

6.1 In troduction

Having determined the influences of under- and overexpression of ubiquitin on several 
secreted products (Chapters 3,4), our interest went further into investigations of whether 
ubiquitin level might affect expressions of both a heterologous and a homologous 
intracellular product (E.coli p-galactosidase and yeast alcohol dehydrogenase II (ADH2) 

respectively).

p-galactosidase (product of the LacZ gene) is often used as a reporter of gene expression 

in yeast since it is not present in wild-type S.cerevisiae. It is through the use of this 
protein that the N-end rule of protein destabilisation was established (Section 1.3.3.2). It 
was interesting to see how this reporter protein was expressed in cells with different 
levels of VBI4 expression.

In S.cerevisiae the tetrameric ADH isozymes are responsible for the interconversion of 
acetaldehyde and ethanol. When growing on glucose yeast expresses one isozyme, 
ADHl, removal of glucose causing downregulation of ADHl and induction of the the 
glucose-repressible isozyme ADH2. In yeast many enzymes are catabolite repressed like 
ADH2, being co-ordinately down-regulated in the presence of glucose, maltose, and to a 
lesser extent, galactose (Gancedo, 1992). ADH2 is virtually undetectable in cells growing 
on repressible carbon sources such as glucose, but increases several hundred fold when 
glucose becomes depleted or when yeast is grown on a nonfermentable carbon source 
such as glycerol (Denis et al., 1981). Plasmids for overexpression of ADH2 were 
inserted into SUB61 and SUB63 (Table 2.1). The results obtained show a greater 
overexpression of ADH2 in stationary phase ubi4 cells as compared to UBM'^ wild-type 
cells, indicating that ubiquitination is involved in the inactivation of overexpressed 
ADH2. Therefore ubi4 strains (e.g. SUB63) might be of potential use as hosts for high 
expression of enzymes such as ADH2 at stationary phase. Attempts to employ 
temperature and GALl regulated promoters, as well as the strong PGK promoter to 
express the ADH2 gene were made, but failed for unknown reasons.
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6.2 Expression of LacZ in strains with different levels of
ubiquitin

The vector for LacZ expression was constructed by N.Kirk (Ph.D thesis, 1993). It 
contains a fusion of the M Fal promoter to the LacZ coding sequence, cloned in the yeast 

integrative plasmid YIplac211 (pDPSOO, Figure 6.1). For this work, this plasmid was 
integrated in single copy into SUB61, SUB63, 61-GUB and 63-GUB by selection for 
uracil prototrophy, thereby generating SUB61(pDP500), SUB63(pDP500), 61- 
GUB(pDP500) and 63-GUB(pDP500) respectively. These four strains were grown in 
either glucose YEP or galactoseYEP. Nine OD5 5 0  units of cells were withdrawn at 

different points of the growth and used for LacZ assay. As illustrated in Figure 6.2, 
cellular LacZ specific activity was almost constant throughout the growth regardless of 
the growth phase, strain and carbon source (although galactose gave slower growth rate 
and higher final biomass than glucose). This reflects the fact that expression of LacZ was 
driven by the M Fal promoter which maintains a constant, constitutive expression during 

exponential glucose or galactose batch fermentation £Kirk and Piper, 1994). This is 
consistent with the Northern blot result showing constant levels of M Fai-prom oter 
driven elafin transcript (Figure 3.6,3.7). p-galactosidase specific activity was almost the 
same at any point during the growth, and was not increased by the ubi4 mutation 
(SUB63(pDP500), Figure 6.2). Instead this strain exhibited a LacZ activity about half of 
that produced by the isogenic TO/4 strain, SUB61(pDP500) (Figure 6.2). When 
increasing UBI4 expression in the SUB 63 genetic background, as in 63-GUB(pDP500) 
growing on galactose, LacZ activity was restored to the similar level as 
SUB61(pDP500). 63-GUB would be expected to give the same LacZ expression level 
when grown in glucose (Figure 6.2) as SUB63 (Figure 6.2), but its expression is more 
like that of SUB61(pDP5(X)) which could be due to the low expression of the GUB 
cassette in cells grown in glucose (see Northern blot. Figure 4.5). Furthermore, TO/4 
overexpression did not influence LacZ activity as compared to the TO/4 normal 
expression strain, SUB61 (compare Figure 6.2 diagrams 1, 5 with 7, 8) and in fact a 
slightly decreased LacZ expression was observed in GUB strains. It appears that for 
maximal LacZ expression a single copy of TO/4 is sufficient and any less (SUB63) or 
more TO/4 expression slightly decreased the maximal activity of LacZ. These results 
also seem to suggest that ubiquitin is not a major regulatory factor for LacZ expression.
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Figure 6.2 LacZ production by SUB61, SUB63, 61-GUB and 63-GUB: Batch 
fermentation of SUB61(pDP500) (1 and 5), SUB63(pDP500)(2 and 6), 61- 
GUB(pDP500) (3 and 7) and 63-GUB(pDP500) (4 and 8). ♦ : LacZ specific activity, 

□ : growth (OD550): 1-4: cultures grown in glucoseYEP, 5-8: cultures grown in 
galactoseYEP. This figure shows: (a) that LacZ specific activity was almost constant 
throughout the growth; (b) that SUB63 (pDP500) produced less P-galactosidase than 
SUB61(pDP500), also that overexpressing UBI4 decreased rather than increased this P- 

galactosidase production.
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6.3 Overexpression of yeast ADH2 in strains with different 
levels of ubiquitin

The ADH2 overexpression plasmid pMW5 (gift of P.Meacock) is a multicopy 2|iORl- 
STB plasmid containing TRPl and the full wild type ADH2 gene cloned as a 4.7 Kb 
EcoRl and BamHI fragment (Figure 6.3)(Russell eta l, 1983)

EcoRI

PstI

EcoRI

2uOri

ADH2

pMW5
12.2 Kb

TRPl

BamHI

Figure 6.3 Plasmid pMW5
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6.3.1 Assay of total ADH activity in pMWS transformants
overexpressing ADH2

Plasmid pMW5 was transformed into SUB 61 and SUB63 by selection for tryptophan 
prototrophy. Cultures of 4 transformants of each strain, together with non-plasmid 
bearing SUB61 and SUB63, were grown to midlog on glucoseYNB containing 
necessary amino acids but no tryptophan to ensure plasmid maintenance, then ADH2 was 
induced by changing the medium to glycerol YNB. Cells at 0, 5, 24 and 72 hours of 
glycerol induction were harvested and total cellular protein extracts prepared for ADH 
assay using non-SDS Protein Extraction Buffer (50mM Tris, pH7.0, ImM MgCl2 , 2mM 
EDTA, 50mM KCl, ImM PMSF, 2pg/ml pepstatin A, ImM DTT). Typical ADH2 assay 

data are summarised in Table 6.1 which shows that, although each individual 
transformant exhibited different ADH activity the overall level of ADH (primarily ADH2) 
expressed in the pMW5 transformants is higher than that of the parent un transformed 
cells. Average ADH activity was therefore used to represent ADH activity of the 4 
transformants. Table 6.1 also shows that ADH activity is present in mid-log cultures 
grown in glucoseYNB (0 h induction), probably through the expression of the 
chromosomal ADHl gene. When cells were shifted from glucose to glycerol total ADH 
activity had dropped by the first 5 h time point. After this it increased over at least 24 
hours as ADH2 was derepressed. ADH activity in SUB61(pMW5) then remained steady 
until stationary phase, ADH activity (predominantly ADH2, since it is due to the pMW5 
plasmid) in SUB63(pMW5) continuing to increase dramatically in stationary phase. 
Maximal activity [64.5 units for SUB61(pMW5), 140.9 units for SUB63 (pMW5)] was 
reached at stationary phase (72 hour induction). Stationary glucoseYNB cultures of these 
same transformants however produced almost no ADH2 activity at all implying that 
respiratory growth, not exhaustion of glucose, is essential for ADH2 production (data not 
shown). The most interesting finding is that ADH2 activity at stationary phase (72 h) 
overexpressed in the ubi4 mutant [SUB63(pMW5)J was about 5 fold higher than in cells 
lacking pMW5 (SUB63 in stationary phase) whereas overexpressed ADH2 activity in the 
UBI4 strain [SUB61(pMW5)] was only about 3 fold higher (Table 6.1 and Figure 6.4). 
The high ADH2 activity from SUB 63 was not seen when cells were in exponential phase 
on glycerol (Figure 6.4). This strongly suggests that ubiquitin levels actively influence in 
inactivation of ADH2 during stationary phase, when UBI4 is induced and cells must 
maintain themselves by turnover of intracellular components.
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Table 6.1 Total ADH Activity Produced in SUB61, SUB63, SUB61(pMW5)
and SUB63(pMW5).

Strains
0 X

ADH activity ( units/mg protein )
Induction Time (h)

S.D 5 X S.D 24 X S.D 72 X S.D

SUB61 20.9 18.5 22.3 20.7

SUB61(pMW5)l 41.2 27.9 61.7 73.1
SUB61(pMW5)2 27.1 28.5 45.7 43.6
SUB61(pMW5)3 46.4 33.4 60.7 68.5
SUB61(pMW5)4 40.7 17.3 51.2 73.0

39 (8 .24) 27 (6.8) 55 (7 .2 )  65 (1 4 .2 )

SUB63 14.5 14.8 18.2 28.0

SUB63(pMW5)l 28.1 13.9 33.3 158.6
SUB63(pMW5)2 52.3 18.9 32.7 137.7
SUB63(pMW5)3 29.4 14.0 32.9 130.8
SUB63(pMW5)4 17.2 29.3 53.0 136.6

32 (14.8) 19 (7.2) 38 (10) 141 (12.2)

Table 6.1 Specific activity of the total ADH of strains SUB61 and SUB63 and 4 separate 
pMW5 transformants of these same strains grown in glycerol YNB for 0, 5, 24, 72 h 
after transfer from glucoseYNB. X is the mean activity of the 4 transformants. S.D 
(bracketed) is the standard deviation.
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Figure 6.4 Induction of total ADH activity following transfer from glucose to galactose 

in SUB61( ■), SUB63(n), SUB61(pMW5)C), and SUB63(pMW5)(0) using the 

mean (X) in Table 6.1 to represent activity. The error bars indicate standard deviation 
(S.D in Table 6.1). This figure shows that stationary phase overproduction of ADH2 in 
the ubi4  strain SUB63(pMW5) is 2-3 fold greater than that in the otherwise 
isogenicf/B/4 strain SUB61(pMW5).
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6.3.2 ADH2 protein analysis

In addition to the ADH2 activity assays (Table 6.1 and Figure 6.4) total cellular protein 
was analysed to visualise the overproduction of ADH2 on SDS PAGE gels. The total 
cellular protein samples used were the same as those used for ADH assay in the the 24 h 
glycerol induction experiment (Table 6.1), including SUB61 and SUB63 as controls and 
all 8 transformants. The initial pilot PAGE gels stained with Coomassie blue showed all 
the ADH2 overexpressing transformants giving a much stronger 37 kDa ADH2 band than 
the untransformed controls, indicating about 8 to 10-fold overproduction of this protein 
(data not shown). Figure 6.5 A is a 12.5% SDS gel stained with Coomassie showing that 
glucose cultures of pMW5 transformants gave no obvious increase in ADH band density 
(tracks 1-4), contrasting with induction of the ADH2 band about 8-10 fold in glycerol- 
grown SUB61(pMW5) (track 7) and SUB63(pMW5) (track 9), as compared to SUB61 
(track 6) and SUB63 (track 8). Figure 6.3 B shows that in stationary phase, when many 
proteins disappear through degradation, overexpressed ADH2 remains a prominent 
protein. However, this strong ADH2 band was estimated to be 8-10 fold greater than the 
basal level (tracks 1 and 3) rather greater than the ADH2 activity increase (Table 6.1 and 
Figure 6.4). This indicates that this ADH2, expressed to about one third of the total 
cellular protein, may not be fully active. Instead, it may be present in the cell as 
aggregated forms. Unfortunately no antiserum to ADH2 was available to investigate this 
possibility. Figure 6.3 A and B also show that the ADH2 protein band expressed from 
pMW5 after 24 h derepression is almost the same density between SUB61(pMW5) and 
SUB63(pMW5) when activity levels are similar (Figure 6.4), about half the density of 
the 10 |ig of pure ADH run as a gel standard. In stationary phase when activity levels 

are dissimilar the ADH2 band in the same strains also appeared to be about the same 
intensity as the 10 |ig of standard ADH. This suggests that the increase of enzymatic 
activity of ADH2 in SUB63(pMW5) from 24 h to 76 h derepression resulted from 
accumulation of newly synthesised ADH2 rather than by activation of ADH2 previously 
synthesised. Possibly the ADH2 synthesised in the UBÎ4 strain over this period is being 
turned over so that it does not accumulate, whereas in the ubi4 mutant this turnover is 
defective so greater ADH2 accumulation occurs. This indicates that for stationary phase 
overproduction of a relatively stable active enzyme such as ADH2 there are probably 
advantages to the use of a ubi4 strain.
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Figure 6.5 A: ADH2 overexpression. 30 p.g total cellular protein of SUB61 (tracks 1 

and 6), SUB61(pMW5) (tracks 2 and 7), SUB63 (tracks 3 and 8 )  and SUB63(pMW5) 

(tracks 4 and 9) was loaded on a 12.5% gel and stained with Coomassie. Tracks 1-4 were 
mid-log glucose cultures whereas tracks 5-9 were 24 h glycerol cultures. 0.5 and 10 |ig  of 

Sigma ADH were loaded in tracks 5 and 10 respectively. Track 11 was protein molecular 

weight markers whose sizes were as indicated. B is a Coomassie stained 10% SDS gel. 

The samples were the same as those in tracks 6-9 of A except that they were from 72 h 

glycerol cultures.
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6.3.3 Effect of protein extraction buffer pH on ADH2 activity

Cheng et al (1968) reported that ADH2 activity could be inactivated at low pH (pH 6 .5). 
In order to find out whether the partial inactivity of the overexpressed ADH2 was due to 
non-optimal pH in the protein extraction buffer (pH7.0) different pH protein extraction 
buffers were examined in the hope that ADH2 could be reactivated. Figure 6.6 shows 
that this pH (6.5, 7 and 7.5) did not have statistically significant effect on the levels of 
active ADH2. The levels of Zn^+ (essential for ADH activity) in the extraction buffer 
were also varied with no effects on activity levels (data not shown).
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Figure 6.6 Effect of Protein Extraction Buffer (PEB) pH on ADH2 activity. Cells from a 
24 h glycerol induced culture of SUB61(pMW5) were equally divided into 12 Eppendorf 
tubes (1-12). Tubes 1-4 were extracted with pH6.5 non-SDS PEB, tubes 5-8 with 
pH7.0 PEB and tubes 9-12 with pH7.5 PEB. Average ADH specific activity is shown, 
the bars standing for SD.
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6.3.4 Effect of overexpression of ADH2 on growth

Although the regulated ADH2 promoter is usually turned on with depletion of glucose, 
the slightly higher ADH activity of pMW5 transformants in Figure 6.4 indicates that it is 
slightly on in the presence of glucose. This work also shows that on transfer from 
glucose to glycerol induction of ADH2 is slow, but lasts over a long period (5 to at least 
72 h). When cells grow on glycerol the ADH2 promoter behaves as a constitutive 
promoter, so that overexpression from this as with other constitutive promoters may 
stress the cell and therefore slow growth. That this was indeed the case with ADH2 gene 
overexpression was shown by an inverse relationship between the final ADH2 specific 
activity and the final biomass yield, despite the same innoculum of glucose culture being 
used to innoculate each glycerol culture (Figure 6.7). This suggests that either high yield 
of ADH2 is toxic to the cell or it consumes much of the energy required for normal 
growth, both possible causes of reduced final cell yield.

Strains

B  ADH2 Specific Activity 
(units/mg protein)

H  Biomass Yield x 10 
(0D550)

Figure 6.7 Effect of overexpression of ADH2 on growth. The same number of cells of 
SUB61 (1), SUB61(pMW5)i (2), SUB61(pMW5)2 (3), SUB61(pMW5)3 (4) and 
SUB61(pMW5)4 (5) from glucose cultures were used to innoculate glycerol cultures and 
grown at 28®C for a further 72 h to reach final biomass. This figure shows that the more 
ADH2 protein is produced the less the final biomass yield will be.
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6.3.5 ADH2 overexpression from other regulated prom oter systems

One potential way to overcome the problems of limited yeast growth with constitutive 
expression is to use other regulated promoters (Martin and Scheinbach, 1989); promoters 
which are turned on by physiological changes within the cell or changes to the growth 
medium. A number of highly regulated expression vectors have been developed. 
Promoters involved in galactose metabolism such as GALl are glucose repressed and 
can be induced by up to 2000 fold by the addition of galactose (St John and Davis, 1981; 
and Section 6.3.1). Temperature regulated expression may be of particular relevance to 
industrial scale fermentations as such systems are already in widespread use for the 
expression of heterologous proteins in E. coli (Caulcott and Rhodes, 1986). Cells may be 
grown to a high cell density at the restrictive temperature and once the desired biomass 
has been reached, the expression of the heterologous protein induced by switching cells 
to the temperature permissive for expression. Plasmids p767/301B and pBM272 were 
chosen for this investigation. The former plasmid contains heat-shock elements (HSE) 
replacing the normal UAS of the PGK promoter. Therefore it should confer heat shock- 
inducible synthesis of a ADH2 gene cloned downstream. pBM272 contains the galactose- 
inducible GALl promoter and an inserted ADH2 gene should be strongly induced when 
galactose is used as carbon source (see Chapter 4). Plasmid pMASOl containing the wild- 
type PGK promoter (constitutive) was employed as a control.
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6.3.5.1 PCR synthesis of the ADH2 coding sequences

Oligonucleotides complementary to the 5' and 3' ends of the ADH2 gene and with extra 
sequences containing a BamHl recognition site at their 5' ends were designed 
5' primer: CTAGGATCCACAATGTCTATTCCAGAA 

BamHl
3' primer: CTAGGATCCATGTCTACAGTTTAGAG 

BamHl
The coding sequences of ADH2 gene were then amplified from pMW5 (Figure6.8) by 
PCR directed synthesis. This PCR product was then digested with BamHl and cloned 
into the BamHl sites of the above vectors.

1 2 3 4 5 6 bp

II
y  4072

g - ^  ■3054 
=  =—  2036 

1636
- O  1018

A  ^  517

Figure 6.8 Conditions for the PCR synthesis of ADH2 coding sequences. Synthesising 
conditions (buffer, dNTP and primers etc Section 2.6.9) were the same for tracks 1 to 4 
except that they contained: 2.5 U BioTaq DNA polymerase but no template plasmid (track 
1); 40 ng pMW5 plus 2.5 U BioTaq DNA polymerase (track 2) ; 20 ng pMW5 plus 5 U 
BioTaq DNA polymerase (track 3); 20 ng pMW5 plus 0.5 U BioTaq DNA polymerase 
(track 4). Tracks 5 and 6: 500 ng Bglll cut p767/301B and X DNA fragment length 
markers respectively.
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6.3.S.2 Construction of plasmids for ADH2 expression

The PCR product of the ADH2 gene with BamHl ends was cloned into the following 
expression plasmids to place ADH2 expression under the control of the promoters of 
PGK, GALl and PGK with heat shock element, respectively. Restriction analysis, using 
the unique EcoRV (+1270) and Hindlll (+1965) sites of the ADH2 gene, was used to 
identify clones with the ADH2 gene in the sense orientation.

BamHl BamHl

ADH2 gene from pMW5

pBM272
8.26kb

f t

LBUM

ADH2'

Figure 6.9 Construction of plasmids with the AD//2 gene under the control of 
different promoters.
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6.3.5 3 D eterm ination of ADH2 activity in the constructions

Two S.cerevisiae strains, PM Y l.l and BJ2168 (Table 2.1), were employed as hosts for 
ADH2 expression. PM Y l.l is a ura3 derivative of an industrial strain (PMYl) routinely 
used at Zeneca and BJ2168 is a multiply-protease deficient strain. Transformants of these 
strains are designated by a suffix corresponding to the plasmid carried by the strain (e.g. 
PMYl.l(pMA301ADH2) is PMYl.l transformed with pMA301ADH2).

All transformants were initially grown in glucoseYNB with the amino acid requirements 
for plasmid maintenance at 28®C to mid-log phase, when cells were taken for ADH2 
assay. In the case of transformants containing pMASOl ADH2, cultures were allowed to 
grow to stationary phase, protein was extracted and ADH2 assayed to see the effect of 
growth phase on ADH2 expression under PGK promoter control. Cells from stationary 
cultures were also transferred to fresh glucoseYNB and grown for another generation 
(3.5 h) to see ADH2 production when in early exponential phase. For transformants with 
p767/30IBADH2 mid-log cells were heat shocked 39®C 1 h to see how ADH2 
expression under the control of a HSE containing promoter responded to heat shock. 
39®C is the optimal temperature for induction of this HSE (Kirk and Piper, 1991). 
Induction of GALl promoter- driven ADH2 expression (pBM272ADH2) in cells in 
galactoseYNB growth was for 24 h, as for GUB-directed ubiquitin expression (see 
section 4.3.2). Again to avoid effects of variable plasmid copy levels 5 colonies from any 
single transformation were analysed. ADH2 levels expressed in all the transformants are 
summarised in Table 6.2. Unfortunately no significant increase was observed in ADH2 
production in all the transformants containing the ADH2 expression cassette. Since 
restriction analysis was carefully conducted, to ensure correct orientation and size of the 
ADH2 PCR fragments, failure of ADH2 expression was unlikely to be due to the plasmid 
constructions. Another possibility was that no ADH2 was expressed because the 
induction conditions required for the promoters to be switched on were not correct, A 
pulse labelling experiment was therefore carried out to see if other yeast heat shock genes 
were inducible under the same heat shock conditions as for ADH2 expression by 
p767/301B ADH2. The result showed that under this condition (mid-log cells heat 
shocked at 39®C for 30min or 1 h) other yeast heat shock genes were strongly induced 
(Figure 6.7). The PGK promoter (pMA301) should be constitutively on during growth 
and the GALl promoter was switched on after growth in galactose for 24 h (section 
4.3.2). Therefore it was concluded that the non-expression of the cloned ADH2 gene was 
most likely due to an error produced during PCR synthesis of ADH2 gene. However 
there was insufficient time to prove this.
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Transformants No ADH2 Specific Activity (units/mg protein)
mid-log stationary 3.5 h in fresh

glucoseYNB

pMYl.l(pMA301) 1 19.5 27.5 31
pMYl.l(pMA301ADH2) 2 23.5 25.5 23.5
pMYl.l(pMA301ADH2) 3 19 25 44.5
pMYl.l(pMA301ADH2) 4 16.5 27 26
pMYl.l(pMA301ADH2) 5 20 28 24.5
pMYl.l(pMA301ADH2) 6 22 30.5 27

non-heat shock heat shock (39®c, ih)

pMYl.l(p767/301B) 7 29.5 24
pMYl.l(p767/301BADH2) 8 22.5 28.5
pMYl.l(p767/301BADH2) 9 22.5 23
pMYl.l(p767/301BADH2) 10 21 23
pMYl. I(p767/301B ADH2) 11 23.5 24
pMYl.l(p767/301BADH2) 12 26.5 27.5

2% glucoseYNB 2% galactose YNB

pMYl.l(pBM272) 13 27 26
pMYl.l(pBM272ADH2) 14 20.5 34
pMYl.l(pBM272ADH2) 15 21 33.5
pMYl.l(pBM272ADH2) 16 20.5 25
pMYl.l(pBM272ADH2) 17 22 27.5
pMYl.l(pBM272ADH2) 18 33.5 38.5

BJ2168(pBM272) 19 30.5 35
BJ2168(pBM272ADH2) 20 34 34
BJ2168(pBM272ADH2) 21 30 37
BJ2168(pBM272ADH2) 22 35 37
BJ2168(pBM272ADH2) 23 32.5 33
BJ2168(pBM272ADH2) 24 33 33
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Table 6.2 ADH activity of different transformants under various conditions. Nos (1-24) 
designate transformant number. Transformants No 1, 7, 13 and 19 containing no ADH2 
gene on the plasmid were used as controls to determine whether transformants with a 
ADH2 plasmid were actually overexpressing ADH2. Mid-log, stationary stand for mid
log phase and stationary phase cultures respectively. 3.5 h fresh glucose means that 
cultures that had recently entered stationary phase were transferred to glucoseYNB and 
grown for at least another generation (3.5 h).

1 2 3 4 5 6 7 8 9 10 11 12

-HSP104
-HSP82
-HSP70

-PGK 46 KD

-HSP35

-HSP26

Figure 6.10 Total cell proteins labelled during pH]-leucine pulse labellings of different 
transformants, separated on a 12 % PAGE gel. The transformants were PMYl.l 
(p767/301B) (tracks 1-3), PMYl.l(p767/301BADH) (tracks 4-6), BJ2168 (p767/301B) 
(tracks 7-9) and BJ2168(p767/301BADH) (tracks 10-12). Non-heat-shock samples, 
used as controls, were labelled for 30min (tracks 1, 4, 7 and 10); other samples were 
either labelled at 39^C for 30min (tracks 2, 5, 8 and 11) or incubated at 39^C for 30min 
then labelled for 30min at 39^C (tracks 3, 6, 9 and 12). Major HSP proteins and PGK 
are indicated to the right.
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6.4 D iscussion

Work described in this chapter demonstrated that, when grown in both glucose and 
galactose to mid-log phase, the ubi4 strain (SUB63) expressed LacZ at slightly lower 
level (Figure 6.2). A clear explanation is lacking since in this growth phase both SUB61 
and SUB63 have little difference in their levels of intracellular ubiquitin. However, if 
ubiquitin level was raised by expressing the GUB cassette in SUB63, activity of LacZ 
also increased about two fold to the level of expression in \htUBI4 strain (SUB61) 
although further increases above this level were not seen. It would therefore seem that 
ubiquitin levels have a small influence on the expression of this reporter gene, but not in a 
manner that can be explained on the basis of a straightforward positive or negative effect 
of ubiquitin on LacZ expression.

Ubiquitin involvement was however apparent in the case of ADH expression in SUB 61 
and SUB63. On the one hand exponentially growing SUB61 gave slightly higher levels 
of ADH expression compared to SUB 63 (Figure 6.4), a result consistent with the LacZ 
expression results. On the other hand, in stationary phase when there is appreciable 
difference in ubiquitin levels between the two strains, activity of ADH2 in SUB 63 was 
about 4 fold higher than that in mid-log phase growth and 2 fold higher than that given by 
the UBI4 strain (SUB61) at stationary phase. This latter effect was even more dramatic 
when ADH2 was overexpressed (Figure 6.3), providing yet another result that strongly 
suggests an involvement of ubiquitin in protein expression in yeast. The uhi4 mutation, 
disadvantageous for synthesis of elafin by secretion (Chapter 3), may therefore be an 
advantage for stationary phase production of an enzyme intracellularly.

What role ubiquitin plays in influencing ADH expression is not yet known. However it is 
possible that there is a natural slow turnover of ADH by the ubiquitination system, 
resulting in inactivation of some of the overexpressed ADH2. However the increased 
ADH2 activitv in SUB63 compared to SUB61 at stationary phase seemed not to be 
reflected in the amounts of total ADH2 protein in crude protein extract (compare tracks 7 
and 9, 2 and 4 in Figure 6.3 A, B). It may be that the proportion of ADH2 that had gone 
through ubiquitin-dependent proteolysis was so small as compared with the large amount 
of ADH2 synthesised by the cell to be apparent as a decreased amount of ADH2 on the 
gel (track 7 Figure 6.3 A and rack 2 Figure 6.3 B). If this was true ubiquitination 
turnover could be used by the cell to reduce the level of the overexpressed ADH2 in the 
interest of normal growth of the cell and the use of the GUB cassette to overexpress 
ubiquitin could result in a reduced ADH2 band on the gel. This could not be proven using 
pMW5 since both pMW5 and YIpGUB employ TRP selection, also the galactose needed
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for GUB expression will repress ADH2. pMA301ADH2, p767/301BADH2 and 
pBM272ADH2 could be used for this purpose but unfortunately none of these plasmids 
seemed to express ADH2, due probably to PCR errors during synthesis of the ADH2 
gene fragment. The results described in this Chapter were obtained towards the end of the 
thesis study and time did not allow these possibilities to be investigated.
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C hapter 7 Conclusions

7 .1  Introduction

Through its well-developed genetics, Saccharomyces cerevisiae is amenable to very 
sophisticated manipulations, which allows scientists to alter its genetic background to 
achieve various purposes. Its utilisation as a host for production of proteins of medical 
or industrial importance requires at the molecular level to make strains that more 
efficiently and authentically produce heterologous proteins.

Based on the incidental observation by D. Pioli that ubiquitin was secreted by a yeast 
strain that was used as a host for elafin secretion, this project was initiated to investigate 
the relationship between elafin secretion and the yeast ubiquitination system. These 
studies investigated into the effects of different cellular levels of ubiquitin on the 
secretion of elafin, a  factor, hydrogen peroxidase and yeast acid phosphatase and on 
intracellular production of two enzymes, E.coli P-galactosidase and yeast ADH2. 

Ubiquitin-manipulated strains were also used to examine the broader problem of how 
cells overexpressing ubiquitin tolerate various DNA and protein damaging agents. 
Chapter 3 reports the observation that the ubi4 mutation (strain SUB63) significantly 
reduced elafin secretion, whereas defects in either vacuolar proteases or two E2 ubiquitin 
conjugating enzymes had little effect. Chapter 4 describes how a 7-10 fold increase of 
elafin secretion could be achieved by overproducing cellular ubiquitin. Chapter 5 
identified stressful environmental insults and chemical agents to which tolerance could be 
altered by ubiquitin overexpression. Finally in Chapter 6 preliminary results from studies 
of ADH2 expression indicated that proteolysis through the ubiquitination system is 
responsible for inactivation of ADH2 overexpressed as cells enter stationary phase 
leading to the suggestion that a ubi4 strain could be used as an improved host for 
intracellular overproduction of active enzymes at stationary phase. All these observations 
and findings have raised important issues as to the functions of ubiquitin, ubiquitination 
and their involvement in recombinant protein production and secretion, as well as in the 
physiological responses when environmental changes occur to yeast

7 .2  The promoters used for protein expression

This work has mainly involved use of M FaU AD H 2  and GALl promoters to drive 
expression of proteins. Elafin expression used the M Fal promoter. Elafin mRNA levels 

indicate that this promoter is constitutive throughout batch fermentation and its activity 
seems not to be regulated by growth phase (Figure 3.6 and 3.7). This contradicts
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suggestions that the M Fal promoter might be growth phase regulated, being maximally 

activated as yeast cells enter stationary phase (Ernst, 1986; Gu et al., 1991; Park et a l, 
1989). Nonetheless this result, and the data of Kirk and Piper (1994) indicating that the 
M F al promoter is constitutively active in batch fermentation, may be of importance to 
those who are using the M Fal promoter to express recombinant proteins in yeast.

The ADH2 promoter has been shown to be catabolite repressed and greatly induced by 
catabolite derepression. However, ADH2 protein seemed not to be induced. When cells 
were grown in glucoseYNB to stationary phase, to ensure glucose was depleted, ADH 
activity being hardly detectable in the cell (data not shown). A possible explanation is that 
ADH2 was synthesised when glucose ran out but also degraded (see below) therefore 
yielding ADH2 assays with low activity .

The GALl promoter was used for ubiquitin overproduction. When galactose was used 
by GUB-cassette bearing cells ubiquitin was overproduced at least 50-fold (Figure 4.2).

7 .3  The M F al leader is sufficient for directing elafin secretion

To test efficiency of elafin secretion, expression cassettes containing different portions of 
the M F al gene pre-proregion sequences fused upstream of the elafin structural gene 

were employed (Figure 3.1). These relied on signal peptidase, KEX2 or STE13 
endopeptidase cleavage sites for production of mature elafin. Results in Chapter 3 
demonstrated that use of the signal pre-sequence alone (pDP2805) produced similar 
levels of elafin secretion to use of different portions of the pre-pro sequences (Figure 3.3, 
3.4, compare pDP2805 with pDP2985 and pDP2995). This suggests that neither loss of 
the glycosylation site-containing pro-region nor alternative usage of signal peptidase, 
KEX2 and STE13 cleavage sites to generate mature elafin have major effects on levels of 
elafin production. However reliance on STE13 for cleavage does give some N-terminal 
heterogeneity due to incomplete cleavage of Glu-Ala spacers (D. Pioli, personal 
communication), although N-terminal homogeneity was not analysed in these studies.

7 .4  Use of yeast strains with different defects in intracellular
proteolysis for recombinant protein production and 
secretion

The assumption was made at the start of this project that yeast might show enhanced 
secretion in direct response to reduced capability for intracellular protein degradation. 
This proved not to be the case, at least for elafin production. Yeast strains defective in
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either vacuolar proteases (pep4-3), two E2 ubiquitin conjugating enzymes {ubc4-ubc5-\ 
or the polyubiquitin gene (ubi4) showed no increased elafin secretion (Figure 3.3, 3.4). 
This could indicate that elafin, although a heterologous protein, is not recognised by the 
ubiquitin-dependent degradation system as an abnormal protein. Elafin, once 
synthesised, might also pass through the secretory pathway without coming into contact 
with the active proteases in the vacuole. In fact there has been no published evidence that 
heterologous secretory proteins are shunted to the vacuole.

The ubi4 strain, showed defective instead of enhanced elafin secretion (Chapter 3.4). 
This unexpected result was evidence that ubiquitin may be required for efficient elafin 
secretion. This finding that UBI4 expression influences product secretion is novel, no 
similar finding having been reported in any expression host. Even though strains with 
disabled vacuolar protein degradation showed no improvement in elafin secretion, this 
does not mean that these strains cannot be used for improving other protein productions. 
In fact, intracellular expression of other proteins, for example yeast ADH2, may benefit 
from using a ubi4 defective host (Chapter 6), and the use of a pep4-3 strain has been 
shown to increase intracellular p-galactosidase production approximately 2 fold (Kirk and 

Piper, 1991; Wingfield and Dickinson, 1992).

7 .5  Culture conditions are im portant for optimal productivity of 
elafin

Work on medium effects on elafin secretion in Chapter 3 has identified medium effects on 
elafin production. Maximal yield by secretion was obtained when cells were grown in 
YNB and YNB supplemented with a vitamin plus trace element supplement, or Bacto- 
casaminoacids or both, to late-log phase (18 h) (Figure 3.7B). While improvement of 
biomass yield was obtained by the addition of Bacto-casaminoacids cellular productivity 
for elafin secretion was dramatically decreased. This shows that whereas high biomass 
yield may be beneficial for intracellular productions it does not automatically ensure more 
efficient secretion of at least one heterologous product in batch culture.

7 .6  Why do in tracellu lar levels of ubiquitin influence the 
secretion of certain proteins but have little effect on others?

The most interesting finding in this thesis is that increasing the expression of free 
ubiquitin within the host cell causes elafin secretion to be enhanced 7-10 fold and 
hydrogen peroxidase secretion to be enhanced 2 fold. However there are no effects on the 
production of native a-factor and acid phosphatase (Figures 4.8, 4.11). Combined with
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the earlier observation (Chapter 3) that ubiquitin underexpression considerably reduces 
elafin secretion, this clearly indicates an importance of free ubiquitin in efficient elafin 
export from the cell. Often cells are induced to secrete more product by random mutation 
and screening for colonies that show more efficient secretion of a recombinant protein. 
By such empirical screening the nature of the mutation causing the "supersecretor" 
phenotype is seldom known. Overexpressing intracellular ubiquitin in the host is another 
way to meet this goal, at least for elafin production, and it involves a defined change to 
the cell.

The mechanism of the enhancement to elafin secretion by high ubiquitin levels needs to 
be identified. Northern blot analysis of mRNA showed no appreciable effects of ubiquitin 
on elafin transcripts, indicating that ubiquitin was affecting elafin secretion at a post- 
transcriptional step rather than through increasing transcription efficiency (Figure 4.4, 
4.5). Other possibilities for the ubiquitin involvement in elafin secretion and possible 
experimental approaches to reveal these mechanisms are summarised in the Discussion to 
Chapter 4.

Attempted secretion of certain heterologous proteins may overload the secretory pathway, 
so that one or a few components of the secretion machinery become limiting. 
Overexpression of protein disulphide isomerase was recently shown to increase 
heterologous protein secretion from S. cerevisiae (Robinson et a i, 1994) indicating that 
this can be a limiting component As a consequence of attempted overexpression proteins 
otherwise normally secreted can aggregate in the secretory pathway, triggering the 
unfolded protein response system that activates KAR2 (Shamu et a i ,  1994). Excess 
ubiquitin (Figure 4.4b, lane 7, 8) may help this undesirable protein clearing process. 
Alternatively it may be acting as a chaperone, keeping proelafm in an unfolded state in 
which it is more readily translocated into the ER lumen and transported through the 
secretory system. Ubiquitin has been shown to exert chaotropic effects on proteins 
(Wenzel and Baumeister, 1993). This model partially explains why a ubi4 strain secretes 
less elafin and ubiquitin overexpressing strain secretes more. As for why hydrogen 
peroxidase is less affected in its secretion than elafin, possibly the tetrameric-structure of 
this protein is a factor. Elafin, a small compact structure with 4 disulphide bonds, may 
be a structure which is not too readily transported across the ER membrane unless 
partially unfolded. Also it may not be a good substrate for ubiquitination, like lysozyme 
which is not a substrate of ubiquitination when in native form (four disulphide bonds) but 
recognised as ubiquitination substrate if one of the disulphide bonds is reduced (Hill et 
a i,  1993). Native secreted proteins, such as the a-factor and acid phosphatase tested in 

this thesis, may not overload the secretion pathway and therefore perturb the normal
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secretion order. They may transit through the secretion pathway without the involvement 
of ubiquitin. Therefore secretion of these proteins would not benefit from excess 
intracellular ubiquitin.

Whether ubiquitination-mediated protein degradation acts on proteins in the secretory 
pathway is not clear. When a key component (SEC61) of a multisubunit protein 
translocation apparatus of the ER is mutated, the translocation apparatus is structurally 
distorted, leading to UBC6-catalysed ubiquitination and subsequent degradation of one 
of its subunits. UBC6 is a ubiquitin-conjugating enzyme localised on the ER membrane, 
its catalytic domain facing the cytosol, that is thought to be involved in turnover of 
integral ER membrane proteins (Sommer and Jentsch, 1993). However, in the double 
mutant {sqc61 ubc6A), where UBC6-mediated degradation is absent, protein 
translocation is restored to wild-type levels (Sommer and Jentsch, 1993). A key question 
is: "Does elafin secretion really cause disorder in the secretion pathway that triggers 
ubiquitin-dependent proteolysis of certain proteins ?". Investigation of this should be a 
subject of further study.

7 .7  A ubi4 mutant strain is an improved host for active ADH2
production

It has been shown for the first time that a ubi4 strain can be used to benefit stationary 
phase accumulation of an intracellular protein (ADH2). This polyubiquitin gene knock
out strain probably has a considerably reduced capacity for ubiquitin-dependent protein 
degradation at entry to stationary phase when UBI4 is normally induced, which may 
make it useful for overexpression of certain industrially important proteins. Since the gels 
and ADH assays indicated that ubi4 and UBI4 strains produced indistinguishable 
amounts of overexpressed ADH2 protein at stationary phase, much of which was inactive 
(Figure 6.4, 6.5), the increase in ADH2 activity in the ubi4 strain may result from more 
of the newly synthesised ADH2 protein achieving a proper structure. This implies that a 
considerable fraction of the ADH2 is inactive. Whether this is through incorrect protein 
folding remains unclear.

Chapter 6 also found that induction of ADH2 as cells were transfered from glucose to 
glycerol was very slow (taking at least 76 hours. Figure 6.4) and that massive ADH2 
expression reduces final biomass yield through either energy drain or toxicity (Figure 
6.7). This is an indication that a stronger promoter than that of the ADH2 gene may be 
needed for rapid large scale production of ADH2. Heat shock and GALl promoters may 
be more suited, the former in particular possibly providing simplicity in large-scale
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operation. If, however, other expression systems suffer the same problems of 
inactivation of a large amount of the overexpressed ADH2, further investigations should 
be carried out to reduce this inactivation. It is possible that loss of ADH2 activity could be 
due to oxidation of free -SH groups, required for fully active enzyme (Buhner and Sund, 
1969). However if the incomplete activity of ADH2 observed in this study resulted from 
incomplete folding/assembly of this tetrameric enzyme, reactivation of the enzyme by 
mercaptoethanol could only be partial.

7 .8  Excess intracellular ubiquitin does not have a markedly
adverse affect on yeast growth

The main intracellular function of ubiquitin is thought to be to mark short-lived and 
abnormal proteins for proteolysis (Section 1.3.3.2). Ubiquitin overexpression is not 
appreciably detrimental to yeast growth (Figure 5.1), despite the chaotropic effects of 
ubiquitin on protein structure (Wenzel, and Baumeister, 1993). There is therefore little 
penalty in the fermentation to the use of a ubiquitin-overexpressing strain for enhanced 
protein production by secretion. Also ubi4 mutant strains grow well except at high 
temperatures (Cheng e ta l,  1994), and their reduced viability during nitrogen starvation 
(Finley et a/., 1987) does not prevent their use for improved production of ADH2 as an 
intracellular product (Figure 6.4).

7 .9  Effects of overexpressing ubiquitin on cellular tolerances to 
various stressful agents

An unexpected finding of this study is that ubiquitin overexpression has dramatically 
opposite effects on tolerances to canavanine (Figure 5.2) and paromomycin (Figure 
5.3C). Both are agents that will cause in vivo synthesis of aberrant proteins, canavanine 
through being incorporated as an non-standard amino acid and paromomycin through 
causing an increase in translational error frequency. Excess intracellular ubiquitin 
considerably increased tolerance to canavanine but decreased protection against 
paromomycin. It was of little or no importance in surviving heat shock stress and only 
marginally advantageous in survival of ethanol and salt stress (Figure 5.4). This suggests 
that the lethal lesions produced by amino acid analogues and paromomycin are 
fundamentally different. Ubiquitin overexpression is therefore not a simple strategy for 
significantly increasing several stress tolerances of cells.

7 . 1 0  Possible further studies for investigating the effect of 
ubiquitin on secretion of recombinant proteins
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Now that a connection between ubiquitin and elafin secretion has been found the next 
step would be to identify how these two molecules interact. Cellular fractionation studies 
using protein pulse-labelling techniques, coupled with Western blotting using quality 
antibodies against ubiquitin and elafin, also immunogold labelling of cell sections with 
these antisera could help to identify how and where in the cell ( which secretory 
organelles, in particular ) ubiquitin interacts with elafin. This may indicate whether 
ubiquitin acts as a molecular chaperone, interacting noncovalently with elafin, or is 
covalently linked to elafin during secretion of the latter. Western blots already conducted 
(Chapter 4) have given no indication of covalent elafin-ubiquitin conjugates.

The fact that overexpression of ubiquitin did not influence native yeast secreted proteins 
such as a-factor indicates that either a native protein does not stress cells, thus causing 
no activation of ubiquitination, or there may be only a specific class of proteins whose 
secretion is affected by ubiquitin levels. The use of a more readily assayable model 
protein than elafin would facilitate this study. For instance, pancreatic RNase has 4 or 
more disulphide bonds in its native form, and its gene could be fused to the a-factor 

leader and driven by the GALl promoter to enable high expression simultaneously with 
ubiquitin in GUB cassette-bearing strains. Other studies that should be conducted are:

1. Determination of which secreted products are affected by ubiquitin level. Ubiquitin 
does not have a global influence over secretion in yeast, as we find that secretion of a- 
factor, acid phosphatase (Chapter 4) and mislocalisation of vacuolar carboxypeptidase Y 
to the outside of the cell (P.W.Piper, unpublished) are all unaffected by ubiquitin gene 
expression. Probably ubiquitin overexpression will benefit the secretion of only certain 
protein classes (these possibly including small, extensively-disulphided, unglycosylated 
proteins such as elafin and RNase). It is of vital importance to know which productions 
in yeast are likely to benefit from ubiquitin overexpression. To establish the ground- 
rules, one could express a wide variety of secreted products and protein domains in our 
ubiquitin under- and overexpressing strains.

2. Investigation of whether a specific ubiquitin conjugating enzyme is involved. Strains 
are now available with deletions of many of the ubiquitin conjugating enzymes of yeast. 
We can integrate an elafin expression cassette into these with the aim of determining if 
there is any defect to elafin secretion. If there is the formation of covalent ubiquitin-elafin 
conjugates, this must be very transient since no such conjugates are readily detected either 
intracellularly or in secreted protein (Figure 4.4). Using our antiserum that recognises 
ubiquitin-conjugates we could search for such conjugates.
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3. Investigation of ubiquitinated proteins and fate of overexpressed ubiquitin. Probing 
western blots of total cell protein with our antibody that recognises ubiquitin conjugates, 
we have obtained preliminary evidence that elafin expression causes yeast cells to be 
depleted in a few of their major ubiquitinated proteins (data not shown). It should be 
possible to identify these proteins; to identify the ubiquitin conjugating enzyme involved 
in their synthesis; and (partly with the aid of sec mutants) identify if these proteins are 
associated with specific secretory structures (such as the ER, Golgi, periplasm or 
membranous vesicles). We have also found that ubiquitin overexpression does not cause 
significant increases in ubiquitin secretion, but accumulation of considerable amounts of 
ubiquitin in the periplasm (Figure 4.4). The extent to which this occurs in sec mutants 
should help to unravel how ubiquitin (which lacks a signal peptide) can exit from the cell.

4. Investigation of sec mutants; also development of a selection for mutants affected in 
the ubiquitin-enhancement of secretion. Elafin is not as readily assayable as certain 
enzyme activities. Hopefully study (1) above will identify a readily-assayable enzyme 
whose secretion is influenced by ubiquitin levels. One likely candidate is rat pancreatic 
RNase, which like elafin is a small extensively-disulphided protein. A halo assay on 
RNA-containing plates could then be used to screen for mutants affected in the ubiquitin- 
enhancement of RNase secretion. The phenotype of these mutants can be rigorously 
compared to the phenotypes of the many well-characterised sec mutants; also reversion of 
the mutant phenotype after transformation with yeast DNA sequences would enable the 
selection of the genes complementing the mutant defects.

Finally, there is no doubt that the ongoing characterisation of genes that encode activities 
for the recognition of substrates by the ubiquitination system will uncover novel 
functions of ubiquitination and provide a detailed understanding of particular components 
of the system. This information will help establish general principles defining the role of 
ubiquitin in both intracellular and extracellular production levels of heterologous proteins. 
That ubiquitin has such a role has been clearly shown by the studies in Chapter 3,4 and 6 
of this thesis.
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