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To Ennna-Jane



"This you may say of man - when theories change and crash
 man reaches, stumbles forward, painfully, mistakenly
sometimes. Having stepped forward he may slip back, but 

only half a step, never the full step back".

John Steinbeck.
(The grapes of Wrath)
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Abstract.

The system employed in this work consisted of a 
bacterial j8 -lactamase gene fused to the secretion and 
promotion regions of the homologous Saccharomyces 
cerevisiae SUC2 gene which included the coding for the 
first 30 amino acid residues of yeast invertase. 
Escheri^ia coli |8 -lactamase was used as it is a 
prokaryotic product and therefore contains no eukaryotic 
sorting signals and no sites for fortuitous glycosylation, 
it is also adapted to crossing membranes as it is secreted 
to the periplasm in E. coli.

Investigations into maximizing product formation using 
the transformed strain DBY746.1 showed a differential in 
the product obtained between complex and minimal media in 
the fermenter culture although expression levels in both 
systems were identical. This phenomenon was shown to be 
due to interfacial effects and not proteolytic degradation 
resultant from to nutrient limitation in minimal media. 
The degradation was observed at both shake flask and 
fermenter scales and was prevented by the addition of 
surfactants.

A variety of methods designed to increase the yield of 
the fusion protein revealed a relationship between growth 
rate and both expression and secretion of the heterologous 
product. It was shown that mid logarithmic phase cells do
not only have greater expression levels but also a greater£secretion ability dependent on the rate of growth. The 
growth and induction systems were scaled up from shake 
flask to 1001 pilot plant scale. These systems gave 
enhanced secreted product yield over shake flask induction 
systems.

Having produced enough protein for characterization 
work investigations into a purification system were made. 
After initial routine purification steps proved 
unsuccessful, an immuno-affinity chromatography stage was 
developed to facilitate separation of the protein of

19



interest. The pure product was then subjected to initial 
glycan characterization confirming the linkage and chain 
type and number of chains.

20



1.0 Introduction.

In 1977 Itekura et al. expressed a gene from a higher 
eukaryote in the micro-organism Escherichia coli, to 
produce the biologically active form of the protein 
somatostatin. Four years later Hitzeman et al. (1981) 
successfully expressed the gene coding for human interferon 
in Saccharomyces cerevisiae. Since then recombinant 
protein production from yeast has gained in popularity. 
Advances in rDNA technology have also enabled the 
expression of foreign proteins in insect and mammalian 
cells (Marino; 1989) . It is apparent, however, that there 
is no optimal single host for producing all recombinant 
proteins (Ratner; 1989) and that this has to be chosen 
empirically. The final choice is influenced by several 
factors including the quantity and quality of the product, 
whether the correct folding can be achieved in vivo or in 
vitro, as well as the process economics (Marino; 1989).

Expression in S. cerevisiae is often a suitable choice that 
may combine cost effective production with appropriate 
processing of heterologous proteins. Hence its use as a 
host for the production of heterologous 'healthcare' 
proteins has expanded dramatically over the past decade 
(Martin & Scheinbach; 1989) . Its popularity is due to a 
number of reasons ;

1. Unlike prokaryotic systems yeasts eukaryotic 
subcellular organization enables them to perform many 
of the posttranslational folding, processing and 
modification events required to produce 'authentic' 
bioactive mammalian proteins including a multi- 
component secretion system that can be manipulated for 
producing foreign polypeptides (Buckholz and 
Gleeson; 1991) .
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2. It retains the advantages of unicellular organisms -
namely, rapid growth and ease of genetic manipulation.

3. In contrast to E. coli, intracellular overexpression
of heterologous proteins in yeast does not usually
result in the formation of inclusion bodies.

4. S. cerevisiae has no toxic cell wall pyrogens as in E.
coli and contains no oncogenic or viral DNA that may 
be present in mammalian cells. Therefore purification 
protocols are less complex, and S. cerevisiae is 
generally recognized as a safe organism for producing 
food and healthcare products (Das & Schultz; 1987).

5. S. cerevisiae secret^ only 0.5% of its own protein
into the culture medium, a figure which can be 
increased for heterologous products. Therefore 
extracellular targeting of the protein of interest in 
a bio-active form aids further downstream processing 
stages (Romanos, Scorer & Clare; 1992).

1.1 Heterologous gene expression in Saccharomyces 
cerevisiae.

1.1.1 Introduction of genes into S. cerevisiae.

Specialized vectors that allow the efficient introduction 
of foreign genes (transformation) into S. cerevisiae have 
been identified (Hinnen, Hinks & Fink; 1978: Ito et al.; 
1983). The foreign gene can be either integrated into the 
host genome in single or multiple copies or located on an 
extrachromosomal DNA fragment known as a plasmid. The 
plasmid will automatically replicate and may exist as only 
a single copy to over 100 copies(Volkert, Wilson & Broach; 
1989). The plasmid will include an 'expression cassette' 
consisting of a promoter element upstream (ie. S') of the 
foreign gene to regulate transcription, the foreign gene of 
interest and a terminator located downstream (ie. 3 ') of
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the foreign gene for efficient transcription termination. 
The expression cassette for the heterologous gene will 
contain components enabling the use of the host cell's 
transcription, translation and potentially secretion 
machinery.

1.1.1.1 Types of expression vectors.

Insertion of a foreign gene into an expression vector does 
not guarantee a high level of the foreign protein. Gene 
expression is a complex multi-step process and problems may 
arise ranging from transcriptional problems to protein 
stability. Ito et al. (1983) and Hinnen, et al, (1978) 
both pointed out that the production of a rDNA protein in 
yeast depends on the suitability of the introducing plasmid 
carrying the gene of interest via cell transformation.

There are four types of vector introducing heterologous 
genes into yeast, two of which are employed for industrial 
scale production of biologies. The latter are the 
'Yeast Episomal plasmid' (YEp vector) which use the yeast 
two micron (2/x) plasmid DNA to replicate in yeast (Broach; 
1983), and the 'Yeast Integrative plasmid' (Yip vector) , 
which contains no replication sequence and is used to 
integrate foreign genes into the yeast chromosome (Orr- 
Weever, Szostak & Rothstein; 1981). The other two are the 
'Yeast Replicative plasmid' (YRp vector) and the 'Yeast 
Centromeric plasmid' (YCp vector).

For retention of the 2fi based vectors during cell division 
nutritional markers are used in corresponding mutant 
strains, which are auxotrophic for the relevant nutrient. 
Of these nutritional marker genes, the most 
commonly used are Leu2, His3, Trpl and Ura3 (Broach; 
1981) . Thus a Leu- host transformed with a Leu+ plasmid 
grown in a medium lacking leucine should ensure selection 
as plasmid free segregant cells should no longer be able to
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survive. Continued selection requires the use of a minimal 
medium lacking the relevant nutrient, although Trpl and 
Ura3 vectors can be selected for in the presence of acid 
protein hydrolysates, eg; casamino acids, (as they lack 
tryptophan and uracil), which are often added to enhance 
growth.

Many auxotrophic strains now exist, some containing non
reverting mutant alleles constructed to give low background 
rates in transformation. A frequently used variant of Leu2 
is Leu2-d with a defective truncated promoter. This allows 
copy numbers to rise to about 2 0 0  per cell because of the 
weak expression of the leu2  gene from the defective 
promoter (Beggs; 1978: Erhart & Hollenberg; 1983) . One
drawback of these 2 /x vectors is that their stability is 
poor especially under long term fermentation (Futcher & 
Cox; 1983) . This has been attributed to segregational bias 
between mother and daughter cell on division, especially at 
high growth rates (Tottrup & Carlsen; 1990) . The stability 
of vectors containing the whole 2 /x plasmid sequence is much 
greater, and may be more useful in long term industrial 
fermentations (Beggs; 1981).

Since they are integrated into the host celfs genome 
integrative vectors do not require elaborate selection 
strategies and are thus maintained within the cell 
regardless of medium composition. Yip vectors are stably 
integrated into the host celfs genome allowing long term 
growth of the cell in the absence of selection pressure 
(Stearns, Ma & Botstein; 1990). Hence cells can be grown in 
complex undefined media for many generations without 
showing any segregational instability (Zhy, Contreras & 
Piers; 1986).

The choice of plasmid for heterologous gene expression is 
clearly of vital importance. The two most important 
factors are the copy number and stability of the vector.
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The 2/z based vectors are suited to high level expression of 
a heterologous protein during a short fermenter run. For 
longer term fermentations such as fed-batch or continuous, 
the stability of the vector is all important, and 
integrative vectors seem to be the most advisable.
1.1.2 Transcriptional promoters.

In 1980 the first study into foreign eukaryotic gene 
expression in S. cerevisiae resulted in aberrant 
transcripts in which the introns were not spliced (Beggs et 
al.; 1980). This was the usual rule if foreign 
transcriptional promoters were used. To overcome this 
problem cDNA was used (DNA synthesised from mRNA) together 
with homologous yeast promoters, the first example being 
leucocyte œ-interferon expressed using a 1500 base pair 
fragment located 5 ' to the yeast ADHl gene (Hitzeman et 
al.;1981).

Yeast mRNA promoters consist of at least three elements 
which regulate the efficiency and accuracy of initiation of 
transcription: upstream activation sequences (UASs), TATA 
elements and initiator elements. Many also contain 
elements involved in the repression of transcription. 
Yeast promoters may be highly complex, extend over SOObp, 
contain multiple UASs and negative regulatory sites, and 
multiple TATA elements associated with different initiation 
sites (Struhl; 1989).

1.1.2.1 Glycolytic promoters.

Early promoters used were from the highly expressed 
glycolytic enzymes of S. cerevisiae, e.g. alcohol 
dehydrogenasel (ADHl) (Hitzeman et al.; 1981), 
phosphoglycerate kinase (PGK) (Tuite et al.,*1982) and 
glyceraldehyde-3-phosphate (GAP or GADPH) (Holland and 
Holland; 1980). The promoters were thought to be 
constitutive, but were then found to be induced in the
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presence of glucose (Tuite et al.; 1982). Vectors using 
these promoters to express heterologous proteins can cause 
their accumulation to the level of 2-5% total cell protein 
(Rosenberg et al.; 1984). When the heterologous protein is 
extremely stable, eg. superoxide dismutase, levels of 
expressed protein can reach 50% total cell protein 
(Hallewell et al.; 1987).

High level expression, however, of a foreign gene can place 
an important metabolic burden on the host cell, reducing 
its growth rate and efficiency of gene expression (Fieschko 
et al.;1987). In constitutive systems, where growth and 
expression are linked, there is then a strong selection 
pressure for cells with reduced foreign gene expression. 
These are called 'low expression variants' (Romanos, Scorer 
Sc Clare; 1992) . Often high levels of the heterologous 
protein within the cell can cause plasmid instability, 
manifested by plasmid rearrangement. This is due to the 
toxicity which can arise from high levels of heterologous 
protein being present in the host cell. Plasmid 
rearrangement can include homologous recombination between 
the selection marker and chromosomal allele to generate a 
prototroph and result in complete plasmid loss (Belsham, 
Barker & Smith; 1986).

Toxicity is a common problem with secreted proteins, 
possibly due to the number of rate limiting steps in the 
complex secretory pathway. It is, therefore desirable to 
use a tightly regulated promoter where the growth and 
induction phases can be separated. This is particularly 
important with large scale fermentations, where growth is 
over many generations.

1.1.2.2 Regulated promoters.

To overcome the problem outlined above, work has 
concentrated on ways to regulate promoters, either by
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changes in the cell or in the culture medium. These 
promoters allow the heterologous protein expression to be 
'switched on' when the cell biomass has reached a high 
level, thereby reducing the importance of toxicity on the 
growth rate and plasmid stability.

Several regulated promoters have now been investigated; the 
main ones are shown in table 1 .1 .
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Table 1.1 Regulated promoters used in S. cerevisiae
PROMOTER INDUCTION CONDITIONS.

PH05 Phosphate depletion, (from acid phosphatase 
PH05 gene).

ADH2 Catabolite derepressed, induced by glucose 
depletion.

SUC2 Catabolite derepressed, induced by glucose 
depletion.

GALl Repressed by glucose, induced by galactose.

Temp regulated Induced by either temperature downshift or 
temperature upshift.

The homologous genes from which these promoters are taken 
are induced or repressed either by the presence or the 
absence of a particular stimulus, e.g. phosphate, glucose 
or galactose in the culture media.

Temperature regulated expression of foreign genes is 
already used for the expression of heterologous proteins in 
E. coli (Caulcott & Rhodes; 1986). Cells may be grown to 
a high density at the restrictive temperature, and, once 
maximal biomass has been reached, the expression of the 
heterologous protein can be induced by switching cells to 
the permissive temperature.

The PH05 and GALl promoters require changes in the growth 
medium composition to trigger expression. To obtain PH05 
promoter directed expression, the medium must be depleted 
of inorganic phosphate (Bajwa et al.; 1984). This can 
induce production of an heterologous protein 2 0 0  fold 
(Kramer, DeChiara & Schaber; 1984) . The Gall promoter is 
under a double control system requiring not only the 
presence of galactose to express the gene but also the 
absence of glucose, which acts as a negative effector on
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the promoter (Matsumoto et al.; 1981: Giniger et al.;
1985) . The GALl promoter can be induced by greater than 
1000 fold under these conditions (StJohn & Davis; 1981) .

Another approach is to use the promoters of genes that are 
naturally switched on by the cell in certain circumstances 
(growth regulated promoters). For example the SUC2, the 
invertase promoter, and ADH2 are induced by the depletion 
of glucose in the medium (catabolite repression control). 
The ADH2 promoter can be induced 200 fold by growth 
associated glucose depletion from the growth medium (Denis, 
Ciriacy & Young; 1981) and can be induced by 1000 fold by 
transfer from 5% glucose to 3% ethanol (Yu, Donoviel & 
Young; 1989) . The ADH2 promoter is used by at least three 
companies, Chiron (Barr et al.; 1987a,b: Consens et al.; 
1987: Sabin et al.; 1989), Immunex (Price et al.; 1987) 
and Nordisk Gentofte (Tottrup & Carlsen; 1990).

Catabolite repression is discussed in more detail in 
section 1.3.2 and the mechanism of SUC2 control is 
discussed in section 1.3.3.

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

1.1.3 Other factors affecting expression.

The production of a protein can be affected by many
cellular controls. Controls in the initiation of
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transcription, RNA elongation, RNA stability, initiation of 
translation, translational elongation, polypeptide folding 
as well as other post-translational, processing can all 
affect the levels of a particular protein detectable.

1.1.3.1 Initiation of transcription

Gene expression is most frequently regulated at the level 
of transcription and it is widely acknowledged that the 
steady-state mRNA level is a primary determinant of 
expression of a foreign protein. The mRNA level is 
determined by both the rate of initiation and the rate of 
turnover.

1.1.3.2 Transcript elongation

The elongation of transcripts is not thought to affect the 
overall rate of transcription although fortuitous sequences 
in foreign genes may cause pausing or termination of 
transcription in the same way as a natural yeast terminator 
(Romanos Scorer & Clare; 1992).

1.1.3.3 RNA stability

The half lives of mRNA in yeast range from 1 to 100 minutes 
with two apparent distinct groups; one with half lives of 
less than 2 0  minutes and the other with half lives between 
40 and 100 minutes (Brown; 1989) . It is impossible to 
predict whether a foreign mRNA will be stable due to the 
lack of knowledge of yeast RNA degradation mechanisms. 
There does, however, appear to be an inverse relation 
between mRNA length and stability (Romanos, Scorer & Clare; 
1992) .

1.1.3.4 Translation initiation and elongation 

Translational efficiency is thought to be controlled by
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the rate of initiation and not the process of elongation. 
A ribosome finishing translation of one mRNA molecule is 
most likely to initiate translation of a different mRNA 
species, unless the original species comprises a large 
proportion of total mRNA. There are, however, some 
exceptions when elongation can become rate limiting. For 
example, when the mRNA of a foreign gene contains high 
levels of rare codons, the availability of the respective 
aminoacyl-tRNAs may become limiting, as in the case of lacZ 
(Purvis et al. ; 1987). This is more likely to occur on 
growth on minimal media (Sharp & Cowe; 1991).

1.1.3.5 Polypeptide folding

Protein folding comprises a rate limiting step during which 
some molecules aggregate, particularly at high rates of 
synthesis and at higher temperatures (Kiefhaber et al.; 
1991).

1.1.3. 6  Post Translational Processing

Post translational processing for cytosolic targeted 
products mainly comprise of either of two events, removal 
of the N-terminal methionine (Met) and/or acétylation of 
the N-terminal residue. The enzymes which catalyze these 
reactions are associated with the ribosomes (Kendall, 
Yamada & Bradshaw; 1990). The specificities for these 
enzymes appear to be reliable and highly conserved among 
eukaryotes so mammalian proteins produced in yeast should 
have normal N-terminal residues.

In contrast to intracellular proteins, naturally secreted 
proteins encounter an abnormal environment in the cytoplasm 
and disulphide bond formation and glycosylation cannot 
occur. For this reason many pharmacologically important 
proteins must be secreted, as only then can they adopt 
their correct conformation by folding within the secretory
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pathway (Romanos, Scorer & Clare; 1992)
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1.2 Secretion.

A wide range of proteins have been secreted from yeast and 
this approach offers certain advantages over intracellular 
production:

1. Prevention of product toxicity problems.
2. Sequence specific proteolysis occurs enabling correct 

N-terminus formation (Kendall, Yamada & Bradshaw;
1990) .

3. Production of a properly folded product containing the 
correct disulphide bond formation (Zsebo et al.; 1986: 
Van Den Burgh et al.; 1987: Jacobsen et al.; 1990).

4. The passage of the protein through the secretory 
apparatus of the cell enables glycosylation to occur 
(Kukurazinska, Bergh & Jackson; 1987).

5. Removal of intracellular protease degradation (Marten 
& Seo; 1989).

6 . Subsequent downstream processes are aided as S. 
cerevisiae secretes less than 0.5% of its proteins 
into the growth medium, although this figure can be 
increased several fold for the production of 
heterologous proteins (Das & Schultz; 1987: Romanos, 
Scorer & Clare; 1992).

With very few exceptions the secreted and membrane 
associated proteins of all eukaryotic cells are 
glycosylated, called glycoproteins. Glycoproteins are 
proteins to which carbohydrate moieties are co-valently 
linked through glycosidic bonds.

There are a number of stages which affect the secretion of 
an heterologous protein.

1.2.1 Selection of signal sequences for heterologous 
protein secretion
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Early attempts to secrete foreign proteins from S,
cerevisiae used the proteins own signal sequence e.g. E.
coli |8 -lactamase (Roggenkamp, Kustermann-Kuhn & Hollenberg; 
1981), alpha IFN (Hitzeman et al.; 1983), mouse alpha 
amylase (Thomsen; 1983) and bean phaseolin (Cramer et al.; 
19 87). This process is, in general, inefficient and the 
processing of the signal sequence can be variable
(Cabenzon, DeWilde & Herion; 1984) . For most cases 
homologous yeast signal sequences have been used e.g. the 
signal from acid phosphatase (PH05) (Toda; 1976), invertase 
(SUC2) (DaSilva & Bailey; 1989) and the prepro region from 
ot factor (MFœI) . This latter class tends to give more 
efficient secretion of heterologous proteins into the
culture medium.

1.2.2 Order of events in the secretory pathway

Protein secretion in S, cerevisiae, as in higher 
eukaryotes, is directed by an amino-terminal signal 
sequence which mediates co-translational translocation into 
the endoplasmic reticulum (ER) . It is here that the signal 
peptide is removed by a signal peptidase (Marten & Seo; 
1989: Emr et al.; 1983). Core glycosylation, for both N 
and 0 glycosylation (section 1.2.3), takes place in the 
lumen of the ER if the corrected amino acid sequences are 
present. The protein is then transported in vesicles to 
the golgi apparatus where modifications to the glycosyl 
structures are made (Sere^aotis^ & Bailey; 1987: Park, Seo 
& him; 1989) . The glycosylation pattern may not, however, 
resemble that of the protein derived from natural sources. 
The glycosylated protein is then packaged into secretory 
vesicles which are delivered to the cell surface (DaSilva 
& Bailey; 1989).

1.2.2.1 Problems associated with the ER stages of 
secretion
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Once in the ER it is probable that a default pathway 
directs a protein to the plasma membrane unless it contains 
specific signals for its retention in the ER or Golgi or to 
target it to the vacuole (Romanos Scorer & Clare; 1992) . 
Malfolding may, however, cause retention in the ER and 
Golgi and this may target the protein for degradation. 
Certain proteins are also retained in the periplasmic space 
whereas others pass through the cell wall into the medium. 
The mechanism for passage through the cell wall is not well 
defined although size, net charge and degree of 
glycosylation are all likely to be relevant factors 
(Carlson & Botstein; 1982: Smith, Duncan & Moir; 1988).

Other problems may occur with the overexpression of 
disulphide bonded proteins. BiP and protein disulphide 
isomerase, located in the ER, catalyse the accurate 
formation of disulphide bonds as the protein enters the 
cells secretory apparatus, therefore generating a protein 
with native biological formation (Freedman; 1984). If 
these accessory proteins become saturated or are unable to 
form the disulphide linkages inclusion body formation 
arises. This may be due to the cytosol being essentially a 
reducing environment that will cause incorrect disulphide 
bond formation (Consens et al.; 1987). It has been 
suggested that this rate limiting step could prevent high 
levels of secretion of heterologous proteins even when 
high expression levels are observed (Moir; 1989, Chisholm 
et al.; 1990). Recently Robinson et al. (1994) have
increased secretion of human platelet derived growth factor 
B homodimer 10 fold in S. cerevisiae by concurrently 
overexpressing protein disulphide isomerase.

1.2.3 Glycosylation of heterologous proteins

The process of attaching the carbohydrate is called 
glycosylation. The linkages between the peptide and the 
carbohydrate are of two main types; N-Glycosidic,
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carbohydrate linked to the amide nitrogen of asparagine; or 
0 -Glycosidic, carbohydrate linked to the hydroxyl oxygen of 
L-serine or L-threonine (Lee et al.; 1990).

Glycosylation in general, and the initial biosynthetic 
events of N-glycosylation, in particular, are conserved 
throughout all eukaryotes (Parekh; 1991). The carbohydrate 
side chain appear? to be involved in diverse processes 
including cell-cell recognition, hormone receptor binding, 
protein targeting, host-microorganism interactions, 
solubility and stability (Rademacher, Parekh & Dwek; 1988). 
Glycosylation is both organism and cell type specific. For 
example tissue plasminogen activator (tPA) produced in 
Chinese Ham ster Ovary (CHO) cells compared to murine cell 
lines produce kinetically differing activities due to 
differential glycosylation (Parekh et al.; 1989). 
Expression of a protein in an heterologous system will, 
therefore, almost certainly result in a product with 
differing modifications than the native material e.g. the 
haemagglUftLnin protein (HA) of the influenza virus (Gething 
& Sambrook; 1985) and an Epstein Barr virus envelope 
glycoprotein (Schultz et al.; 1987).

The glycoproteins' saccharide groups can vary in both size 
and number, they can be either branched or linear and they 
can be located at various positions on the peptide chain 
(Lotan & Nicols; 1979). Unlike peptide chains where two 
amino acids can only form two structures a disaccharide can 
have many isomers. For example, N-acetylglucosamine 
(GlcNAc) and mannose can form up to 16 separate isomers 
(Kobata; 1992). When glycan chains can reach in excess~of 
50 residues;— more-than one glyoan can exist on a protein. 
The absence of a template for sugar chain formation affords 
the chance of variable structures which can be effected by 
cell type (Parekh et al.; 1987: Parekh et al.; 1989) ,
extra-cellular environment and the method of cell culture 
(Goochee & Monica; 1990) . The extent to which structural
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multiplicity and microheterogeneity can exist begins to 
become apparent.

1.2.3.1 N-linked glycosylation.

Glycosylated asparagines almost always occur within the 
sequence Asn-X-Ser/Thr, where X can be any amino acid 
(Tanner & Lehle; 1987). Only about one third of potential 
sites are actually glycosylated (Kornfeld and Kornfeld; 
1985). This may be due to either;

1 An insufficient pool of completely assembled and 
glucosylated lipid linked oligosaccharide (Carson, 
Earles & Lennarz; 1981) .

2 Reduced activity of the oligosaccharyl transferase 
present (Oda-Tamai et al.; 1985), and

3 Incorrect orientation and/or inaccessibility of Asn-X- 
Ser/Thr sequence in the acceptor (M'Cune et al.; 1981) .

Glycosylation occurs co-translationally. The asparagine to 
be glycosylated is part of a growing peptide chain that is 
in the process of folding and consequently the period of 
time for glycosylation is limited. Once the protein has 
folded, potential glycosylation sites are no longer 
accessible to the oligosaccharyl transferase or the lipid 
linked precursor instrumental in the initiation of 
glycosylation (Kornfeld & Kornfeld; 1985).

Biosynthesis originates at the rough endoplasmic reticulum 
(R.E.R.). As proteins are synthesised and translocated 
into the lumen of the endoplasmic reticulum (E.R.), 
oligosaccharides consisting of fourteen monosaccharides, 
[GlcNAc] jMançGlCj, are assembled on a lipid linked (dolichol 
pyrophosphate) carrier that is embedded in the membrane of 
the E.R. (Snider & Rogers; 1984: Kukuruzinska et al.; 
1987). The oligosaccharide is transferred en bloc to the 
nascent polypeptide chain onto specific asparagine residues
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that are in the correct consensus sequence (Elbein; 1991).

Initially three outer glucose residues are 'trimmed' by 
specific glucosidases. The terminal glucose is removed by 
specific alpha 1,2 glucosidase 1. A single specific alpha
1,3 glucosidase 11 then removes the inner two glucose units 
resulting in a Man,[GlcNac] 2 oligosaccharide. (Chen & Lennarz; 
1978: Grinna & Robbins; 1979).

Except for glycoproteins which reside in the E.R. the newly 
synthesised glycoproteins are transported to the cis golgi 
cisternae via vesicles budding from the R.E.R which then 
fuse with the golgi membrane (Jamieson & Palade, 1968) . 
Once in the golgi the glycoprotein traverses the stack, 
from the cis through the medial to the trans cisternae.

Yeast N-linked glycosylation seems to be identical to the 
mammalian system (Lehle & Bause; 1984). The only deviation 
occurs in the late processing steps in the Golgi, where 
yeast only produce 'high mannose' type oligosaccharides. 
Mammalian systems trim further mannose residues prior to 
the addition of other sugars via Golgi mannosidases which 
are lacking in yeast. As a result, and due to other highly 
specific glucosyl transferases present (Abeijon & 
Hirschberg; 1992), either of three glycan structures can be 
formed in mammalian systems; (i) high mannose (GlcNACgMang.̂ ) , 
(ii) complex, comprising of a core of GlcNACgMan, plus 
additional sugars including GlcNAc, galactose, fucose and 
sialic acid, and (iii) hybrid, containing features of both 
complex and high mannose chains (Paulson; 1990) . In yeast, 
glycosylation sites on proteins destined for secretion , 
e.g. invertase, are generally elongated via the addition of 
5 0 or more mannose units to the core oligosaccharide. 
Intracellular glycoproteins in yeast have their core 
oligosaccharide extended by only 9 to 13 mannose residues.

Glycosylation, unlike protein synthesis, is not template
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driven, apart from perhaps the initial step in the R.E.R. 
Protein structure and/ or conformation influences whether 
a site becomes glycosylated as well as whether it becomes 
high mannose, hybrid or complex in its chain structure. 
Changes in structure also result from extracellular 
influences. All these variables seem to lead to a 
spontaneous heterogeneity of carbohydrate structure upon 
homogeneous peptide structures to give the protein a large 
number of 'Glycoforms' (Rudd & Dwek, 1991; Ischiara et al.; 
1981), this phenomenon has implications in the analysis, 
separation and purification procedures used on 
glycoproteins.

1 .2 .3. 2  0 -linked glycosylation.

Xf Yeast, in contrast to mammalian cells, 0-linked glycan 
synthesis starts with the attachment of mannose to peptide 
in the E.R. . The immediate donor of the first mannosyl 
residue is dolichol monophosphate mannose (Dol-P-Man) 
(Tanner & Lehle; 1987). The extension to 0-linked di- and 
oligosaccharides from the unimannose unit attached in the 
E.R. most likely takes place in the <^olgi. Mammalian 0- 
glycosylation occurs exclusively in the Golgi (Dunphy & 
Rothman; 1985). These additional mannose residues are 
transferred from GDP-Mannose.

No peptide sequence specificity, as in the mammalian 
system, has been recognized, although a high proline 
content on the N terminal side of serine/ threonine 
appears to aid in the efficient transfer of the mannose 
from the Dol-P-Man carrier. (Lehle & Bause; 1984).

1.2.3.3 The significance of glycosylation.

A glycoprotein can be considered as different sets of 
molecules all sharing a common polypeptide. By carrying 
these different molecules, or 'glycoforms' of a different
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polypeptide, glycosylation diversifies a polypeptide 
structurally and in some cases functionally. This may 
bedtouj a multifunctional role on the glycoprotein, each 
function relating to the different glycoforms and the 
composite activity of the glycoprotein representing the 
weighted average of the activities and incidence of each 
glycoform (Rudd & Dwek, 1991).

Not only do the sugar chains affect the physical properties 
of the glycoprotein but they may also influence the bio
activity, bio-distribution, immunogenicity and circulatory 
life-time of the molecule. (Rademacher et al.; 1988).

In evolutionary terms the attachment of rather large 
hydrophillic subunits to proteins can be assumed to have 
been to cvectfĉ favourable physical properties. To find that 
activities of many glycoproteins in vivo are affected by 
alteration to their glycan moieties is not surprising. 
(Paulson; 1990). Facilitation of the proper folding and 
stabilization of structural conformation is perhaps, 
according to Kornfeld & Kornfeld (1985), the most important 
function of the sugar chain.

Various specialized processes have, however, been thought 
to involve glycoproteins and their specific glycans. 
Processes intimated in this respect have been;

(a) Intracellular routing of proteins.
(b) Cell surface receptors.
(c) Secretion. (There appears to be a strong correlation 

between glycosylation and secretion, but it has been 
shown by experiments involving mutant yeast strains to 
be non vital. Glycosylation may however be required 
in the natural environment to protect the proteins 
from degradation).

(d) Cell to cell and cell to matrix recognition.
(e.g. sperm to egg adhesion has been shown to be
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mediated by a protein-carbohydrate interaction).

Protein glycosylation in multicellular organisms may serve 
additional functions, including those described above, 
compared to unicellular ones. The evidence can be seen in 
the different nature of the chain types in higher 
eukaryotes as compared to the polymannose types exhibited 
in yeast. In yeast it would be expected that the N- 
glycosylation pathway is vital for, evolutionary speaking, 
'simpler' reasons. (Tanner & Lehle; 1987). The functions 
in which glycosylation in yeast has been implicated are:

(a) Protection against degradation (Paulson; 1990).
(b) Intracellular sorting of proteins (Kornfeld; 1987).
(c) Mating. (Cell to cell adhesion involving glycosylated 

cell wall proteins and a mating type specific 
agglutination reaction that precedes conjunction. 
(Tanner & Lehle;1987).

(d) Cell cycle progression. (Glycosylation appears to be 
necessary for the progression through the cell cycle 
in order to enter S phase of growth from the G1 phase 
(Kukurukinska et al.; 1987).

The nearly ubiquitous glycosylation of extracellular and 
cell surface proteins as well as proteins from various 
cellular organelles may reflect a primitive non-specific 
function supporting protein structure and protection 
(Paulson; 1990). This is reinforced by evidence from 
unicellular systems such as yeast with large saccharide 
chains consisting of one sugar type. However, when these 
carbohydrate chains become modified in subtle ways it can 
be used for specific discrimination by receptors without 
altering its non-specific role (Parekh; 1991).

1.2.3.4 Heterologous expression and glycosylation.
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Glycosylation is an inherently variable process in which a 
degree of natural heterogeneity of the oligosaccharide 
chain is exhibited. Protein sequence affects whether a 
particular amino acid becomes glycosylated, but a number of 
other factors play an important part in determining type, 
extent and ability for a protein to become glycosylated. 
Not all cells and tissues perform glycosylation in the same 
way on identical peptide sequences even within the same 
species or even organism (Parekh et al.; 1989). This 
problem is compounded when organisms such as yeast are used 
for the production of mammalian glycoproteins. Here non
native glycosylation may occur. Additionally bacterial and 
non secreted proteins, that in their native form are 
unglycosylated, may become fortuitously glycosylated when 
secreted from yeast. For example interleukin la and IjS 
(Livi et al.; 1990: Livi et al.; 1991) . Recent studies have 
shown that environmental conditions of the cell also effect 
the glycosylation process these include conditions present 
in normal cell culture such as; glucose starvation, 
hormonal effects and the presence of acidotropic amines 
such as NH4CI and TRIS. A number of other environmental 
factors including ion concentration and presence of EDTA 
and HEPES buffer have also been reported to affect 
glycosylation of some proteins (Goochee & Monica; 1990).

Many of these findings are recent and as yet no hard and 
fast rules have been established. Therefore the effect of 
an environmental pressure within the bioreactor on 
glycosylation must still be determined empirically.

In yeast many higher eukaryotic proteins can be produced, 
glycosylated and secreted but their glycosylation will 
almost certainly be different to the native substance. 
This is due to the differing processing of the saccharide 
chains. Production of proteins from yeast must, therefore 
depend on the end use of that product. Problems of 
bioactivity, in vitro distribution, circulatory lifetime
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and immunogenicity may all differ from those exhibited by 
the native form. These and other perhaps unknown 
properties may have a profound effect on a product’s safety 
and efficacy.

1.2.4 Factors affecting secretion

1.2.4.1 Effects of promoters and media on secretion

Much of the initial secretion and expression work is 
performed at shake flask level and it is here that media 
are optimised for the expression/secretion system to be 
used in scale up.

The choice of selection marker appears, at first, to be of 
importance since culture conditions may dramatically affect 
the final yield in the medium. Selection of plasmid 
containing cells in a defined medium may result in not only 
lower cell densities but also, in some cases, lower levels 
of secreted product. A number of workers have reported 
that during this optimisation they have observed increased 
yields from complex (Rothstein et al.; 1987: Lin et al.; 
1991: Coppella and Dhurjati; 1989) or enhanced minimal
media (Smith, Duncan & Moir; 1985: Seeboth & Heim; 1991) as 
compared with YNB (M.M. ) alone. The cause of this 
phenomenon has not been fully investigated. It has been 
widely attributed to proteolytic degradation due to an 
increased induction of proteases because of nutrient 
limitation in YNB. This appears, on initial investigation, 
to be supported by the fact that when yeast extract, 
casamino acids or albumin are added to the medium then 
yields increase. The evidence is, however, not well 
supported as protease deficient strains show similar 
differences between the two media types (Coppella & 
Dhurjati; 1989) . It is also known that 99% of 
Saccharomyces cerevisiae's proteases are cell associated 
and not free in the culture medium (Ogrydziak; 1993).
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Further to these unexplained phenomena, information on the 
effect of promoter type on secretion of heterologous 
products from S. cerevisiae is unclear. Most commonly used 
secretion vectors are based on the high copy 2 /x episomal 
plasmids. Smith, Duncan & Moir (1985) have reported that 
an integrated copy of a prochymosin expression unit 
resulted in similar expression levels as a multi copy 
vector but with enhanced secretion yields, on the same 
defined media. No hypothesis explaining this difference is 
offered. Other evidence , however, shows that this is not 
universally applicable, EGF has been shown to be more 
efficiently secreted by a multi copy vector (Clare et al.;
1991) .

The promoter strength may also play a role. Ernst (1986) 
reported an increase in yield of somatomedin-C with the use 
of CYCl, a weak promoter, rather than the more powerful 
actin promoter. This may be due to toxicity effects being 
more acute using powerful promoters with a subsequent 
selection for low expression variants.

1.2.4.2 Protein folding, transport and processing.

The folding of secreted proteins in the ER involves 
accessory proteins such as BiP (Normington et al.; 1989) 
and protein disulphide isomerase (Freedman; 1989). During 
the secretion of foreign proteins problems may arise either 
due to the saturation of these accessory proteins or their 
inability to fold heterologous products. Glycosylation can 
aid both generation of the correct conformation and passage 
of the molecule through the secretory pathway (Romanos, 
Scorer & Clare; 1992) . It appears, from work done on oi- 
amylase, that correct disulphide bond formation is critical 
for the process of secretion (Sato et al.; 1989). Robinson 
et al. (1994) increased 10 fold secretion of human platelet 
derived growth factor B homodimer by overexpressing protein
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disulphide isomerase. The elimination of glycosylation, by 
growth in the presence of tunicamycin, did not affect 
secretion and the fully active protein was obtained. From 
this it appears that the unique protein conformation is of 
importance and that incorrect folding and disulphide bridge 
formation may cause intracellular accumulation of the 
foreign protein. Multimeric (Horwitz et al.; 1988: Jansen 
et al.; 1989: Yellen & Migeon; 1990) and membrane proteins 
(Schultz et al.; 1987b: King et al.; 1990) may cause
specific problems if directed for secretion.

Saturation of the secretory pathway caused by the secretion 
of an highly expressed foreign protein may result in 
toxicity problems in the cell either from the host cell's 
own secreted proteins or the accumulation of the 
heterologous product (Hinnen, Meyhack & Heim; 1989).

Proteolytic processing of the yeast secretion signal must 
occur to give a mature product* 'piere is some evidence, 
based on a product directed by multicopies of the PH05 
gene, that intracellular accumulation of an unprocessed 
precursor may be due to saturation of some component of the 
secretory pathway, possibly the proteolytic processing 
enzyme SPase (Haguenauer-Tsapis & Hinnen; 1984).

1.2.4.3 Location and energy requirements of secretion.

Novick, Ferro and Schekman (1981) showed the sequence of 
post-translational events in the export of yeast 
glycoproteins with the aid of a number of secretory (sec) 
mutants. They have showw that nine or more sec gene 
products are required to transfer material from the ER to 
the Golgi and these processes require energy. Two or more 
functions, again requiring energy, are required to package 
the post Golgi products into secretory vesicles which are 
then transported to the bud where they fuse with the plasma 
membrane in a process that requires at least 1 0  additional
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gene products and energy.

1.2.4.4 'Super-secreting' strains.

Several strains of S. cerevisiae have been isolated with a 
'super-secreting' (ssc) phenotype. Smith et al. (1985) 
identified, via mutagenesis, three particular strains of 
interest, sscl, ssc2 and the double mutant ssclssc2. The 
gene SSCI was later found to be identical to PMRl, a Câ  ̂
ATPase (Rudolph et al.; 1989). The pmrl mutation 
significantly increases secreted levels of prochymosin 
(Smith, Duncan & Moir; 1985) . The pmrl defect has been 
shown to be localized in the ER to Golgi transition and the 
products from these strains do not hyperglycosylate the 
oligosaccharide core. The yeast glycosylation mutant mnn9 
which cannot hyperglycosylate may be due to a defective 
PMRl gene. It is known that the ER-Golgi transfer is rate 
limiting in mammalian cells (Lodish et al.; 1983) and it 
appears that this is also the case in yeast with the pmrl 
mutation increasing flux of many foreign proteins through 
this step (Rudolph et al.; 1989). The two explanations 
postulated for increased secretion ability are firstly; 
That the proteins pass through the secretory pathway 
without the addition of outer mannose chains. However, 
this does not appear to be the case as the mim9 mutation 
does not besboiJ an enhanced secretion ability. Secondly, 
that the pmrl mutation leads to a bypass of a segment of 
normal secretion and thereby shunts foreign proteins away 
from any complications in secretion that might occur in the 
normal process (Rudolph et al.; 1989). An extreme version 
of the hypothesis is that vesicles from the ER fuse 
directly with the plasma membrane bypassing the Golgi all 
together.

1.3 Growth characteristics of Saccharomyces cerevisiae.

The growth characteristics of yeast are quite complex
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containing such issues as bi-phasic growth and catabolite
derepression (Leviense & Lin; 1982) . The yeast cell cycle
has four distinct phases Gl, S, G2 and M. Cell growth
occurs in the Gl phase until 'start' is reached, when a
critical mass is obtained by the mother cell, and cell
replication, segregation and division begins. The length
of the Gl phase is strongly dependent on the rate of growth
and is the dominant phase at low specific growth and is
negligible at maximum specific growth rates (Coppella &

rnB cSfOçms ofDhurjati; 1989a).phase (DNA synthesis), G2 (gap 2) and 
M (mitosis) phases are, conversely, nearly independent of 
growth rate.

Asexual reproduction for the haploid (which containi a 
single set of chromosomes through most of the life cycle) 
is highly asymmetrical (Volume of daughter <<< volume of 
the mother) at high growth rates and approaches binary 
fission at slow growth (Coppella & Dhurjati; 1989a).

Two catabolic shifts predominate in yeast. The 'Pasteur' 
effect is the shift from oxidative to fermentative 
metabolism when the oxygen supply is interrupted. The 
second shift is dependent upon the glucose concentration 
and is referred to as the 'Crabtree effect' (Alexander & 
Jeffries; 1990).
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1.3.1 Carbon source utilization in batch fermentations.

During growth on glucose as the carbon source most 
efficient growth occurs when the respiratory quotient (RQ) 
(CO2 production / consumption) is around 1.0. This gives 
an ATP yield of 16-28 per mole of glucose oxidized and a 
maximum specific growth rate (MSGR) of 0.25-0.35h'^ with a 
substrate yield of 0.5 grammes dry cell weight (DCW) per 
gramme glucose consumed. This system operates when glucose 
concentrations are below 50-130 mg/1 (Soumalainen; 1969) .

At higher glucose concentrations a phenomenon known as the 
Crabtree effect occurs. This is when the glucose is 
predominantly fermented even in the presence of oxygen. 
The MSGR is 0.15h*̂ , the RQ is greater than 1.0 and the ATP 
yield drops to around 2  per mole glucose consumed, ethanol 
is produced-

After glucose exhaustion a short growth lag occurs (diauxic 
lag) and the catabolic enzyme pools shift to oxidize the 
ethanol produced for a second phase of growth. Ethanol 
oxidation produces a MSGR of O.l-O.lBh'^ a DCW yield of 0.5 
and an RQ of less than 1.0, ATP yield is around 6-11 moles 
per mole ethanol oxidized (Coppella and Dhurjati; 1989b: 
Von-Meyenburg; 1969) .

After ethanol exhaustion growth stops and cells enter 
stationary phase.
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1.3.1.1 The effect of medium composition on the 
production of heterologous proteins.

Most laboratory scale fermentations are carried out on 
mineral salts defined media to ensure plasmid stability, 
typically containing 20 g/1 glucose (Sherman, Fink & Hicks; 
1983). Due to the Crabtree effect, glucose fermentation 
results with a nearly constant low level of oxidation 
resulting from incomplete glucose repression. Such defined 
medium does not support appreciable growth on ethanol 
despite aeration (Coppella & Dhurjati; 1989a). Laboratory 
yeast strains growing on defined media show two clear 
transitions to slower growth (Boucherie; 1985). The first 
occurs when only 50% of the available glucose has been 
fermented and is probably in direct response to cAMP levels 
within the cell. The other occurs at exhaustion of glucose, 
this coincides with maximal biomass and ethanol 
concentrations (Reiger, Kappeli & Fiechter; 1983). The 
reasons for no ethanol oxidation have not been fully 
researched but are assumed to be due to a limiting nutrient 
in the media. Degradation of both intracellularly 
expressed and secreted products has been found to be higher 
in defined media compared to complex (see section 1 .2 .4.1); 
this phenomenon has been attributed to a limiting component 
in the defined media activating proteolytic enzymes within 
the cell (Coppella & Dhurjati; 1989b: Ichikawa et al.;
1989).
Typical batch yeast fermentations on complex medium do 
support ethanol oxidation after glucose fermentation if 
oxygen supply is sufficient. Complex media undefined
media typically consisting of yeast extract and peptone 
digest with around 20 g/1 glucose. After glucose
exhaustion, a short growth lag occurs (diauxic lag) 
resulting from the requirement to shift catabolic enzyme 
pools to oxidise ethanol in the second phase of growth. 
After ethanol exhaustion, growth stops and cells arrest in 
stationary phase (Leviense & Lin; 1982) . This media type
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does produce a far higher biomass although there can be no 
selective pressure for plasmid retention in auxotrophic mutants.

1.3.1.2 Fed batch fermentations.

To overcome the problems of ineffective substrate 
utilization and to produce high biomass^ the glucose 
metabolism must be switched to oxidative rather than 
fermentative (Coppella & Dhurjati; 1989a). It is therefore 
necessary to keep the specific growth rate of the cell 
below 0 .3h' by controlling the feed rate of glucose so its 
concentration in the medium is kept at approximately
O.lg/1. This type of regime is termed fed batch and has 
the advantage of cells attaining a much higher biomass than 
with the conventional batch systems. This can apply to 
either selective or complex media types (Hsieh et al. 1988; 
Gu et al.; 1989 : Fieschko et al.; 1987). This could,
theoretically, be particularly valuable with secretion 
where the concentration of the protein in the medium can 
theoretically increase almost proportionally to cell 
density although it is very difficulty in complex media 
(King, Walton & Yarranton; 19 89) .

Optimization of the biomass production does not, however, 
necessarily optimize for heterologous protein production. 
Fed batch can, with an ideal tightly regulated system, 
separate biomass accumulation from foreign protein 
induction, and the two could be optimized separately. In 
constitutive systems this is clearly not possible; if the 
heterologous product is controlled by a strong glycolytic 
promoter the length of the fermentation will exacerbate 
toxicity problems and the selection of low expression 
variants (discussed in section 1 .1 .2 .1 ).

Glucose repressible expression systems, such as those using 
the SUC2 promoter, present problems. This is due to the 
conflicting requirement to maintain high glucose in order
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to repress the promoter, and to limit glucose in order to 
maximize biomass (Romanos, Scorer & Clare; 1992).

Efforts to overcome these problems have used perturbed 
batch systems. Turner et al. (1991) pulsed glucose

into a batch fermentation developed for the 
secretion of pro-urokinase from the strong glycolytic 
promoters TPI and PGK. Fieschko et al. (1987) used 
galactose inducible promoters using both perturbed batch 
and galactose fed batch for the production of 7 -interferon.

1.3.2 Catabolite repression.

In a yeast strain with the capacity to use a particular 
sugar, the utilization of that sugar is controlled by 
glucose repression or catabolite repression (Carlson;
1987). In S. cerevisiae^ glucose represses the synthesis of 
many enzymes required for metabolism of other sugars 
(Trumbly; 1992). Yeasts preferentially utilize hexoses 
that enter the glycolytic pathway directly; thus sugars 
such as sucrose and galactose are not metabolized in the 
presence of glucose. With very few exceptions this 
regulation is exercised at the level of transcription 
(Gancedo & Gancedo; 1987).

1.3.3 The SUC2 promoter.

The enzyme invertase, which hydrolyses sucrose into its 
component monosaccharides glucose and fructose, is encoded 
for by a family of closely related SUC genes. Different 
strains usually have a single active SUC gene, which may be 
at different chromosomal locations (Carlson; 1987). The 
SUC genes are, in principle, less complex than other sugar 
regulating genes as they are solely under glucose 
repression! there is no induction in response to the 
availability of the substrates, sucrose or raffinose 
(Trumbly; 1992) . The most extensively studied of the SUC
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genes is SUC2 and there is a greater than 100 fold 
difference between repressed and derepressed levels of SUC2 
mRNA (Carlson & Botstein; 1982).

The proposed regulatory pathway controlling SUC2 expression 
(Trumbly; 1992) is shown in figure 1.1.

Figure 1.1: Postulated regulation of the SUC2 gene.

SNF4 CIDl
GRR1<
REGI

-glucose
SNFl

TUPl
CYCB SUC2 mRNA

MIGl

preceding protein inhibits expression of gene
> preceding protein/ glucose induces expression of 
gene.
Upstream activation sequence of SUC2 gene.

(The genes involved in the pathway are given by their 
triple letter code).

As it can be seen even a "simple' control system involves 
a multiple stage gene interaction with numerous levels for 
repression and promotion.

1.3.4 Stationary phase adaptations.

S. cerevisiae responds to nutrient deprivation by arresting 
cell division in the unbudded stage. Cells arrested outside 
this stage at the time of deprivation, complete the cell 
cycle before arresting (Shin, Uno & Ishikawa; 1987). 
Therefore intracellular macromolecular breakdown must 
supply most of the nutrients to complete division in order
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to supply the cell during stationary phase.

Under starvation conditions, cells gain nitrogen from the 
release of sequestered arginine (Durr et al.; 1979: 
Kitamoto et al.; 1988) from the vacuole and the 
nonspecific turnover of pre-existing proteins brought about 
by starvation induced vacuolar hydrolases (Bakalkin et al.; 
1976: Lenney et al.; 1974). Protein degradation rates
range from 0.5-1% per hour when cells grow on glucose to 2- 
3% per hour when cells are starved^ reflecting the induction 
of these hydrolases in stationary phase (Achstetter & Wolf; 
1985). Messenger RNA turnover reduces the amount of non- 
essential message within the cell so energy is not wasted 
in the synthesis of functionally redundant proteins (Elliot 
& McLaughlin; 1978: Boucherie; 1985). The breakdown of 
previously accumulated glycogen and trehalose supply the 
carbon requirements of the cell (Lillie & Pringle; 1980: 
Panek; 1963).

1.4 Purification and characterization.

Purification of a protein from a fermentation liquor is 
often complex. The desired product is in a dilute aqueous 
mixture of other bioproducts many of which possess similar 
chemical and/ or physical characteristics (Parker et al.;
1990). To obtain a highly purified product from the 
fermentation liquor a complex series of operations 
collectively referred to as downstream processing are 
employed. The final degree of purity is dependent on the 
end use of the product and the regulatory requirements for 
that class of product (Scawen et al.; 1990).

The number and the efficiency of each process step have a 
bearing on the final yield of a product. A process 
requiring four purification steps with a recovery of 80% at 
each step will give a yield of around 40%, f f that recovery 
is increased to 9 0% then the final yield rises to around
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70% of the initial product present (Hoare; 1990).

The cellular location of the protein product has a profound 
effect on the purification strategy used in the downstream 
process. In yeast the product may be in one of three 
places;
1. Intracellular; this can be subdivided into vacuolar or

cytoplasmic product.
2. Periplasmic; products here may be membrane bound and

may also be hyper glycosylated.
3. Extracellular; found in the culture supernatant and

also may be hyper glycosylated.

These locations have a bearing on the viscosity, product 
concentration, type and amount of impurities present in the 
initial fraction obtained.

Other downstream considerations are the product size, 
charge, solubility and half-life of the protein (Bailey & 
Ollis; 1987). The purification is further complicated by 
the process size considerations? many operations which are 
standard in the laboratory become impractical on a larger 
scale. Bioproducts are often labile or sensitive compounds 
whose active structure can only survive under defined and 
limited conditions pH, temperature and ionic
strength (Schmidt-Kastner & Golker; 1987). Therefore at 
present^ the design of a purification system for a 
particular protein is carried out mainly by empirical 
means.

1.4.1 Designing proteins for purification.

Due to the problems associated with multistep purification^ 
a lot of work has concentrated on methods to reduce their 
number. Secretion of the product has been extensively 
researched to this end as purification of an extracellular 
product is much simpler than its intracellular counterpart.
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(Uhlen & Moks; 1990). This, however, requires a 
substantial concentration step early on in the downstream 
process as well as the potential of product degradation due 
to shear.

In 1977 Itakura et al. created a fusion protein, consisting 
Of somatostatin and jS-galactosidase, to be produced from
Escherischia coll. The jS-galactosidase was incorporated to 
introduce stability and protection to the heterologous 
product, and the fusion was split after extraction. Since 
then fusion proteins have been investigated not only for 
potential protecting effects but also in attempting to 
design proteins for purification. (Sassenfeld; 1990) .

A fusion protein, or chimera as it is sometimes called, is 
formed by expression of a gene fusion, i.e. combined DNA of 
the required protein and the DNA coding for all or part of 
a second protein. (Sherwood; 1991) . Numerous types of 
purification 'tags' have now been reported;

1. Enzyme purification tags. e.g. jS-galactosidase offering 
resistance to proteolysis, purification via TPEG affinity 
chromatography and a simple colorimetric assay. 
(Sassenfeld; 1990).

2. Affinity purification tags. e.g. FLAG*“, a hydrophillic
and immunogenic purification tag designed for
immunoaffinity chromatography. (Hopp et al.; 1988).

3. Ion exchange, hydrophobic and covalent purification 
tags. Brewer and Sassenfeld in 1984 used a polyarg nine 
tag attached to a number of proteins to facilitate 
purification by cation exchange chromotography. Pearson et 
al. reported in 1988 the use of polyphenylalanine and 
polycysteine tags to aid purification by hydrophobic 
interaction on phenylsepharose.
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4. Metal chelate purification tags. Based on the ability 
of histidine and cysteine to bind metals. (Smith et al.;
1988) .

These methods are, however, still at the research level and 
problems may arise in scale-up. In addition the end use of 
the product is important as the tag may have to be removed, 
e.g. if the protein is destined for therapeutic use.

1.4.2 Affinity methods for purification.

The most extensively used affinity process is that of 
affinity chromatography which has been established since 
the late 60's (Cuatrecasas et al.; 1968). Other types of 
affinity techniques include; affinity precipitation 
(Schneider at al.; 1981: Taniguchi at al.; 1990), liquid 
phase partitioning (Kopperschlager & Birkenmeier; 1990),
and column elution chromatography. These techniques make 
use of the specific interactions between ligand and 
macromolecule which is a universal part of all biological 
systems (Lillehoj & Malik; 1989), the most exploited 
interaction being that between antibody and antigen. The 
purification techniques based on antibody interactions are 
called immune affinity purification.

1.4.3 Purification via carbohydrate moieties.

In the purification of glycoproteins the product is usually 
purified in spite of the sugar chain attached to the 
protein rather than through it. The presence of the sugar 
residues introduces problems not associated with 
unglycosylated forms. These include mass, charge and 
bioactivity heterogeneity in the molecule. By targeting 
the carbohydrate side chain, however, in an affinity 
procedure a generic purification system for glycoproteins 
with similar sugars attached to differing polypeptide 
backbones will result. Due to the repeating nature of
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mannose units on yeast glycoproteins, this approach will 
produce a technique for all fully glycosylated proteins 
from this host.

A number of different carbohydrate specific reagents have 
been employed to date in the purification of glycoproteins, 
most of which have only been used on an analytical scale.

1.4.3.1 Lectin affinity chromatography.

Lectins are saccharide binding proteins and glycoproteins. 
They bind mono or oligosaccharides with great specificity 
through complementary sugar binding sites. They usually 
contain at least two of these sites per molecule and their 
action is analogous to that of antibodies (Lotan & 
Nicolson; 1979). Thus lectins precipitate multivalent 
glycoproteins and polysaccharides and agglutinate cells by 
forming multiple crossbridges between saccharide bearing 
and saccharide binding moleculês (Saleemuddin & Husain;
1991) .

Lectins have been used in assays to determine both the 
presence and amount of glycosylation on a protein,(Sumar et 
al.; 1990), in affinity electrophoresis (Nilsen et al.;
1990) as well as, in the case of concanavalin A, on a 
larger scale of purification via affinity chromatography. 
(Krusous et al.; 1976: Ogata et al.; 1975: Lotan &
Nicolson; 1979).

1.4.3.2 Monoclonal antibodies.

A glycoprotein may contain many antigenic determinants each 
consisting of up to seven monosaccharides or amino acids in 
a consecutive sequence. (Kabat; 1976) . Polyclonal antibody 
mixtures contain a number of different antibodies with 
specifr«̂ t(̂  targeted against either the polypeptide or the 
carbohydrate structure on a glycoprotein. As a result of
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the high degree of specificity a monoclonal antibody 
exhibits there has been an increased awareness of 
carbohydrates as antigenic determinants of glycoproteins, 
these reactions are now of interest to biochemists. (Feizi 
& Childs; 1987).

1.4.3.3 Borate interactions

It has been known, since early this century, that boric 
acid will react with both cyclical and noncyclical 
polyhydroxyl compounds. (Boeseken; 1949). Charles Zittle 
in 1951 notethat the principal requirement for reaction 
with borate is that the hydroxyl groups must be adjacent 
and in the cis position. This has proved useful in 
elucidating the structure of polyhydroxyl compounds 
including saccharides and glycoprotein glycans.

Mannose, the primary component of yeast glycans, has a cis
1,2 did on the C2 and C3 position (figure 1.2) . In yeast 
glycoproteins^many of the mannose units are linked al-->3 
and al- - > 2  to other sugar monomers*, this leaves the 
majority of mannose residues without any cis diols on 
adjacent carbon atoms. The terminal mannose residues, 
however, do have available cis diols for potential 
interaction with borates.

Figure 1.2; Structure of mannose, showing the cis 1,2 did 
of C2 and C3.

OH 4
QH HQ
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Due to the monobasic nature of boric acid and the anion 
having a tetrahedral structure at higher pH, chelate 
complexes with cis 1,2 diols are readily formed since the 
resulting 5 membered ring does not contain any strain, 
(figure 1.3) (Bonnerjea et al.; 1988).

Figure 1.3; Reaction of mannose with borates

HO,--C--OH OH —  C —  0 OH

HO—  C —  OH OH --C--0 OH1,2 cis diol

The tetrahedral borate anion allows the attachment of even 
large polyol molecules without causing strong steric 
hindfrance. (Weser; 1967: Bonnerjea et al.; 1988).
Therefore in the presence of excessive ligands the 
predominant compound is the 1:2 complex (Figure 1.4), this 
should therefore enable proteins containing more than one 
sugar chain to form precipitative complexes.

Figure 1.4; Formation of the borate- ligand 1:2 complex

—  C —  0 OH HO —  C — —  C —  0. 0 —  C - -

—  C —  0 HO —  C - - —  C —  0 0 —  C —

There is a precedent for using borate to aid in the 
precipitation of protein complexes^ Zittle in the 1940's 
used borates to isolate alkaline phosphatase from calf
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intestinal mucosa by the large amounts of polysaccharide 
incorporated in its structure. After initial separation,he 
fractionated the material further by adding borate to 
solutions saturated with ammonium sulphate. It was found 
that borate decreases the solubility of the polysaccharide 
and a relatively pure substance was obtained via a simple 
procedure (Zittle; 1942).

This concept has been utilized in purification of 
glycoproteins more recently. Dean et al.(1983), reported on 
the use of immobilized phenylboronic acid for the 
separation of glycoproteins, principally haemaglobins 
glycosylated and non glycosylated forms. (Middle et al.; 
1983).

Sodium tetraborate (Borax) has also been used to aid in the 
removal of yeast cell debris from a crude cell homogenate 
via the interactions of the yeast cell wall mannoproteins 
and the borax. (Bonnerjea et al.; 1988).
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1.4.4 Carbohydrate analyses.

With the advent of complex biologies in therapeutic drug 
companies' portfolios due to rDNA technology, the issue of 
carbohydrate characterization of glycoproteins has arisen. 
A large number of methods of analyses have been used and a 
description of each of them is beyond the scope of this 
work. A general indication of the process and types of 
approaches used can be given. The analysis and 
characterization of glycoproteins include;

1. Identification of the number and type of glycan 
linkages present, via amino acid sequence analysis and 
cleavage of oligosaccharide chain(s) (Chu; 1986).

2. Estimation of size and glycan type including basic 
monosaccharide composition analysis via lectin blot 
analysis of electrophoresed glycoprotein (Sata, Zuber 
& Roth; 1990).

3. Release of the oligosaccharides and hydrolysis of
carbohydrate chains using enzymatic (Hirani, 
Bernasconi & Rassmussen; 1987: Chu; 1986) and chemical 
methods (Parekh et al.; 1987: Takasaki, Mizuochi &
Kobata; 1982) .

4. Monosaccharide composition analysis liquid 
chromatography (Muramoto, Goto & Kamiya; 1987) , gas 
chromatography with mass spectrometry (Laine, Esselman 
& Sweeley; 1972) and High pH anion exchange 
chromatography with pulsed ampe rome trie detection 
(HPAEC-PAD) (Hardy, Townsend & Lee; 1988) .

5. Oligosaccharide analysis by fast atom bombardment mass 
spectrometry (FABMS) (Morris & Greer; 1988), high 
field NMR (Cohen & Ballou; 1980) or molecular 
recognition, lectin (Green, Brodbeck & Baenziger;
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1987) or immuno affinity binding, (Martensson et al.;
1988).

6 . Sequencing through the use of a series of specific 
exoglycosidases and analysis of liberated 
monosaccharides via Biogel P4 column (Yamashita, 
Mizuochi & Kobata; 1982: Kobata, Yamashita & Takasaki; 
1987), as well as FABMS and NMR.
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2.0 AIMS

The aim of this work was to design a purification procedure 
for a glycosylated fusion protein secreted from the yeast 
Saccharomyces cerevisiae. To this end the project aimed to 
use the E. coli ^-lactamase protein as a model heterologous 
protein fused to part of the homologous yeast invertase 
protein.

This overall aim can be subdivided into four parts;

1. To express and secrete the fusion invertase-/S- 
lactamase, a model glycosylated, heterologous protein, 
from S. cerevisiae using an episomal multicopy 
plasmid,

2. To scale up the production process to a scale capable 
of generating enough material to characterize the 
product, including the glycosylation pattern,

3. To purify and subsequently characterize the product, 
including the glycan(s) present, and

4. To design an enhanced purification strategy based on 
the products glycosylation using compounds that react 
with carbohydrates eg. borate compounds.

The final part outlined above is aimed to reduce the number 
of processing steps in the purification of heterologous 
proteins from S. cerevisiae. The future implications of 
the work would be that proteins of therapeutic interest 
could be easily produced and purified by fusion to a 
homologous secreted yeast glycoprotein.
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3.0 Materials and Methods

3.1. Yeast and Escherichia, coli strains

3.1.1 Saccharomyces cerevisiae

The three yeast strains used were kindly donated by Dr D. 
Pioli (ICI Pharmaceuticals, Alderley Park, Cheshire). 
These were; DBY746 [Mat a, leu 2-3, 112-113, his3, trpl-
298, ura3-52, canl] , PMYl [Mat Oi, leu2-3,112, his4] and
JRY188 [Mat (x, sir 3-8, leu 2-3, 112, ura 3-52, rme 1, trp 
1, his 4]

The yeast strains were maintained as frozen stocks in a 
double strength solution of YEPD (1% yeast extract, 2% 
bacto-peptone, 0.2% glucose) containing 15% glycerol.

3.1.2 EsCherichia coli

A strain of E. coli was used for generation of plasmid 
stock solutions^'this was JM109 (end Al, rec Al, syr A96, j 
thi, hsd R17 (r%, 1%"̂) , rel Al, sup E44, X*, 0(lac-pro AB) ,
[F', tra D36, pro AB, lac I\ Z ÔM15])

3.2 Plasmid and plasmid preparation techniques

3.2.1 The plasmid YEpSLAlOl

The plasmid YEpSLAlOl (figure 4.1, chapter 4) was a 
generous gift from Dr A. Mileham (Dalgetty Ltd. , 
Cambridge). The plasmid contains origins of replication 
from the 2 /x sequences and selectable markers allowing 
transformation in both E. coli and S. cerevisiae. It 
contains the S. cerevisiae LEU2 gene and SUC2 gene promoter 
and secretion signals ̂  retaining 30 amino acid residues of 
invertase which are fused to the ampicillin resistance gene 
of E. coli which encodes for a secretory 0-lactamase
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[EC3.5.2.6]. The LEU2 gene complements the leu2 mutation 
in the host strains providing a selective advantage to 
plasmid containing cells. The DBY746, PMYl and JRY188 
strains transformed with YEpSLAlOl were renamed DBY746.1, 
PMYl.2 and JRY188.1 respectively.

3.2.2 Plasmid preparation techniques

3.2.2.1 E. coli growth and culture conditions

E. coli was grown in LB medium (1% bactotryptone, 0.5% 
yeast extract, 1% NaCl) at 37"C in a shake flask/ in all
experiments a maximum of 2 0 % of the shake flask volume was
filled to ensure that the solution was adequatly aerated 
for aerobic growth. Plasmid selection was effected by 
addition of tetracyclin (tet) (lOOmg/1) to LB medium.

3.2.2.2 Preparation of competent E. coli

Competent E. coli were prepared according to Nishimura et 
al. (1990). â

Medium A; LB culturey^containing lOmM MgSÔ . 7 H2O and 0.2%

Medium B; 36%^glycerol, 12%/^PEG [Mw 7500] , 12mM
MgSO^. 7 H2O added to LB /iWivm and sterilized

by filtration)
1. 0.5 ml of an E. coli culture grown overnight was used

to inoculate 50ml of medium A. The resulting culture
was then grown under the culture conditions outlined 
above and harvested in mid log phase (OD«x) = 0 .6 ) .

2. The cells were kept on ice for 10 minutes and then
spun down at 1500g for ten minutes at 4°C.

3. The cells were then resuspended in 0.5ml of ice
chilled medium A with a further 2.5ml of chilled
medium B added* the resulting solution was then mixed 
gently.

65



4. The competent cells were stored at -70®C in 100 fil 
aliquots.
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3.2.2.3 E. coli transformation

1. An aliquot of the competent cells was thawed on ice 
and 40/xl transferred to a prechilled Eppendorf tube. 
One hundred nanograms of plasmid DNA was then added to 
the cells and incubated on ice for thirty minutes.

2. The cells were then heat shocked at 42®C for 45 
seconds and placed back on ice for two minutes.

3. . 0^2 ml of see solution (2% bacto tryptone,
0.5% bacto yeast extract, 0.05% NaCl, 20itiM glucose) 
was added to the cells which were then incubated for 
one hour at 37®C.

4. The cells were then plated out on LB + tet plates and 
incubated overnight at 37®C.

Controls of competent cells treated in the same way) but
with sterilized water replacing plasmid DNA^ show no
colonies after overnight growth on the LB + tet plates.

3.2.2.4 E. coli miniprep

The miniprep protocol was according to Maniatis et al.
(1982).
1. A single bacterial colony was inoculated into 2ml LB 

+ tet broth and grown overnight.
2 . . ml of this culture were then spun down

and the cells resuspended by vortexing in 1 0 0 /zl of 
solution 1 (50mM'glucose, 25mM TRIS.Cl, lOmM EDTA).

3. Two hundred jLtl of solution 2 (0.2M NaOH, 1% SDS) were 
then added and the tube inverted 5 times to mix 
thoroughly.

4. ISO [il of solution 3 (60ml 5M
potassium acetate, 11.5ml glacial acetic acid, 28.5ml 
H2O) was added and the supernatant transferred to a new 
tube.
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5. Plasmid DNA was then precipitated by the addition of
one tenth the volume of 3M ammonium chloride, gentlyM5 remixed and then two volumes of ethanol^added.

6 . The resulting solution was left on ice for twenty 
minutes and then spun down for thirty minutes in a 
microcentrifuge.

7. The pellet was washed with 1ml 70% ethanol to remove 
precipitated salt and resuspended in BOfxl T.E. (lOmM 
TRIS.Cl, ImM EDTA pH 7.6).

3.2.2.5 E. coli maxiprep

This technique was used to generate greater volumes of the
plasmids to be used in the transformation of the yeast
strains and is a modified method of Maniatis (1982) .

1. E coli was grown overnight in 400ml LB + tet then 
pelleted at 5000 rpm in a Sorvall centrifuge for 5 
minutes.

2. Cells were resuspended in 20ml lysis buffer A (0.45g 
glucose, 1.25ml TRIS. Cl, 2ml 0.5M EDTA, 250mg 
lysozyme, 46.75ml HjO pH of final solution = 8.0) and 
left at room temperature for 2 0  minutes.

3. Forty ml of lysis buffer B (0.2M NaOH, 1% SDS) were 
then added and the cells left on ice for 5 minutes.

4. Twenty ml 5M potassium acetate were then added and the 
cells shaken on ice for 30 minutes.

5. Cell debris were pelleted by spinning at 8000rpm for 
5 minutes at 4°C and the supernatant clarified by 
straining through cheesecloth.

6 . Fifty ml isopropanol were added to the supernatant, 
mixed and allowed to stand at room temperature for 5 
minutes.

7. The solution was spun at 8000 rpm for 10 minutes and 
the pellet resuspended in 15ml solution of TE.

8 . Thirty grams calcium chloride were added to the DNA 
solution in a Beckman ultracentrifuge tube and 400/xl
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of lOmg/ml ethidium bromide were added and the 
solution made up to 35ml.

9. DNA was purified by spinning the tube in a Beckman 
SOTi fixed angle rotor for 40 hours at 56,000rpm.

10. The DNA band was removed from the caesium chloride 
gradient by use of a hypodermic syringe.

11. The ethidium bromide was removed by 3 extractions with 
water — saturated isobutanol and the plasmid DNA 
precipitated with isopropanol.

12. After washing in 70% ethanol the pellet was 
resuspended in 1ml T.E. and the DNA concentration was 
read at ODjgo- One ODjgo unit = 50/xg/ml DNA.

3.2.3 Yeast transformation

Yeast transformation was achieved using a modification of
the lithium acetate method of Ito et al, (1983).

1. Strains were grown to an ODg* of 1.0 in 100ml YEPD, 
harvested by centrifugation and washed twice in 25ml 
TEL buffer (T.E. pH 7.6 + 0.IM lithium acetate) and 
then resuspended in 0.5ml TEL and shaken for 1 hour at 
30"C.

2. Transformation was achieved by adding 25^g herring
sperm DNA, 1/xg plasmid DNA and 0.35ml of 40%^PEG 4000 
in TEL to 50/xl competent cells.

3. This mixture was incubated at 30®C. for 1 hour and then
heat shocked at 42®C for 5 minutes.

4. The transformed cells were plated out on selective
media and incubated for 48 hours.

Control experiments included treatment of the cells as
described above but with no plasmid DNA added,* control
plates show no growth.

3.2.4 Restriction digestion of plasmid DNA
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Routinely 1/xg of plasmid DNA was digested with 5 units of 
the appropriate restriction enzymes in a final volume of 
lOjLil by incubation at 37“C for 1 hour. The DNA fragments 
were then run on a minigel (see 3.2.5) for visualization.

3.2.5 Gel electrophoresis of DNA

DNA restriction fragments were separated on 1% agarose gels
containing TAB (40mM TRIS, acetate, ImM EDTA) and 0.1 mg/ml
ethidium bromide. The running buffer consisted of TAE and 

WASthe gel^run at a constant current of 30mA. Gels were 
viewed using a short wave U.V. transilluminator.
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3.3 Culture media

The media recipes used in this study were based on Sherman 
et al. (1983), the Difco manual with some modifications.
A two percent bacto-agar solution was used for the 
preparation of solid media.

Depending on the auxotrophic requirements of the strair^ ^
either all or some of the following supplements were added 
to the growth media at the stated concentrations.
Uracil, 20mg/l; L-histidine, 20mg/l and/or L-tryptophan,
2 0 mg/l.

3.3.1 Shake flask media

Shake flask cultures were prepared as in table 3.1. A 
maximum of 2 0  % total flask volume was used to ensure 
adequate aeration. The cultures were vigorously shaken in 
either a shaking water bath, an orbital shaker or a 
constant temperature room, except where otherwise indicated 
in the results chapters. Growth temperature was 2B‘’C. The 
YNB based media (minimal media) were buffered at pH 6 . All 
media types were autoclaved for sterilization with all the 
components in the solution except where otherwise 
indicated.

Table 3.2 gives the composition of YNB w/o Amino acids 
medium.
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Table 3.1 Media used in shake flask systems
Growth medium Description
YNBG 0.676% w/v YNB w/o amino acids, 

10ml succinate buffer* (pH 6 ) per 
1 0 0 ml final culture volume, 2 % 
glucose plus auxotrophic 
requirements.

YNBS As above but 2% sucrose instead of 
glucose.

Induction media.
YEPD 1 % yeast extract, 2 % bacto-peptone, 

0 .2 % glucose.
YNB As YNBG but with 0.2% glucose.
YNB + 1% BSA As YNB but with 1% bovine serum 

albumin added after autoclaving by 
sterile filtration through 0 .2 2 /zm 
filter.

YNB + 0.2% PPG As YNB with 0.2% v/v polypropylene 
glycol (PPG) added before 
autoclaving.

1) Succinate buffer; lOOg/1 succinic acid + 60g/l
sodium hydroxide, final solution 
adjusted to pH 6.0).

fid u j / /  .stlvÛ>{VOlÂJl juiAcJüic.*ckl>cÀ. .
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Table 3.2 Composition of yeast nitrogen base w/o amino 
acids (weight per litre final medium)

Nitrogen source.
Ammonium sulphate 5g
Vitamins
Biotin 2  Mg
Calcium pantothenate 400/zg
Folic acid 2 Mg
Inositol 2000Mg
Niacin 400Mg
P-aminobenzoic acid 200fig

Pyridoxine hydrochloride 400Mg
Riboflavin 200Mg
Thiamine hydrochloride 400Mg
Compounds supplying trace elements.
Boric acid sooMg
Copper sulphate (CuSO,.SĤ O) 40Mg
Potassium iodide loOMg
Ferric chloride 200fig

Manganese sulphate (MnS0 4 .4 H2 0 ) 400Mg
Sodium molybdate 200Mg
Zinc sulphate (ZnSO,. VHzO) 400Mg
Salts.
Potassium phosphate (monobasic) Ig
Magnesium sulphate 0.5g
Sodium chloride O.lg
Calcium chloride O.lg
Total weight of dehydrated 
components per litre;

6.71g
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3.3.2 Pilot plant scale fermentation media

Table 3.3 Media used in fermenter systems

Growth medium Description
NG medium with 2% 
glucose.

Minimal media developed in house 
(table 3.50

Induction medium
NG medium + 0.2% PPG. As above but without carbon 

source and with 0.2% PPG.
YEPD As in table 3.1.
YNB As in table 3.1.
YNB + 0.2% PPG As in table 3.1.

3.3.2.1 NG fermentation medium

The medium (table 3.4 and 3.5) designed for fermentation at 
pilot plant scale was a selective minimal media based on 
that of Fieshko et al. (1987).

Table 3.4 gives the composition of the trace metal stock 
solution and Table 3.5 gives the composition of the final 
NG medium.

Table 3.4 Trace métal stock solution

Component Concentration (g/1)
Ferrie chloride (hexahydrate) 27
Zinc chloride (tetrahydrate) 2

Sodium molybdate (dihydrate) 2

Copper sulphate (pentahydrate) 1.9
Orthoboric acid 0.5

Concentrated hydrochloric acid 1 0 0 ml
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The trace metal solution was made in 70% of the final 
volume, including all the HCl required in the final 
solution, and made up to the final volume after the 
addition of all the other components.

Table 3.5 Composition of NG medium (quantities per 
litre of final medium)

Carbon source
Glucose 2 0 g in growth medium, 

none in induction.
Nitrogen source
Ammonium chloride 8 g
Salts
Potassium dihydrogen 
orthophosphate

5g

Magnesium sulphate ig
Calcium chloride (CaCl2 .2 H2 0 ) 0.04g
EDTA O.Sg
Vitamins and amino acids
Riboflavin 3mg
Folic acid 0. 5mg
Biotin 0. 5mg
Calcium pantothenate 40mg
Nicotinic acid 50mg
Pyridoxine hydrochloride lOmg
Inositol 70mg
Thiamine hydrochloride lOmg
Histidine lOOmg
Uracil lOOmg
Tryptophan lOOmg
Trace metals
trace metal stock solution 7 ml
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3.3.2.2 Procedure for making NG growth medium

1. The glucose was autoclaved for sterilization in a 20 
times concentrate separate from the rest of the 
medium.

2. The ammonium chloride and the essential salt solution 
were dissolved in double distilled water (70% of the 
final medium volume) , the trace metal solution was 
then added (at 7ml stock solution per litre of final 
medium) and the pH adjusted back to 5 using 4M NaOH. 
After the pH adjustment the riboflavin and folic acid 
was also added.

3. This solution was then made up to the final volume 
minus the volume of the glucose solution, inoculum and 
vitamin solution, and sterilized in the fermenter for 
30 minutes at 110 bar.

4. The vitamin solution, except for the riboflavin and 
folic acid, was constituted in a 2 0 0  fold concentrate 
solution or 50ml which ever volume was greater. The 
resulting solution was then sterile filtered through 
a 0 .2 2 /xm filter into a pre autoclaved addition vessel 
for the fermenter.

5. When the main solution had cooled to around 50"C the 
glucose and the vitamin solutions were added using 
sterile techniques*, the resulting media was clear.
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3.4 Small scale cell fractionation

One ml of cells were harvested in Eppendorf tubes by 
centrifugation in a microfuge at 13,000rpm. The
supernatant fraction was removed and called the 
'extracellular' or 'supernatant' fraction. The pellet was 
then either subjected to lysis via glass beads, or 
treatment with zymolyase to extract the periplasmic 
fraction.

3.4.1 Cell associated and secreted fractions

A 200/il solution containing 500mM tris pH8 , 50mM MgClj, 
2/zl of a 200mM PMSF solution, 2/xl of a lOOmM TPCK 
solution and 0.4/xg of pepstatin A (the latter three 
ingredients were included to prevent proteolysis) was 
prepared. Both ' the 200/il solution prepared earlier 
and around two volumes of glass beads (BDH, 45nm 
diameter) were added to the cell pellet.

2. The cells were then lysed by vigorous vortexing for 1 
minute followed by one minute left on ice, this 
procedure was repeated three times.

3. The glass beads were spun down and the supernatant 
removed ancl labelled as the intracellular fraction. 
Storage of the fractions was at -70®C.

3.4.2 Cytoplasmic and periplasmic fractions

For more detailed investigation of product localization/the 
intracellular fraction (see above) was replaced with 
fractions obtained from both the periplasm and the 
cytoplasm of the yeast cells using the following method of 
Holm et al. 1986.

1. The yeast pellet was resuspended in 250/il of SCE 
buffer (SCE buffer comprises of l.OM sorbitol, 0.IM 
sodium citrate and 0.06M EDTA).
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To the suspension was added 10/zl of a solution 
containing 3mg/ml Zymolyase 6000 and 10% 2 -
m^aptoethanol in SCE buffer. This mixture was 
incubated at 37°C for 30 minutes until spheroplasting 
was complete) this was checked via microscopic 
examination.

3. The spheroplasts were sedimented in the microfuge and
the supernatant taken as the periplasmic fraction.

4. The spheroplasts were then lysed by the method
described in 3.4.1.
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3.5 Analytical techniques

3.5.1 Biomass determination

Biomass concentration was followed via the change in 
optical density at 550 nm {OD5 5 0) . Distilled water was used 
as a blank for minimal media and a sterile YEPD solution as 
blank against YEPD cultures. If the samples had to be 
diluted,then the YEPD blank was also diluted accordingly. 
The optical density readings obeyed the Beer-Lambert law 
over the range 0.100 to 0.300 units. When a reading 
exceeded the upper limit^ either a 1  in 1 0  or a 1  in 1 0 0  

dilution was made of the culture. These dilutions were 
performed in large volumes (lOmls and lOOmls respectively) 
to reduce dilution errors.

3.5.2 Glucose assay

Glucose concentrations in yeast fermentation broths were 
determined using Sigma glucose kit.
The assay reagent was prepared by adding 20ml water to the 
enzyme preparation. One ml of the solution was then added 
to 1 0 /xl of clarified fermentation broth in a cuvette and 
the reaction left for 5 minutes at room temperature. 
Absorbance was read at 340nm. Samples with readings over 
5g/l glucose were diluted 1 in 5 with water and reassayed.

3.5.3 Total protein assay

Th,e total protein assay was performed using Bio-Rad total 
protein assay kit. Bovine serum albumin was used as 
standard over a range of 0.1 to 1.0 mg/ml. The protein 
assay reagent was diluted 1 in 5 with water and then 
filtered through Whatman No. 1 filter paper. One ml of 
assay reagent was added to 2 0 /zl of sample in a cuvette and 
mixed gently by inversion. The solution was left for 5
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minutes at room temperature and then assayed at OD595 against 
a blank of assay reagent plus 2 0 /xl water.

3.5.4 Beta-lactamase assay

Cellular fractions were prepared as described in section 
3.4.

Either 50/xl of cytosolic or periplasmic fraction were added 
to 850/zl of a O.IM potassium phosphate buffer, or 100/Ltl 
supernatant fractions were added to 800/xl of the same. To 
this 100/xl of a 0.5mg/ml nitrocefin solution were added and 
the reaction followed immediately at 490nm over one minute. 
The kinetics of each reaction are studied to ensure that 
substrate limitation does not occur^shown by a plateau on 
the curve)j the assay is accurate within the linear section 
of the reaction.

The nitrocefin solution is made up by dissolving 5mg 
nitrocefin powder in 1 ml DMSO. Nine ml of O.IM phosphate 
buffer is added, this gives enough reagent for 1 0 0  assays. 
Penicillinase from Sigma was used as standard.

The levels of invertase j8 -lactamase were calculated from 
the following formula and this measure remains consistent 
throughout the work.

1  unit activity = change in absorbance^, x assay dilution
1.7

(from GLAXO research, 1992)

This can be linked to the cell density for a specific 
activity (i.e. the production of invertase j8 -lactamase 
produced per unit biomass), by dividing the volumetric 
activity , calculated via the equation above, by the 
measure of biomass (OD5 5 0) .
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3.6 Procedures for nucleic acid analysis

3.6.1 Preparation of the DNA probe

Using the plasmid y>UCl^ a portion of the j8 -lactamase gene 
was removed via restriction digestion with Bgl 1 and Ssp II 
according to the method outlined in 3.2.4. The DNA 
fragment was recovered from the agarose gel according to 
the method of Young et al. (1985).

1. Following electrophoresis a slit was cut in the gel
below the fragment and a piece of NA45 paper inserted.

2. The fragment was then run onto the paper and the paper 
then removed.

3. To remove the bound DNA from the paper the paper was
placed in a solution of 0.2M NaCl and heated to 60®C
for 15 minutes while gently being agitated.

4. The paper was removed and the DNA recovered by
extraction with phenol/ chloroform/ iso-amyl alcohol 
and precipitated with 2  volumes of ethanol.

3.6.2 Isolation of yeast RNA

1. A volume equivalent to taking 30 ODg% units of culture, 
eg; if the culture OD550 was 2 then 15 ml would be 
taken and harvested by centrifugation at 5000rpm for 
5 minutes.

2. Eight ml phenol, Ig glass beads (BDH 40 mesh) and 8 ml
RNA extraction buffer (lOmM EDTA, 25mM TRIS.HCl, 1%
SDS) were added to the cell pellet and the mixture 
vortexed for 2  minutes.

3. The phases were separated by centrifugation at GOOOrpm 
for 8  minutes and the aqueous phase transferred to a 
fresh Corex tube.

4. Five molar ammonium acetate at a volume 1/lOth of the
volume in the tube and 2  volumes of ethanol were added 
and the RNA precipitated at -2 0"C for 3 0 minutes.
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5. The RNA was pelleted by centrifugation at 12,000rpm 
for 30 minutes and resuspended in 0.5ml DEPC-treated 
water.

3.6.3 Northern blotting

Following electrophoresis^ agarose gels were blotted as 
described in Maniatis (1982). Blotting membrane was 
Hybond-N. Blotting was carried out overnight using 20xSSC 
(3M sodium chloride, 0.3M sodium citrate). Northern
hybridization was carried out according-to Maniatis (1982) 
using the glyoxal/dimethyl sulphoxide protocol.

3.6.4 In vitro labelling of single stranded DNA probe

The DNA probe was prepared using the Amersham Rapid
Multiprime DNA labelling kit. The probe was purified by 
spinning through a G-50 column (Maniatis, 1982).

3.6.5 Hybridization of probe DNA to membrane bound
nucleic acid

Hybridization was according to the technique of Church and 
Gilbert (1981).

1. After blotting, the membrane was dried at 80“C for 1 
hour and then prehybridized in a sealed bag with a 
solution of 7% SDS, 0.5M NaHPO^, ImM EDTA at 65“C for 
a minimum of 15 minutes.

2. The probe was then added to the bag and the blot 
hybridized at 65°C for a minimum of 12 hours.

3v. After hybridization the blot was washed at room
temperature for 15 minutes in 2xSSPE (17.5% NaCl, 2.8% 
NaHPO,, 0.74% EDTA) 0.1% SDS, then at 65”C in IxSSPE,
0.1% SDS for 15 minutes. All washes were carried out 
in duplicate and with constant agitation.
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4. The membrane was then sealed in a plastic bag after 
hybridization to keep it damp.

3.6.6 Autoradiography

The membranes were exposed to Fuji X-Ray film at -70°C in an 
autographic cassette (Protex) with an intensifying screen.

3.6.7 Removal of the probe from the membrane

Probe removal involved washing the membranes with boiling 
water and shaking at 70®C for 30 minutes ; this process was 
repeated.
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3.7 Polyacrylamide gel electrophoresis

3.7.1 Running gel

Pharmacia 'ExcelGel' SDS gradient 8-18 was used. This is 
a precast 0.5mm thin polyacrylamide gradient gel for 
horizontal electrophoresis of SDS denatured proteins. A 
33mm stacking zone on the cathodic side of the gel merges 
continuously into a 77mm separating zone with an 8-18% 
polyacrylamide gradient providing linear resolution between
14.000 and 170,000 and a total separation range of 6,500 to
300.000 da. During the run the SDS precast buffer strips 
supply the gel with buffer ions. The buffer system in the 
strips (anode SDS buffer strip; 0.3M TRIS/HAc, 4g/l SDS, 
pH6.4, cathode SDS buffer strip; 0.08M TRIS, 0.8 M tricine, 
4g/l SDS, pH 7.1) , together with the gel buffer (0.12M 
TRIS/HAc, lg/1 SDS pH6.4) forms a discontinuous buffer 
system.

Procedure :
1. The samples were diluted in at least an equal volume 

of 6 aemmli loading buffer (0.125M TRIS-HCl pH 6 . 8  

containing 2% w/v SDS, 20% glycerol and approximately
0 .0 1 % bromophenol blue* for reducing conditions the 
buffer also contained 8 % mercaptoethanol) (Laemmli, 
1970), and then boiled for 3 minutes.

2. 1ml of kerosine was placed on the LKB SDS-page 
apparatus with thermostatic circulator and, using 
gloves, the gel placed on this. The position of the 
gel corresponds to the polarity of the plate. No air 
bubbles should be found under the gel. The gel was 
precooled to 15°C, the running temperature.

3. After cooling, 20/xl of the boiled solution was applied 
to the sample application pieces positioned on the 
gel.

4. After all samples had been applied the buffer strips 
were placed along their respective electrodes. The
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gloves had to be moistened slightly to prevent them 
sticking to the strips.

5. The electrodes were then placed onto the buffer strips 
and the safety lid put in place. The running 
conditions were as follows;

Voltage; 600V
Current; 50mA
Power; 30W
Time; approximately 75 minutes, or until the

bromophenol blue front reaches the 
anode strip.

Temperature; 15“C.

6 . The gels were then subjected to either silver staining 
(3.7.3) or the proteins blotted onto nitrocellulose 
membranes (3.7.4).

Rainbow markers were used to calculate molecular weights.

3.7.2 Isoelectric Focusing (IFF) gel

To obtain empirical values of the isoelectric points of 
proteins Pharmacia 'Ampholine'PAGplates were used. These 
are precast polyacrylamide gels which can resolve pis in 
the ranges 3.5-9.0, 4.0-5.0, 4.0-6.5, 5.0-6.5 and 5.5-8.5 
depending on which gel is used. In the experiments
described in chapter 6  the 3.5-9.0 plate was employed due
to the unknown nature of the contaminants.

1. Samples were prepared as in the normal gel
electrophoresis method (3.7.1). Also as in 3.7.1 the
cooling plate was prepared with 1 ml kerosene and the 
gel placed on this.

2. The electrode strips provided with the gel were soaked 
in their respective buffer solutions, for the anode IM 
H3PO4 and for the cathode IM NaOH, and placed on the
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gel, anode on the positive side and cathode on the 
negative.

3. The gel was then prefocused (to establish the pH 
gradient across the gel) for 1  hour at the following 
settings;
Voltage; 1500V
Current; 50mA
Power; 30W
Cooling temp. 10"C.

4. 20/xl of each sample were then applied on applicator 
strips at about 50mm from the cathode and the gel run 
under the conditions given above for 1.5 hours.

5. After the gel run was completed the gel was cut in 
half and one half subjected to the modified silver 
stain (3.7.3) and the other half subjected to western 
blotting (3.7.4 and 3.7.5).

In order to evaluate the pi of the proteins, a number of
protein standards were run (Pharmacia pi calibration kit).

3.7.3 Silver staining of proteins

Silver staining was according to a modified version of
Heukeshoven and Dernick (1986). For silver staining at
least 0.3 - 0.5 ng of each protein per /xl was required.

1. After removal of the gel from the electrophoresis 
system it was immediately immersed in fixing solution 
(40% ethanol, 10% glacial acetic acid) for a minimum 
of 30 minutes (if necessary this step can be left 
overnight). This solution precipitates the proteins 
and allows the SDS to diffuse out.

2. The gel was then placed in an incubation solution (a
250ml solution containing; 75ml ethanol, 17g sodium
acetate, 0. 5g sodium thiosulphate pentahydrate, 1.25ml 

v/Vof a 25%^glut;er/aldehyde solution) for 30 minutes.
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3. After incubation the gel was then washed 3 times with
250ml distilled water for 5 minutes each wash.

4. The gel was then placed in a silver solution (0.25g 
silver nitrate and 50/xl formaldehyde made up to 250ml 
with distilled water) for 2 0  minutes.

5. The developing- solution (6.25g sodium carbonate, 25/xl
formaldehyde in 250ml water) and the stop solution 
(3.65g EDTA disodium salt in 250ml water) were made up 
immediately before use and at the same time (ie; 
during the incubation in the silver solution). The 
gel was placed into the developing solution after the 
incubation with the silver solution and the protein 
bands appear within 5-10 minutes.

6 . The gel is then placed into the stop solution for 10
minutes to stop the reaction. It was then washed in
distilled water 3 times for 5 minutes each time.

7. To preserve the silver stained gel it was placed in a
preserving solution (10% glycerol [87%w/w] in water) 
for 20-30 minutes and then covered in cellophane and 
dried under vacumn (but no heat) in a gel dryer 
overnight.

A variation of this method was used to stain the 
Isoelectric Focusing (IFF) gel using a different fixing 
solution (29g trichloroacetate (TCA), 8.5g sulphosalicylic 
acid in 250 ml distilled water). The gel was incubated in 
the fixing solution for between 30 and 60 minutes (not 
overnight as the gel backing becomes detached). This 
fixing solution precipitates the protein but also allows 
the ampholytes to diffuse out of the gel thereby reducing 
background colour. The gel is then washed 3 times in a 25% 
ethanol, 8 % HAc solution for 5 minutes each time before the 
normal silver stain procedure is followed starting at the 
incubation stage.

3.7.4 Blotting procedure
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After electrophoretic separation the proteins were 
transferred onto a polyvinylidene difluoride (PVDF) 
membrane (Problott from Applied Biosystems) using a semi 
wet blotter (Millipore). All operations were carried out 
wearing gloves.

1. Prior to the end of the electrophoresis three 
solutions were made;
Anode buffer I; 300mM TRIS pH 10.4

1 0 % methanol 
Anode buffer 2; 25mM TRIS pH 10.4

1 0 % methanol 
Cathode buffer; 25mM TRIS pH 9.4

40mM 6 -Aminohexanoic acid 
2 0 % methanol

2. After measurement of the gel area to be blotted 6  

correspondingly sized sections of blotting paper 
(Whatman No.l) were cut out and one PVDF membrane cut 
to size.

3. One of the blotting paper pieces was wetted with anode 
buffer 1 and placed on the anode. Two more pieces of 
blotting paper were wetted with anode buffer 2  and 
placed exactly on top of the piece on the anode.

4. The gel was then removed and the PVDF membrane, 
presoaked in anode buffer 2  placed exactly over it. 
The backing of the gel was then removed using a 
Pharmacia FilmRemover and the gel and PVDF membrane 
placed on the blotting paper already on the anode so 
that the PVDF membrane remains on the anode side.

5. The last three blotting paper pieces were then wetted 
using the cathode buffer, placed exactly on top of the 
gel and the cathode lid of the blotter placed on top.

6 . The proteins were electroblotted from the gel onto the 
membrane using a current equivalent to 2.5mA per cm̂  
for 1 0 - 1 2  minutes.

7. The membrane was then removed and placed in an 
appropriate blocking buffer (3.7.5 and 3.7.6).
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3.7.5 Western analysis

After electrotransfer to a PVDF membrane the membrane was
probed with a rabbit antipenicillinase antibody specific to
jS-lactamase from pBR322 (the parent plasmid of YEpSLAlOl) .

1. The PVDF membrane was transferred to 150ml of blocking 
buffer (3% bovine serum albumin [BSA] in TBS) {TBS 
comprises of 20mM TRIS, SOOmM NaCl pH 7.5) and 
agitated gently for 30 minutes (or overnight).

2. The membrane was then transferred to a further 150ml 
blocking buffer and agitated for 30 minutes.

3. After blocking, the membrane was then placed in 10ml 
antibody buffer (1%BSA in TBS) containing 1/100 volume 
(ie 1 0 0 /zl) of the anti-penicillinase antibody in a 
sealed bag and gently agitated for 2  hours.

4. The membrane was rinsed briefly with distilled water 
(Milli Q) and then washed three times with 100ml 
antibody buffer for 5 minutes each time.

5. After washing the membrane was transferred to 100ml 
antibody buffer containing 1 0 0 /xl of horse radish 
peroxidase (HRP)^linked goat anti-rabbit-IgG antibody 
and this was gently agitated for 60 minutes.

6 . The membrane was then washed as in step 4 and then 
rinsed with a further 100ml of TBS. During these 
washing stages the following solutions were made up;

HRP colour development 60mg 4-chloro-1-naj^hol in
solution; 2 Omis ice cold methanol (ânalar),

stored in the dark).
Peroxide solution; 60/xl ice cold 30% hydrogen

peroxide in 100ml TBS.

7. The two solutions made above were added together and 
immediately applied to the washed membrane to 
visualize the bound HRP conjugated antibody. This 
reaction takes approximately 1  minute.
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8. The colour reaction was stopped by rinsing with water 
and the membrane dried in the dark on tissue paper. 
The membranes were stored in the dark to prevent 
deterioration.

Commercial available Rtem jS-lactamase was used as a 
standard control on all western blots.
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3.7.6 Lectin analysis procedure

The specific binding properties of lectins to carbohydrate 
moieties uJere- used to differentiate the monosaccharide 
composition of the purified protein. The lectins applied 
were conjugated to the steroid hapten digoxigenin which 
allowed immunological detection of the bound lectin. The 
individual lectins used and the monosaccharide they 
recognize are. found in chapter 6 (6.6.2).

All volumes stated refer to a 50-100cmf membrane. All steps 
were performed at room temperature and with gentle 
agitation except the colour development step which was
performed without agitation.

1. The membrane was incubated for at least 30 minutes in 
approximately 20ml blocking buffer (0.5g blocking 
reagent in 100ml TBS (0.5M TRIS/HCl, 0.15M NaCl, pH
7.5) this must be heated to 60'’C for 1 hour to
dissolve, the solution remains turbid) . This step can 
be performed overnight at 4°C.

2. The membrane was then washed twice for 10 minutes each 
time in approximately 50ml TBS and once with buffer 1 
(ImM MgClj, ImM MnClj, IMm CaClz, in TBS pH 7.5) .

3. The required amount of lectin {lOfil for either GNA,
SNA or DSA, 50jLil for MAA and 100[il for PNA) was added 
to 10ml buffer 1 and the membrane incubated in a
sealed bag for 1 hour. (Individual lectins used are 
described in 6.6.2).

4. The blot was then washed 3 times with 50ml TBS for 10 
minutes each time.

5. Ten fil of anti-digoxigenin-AP conjugate (polyclonal 
sheep antidigoxigenin Fab fragments conjugated with 
alkaline phosphatase [750 units/ml] ), was added t o 
10ml TBS and the blot incubated in a sealed bag for 1 
hour.
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6. The blot was washed as in step 4 during which the 
staining solution was made up consisting of 10ml 
buffer 2 (O.IM TRIS/HCl, 0.05M MgCl̂ ; O.IM NaCl, pH
9.5) , 50/xl NBT solution (lOOmg 4-nitroblue tétrazolium 
chloride dissolved in 1.3ml 70%v/v dimethylformamide) , 
and 37.5/xl X-phosphate solution (50mg 5-Bromo-4chloro- 
3 - in<5dolyl-phosphate dissolved in 1ml dimethyl- 
formamide) .

7. The membrane was immersed without shaking, in the 
staining solution and the colour development observed 
almost immediately. After a few minutes the reaction 
is complete and the membrane was rinsed several times 
with distilled water and dried on paper towels at room 
temperature in the dark.

Most of the reagents are supplied with the Boehringer
Mannheim kit listed in 3.10.2.
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3.8 Pilot operations

In order to generate enough material for protein 
purification and characterization^larger scale operations 
were required. This included an evaluation of the system 
at a small fermenter scale (51 biomass production scale and 
large shake flask induction) and a larger production scale 
operation (1001 biomass production and 101 induction 
phase).

3.8.1 Biomass production vessel preparation and
operation

For both the 71 (51 working volume) and 1501 (1001 working 
volume) fermenterSy the medium was prepared in three 
sections. For the 51 the amounts are l/20th of those 
described below).

1. All the components for 1001 final volume of medium, 
except for the vitamins and glucose, were made up in 
88.51 of reverse osmosis treated water and sterilized 
in situ at 12IT. and 1 bar pressure and the alkali 
feed tubes and tank were also sterilized in situ.

2. The glucose solution was autoclaved separately in a 10 
times concentration, i.e. 101.

3. The inoculum flask, including connection line for the 
fermenter, was sterilized containing the growth medium 
equivalent to 1% of the final fermenter volume. When 
coolj the flask was then inoculated with DBY746.1 
using aseptic techniques and grown in a shaking 
incubator at 28T until stationary phase had been 
reached.

4. The vitamin solution connection vessel was sterilized 
by autoclaving and the vitamin solution decanted into 
the cooled vessel aseptically through a 0.22/xm filter.
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After the inoculum had been grown^all three of the addition 
lines were connected aseptically. A pH of 5.8 was 
maintained using the controlled addition of 4M NaOH, *(he 
dissolved oxygen was maintained using compressed air at 
between 0.5 and Iwm. The temperature was maintained at 
28"C for all experiments. The inoculum was a 1% stationary 
phase shake flask culture, so as to remain consistent with 
shake flask experiments, unless otherwise stated. The 
stirrer speed was as stated in the individual experiments.

3.8.2 Induction vessel preparation and operation

The induction vessel was prepared by sterilization with 
water in situ. The fermenter had 7 connection ports 
prepared.

The connection vessels, except for the sterilized vitamin 
solution and the cell transfer vessel, were autoclaved for 
sterilization. The medium was prepared as a 10 times 
concentrate.

When the final volume of the cell solution was known^ the 
resident water in the fermenter was removed through the 
sample port, using an head pressure, to the level required. 
The required level was calculated by the following formula;

101 - (the cell solution + all other additions)

The medium and vitamin solutions were added prior to the 
cell solution but the minor pH adjustment and the addition 
of PPG was performed after the cells had been added.

The pH and temperature were the same as in the growth 
system with the stirrer speed and aeration rate as stated 
in the individual experiments.

3.8.3 Cell transfer

94



sterile transfer of the cells from the biomass production 
vessel to the induction vessel was facilitated by a ÇSA8 
Westfalia disc stack continuous centrifuge and a cell 
transfer vessel.

The cell transfer vessel consisted of a glass vessel, able 
to withstand reasonable pressure, with 3 entry/ exit lines 
attached, a cell entry line from the CSA8, a cell exit line 
to the induction vessel and a pressure release line with a 
2/xm filter.

The vessel was autoclaved and then attached to the CSA8 
centrifuge and steam run through the connection.

The CSA8 centrifuge and connecting line from the biomass 
production vessel were sterilized at 121“C and at 1 bar 
pressure for 1 hour. The centrifuge remained pressurized 
until just prior to use in order to achieve total 
sterility.

A head pressure of 1.5 bar in the fermenter with a minimal 
back pressure over the centrifuge bowl resulted in a flow 
rate of between 120-1501/ hr.

After all the culture medium had been processed, the 
centrifuge was opened once to release the cell paste into 
cell transfer vessel for transportation to the induction 
vessel.

The cells were passed into the induction vessel by using 
compressed air attached to the pressure release line of the 
transfer vessel. When this operation was complet^ the 
lines were clamped off and the induction process started.

3.8.4 Harvesting
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Harvesting of the final product after induction was 
achieved using a tubular bowl centrifugation (IP) at a flow 
rate of 101/ hr. The supernatant was stored at -70®C for 
further product purification and characterization. The 
cell mass was also retained and stored at -70®C.
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3.9 Concentration and purification techniques

3.9.1 Concentration of the crude supernatant

Concentration of the crude supernatant was achieved via two 
methods, oné^small scale analytical purposes and one for 
large scale preparative work.

The small scale method used Amicon 'Centricon 
microconcentrators' molecular weight cut off (mwco) 
10,000da. and operated as specified in the operating 
instructions that are included with the materials supplied.

The large scale method used the Amicon CH2 Diafiltration 
apparatus in concentrating. The retentate fraction was
recycled and the filtrate (material below 10,000da.)
discarded. The filter was a spiral column 10,000da. mwco 
supplied by Amicon. Conditions used are set out below; 

pump setting; 3
back pressure; 1 bar
filtrate flow rate; 2.51/ hr
operating temperature; 15”C.

The system was stored in O.IM NaOH and thoroughly rinsed 
with 'water for injection' (WFI) quality water before use.

3.9.2 Anion exchange chromatography

All column packing and solutions for use in the 
chromatography run were made up at the running temperature 
(15°C) to prevent gas solubility changes in the system when 
switching from room temperature.

1. After deciding the size of the column the matrix was 
weighed out at 0.9g/ ml of column. This was then 
suspended in buffer A (see results chapter 6 for 
recipe of buffer A in particular experiments) at 25
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to 30% of the final column strength, ie; for a 10ml 
column 9g of matrix was first suspended in 40ml of 
buffer A.
The column case (Pharmacia XK16) was thoroughly washed 
with WFI before column packing which was done at 15"C 
and the column extension attached.
The well mixed matrix slurry was then poured in and 
allowed to settle and the eluent from the column 
allowed to run to waste.
When all the slurry had been added^the column top was 
inserted and buffer A pumped through the column at a 
flow rate of 45ml/hr/cm^ until the bed height was 
constant.
After reaching a constant column height^ the extension 
was removed and the column top replaced on the column 
making sure that no air bubbles were trapped.
Buffer A was then flowed through the column at the 
rate to be used to equilibrate the column.
After equilibration, the sample which had been 
dialysed against buffer A at 4“C and then brought to 
the running temperature, was loaded onto the column at 
1ml/min using a peristaltic pump (Pharmacia PI) and 
the fraction collector started to collect 2.5ml 
fractions.
Once the sample had been loaded^the column was flushed 
with Buffer A for 2 column volumes and then a linear 
gradient of buffer B (0.5M phosphate buffer pH 7.2) 
started and run over 100 minutes for 0 to 50% B and 50 
minutes from 50 to 100% B.
After the gradient was complete the fraction collector 
stopped and fractions analyzed. The column was 
unpacked and any protein still bound was elutedCÜisocrati^ly with IM buffer B in a batch system.
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3.9.3 Immuno Affinity chromatography

3.9.3.1 Preparation of the affinity matrix

1. O.Smls anti jS-lactamase IgG was dialysed overnight 
(16-18hrs) against 500ml coupling buffer (O.IM sodium 
hydrogen carbonate, 0.5M NaCl, pH 8.3) using a flow 
through microdialysis system and a flow rate of 0.5ml/ 
min.

2. Approximately 30 minutes before termination of 
dialysis y 0. 3g of CNBr-activated sepharose gel was 
weighed out and reswelled in 2ml of reswelling/ 
washing buffer (ImM HCl) for 15 minutes.

3. The gel was washed with 4 times 10ml of reswelling/ 
washing buffer on a glass sinter attached to a Buchner 
flask with vacumn supply.

4. At this stage the antibody solution was removed from 
the dialysis block and transferred to a suitably sized 
NUNC tube.

5. The gel was washed with 15 ml coupling buffer and 
immediately transferred to the antibody solution.

6. The resulting solution was mixed end over end for 2 
hours at room temperature.

7. The solution was then reapplied to the glass sinter 
and the liquid removed under vacumn. The liquid was 
retained for a second binding attempt.

8. The gel was then introduced into a NUNC tube 
containing blocking buffer (0.2M glycine pH 8) and 
mixed end over end for a further 2 hours at room 
temperature.

9. The gel was then washed alternately with coupling 
buffer and acetate buffer (O.IM sodium acetate, 0.5M 
NaCl, pH 4.0) in 10ml volumes for 5 cycles to remove 
any uncoupled ligand.

10. After a final coupling buffer wash^ the gel was 
resuspended in coupling buffer, containing 0.1% sodium
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azide, to a volume of 2ml and stored at 4°C in a 2.5ml 
tube.

This affinity preparation remains viable for over 3 months 
if stored under these conditions.

3.9.3.2 Binding and elution of Invertase j8-lactamase

1. The affinity matrix was gently agitated to resuspend 
the gel and washed 4 times with 1 ml of TRIS buffer 
(40mM TRIS pH 8.0) each time.

2. 5ml predialysed sample was then added and mixed end 
over end at 4®C overnight.

3. The mixture was allowed to settle and the non^bound 
ffaction tested to ensure binding had occurred.

4. The affinity matrix and the bound antigen were 
transferred to a 500/xl preplugged Eppendorf tip and 
the eluent collected in a 1.5ml Eppendorf tube. The 
original tube was rinsed out with 3 times lOOjLtl of 
buffer 1 (40mM TRIS, pH 8.0) These washes were also 
transferred to the Eppendorf tip.

5. The matrix was then subjected to the following washes 
to elute the bound protein;

7 X 100/zl buffer 1 (1.4 column volumes)
7 X 100/xl buffer 2 (1.4 column volumes)
3 X 100/xl buffer 1 (0.6 column volumes)
7 X 100/xl buffer 3 (1.4 column volumes)
2 X 100/xl buffer 1 (0.4 column volumes)

Where buffer 2 = 40mM acetic acid pH 3 and, 
buffer 3 = 40mM TRIS, 500mM NaCl, pH 8.0.

Each fraction was collected separately and analyzed via 
SDS-PAGE analysis and the jS-lactamase assay. The acidic 
fractions (includlA^ the fractions for 1 column volume
after the acetic acid wash step^, were dripped into an equal 
volume of lOOmM TRIS pH 8 in order to neutralize them.
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These conditions were the initial eluting conditions tested 
but were changed during the course of the experiments. See 
chapter 6 for details.
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3.9.4 Peptide N-Glycosidase F (PNGase F) digestion

1. Twenty jul of sample (20/xg) was added to 20/xl of 
incubation buffer (40mM sodium phosphate pH 7.5, 
containing 0.5% SDS and 5% mercaptoethanol) and was 
boiled 2 minutes.

2. After cooling^ 5/xl of a 20% Nonidet P40 solution was
added to each tube and mixed well.

3. Five /xl̂ 2 ^|PNGase F (stock concentration is 4units/ 
22/xl)^to each tube apart from negative controls and
incubated at 37®C for 18 hours. Control samples were
incubated using buffer in place of PNGase F.

The digested samples were then subjected to SDS-PAGE
analysis.

Positive control samples used included al acid glycoprotein
and Fetuin.
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3.10 Materials and suppliers

Standard reagents were AR grade supplied by BDH.

3.10.1 Grouped materials

Microbiological media; Dif CO

Tetracyclin and auxotrophic 
requirements;
Protease inhibitors;
Glucose assay kit (HK 16-UV); 
Ethanol assay kit;

Sigma (Poole, 
Dorset England). 

//
//
//

Total protein assay kit (500-0001);

Restriction enzymes;

Probe labelling reagents;

Biorad (Munich, 
Germany)
Pharmacia (Uppsala, 
Sweden).
Amersham.

3.10.2 Individual materials

Zymolyase 20T;
Nitrocefin;
j8-lactamase {E. coli R̂ ĝo;) (P3553) ; 
Filter paper (No. 1);
DE52 anion exchange resin;
NA45 paper;

DEPC;
'Excelgel' 8-18% (80-1255-53);

Electrophoresis applicator strips; 
Electrophoresis buffer strips; 
(80-1255-52)
Iso Electric Focusing gel; 
(17-0471-01)

Seikagaku Kogyu Co. 
Becton Dickinson. 
Sigma, (as above) 
Whatman 

//
Schleicher & 
Schull.

Pharmacia 
above).

//
//

//

(as
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pi calibration markers (kit); 
Sephacel anion exchange resin; 
(17-0500-03)
CNBr activated sepharose;
(17-0430-01)
Electrophoresis rainbow markers (RPN 
Silver nitrate (S/1280);
PVDF membrane (Problott);
Rabbit anti-ampicillinase antibody; 
(5307-661211)

Horse radish peroxidase conjugated 
goat anti rabbit IgG (A-6154);
Œl acid glycoprotein (G 9885);
Fetuin (F 3004);
Nonidet P40 (N 3516);
DIG glycan differentiation kit; 
(1210-238)

PNGase F (E 5003)

//
//

//

756);Amersham 
FSA
Applied Biosystems. 
5 prime 3 prime. 
(Boulder, Colorado, 
USA)

Sigma. (As above) 
//
//
//

Boehringer Mannheim 
B i o c h e m i c a  . 
(Mannheim, Germany) 
Oxford
G l y c o s y s t e m s . 
(Oxford England)
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3.11 Equipment

3.11.1 Centrifuges

Bucket centrifuges:

Continuous centrifuges

microfuge; 
small scale; 
large scale; 
small scale; 
large scale

Beckman
MSE
Sorvall
IP
Westfalia (CSA8)

3.11.2 Fermenters

21, 71, 201 and 1001; All LH fermenters.

3.11.3 Other equipment

Filters ;
Dialysis membrane (10,000mwco)
CH2 diafiltration apparatus;

Centricon 10 microconcentrators; 
Micro dialysis apparatus;
Vacumn Buchner funnel;
(with sinter glass membrane) 
Electrophoresis apparatus;
Electro Blotter;
Chromatography column case (XK16);

FilmRemover (for gel backing); 
Manual peristaltic pump (PI); 
Liquid chromatography controller;

All Sartorious.
//

Ami con (Danvers, MA 
USA) .

//

Millipore.

LKB
Millipore. 
Pharmacia (as 
above)

//
//
//
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4.0 Expression of invertase ^-lactamase in Saccharomvces 
cerevisiae and media effects on its induction

Use of the yeast Saccharomyces cerevisiae as a host for 
expression of recombinant products has accelerated in 
recent years. In order to retain heterologous DNA in the 
yeast cell, the DNA must either be integrated into the 
host/s genome or, present in an extrachromAsomal plasmid 
capable of auto-replication. Many studies have used the 
latter option with plasmids based on the 2/zm vector of S. 
cerevisiae. This method facilitates uncomplicated gene 
insertion into the host, results in high product yields and 
is retained due to the provision of a selective advantage 
for the auxotrophic host via a marker gene required for 
growth. It does, however, have the disadvantage of 
requiring a selective minimal medium (MM) , e.g; YNB w/o AA, 
for plasmid retention.

One major advantage of S. cerevisiae is its possession of 
a secretion system similar to higher eukaryotes. Despite 
the existence of this pathway only a small number of 
proteins are naturally found in the culture medium enabling 
a simple recovery procedure for a selectively secreted 
product (Scheckman et al; 1989) . Much of the initial 
secretion and expression work is performed at shake flask 
level and it is here that media are optimised for the 
expression/secretion system to be used in scale up. A 
number of workers have reported that during this 
optimisation they have observed increased secreted (in the 
culture medium) yields (product secreted per cell) from 
complex (Lin et al; 1991; Coppella and Dhurjati; 1989) or 
enhanced MM (Smith et al; 1985; Seeboth and Heim; 1991) as 
compared with MM alone. The cause of this phenomenon has 
not been fully investigated and it is often presumed that 
proteolytic degradation occurs due to an increased 
induction of proteases because of nutrient limitation in 
MM. This appears to be supported by evidence as when yeast
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extract, casamino acids or albumin are added to the MM, at 
around 1%, then degradation is no longer observed. The 
evidence is, however, not well supported as protease 
deficient strains show similar patterns of degradation in 
MM when compared with non protease deficient strains 
(Coppella and Dhurjati; 1989). It is also known that 99% 
of Saccharomyces cerevisiae's proteases are cell associated 
and not free in the culture medium (Ogrydziak; 1993).

The system used in this work consisted of a bacterial (3- 
lactamase gene fused to the secretion and promotion regions 
of the homologous SUC2 gene which included the coding^Eor 
the first 30 amino acid residues of yeast invertase. This 
gene was inserted into S. cerevisiae on an episomal shuttle 
vector containing the complete 2/i sequences for replication 
and the LEU2 gene for selection purposes. The SUC2 gene 
was used due to its ability to direct heterologous proteins 
for secretion and the tight regulation of expression it 
exerts at different phases of the growth cycle. The /3- 
lactamase (R̂ )̂ from Escherishia coli was used as this gene 
has successfully been secreted from S.cerevisiae although 
not in high concentrations (Bielfeld & Hollenberg; 1991). 
As it is a prokaryotic product it contains no eukaryotic 
sorting signals and contains no sites for fortuitous 
glycosylation. It is adapted to crossing membranes as it 
is secreted to the periplasm in E. coli and it has been 
shown to remain enzymatically active after extensive N- 
terminus additions enabling easy detection using a 
sensitive assay based on the chromogenic cephalosporin, 
nitrocefin (O'Callaghan & Morris; 1972).
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4.1 Expression of the fusion gene

The first phase of this work consisted of the evaluation of 
a number of plasmids and the transformation of a number of 
strains to create a strain capable of the production and 
secretion of invertase |8-lactamasê os<oJ.

4.1.1 Plasmid evaluation

Three plasmids were considered for this study, pSLAlOl, 
pSUC387 and pSUC517.

The plasmid pSLAlOl is based on pGLAlOl (Mileham; 1990) and 
carries SUC2 sequences from pBR58 (Carlson & Botstein; 
1982) . These sequences carry the upstreaim region and 
promoter-proximal half of the SUC2 gene including the first 
30 amino acid residues of mature invertase, with its 
potential glycosylation site at the asparagine at residue 
23 . The— fuoion— subsfeifcutCD— fefee— rogien— encoding— j@-
letctamaoQ— oigngfl— sequcnco— — that eneodi-ng— fehe— signal 
sequence of -invertaso and-the £4rct 30 amino acid rooiduoG.

The plasmids pSUC387 and pSUC517 are based on pUC18 and 
carry SUC2 sequences from pBR58.

The plasmid pSUC387 carries sequences which include all the 
SUC2 upstream control sequences and 1158 base pairs (bp) of 
the SUC2 coding sequence, equivalent to 387 residues of 
invertase and as such carries 11 N-glycosylation sites.

pSUC517 is similar to pSUC3 87 but carries an additional 
fragment from the 3" end of SUC2 encoding an extra ISOObp 
of SUC2 coding sequence, equivalent to 517 residues of 
invertase and as such all 13 glycosylation sites of 
invertase are present.

These plasmids were converted into a S. cerevisiae/ E. coli
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shuttle vector by cloning a partial EcoRl fragment from 
YEp213 (Sherman et al; 1986) which carries the LEU2 gene 
and 2/x sequences into the EcoRl__&ite. These plasmids were 
prefixed with the letters YE, eg; pSLAlOl becomes 
YEpSLAlOl.

The plasmid YEpSLAlOl (FIG. 4.1) was chosen for the studies 
due to the fact that it encodes for a protein with a 
shorter chain section from mature invertase and a single 
glycosylation site on the jS-lactamase protein. This was to 
prevent any unnecessary complication of the work. The size 
of YEpSLAlOl is 11.21 kilo bases (kb).

4.1.2. Strain transformations

The yeast strains DBY746 (mat Oi, leu2, his3, trpl,ura3, 
canl), PMYl (mat a, leu2, his3) and JRY188 (mat oi, sir3, 
leu2, ura3, his4, rme) were transformed with the plasmid 
YEpSLAlOl (using the method described in section 3.2.3) to 
produce three recombinant strains renamed DBY746.1, PMYl.2 
and JRY188.1 respectively. These strains were plated out 
on selective plates, containing 2% YNB w/o AA, glucose and 
the amino acids necessary for the growth of the particular 
auxotrophic host, and grown at 28*’C for 48 hours.

Ten transformants from each strain were then chosen and 
analyzed for the production of invertase j8-lactamase. Each 
transformant was suspended in a liquid version of the 
culture medium used above and grown until stationary phase', 
the cell associated fraction and the free culture medium 
fractions were^^analyzed for activity via the nitrocefin 
based assay.

For the purpose of this study the cellular fractions will 
be defined as described below;
Cytoplasmic fraction; Fraction consisting of the

contents inside the cytoplasm.
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Figure 4.1; Map of plasmid YEpSLAlOl (11.21 kb).
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Periplasmic fraction; Fraction consisting of the
contents found in the periplasmic 
space (between the periplasm and 
the cell wall).

Cell associated fraction;Contents of both the cytoplasm and
the periplasm.

Secreted fraction; Fraction consisting of the
culture medium with the cells 
removed.

No activity was found in the secreted fractions but a 
limited response was detected in the cell associated 
fractions (figure 4.2). DBY746.1 gave the greatest
activity detectable and this strain was therefore used in 
all subsequent experiments.

4.2 Design of the induction process: Effect of media
type on induction

In order to avoid the problems associated with derepression 
of the foreign gene during growth (discussed in chapter 1, 
section 1.1.2.2) growth on sucrose was not attempted. 
Instead derepression of the SUC2 promoter by natural 
exhaustion of the glucose carbon source was investigated.

No secreted product was observed during natural 
derepression and therefore an alternative induction system 
was designed based on that used by Marten and Seo (1989). 
The procedure involved the transfer of the cells from a 
biomass production medium to a product induction medium, 
between the end of exponential phase and the onset of 
stationary phase, when biomass levels were optimal.

The biomass production medium was a minimal medium (YNB w/o 
AA with 2% glucose as the carbon source) with histidine, 
tryptophan and uracil added due to the auxotrophic 
requirements of the strain DBY746.1.
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Figure 4.2; Mean value of cell associated 
activity of transformants.
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Two induction media types were evaluated:

(i) a complex medium (YEPD + 0.2% glucose (section 
3 .3 .1 }), and

(ii) a minimal medium, (YNB w/o AA + 0.2% glucose (section
3 .3 .1 }) .

The activity in the cytoplasm, periplasm and in the 
secreted fractions were monitored until concentrations 
leveled.

Figure 4.3 shows a significant difference in the activity 
of the enzyme observed in the secreted fractions of the 
complex and minimal induction media, with 8 fold increase 
in specific activity insrcase in the secreted fraction of 
the complex medium. This difference does not, however, 
appear to be due to an increased expression rate as the 
cytoplasmic and periplasmic levels are similar. This 
becomes more apparent when the cytoplasmic and periplasmic 
levels are expressed in terms of percent of total cell 
associated activity (table 4.1).
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Figure 4.3; Comparison between media type used in the
induction of invertase j6-1 actamase from DBY746.1.
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Profiles showing specific activity in three compartments of yeast 
strain DBY746.1. Cells grown on selective minimal medium 2% 
glucose until early stationary phase (OD^^q = 8) at 280C. The
cells were then transferred aseptically and resuspended in a 2% 
glucose induction medium either complex or minimal.
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TABLE 4.1; Comparison of the distribution of cell 
associated product between complex (YEPD) 
and minimal (YNB w/o AA) media.

Time elapsed after 
commencement of induction

% total non secreted product
YEPD YNB

t = 0 mins Cytoplasmic 79 80
Periplasmic 21 20

t= 60 mins Cytoplasmic 66 52
Periplasmic 34 48

t= 120 Cytoplasmic 83 80
Periplasmic 17 20

t= 180 Cytoplasmic 74 82
Periplasmic 26 18

t= 240 Cytoplasmic 69 77
Periplasmic 31 23

t= 300 Cytoplasmic 67 78
Periplasmic 33 22

These figures are the average values from duplicate 
experiments.

4.3 The effect of medium type on invertase 
lactamase secretion

These investigations into the differences between minimal 
and complex media types and the amount of secreted product 
detected suggested three hypotheses:

1.

11.

That differences in expression for secreted products 
occur in different media.
That protease degradation was occurring in the minimal 
medium either en route to the culture broth or that 
proteases were secreted into the broth.
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iii. That the protein was deactivated due to environmental 
conditions in the vessel, such as mechanical shear or 
interfacial properties.

These hypotheses were therefore tested.

4.3.1 Investigation into fusion expression in different
media

In order to investigate the possibility of differential 
expression rates of invertase lactamase targeted for 
secretion between the two media types an analysis of mRNA 
produced three hours after cell transfer was made.

The cells used for the induction were from the same culture 
ensuring that all the samples had the same genetic 
background. Samples from a mid exponential culture in 
biomass production medium were also taken as a negative 
control for invertase jS-lactamase induction.

The samples were then subjected to Northern analysis using 
a radiolabelled j8-lactamase probe constructed from the j3- 
lactamase gene. The loading control used was a 
radiolabelled PYK probe the PYK gene is expressed 
constitutively throughout the growth cycle.

Figure 4.4 shows an equal level of induction of the 
heterologous gene in the two different media types and no 
mRNA produced in either of the negative control samples.

4.3.2 Investigation into the effects of protease 
degradation

Protease induction has been attributed to LhWr a lack of 
an essential nutrient resulting in protein turnover 
(Coppella & Dhurjati; 1989b: Ichikawa et al.; 1989). This 
has been observed for intracellular proteins but would be
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surprising for a product found in the supernatant as 
greater than 99% of proteases from Saccharomyces are 
cytoplasmic or membrane bound (Ogrydziak; 1993). There 
could, however be proteolysis en route to the culture broth 
and, as the product concentrations are very low, this may 
have a significant effect. Alternative explanations are 
that the differences observed are either because of a 
competitive effect with the large number of peptides in 
yeast extract reducing the apparent degradation of the 
beta-lactamase fusion protein of interest, or that limited 
cell lysis in the minimal medium releases intracellular 
proteases which could then result in the situation 
described above.

4.3.2.1 Effect of available nitrogen on protease 
induction

To investigate this an experiment varying the amounts of 
available nitrogen (table 4.2) to the cells was undertaken, 
as it had been observed that nitrogen starvation induced 
vacuolar proteases.

Table 4.2: Media used in protease induction experiment

Flask Media type.
1. Complex (Yeast extract, peptone digest
2. Yeast nitrogen base w/o amino acids (0.67%)
3. 5 X (YNB) [lsr̂ Af.#l3
4. YNB + 5g/l ammonium sulphate
5. YNB + lOg/1 ammonium sulphate [jMVl

The results (figure 4.5) show that addition of available 
nitrogen to the medium has no effect on the apparent 
degradation of the product in the secreted fraction.
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Figure 4.4; Northern blot analysis of DBY746.1 isolated from 
complex and minimal induction media three hours 
after induction regime commenced.

PYK mRNA;

i n v  3 - l a c ;

Lanes 1 and 2; DBY746.1 from mid exponential growth.
Lanes 3 and 4; DBY7 46.1 induced in YEPD.
Lanes 5 and 6; DBY746.1 induced in Minimal Media.



Figure 4.5; Investigation into the effect of amount of available 
nitrogen on invertase jB-1 actamase in minimal media.
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4.3.2.2 Protection of the product

Potential methods of 'protecting' the protein in the growth 
system, an approach adopted by numerous groups when faced 
with similar problems, was investigated. This is 
traditionally performed in either of three ways:

1 . integrating the vector and using complex media,
2 . addition of casamino acids to the media, and
3. the addition of either 0.5% or 1.0% albumin to the 

selective media.

Of these three options only the last was practical in 
this particular case and therefore a minimal medium 
containing 1 % albumin was evaluated against the original 
minimal medium and the complex system.

The systems were induced for three hours and the cells then 
removed, the remaining supernatant was spiked with a 
commercial jS-lactamase and the activity monitored for the 
following 150 minutes.

In order to investigate the effect of agitation each flask 
was duplicated with one flask agitated whilst its duplicate 
was left standing. The experiment was otherwise performed 
under identical conditions.

Figure 4.6 shows there is a protective effect with albumin 
in the media, but there is also a significant difference 
between the standing and agitated systems in the YNB only 
flasks which indicates that the agitation/ aeration of the 
system is affecting the product.
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Figure 4.6; The effect of albumin addition on induction 
in minimal medium in both agitated and non 
agitated induction regimes.
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4.4 Investigation into physical degradation and
product protection

The effect of shear on the proteins was not considered 
earlier as it was believed that this effect would be 
negligible in a shake flask system. The inactivation of 
proteins in agitated systems has been investigated by some 
workers (Thomas and Dunnill; 1979 ; Virker et al. 1981; Lee 
and Choo; 1989; Khan et al. 1992). It has been shown, in 
non-fermentation systems, that air/ liquid interfaces are 
important in the deactivation of some globular proteins, 
e.g; lactic dehydrogenase (Virker et al. 1981) and lipase 
(Lee and Choo; 1989) . This significance has been confirmed 
by the use of surfactants to preferentially form layers at 
the interfaces thereby preventing interfacial protein 
degradation (Kim et al. 1982; Khan; 1992).

4.4.1 Shear related degradation in the culture medium
of the shake flask system

In order to investigate the possibility of a physical 
rather than proteolytic degradation a system using 
commercial |8 -lactamase spiked into four media types, (1 ) 
YEP, (2) YNB, (3) YNB with 0.2% polypropylene glycol (ppg), 
and (4) YNB with 1% albumin, was employed. The use of a 
commercial |8 -lactamase as a spike ensured the absence of 
any protease effects.

Each medium type was subjected to an agitated regime and 
the activity monitored over a two hour period. A non
agitated control of each medium type showed no degradation 
of jS-lactamase in any of the four media, but the 
corresponding agitated system showed that the activity in 
YNB reduced dramatically over the same time period (Figure 
4.7) .

The absence of degradation in the non-agitated control
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Figure 4.7; The effect of agitation in a shake flask
on a jô-lactamase spike in different media
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indicates that physical degradation (shear forces) is 
responsible for the observed loss in activity.

4.4.2 Shear related degradation in the medium of a
fermenter system

To investigate whether the effect observed in shake flasks 
was due to interfacial degradation, or other mechanical 
shear forces, the experiment was repeated in the controlled 
environment of a fermenter. The same media, excluding the 
YNB containing albumin, were spiked with the commercial |8 - 
lactamase and monitored under agitation only,(750rpm 
stirrer speed, Owm) and agitation and aeration (750 rpm 
with I w m  aeration) (Figure 4.8 a. and b. respectively). 
The fermenter had a single rushton turbine impeller the 
diameter of which was approximately one third of the vessel 
diameter, and a liquid volume of 70% of the total vessel 
volume was used.

The results showed minimal degradation in the three media 
types when agitated only, but there was a sharp decrease in 
activity of the lactamase in the YNB medium when the 
system was aerated.

A comparison of the rates of degradation between the shake 
flask system and the fermenter system shows the increased 
rate of inactivation of the jS-lactamase in the aerated 
fermenter system (Figure 4.9). Although air/ liquid 
interfaces exist in a fermenter system whether sparged or 
not, it appears the important parameter is the degree of 
interface renewal that will determine the degree of 
degradation. In a vigorously agitated shake flask with a 
culture volume at a maximum of 2 0 % total flask volume, the 
renewal is high.
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Figure 4.8; The effect of agitation and aeration, in a fermenter, 
on j8-1 actamase activity in three media types, YEPD, M.M 
and M.M. + 0.2% PPG.
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Figure 4.9; A comparison of the rate of degradation of j8-1 actamase
in minimal media in a shake flask and in both an aerated 
and non aerated fermenter system agitated at 750rpm. 
rotor speed.
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4.5 Protection of invertase jS-lactcunase in the fusion 
induction system

To ensure that the changes to the media did not have any 
deleterious effects on induction rates the original 
induction system was investigated in light of the media 
changes made.

Due to the potential scale up implications the medium 
containing 1% BSA was not used further. The other three 
media were compared with respect to the levels of invertase 
j8 -lactamase detectable in the supernatants.

Table 4.3; Effect of media composition on the 
detectable activity of invertase-jS-lactamase

Time after
transfer
(mins)

Invertase j8 -l 
in the super

M.M. w/o PPG.

actamase specifi 
'natant (units/m]
M.M.+ 0.2% PPG

-c activity 
..OD,*)xlO\

YEPD
0 0 0 0

60 0 0 2.3
1 2 0 0 3.7 6.4
180 1.4 9.9 1 1 . 8

240 2 . 2 14.5 14.7
300 1.5 14.0 14.9

Both the protected minimal and complex media gave similar 
levels of activity detectable in the secreted fraction. As 
downstream implications favour the use of a non-complex 
medium, and the extent of change of medium environment at 
transfer is reduced by the use of minimal medium, all 
further experiments were performed using the minimal medium 
with 0.2% PPG.
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4.6 Conclusions

This chapter has shown:

The transformation and testing of three strains of 
Saccharomyces cerevisiae for the production and secretion 
of invertase jg-lactamase.

Despite the differences in detected product in the culture 
broth there is no difference in expression rates when 
DBY746.1 is grown on complex or minimal media.

The phenomenon described above is not due to proteolytic 
degradation resultant from nutrient limitation in
minimal media.

The degree to which the protein is degraded is related to 
the proportion of interface renewal in the system. The 
interface renewal and interfacial area increases in the
order agitated, nonaerated fermenter, < shake flask < 
aerated and agitated fermenter corresponding to the 
increased degradation rates observed.

To prevent degradation in minimal medium additives can 
however, be added to minimal media. Either an excess of 
protein e.g. albumin or the addition of a surfactant e.g. 
polypropylene glycol (ppg), will cause competitive or 
preferential coating of the air/ liquid interfaces 
respectively and therefore prevent protein degradation. 
These protectants have been shown to prevent invertase 0- 
lactamase from degradation under induction fermentation 
conditions.

(Some of this work has been reported in the IChemE Trans, 
Vol 71 part C, June 1993 pp 104-105) .
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5.0: On the effect of induction systems on product yield, 
location and subsequent scale u p  implications.

The use of regulated promoters in Saccharomyces cerevisiae has 
been extensively studied and their efficacy proven in many 
cases. Early promoters used were from the glycolytic enzymes 
of S. cerevisiae, such as PGK and GAD PH (Tuite et al.; 1983: 
Holland & Holland; 1979). The resultant heterologous protein 
was 2-5% of total cell protein. These levels have been 
increased especially for stable proteins such as superoxide 
dismutase (SOD) which can reach 50% of total cell protein 
(Hallewell et al.;1987). Glycolytic promoters however cause 
the cell to produce the foreign protein throughout the growth 
cycle which can cause an energy drain on the cell and growth 
slows rendering the fermentation less economic (Fieschko et 
al.;1987). Another problem of the constitutive promoter is 
that the toxicity caused by large accumulations of the foreign 
protein within the cell causes plasmid instability and . a 
selection pressure for low expression variants or even plasmid 
loss (Belsham, Barker & Smith; 1986).

To overcome the problems outlined abov^work has concentrated 
on ways to regulate promoters by either physiological change 
in the cell or environmental change in the culture medium. 
These type of promoters allow the heterologous protein 
expression to be 'switched on' when the cell biomass has 
reached a suitably high level, thereby reducing the importance 
of toxicity to the growth rate and plasmid stability 
(discussed in chapter 1 sectionl.1.2). To this end promoters 
that are derepressed with the exhaustion of the primary carbon 
source have been favoured by laboratory scale molecular 
biologists and larger scale fermentation technologists alike’, 
these include the ADH2 promoter from alcohol dehydrogenase, 
the Gall promoter from the galactokinase gene and the SUC2 
promoter from invertase, jlll three of these promoters are
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downregulated in the presence of glucose. Each protein, 
however , must be evaluated empirically as no one system is 
universally successful.

The choice of the expression system is very important and to 
a certain extent depend&nt on the protein to be produced. If 
the protein is toxic to cell growth then regulation of the 
promoter may have to be employed, ûne way to overcome these 
problems is to secrete the product into the growth medium. 
The advantages of secretion in the production of heterologous 
proteins is discussed in section 1 .2 .

The aims of this chapter are;

1. To investigate the factors affecting production of and 
secretion of invertase lactamase from DBY746.1.

2. To scale up production to pilot plant level in order to 
generate material for the characterization of the 
glycosylation of the secreted product invertase ]8 - 
lactamase.
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5.1 Methods of increasing yield

The initial problem to address was that of yield. In order to 
be able to meet the aims of this project,a large increase in 
yield from those observed in the experiments described in 
chapter four was required. To this end a series of 
experiments to investigate ways of increasing both the yield 
of invertase jS-lactamase and the amount of the product 
secreted were performed. These included looking at; (a) the 
effect of the carbon source and the expression regimen, (b) an 
investigation into the potential of anaerobic induction, (c) 
the effect of growth rate on expression and secretion ability 
and, (d) the extent to which a concentration step at induction 
could be used.

5.1.1 The effect of the carbon source and expression 
regimen

Using three different expression regimes, constitutive 
expression, natural glucose derepression of SUC2 and transfer 
of cells to an induction medium, production of invertase /3- 
lactamase from DBY746.1 was studied.

5.1.1.1 Constitutive expression

The cells were grown on a minimal medium, 0.2% PPG (see 
section 3.3) with 2% sucrose as the carbon source at 28®C with 
vigorous shaking. Using sucrose as the carbon source ensured 
constitutive expression of the SUC2 gene through glucose 
derepression.

Figure 5.1 shows that invertase /3-lactamase activity increased 
during exponential growth but decreased towards the end of 
this phase coinciding with depletion of the primary carbon
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Figure 5.1: Constitutive expression of invertase ̂3-1 actamase
via growth on sucrose.

J
‘ 00

J
2

16-, 16

14- 14

1 2 - 12

10 - 10

4- 414

Q o
0 1 0 2 0 30 40

C/5"OCDO
?
Oo
<!
CD
2

3_
o

X

s

— cell density

Time (hrs)
invertase jS-1 actamase specific activity 
—O— cell associated

secreted fraction

Figure 5.2: induction of inveratse1actamase in 0.2% glucose
minimal medium with 0.2% Polypropylene Glycol (PPG).

ro
O

(/)
‘E

o
o
oCPo.C/)

16-1

1 2  -

3000 100 200
Time after transfer (mins) 

lactamase specific activity (units/ml. ) xlO~ 
@ cytoplasmic, fraction O periplasmic fracti 
D secreted fraction

I 7 n

3

on



source. The jS-lactamase specific activity levels detected 
were, as observed in previous experiments, very low especially 
in the cell associated fractions (cytoplasmic and 
periplasmic) . These levels were too low for any further 
studies to be performed on a constitutive expression system.

5.1.1.2 Glucose depletion

The cells were grown on the same medium type as in 5.1.1.1 but 
with 2 % glucose as the carbon source and 0 .2 % polypropylene 
glycol (PPG) as a protectant. This gave no increase in yield, 
over that shown in chapter 4, when the promoter was induced 
after the glucose concentration reduced to below 2 g/l (results 
not shown). Two g/1 is the figure quoted by Marten and Seo 
(1989) when the SUC2 promoter is induced (see section 1.3.3).

5.1.1.3 Transfer to a low glucose induction medium

The third method of inducing the SUC2 expression system was 
via growth in a 2% glucose M.M. with transfer of the cells at 
the transition stage of growth (OD550 8.5) to a low glucose 
media with PPG as a protectant (figure 5.2) . This method gave 
increased levels of detectable jS-lactamase over both the 
constitutive and the natural derepressed systems in all 
fractions analyzed. This suggested that the total expression 
levels were greater. The levels of activity in the secreted 
fraction are very low; nevertheless, it is possible to devise 
a method to increase the final amount for large scale work 
(see section 5.2).

This set of experiments showed two major characteristics of 
the system. The first was that the expression levels were 
very low regardless of method of induction attempted. The
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Figure 5.3: Comparison of induction under aerobic 
and anaerobic conditions.
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second observation of note is that there appears to be a 
growth- rate related aspect to the heterologous protein 
production seen in the constitutively expressed cells with a 
greater specific activity in mid log as opposed to stationary 
phases (figure 5.1). This latter effect is looked at in more 
detail in section 5.1.3.

5.1.2 Induction under anaerobic conditions

Some work on invertase suggested that yield increases 
dramatically when induction under anaerobic conditions occurs 
(Jang et al.; 1990) . In light of these findings^an attempt on 
shake flask scale was undertaken to see if induction (not 
growth) under anaerobic conditions would result in an 
enhancement in expression and subsequent yield from the SUC2 
promoter.

Cells were grown to an OD550 of 6.0 and transferred to an equal 
volume (50ml) of induction medium in a measuring cylinder kept 
at 28°C in a constant temperature room using a magnetic 
stirrer for agitation and the system monitored for five hours, 
the medium was sparged with nitrogen just prior to the 
addition of the cells and after each sampling time point. 
Cells from the same culture were also transferred to a conical 
flask, containing an equal volume of induction medium. The 
flask was vigorously agitated at 28 °C and used as an aerobic 
control (see section 3.3.1).

The data (figure 5.3) showed that there was an increase in 
yield in the cell associated fraction in the anaerobic system. 
This increase, however, did not reflect the increases reported 
in the published work. , The overall yield from the cell is 
reduced compared to its aerobic counterpart, it is uncertain 
whether this is due to differences in induction and/ or
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secretion capabilities or even intracellular proteolysis.

As no significant increase in volumetric productivity (the 
total activity detectable per unit volume regardless of 
biomass) was observe^ no further investigations into this 
induction system were undertaken. However one observation - 
of note was made. A comparison of the product yields in ' 
the culture medium for the aerobic system (transferred at  ̂
OD5 5 0 6 .0 ) and the aerobic control of this experiment ^
(transferred at OD5 50 8.5) shows an increase in the former. - 
This may indicate a go^ntial relationship, between > 
production of the fusion^nd the growth rate/ phase. This 
issue is developed further in the following section.

5.1.3 Growth rate effects

5.1.3.1 Increase in expression

In order to evaluate the effect of growth rate on secreted 
product levels, cells were transferred at various stages of 
growth. These points were, from mid log , 0D;% 1 to 4, late 
log, OD = 5, and stationary phases OD = 9, and are marked on 
the growth curve shown in figure 5.4 with arrows. At the 
transfer stage a concentration step was introduced to increase 
overall yields. The cells were^grown up in 250ml shake flask 
cultures at no greater than 2 0 % of the flask volume to ensure 
adequate aeration of the culture. After reaching the required 

240ml of the growth culture were centrifuged and the 
resulting cell pellet transferred to 40ml induction medium, 
giving a six fold concentration. The activity of secreted 
invertaselactamase was monitored over five hours post 
induction.
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Figure 5.4: Growth of DBY746.1 on standard defined medium (2%glucose) 
in a shake flask.
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Table 5.1 Effect of time of transfer on induction yields

Time
hrs

j8 -la(

OD55Q 1

ztamase sg 
(Ur

ODggQ 2

)ecific ac 
lits / ml.
0̂ 550 3

tivity in
OD5 5 0) X 1 0  " 
0̂ 550 4

the cultu]

0̂ 550 5

re broth 

0̂ 550 9

0 0 0 0 0 0 0

1 0 17 13 24 1 2 4
2 2 2 2 1 19 2 0 1 0 5
3 16 14 15 15 1 0 6

4 1 2 1 1 1 2 15 9 6

5 1 1 1 0 15 13 9 6

These data show a sharp rise in specific activity over the 
first two hours for the mid logarithmic transferred cells with 
a subsequent plateau or decrease. The reason for this may be 
due to the increase in cell density of these cultures skewing 
the specific activity when compared to the stationary phase 
transferred cultures. The volumetric activity does not show 
a fall in the level of invertase jS-lactamase merely a 
plateauing of the activity.

The data in table 5.1 shows an increase in the amount of |8 - 
lactamase in the secreted fraction from the mid log (OD550 1  to 
4) induced system over the late log (OD550 5) and stationary 
phase (OD550 9) systems. In order to evaluate whether there is 
a correlation between specific activity yields obtained during 
induction and the growth rate (/x) at time of transfer the 
following table was compiled. The specific activity values 
given are for two hours into induction. The specific activity 
is only calculated for the exponential part of growth where 
the formula /x = ln2 / tj (where t̂  is the doubling time in 
hours) is true. The specific growth rate in stationary phase 
is much less than that in exponential growth.
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Table 5.2 Comparison of specific growth rate and secreted 
product yield at two hours post induction.

Biomass
(OD550)

Doubling time 
[td (hrs)]

Specific 
growth rate 
[/X (hr-1)]

Specific 
activity in 
culture broth. 
(units/ml .OD550

X 10*")
0.5 3.4 // //
1.0 3.4 0.20 22
2.0 3.4 0.20 21
3.0 4.2 0.17 19
4.0 5.2 0.13 20
5.0 5.7 0.12 10
6.0 7.0 0.10 //

9.0 21.6 >>>0.10 6

time in hours)
Table 5.2 shows a definite correlation between growth rate and 
specific activity detected in the culture broth. Due to these 
findings an investigation was undertaken into whether this 
correlation is due to an increased secretion ability from mid 
logarithmic transferred cells for invertase lactamase (see 
section 5.1.3.2).

5.1.3.2 Investigation into secretion ability 
fermentative and stationary growth

during

It has been shown that the specific activities of secreted 
product increased when transfer occurred in mid logarithmic 
phase when compared with those transferred in stationary 
phase. Further to this work an investigation into whether 
this is due to an increase in expression of the heterologous 
product in more active cells or due to a greater secretion
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ability at greater growth rates was made.

Two 240ml cultures were grown under identical conditions. The 
cells from one flask were transferred in mid logarithmic phase 
(OD550 of 2.5 ( [i = 0.17 h ‘) ) to a flask containing 40ml
induction medium. The remaining growth flask was harvested 
when the cells reached stationary phase (OD550 of 9.0 (jn = 
O.OSh'M) and then the cells transferred to another flask also 
containing 40ml induction medium. The |8 -lactamase activity 
was monitored in the cell associated and secreted fractions 
for the following five hours.

The log phase system showed an increase in yield when compared 
to the stationary phase system with the secreted fraction 
levels at over five times and the cell associated product 
slightly increased compared to the stationary phase system 
(figure 5.5). The increase in yield per cell (specific 
activity, see figure 5.6) between the two systems is due to 
the reduced cell numbers transferred in the mid logarithmic 
transferred system. This, therefore, shows a greatly 
increased production ability of the fusion protein in both the 
cell associated fraction as well as the secreted fraction over 
their stationary phase system counterparts (see table 5.3).
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Figure 5.5: A comparison between induction of mid logarithmic 
and stationary phase cells.
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Figure 5.6: A comparison of yield per cell between cells induced
at mid logarithmic and stationary phases.
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table 5.3; Percent |8 -lactamase activity secreted to the 
culture broth

Time after 
transfer (hrs)

% jS-lactamase secre
bro

Mid Log transfer 
OD550 2.5

ted into the culture 
:h.
Stationary transfer 

OD550 9
0 0 0

1 95 0

2 93 33
3 65 2 0

4 65 34
5 85 34

These figures show profound differences in the secretion 
abilities of the two systems with a final secretion to the 
culture medium of 85% product (after five hours induction) for 
the mid log cells compared to 34% for the stationary phase 
system.

5.1.4 Effect of concentration on transfer

A fundamental requirement, if protein purification with 
subsequent characterization was to occur, was to increase the 
product levels in the secreted fraction. One potential method 
of achieving this was to concentrate the cells between the 
growth and induction phases.

To investigate to what extreme this technique could be 
employee^ a mid log culture (OD530 = 3.2) was split into 3 
fractions. These fractions were centrifuged and the cells 
resuspended in induction medium to create 6 , 1 2  and 18 fold 
concentrated cultures which were monitored over a five hour 
period.
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Figure 5.7 shows the volumetric activity in the culture media 
and the extent of cell growth in the induction medium. 
Specific activities of secreted fractions are given in figure 
5.8 .

These data showed that the 12 and 18 fold concentrations gave 
around the same volumetric yield in the culture broth. When 
the cell numbers were taken into account the yield per cell of 
all three systems were similar with the 6  and 1 2  fold 
concentrated cells having a slightly enhanced production of 
invertase jS-lactamase. It can therefore be concluded that the 
concentration effect is directly proportional to the cell 
number up to a 1 2  fold concentration with only a slight 
reduction in specific activity for greater concentrations up 
to 18 fold. This effect does not appear to be due to 
nutritional limitations in the 18 fold concentrated system 
preventing maximum invertase /?-lactamase production as the 
production curves for volumetric yield for the 1 2  and 18 fold 
concentrated cells are similar. If a nutritional limitation 
was occurring the initial production of invertase jS-lactamase 
in the 18 fold concentrated system would be more rapid with 
a slowing down in the rate of production when essential medium 
components became limiting. The effect is more likely to be 
due to a limitation in mass transfer characteristics reducing 
the rate of synthesis of the protein or the secretion ability 
of the cells. This can be seen in the reduced secreted yield 
per cell (specific activities, figure 5.8).
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Figure 5.7; Effect of concentration between growth and induction
stages on secreted product yield.
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Figure 5.8; Effect of concentration between growth and induction
stages on secreted product yield per cell.
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5.2 Process scale up

The system described was at the shake flask scale " ’ but in 
order to produce yields required for downstream processing 
scale up to pilot plant level was essential. In addition to 
the practical issues which had to be addressed with the 
scaling up of the process a number of biological aspects also 
changed. Examples of these were the increased fermentation
time for a larger inoculum culture with the concomitant
increase risk of plasmid rearrangement or loss and the 
increased transfer time from the 15 minutes possible at the 
volumes used at laboratory scale to the use of a large scale 
continuous centrifuge using 1 0 0 1  of fermentation broth through 
sterile pipe work. For these reasons it was necessary to 
scale up the laboratory work to an intermediate scale to 
ensure that the process could work at an increased scale prior 
to full scale up to lOOL production scale.

5.2.1 Characterization of 'in house' medium

Due to the cost of YNB (around £2.50 per litre) a similar in 
house minimal medium had to be produced, and this therefore 
required validating against the previous medium.

The components of yeast nitrogen base without amino acids 
(YNB) with some changes according to a number of different 
papers (Fiechter et al. 1981, Bruinenberg et al, 1983, Ernhill 
1992) , were used to make a selective minimal medium. After 
some initial solubility problems the ammonium sulphate salt 
was replaced with an chloride salt which showed greater 
solubility at the required concentration (see section 
3.3.2.1) . The new medium, named NG medium, was then compared 
to YNB on shake flask scale in order to ascertain its efficacy 
(figure 5.9).
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Figure 5.9: Comparison of Difco YNB w/o amino acids and NG medium
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The new medium (named NG medium) showed similar growth 
characteristics for DBY746.1 when compared to the commercial 
YNB minimal medium and was therefore used in all subsequent 
fermentations.

The cost of the new 'in house' medium is approximately one 
tenth the price of commercially produced YNB w/o Amino Acids.

5.2.2 Scale up: 71 growth/ shake flask induction stages

Having established the efficacy of the NG medium at shake 
flask scale it was used for growth in a 51 working volume 
fermenter (figure 5.10). The conditions of the fermentation 
are given in figure 5.10.

The figure shows a characteristic batch growth curve for 
Saccharomyces cerevisiae with initial glucose fermentation at 
high glucose concentration resulting in ethanol production due 
to the Crabtree effect and a large carbon dioxide evolution 
rate (CER) with very little oxygen uptake (OUR). At diauxic 
shift the glucose runs out and after a period of change of the 
catabolic enzymes the yeast then respires the ethanol produced 
in the initial growth phases. During this period the ratio of 
CER:OUR is less than 0.9 indicating ethanol respiration.

The specific growth rates for the exponential phase of the 
fermenter growth curve are given in table 5.4.
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Figure 5.10; Growth of DBY746.1 in a 71 fernenter on NG medium (2% glucose).
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Table 5.4; Conversion of doubling time to specific growth 
rate

Biomass
( ODjjQ )

Doubling time 
[tj (hrs)]

Specific 
growth rate 
[/i (hr-') ]

0.5 3.6 //
1 . 0 3.6 0.19
2 . 0 3.6 0.19
3.0 4.5 0.15
4.0 4.8 0.14
5.0 6 . 0 0 . 1 2

6 . 0 6 . 2 0 . 1 1

1 0 . 0 14.0 >> 0 . 1 1

13.0 67.2 >> 0 . 1 1

17.0 26.2 »  0 . 1 1

2 0 . 0 1 1 . 6 >> 0 . 1 1

Specific activities calculated as described in section 5.1.3.1

5.2.3 Growth rate effects on induction using cells grown
in a fermenter

After characterizing the growth curve in the fermenter a 
series of experiments were performed to investigate the effect 
of growth rate on the induction profile using cells from the 
fermenter grown culture. This was to ensure that there had 
been no detrimental effects on the production abilities of the 
cells for invertase /?-lactamase with the change in growth 
culture conditions from the shake flask systems used 
previously.
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Cells were removed from 240 mis of culture at various points 
in the growth cycle (indicated by arrowed points on figure
5.10), and inducted in shake flasks using a 6  fold 
concentration at transfer. Two 'extractions' per fermentation 
were performed as more than this would have reduced the 
fermenter volume by over 1 0 % of the original.

A comparison of cells transferred during different stages of 
mid logarithmic growth show that cells transferred at OD550 3 
and 4 outperform OD550 2 transferred cells with over 2 times 
the volumetric activity in the secreted fraction (figure
5.11). Cells transferred at OD550 2, however, gave similar 
levels of secreted product yield as in the previous 
experiments using a shake flask growth system and a shake 
flask induction system. If cell numbers are taken into 
account the ODg% 3 and 4 transferred cells still showed almost 
double the specific activity of either the former mid log 
shake flask system or the OD550 2  transferred cells taken from 
the fermenter growth culture (figure 5.12).

The results (figure 5.12) also showed that the product level 
from cells grown in a fermenter were as high per cell as their 
shake flask counterparts even after a longer cycle of growth, 
ie starter culture as well as the length of the fermentation. 
This indicates that plasmid loss in the selective media did 
not occur to any significant degree as long as the SUC2 
promoter remained repressed.

5.2.4 Scale up: lOOlgrowth/ 101 fermenter induction stage

To scale up a system employing the transfer of cells in mid 
logarithmic phase to a different medium required complex 
logistical arrangements (figure 5.13). In preparation of the 
system a 1001 LH fermenter, a Westfalia CSA8  centrifuge, a

152



Figure 5.11; Effect of growth rate on secreted invertase
^-lactamase in a fermenter growth/ shake flask
induction system.
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Figure 5.12; Effect of cell transfer from a fermenter at different
growth rates on secreted invertase ̂ -lactamase yield
per cell during induction.
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Figure 5.13: Pilot plant process flow diagram
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cell hopper for sterile transfer of the cell pellet fraction 
of centrifugation and all the interconnecting lines had to be 
sterilized in situ at 1 bar pressure and 121°C. The fermenter 
was then cooled and prepared for inoculation with the 
remainder of the system pressurised until 3 0 minutes prior to 
harvesting when the lines were resteamed.

The induction vessel was sterilized with 101 ddHjO in situ 
(see section 3.8.2 for details).

The feed lines to the induction vessel included 1 litre of a 
1 0  fold concentrated induction medium and a port for 
introduction of the cell paste. When the final volume of the 
cells was known the resident water was blown out through the 
sampling port of the fermenter, via a head pressure, to the 
volume required to give a 1 0 1  final volume.

The centrifugation stage was performed when the cell* reached 
the required point in the growth cycle. This was facilitated 
by creating a head pressure in the fermenter of 1 to 1.5 bar 
which resulted in a 120-1501/ hr flow rate through the 
centrifuge. The centrifugation step, therefore, took 45 
minutes to complete with a rise in temperature of between 5 
and 7°C. The cells were collected through one bowl discharge 
giving a final cell paste volume of between 4.5 and 61. No 
cells could be detected in the supernatant from the centrifuge 
for any of the three runs, and the mass balance across the 
centrifuge gave almost 90% cell recovery (table 5.5). The 
viability of the cells was checked by microscopy and showed no 
detectable cell breakage.

Table 5.5 gives a mass balance in terms of cell density over 
the system as a whole. A mass balance showing invertase #- 
lactamase has not been performed as there is no production of
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the protein until the induction stage. Details are
given in figures 5.1% and 5. l5  and the only fraction of 
interest is the supernatant in the final harvesting stage.

Table 5.5; Mass balance over total process

fraction OD550/ ml volume
(1 )

ODjgQ X
volume

Inoculum 9.6 1 9600

1 0 0 1

fermentation
t=Ohrs 0.15 1 0 0 15,000
t=24hrs 2 . 0 1 0 0 2 0 0 , 0 0 0

CSA8  centrifuge influent 2 . 0 1 0 0 2 0 0 , 0 0 0

cell paste 29 .1 6 . 0 174,600
supernatant 0 . 0 93 0

Induction stage t=Ohrs 15.0 1 0 150,000
t=6 hrs 26.0 1 0 260,000

Harvest influent 26.0 1 0 260,000
cell frac. // // //
supernatant 0 . 0 9.5 0

The induction phase was monitored for 5 hours after the 
glucose was exhausted. There was residual glucose left in the 
cell paste at transfer which took around 60 minutes, or less, 
to be used by the highly active cell concentrate. The systemCMc(.was harvested using a tubular bowl centrifuge,^there were no 
cells detectable in the supernatant. The supernatant from the 
harvesting was stored at -20°C for purification and 
characterization studies (chapter 6 ).
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Figure 5.14; Effect of growth rate on secreted invertase 
^-lactamase in a fermenter growth/ fermenter
induction system.
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Figure 5.14 shows the volumetric production of secreted 
invertase |8 -lactamase in the 101 induction system. The cells 
transferred at an OD550 = 2  showed the greatest final activity 
in the supernatant slightly in excess of the yield of the OD550 

= 5 transferred cells. Consistent with the findings of the 
small scale work the OD550 = 6  transferred cells gave a
markedly reduced yield and when this is related to biomass 
present (figure 5.15) these differences are exacerbated. 
Figure 5.15 shows a marked difference in production and 
secretion of mid and late logarithmic transferred cells as 
seen in previous experiments with a single 0 D;% unit resulting 
in a 50% reduction in yield per cell between OD550 = 5 and OD550 

= 6  and with the specific activity of 0 D;% = 2  transferred 
cells at over 5 times that of its OD550 = 6  counterpart.

5.2.5 The effect of scale on the induction system

A comparison between the shake flask and the fermenter induced 
systems at the same growth phase transfer point showed a 
marked increase in yield per cell of the secreted fusion 
product in the fermenter induced system (figure 5.16). This 
may be due to the large number of cells present and their 
active metabolic state. One possibility is that in the shake 
flask induced system oxygen may become limiting resulting in 
an effect similar to that observed in both induction under 
anaerobic conditions and the concentration effect experiments 
where the cells have a reduced ability for secretion. In the 
fermenter system the mass transfer is far greater and this 
could alleviate this effect resulting in the greater secreted 
product yield. This hypothesis, however, needs further 
investigation to evaluate its validity. The data used in 
support of this argument here is at present only anecdotal as 
the experiments were not designed to investigate this aspect 
of the system.
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Figure 5.15; Effect of growth rate on induction in a fermenter
on secreted invertase 1 act amase yield per cell.
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Figure 5.16
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5.3 Conclusions

This chapter has reported on a variety of methods designed to 
increase the yield of invertase 0-lactamase. It has shown 
that growth rate affects both the expression and secretion 
ability of invertase 0-lactamase from DBY746.1 when using a 
glucose derepressed promoter. It has shown that this effect 
is relevant to all scales up to 1 0 0 1  pilot plant level.

The conclusions that can be drawn from this work are 
threefold.

1. Anaerobic induction of the SUC2 promoter does not 
increase levels of invertase 0 -lactamase of the cell 
associated product and have a negative effect on the ability 
to secrete the protein of interest. This may be due to the 
secretory pathway requirement for energy. This phenomenon may

affect induction of the secreted form of invertase 0 - 
lactamase in shake flask systems.

2. Both expression levels and secretion of invertase 0- 
lactamase are affected by growth rate. Mid logarithmic cells 
not only have greater expression levels but also a greater 
secretion ability dependent on the rate of growth.

3. Scale up to 1001 is feasible and gives enhanced secreted 
product yield over shake flask induction systems. The reason 
for this could potentially be due to greater mass transfer 
abilities in a fermenter compared to a shake flask resulting 
in more available oxygen in the system (see section 5.2.5).
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6 . 0 Purification of invertase i8-lactamase

There are several specific factors to be considered when a 
purification strategy is conceived. Foremost among these 
is an understanding of the biological and physico-chemical 
properties of the protein under study. The charge, 
molecular weight, isoelectric point and/ or hydrophobicity 
may lend themselves to a particular isolation technique 
that should be undertaken in the purification scheme.

General issues when purifying a secreted product from a 
Saccharomyces cerevisiae fermentation are the concentration 
of the protein of interest, as well as the number and
concentration of the contaminating proteins. These
contaminants may be present due to their concomitant 
production and secretion during the growth/ induction phase 
or due to partial cell lysis during the process steps.
Other downstream considerations are the product size,
charge, solubility and half-life of the protein (Bailey and 
Ollis. 1987) . Further to these issues it must also be 
noted that bioproducts are often labile or sensitive 
compounds whose active structure can only survive under 
defined and limited conditions of pH, temperature and ionic 
strength (Schmidt-Kastner & Golker, 1987) .

This chapter is concerned with the purification of 
invertase - jS - lactamase from the medium of the large scale 
fermentations described in the previous chapter (section
5.2). It fihmrti also describes some initial glycan 
elucidation studies performed on the purified protein of 
interest. In defining the glycosylation of a protein a 
number of questions must be addressed;

* What is the glycosylation type or c?- L'Ahiffi) ̂
* How many sites of glycosylation exist?
* What is the extent of glycosylation? and,
* What sugars comprise the glycan chain?
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Further to these basic questions are more complex ones such 
as What is the profile of glycoforms?. What is the 
monosaccharide composition?, In what sequence are the 
sugars arranged? and what are the linkage types, and thus 
the branching structure, between individual residues?

The work in this chapter was performed using the 
supernatant from the tubular bowl centrifuge harvesting 
step at the end of the induction phases of the large scale 
fermentations described in the previous chapter. The 
supernatants from the harvesting are referred to in this 
chapter as run 1, 2 and 3 for the induction runs 1 (ODg% = 
6 ) , 2 {OD550 = 5) and run 3 (OD550 = 2) described in chapter 
5.
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6.1 Theoretical data of invertase jS-lactamase

In order to tailor the purification of invertase jS- 
lactamase to its characteristics a computer aided analysis 
of the protein showing its amino acid sequence was made 
(figure 6 .1 ).

Figure 6.1: Amino acid 
lactamase

composition of invertase i8 -

Met
1

Leu Leu Gin Ala Phe Leu Phe Leu Leu Ala 
1 0

Gly Phe Ala Ala
Lys lie Ser Ala Ser Met 

2 0

Thr Asn Glu Thr Ser Asp Arg Pro Leu
30

Gly Asp Leu Pro Glu Thr Leu Val Lys Val Lys 
40

Asp Ala Glu Asp
Gin Leu Gly Ala Arg Val 

50
Gly Tyr lie Glu Leu Asp Leu Asn Ser

60
Gly Lys lie Leu Glu Ser Phe Arg Pro Glu Glu 

70
Arg Phe Pro Met

Met Ser Thr Phe Lys Val 
80

Leu Leu Cys Gly Ala Val Leu Ser Arg
90

Val Asp Ala Gly Gin Glu Gin Leu Gly Arg Arg 
1 0 0

lie His Tyr Ser
Gin Asn Asp Leu Val Glu 

1 1 0

Tyr Ser Pro Val Thr Glu Lys His Leu
1 2 0

Thr Asp Gly Met Thr Val Arg Glu Leu Cys Ser 
130

Ala Ala lie Thr
Met Ser Asp Asn Thr Ala 

140
Ala Asn Leu Leu Leu Thr Thr lie Gly

150
Gly Pro Lys Glu Leu Thr Ala Phe Leu His Asn 

160
Met Gly Asp His

Val Thr Arg Leu Asp Arg 
170

Trp Glu Pro Glu Leu Asn Glu Ala lie
180

Pro Asn Asp Glu Arg Asp Thr Thr Met Pro Ala 
190

Ala Met Ala Thr
Thr Leu Arg Lys Leu Leu 

2 0 0

Thr Gly Glu Leu Leu Thr Leu Ala Ser
2 1 0

Arg Gin Gin Leu lie Asp Trp Met Glu Ala Asp 
2 2 0

Lys Val Ala Gly
Pro Leu Leu Arg Ser Ala 

230
Leu Pro Ala Gly Trp Phe lie Ala Asp

240
Lys Ser Gly Ala Gly Glu Arg Gly Ser Arg Gly 

250
lie lie Ala Ala

Leu Gly Pro Asp Gly Lys 
260

Pro Ser Arg lie Val Val lie Tyr Thr
270

Thr
Glu

Gly
lie

Ser Gin Ala Thr
Gly Ala Ser Leu 

290

Met
lie

Asp 
! Lys

Glu Arg Asn 
280 

1 His Trp 
295

Arg Gin lie Ala
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The amino acid triplet highlighted in bold (amino acids 23 
-25) is the recognition sequence for N linked glycosylation 
which attaches to the asparagine residue. No other sites 
exist for either N or 0 linked glycosylation.

Table 6.1 collates the data useful to a protein 
purification process design with the unglycosylated 
molecular weight, isoelectric point and charge at neutral 
pH.

Table 6.1; Whole protein data.

Analysis Whole protein
Molecular Weight 32283.40 da.
Length (amino acids) 295
1 A(280) = 1.15 mg/ml
Isoelectric Point 5.11
Charge at pH 7 -8.27

The isoelectric point indicates that an ion exchange 
chromatographic step using an anion exchange matrix may 
bind the protein of interest and potentially give some 
degree of purification or at least a concentrating step.

Table 6.2 gives an indication of degree of polar and non
polar species important if any hydrophobic based method of 
separation are to be attempted.

There is a relatively high percentage of hydrophobic 
species present in the fusion protein although from the 
data of the primary structure available it is not possible 
to state whether these residues are accessible for a 
potential separation technique to exploit, e.g. reverse 
phase chromatography.
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Table 6.2: Whole protein composition analysis

Amino Acid(s) Number
count

% by 
weight

% by 
frequency

Acidic (D,E) 39 14.82 13.22
Basic (K,R) 30 13.56 10.17
Polar (N,C,Q,S,T,Y) 64 21.16 21.69
Hydrophobic
(A,I,L,F,W,V)

1 1 0 35.84 37.29

Where; A= Alanine, C= Cysteine, D= Aspartate, E= Glutamate, 
F= Phenylalanine, G= Glycine, H= Histidine, 1= Isoleucine, 
K= lysine, L= Leucine, M= Methionine, N= Asparagine, P= 
Proline, Q= Glutamine, R= Arginine, S= Serine, T= 
Threonine, V=Valine, W= Tryptophan and Y= Tyrosine.

6.2 Investigation into the nature 
contaminating proteins present

of the

In order to purify invertase 0-lactamase from the induction 
fermentation broth it was essential to evaluate the nature 
of the contaminating proteins present with regards to both 
their quantity and distribution in terms of size and 
isoelectric points.

6.2.1 Evaluation of the number and size of contaminants

Figure 6.2 shows a silver stained SDS polyacrylamide gel 
(SDS PAGE) 8-18%. The results reveal a high degree of 
contaminating protein species are present in the culture 
broth. Ten major bands distributed over a wide range of 
molecular weights can be seen with an even larger amount of 
lesser bands clearly visible after sample concentration. 
The levels of all proteins are very low with silver 
staining of the gradient polyacrylamide gel necessary for 
protein band colouration. This silver staining technique 
can visualize sub-nanogram quantities and, therefore, the 
strongly stained bands represent, at maximum, only 
milligramme quantities of the particular protein per litre.
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Figure 6.2 Silver stained SDS polyacrylamide gel (8-
18%) of unconcentrated and concentrated 
fermentation supernatants.
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There are two possible explanations of the large number of 
differing protein species from a Saccharomyces cerevisiae 
culture grown on defined medium as seen in figure 6 .2 ;
(a) Limited cell breakage during either the transfer or 
the harvesting processes resulting in intracellular 
protein release. A relatively small number of lysed 
cells would result in protein levels observed in figure 
6.2 .
(b) Proteolysis of a lesser number of major species had 
occurred resulting in the presence of a large number of 
lesser bands being present.

The actual effect could be due to a combination of the two 
theories outlined as cell lysis would have introduced 
intracellular proteases into the medium. Due to the 
presence of contaminants^ the purification of invertase j8 - 
lactamase proved to be more complex than at first 
envisaged.

6.2.2 Evaluation of the isoelectric points of the
contaminants

In order to evaluate the isoelectric points of the 
contaminants compared with invertase |8 -lactamase the 
original culture broth supernatant from both run 2  and run 
3 were analyzed on an isoelectric focusing gel. The 
samples were run in duplicate with half the gel subjected 
to silver staining with the other half blotted onto a 
polyvinylidene difluoride (PVDF) membrane and probed using 
a commercial rabbit anti-jS-lactamase polyclonal antibody.

Due to the proteinaceous nature of the ampholytes and the 
sensitivity of the silver staining technique, a high degree 
of background colour was present making the lEF gel (Figure
6.3) difficult to interpret. Lane 5 shows a series of 
bands between pH 4.55 and pH 5.7. These proteins will 
attach to an anionic exchange matrix under binding
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Figure 6.3 Silver stain of isoelectric focusing gel.
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conditions suitable for invertase |8 -lactamase based on its 
theoretical isoelectric point. The western analysis 
(Figure 6.4) revealed a wide range of proteinaceous species 
reacting with the antibody between a heavy band remaining 
at the loading point and at the theoretical pi. This was 
not due to non specific binding as the method was optimised 
and tested for such effects. This therefore, suggested 
that the protein of interest was present in a range of 
forms possessing similar but different pi's, either due to:

(a) Heavy glycosylation causing a difference in 
isoelectric point compared to the theoretical data,

(b) Glycosylation retarding the movement of the protein in 
a polyacrylamide gel with differential glycosylation 
causing differences in degree of retardation, or

(c) Degraded fractions possessing differential isoelectric 
characteristics compared with the parent protein.

The effect seen is more likely to be due to either point
(b) or (c) as the neutral charge of mannose of which yeast 
glycans are almost exclusively comprised reduces the 
possibility of the effect being caused by point (a).

6.3 Ion exchange chromatography

To achieve the dual goal of a concentrating step and some 
degree of purification the use of ion exchange 
chromatography was investigated.

6.3.1 Optimization of ion exchange conditions

In order to determine both the best matrix and the optimal 
buffer conditions a set of experiments were performed. 
Four matrices were tested;
(a) DEAE Sephacel (Pharmacia), a weak anion exchange resin 

based on diethyl aminoethyl (DEAE) attached to a 
cellulose support.
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Figure 6.4 Western blot of isoelectric focusing gel.
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(b) DE52 (Whatman) , another cellulose based DEAE anion 
exchange resin.

(c) DEAE Sepharose (Pharmacia) , DEAE attached to an 
agarose support, and

(d) QAE Sepharose (Pharmacia), a strong anion exchange 
resin based on quaternary aminoethyl attached to an 
agarose support.

Two types of loading buffer were investigated both at a 
concentration of lOmM, sodium phosphate and TRIS buffer at 
a range of pH values, pH 6.5, 7.0, 7.2, 7.5, and 8.0 for 
the phosphate buffer and pH 7.0, 7.5, 7.8, 8.0 and 8.5 for 
the TRIS buffer.

The samples were loaded onto each matrix type in each of 
the ten loading buffer types after overnight dialysis, 
j%fter a 15 minute binding period the sample was assayed to 
evaluate the percent unbound (approximately equivalent to 
the straight through fraction of a column). The bound 
fraction was then eluted via 500mM sodium phosphate buffer 
pH 7.2 and the percentage recovery calculated (table 6.3).
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Table 6.3; Optimization of anion exchange conditions
Buf
ty

f er 
pe

%
DEA

Sepha
S.T.

oric
E
Lcel
E.

inal ii 
DE

S.T.

ivertas
52

E.

3e 0 -la
DE;

Sepha
S.T.

ctamas
&E
irose

E.

e acti\ 
QjSeph

S.T.

fity.
&E
arose

E.
PO4 6.5 61 18 89 3 89 9 1 1 2 0

7.0 47 18 73 2 63 7 89 3
7.2 47 16 6 6 0 56 1 2 91 4
7.5 33 18 59 4 6 8 8 80 4
8 . 0 26 17 47 6 52 1 0 80 4

TRIS 7.0 0 50 0 2 1 0 62 0 39
7.5 0 60 0 32 0 51 0 43
7.8 0 70 0 31 0 63 0 40
8  . 0 0 63 0 32 0 65 0 40
8.5 0 65 0 32 0 57 0 45

S.T. = fraction, E =

A test to ensure that the TRIS buffer did not interfere 
with the assay was made by assaying the original load 
samples in their relevant buffers, this showed that the 
TRIS samples had the same activity as their phosphate 
buffered counterparts.

The TRIS loaded systems proved to bind the most efficiently 
with no detectable invertase |8 -lactamase activity in any of 
the non bound fractions. The highest recovery was with 
the DEAE Sephacel loaded at a pH of 7.8 and this therefore 
formed the base of the anion exchange system.

6.3.2 Preparative anion exchange

Using the DEAE Sephacel matrix and TRIS loading buffer 
conditions optimized, a 1 0 ml ion exchange column was run. 
The sample volume was 125ml and the proteins eluted on a 
salt gradient up to IM sodium phosphate buffer pH 7.2^ J:he
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total protein trace and the invertase j(3-lactamase activity 
profile are shown in figure 6.5. After column elution the 
matrix was taken and batch eluted (as in section 6.3.1) 
with first 0.5M phosphate buffer pH 7.2, and then with IM 
to elute any protein still bound. A mass balance of 
activity across the system (table 6.4) showed good recovery 
of the protein but over a large number of fractions 
indicating no real purification or useful degree of 
concentration.
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Figure 6.5; Activity and total protein data from anion exchange 
chromatography run.
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Table 6.4; Invertase |8 -lactamase activity balance for ion 
exchange

Fraction Fraction number % original 
activity

Sample (load) // 1 0 0

straight through 1 - 17 4.4
wash ( 1  column 

volume)
18 - 2 2 0

gradient start 22 - 32 0

peak 33 - 47 30.6
rest of gradient 48 - 82 23.0

batched elution 
(0.5M)

// 16.1

batched elution 
(IM)

// 13.4

total activity 
accounted for

// 87.4

Figure 6 . 6  shows the protein profile over the peak on a 8 - 
18% polyacrylamide gradient gel, from this it can be seen 
that two minor bands co-purify at around the unglycosylated 
weight of the protein of interest and correspond to the 
activity profile obtained. The smaller band at around 
30,000 da. corresponds to the molecular weight of invertase 
/3-lactamase without glycosylation. Due to the nature of a 
gradient gel small distances equate to relatively large 
changes in molecular weight, it is therefore difficult to 
gauge molecular weight to a high degree of accuracy. The 
other band indicated on Figure 6 . 6  is at around 33,000 da. 
and could also represent either a totally unglycosylated 
invertase jS-lactamase structure or one with minor 
glycosylation.
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Figure 6.6 Protein profile over anion exchange peak.
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Although some information was obtained^further fine tuning 
of the anion exchange system did not result in greater 
separation or a tighter eluted band, therefore other 
methods of initial concentration and purification were 
investigated.

6.4 Concentration of the induction broth supernatant.

Concentration of the supernatant was achieved by
ultrafiltration with a 1 0 , 0 0 0  molecular weight cut off 
using an Ami con CH2 diaf iltration apparatus in the 
concentrating rather than buffer exchange mode.

The supernatant was taken through a number of initial 
cleaning steps prior to ultrafiltration. These consisted 
of batch centrifugation at 4®C for 30 minutes to remove any 
large particulate matter, and a 5/xm filtration step 
followed by a 0 .2 2 /xm filtration step before the
concentrating step. Table 6.5 shows a mass balance for
activity through all the steps. The final concentration
factor was 4.5 fold in the example given in the table. 
This was increased to 20 fold after the efficacy of the 
process had been evaluated.
Table 6.5; Mass balance over concentration step

Process Volume
(ml)

ÔA OD490 %
recov'y 
/ step

% total 
recov'y

post centrifugation 1800 0.205 1 0 0 1 0 0

post 5/xm filtration 1750 0.191 91 91
post 0 .2 2 /xm 
filtration

1700 0.171 87 79

CH2 concentration; 
filtrate

1250 0.026 // 9

CH2 concentration; 
concentrate

400 0.568 78 62

ÔA OD490 = change in absorbance due to invertase j8 -lactamase 
activity.
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Percent recovery per step was calculated for the activity 
recovered over a specific step whilst the % total recovery 
represents the activity measured as a % of the activity of 
the overall starting material.

After this step the sample was in a concentrated enough 
form for a western blot to visualize the invertase /8 - 
lactamase by use of an antibody directed at the lactamase 
portion of the protein (Figure 6.7). The western blot 
shows that the band at approximately 30,000da. is in fact 
invertase jS-lactamase and that glycosylated invertase /8 - 
lactamase appears to be present represented by the typical 
smear at the higher molecular weights which is indicative 
of polymannose addition in yeast glycoproteins.

6.5 Immune affinity purification

The jS-lactamase portion of the protein was the obvious 
target for the design of an affinity purification scheme 
for two reasons;
(a) Saccharomyces cerevisiae does not possess an 

homologous |8 -lactamase protein which would interfere 
with the purification, and

(b) The targeting of the non-invertase portion would 
eradicate any potential co-purifying of the native 
invertase protein.

A non-glycan biased method had to be used at this stage to 
ensure selection of all possible gl^sylated forms of the 
protein so as not to interfere with the validity of any 
subsequent glycan studies.

6.5.1 Initial affinity chromatography

The affinity column matrix preparation and binding 
conditions of the samples are described in detail in 
section 3.9.3. The final column size for this run was 
0 .5ml.
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Figure 6.7 Concentration of fermentation liquor via 
Amicon CH2 concentrator.
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The non-bound fraction was collected and subjected to both 
polyacrylamide gel analysis and western blotting along with 
the original sample and the eluted fractions. The bound 
protein was eluted via a series of washes;

Buffer 1; 7 x 100/xl batches of 40mM TRIS pH 8

Buffer 2; 7 x 100/il batches of 40mM acetic acid pH 3
Wash fractions; 3 x lOOjLil batches of buffer 1
Buffer 3; 8  x 100/xl batches of 40mM TRIS, 500mM NaCl
buffer pH 8 .
The data in table 6 . 6  shows that 75% of the protein binds 
to the matrix, although not all of this is recoverable by 
the elution protocol followed. Greater recovery rates may 
be possible with harsher elution procedures but due to the 
desire to use the matrix more than once these possibilities 
were rejected. The sample was also subjected, under 
identical conditions, to a matrix with no antibody attached 
as a control, no loss in activity occurred overnight and 
all the protein of interest was eluted in the non bound 
fractions (Table 6 .6 ).

Table 6 .6 ; Activity balance over affinity process

Volume
(Ml)

ÔA OD490 % activity

Original load sample 5000 2.548 1 0 0

Non-bound fractions.
Control 5000 2.540 1 0 0

Affinity sample 5000 0.629 24.8
Buffer 1 (fracs 1-7) 700 // 3 .19
Bound fractions.
Buffer 2 (fracs 1-5) 1 0 0 0 // 0.39
Buffer 2 (fracs 6-7) 400 // 2.45
Wash fractions (1-3) 600 // 7.68
Buffer 3 (fracs 1-8) 800 // 5.11
Total activity accounted for: 43.62
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The activity profile (Figure 6 .8 ) across the fractions 
shows that the bound protein elutes firstly with an acid 
shock and then in a second batch in buffer 3.

The corresponding protein profile (Figure 6.9) shows the 
major band at approximately 30,000 da. in the load fraction 
and absent from the unbound fractions reappearing to a 
limited degree in the post acid wash fractions but to the 
greatest extent in the middle of the salt elution 
fractions.

Evidence of the glycosylated protein is also visible both 
in the wash fractions as well as in the middle of the salt 
elution fractions, due to the smearing seen in the high 
molecular weight portion of the gel in Figure 6.9.

All the smaller bands visible react with the j8 -lactamase 
antibody on a western blot indicating that they are related 
to invertase jS-lactamase.

The spread of invertase j8 -lactamase over a number of 
fractions and specifically the difference between the two 
elution points a differential binding of the protein
to the ligand. This is not surprising due to the nature of 
the IgG molecule binding to the matrix, the orientation of 
which will result in a lesser or greater substrate binding 
strength (avidity) . Due to thi^ molecules bind with 
differing strengths to the ligand. Some of the antibody 
will have bound to the matrix in optimal orientation for 
binding its substrate, dvto to thi*s Xt can also be 
hypothesised that some of these linkages are too strong for 
elution of the product under the conditions used and result 
in the poor overall yield.

The timing of the second phase elution is of interest, it 
appears on first impressions that the salt shock may be 
responsible for the elution of the product but closer
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Figure 6.8: Activity profile over eluted fractions from affinity column one
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Figure 6.9 Silver stained gel of affinity purified
fractions (run 1).
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inspection reveals that it comes very early into the third 
buffer wash. The elution actually starts at 1.4 column 
volumes (700/xl) after the end of the acid wash indicating 
that the pH change in the wash fractions may be responsible 
for the liberation of this portion of the product. This 
theory is supported by investigation of the first elution 
point. This occurs just after one column volume from the 
start of the acetic acid stage, ie when the first acid 
fractions elute from the bottom of the column.

The experiment was repeated with an increase in the post 
acid washing stage, from 3 to 5 100/xl fractions. The same 
activity profile was obtained (Figure 6.10) with the second 
batch of product eluting 1.4 column volumes after the end 
of the acid steps, exactly the same point in terms of 
volume as in the previous run and therefore at fractions 1  

and 2 into the salt elution not at fractions 3 and 4 
supporting the theory of elution via a pH shock back to pH 
8 . The protein gel (Figure 6.11) of the eluted fractions 
from the second run gives the same profile as in the 
previous experiment with the activity corresponding to the 
glycosylated fractions rather than to the band at around 
30,000 da. The smaller bands also eluted in the second 
elution phase.

6.5.2 Preparative affinity chromatography

In order to generate enough purified sample to perform 
glycan studies the affinity process was scaled up 4 fold 
from 0.5 ml column to 2 ml, the straight through washes 
increased from 1.5 to 2 column volumes, the acetic acid 
steps from 1.5 to 2 column volumes and the final wash and 
salt elution stages replaced by a single wash stage with 
buffer 1 of 1.5 column volumes. The affinity process was 
then repeated four times with the purified samples pooled 
for glycan studies.
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Figure 6,11 Silver stained gel
fractions (run 2).
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Figure 6.12 gives the activity data for the best of these 
runs with the protein profile shown in Figure 6.13. Both 
the major band (at approximately 30,000da.), the 
glycosylation smear and the small bands below 30,000 da. 
react on the western blot (Figure 6.14) indicating their 
relationship to invertase ^-lactamase.

6 . 6  Glycan studies

From the affinity purification it has been shown that 2 
major invertase /S-lactamase species exist, a product at 
around 30,000 da. and a heavily glycosylated form 
represented by a smear on a polyacrylamide gel due to the 
structural multiplicity and microheterogeneity of the 
polysaccharide chain. The true range of molecular weights 
that these sugars represent cannot be estimated from the 
polyacrylamide gel. The high mannose structures present in 
yeast glycans are uncharged and the size of these residues 
create a drag factor in the gel so as to make the degree of 
glycosylation appear greater in terms of molecular weight 
increase when compared with the- molecular weight of the 
unglycosylated protein.

6.6.1 Peptide N Glycosidase F (PNGase F) digestion

To investigate the nature of the protein species described 
above some glycan studies were performed. The N- 
glycosylated carbohydrates, the type of glycosylation 
present on invertase-/?-lactamase, were therefore removed. 
The type of glycosylation is known from the amino acid 
sequence (Figure 6.1) and the protein possesses one N- 
linkage site at amino acid residue 23 and no other N or O 
linked sites either designed or fortuitous. It has been 
shown that the product is glycosylated and deglycosylation 
with the enzyme PNGase F. should result in a band shift to
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Figure 6.12: Activity profile over eluted fractions from scaled up affinity column
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Figure 6.13 Silver stained gel of preparative affinity 
chromatography run.
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Figure 6.14 Silver stained gel and corresponding Western 
blot of preparative affinity column 
fractions.
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Figure 6.14 Silver stained gel and corresponding Western 
blot of preparative affinity column 
fractions.

(b) Western blot.
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the unglycosylated molecular weight. This in turn will 
indicate which of the two visible bands from the previous 
experiments is the intact but unglycosylated protein.

PNGase F. is an enzyme isolated from Flavobacterium 
menin^o-septicum and cleaves asparagine linked 
oligosaccharides of the oligomannose, hybrid and complex 
types (Tarentino et al. 1985; Chu, 1986). This enzyme is 
highly specific and cleaves the jS aspartyl-glycoylamine 
bond between the amino acid and the innermost N- 
acetylglucosamine of the glycan (Figure 6.15). The 
asparagine converts to aspartic acid but otherwise the 
protein remains intact. The enzyme has a molecular weight 
of 35,000 da.

Figure 6.15; The action of PNGase F on N linked glycans
Ri,

R% GlcNAc(gl) ----  (4)GlcNAc(j8l) — X — AS|N

R'l
Ri = amino acid backbone of protein.
R2 = rest of oligosaccharide chain.
X = cleavage point due to PNGase F.

The method for PNGase F. digestion is described in section 
3.9.4. Figure 6.16 shows a gradient polyacrylamide gel of 
invertase lactamase in original sample form (lane 8 ) , 
negative control ie two samples taken through all steps of 
the digest but without PNGase F added (lanes 9 and 11) and 
the digested samples (lanes 10 and 12). Positive controls 
used were the glycoproteins fetuin and oil acid glycoprotein 
(lanes 2 and 5 = original samples, lanes 3 and 6  = negative 
control samples and lanes 4 and 7 = digested samples
respectively for each protein).
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Figure 6.16 Silver stained gel of PNGase digested 
samples,
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The original sample of invertase j8 -lactamase and the 
negative control show a minor band at approximately 30,000 
da. and the characteristic glycosylated smear at higher 
molecular weights. This smear is visibly reduced and a 
heavier band appears at the 30,000 da. point. The band for 
the PNGase F is visible above the band of interest and if 
this is taken to be 35,000 da. then the deglycosylated 
invertase 0-lactamase is at approximately 32,000 da. 
corresponding to the theoretical data.

The western blot (Figure 6.17) confirms the reduction in 
glycosylated smear with the concomitant increase in the 
strength of deglycosylated band. Some glycosylated forms 
of the protein still exist (seen as the slight smear at 
high molecular weights on Figure 6.17) due to the enzyme 
reaction never fully deglycosylating all protein molecules 
present, this may be due to steric hind$rance effects with 
hyper-glycosylated species and the efficiency of the 
reactions under the conditions used.

6.6.2 Investigation into the monosaccharide composition
of the glycan

To investigate the sugar residues of the glycan a number of 
lectin blots were performed using digoxigenin conjugated 
lectins specific for certain carbohydrate types and 
linkages (Section 3.7.6).

The lectins used were:
(a) GNA (Galanthus nivalis agglutinin); recognizes 

terminal mannose linked #(1-3), #(1-6) or #(1-2) to 
mannose and thus recognizes high mannose chains either 
N or 0 linked.

(b) SNA (Sambucus nigra agglutinin); recognizes sialic 
acid linked #(2-6) to galactose, for complex N glycan 
chain identification.
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Figure 6.17 Western blot of PNGase Gel.
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(c) MAA (Maackia amurensis agglutinin); recognizes sialic 
acid linked a (2-3) to galactose, for complex N and O 
glycan chain identification and linkage determination.

(d) PNA ( peanut agglutinin) ; recognizes the core 
disaccharide galactose 0(1-3) N acetylgalactosamine 
for identifying 0  linked glycans except in yeast.

(e) DSA (Datura stramonium agglutinin) ; recognizes Gal0(l- 
4)GlcNAc in complex and hybrid N and O linked glycans 
and GlcNAc in 0 glycans.

The lectin blots are presented in Figure 6.18 and the 
results summarized in table 6.7. showing both invertase 0- 
lactamase and both the positive and negative controls. 
These data confirms that the glycan is a high mannose 
structure.

Table 6.7; Summary of lectin blot data

Glycoprotein GNA SNA
Lectin

MAA DSA PNA
Carboxy- 
peptidase Y

+ - - - -

Transferrin - + - ( + ) -

Fetuin - + + + -

Asialofetuin - - - + +
invertase 0 - 
lactamase

+ - - - -

+ = strong reaction 
(+) = weak reaction 
- = no reaction
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Figure 6.18 Lectin blots of purified
lactamase.
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Figure 6.18 Lectin blots
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6.3 Conclusions

The purification of Invertase-/3-lactamase from the 
induction broth supernatant was achieved and basic glycan 
studies performed.

The purification proved to be difficult due to a number of 
factors;

1. The large number of contaminants and their 
concentration.

2. The similarity of the size and isoelectric points of 
the contaminating protein species prevented separation 
via conventional methods such as ultrafiltration, ion 
exchange chromatography or gel filtration 
chromatography.

3. The very low concentration of the target protein, not 
only in absolute terms but also in comparison to the 
contaminating protein species.

These difficulties were overcome by designing a 
concentration and affinity purification strategy. The 
affinity system was effective and gave two distinct elution 
times, the first during an acetic acid elution phase and 
the second during the wash fractions following the acid 
wash phase. These phases appeared to be approximately 
related to elution of the unglycosylated and glycosylated 
species of invertase ^-lactamase respectively. This 
phenomenon indicates differential binding of the protein to 
the ligand. This is not surprising due to the nature of 
the IgG molecule binding to the matrix, the orientation of 
which will result in a lesser or greater substrate binding 
strength (avidity) . The poor yield over the step can be 
explained by the fact that some of the antibody will have 
bound to the matrix in optimal orientation for binding its 
substrate, consequently some of these linkages are too 
strong for elution of the product under the conditions
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used. The desire to reuse the matrix prevented an harsher 
elution protocol.

Although the resulting purified protein yield was small 
some basic glycan studies were undertaken. As a result of 
these analyses, in conjunction with theoretical data 
obtained from the primary amino acid sequence, a number of 
conclusions about the protein invertase-j8 -lactamase could 
be drawn.

* Invertase-|8 -lactamase is a protein comprising of 
295 amino acids with an N-linked glycosylation site at 
residue 23 and no positions for 0 glycosylation.

* It has a theoretical isoelectric point of 5.11 
but its empirically determined isoelectric point is diffuse 
and occupies a range from 4.5 to 5.7.

* The protein exists as an unglycosylated form, a 
discrete band at around 32,000 da., and as a glycosylated 
smear at higher molecular weights.

* The single glycosylation site is glycosylated by 
S, cerevisiae when the protein is expressed and secreted 
into the culture medium under the induction conditions 
described in chapter 5.

* The glycosylated form of the protein occupies a 
range of molecular weights, represented as a smear on a 
polyacrylamide gel. The smearing pattern is indicative of 
S. cerevisiae hyperglycosylation of secreted proteins and 
is a result of the wide range and diffuse nature of 
glycoforms present.

* Using lectin interactions it has been possible to 
show that the glycan is of the high mannose type 
traditionally associated with S. cerevisiae glycosylation.
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* via the use of PNGase F. it was confirmed that 
the deglycosylated protein corresponded to the theoretical 
size and to the unglycosylated form of invertase-j8 - 
lactamase seen in the purified fractions.
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7.0 Discussion and conclusions

The aims of this work were fourfold. Firstly, to express 
and secrete the fusion protein invertase-)8 -lactamase, a 
model glycosylated, heterologous protein, from S, 
cerevisiae using an episomal multicopy plasmid. Secondly, 
to scale up the production process to a scale capable of 
generating enough material to characterize the product 
including the glycosylation pattern. Thirdly, to purify 
and subsequently characterize the product, including the 
glycan(s) present. Lastly to design an enhanced 
purification strategy based on the product's glycosylation. 
These first three aims have, in general, been met and are 
described in chapters 4 (expression and induction of 
invertase-|8 -lactamase) , 5 (yield increase and process scale 
up) and 6  (purification and initial characterization). 
Chapter 8  gives a detailed account of the strategy intended 
to be used to investigate the outstanding characterization 
issues. It also includes the rational behind the proposed 
design of an enhanced purification process based on the 
glycan of invertase-jS-lactamase.

This chapter investigates each of the results chapters 
findings in more detail and their importance in relation to 
this area of science.

7.1 Expression and induction of invertase-jS-lactamase

After the selection of a suitable transformant (section
4.1) the expression system for the production had to be 
established. The choice for a batch based system was 
limited to either derepression of the SUC2 gene via the 
natural depletion of glucose, constitutive expression via 
growth on glucose or the design of an induction system 
divorcing the growth and production phases of the process. 
This latter option, involving the aseptic transfer of cells
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from a medium designed for growth to one adapted for the 
induction of invertase-jS-lactamase, proved to be the only 
potentially useful method. There were, however,
difficulties, not only with the levels of secreted product 
being achieved which were extremely low at 15x10'̂  
units/ml. OD550 specific activity from a complex induction 
medium, but also with the potential scale up of the 
process. Despite these limitations this method looked the 
most promising and further investigations were therefore 
made.

7.1.1 Degradation in minimal media

When evaluating the induction media a deferential between 
the product detected in the culture broth of the complex 
(YEPD) and minimal (YNB) media systems was observed (figure 
4.3). This was despite comparable intracellular levels 
(table 4.1) . No difference in the expression levels in the 
different media were observed (section 4.3.1) and it was 
therefore hypothesised that degradation of the product was 
occurring either en route to or on arrival in the culture 
medium.

7.1.1.1 Investigation into the role of proteolysis

A search of the literature revealed similar findings by a 
number of workers during optimisation of the expression of 
an heterologous protein. They also observed increased 
yields from complex (Lin et al.;1991: Coppella and
Dhurjati; 1989) or enhanced minimal media (Smith et 
al.;1985: Seeboth and Heim; 1991) as compared with YNB
alone. The cause of this phenomenon had, however, not been 
fully investigated and it was widely accepted that 
proteolytic degradation, due to an increased induction of 
proteases resulting from nutrient limitation in YNB was 
responsible (Elfors; 1992). Several reports in E. coll, 
have shown that starvation with respect to energy or
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nitrogen source increases the general protein degradation 
rate (Goldberg & St.John; 1976: Kitano et al.; 1987). This 
appeared to be supported by the observation that when yeast 
extract, casamino acids or albumin (both at 1 %) were added 
to enhance the minimal medium degradation was no longer 
observed. The conclusion is, however, not well supported 
as protease deficient strains show similar patterns of 
degradation (Coppella & Dhurjati; 1989). It is also known 
that 99% of Saccharomyces cerevisiae's proteases are cell 
associated and not free in the culture medium (Ogrydziak; 
1993) . Cell lysis, liberating intracellular proteases into 
the fermentation broth, may be responsible although the 
cells of S, cerevisiae are extremely robust, as shown by 
the harsh conditions required for deliberate cell lysis 
(Section 3.4). This potential source of degradation, 
however, can not be discounted.

The prevention of potential nitrogen starvation (section
4.3.2.1) resulted in no change in the pattern of 
degradation observed in the two media (figure 4.5). The 
theory of protein degradation although by no means 
disproved, had not been confirmed. Before any further 
studies on degradation via proteolysis were made an 
investigation into the potential of degradation due to the 
physical environment of the product was made.

7.1.1.2 Investigation into the role of shear

The effect of shear on the proteins had not been considered 
to date as it has been assumed that this effect would be 
negligible in a shake flask system. The inactivation of 
proteins in agitated systems has been investigated by some 
workers (Thomas & Dunnill; 1979: Virker et al.; 1981: Lee
& Choo; 1989: Khan et al.,*1992) . Although in a shake flask 
system there are no harsh mixing regimes it had been shown, 
in fermenter systems, that air/ liquid interfaces are 
important in inactivation of some globular proteins, e.g;
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lactic dehydrogenase (Virker et al.; 1981) and lipase (Lee 
& Choo; 1989) .

In a series of experiments, using a commercial jS-lactamase 
spike, the potential of mechanical rather than proteolytic 
degradation was investigated in a variety of induction 
media (section 4.4). The experiments were designed to 
eliminate the potential of proteolysis via the use of cell 
free media and the commercial lactamase. These 
investigations were performed not only at shake flask scale 
but also in a fermenter system. In the protected minimal 
media either 1% bovine serum albumin (BSA) or 0.2% 
polypropylene glycol (PPG) were added to YNB. BSA was used 
as it has been used by a number of workers to enhance 
production of secreted heterologous proteins from S. 
cerevisiae. PPG was used as it is a surfactant and 
therefore readily coats air/ liquid interfaces. It is also 
traditionally used in fermentation media, at low levels, as 
an antifoam and therefore is known not to be detrimental to 
yeast cell metabolism.

The four following media (1) YEPD (2) YNB (3) YNB + 1% BSA 
and (4) YNB + 0.2% PPG were used to investigate the
possibility of mechanical shear and/or interfacial 
degradation in agitated and non agitated shake flask 
systems. Degradation was only found in the agitated YNB 
system (figure 4.7) . The absence of degradation in the non 
agitated controls indicated that shear forces possibly 
contributed to the observed loss in activity.

To show that the effect observed in shake flasks was due to 
interfacial degradation and not mechanical shear alone, the 
experiment was repeated in the controlled environment of a 
fermenter. The same media, excluding the YNB containing 
albumin, were spiked with the commercial jS-lactamase and 
monitored under agitation only,(VSOrpm stirrer speed) and 
agitation and aeration (750 rpm with Iv/vm aeration).
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The results showed only minimal degradation in the three 
media types when agitated only, but there was a sharp 
decrease in activity of the jS-lactamase in the YNB medium 
when the system was aerated (figure 4.8) . A comparison of 
the rates of degradation between the shake flask system and 
the fermenter system using minimal medium shows the 
increased rate of inactivation of the lactamase in the 
fermenter system (figure 4.9). Although air/ liquid 
interfaces exist in a fermenter system whether sparged or 
not, it appears the important parameter is the degree of 
interface renewal that will determine the degree of 
degradation. In a vigorously agitated shake flask with a 
culture volume at a maximum of 2 0 % total flask volume, the 
renewal is high. In the fermenter a single rushton turbine 
impeller with a liquid volume of 70% of the total vessel 
volume was used. These conditions may not have given the 
same degree of interface renewal when the medium was 
agitated only (stirrer speed VSOrpm) compared with the 
shake flask counterparts until the medium was sparged 
(stirrer speed VSOrpm, aeration Iwm) .

7.1.1.3 Conclusions to experiments on product degradation

It has been shown that the loss in activity in minimal 
medium is due to the air/ liquid interfaces present in the 
system and not to proteolysis. The degree to which the 
protein is degraded is related to the proportion of 
interface renewal in the system. In a shake flask under 
the conditions used in these experiment^ interface renewal 
was high. In the fermenter system,agitation alone did not 
give the same degree of degradation under the conditions 
used and it is hypothesised that this is due to less 
effective interface renewal. When the same fermenter 
system is subjected to aeration, the air liquid interface 
area is greatly increased and renewed constantly,giving the 
increased degradation profile observed (figure 4.9) when 
compared with both the nonaerated fermenter system and the
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shake flask systems.

Interfacial degradation has been shown to affect jS- 
lactamase differentially in different media with YNB being 
most affected. Additives can however, be added to minimal 
media to prevent degradation and it has been shown that 
either addition of a large concentration of proteinaceous 
material e.g. albumin or the addition of a surfactant e.g. 
ppg, will cause preferential coating of the air/ liquid 
interfaces and therefore prevent protein degradation. It 
can be hypothesised that the PPG acts by preferentially 
coating the air/ liquid interfaces and thereby preventing 
the protein from doing so. In the case of the BSA the vast 
excess of a competing protein may competitively prevent the 
protein of interest from interacting at the air/ liquid 
interface.

Translating these findings into the invertase ]8 -lactamase 
production system (section 4.5) confirmed that PPG 
protected the fusion protein in minimal medium. After 5 
hours induction^ the levels of invertase-j8 -lactamase in 
complex and protected minimal (0.2% ppg) media were 14.9 
xlO^ and 14.0x10^ units activity/ml.OD^) respectively 
compared with 1.5x10'̂  in the unprotected system.
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7.2 Investigations into increasing yield

A serie^ of experiments designed to investigate ways of 
increasing both the yield of invertase jS-lactamase and the 
amount of the product secreted into the fermentation broth, 
were performed. This included looking at; (a) the effect 
of the carbon source/ method of expression, (b) a 
comparison of aerobic and anaerobic induction, (c) the 
extent to which a concentration step at induction can be 
used, and (d) the effect of growth phase on both the 
expression and secretion abilities of the cells.

7.2.1 Effect of carbon source and expression on yield

The results from the carbon source/ expression method 
experiments showed that constitutive expression via growth 
on sucrose, as predicted resulted in low volumetric levels 
of invertase-jS-lactamase in the culture medium with a 
decrease in specific activity after late logarithmic phase 
(figure 5.1). Very low levels of invertase-|8 -lactamase 
were detected intracellularly. Glucose derepression also 
gave very low levels in all cellular fractions analyzed. 
Using a transfer of cells between mid logarithmic and 
stationary phases of growth, from a growth medium to a 
medium designed for glucose derepression an increase in 
yield was observed (figure 5.2).

This set of experiments showed two major characteristics; 
firstly, that expression levels are very low regardless of 
method of induction attempted, and secondly that there 
appeared to be a growth rate related aspect to the 
heterologous protein production seen in the constitutively 
expressed cells (figure 5.1).

7.2.2 Effect of anaerobic induction on yield

Jang, Pyun, Shin and Seo (1990) showed that the volumetric
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productivity of invertase was increased 9 fold and specific 
activity increased 18 fold under anaerobic conditions in a 
continuous culture. However, the invertase measured was 
intracellular and not free in the culture broth. These 
findings did indicate an enhanced yield for proteins usiiïg 
the SUC2 promoter may be possible if inducfed under 
anaerobic conditions.

An investigation into induction (not growth) under 
anaerobic conditions at shake flask scale was expected to 
result in enhancement of yield. The cell associated yield 
increased slightly but not to the same degree as the 
published work. The levels of invertase-j8 -lactamase in the 
culture medium were lower than in the aerobically induced 
system. It cannot be ascertained whether these differences 
are due to changes at the expression level or effects after 
RNA translation. No further investigations were performed 
as no increase in yield arose.

The differences observed may be due to the energy 
requirements of the cells and its impact on secretion. 
Energy requirements in mammalian secretory pathways have 
been known for some time for both transport from the ER to 
the golgi (Jamieson and Palade;1968) and for transport from 
the golgi to the plasmalemma (Schramm; 1967) . In the yeast 
secretory pathway Novick, Ferro and Shekman (1981) studied 
the effect of lowering ATP levels on the export of 
invertase in sec mutant^ confirming the requirement for ATP 
in the secretory pathway in lower eucaryotes. Induction 
under anaerobic conditions could, therefore, affect the 
energy requirements of the secretory pathway resulting in 
a reduced secretion ability in the cell.

7.2.3 Effect of concentrating the cells between growth
and induction stages.

The data derived from these experiments (section 5.1.4)
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showed that increasing the degree of concentration up to a 
1 2  fold concentration of cells gives a direct increase in 
secreted product yield. However increasing the degree of 
concentration to 18 fold does not increase the yield 
obtained and the yield per cell is therefore reduced.

This effect does not appear to be due to nutritional 
limitations in the 18 fold concentrated system preventing 
maximum invertase ]8 -lactamase production as the production 
curves for volumetric yield for the 1 2  and 18 fold
concentrated cells are similar. If a nutritional 
limitation was occurring^ the initial production of 
invertase jS-lactamase in the 18 fold concentrated system 
would be more rapid with a slowing down in the rate of
production when essential medium components became 
limiting. The effect is more likely to be due to a
limitation in mass transfer characteristics reducing the 
rate of synthesis of the protein or the secretion ability 
of the cells. This can be seen in the reduced secreted 
yield per cell (specific activities, figure 5.8).

7.2.4 Effect of growth rate on yield

In the previous experiments there had been an indication 
that growth rate was affecting the yields obtained in the 
culture broth. A comparison of these data from the 
aerobically induced transfer system of the previous
experiments systems showed a difference in yield^dependent 
on the cell growth phase at transfer. Transfer at 00;% of
6.0 resulted in a specific activity of 23 units/ ml.ODg% x 
10^ compared to 14 x 10^ when transferred at OD550 of 8.5.

There is no universally accepted view concerning optimal 
secretion times for S. cerevisiae. Goodey et al. (1989) 
suggest that cells entering stationary phase are 
particularly efficient at secretion and therefore induction 
at this phase of growth would be beneficial in both cell
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mass as well as secretion efficiency. This view is, 
however, not widely accepted. Studies by Ernst (1986) on 
the secretion of somatomedin-C indicated that the rate of 
secretion is maximal during logarithmic growth in batch 
fermentations although it is not clear if this is due to 
more efficient transcription from the MFa promoter or an 
increased capacity for secretion in general. The
hypothesis based on these observations is that greatest 
secretion efficiency should be found during most rapid 
growth ifî ) . It is also suggested that secretion occurs 
through the bud tip (Novick, Ferro & Schekman; 1981) . This 
is the fastest growing section of the cell. This has been 
shown to be the most porous part of the cell wall (De Nobel 
& Barnett; 1991) and indicates that secretion may be 
effected by the speed of reproduction .

A series of investigations into this phenomenon were 
therefore made (section 5.1.3). These investigations were 
performed firstly at shake flask level and then scaled up 
through 71 fermentation to 1001.

7.2.4.1 Shake flask growth/ shake flask induction

Cells from various points in the growth cycle (figure 5.4) 
were transferred to the induction medium (YNB, 0.02% ppg, 
0 .2 % glucose) and the level of invertase-j8 -lactamase in the 
culture broth was monitored over a five hour period.

A comparison of growth versus secreted product yield after 
2 hours induction was made (table 5.2). This showed a 
greater than threefold increase in specific yield of cells 
transferred in mid logarithmic (specific activity = 2 2 x1 0  ̂
units/ ml.ODjso) compared to cells transferred in stationary 
phase (specific activity = 6x10^ units/ ml.ODjjo) . This was, 
in part, an expected result based on the previous 
observations, however, a twofold difference in specific 
activity between cells transferred at an 0D;% = 4.0,
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(specific activity = 2 0 x 1 0 "̂ units/ ml.ODg%) and an OD550 =
5.0 (specific activity = 10x10'̂  units/ ml.ODjjo) was not 
(table 5.2). These results indicated a pivotal role of 
growth rate in either the secretion or expression ability 
of the cells.

A comparison of both cell associated (cytoplasmic + 
periplasmic) and secreted yields obtained from cells 
transferred at growth ODg% = 2.5 and at growth OD550 = 9.0 was 
then made (section 5.1.3.2) . Using the total yield, rather 
than yield per cell, the percentage secreted product in the 
two systems were calculated (table 5.3). This showed a 
profound difference in the secretion abilities of the two 
systems with secretion of invertase jS-lactamase into the 
culture medium. Of the total activity detectable (cell 
associated and secreted fractions) 85% was present in the 
secreted fraction for mid logarithmic transferred cells 
(OD550 = 2.5) compared to 34% for stationary transferred 
cells (OD550 = 9.0) after 5 hours induction.

These results appear to support the hypothesis that 
increasing the growth rate increases the secretion ability 
for a particular cell. Recent work by De Nobel (De Nobel 
et al, 1990a: De Nobel et al.; 1990b) has shown that cell 
wall porosity of Saccharomyces cerevisiae is higher in 
faster growing than in slower growing cells leading to a 
markedly different porosity between stationary and 
exponential phase cells. This gives a mechanism, studied 
in vitro, by which this phenomenon can be explained (De 
Nobel & Barnett; 1991 provides a detailed review on 
porosity of cell walls of S. cerevisiae).
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7.2.4.2 Effect of growth rate on induction of fermenter
grown cells

A similar series of experiments were performed to ensure 
that this effect transferred to the larger scale systems 
required for product generation. These were made at both 
71 growth culture and 1001 growth culture scale.

Induction of cells in shake flasks , regardless of whether 
the cell growth phase was in a shake flask or 7L fermenter 
system resulted in similar induction profiles. This was 
despite the need to grow a separate inoculum culture and 
therefore, it suggested that, as long as the SUC2 promoter 
remained repressed, plasmid loss in the larger systems 
would not represent a problem over the time scale required.

7.2.4.3 Effect of growth rate on cells induced in a 
fermenter

The large scale experiments used complex sterile transfer 
techniques which are extensively described in section 
5.2.4. Three runs were performed with cells transferred at 
either an ODĝ  of 2.0, 5.0 or 6.0 and secreted product
levels monitored for 5 hours after glucose depletion. The 
levels of product attained showed the same pattern as seen 
with the shake flask induced systems, namely a markedly 
reduced level of product secreted per cell when transferred 
at slower growth rates (figure 5.15). There was, however, 
an increase in the level of product secreted per cell in 
the fermenter induced system when compared to those seen 
with cells transferred at the same stage in the shake flask 
induction systems (figure 5.16).

One hypothesis to explain this phenomenon may be that due 
to the high concentration of cells present and their active
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metabolic state the shake flask induced system may be 
limiting in oxygen resulting in an effect similar to that 
seen under anaerobic conditions (section 7.2.2) and greatly 
concentrated aerobic shake flask systems (section 7.2.3) 
where the cells have a reduced ability for secretion. In 
the fermenter system the mass transfer is far greater and 
this could alleviate this effect resulting in the greater 
secreted product yield. This hypothesis needs further 
experimental work to support it, at present any data used 
in support is purely anecdotal. The reason for this is 
that the experiments were not designed to investigate this 
aspect of the induction and further work was not undertaken 
as this would have detracted from the principal aims of the 
work.

7.2.5 Conclusions to experiments to increase the yield

Through the investigations made into increasing the yield 
of invertase-/5-lactamase from S. cerevisiae these 
conclusions can be drawn:

Firstly, that induction needs to be adequately aerated as 
the secretion ability of DBY746.1, in respect to the 
protein of interest, is reduced under anaerobic induction 
conditions. This may be due to the requirement for energy 
during secretion as has been shown by a number of studies 
(Jamieson & Palade; 19 68: Schramm; 19 67: Novick, Ferro &
Sheoltman;— &981)   This— is— supported— f̂rom evidence— Wiat
Fgj..».!,. Sheckman; 1981) . This is supported by evidence
that cells taken at the same time in the growth cycle 
secrete different amounts of product dependent on the 
degree of concentration between the growth and induction 
phases. This effect is not due to a nutritional limitation 
in the media as shown by a comparison of the kinetics of 
invertase ^-lactamase production between differing

oJc induction?.
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Secondly, that not only are expression levels increased 
during mid logarithmic growth but also that secretion 
ability is effected by the rate of growth. This work shows 
that at higher growth rates there is an increased ability 
to secrete invertase-/3-lactamase. This is supported by the 
hypothesis of De Nobel and Barnett (1990) that growing 
cells have a greater secretion potential due to an 
increased porosity in the cell wall at the bud tip. The 
requirement to transfer cells to an induction medium rather 
than using natural derepression of the SUC2 gene is also 
related to these findings.

Finally, that induction in a fermenter system rather than 
at shake flask level increases the yield of invertase-/?- 
lactamase still further. A# hypothesis^lKs been suggested 
to explain this^ links the two previous findings. Due to 
the high concentration of yeast cells present after 
transfer, and the active metabolic state of those cells 

in the shake flask system oxygen becomes limiting^ 
creating a state analogous to anaerobic induction for a 
certain percentage of the population. In the fermenter 
system the mass transfer of oxygen to the cells is 
increased and therefore reducssg this anaerobic effect.

7.3 Purification of invertase-j8-lactamase

Chapter 6 describes the purification and initial 
characterization of invertase 0-lactamase and the 
conclusions are discussed below.

7.3.1 The starting material

A theoretical analysis of invertase 0-lactamase (section
6.1) indicated that invertase-0-lactamase the protein 
consists of 295 amino acids, ha^ a deglycosylated molecular 
weight of 32,283 da., a theoretical isoelectric point of 
5.11 pH units and only one glycosylation site suitable for
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N-linked glycosylation.

The starting material contained more proteinaceous material 
than had been predicted (figure 6.2). All species, 
including the protein of interest, were present at very low 
concentrations, '(he silver staining technique used can 
visualize sub-nanogram quantities, and it became apparent 
at this stage that purification by conventional means 
represented a considerable challenge.

There are two possible explanations, either or both of which 
may be responsible for the large number of differing 
protein species displayed (a) limited cell breakage during 
either the transfer or the harvesting processes result^^ 
in intracellular protein release, and/ or (b) proteolysis 
of a lesser number of major speoies had occurred^resulting 
in the presence of a large number of lesser bands being 
present.

The cross relativity of a number of protein species was 
confirmed using isoelectric focusing which indicated 
heterogeneity in the pi of the invertaselactamase 
(figure 6.4). This was due, potentially, to either 
differential glycosylation or to product degradation. The 
latter explanation was the more likely^ due to the neutral 
charge of mannose which was expected to be the major 
component of any glycan chain. The isoelectric focusing 
also revealed that the contaminating species had similar pi 
profiles to the protein of interest (figure 6.3).

7.3.2 Purification strategy

Due to the information on the protein obtained initially 
and the requirement to concentrate the material being usec^ 
the use of ion exchange chromatography was explored 
(section 6.3). The results from this were disappointing 
and no real separation was achieved after trying a number
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of different matrices and buffer systems (section 6.3.1). 
The reason for the ineffective separation was the similar 
characteristics of the proteins present both in terms of 
size and isoelectric profiles.

After the design of a specific concentration step (section 
6.4) an investigation into the use of an immuno-affinity 
purification system was made. The strategies used and the 
scientific rationale behind the changes and development are 
discussed in section 6.5.

The preparative affinity chromatography (section 6.5.2) 
resulted in a small amount of purified invertase-/3- 
lactamase on which some minor characterization could be 
performed.

The affinity purification showed that 2 major invertase 
lactamase species exist, a discrete product at around
30,000 da. and a heavily glycosylated form represented by 
a smear on a polyacrylamide gel due to the structural 
multiplicity and microheterogeneity of the polysaccharide 
chain. The true range of molecular weights that these 
sugars represent could not be estimated from the 
polyacrylamide gel as the size of these residues create a 
drag factor in the gel so as to make the degree of 
glycosylation appear greater than in reality.

7.4 Glycan studies

Through the use of enzymatic deglycosylation (section
6.6.1) it was confirmed that invertase-jS-lactamase 
contained N-linked glycosylation. This can be seen from 
the reduction in molecular weight after deglycosylation to 
approximately 32,000 da. the theoretical weight of the 
protein. Further investigations using specific lectin 
interaction with certain sugar types (discussed in section

219



6 .2 .2 ) confirmed the existence of the hyperglycosylated 
mannose structure typical of S. cerevisiae.

7.5 Conclusions from the purification and minor glycan 
characterization of invertase-/?-lactamase.

Although the purified protein yield was small^ some basic 
glycan studies were undertaken. As a result of these 
analyses, in conjunction with theoretical data obtained 
from the primary amino acid sequence, a number of 
conclusions about the protein invertase-j8 -lactamase could 
be drawn.

(1) Invertaselactamase is a protein comprising of 295 
amino acids with an N-linked glycosylation site at residue 
23 and no positions for 0 glycosylation.

(2) It has a theoretical isoelectric point of 5.1 pH units 
but its empirically determined isoelectric point is diffuse 
and occupies a range from 4.5 to 5.7 pH units.

(3) The protein is a mixture of glycosylated and 
unglycosylated forms. An unglycosylated form is seen as a 
discrete band at around 32,000 da. and the glycosylated 
forms appear as a smear at higher molecular weights.

(4) The single glycosylation site is glycosylated when the 
protein is expressed and secreted into the culture medium 
under the induction conditions described in chapter 5.

(5) The glycosylated form of the protein occupies a range 
of molecular weights, represented as a smear on a 
polyacrylamide gel. The smearing pattern is indicative of 
S. cerevisiae hyperglycosylation of secreted proteins and 
is a result of the wide range and diffuse nature of 
glycoforms present.
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(6 ) Using lectin interactions it has been possible to show 
that the glycan is of the high mannose type traditionally 
associated with S. cerevisiae glycosylation.

(7) Via the use of PNGase F. it was confirmed that the 
deglycosylated protein corresponded to the theoretical size 
(approximately 33,000 da.) and to the unglycosylated form 
of invertase-j8 -lactamase seen in the purified fractions.
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8 .0 Future Work

The time required to optimize the expression system, the 
fermentation process and the low yields achieved prevented 
any further biochemical analyses on the purified product, 
although a research plan had been made. The starting point 
of any future work would have to address the particular 
problem of amount of purified product.

8.1 Increasing product yield

There are three approaches to increasing the product yield;

(1) To alter the plasmid vector/ expression system.

By integrating the gene into the host genome, for example, 
a significant increase in yield may be obtained. This 
could either result from changes at the cellular level or 
via an increased range of media (Smith, Duncan & Moir; 
1985) . Another approach could be to use a different 
promoter sequence. A promoter, unlike SUC2, which can be 
repressed at the glucose levels required for fed batch 
fermentations and easily induced via an environmental 
change, e.g. MFce or the ADH2 promoters, may be suitable 
(Schulman, Ellis & Maigetter; 1991: Gu, Park & Dong; 1991: 
Park & Ramirez; 1990) (see section 1.1, for a detailed 
discussion on promoters and expression systems).

(2) To investigate various fermentation regimen.

For example the use of complex media in either or both of 
the growth/ induction phases of the process could be 
examined. Alternatively the use of different growth/ 
induction processes, for example fed batch or pulsed 
(pe^urbed) batch systems could be evaluated. Given the 
inter-relationship between fermentation conditions, host 
strain, and expression vector and the yield of a bioactive
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protein (Fieschko et al.; 1987) both of these options could 
have their potential maximised if performed with a specific 
change at the genetic level.

(3) Perform a number of large scale fermentation/ 
induction runs.

Product generation could by performed by pooling the 
clarified fermentation broths of a number of runs from the 
present system and cog^n^^ting them by the Amicon CH2 
concentrator method The Concentrate could then be 
purified on a scaled up version .of the affinity 
chromatography procedure d^cribed^^eneTating an increased 
amount of material for analysis.

8.2 Analyses of Invertase-jS-lactamase

8.2.1 Glycan characterization

In the course of this study it was possible to identify the 
glycosylation type, extent number of sites and glycan chain 
structure. It remained to obtain the profile of 
glycoforms, the monosaccharide composition and glycan 
sequence and the linkage types, and thus the branching 
structure, between individual residues.

The following experiments could be performed to obtain the 
answers to these outstanding issues.

8.2.1.1 Methods of release of the oligosaccharide

For the release of N-linked glycans either enzymatic 
procedures could be employed, e.g. PNGase F digestion 
described in chapter 6 , and/or chemical release. The use 
of glycopeptidases which cleave the GlcNAc-Asn linkage 
results in the release of the N-linked sugar moiety without 
the destruction of the polypeptide, as is the case with 
chemical cleavage. The enzymatic cleavage, however, is
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limited by certain substrate specificities, including 
steric hind^rance of the polypeptide molecule (Kobata; 
1992). The chemical method of cleavage is called 
hyc^zinolysis. Hydrazinolysis can release all N-linked 
sugar chains, without bias, as long as the samples are 
thoroughly dried This technique, therefore, can give a 
quantitative release of the N-linked glycans on a peptide 
(Takasaki, Mizuochi & Kobata;1982). This technique has now 
been automated via the Oxford Systems Glycoprep™ removing 
the risks involved in handling hydrazine.

8 .2.1.2 Overall carbohydrate content

The mass of the purified protein can be compared against 
the mass of both the actual and the theoretical 
deglycosylated protein. Hence, an indication of the extent 
of heterogeneity as well as an accurate picture of the mass 
difference between the two species may be obtained. The 
latter cannot be performed by simple electrophoresis 
methods due to the sugar residues creating a 'drag' factor 
in the gel. This results in an exaggerated molecular 
weight of the glycoprotein.

The overall carbohydrate content can be determined using 
either Matrix Assisted Laser Desorption (MALD) mass 
spectrometry or a combination of other size measuring 
techniques for both proteins and oligosaccharides. An 
example of the latter is SDS polyacrylamide gel 
electrophoresis for measurements of the deglycosylated 
protein and the Oxford GlycoSystem (OGS) Glycomap*” 1000 for 
measurements of the separated oligosaccharide.

8 .2.1.3 Glycoform analysis

Due to the single glycosylation site on invertase-jS- 
lactamas^ the removal of the glycan and its subsequent 
analysis will yield only the glycoforms present on that
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site. More complex methods, therefore, of separating
glycans from different glycosylation sites are avoided.

The sugars derived via the methods outlined in 8.2.1 can be 
analyzed using MALD mass spectrometry. This would give an 
indication of both the size and range of glycoforms present 
on the glycosylation site. Further fractionation of these 
glycoforms can be achieved via Gel Permeation 
Chromatography (GPC) using the 'Glycomap^ 1000'. The 
latter may, however, prove difficult with yeast high
mannose oligosaccharides.

8 .2.1.4 Glycan structure and sequencing

Using a series of specific exo-glycosidases,
characterisation of the individual glycans may be achieved 
by following the changes in molecular weight resulting from 
the glycosidase action. Compositional analysis
confirmation and sequence, linkage and anomeric 
configuration can be determined to the extent permitted by 
the specificity of the glycosidases. The changes can be 
monitored using the Glycomap*“ 1000. A computer programme, 
supplied by OGS, can compare the glycan release pattern and 
compare this with its database to give an accurate 
structural picture of the glycan.

8.2.2 Other laboratory analyses

In order to further investigate the band, using the more 
concentrated product, at approximately 33,000da. N-terminal 
sequencing could be performed. This was not done in the 
present study as a Coomassie stained band on a 
polyacrylamide gel is required. Only a silver stained band 
has so far been obtained. The result from this would 
indicate whether the band is the unglycosylated protein or 
a degraded product.
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8.3 Design of glycan based purification strategy

The above experiments would have established the following 
points to add to those already known: The extent of the
glycosylation; the variety of glycoforms; the 
monosaccharide composition; and the probable structure of 
the glycan chain.

This information could then be used in the design of a 
purification strategy based on the glycan. By targeting 
the carbohydrate side chain in an affinity procedure a 
generic separation procedure would result (section 1.4.3). 
The aim being to produce a one step purification strategy 
for glycoproteins secreted from Sa.ccha.romyces cerevisiae 
early on in the downstream processing. If required further 
purification of the individual glycoproteins could be 
performed on a smaller scale using more powerful separating 
techniques.

8.3.1 Affinity precipitation

Polyhydroxyl compounds, including the terminal mannose 
residues on yeast glycans, react with borates (Boeseken; 
1949)(section 1.4.3.3). Using this understanding an 
affinity method of purification based on this interaction 
and fractional precipitation could be envisaged.

The fractional precipitation process is used both in the 
laboratory and industrially for the preliminary 
purification of proteins (Bell, Hoare & Dunnill; 1983). 
Precipitant is first added to sufficient concentration to 
precipitate less soluble contaminants. The concentration 
is then increased to recover the desired protein in a fresh 
precipitated phase, leaving the more soluble contaminants 
in solution. In a complex, multicomponent system such as 
a cell extract or fermentation broth, however, the 
precipitation will not occur at a discrete precipitant
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concentration but over a range of concentrations. This 
results in overlapping solubilities of the target protein 
and the contaminants substantially reducing the operations 
efficiency.

A method that can enhance precipitation of a target protein 
could provide a reduction in contaminants, co-purifying and 
hence resulting in a greater yield. A fractional 
precipitation method using ammonium sulphate as the 
precipitant with borax to selectively enhance the 
precipitation of invertase-/3-lactamase via cross linkage of 
the glycan chain could perform this function.

8.4 Further studies

Having established an affinity purification procedure based 
on the glycan of invertase-jS-lactamase further studies 
could include the following;

* Investigation of the differences between the non
glycosylated and glycosylated protein,

* Investigation into the effect of the number of 
glycan chains per protein molecule, and

* Using MNN mutant strains (section 1.2.4.4) 
investigate the effect of glycan size and 
branching on the carbohydrate interaction 
purification method.

An end point to the work could be the design of a cleavage 
point in between the native and foreign sections of the 
fusion protein. This would enable a generic purification 
via the carbohydrate on the native section and the 
subsequent release of the natural protein product.
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