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ABSTRACT
Cloning and expression of the Bacillus llcheniformis 
a-amylase gene in Saccharomycs cerevisiae.
Hugh Me Mahon
School of Biological Sciences, Dublin City University.
The a-amylase gene from Bacillus licheniformis together with 
its signal peptide seguence was cloned into a yeast expression 
vector under the control of the yeast ADH1 promoter and 
terminator. The resulting construct, pAAMY, when introduced 
into Saccharomyces cerevisiae cells which when subsequently 
grown under pH-controlled conditions, produced active 
a-amylase enzyme. At least 95% of the recombinant amylase is 
located extracellurarly. Temperature sensitive yeast mutants 
defective in the specific steps in the secretory pathway were 
used to show that the native Bacillus signal peptide is 
capable of effeciently directing the a-amylase through the 
yeast secretory pathway.
The extracellular amylase produced by the yeast was found to 
have similar pH and temperature profiles to the native 
Bacillus enzyme. Using Western blotting and activity gels, 
this extracellular a-amylase fraction was found to be 
heterogeneous with respect to molecular weight, varying from 
approximately 55 to 71 kilodaltons. After treatment with 
endoglycosidaseHf the amylase specific bands were resolved to 
two bands, one major and one minor. The major band 
corresponded in size to the the control native bacterial 
enzyme, indicating that most of the heterogeniety in the band 
size originally observed was due to glycosylation. The second 
faint amylase band was approximately 3KD larger. This form of 
the enzyme is likely to represent the unprocessed form of the 
enzyme with its signal peptide still attached.
Several approaches were taken in an attempt to improve both 
the plasmid stability and the quantity of the active enzyme 
produced by the yeast cells. These included the isolation of 
yeast mutants using ethyl methane sulphonic acid(EMS), the 
targeted integration of the a-amylase gene into single and 
reiterated regions of the yeast chromosomal DNA, and finally 
the removal of part of the 3' untranslated region of the DNA 
fragment carrying the Bacillus a-amylase gene.
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Overview

This project was undertaken to characterise the expresssion 
and secretion of the a-amylase of Bacillus licheniformis 
from Saccharomyces cerevisiae under the control of the 
a-amylase bacterial signal peptide. The project also set 
out to analyse the effect of changes in media composition, 
plasmid copy number and plasmid stability on the level of 
secretion of the amylase. The Bacillus licheniformis 
a-amylase was chosen for use as a reporter gene in this 
project as it is easily assayable and had not previously 
been expresssed in yeast. The information gained from this 
project could then be used for the optimisation of the 
secretion of other proteins of commercial interest.

The introduction covers the vectors available for the 
expression of foreign genes in Yeast and the factors which 
can affect the level of expression and secretion of these 
genes. It also discusses the various methods available for 
the optimisation of the levels of expression and secretion 
of heterologous genes from yeast.

The final two sections of the introduction deal with the 
expresssion and secretion of foreign genes from other 
yeasts and a review of the current literature on a-amylase 
expression in yeast.



CHAPTER 1 

INTRODUCTION
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1.1. General introduction.

The yeast Saccharomyces cerevisiae has been used by man for 
over two thousand years in food and beverage manufacture. 
It is now recognized and established as an ideal eukaryotic 
microorganism for microbiological and genetic studies. 
Although genetically more complex than bacteria, it shares 
many of the technical advantages that allowed rapid 
progress in the molecular genetics of prokaryotes. It 
possesses a rapid growth rate and can be grown to high cell 
densities on well defined inexpensive media. It has a well 
defined genetic system and possesses a versatile DNA 

transformation system which has made S. cerevisiae 
particularly amenable to gene cloning and genetic 
engineering techniques. Mutant isolation can be carried out 
easily and structural genes can be identified by 
complementation from plasmid libraries. Plasmids can either 
be introduced as autonomously replicating molecules or 
integrated into the yeast genome via homologous 
recombination, thereby allowing for targeting of plasmid 
DNA to specific sites within the yeast genome.

Although itself a unicellular organism, yeast, being 
eukaryotic, possesses much of the complex cell biology 
typical of higher multicellular organisms including a 
highly compartmentalised intracellular organisation and an 
elaborate secretory pathway which mediates the secretion 
and post-translational modification of many host proteins. 
The presence of this complex eukaryotic cell biology 
permits the use of yeast as a model organism for studying 
eukaryotic gene regulation, structure-function
relationships of proteins, chromosome structure, gene 
expression and translation as well as basic aspects of 
metabolism. Mammalian genes are routinely introduced into 
yeast for analysis of the function of the corresponding 
gene products. Thus yeast can be readily manipulated and is 
seen as the eukaryotic equivalent of the prokaryote 
Escherichia coli.
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1.2. Heterologous gene expression.

Since Saccharomyces is one of a small group of GRAS 
(Generally Regarded As Safe) organisms recognized by the 
FDA and since well developed methods exist for its large 
scale production, it is suited for the production of 
recombinant proteins for pharmaceutical applications, food 
processing and the nutritional enhancement of yeast based 
foods. Yeast cells can perform eukaryotic 
post-translational modifications such as glycosylation 
(Tanner and Lehle, 1987; Kukuruzinska et al., 1987), fatty 
acylation (Towler and Glaser, 198 6) and proteolytic 
processing (Julius et al. , 1983) that may be essential for 
protein activity thus displaying certain advantages over 
currently used bacterial systems when recombinant 
proteins derived from plants, animals or other fungi need 
to be produced. Manufacturers of pharmaceuticals intended 
for injection must be aware of possible endotoxin 
contamination since the cell wall of bacteria like E. coli 
contains a glycolipid component which can cause fever and 
shock if introduced into a patient's blood stream. Yeast as 
a GRAS organism does not possess this toxic cell wall 
component making it acceptable for the production of both 
food and pharmaceutical products and also reduces the 
rigourous screening that must be carried out on 
pharmaceutical products produced in E. coli. As a 
eukaryotic organism, yeast also has a well defined 
secretory pathway and can be used as a suitable host 
organism for the production of secreted proteins. Secretion 
by yeast is often the preferred route of production for 
many proteins as correct folding of proteins with 
disulphide bonds appears to occur more readily in the 
secretory pathway, glycosylation of proteins coincides 
with secretion and the secretion of proteins removes them 
from the bulk of the yeast proteins and proteases thus 
facilitating easier purification of the recombinant protein 
product.
Although S. cerevisiae has proved to be very useful for the

3



production of recombinant proteins it has some 
disadvantages, when compared for example to E. coli. E.coli 
can grow to 12 0 g/1 in two days under vigour ous
fermentation conditions while it usually takes yeast about 
twice as long to reach the same density. There are many 
available regulated promoters in E. coli but fewer are known 
in yeast. The hyperglycosylation of proteins in yeast is 
also a major problem as it can lead to loss of activity of 
the recombinant protein and also to an immunogenic 
response from patients as the outer chain glycosylation in 
yeasts differs from that in mammals, (Melnick et al., 1990, 
Kurkurzinska et al., 1987).
Recombinant protein expression in S. cerevisiae was first 
described by Hitzeman et al. in 1981 and the first 
genetically engineered vaccine licensed by the FDA for 
administration to humans, hepatitis B surface antigen, was 
produced in this organism (Valenzuela et al. , 1982) .

1.3. Vectors for use in Saccharomyces cerevisiae.

To achieve optimal expression of recombinant genes, two 
important properties of vectors are, for the most part, 
stable propagation and high-copy number. Ideally a vector 
should be maintained in most or all cells in a population, 
even without selective pressure, and should be present in 
each cell in high-copy numbers, in yeast, a number of 
vectors and strategies have been explored to achieve these 
goals but in most cases one of these criteria is filled at 
the expense of the other.
In yeast, extra-chromosomal replicons are based either on 
plasmids containing yeast autonomous replication sequences 
(ARS), (Campbell, 1983), which function as origins of 
replication, or on the native 2\i circle of S. cerevisiae 
(Hartley and Donelson, 1980).

1.3.1. Autonomous replication sequences, ARS.
ARSs are yeast chromosomal origins of replication, 
(Williamson, 1985) and ARS vectors are present in multiple
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copies per cell (1 to 20) due to segregational bias even 
though they only replicate once per cell cycle (Fangman et 
al. , 1983) . They are mitotically unstable and plasmid-free 
cells accumulate at a rate of up to 2 0% per generation 
without selection due to the inefficient transmission of 
plasmids to daughter cells during cell division, (Murray 
and Szostak, 1983). Obviously such plasmid behaviour is not 
optimal for efficient heterologous gene expression and in 
practice ARS vectors are hardly ever used for large-scale 
foreign gene expression. ARS vectors can be stabilized by 
including yeast centromeric sequences (CEN) but then the 
copy number is reduced to one to two plasmids per cell 
(Clark and Carbon, 1980). Thus ARS/CEN vectors are only 
used where one requires low-level expression, as in the 
case where the protein product is toxic to the yeast cell.

1.3.2. 2\i (micron) circle based vectors.
To date, the most straightforward approach to achieving 
both high-copy number and stable propagation has been to 
use vectors derived from the yeast plasmid 2ji circle. The 
2u yeast plasmid is a 6.3 kb plasmid present in the nuclei 
of most Saccharomyces strains at about a hundred copies per 
haploid genome (Futcher, 1988). Four genes are encoded by 
the plasmid; FLP, REP1, REP2, and D. It contains an origin 
of replication 0R1, which behaves as a typical ARS element, 
the STB locus (needed in cis for stabilisation) and two 599 
bp inverted repeat sequences. FLP encodes a site-specific 
recombinase which catalyzes recombination at specific sites 
lying near the centre of the inverted repeats. This 
promotes flipping about the targets in the inverted repeats 
so that cells contain two forms of 2¿1, A and B (Broach and 
Hicks, 1980) . In spite of the fact that the 2/i circle 
confers no apparent selective advantage or no known 
phenotype to cells in which it is resident and might be 
somewhat disadvantageous to the host cell, it is 
nevertheless stably inherited (Futcher and Cox, 1983; Mead 
et al. , 1986; Walmsley et al., 1983). The stability of the 
plasmid is due largely to its ability to ensure its
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transmission to both daughter cells during division and to 
amplify its relative copy number level in cells which have 
received a reduced number of copies (Murray and Szostak, 
1983; Kikuchi, 1983; Volkert and Broach, 1986). Efficient 
segregation is promoted by the trans-acting products of 
genes REP1 and REP2 (Kikuchi, 1983; Cashmore et a l . , 1986) 
and by having the STB locus in cis which appears to act as 
a centromere-like element in the partitioning process 
(Kikuchi, 1983). Amplification appears to depend on the 
inverted repeats and the FLP gene product and it overcomes 
host regulation which restricts each replication origin to 
one initiation per cycle (Volkert and Broach, 1986). 
Futcher (1988) proposed a model whereby FLP promotes 
recombination between replicated and unreplicated DNA so 
that inversion occurs and two replication forks can follow 
each other around the circle spinning off an increasing 
catenane of plasmid genomes. Replication would terminate 
only when a second recombination event reinstated the 
bidirectional orientation of the forks.
The most basic 2\x. vectors contain the 2u origin of 
replication, the STB locus, a yeast selectable marker and 
bacterial plasmid sequences and are used in a 2|i+ host 
strain supplying REP1 and REP2 proteins (Kikuchi, 1983). 
These vectors have a small size and are easily manipulated, 
are ten times more stable than ARS plasmids and are present 
in 10 to 40 copies per cell. Most constructs carry the STB 
locus as the 2.2 kb EcoR 1 fragment or the Hind III 
fragment from the B form of the 2|u circle. Both these 
fragments encompass the plasmid origin of replication and 
one of the inverted repeats with its FLP recombination 
target site. In order to limit recombination with 2\i, the 
inverted repeat can be removed but adjacent STB sequences 
can not be removed as they seem to have an important role 
in protecting STB from transcriptional inactivation (Murray 
and Cesarini, 1986).
More complex 2/x-based shuttle vectors contain the REP1 and 
REP2 genes in addition to the ORI-STB and can be used in 
2^-free host strains (Armstrong et a l . ,  1989). Fig 1.1
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shows a restriction map of plasmid pYE which has been used 
for construction of both expression and secretion vectors. 
The plasmid includes the E. coli plasmid pBR322 with an 
intact origin of replication and a /3-lactamase gene 
(conferring resistance to ampicillin) allowing propagation 
and selection in E. coli. The plasmid also includes the 
yeast TRP1 gene allowing for selection in yeast. In 
addition, the entire 2u plasmid is cloned in pYE thus
negating the need to use 2 / j .* strains and avoiding
recombination between the plasmid and an endogenous 2n 
plasmid which could restructure the expression vector. 
Also, by using 2u~free hosts, the copy number of the
recombinant expression vector may be increased as it 
represents the only 2\x plasmid in the cell and it has been 
shown that there appears to be some competition between 
exogenous 2 / li vectors and native 2y. such that the copy
number of both is depressed (Futcher and Cox, 1984).

Figure 1.1

Pstl

Restriction map of plasmid Yepl3.

7



1.3.3. High copy number vectors.
A number of ultra-high copy number vectors are based on 
plasmid pJDB219 which contains the entire 2\l circle genome 
cloned into the £7coR 1 site of the bacterial plasmid pMB9 
with disruption of FLP, (Hartley and Donelson, 1980). The 
plasmid also contains a sequence of yeast DNA encompassing 
the LEU2 gene inserted in the Pstl site of the D gene. 
This LEU2 gene lacks its promoter and is cloned in pJDB219 
in the opposite orientation to D and it is thought that its 
transcription is driven by a promoter located near REP3 
(Sutton and Broach, 1985). The expression of the truncated 
LEU2 gene is several orders of magnitude less than that of 
the chromosomal LEU2 gene (Erhart and Hollenberg, 1983) and 
so the gene on the pJDB219 plasmid has been designated 
leu2-d (for diminished activity). Plasmid pJDB219 and its 
derivatives are present in yeast cells at approximately 
200- 300 copies per haploid genome which is an order of 
magnitude higher than most standard 2u based vectors
(Futcher and Cox, 1984). It is thought that this high copy
number is due to the requirement for high copies of the
leu2-d allele to achieve leucine prototrophy in a leu2
strain. The presence of a normal LEU2 gene on a pJDB219 
based plasmid abolishes the high-copy properties of the 
plasmid (Broach, 1983). In 2^-free cells pJDB219 is very 
stable due to its high copy number and in addition the 
plasmid persists in most cells in the population for many 
generations following a shift to non-selective medium. Both 
properties make the plasmid ideal for use in large scale 
fermentation (Futcher and Cox, 1984; Walmsley et ai., 1983) 
where continuous selection is not always practical.

1.3.4. Centromeric plasmids.
The vectors described above are capable of stable 
maintenance at high copy numbers. However it may be 
required, in some instances, to maintain expression vectors 
at low copy numbers. This would be desirable in cases where 
expression of the heterologous gene is toxic to the yeast 
cell. As mentioned above, addition of centromere (CEN)
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sequences to unstable plasmids can reduce loss through 
segregation to 1-3% per generation under non selective 
conditions. The copy number of CEN-containing plasmids, 
including those containing 2\i replicons is controlled at 
one to two per haploid genome (Clarke and Carbon, 1980). It 
has also been shown that in certain cases heterologous 
protein secretion may be more efficient if the expression 
system is stably maintained at low copy numbers (Smith et 
al., 1985).

1.3.5. Integrating vectors.
The most stable way to maintain introduced genes is by 
integration of the entire plasmid into the chromosome by 
homologous recombination. The gene is thus normally present 
in only one copy (in haploids) and is very stable. 
Continuous selection to maintain the gene is not generally 
required unless expression is deleterious to the cell. 
Integrating vectors, (Yip, for yeast integration) contain 
yeast chromosomal DNA to target integration to a specific 
location, a selectable bacterial or yeast marker and a 
bacterial replicon but lack yeast origin of replication 
sequences (see Fig 1.2). The vector containing the desired 
heterologous gene is usually restricted at a unique 
restriction site in the yeast homologous DNA to linearise 
the plasmid as this gives approximately a 10-fold higher 
transformation efficiency compared to transformation with a 
circular plasmid. The linearisation of the plasmid DNA 
targets integration as DNA will integrate almost 
exclusively at the chromosomal sites that are homologous to 
the cut ends of the molecule. This single cross-over 
integration results in duplication of the chromosomal 
target sequence which means that the vector can be excised 
by recombination (fig.1.3). However, loss of vector occurs 
typically at a rate of less than 1% per generation in the 
absence of selection pressure (Hinnen et al., 1978). If a 
high concentration of integrating vector is used in the 
transformation, tandem multicopy inserts can occur, most 
likely due to repeated recombination events (Orr-Weaver and
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Szostak, 1983). These multicopy integrants are relatively 
stable and can be used, for instance, in gene dosage 
studies.

F i g . 1 . 2 .

Yeast integrating vector YiP5. 

Fig.1.3.

b e d
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10



multiple integration into rDNA in yeast) which contains a 
portion of the rDNA unit and the LEU2-d marker has been 
constructed by Lopes et al., 1989, 1990. Transformation
with pMIRY2 restricted at the Sma 1 or Hpa 1 site resulted 
in Leu+ transformants with 100-200 copies integrated into 
the rDNA cluster at a non-transcribed region. They found 
that use of the LEU2-d or other promoter defective markers 
was important for the isolation of high copy integrants. 
The transformants were very stable, with 80-100% of the 
integrated copies retained after 70 generations. They also 
found that the levels of foreign protein produced using the 
PGK promoter were as high as from 2/i vectors.
The transposable element Ty, present in 30-4 0 copies per 
genome in most Saccharomyces strains can also be used as a 
target for integration. The use of a transplacement vector 
targetted to replace Ty, where the vector copy number could 
be amplified using the LEU2-d selection marker was 
described by Kingsman et al. (1985). They found that levels 
of interferon produced from the amplified transformants 
were several times higher than from single-copy ARS/CEN 
vectors but almost 10 fold less than with 2/i vectors. 
Vectors that integrate by single cross-over into delta (5) 
elements, which exist either alone or as part of Ty 
throughout the S. cerevisiae genome, have more recently been 
used by Shuster et al. (1990). They constructed a vector
expressing the E. coli lacZ gene with the LEU2 and CUP1 
markers. Following transformation with vector restricted by 
Xho I, which cuts in the 5 element with the LEU2 marker 
fragment, leu+ transformants were selected. Multi copy 
integrants were then selected by increasing the copper 
concentration in the media. These multi-copy integrants 
gave up to 10-fold the /3-galactosidase level of single-copy 
strains.

1.4. Yeast Promoters.
To obtain efficient transcription of foreign genes in 
yeast, the use of yeast promoters is essential. This 
conclusion was reached when it was shown that in general
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foreign transcriptional promoters gave aberrant initiation, 
for example Drosophila ADE8 (Henikoff and Furlong, 1983), 
or were totally inactive, for example herpes simplex virus 
thymidine kinase (Kiss et al. , 1982). The first use of a

fyeast promoter was when a 1500 bp fragment 5 of the ADH1 
(alcohol dehydrogenase) gene was used for the intracellular 
expression of leukocyte a-interferon (Hitzeman et al. ,
1981).

rSequential 5 deletion analysis carried out for a number of
yeast genes indicated that yeast promoters are larger in
base pair size when compared to their prokaryotic
counterparts (Struhl, 1981; Beier and Young, 1982; Guarente
and Mason, 1983). In every case, sequences of more than 80
bp upstream from the mRNA start are critical for wild-type
level of transcription. Yeast promoters consist of at least
three elements which regulate the efficiency and accuracy
of initiation of transcription (Struhl, 1989). These are
TATA elements, initiator elements and upstream activation
sequences (UASs). Transcription of a gene depends on a TATA

/box sequence (consensus TATAA) in the 5 flanking region. 
They are found 4 0 to 120 bp upstream of the initiation 
site, they bind TFIID and general transcription factors 
(Hahn et al. , 1989) and are needed to elicit mRNA
initiation by RNA polymerase II. The initiator element 
which is poorly defined, directs mRNA initiation at closely 
adjacent sites (Struhl, 1989). UASs bind to regulatory 
proteins which, under appropriate conditions for the 
particular gene, transmit to RNA polymerase II the signal 
to initiate transcription (Schneider and Guarente, 1991). 
The study of well defined cases made it clear that many 
UASs are mapped to short regions of DNA i.e., the cycl 
(Guarente et al. , 1984), gal 1, 10 (Giniger et al. , 1985), 
and leu2 (Martinez-Arias and Casadaban, 1984) upstream 
elements all map within a short stretch of DNA, 15-40 bp 
long.

1.4.1. Glycolytic promoters.
The first promoters used were those of genes encoding the
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abundant glycolytic enzymes, alcohol dehydrogenase I (ADH1) 
(Hitzeman et al. , 1981), phosphoglycerate kinase (PGK)
(Hitzeman et al., 1983) and glyceraldehyde-3-phosphate 
dehydrogenase (GAP) (Tuite et al. , 1982). These genes are
expressed at very high levels and glycolytic promoters are 
the most powerful promoters of S. cerevisiae, PGK mRNA 
accumulating to 5% of the total for example. These 
promoters are thus widely used for high-level expression of 
cloned yeast or foreign genes. The ADH1, PGK and GAP genes 
are often considered as constitutive but they can be 
induced by addition of glucose. Expression of a-interferon 
using the PGK promoter was induced 20- to 30-fold by the 
addition of glucose to a culture grown on acetate as the 
carbon source (Tuite et al., 1982).

1.4.2. Regulatable Promoters.
A major problem with the expression of a number of genes 
cloned in yeast is that accumulation of the foreign protein 
may be toxic to the cell. Thus it can be extremely
difficult or even impossible to grow the cells to the high 
densities needed for protein production on a commercial 
scale. One way to circumvent these problems is to use 
regulated transcription systems that allow the cells to be 
grown to a high-density under conditions where the protein 
is not expressed. One of the most commonly used regulated 
promoters is outlined below.
The regulation of the genes required for metabolism of
galactose has been extensively studied and the GAL 
promoters of the GAL1, GAL7 and GAL10 genes represent the 
most powerful tightly-regulated promoters of S. cerevisiae. 
There are many genes involved in the regulation of GAL 
promoters but the main interaction is between the 
trans-activator encoded by GAL4, the repressor encoded by 
GAL80 and the GAL UAS (fig. 1.5) The GAL4 gene product
binds to sites within the GAL UAS thereby activating 
transcription while GAL80 binds to the carboxy-terminal of 
GAL4 thus acting as repressor unless galactose is added 
which is necessary for the action of the GAL4 protein.
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Addition of glucose to cells growing in galactose causes 
immediate repression of transcription (Schneider and 
Guarente, 1991). The tight regulation of expression by the 
carbon source makes the GAL promoters highly suitable for 
manipulating the expression of cloned genes. The extremely 
strong induction of transcription by galactose is useful 
for expressing high levels of a protein. GAL1, GAL7 and 
GAL10 mRNAs are rapidly induced greater than 1000-fold to 
approximately 1% of total mRNA on addition of galactose 
(St. John and Davis, 1981).
Figure 1.5.

G A L 4 0  
. ProttVo

CAL3
G a l i e i o * «  o - |  IN D U C E R

Galactose regulation in yeast.

The genes involved in regulation and metabolism and their 
chromosomal location are shown. Activation is indicated by 
bold lines with arrows and inhibition is indicated by lines 
with bars.
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Another method to regulate gene expression has been to use 
promoters that are activated when a nutrient is depleted or 
removed from the growth medium. The ADHII promoter is 
repressed under conditions where glucose is present in the 
growth medium (Shuster,1987) . As glucose levels in the 
growth medium drop, as in the later stages of fermentation, 
the gene is derepressed and transcription is activated. In 
addition, expression vectors have been engineered to 
produce hybrid promoters made up of constitutive promoter 
elements (for strength) combined with the UASs of regulated 
genes (Velati-Bellini et al., 1986). The controlled
expression of human interferon (gamma) using a hybrid 
promoter consisting of the GPD (glucose-6-phosphate 
dehydrogenase) promoter combined with the UAS of the GAL 
7 promoter has been described by Fieschko et al., 1987. 
While mention has been made of the most commonly used 
promoters in yeast, selection and screening is ongoing to 
identify new promoters from genomic libraries (Goodey et 
al., 1986; Santangelo et al., 1988, Duffy, M., 1994).

1.4.3. Transcription, translation and optimisation.
In addition to the type of promoter used, a number of 
factors affect the level of expression of a gene in yeast, 
in particular, the relative abundance of its mRNA, mRNA 
stability and the efficiency with which the mRNA is 
translated. Genes that are highly expressed, for example, 
alcohol dehydrogenase I (ADH1), histone genes, and 
glyceraldehyde-3-phosphate dehydrogenase (G3PDH), generally 
have mRNA levels that can range from 0.5-6% of the total 
cellular mRNA (Bennetzen and Hall, 1982), while genes that 
are more poorly expressed may have mRNA levels that are 2-3 
orders of magnitude lower. The base sequence of the mRNA 
and hence the 3-D structure formed can also be important in 
determining the rates at which translation is initiated and 
protein synthesis occurs (Stanssens et al., 1985; Wong and 
Chang, 1986; Lee et al., 1987).
In general, when a yeast promoter is used to express a 
foreign protein, the yield of product is much lower than
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the yield obtained when the homologous protein is produced 
using the same promoter. For example, when the PGK promoter 
is used on multi-copy vectors, foreign proteins such as 
i.e. a-interferon accumulate to 1-2% of the total cellular 
protein whereas the homologous protein, phosphoglycerate 
kinase, accumulates to over 50% (Chen et al. , 1984; Mellor 
et al., 1985). It was shown that the a-interferon mRNA was 
not unstable but was initiated at a six-fold lower rate 
(Mellor et al., 1987).
In yeast the optimal expression of a gene can also be 
affected by DNA sequences at the 3' end of the gene, in 
particular the transcriptional termination sequence. It is 
usual to have yeast transcriptional terminators present in

rexpression vectors to form mRNA 3 ends and to avoid read 
through into vector sequences adjacent to the 3 end of the 
gene. Terminators from genes such as ADH1, GAP and 2\x have 
been used. It has been shown that transcription termination 
may be coupled with polyadenylation, as in higher 
eukaryotes, and that a poorly conserved tripartite sequence 
may be part of the mRNA terminator (Zaret and Sherman,
1982). This sequence, identified in an analysis of 15 yeast 
genes has been shown to be tolerant to large sequence
alterations (Osborne and Guarente, 1989). Thus fortuitous 
sequences in foreign genes causing termination can affect 
the yield of full-length transcripts resulting in low 
yields or complete lack of foreign gene expression in
yeast. This problem has been observed in a number of genes 
with a very high AT content (Romanos et ai. , 1992), one
example being the tetanus toxin fragment C of Clostridium 
tetani. At least six fortuitous polyadenylation sites were 
identified in this gene resulting in truncated mRNA and no 
expression of protein. These sites were eliminated by
increasing the GC content from 29% to 47% (Romanos et al., 
1991) by chemical synthesis which resulted in efficient 
production of fragment C. At present, chemical DNA
synthesis along with site directed mutagenesis appears to 
be the only solution to this problem.
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The efficiency with which mRNA is translated will also 
determine the success of foreign gene expression in yeast. 
The rate of initiation is of primary importance in 
translational efficiency and in eukaryotes it appears that

fan initiation complex assembles at the 5 end of the mRNA
/and moves in the 3 direction seeking out the first AUG

codon, whereupon initiation occurs (Kozak, 1989) . The
/structure of the 5 untranslated leader sequence of a mRNA

molecule affects the rate of initiation of translation and
/gene expression can be adversely affected when foreign 5

leaders, possessing sequences giving rise to deleterious
structures are present. An example of this is the poor
expression achieved with the hepatitis B core antigen when 

/the viral 5 sequence (approx. lOObp) was retained
/(Kniskern et ai. , 1986). When the 5 viral sequence was

removed the yield of protein increased from 0.05% to 26% of 
soluble cell protein. Yeast mRNA leaders are generally 
about 50 bp long, are A-rich and have very little secondary 
structure. Yeast genes with higher than average leader 
lengths (greater than 80 nucleotides) are capable of

iforming stable stem-loop structures within the 5
non-coding region. The result of this is decreased gene
function most likely because the ribosome cannot interact

/with a free 5 end or scan toward the AUG codon. The 
optimal action of leader sequences can by affected by 
inserting a long sequence of G residues which inhibits 
translation completely or by insertion of a sequence of U 
residues which partially inhibits translation (van den 
Heuvel et al. , 1990). However, secondary structure is the
most important factor affecting function and sequences 
giving rise to such secondary structures as hairpins have 
been shown to drastically inhibit translation of the HIS4 
and CYC1 mRNA in yeast cells (Baim and Sherman, 1988; Cigan 
et al., 1988). Therefore, where possible, the inclusion of

t rforeign untranslated 5 leaders in yeast expression vectors 
should be avoided and where it is not possible their 
sequence should be examined for secondary structures or 
long runs of G and U residues.
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A n o t h e r  f a c t o r  c o n t r i b u t i n g  t o  t h e  p o o r  e x p r e s s i o n  o f  s o m e

f o r e i g n  p r o t e i n s  i n  y e a s t  m a y  b e  t h e  d i f f e r e n c e  b e t w e e n

y e a s t  a n d  h i g h e r  e u k a r y o t i c  l e a d e r  s e q u e n c e s  a d j a c e n t  t o

t h e  AUG s t a r t  c o d o n .  I n  y e a s t  t h e r e  i s  a  b i a s  i n  n u c l e o t i d e

d i s t r i b u t i o n  o f  5 A / YAA/UAAUGUCU 3 ( w h e r e  Y i s  a

p y r i m i d i n e  U o r  C) ( C i g a n  a n d  D o n a h u e ,  1 9 8 7 )  , w h e r e a s  i n
/ / 

h i g h e r  e u k a r y o t e s  i t  i s  5  CACCAUGG 3 .

I n  a d d i t i o n  t o  t h e  a b o v e  s e q u e n c e  b i a s ,  t h e r e  a l s o  s e e m s  t o

b e  a  c o d o n  b i a s  i n  y e a s t  l e a d e r  s e q u e n c e s  w i t h  h i g h l y

e x p r e s s e d  y e a s t  g e n e s  h a v i n g  l e a d e r  r e g i o n s  w h i c h  a r e  A

r i c h  a n d  G d e f i c i e n t  ( C i g a n  a n d  D o h a h u e ,  1 9 8 7 ) .  I f

s e q u e n c e s  a r o u n d  t h e  t r a n s l a t i o n  i n i t i a t i o n  r e g i o n  o f

f o r e i g n  g e n e s  a r e  o p t i m i z e d ,  t h i s  c a n  h a v e  a  v e r y  m a r k e d

e f f e c t  o n  t h e i r  e x p r e s s i o n  i n  y e a s t .  F o r  e x a m p l e ,  a n

i n c r e a s e  i n  t h e  e x p r e s s i o n  l e v e l  o f  t h e  h e p a t i t i s  B s u r f a c e

a n t i g e n  w a s  o b t a i n e d  b y  r e p l a c i n g  t h e  n a t u r a l  u n t r a n s l a t e d

l e a d e r  s e q u e n c e  w i t h  a n  o p t i m i z e d  l e a d e r  s e q u e n c e  ( B i t t e r

e t  a l . ,  1 9 8 7 ) .  S i m i l a r l y ,  e x p r e s s i o n  o f  h u m a n  i m m u n e

i n t e r f e r o n  y w a s  a c h i e v e d  i n  y e a s t  u s i n g  a n  o p t i m i z e d

l e a d e r  s e q u e n c e  ( F i e s c h k o  e t  a l . ,  1 9 8 7 ) .

1 . 5 .  T h e  s e c r e t o r y  p a t h w a y  i n  y e a s t .

P r o t e i n  s e c r e t i o n  t a k e s  p l a c e  i n  a l m o s t  a l l  c e l l  t y p e s .  

B a c t e r i a l  c e l l s  a r e  c o m p a r t m e n t a l i s e d  t o  s o m e  d e g r e e ,  t h e  

c y t o p l a s m  b e i n g  s u r r o u n d e d  b y  a n  i n n e r  a n d  a n  o u t e r  

m e m b r a n e  s e p a r a t e d  b y  t h e  p e r i p l a s m .  P r o t e i n s  a r e  

t r a n s p o r t e d  f r o m  t h e  c y t o p l a s m  t o  b o t h  m e m b r a n e s  a n d  t o  t h e  

p e r i p l a s m  b y  w h a t  i s  t h o u g h t  t o  b e  a  c o m m o n  e x p o r t  p a t h w a y  

( I t o  e t  a l . , 1 9 8 1 ) .  I n  e u k a r y o t e s ,  t h e  g e n e r a l l y  a c c e p t e d

p a t h w a y  f o r  s o l u b l e  a n d  m e m b r a n e  p r o t e i n s  i s  a s  f o l l o w s :

e n d o p l a s m i c  r e t i c u l u m ( E R )  — » G o l g i  » v e s i c l e  » s u b c e l l u l a r

m e m b r a n e  o r  c e l l  s u r f a c e .  T h i s  p a t h w a y  w a s  e l u c i d a t e d  b y  

u s i n g  a u t o r a d i o g r a p h y  a n d  c e l l  f r a c t i o n a t i o n  t o  f o l l o w  

p u l s e - l a b e l e d  p r o t e i n s  t h r o u g h  t h e i r  i n t r a c e l l u l a r  r o u t e  i n  

p a n c r e a t i c  e x o c r i n e  c e l l s  ( J a m i e s o n  a n d  P a l a d e ,  1 9 6 7 a ,  

1 9 6 7 b ,  1 9 6 8 ) .  T r a n s p o r t  e v e n t s  i n c l u d e  t h e  i n s e r t i o n  o f

n e w l y  s y n t h e s i s e d  p r o t e i n s  i n t o  t h e  n u c l e u s ,  m i t o c h o d r i a l
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p l a s m a  m e m b r a n e ,  l y s o s o m e s  a n d  t h e  v a c u o l e  a s  w e l l  a s  

a s s e m b l y  o f  t h e  c e l l  s u r f a c e  a n d  s e c r e t i o n  o f  p r o t e i n s  i n t o  

t h e  e x t r a c e l l u l a r  s p a c e .

I n  S.cerevisiae, t h e  c e l l  s u r f a c e  c o n s i s t s  o f  t h r e e  l a y e r s ,  

t h e  c e l l  w a l l  c o n s i s t i n g  o f  m a n n o p r o t e i n s  a n d  s t r u c t u r a l  

p o l y s a c c h a r i d e s ,  g l u c a n  a n d  c h i t i n ,  a  p e r i p l a s m  c o n t a i n i n g  

m a n n o p r o t e i n s  a n d  a  p l a s m a  m e m b r a n e .  M o s t  o f  t h e  s e c r e t e d  

e n z y m e s  s u c h  a s  i n v e r t a s e  a n d  a c i d  p h o s p h a t a s e  a r e  l o c a t e d  

s o m e w h e r e  b e t w e e n  t h e  p l a s m a  m e m b r a n e  a n d  t h e  c e l l  w a l l  

w h e r e  t h e y  a r e  a c c e s s i b l e  t o  l o w  m o l e c u l a r  w e i g h t  

s u b s t r a t e s .  O t h e r  s m a l l e r  n o n - g l y c o s y l a t e d  p r o t e i n s  s u c h  a s  

a - f a c t o r  a n d  k i l l e r  t o x i n  a r e  s e c r e t e d  t h r o u g h  t h e  c e l l  

w a l l  i n t o  t h e  c u l t u r e  m e d i u m  ( S c h e k m a n ,  1 9 8 2 ) .

I n  y e a s t ,  s e c r e t i o n  i s  c o r r e l a t e d  w i t h  c e l l  s u r f a c e  g r o w t h ,  

i n v e r t a s e  a n d  a c i d  p h o s p h a t a s e  b e i n g  s e c r e t e d  i n t o  t h e  b u d  

p o r t i o n  o f  a  g r o w i n g  c e l l  w h i c h  r e p r e s e n t s  t h e  p o i n t  o f  

c e l l  s u r f a c e  a d d i t i o n  d u r i n g  m o s t  o f  t h e  d i v i s i o n  c y c l e  

( T k a c z  a n d  L a m p e n ,  1 9 7 3 ;  F i e l d  a n d  S c h e k m a n ,  1 9 8 0 ) .  T h e  

y e a s t  s e c r e t o r y  p a t h w a y  w a s  d i s s e c t e d  b y  t h e  i s o l a t i o n  o f  a  

s e r i e s  o f  s e c r e t i o n  d e f e c t i v e  m u t a n t s  ( N o v i c k  a n d  S h e k m a n ,  

1 9 7 9 ) .  G i v e n  t h e  c o r r e l a t i o n  b e t w e e n  s e c r e t i o n  a n d  c e l l  

g r o w t h  i t  w a s  a s s u m e d  t h a t  s e c r e t o r y  m u t a n t s  w o u l d  b e  

l e t h a l .  T o  c i r c u m v e n t  t h i s  p r o b l e m  a  c o l l e c t i o n  o f  

t e m p e r a t u r e  s e n s i t i v e  g r o w t h  m u t a n t s  w e r e  s c r e e n e d  t o  

i d e n t i f y  s t r a i n s  w h i c h  w e r e  d e f e c t i v e  i n  t h e  e x p o r t  o f  t h e  

p e r i p l a s m i c  p r o t e i n s  i n v e r t a s e  a n d  a c i d  p h o s p h a t a s e  a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e  ( 3 7 ° C )  b u t  w h i c h  d i d  e x p o r t  t h e m  a t  

t h e  p e r m i s s i v e  t e m p e r a t u r e  ( 2 5 ° C ) . T w o  c l a s s e s  o f  sec 
m u t a n t s  w e r e  i d e n t i f i e d .  C l a s s  A sec m u t a n t s ,  1 9 2  i n  t o t a l ,  

a c c u m u l a t e  a c t i v e  s e c r e t o r y  e n z y m e s  i n  a n  i n t r a c e l l u l a r  

p o o l  d u e  t o  a  b l o c k  i n  e x p o r t  ( N o v i c k  e t  al . ,  1 9 8 0 ) .  C l a s s  

B sec m u t a n t s ,  2 3  i n  t o t a l ,  d o  n o t  s e c r e t e  o r  a c c u m u l a t e  

a c t i v e  s e c r e t o r y  p r o t e i n s  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  

e v e n  t h o u g h  p r o t e i n  s y n t h e s i s  o c c u r s  a t  a n  a l m o s t  n o r m a l  

r a t e  f o r  s e v e r a l  h o u r s  a t  3 7 ° C .  T h r o u g h  c o m p l e m e n t a t i o n  

a n a l y s i s ,  2 3  sec l o c i  h a v e  b e e n  i d e n t i f i e d  i n  C l a s s  A 

m u t a n t s  ( N o v i c k  e t  a l . , 1 9 8 0 )  w h i l e  4 sec l o c i  h a v e  b e e n

i d e n t i f i e d  i n  c l a s s  B m u t a n t s  ( F e r r o - N o v i c k  e t  al . ,  1 9 8 4 ) .
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W h e n  c e l l s  a r e  r e t u r n e d  t o  t h e  p e r m i s s i v e  t e m p e r a t u r e  m a n y  

o f  t h e  c l a s s  A sec m u t a n t s  s e c r e t e  t h e  e n z y m e s  t h a t  h a v e  

b e e n  a c c u m u l a t i n g  a t  3 7 ° C .  S i m i l a r l y ,  c l a s s  B sec m u t a n t s ,  

o f  w h i c h  s e c 5 3  a n d  s e c 5 9  a r e  t h e  b e s t  c h a r a c t e r i s e d  

c o m p l e m e n t a t i o n  g r o u p s ,  a r e  t h e r m o r e v e r s i b l e .  I n  c l a s s  A 

sec m u t a n t s  u s e  o f  c y c l o h e x i m i d e  t o  i n h i b i t  p r o t e i n  

s y n t h e s i s  d o e s  n o t  b l o c k  t h i s  t h e r m o r e v e r s i b i l i t y ,  i m p l y i n g  

t h a t  c o n t i n u e d  p r o t e i n  s y n t h e s i s  i s  n o t  r e q u i r e d  f o r  

s e c r e t i o n .  H o w e v e r ,  u s e  o f  e n e r g y  i n h i b i t o r s  a b o l i s h e s  t h e  

r e v e r s i b i l i t y  i n d i c a t i n g  t h a t  e n e r g y - r e q u i r i n g  s t e p s  a r e  

n e e d e d  i n  t h e  s e c r e t o r y  p r o c e s s  ( N o v i c k  et al . , 1 9 8 1 ) .  I n

a d d i t i o n  t o  b l o c k i n g  e x p o r t ,  C l a s s  A m u t a n t s  a c c u m u l a t e  

s e c r e t o r y  o r g a n e l l e s  i n  t h e  s t a g e  i n  t h e  p a t h w a y  w h e r e  t h e  

b l o c k  o c c u r s .  F o r  e x a m p l e ,  m e m b e r s  o f  n i n e  o f  t h e  

c o m p l e m e n t a t i o n  g r o u p s  d e v e l o p  a n  e x a g g e r a t e d  e n d o p l a s m i c  

r e t i c u l u m  w h i l e  m e m b e r s  o f  t w o  g r o u p s  ( s e c 7  a n d  s e c l 4 )  

a c c u m u l a t e  s t r u c t u r e s  r e l a t e d  t o  t h a t  o f  G o l g i  v e s i c l e s .  

T h e s e  e x a g g e r a t e d  v e s i c l e s  c a n  b e  o b s e r v e d  i n  e l e c t r o n  

m i c r o g r a p h s  o f  t h i n  s e c t i o n s  o f  t h e  c e l l s  ( N o v i c k  e t  al., 
1 9 8 0 ;  E s m o n  e t  al . ,  1 9 8 1 ) .

T o  o r d e r  t h e  e v e n t s  i n  t h e  y e a s t  s e c r e t o r y  p a t h w a y ,  N o v i c k  

e t  a l  ( 1 9 8 1 )  g e n e r a t e d  a  n u m b e r  o f  d o u b l e  s e c r e t o r y  m u t a n t s  

a n d  c h a r a c t e r i s e d  t h e s e  w i t h  r e s p e c t  t o  i n v e r t a s e  

a c c u m u l a t i o n  a n d  o r g a n e l l e  m o r p h o l o g y .  T h e  e x p e r i m e n t s  w e r e  

b a s e d  o n  t h e  f a c t  t h a t  i n  m o s t  o f  t h e  c a s e s  o n l y  o n e  o f  

t h r e e  d i f f e r e n t  o r g a n e l l e s  a c c u m u l a t e d  i n  t h e  s e c A  m u t a n t s  

a n d  i f  t h e s e  o r g a n e l l e s  r e p r e s e n t  s t a g e s  i n  t h e  r o u t e  o f  

s e c r e t o r y  p r o t e i n s ,  t h e n  a  d o u b l e  m u t a n t  s h o u l d  a c c u m u l a t e  

t h e  o r g a n e l l e  t h a t  c o r r e s p o n d s  t o  t h e  e a r l i e s t  b l o c k .  I n  

t h i s  w a y  i t  w a s  s h o w n  t h a t  t h e  y e a s t  s e c r e t o r y  p a t h w a y  

c l o s e l y  r e s e m b l e s  t h a t  o f  h i g h e r  e u k a r y o t e s .  A n a l y s i s  o f  

t h e  c l a s s  A ,  sec m u t a n t s  s h o w e d  t h a t  t h e  ER a c c u m u l a t i n g  

p h e n o t y p e  i s  e p i s t a t i c  t o  t h e  g o l g i  b o d y  a n d  v e s i c l e  

a c c u m u l a t i n g  p h e n o t y p e s  w h i l e  a  g o l g i  m u t a n t  i s  e p i s t a t i c  

t o  a l l  v e s i c l e - b l o c k e d  m u t a n t s .  F i g u r e  1 . 5  s h o w s  t h e  o r d e r  

o f  t h e  e v e n t s  i n  t h e  p a t h w a y  a s  d e t e r m i n e d  b y  t h i s  t y p e  o f  

sec m u t a n t  a n a l y s i s .
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F i g u r e  1 . 6 .

O r d e r  o f  e v e n t s  i n  t h e  y e a s t  s e c r e t o r y  p a t h w a y .

N :  n u c l e u s ;  NM: n u c l e a r  m e m b r a n e ;  E R :  e n d o p l a s m i c

r e t i c u l u m ;  S E C :  w i l d - t y p e  g e n e ;  V A C : v a c u o l e ;  V :  v e s i c l e ;  

PM : p l a s m a  m e m b r a n e ;  CW: c e l l  w a l l ;  C P Y : c a r b o x y p e p t i d a s e ;  

p l C P Y  a n d  p 2 C P Y :  p r o - e n z y m e  f o r m s  o f  C P Y .

1 . 6 .  S i g n a l  p e p t i d e s .

M o s t  e u k a r y o t i c  a n d  p r o k a r y o t i c  s e c r e t o r y  p r o t e i n s  a r e  

s y n t h e s i z e d  i n  vitro a s  p r e c u r s o r s  w i t h  N - t e r m i n a l  

e x t e n s i o n s  o f  1 5  t o  3 0  a m i n o  a c i d s  ( B r i g g s  a n d  G i e r a s c h ,  

1 9 8 5 ) .  I n  y e a s t ,  a s  i n  h i g h e r  e u k a r y o t e s ,  p r o t e i n  s e c r e t i o n  

i s  d i r e c t e d  b y  a n  N - t e r m i n a l  s i g n a l  s e q u e n c e  w h i c h  m e d i a t e s  

c o - t r a n s l a t i o n a l  t r a n s f e r  i n t o  t h e  E R .  T h e  s i g n a l  

h y p o t h e s i s  w a s  p r o p o s e d  b y  B l o b e l  a n d  D o b b e r s t e i n  i n  1 9 7 5 .  

A c c o r d i n g  t o  t h e i r  m o d e l  i t  i s  t h e  s i g n a l  p e p t i d e  w h i c h  i s  

r e s p o n s i b l e  f o r  s e l e c t i n g  c e r t a i n  p r o t e i n s  f o r  p r o c e s s i n g  

t h r o u g h  t h e  s e c r e t o r y  p a t h w a y .  T h e  s i g n a l ,  a s  i t  e m e r g e s  

f r o m  t h e  r i b o s o m e ,  i s  r e c o g n i z e d  a n d  b o u n d  b y  s p e c i f i c  

r e c e p t o r s  i n  t h e  ER m e m b r a n e  w h i c h  d i r e c t  t h e  p r o t e i n  

a c r o s s  t h e  m e m b r a n e .  T h e  s i g n a l  p e p t i d e  i s  r e m o v e d  b y  a  

s i g n a l  p e p t i d a s e  e i t h e r  d u r i n g  o r  a f t e r  t r a n s f e r .

T w o  e s s e n t i a l  c o m p o n e n t s  o f  t h e  t r a n s p o r t  m a c h i n e r y  

i d e n t i f i e d  w e r e  a  s i g n a l  r e c o g n i t i o n  p r o t e i n  ( s r p )  a n d  a n  

s r p  r e c e p t o r  o r  d o c k i n g  p r o t e i n  ( W a l t e r  a n d  B l o b e l ,
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1 9 8 0 , 1 9 8 1 ;  M e y e r  e t  a l . , 1 9 8 0 ) .  I t  w a s  s h o w n  t h a t  t h e  s r p  

b i n d s  t h e  s i g n a l  p e p t i d e  o n  i t s  e m e r g e n c e  f r o m  t h e  r i b o s o m e  

t h u s  s t o p p i n g  f u r t h e r  t r a n s l a t i o n .  T h e  s r p - p o l y p e p t i d e  

r i b o s o m e  c o m p l e x  w a s  t h e n  p r o p o s e d  t o  i n t e r a c t  w i t h  t h e  

m e m b r a n e - b o u n d  s r p  r e c e p t o r  o r  d o c k i n g  p r o t e i n  w h e r e  

t r a n s l a t i o n  r e s u m e s ,  t h e  s i g n a l  p e p t i d e  i s  c l e a v e d  a n d  t h e  

p r o t e i n  i s  t r a n s l o c a t e d .  T h e  s r p  a n d  d o c k i n g  p r o t e i n  a r e  

r e l e a s e d  a n d  t h e  p r o c e s s e d  f o r m  o f  t h e  s e c r e t o r y  p r o t e i n  i s  

n o w  i n  t h e  l u m e n  o f  t h e  E R .

B i o c h e m i c a l  a n d  g e n e t i c  s t u d i e s  o f  b o t h  p r o k a r y o t i c  a n d  

e u k a r y o t i c  s i g n a l  p e p t i d e s  h a v e  r e v e a l e d  t h a t  a t  l e a s t  

t h r e e  s t r u c t u r a l l y  a n d  f u n c t i o n a l l y  d i s t i n c t  r e g i o n s  e x i s t  

i n  a l l  s i g n a l  p e p t i d e s :  a  p o s i t i v e l y  c h a r g e d  a m i n o  o r

N - t e r m i n a l  r e g i o n  ( n - r e g i o n )  1 - 5  r e s i d u e s  l o n g ,  a  

h y d r o p h o b i c  c o r e  r e g i o n  ( h - r e g i o n )  7 - 1 5  r e s i d u e s  l o n g  a n d  a  

m o r e  p o l a r  c a r b o x y  o r  C - t e r m i n a l  r e g i o n  5 - 6  r e s i d u e s  l o n g  

( c - r e g i o n )  ( B e n s o n  e t  a l . ,  1 9 8 5 ;  v o n  H e i j n e ,  1 9 8 5 ;  O l i v e r ,  

1 9 8 5 )  . I n  g e n e r a l ,  t h e  i n t r o d u c t i o n  o f  c h a r g e d  o r  p o l a r  

r e s i d u e s  i n  t h e  h - r e g i o n  o f t e n  g r e a t l y  r e d u c e s  e x p o r t ,  

w h e r e a s  a l t e r a t i o n s  i n  t h e  c - r e g i o n  w h i c h  c o n t a i n s  t h e  

c l e a v a g e  s i t e  i n f l u e n c e  t h e  e f f i c i e n c y  o f  c l e a v a g e  o f  t h e  

s i g n a l  s e q u e n c e  f r o m  t h e  m a t u r e  p r o t e i n  ( v o n  H e i j n e ,  1 9 8 4 a ;  

v o n  H e i j n e ,  1 9 8 6 ) .  D e c r e a s i n g  t h e  n e t  N - t e r m i n a l  c h a r g e  

a l s o  s e v e r e l y  i n h i b i t s  e x p o r t  ( V l a s u k  e t  a l ., 1 9 8 3 ) .  

S i m i l a r i t i e s  b e t w e e n  p r o k a r y o t i c  a n d  e u k a r y o t i c  s i g n a l  

s e q u e n c e s  w e r e  f u r t h e r  e m p h a s i z e d  w h e n  i t  w a s  o b s e r v e d  t h a t  

t h e y  a r e  f u n c t i o n a l l y  i n t e r c h a n g e a b l e .  F o r  e x a m p l e ,  t h e  

B a c i l l u s  a m y l o f a c i e n s  a - a m y l a s e  e n z y m e  i s  s e c r e t e d  i n  y e a s t  

u s i n g  i t s  o w n  s i g n a l  p e p t i d e  ( R u o h o n e n  e t  a l . ,  1 9 8 7 ) .  

/ 3 - L a c t a m a s e ,  t h e  E. c o l i  s e c r e t o r y  p r o t e i n  c a n  b e  

s y n t h e s i s e d  i n  a  e u k a r y o t i c  c e l l - f r e e  t r a n s l a t i o n  s y s t e m  

a n d  c a n  b e  t r a n s l o c a t e d  e f f i c i e n t l y  i n t o  p a n c r e a t i c  

m i c r o s o m e s  ( M u l l e r  e t  a l . ,  1 9 8 2 ) .  S i m i l a r l y ,  i n  b a c t e r i a l  

c e l l s ,  s o m e  e u k a r y o t i c  p r o t e i n s  c a n  b e  s e c r e t e d  ( T a l m a d g e  

e t  a l . , 1 9 8 0 ) .

S i g n a l  p e p t i d e s  c a n  a l s o  b e  u s e d  t o  d i r e c t  c y t o s o l i c  

p r o t e i n s  i n t o  t h e  s e c r e t o r y  p a t h w a y .  W h e n  t h e  e u k a r y o t i c  

g l o b i n  p r o t e i n  w a s  f u s e d  t o  t h e  / 3 - l a c t a m a s e  s i g n a l  p e p t i d e
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i t  w a s  t r a n s l o c a t e d  i n t o  m i c r o s o m a l  v e s i c l e s  ( L i n g a p p a  e t  

a l . ,  1 9 8 4 ) .  T h u s  s i g n a l  p e p t i d e s  p l a y  a n  e x t r e m e l y

i m p o r t a n t  r o l e  i n  p r o t e i n  e x p o r t  a n d  i n  d i r e c t i n g  p r o t e i n s  

t o  b a c t e r i a l  a n d  ER m e m b r a n e s .

1 . 6 . 1 .  a - f a c t o r  s i g n a l  s e q u e n c e .

T h e  p r e p r o  r e g i o n  f r o m  a - f a c t o r  ( M F a l )  i s  t h e  m o s t  

f r e q u e n t l y  u s e d  s i g n a l  s e q u e n c e  f o r  h e t e r o l o g o u s  p r o t e i n  

s e c r e t i o n .  I n  m a n y  c a s e s  i t  i s  u s e d  w i t h  t h e  M F a l  p r o m o t e r .  

T h e  p r o t e i n ,  p r e p r o - a - f a c t o r , e n c o d e d  b y  M F a l  i s  1 6 5  a m i n o  

a c i d s  l o n g ,  w h i c h  c o m p r i s e s  a  s i g n a l  s e q u e n c e  o f  1 9  a m i n o  

a c i d s  ( p r e  r e g i o n )  a n d  a  p r o  r e g i o n  f o l l o w e d  b y  f o u r  t a n d e m  

r e p e a t s  o f  t h e  m a t u r e  1 3  a m i n o  a c i d  a - f a c t o r  s e q u e n c e .  

D u r i n g  t h e  e x p o r t  o f  t h e  a - f a c t o r  p e r c u r s o r  t h r o u g h  t h e  

g o l g i  a p p a r a t u s ,  t h e  p r e p r o  r e g i o n  i s  c l e a v e d  b y  t h e  KEX2 

g e n e  p r o d u c t ,  a  p r o t e a s e  ( J u l i u s  e t  a i . , 1 9 8 4 ) .  T h e

a - f a c t o r  r e p e a t s  a r e  s e p a r a t e d  b y  s p a c e r  p e p t i d e s  o f  t h e  

s e q u e n c e  L y s - A r g  ( G l u - A l a ) a 3 o r

L y s - A r g - G l u - A l a - A s p - A l a - G l u - A l a  a n d  t h e  KEX2 p r o t e a s e  a l s o  

c l e a v e s  h e r e  o n  t h e  c a r b o x y l  s i d e  o f  a r g i n i n e .  T h e  G l u - A l a  

o r  A s p - A l a  d i p e p t i d e s  a r e  e x i s e d  f r o m  t h e  NH2 t e r m i n u s  o f  

e a c h  r e p e a t  b y  t h e  S T E 1 3  g e n e  p r o d u c t ,  a  d i p e p t i d y l  a m i n o  

p e p t i d a s e ,  w h i l e  t h e  KEX1 c a r b o x y p e p t i d a s e  r e m o v e s  t h e  L y s  

a n d  A r g  r e s i d u e s  a t  t h e  c a r b o x y l  t e r m i n u s  o f  t h e  f i r s t  

t h r e e  r e p e a t s  ( f i g  1 . 6 ) .  T h e s e  p r o t e o l y t i c  e v e n t s  y i e l d  t h e  

f u l l y  p r o c e s s e d ,  m a t u r e  a - f a c t o r  p e p t i d e .
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F i g u r e  1 . 7 .

STEI3 K E X I

C l e a v a g e  o f  t h e  p r e p r o  r e g i o n  o f  a - f a c t o r  b y  K E X 2 .

T h e  p r o d u c t  o f  t h e  M F a l  g e n e  i s  s h o w n  s c h e m a t i c a l l y .  T h e  

p e p t i d e  p r o d u c t  f r o m  t h e  c l e a v a g e  o f  p r e p r o - a - f a c t o r  b y  

KEX2 i s  i n d i c a t e d  a n d  s i t e s  f o r  f u r t h e r  p r o c e s s i n g  b y  S T E 1 3  

a n d  K E X I  a r e  s h o w n .

T h e  c l e a v a g e  o f  t h e  p r e p r o  r e g i o n  b y  KEX2 h a s  b e e n  u t i l i s e d  

t o  d i r e c t  t h e  r e l e a s e  o f  s e v e r a l  c o r r e c t l y - m a t u r e d  

p o l y p e p t i d e s  i n t o  t h e  m e d i u m .  F u s i o n s  o f  t h e  M F a l  p r e p r o  t o  

g e n e s  e n c o d i n g  m a t u r e  h u m a n  a l - I F N  ( S i n g h  e t  a l . , 1 9 8 4 ) ,

/ 3 - e n d o r p h i n  ( B i t t e r  e t  a l . , 1 9 8 4 )  a n d  h u m a n  EGF ( B r a k e  e t

a l . ,  1 9 8 4 )  r e s u l t e d  i n  e f f i c i e n t  s e c r e t i o n  o f  t h e  

h e t e r o l o g o u s  p r o t e i n .  P r o c e s s i n g  o f  t h e  p r e p r o  r e g i o n  t o o k  

p l a c e ,  b u t  t h e  G l u - A l a  s p a c e r  a t  t h e  N - t e r m i n u s  o f  t h e  

s e c r e t e d  p r o t e i n  w a s  n o t  a l w a y s  r e m o v e d .  L o i s o n  e t  a l . ,  
1 9 8 8 ,  u s e d  t h e  p r e p r o  s e q u e n c e  o f  t h e  M F a l  g e n e  t o  s e c r e t e  

b i o l o g i c a l l y  a c t i v e  l e e c h  h i r u d i n ,  t h e  m o s t  p o t e n t  

a n t i t h r o m b i c  f a c t o r  f o u n d  i n  n a t u r e .  I n i t i a l l y  t h e y  f o u n d  

t h a t  a l t h o u g h  a  p r o t e i n  o f  t h e  e x p e c t e d  m o l e c u l a r  w e i g h t  

w a s  s y n t h e s i s e d  a n d  s e c r e t e d ,  i t  w a s  i n a c t i v e .  T h i s  w a s  

s h o w n  t o  b e  d u e  t o  i n c o m p l e t e  N - t e r m i n a l  m a t u r a t i o n  o f  t h e  

p r e c u r s o r  a s  a  r e s u l t  o f  i n e f f i c i e n t  p r o c e s s i n g  b y  t h e  

d i p e p t i d y l  a m i n o p e p t i d a s e .  B i o l o g i c a l l y  a c t i v e  h i r u d i n  w a s  

s e c r e t e d  o n l y  w h e n  t h e  p r e c u r s o r  h a r b o u r e d  a  KEX2 c l e a v a g e  

s i t e  i m m e d i a t e l y  b e f o r e  t h e  f i r s t  a m i n o  a c i d  o f  t h e  m a t u r e  

s e q u e n c e .  T h i s  r e s u l t  i s  n o t  u n e x p e c t e d  a s  i t  h a s  b e e n  

o b s e r v e d  t h a t  w h e n  a l p h a  m a t i n g  t y p e  y e a s t  c e l l s  a r e
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t r a n s f o r m e d  w i t h  a  m u l t i c o p y  p l a s m i d  b e a r i n g  t h e  a - f a c t o r  

g e n e ,  t h e  n o r m a l  p a t h w a y  o f  s y n t h e s i s  a n d  p r o c e s s i n g  i s  

o v e r l o a d e d ,  J u l i u s  e t  a l . , ( 1 9 8 3 ) .  C l e a v a g e  o f  t h e  G l u - A l a

s e q u e n c e s  b y  a  d i p e p t i d y l  a m i n o p e p t i d a s e  a p p e a r s  t o  b e  a  

r a t e - l i m i t i n g  s t e p  a s  a  l a r g e  p r o p o r t i o n  o f  s e c r e t e d  

a - f a c t o r  r e t a i n e d  t h e  G l u - A l a  - G l u - A l a  s e q u e n c e  a t  i t s  NHz 

t e r m i n u s  ( C a r t e r  e t  al . ,  1 9 8 6 ) .  I n s t e a d  o f  i n t e r p o s i n g  a n

a d d i t i o n a l  L y s - A r g  b e t w e e n  t h e  G l u - A l a  r e p e a t s  a n d  t h e  

m a t u r e  f o r e i g n  g e n e ,  a s  w a s  d o n e  b y  L o i s o n  e t  al. , a n  

a l t e r n a t i v e  w a y  t o  o v e r c o m e  t h i s  p r o b l e m  i s  t o  i n c o r p o r a t e  

t h e  S T E 1 3  g e n e  o n  a  m u l t i c o p y  p l a s m i d  ( J u l i u s  e t  al . , 
1 9 8 4 )  .

W h e n  t h e  f i r s t  s t r a t e g y ,  i n c o r p o r a t i o n  o f  a  KEX2 s i t e  

i m m e d i a t e l y  b e f o r e  t h e  m a t u r e  p r o t e i n ,  w a s  e m p l o y e d  t o  

p r o d u c e  h u m a n  E G F ,  80% o f  t h e  s e c r e t e d  m a t e r i a l  w a s  

p r o c e s s e d  c o r r e c t l y  b u t  20% r e t a i n e d  t h e  G l u - A l a  r e p e a t s  a t  

t h e  a m i n o  t e r m i n u s  ( B r a k e  e t  a i . ,  1 9 8 4 ) .  T h e  r e s u l t

i n d i c a t e d  t h a t  t h e  KEX2 p r o t e a s e  c l e a v e s  a t  e i t h e r  o f  t h e  

L y s - A r g  s e q u e n c e s  b u t  t h a t  a  p o r t i o n  o f  m o l e c u l e s  a r e  n o t  

c u t  a t  b o t h .  T h e  s o l u t i o n  t o  t h i s  p r o b l e m  w a s  t o  r e m o v e  t h e  

G l u - A l a  r e p e a t s  f r o m  t h e  s e c r e t i o n  c o n s t r u c t ,  w h e r e u p o n  

100%  o f  t h e  s e c r e t e d  m a t e r i a l  w a s  c l e a v e d  a f t e r  t h e  L y s - A r g  

s e q u e n c e .  D e s p i t e  p r o b l e m s  s u c h  a s  t h o s e  o u t l i n e d  a b o v e ,  

t h e  M F a l  p r e p r o  s e q u e n c e  h a s  b e e n  u s e d  t o  d i r e c t  t h e  

s y n t h e s i s  o f  o t h e r  b i o l o g i c a l l y  a c t i v e  h e t e r o l o g o u s  

p r o t e i n s  i n c l u d i n g  h u m a n  i n t e r l e u k i n - 6  ( G u i s e z  e t  al., 
1 9 9 1 ) ,  h u m a n  n e r v e  g r o w t h  f a c t o r  ( K a n a y a  e t  al. , 1 9 8 9 )  a n d  

h u m a n  e r y t h r o p o i e t i n  ( E l l i o t  e t  al., 1 9 8 9 )  a n d  t h e  s y s t e m

h a s  b e e n  d e m o n s t r a t e d  t o  b e  g e n e r a l l y  a p p l i c a b l e .

1 . 6 . 2 .  I n v e r t a s e  SUC2 s i g n a l .

T h e  y e a s t  i n v e r t a s e  SUC2 s i g n a l  h a s  a l s o  b e e n  u s e d  f o r  

f o r e i g n  p r o t e i n  s e c r e t i o n  a l t h o u g h  n o t  t o  t h e  s a m e  e x t e n t  

a s  t h e  M F a l  s i g n a l .  U s i n g  t h i s  s i g n a l ,  h u m a n  a - 2  i n t e r f e r o n  

w a s  s e c r e t e d  ( C h a n g  e t  a i . ,  1 9 8 6 )  w i t h  t h e  s i g n a l  c o r r e c t l y  

c l e a v e d ,  u n l i k e  t h e  n a t i v e  s i g n a l  w h i c h  i s  n o t  c l e a v e d  

c o r r e c t l y  i n  y e a s t  ( H i t z e m a n  e t  al . ,  1 9 8 3 ) .  M o u s e - h u m a n
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c h i m e r i c  a n t i b o d i e s  h a v e  b e e n  p r o d u c e d  u s i n g  t h e  i n v e r t a s e  

s i g n a l  t o  s e c r e t e  i m m u n o g l o b u l i n  h e a v y  a n d  l i g h t  c h a i n s  

( H o r w i t z  e t  a l . ,  1 9 8 8 )  a n d  h u m a n  s i n g l e - c h a i n  u r i n a r y  

p l a s m i n o g e n  a c t i v a t o r  h a s  a l s o  b e e n  e f f i c i e n t l y  s e c r e t e d  

u s i n g  t h i s  s i g n a l  ( M e l n i c k  et a l  . , 1 9 9 0 ) .

1 . 6 . 3 .  C y t o s o l i c  v e r s u s  s e c r e t e d  p r o t e i n s .

Y e a s t  h a s  b e e n  u s e d  f o r  t h e  e x p r e s s i o n  a n d  s e c r e t i o n  o f  

m a n y  f o r e i g n  p r o t e i n s  a n d  o f t e n  s e c r e t i o n  i s  t h e  p r e f e r r e d  

o p t i o n  c o m p a r e d  t o  i n t r a c e l l u l a r  p r o d u c t i o n .  O n c e  

t r a n s l a t e d ,  t h e  p r o t e i n  m u s t  f o l d  c o r r e c t l y  t o  b e  

b i o l o g i c a l l y  a c t i v e  b u t  o f t e n  t h e  i n t r a c e l l u l a r  e n v i r o n m e n t  

d o e s  n o t  f a v o u r  t h e  c o r r e c t  f o l d i n g  o f  h e t e r o l o g o u s  

p r o t e i n s  u n l e s s  t h e y  a r e  n a t u r a l l y  c y t o s o l i c .  T h u s  

i n t r a c e l l u l a r l y  p r o d u c e d  p r o t e i n s  o f t e n  a g g r e g a t e  i n  a n  

i n s o l u b l e  f o r m  e s p e c i a l l y  a t  h i g h  r a t e s  o f  s y n t h e s i s  a n d  a t  

h i g h e r  t e m p e r a t u r e s  ( K i e f h a b e r  e t  a l . , 1 9 9 1 ) .  L o w

t e m p e r a t u r e  g r o w t h  o r  d e c r e a s i n g  t h e  i n d u c t i o n  r a t e s  c a n  

i n c r e a s e  p r o d u c t  s o l u b i l i t y  i n  y e a s t  a s  h a s  b e e n  s h o w n  f o r  

E. c o l i  ( S c h e i n  a n d  N o t e b o r n ,  1 9 8 8 ;  K o p e t z k i  e t  a l . ,  1 9 8 9 ) .  

E x a m p l e s  o f  n a t u r a l l y  s e c r e t e d  p r o t e i n s  w h i c h  a r e  i n s o l u b l e  

w h e n  p r o d u c e d  i n t r a c e l l u l a r l y  a r e  p r o c h y m o s i n  ( G o l f  e t  a l . ,  
1 9 8 4 ;  S m i t h  e t  a l . ,  1 9 8 5 ) ,  h u m a n  s e r u m  a l b u m i n  ( Q u i r k  e t  

a l . ,  1 9 8 9 ) ,  H I V g p l 2 0  ( B a r r  e t  a l . , 1 9 8 7 )  h u m a n  t i s s u e

p l a s m i n o g e n  a c t i v a t o r  ( P e n n i c a  e t  a l . , 1 9 8 3 )  a n d  h u m a n

y - i n t e r f e r o n  ( S i m o n s  e t  a l . ,  1 9 8 4 ) .  T h e s e  n a t u r a l l y

s e c r e t e d  p r o t e i n s  a r e  s u b j e c t e d  t o  a n  a b n o r m a l  e n v i r o n m e n t  

i n  t h e  c y t o p l a s m  w h e r e  f o r m a t i o n  o f  d i s u l p h i d e  b o n d s  i s  n o t  

f a v o u r e d  n o r  c a n  g l y c o s y l a t i o n  t a k e  p l a c e .

A n o t h e r  f e a t u r e  o f  i n t r a c e l l u l a r  p r o d u c t i o n  i s  t h a t  

p r o t e i n s  p r o d u c e d  w i l l  h a v e  m e t h i o n i n e  a t  t h e  NH2 e n d .  

N a t u r a l l y  s e c r e t e d  p r o t e i n s  h a v e  s p e c i f i c  NH2 t e r m i n i  

( r a r e l y  m e t h i o n i n e )  a n d  t h e r e f o r e  t h e  i n t r a c e l l u l a r l y  

e x p r e s s e d  p r o t e i n  r e p r e s e n t s  a n  a n a l o g  o f  t h e  n a t u r a l  

m a t e r i a l  a n d  m a y  h a v e  r e d u c e d  a c t i v i t y  o r  o t h e r  u n d e s i r a b l e  

p r o p e r t i e s .  P r o d u c t i o n  i n  a  s e c r e t i o n  s y s t e m  p r o v i d e s  a

m e t h o d  f o r  t h e  g e n e r a t i o n  o f  n a t i v e  NH2 t e r m i n i  ( B i t t e r  e t  

a l . ,  1 9 8 7 )  .
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H o w e v e r  n o t  a l l  n a t u r a l l y  s e c r e t e d  p r o t e i n s  f o r m  i n s o l u b l e  

a g g r e g a t e s  w h e n  e x p r e s s e d  i n t r a c e l l u l a r l y ,  a n d  a - i n t e r f e r o n  

( H i t z e m a n  e t  al., 1 9 8 1 ) ,  a l - a n t i t r y p s i n  ( R o s e n b e r g  e t  a i . ,

1 9 8 4 ) ,  t u m o u r  n e c r o s i s  f a c t o r  ( S r e e k r i s h n a  e t  al., 1 9 8 9 )  

a n d  F a c t o r  X H I a  ( R i n a s  e t  al., 1 9 9 0 )  a r e  e x a m p l e s  o f  s o m e  

t h a t  a r e  s o l u b l e  a n d  b i o l o g i c a l l y  a c t i v e .  N e v e r t h e l e s s ,  

m a n y  p h a r m a c o l o g i c a l l y  i m p o r t a n t  p r o t e i n s  a r e  n a t u r a l l y  

s e c r e t e d  a n d  m o r e  o f t e n  t h a n  n o t  h a v e  t o  b e  p r o c e s s e d  

t h r o u g h  t h e  s e c r e t o r y  p a t h w a y  t o  b e  c o r r e c t l y  f o l d e d .  O n a n  

i n d u s t r i a l  s c a l e  a n o t h e r  a d v a n t a g e  o f  s e c r e t i o n  o v e r  

i n t r a c e l l u l a r  p r o d u c t i o n  i s  t h e  e a s e  o f  c o n t i n u o u s  

f e r m e n t a t i o n  a n d  p r o c e s s i n g  a n d  t h e  r e l a t i v e l y  h i g h  i n i t i a l  

p u r i t y  o f  t h e  d e s i r e d  p r o t e i n  p r o d u c t  ( S m i t h  e t  al.,1 9 8 5 ) .  

I n  a d d i t i o n  t h e  p r o t e i n  p r o d u c t  i s  r e m o v e d  f r o m  t h e  b u l k  o f  

y e a s t  p r o t e i n s ,  m o s t  i m p o r t a n t l y  t h e  p r o t e a s e s .  F o r e i g n  

p r o t e i n s  m a y  b e  u n s t a b l e  o r  t o x i c  w h e n  e x p r e s s e d  

i n t r a c e l l u l a r l y  a n d  h e r e  a g a i n  s e c r e t i o n  c o u l d  o v e r c o m e  

s u c h  p r o b l e m s .

A l t h o u g h  s e e m i n g l y  a n  i d e a l  s o l u t i o n  t o  m a n y  p r o b l e m s ,  

s e c r e t i o n  o f  f o r e i g n  p r o t e i n s  i s  n o t  w i t h o u t  i t s  o w n  

d r a w b a c k s  a n d  g l y c o s y l a t i o n  i s  b e c o m i n g  r e g a r d e d  m o r e  a n d  

m o r e  a s  a  m a j o r  d r a w b a c k  t o  t h e  s e c r e t i o n  o f  t h e r a p e u t i c  

g l y c o p r o t e i n s  f r o m  y e a s t .  A s  t h e s e  p r o t e i n s  p r o c e s s  t h r o u g h  

t h e  s e c r e t o r y  p a t h w a y ,  a s p a r a g i n e - l i n k e d  g l y c o s y l  

s t r u c t u r e s  m a y  b e  a d d e d ,  t h e  s i g n a l  f o r  w h i c h  i s  t h e  s a m e  

f o r  y e a s t  a n d  m a m m a l i a n  g l y c o p r o t e i n s .  T h e  p r o t e i n s  t h e n  

m o v e  o n ,  i n  v e s i c l e s ,  t o  t h e  G o l g i  w h e r e  m o d i f i c a t i o n  t o  

t h e  g l y c o s y l  s t r u c t u r e s  t a k e  p l a c e .  T h i s  i s  w h e r e  p r o b l e m s  

c a n  o c c u r  b e c a u s e  m o d i f i c a t i o n s  m a d e  i n  y e a s t  d i f f e r  f r o m  

t h o s e  m a d e  i n  h i g h e r  e u k a r y o t e s  a n d  t h u s  t h e  f i d e l i t y  o f  

p o s t - t r a n s l a t i o n a l  m o d i f i c a t i o n s  m a y  b e  c o m p r o m i s e d .  I n  

a d d i t i o n ,  t h e  y e a s t  p r o t e i n s  w h i c h  a s s i s t  i n  f o l d i n g  a n d  

d i s u l p h i d e  b o n d  f o r m a t i o n  a r e  d i f f e r e n t  t h a n  t h o s e  i n  

h i g h e r  e u k a r y o t e s  a n d  t h i s  c a n  l e a d  t o  m a l f o l d i n g  w h i c h  i n  

t u r n  c a n  r e s u l t  i n  r e t e n t i o n  i n  t h e  ER a n d  d e g r a d a t i o n  

( R o m a n o s  e t  al., 1 9 9 2 ) .  H o w e v e r ,  w h e n  s u c h  p r o b l e m s  a r e  

e n c o u n t e r e d  i n  S. cerevisiae f o r  e x a m p l e ,  t h e y  c a n  o f t e n  b e  

o v e r c o m e  b y  e x p r e s s i n g  t h e  p r o t e i n s  i n  a n o t h e r  y e a s t .  T h i s
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w i l l  b e  d i s c u s s e d  i n  a  s e c t i o n  1 . 7 . 4 .

S o m e  o f  t h e  p r o m o t e r s  d e s c r i b e d  a b o v e  ( 1 . 4 )  h a v e  b e e n  u s e d  

i n  s e c r e t i o n  v e c t o r s  ( g e n e r a l l y  b a s e d  o n  t h e  2 /im  p l a s m i d )  

b u t  v e r y  o f t e n  a  p r o m o t e r  a n d  s i g n a l  f r o m  t h e  s a m e  g e n e  a r e  

u s e d  t o g e t h e r  i n  v e c t o r  c o n s t r u c t i o n ,  f o r  e x a m p l e  M F a l ,  

P H 0 5  o r  S U C 2 . S.cerevisiae c a n  h o w e v e r ,  t o l e r a t e  

c o n s i d e r a b l e  f l e x i b i l i t y  i n  t h e  s e c r e t i o n  s i g n a l  s e q u e n c e  

a n d  t h i s  h a s  b e e n  s h o w n  b y  K a i s e r  e t  al., ( 1 9 8 7 )  f o r  t h e

y e a s t  i n v e r t a s e  e n z y m e .  S e v e r a l  i n v e s t i g a t o r s  h a v e  u s e d  t h e  

s i g n a l  s e q u e n c e  o f  t h e  f o r e i g n  g e n e  o f  i n t e r e s t  i n  

a s s o c i a t i o n  w i t h  a  y e a s t  p r o m o t e r  b u t  r e s u l t s  f r o m  t h e s e  

s t u d i e s  h a v e  b e e n  v a r i a b l e .  F o r  i n s t a n c e ,  n o  s e c r e t i o n  i n t o  

t h e  m e d i u m  w a s  o b s e r v e d  u s i n g  t h e  s i g n a l  s e q u e n c e  o f  c a l f  

p r o c h y m o s i n  ( M e l l o r  e t  al., ( 1 9 8 3 ) ;  S m i t h  e t  al. , ( 1 9 8 5 )  o r  

h u m a n  a l - a n t i t r y p s i n  ( C a r b e z a n  e t  a l , . 1 9 8 4 ) .  W h e n  t h e  

s i g n a l  s e q u e n c e  o f  h u m a n  a -  a n d  y - i n t e r f e r o n  w a s  u s e d  o n l y  

a  p o r t i o n  o f  t h e  p r o t e i n  s y n t h e s i s e d  w a s  s e c r e t e d  a n d  

d e g r a d a t i o n  o f  t h e  p r e p r o t e i n  t o o k  p l a c e  ( H i t z e m a n  e t  al., 
1 9 8 3 )  . I n  c o n t r a s t ,  t h e  s i g n a l  s e q u e n c e s  o f  b a r l e y  

a - a m y l a s e s  1 a n d  2 ( S o g a a r d  a n d  S v e n s s o n ,  1 9 9 0 ) ,  h u m a n  

s e r u m  a l b u m i n  ( S h e e p  e t  al., 1 9 9 0 )  a n d  Aspergillus niger 
g l u c o s e  o x i d a s e  ( D e  B a e t s e l i e r  e t  al., 1 9 9 1 )  r e s u l t  i n

s e c r e t i o n  o f  p r o t e i n  i n t o  t h e  c u l t u r e  m e d i u m .  W h e n  a n  

a - a m y l a s e  f r o m  Bacillus amyloliquefaciens, u s i n g  i t s  o w n  

s i g n a l  s e q u e n c e ,  w a s  s u c c e s s f u l l y  s e c r e t e d  f r o m  y e a s t  

( R u o h o n e n  e t  al., 1 9 8 7 )  i t  i l l u s t r a t e d  t h a t  a  p r o k a r y o t i c  

s i g n a l  s e q u e n c e  c a n  f u n c t i o n  i n  y e a s t  t o  d i r e c t  s e c r e t i o n .  

D e s p i t e  s o m e  s u c c e s s e s  u s i n g  h e t e r o l o g o u s  s i g n a l  s e q u e n c e s ,  

m o s t  s e c r e t i o n  v e c t o r  c o n s t r u c t i o n s  u s e  e i t h e r  t h e  

s e c r e t i o n  s i g n a l  f r o m  y e a s t  a - f a c t o r  o r  f r o m  y e a s t  

i n v e r t a s e  t o  d i r e c t  f o r e i g n  p r o t e i n s  o u t  o f  t h e  c e l l .

1 . 7 .  I m p r o v i n g  l e v e l s  o f  h e t e r o l o g o u s  p r o t e i n  e x p r e s s i o n  

a n d  s e c r e t i o n .

T h e  s e c r e t i o n  c a p a c i t y  o f  S. cerevisiae f o r  h o m o l o g o u s  

p r o t e i n s  a p p e a r s  q u i t e  l o w  w h e n  c o m p a r e d  t o  o t h e r  

o r g a n i s m s .  Aspergillus niger, f o r  e x a m p l e ,  s e c r e t e s  g r a m s  

o f  g l u c o a m y l a s e  p e r  l i t r e  o f  c u l t u r e  b r o t h  ( C u l l e n  e t  al.,
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1 9 8 7 ) ,  Bacillus subtilis s e c r e t e s  s i m i l a r  l e v e l s  o f  

a - a m y l a s e  ( Y a m a z a k i  e t  al., 1 9 8 3 )  a n d  Yarrowia lipolytica
s e c r e t e s  a n  a l k a l i n e  e x t r a c e l l u l a r  p r o t e a s e  a t  h i g h  l e v e l s  

( O g r y d z i a k  a n d  S c h a r f ,  1 9 8 2 ) .  B y  c o m p a r i s o n ,  S.cerevisiae 
s e c r e t e s  l e s s  t h a n  lO O m g o f  i n v e r t a s e ,  m a t i n g  f a c t o r  o r  

a c i d  p h o s p h a t a s e  p e r  l i t r e  o f  c u l t u r e  b r o t h  ( B o s t i a n e t  al . ,  

1 9 8 2 ;  J u l i u s  e t  al., 1 9 8 3 ;  W i l l i a m s  e t  al., 1 9 8 5 ) .  H o w e v e r ,  

i t  a p p e a r s  t h a t  s e v e r e  l i m i t a t i o n s  d o  n o t  e x i s t  i n  t h e  

s e c r e t i o n  m a c h i n e r y  a n d  i n c r e a s e d  s y n t h e s i s  a n d  s e c r e t i o n  

o f  i n v e r t a s e ,  u p  t o  2% o f  s o l u b l e  c e l l  p r o t e i n ,  h a s  b e e n  

a c h i e v e d  b y  a d d i t i o n  o f  i n v e r t a s e  g e n e  c o p i e s  o n  

e x t r a c h r o m o s o m a l  p l a s m i d s  ( E s m o n  e t  al., 1 9 8 7 ) .

T h e  q u e s t i o n  w h i c h  i n t e r e s t s  m a n y  r e s e a r c h e r s  h o w e v e r ,  i s  

n o t  h o w  e f f i c i e n t l y  S. cerevisiae s e c r e t e s  h o m o l o g o u s  

p r o t e i n s  b u t  h o w  e f f i c i e n t l y  i t  s e c r e t e s  h e t e r o l o g o u s  

p r o t e i n s ,  p a r t i c u l a r l y  m a m m a l i a n  p r o t e i n s .  W h i l e  t h e r e  h a v e  

b e e n  s o m e  s u c c e s s e s ,  f o r  e x a m p l e  t h e  P 2 8 - 1  a n t i g e n  o f  

Schistoma mansoni ( L o i s o n  e t  al., 1 9 8 9 ) ,  s u p e r o x i d e

d i s m u t a s e  ( H a l l e w e l l  e t  al., 1 9 8 7 ) ,  Mucor pusillus  r e n n i n  

( H i r a m a t s u  e t  al. , 1 9 8 9 ) ,  h e p a t i t i s  B v i r u s  c o r e  a n t i g e n

( K r i s k e r n  e t  al., 1 9 8 6 )  a n d  Aspergillus niger g l u c o s e  

o x i d a s e  ( D e  B a e t s e l i e r  e t  al., 1 9 9 1 ) ,  t h e r e  a r e  a l s o  

s e v e r a l  d o c u m e n t e d  c a s e s  o f  p o o r  s e c r e t i o n  e f f i c i e n c i e s  o f  

m a m m a l i a n  p r o t e i n s  i n  S.cerevisiae; c a l f  p r o c h y m o s i n  ( S m i t h  

e t  al., 1 9 8 5 ) ,  h u m a n  a - l - a n t i t r y p s i n  ( M o i r  a n d  D u m a i s ,

1 9 8 7 ) ,  h u m a n  t i s s u e  p l a s m i n o g e n  a c t i v a t o r  ( L e m o n t t  e t  al. ,
1 9 8 5 ) ,  a - i n t e r f e r o n  ( H i t z e m a n  e t  al., 1 9 8 3 ) ,  a n c h o r - m i n u s  

i n f l u e n z a  h a e m a g g l u t i n  ( J a b b a r  a n d  N a y a k ,  1 9 8 7 )  a n d  h u m a n  

l y s o z y m e  ( J i g a n i  e t  al., 1 9 8 6 ) .  I n  a l l  t h e s e  c a s e s ,  a t

l e a s t  a s  m u c h  p r o t e i n  r e m a i n e d  i n s i d e  t h e  c e l l  a s  w a s  

s e c r e t e d  t o  t h e  o u t s i d e  c u l t u r e  b r o t h  o r  t h e  p e r i p l a s m .  

E x p l a n a t i o n s  o f f e r e d  f o r  t h e s e  o b s e r v e d  l o w  s e c r e t i o n  

e f f i c i e n c i e s  a r e  t h e  l a r g e  s i z e  o f  t h e  p r o t e i n s ,  t h e  

p r e s e n c e  o f  p r o t e o l y t i c  e n z y m e s  i n  t h e  c u l t u r e  b r o t h ,  o r  

i n c o r r e c t  s i g n a l  s e q u e n c e  p r o c e s s i n g .

O n e  a p p r o a c h  t o w a r d s  i m p r o v i n g  t h i s  l o w - l e v e l  s e c r e t i o n  o f  

h e t e r o l o g o u s  p r o t e i n s  i n  S. cerevisiae h a s  b e e n  t h e  

i s o l a t i o n  o f  m u t a n t s  t h a t  r e s u l t  i n  i n c r e a s e d  s e c r e t i o n  o f

3 0



t h e  f o r e i g n  p r o t e i n  f r o m  t h e  y e a s t ,  i . e .  s u p e r s e c r e t i o n  

m u t a n t s .  T h e  r a t i o n a l e  f o r  t h i s  a p p r o a c h  w a s  t h e  i d e a  t h a t  

a n y  c o m p l e x ,  m u l t i s t e p ,  b i o c h e m i c a l  p a t h w a y  m u s t  h a v e  o n e  

o r  m o r e  r a t e - l i m i t i n g  s t e p s  a n d  t h a t  i t  s h o u l d  b e  p o s s i b l e  

t o  i s o l a t e  c h r o m o s o m a l  m u t a t i o n s  w h i c h  a f f e c t  t h e s e  

r a t e - l i m i t i n g  s t e p s .  I t  w a s  p r e d i c t e d  t h a t  a l l  m u t a t i o n s  

i n i t i a l l y  s h o u l d  o c c u r  a t  a  s i n g l e  l o c u s ,  n a m e l y  t h a t  w h i c h  

c o d e s  f o r  t h e  m o s t  r a t e - l i m i t i n g  s t e p  i n  t h e  p a t h w a y  b u t  

t h a t  b y  r e p e t i t i v e l y  i s o l a t i n g  m u t a t i o n s  i n  a  s t r a i n  

a l r e a d y  c a r r y i n g  o n e  o r  m o r e  h y p e r s e c r e t i n g  m u t a t i o n s  i t  

s h o u l d  b e  p o s s i b l e  t o  s e q u e n t i a l l y  a l t e r  t h e  r a t e - l i m i t i n g  

s t e p s  a n d  p r o d u c e  d r a m a t i c  i n c r e a s e s  i n  t h e  a m o u n t  o f  a  

s e c r e t e d  f o r e i g n  p r o t e i n  (W o o d  a n d  B r a z e l l ,  1 9 8 7 ) .  T h e  m o s t  

o f t e n  q u o t e d  e x a m p l e  o f  a  p r o g r e s s i v e  y i e l d  i m p r o v e m e n t  

f r o m  a  m i c r o b i a l  s y s t e m  i s  t h e  p r o d u c t i o n  o f  p e n i c i l l i n  

f r o m  t h e  o r g a n i s m  Pénicillium chrysogenum. O v e r  a  p e r i o d  o f  

t w e n t y  y e a r s  t h e  p e n i c i l l i n  y i e l d s  f r o m  p r o d u c t i o n  s t r a i n s  

h a v e  b e e n  i m p r o v e d  5 5 - f o l d  a s  a  r e s u l t  o f  a  s t e p w i s e  

m u t a t i o n a l  p r o g r a m  i n c l u d i n g  t r e a t m e n t  o f  t h e  o r g a n i s m  w i t h  

r a d i a t i o n  a n d  c h e m i c a l  m u t a g e n s  ( A h a r o n o w i t z  a n d  C o h e n ,  

1 9 8 1 ) .

1 . 7 . 1 .  C l a s s i c a l  m u t a g e n e s i s .

T h e  b e s t  m u t a g e n s  f o r  m o s t  p u r p o s e s  a r e  t h o s e  t h a t  i n d u c e  

h i g h  f r e q u e n c i e s  o f  b a s e - p a i r  m u t a t i o n s  a n d  l i t t l e  

l e t h a l i t y .  T h e  w i d e l y  u s e d  a l k y l a t i n g  a g e n t s  

N - m e t h y l - N ' - n i t r o - N - n i t r o s o g u a n i d i n e  (NTG) a n d

e t h y l m e t h a n e  s u l p h o n a t e  (EM S) f u l f i l l  t h e s e  c r i t e r i a  b u t  

a r e  h i g h l y  s p e c i f i c  i n  t h e i r  a c t i o n ,  a l m o s t  e x c l u s i v e l y  

p r o d u c i n g  t r a n s i t i o n s  a t  G . C  s i t e s  ( K o h a l m i  a n d  K u n z ,

1 9 8 8 ) .  T h i s  s p e c i f i c i t y  i s  n o t  a  p r o b l e m  f o r  m o s t  p u r p o s e s  

a l t h o u g h  i t  c o u l d  b e  d i s a d v a n t a g e o u s  w h e r e  i n  s o m e  t y p e s  o f  

r e v e r s i o n ,  s p e c i f i c  m u t a t i o n s  a t  s p e c i f i c  s i t e s  a r e  

r e q u i r e d .  U l t r a v i o l e t  l i g h t  (UV) i s  a l s o  a  r e a s o n a b l y  g o o d  

m u t a g e n ,  p r o d u c i n g  a  g r e a t e r  r a n g e  o f  s u b s t i t u t i o n s ,  m o s t  

o c c u r r i n g  i n  r u n s  o f  p y r i m i d i n e s ,  p a r t i c u l a r l y  T - T  p a i r s  

( L e e  e t  a l . ,  1 9 8 8 ) .  UV a l s o  i n d u c e s  a  s i g n i f i c a n t  f r e q u e n c y  

o f  f r a m e s h i f t  m u t a t i o n s ,  a l m o s t  e x c l u s i v e l y  o f  t h e  s i n g l e
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n u c l e o t i d e  v a r i e t y .

C h o o s i n g  a n  o p t i m a l  m u t a g e n  d o s e  u s u a l l y  r e q u i r e s  b a l a n c i n g  

t h e  n e e d  f o r  a  h i g h  m u t a t i o n  f r e q u e n c y  w i t h  r e a s o n a b l y  h i g h  

s u r v i v a l  a n d  a v o i d a n c e  o f  m u l t i p l e  m u t a t i o n s .  T h e  h i g h e s t  

p r o p o r t i o n  o f  m u t a n t s  p e r  t r e a t e d  c e l l  i s  u s u a l l y  f o u n d  a t  

d o s e s  g i v i n g  1 0  t o  50% s u r v i v a l  ( L a w r e n c e ,  1 9 9 1 ) .

A f t e r  t r e a t m e n t  w i t h  m u t a g e n s ,  c e l l  c u l t u r e s  h a v e  t o  b e  

a l l o w e d  t o  g r o w  f o r  s e v e r a l  g e n e r a t i o n s  u n d e r  n o n s e l e c t i v e  

c o n d i t i o n s  t o  e n h a n c e  t h e  p r o d u c t i o n  a n d  e x p r e s s i o n  o f  

m u t a t i o n s ,  t o  a l l o w  f u l l  e x p r e s s i o n  o f  m u t a n t  p h e n o t y p e s  

a n d  t o  a l l o w  r e c o v e r y  f r o m  m u t a g e n  d a m a g e  w h i c h  c a n  c a u s e  

s o m e  c e l l s  t o  s t o p  g r o w i n g  t e m p o r a r i l y  o r  t o  g r o w  m o r e  

s l o w l y .  P l a t i n g  d i l u t i o n s  o f  t r e a t e d  c e l l s  o n  s o l i d  m e d i u m ,  

t o  g e t  c o l o n i e s  f o r  s c r e e n i n g ,  h a s  t h e  a d v a n t a g e  t h a t  e a c h  

i n d u c e d  m u t a t i o n  i d e n t i f i e d  i s  o f  i n d e p e n d e n t  o r i g i n .  I f  

o u t g r o w t h  i n  l i q u i d  m e d i u m  i s  r e q u i r e d ,  i n d e p e n d e n t  

m u t a t i o n s  c a n  b e  i s o l a t e d  b y  d i v i d i n g  t h e  m u t a g e n i s e d  

c u l t u r e  b e f o r e  o u t g r o w t h  a n d  t a k i n g  a  s i n g l e  m u t a n t  f r o m  

e a c h  s u b c u l t u r e .

1 . 7 . 2 .  S u p e r - s e c r e t i n g  m u t a n t s  o f  S. cerevisiae.
A n  a d d i t i o n a l  a d v a n t a g e  o f  S. cerevisiae a s  a  h o s t  o r g a n i s m  

f o r  p r o t e i n  s e c r e t i o n  i s  t h e  e a s e  w i t h  w h i c h  m u t a n t s  c a n  b e  

g e n e r a t e d  a n d  s c r e e n e d  f o r  u s e f u l  p h e n o t y p e s .  S e v e r a l  

S.cerevisiae s t r a i n s  w i t h  a  s u p e r - s e c r e t i n g  p h e n o t y p e  h a v e  

b e e n  i s o l a t e d  a n d  a l l  w e r e  i s o l a t e d  b y  s c r e e n i n g  o r  

s e l e c t i n g  f o r  m o r e  o f  a  p a r t i c u l a r  p r o d u c t  o u t s i d e  t h e  

c e l l .

B u s s e y  e t  al. ( 1 9 8 3 ) ,  i d e n t i f i e d  m u t a t i o n s  t h a t  r e s u l t e d  i n

i n c r e a s e d  s e c r e t i o n  o f  a  y e a s t  p r o t e i n .  T h e y  d e s c r i b e d  

m u t a t i o n s  d e n o t e d  ski5 a n d  krel w h i c h  c a u s e d  y e a s t  c e l l s  t o  

a c c u m u l a t e  m o r e  k i l l e r  t o x i n  a n d  o t h e r  s m a l l  s e c r e t e d  y e a s t  

p r o t e i n s  i n  t h e  m e d i u m .  H o w e v e r ,  n e i t h e r  ski 5  n o r  krel 
a f f e c t  t h e  s e c r e t i o n  p a t h w a y  i t s e l f .  T h e  i n c r e a s e d  

a c c u m u l a t e d  l e v e l s  o f  s e c r e t e d  h o m o l o g o u s  p r o t e i n s  a p p e a r  

t o  r e s u l t  f r o m  l o s s  o f  a  c e l l  s u r f a c e  p r o t e a s e  (ski5) o r  

f r o m  p e r t u r b a t i o n s  i n  t h e  c e l l  m e m b r a n e  a f f e c t i n g  

d i s t r i b u t i o n  b e t w e e n  t h e  p e r i p l a s m  a n d  t h e  c u l t u r e  b r o t h
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(kre1 ) .  T h u s  t h e s e  m u t a t i o n s  a r e  a f f e c t i n g  s e c r e t i o n  l e v e l s  

i n d i r e c t l y .

S m i t h  et al . ,  1 9 8 5 ,  u s i n g  c a l f  p r o c h y m o s i n  a s  a  m o d e l  f o r  

y e a s t  s e c r e t i o n  o f  h e t e r o l o g o u s  p r o t e i n s  d e s c r i b e  t h e  

i s o l a t i o n  o f  t w o  s u p e r - s e c r e t i n g  m u t a n t s .  T h e y  a c h i e v e d  

s e c r e t i o n  o f  p r o c h y m o s i n  f r o m  y e a s t  c e l l s  b y  u s i n g  t h e  

s e c r e t i o n  s i g n a l  f r o m  y e a s t  i n v e r t a s e  b u t  f o u n d  t h a t  t h e  

y e a s t  c e l l s  h a d  a  l i m i t e d  c a p a c i t y  f o r  p r o c h y m o s i n  

s e c r e t i o n ,  w i t h  l e s s  t h a n  1% o f  t h e  p r o c h y m o s i n  m a d e  b e i n g  

s e c r e t e d .  E v e n  w h e n  a  f i v e - f o l d  i n c r e a s e  i n  p r o d u c t i o n  o f  

p r o c h y m o s i n  w a s  a c h i e v e d  t h r o u g h  t h e  u s e  o f  a  s t r o n g e r  

p r o m o t e r  o n l y  o n e  t e n t h  m o r e  p r o c h y m o s i n  w a s  s e c r e t e d .  T h u s  

a  m u t a g e n e s i s  a p p r o a c h  c o u p l e d  w i t h  a  s u i t a b l e  r a p i d  

s c r e e n i n g  a s s a y  w a s  a d o p t e d  t o  i s o l a t e  s u p e r - s e c r e t i n g  

m u t a n t s .

T h e  a s s a y  w a s  b a s e d  o n  t h e  f a c t  t h a t  w h e n  a  p l a t e ,  o n  w h i c h  

y e a s t  c o l o n i e s  s e c r e t i n g  p r o c h y m o s i n  h a v e  b e e n  g r o w i n g ,  i s  

o v e r l a i d  w i t h  a  m i x t u r e  o f  m i l k  a n d  m o l t e n  a g a r o s e ,  o p a q u e  

r e g i o n s  o f  c l o t t e d  m i l k  f o r m  a n d  t h e i r  s i z e  a n d  i n t e n s i t y  

a r e  r e l a t e d  t o  t h e  a m o u n t  o f  c h y m o s i n  s e c r e t e d  b y  

i n d i v i d u a l  c o l o n i e s .  T h e  a s s a y  i d e n t i f i e d  3 9  

s u p e r - s e c r e t i n g  s t r a i n s  a l l  p r o d u c i n g  t h e  s a m e  t o t a l  a m o u n t  

o f  p r o c h y m o s i n  a s  t h e  p a r e n t  s t r a i n  b u t  s o m e  s e c r e t i n g  a s  

m u c h  a s  e i g h t  o r  t e n  t i m e s  t h e  w i l d - t y p e  a m o u n t .  

C o m p l e m e n t a t i o n  a n a l y s i s  r e v e a l e d  t h a t  a t  l e a s t  f o u r  g e n e s  

c a n  l e a d  t o  a  s u p e r - s e c r e t i n g  p h e n o t y p e  b u t  m u t a t i o n s  i n  

t w o  g e n e s  i n  p a r t i c u l a r ,  ssc 1 a n d  ssc2, ( f o r  s u p e r  

s e c r e t i o n )  w e r e  i d e n t i f i e d  a s  t h e  s t r o n g e s t  a n d  m o s t  e a s i l y  

m a n i p u l a t e d  a l l e l e s .  H a p l o i d  y e a s t  s t r a i n s  c o n s t r u c t e d  t o  

c o n t a i n  b o t h  t h e  ssc 1  a n d  ssc2 m u t a t i o n s  w e r e  f o u n d  t o  

s e c r e t e  p r o c h y m o s i n  m o r e  e f f i c i e n t l y  t h a n  e i t h e r  ssc 1  o r  

ssc2 s i n g l e  m u t a n t s ,  i n d i c a t i n g  t h a t  t h e  e f f e c t s  w e r e  

a d d i t i v e .  I t  w a s  a l s o  o b s e r v e d  t h a t  t h e  ssc 1 m u t a t i o n  

i n c r e a s e d  t h e  s e c r e t e d  y i e l d  o f  b o v i n e  g r o w t h  h o r m o n e  b y  a t  

l e a s t  t e n - f o l d .  A m o d e l  p r o p o s e d  t o  a c c o u n t  f o r  t h e  

s u p e r - s e c r e t i n g  m u t a t i o n s  i s  t h a t  t h e y  o p e n  u p  n e w  b y p a s s  

r o u t e s  a r o u n d  a  s i n g l e  r a t e - l i m i t i n g  s t e p  i n  t h e  s e c r e t i o n  

o f  h e t e r o l o g o u s  p r o t e i n s .  T h e  ssc1 g e n e  w a s  s u b s e q u e n t l y
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f o u n d  t o  b e  i d e n t i c a l  t o  prml e n c o d i n g  a  P - t y p e  A T P a s e  

w h i c h  i s  b e l i e v e d  t o  b e  a  c a l c i u m  p u m p  s i t u a t e d  i n  t h e  

s e c r e t o r y  p a t h w a y  ( R u d o l p h  e t  a I . ,  1 9 8 9 ) .  M u t a t i o n  o f  t h i s  

pmr 1 g e n e  i n c r e a s e d  l e v e l s  o f  s c u P A  b y  f i v e  t o  f i f t y - f o l d  

( T u r n e r  e t  al . , 1 9 9 1 )  b u t  n o t  o f  a l - a n t i t r y p s i n  w h i c h  w a s  

e f f i c i e n t l y  s e c r e t e d  b y  t h e  w i l d - t y p e  s t r a i n .  T h i s  w a s  

t h o u g h t  t o  i n d i c a t e  t h a t  t h e  pmrl/sscl m u t a t i o n  m a y  h a v e  

t h e  g r e a t e s t  e f f e c t  w h e n  p r o t e i n s  a r e  p o o r l y  s e c r e t e d  b y  

w i l d - t y p e  s t r a i n s .

W o o d  a n d  B r a z z e l l ,  1 9 8 7 ,  u s e d  s e c r e t i o n  f r o m  y e a s t  o f  t h e  

c l o n e d  Stahphylococcus aureus n u c l e a s e  p r o t e i n  ( S h o r t l e ,

1 9 8 3 )  a s  a  m o d e l  s y s t e m  f o r  i s o l a t i n g  s u p e r - s e c r e t i o n  

m u t a n t s .  I n  a n  i n i t i a l  s c r e e n  f o u r  m u t a n t s  w e r e  i s o l a t e d  

o u t  o f  1 0 4 c o l o n i e s  w h i c h  s h o w e d  h i g h e r  l e v e l s  o f  n u c l e a s e  

a c t i v i t y  t h a n  t h e  p a r e n t  s t r a i n .  T h e s e  m u t a n t s  w e r e  c r o s s e d  

w i t h  a  M a t a  s t r a i n  t o  d e t e r m i n e  w h e t h e r  t h e  m u t a t i o n s  w o u l d  

c a u s e  s i m i l a r  i n c r e a s e s  i n  n u c l e a s e  a c t i v i t y  i n  t h e  m e d i a  

o f  M a t a  c e l l s  a s  i n  t h e  M a t a  i n  w h i c h  t h e y  w e r e  i s o l a t e d .  

F r o m  c r o s s e s  w i t h  o f  t h e  m u t a n t s ,  M a t a  s e g r e g a n t s  w e r e  

i s o l a t e d  w i t h  i n c r e a s e d  n u c l e a s e  a c t i v i t y .  O n e  o f  t h e s e  

s e g r e g a n t s ,  o r  l e v e l  1 m u t a n t s ,  j u d g e d  t o  b e  t h e  b e s t ,  w a s  

m u t a g e n i z e d  a g a i n  w h e r e u p o n  t w o  m o r e  m u t a n t s  w e r e  

i d e n t i f i e d  g i v i n g  a  1 7 3 - f o l d  a n d  6 2 - f o l d  i n c r e a s e  i n  t h e  

s e c r e t e d  p r o t e i n .  T h e s e  t w o  m u t a n t s  w e r e  a g a i n  m u t a g e n i z e d  

t o  l o o k  f o r  l e v e l  3 m u t a n t s  a n d  t w o  w e r e  i d e n t i f i e d  b o t h  

f r o m  t h e  l e v e l  2 m u t a n t  g i v i n g  t h e  1 7 3 - f o l d  i n c r e a s e .  B o t h  

t h e s e  m u t a n t s  g a v e  a  4 0 5 - f o l d  i n c r e a s e  i n  p r o t e i n  

s e c r e t i o n .  T h e  r e s u l t s  s u p p o r t  t h e  i d e a  t h a t  t h e  a m o u n t  o f  

a  p r o t e i n  s e c r e t e d  i s  s u b j e c t  t o  r a t e - l i m i t i n g  s t e p s  w h i c h  

c a n  b e  s u c c e s s i v e l y  a l t e r e d  t o  p r o d u c e  h i g h e r  a n d  h i g h e r  

l e v e l s  o f  s e c r e t i o n .  T h e  a u t h o r s  c o m p a r e d  t h e i r  r e s u l t s  t o  

t h o s e  o f  S m i t h  e t  al. ( 1 9 8 5 )  a n d  f o u n d  t h a t  t h e  m u t a n t s ,

i n c l u d i n g  t h e  h y b r i d  s t r a i n ,  i s o l a t e d  b y  S m i t h  e t  al . d i d  

n o t  g i v e  a s  l a r g e  a n  i n c r e a s e  i n  s e c r e t i o n  a s  t h e i r  h i g h e s t  

l e v e l  3 m u t a n t s .  I n  a d d i t i o n  t h e  ssc m u t a n t s  o n l y  a l t e r e d  

t h e  i n t e r n a l  a n d  e x t e r n a l  d i s t r i b u t i o n  o f  p r o c h y m o s i n  

w h e r e a s  t h e  m u t a n t s  i s o l a t e d  i n  t h e  a b o v e  s t u d y  i n c r e a s e d  

t h e  t o t a l  a m o u n t  o f  n u c l e a s e  m a d e .  A n  a l t e r n a t i v e  m o d e l  w a s

34



p r o p o s e d  t h a t  w a s  j u d g e d  t o  b e  c o n s i s t e n t  w i t h  t h e  a b o v e  

d a t a  a n d  t h a t  o f  S m i t h  e t  al. T h e  m u t a t i o n s  c o u l d  r e p r e s e n t  

a l t e r a t i o n s  i n  e n z y m e s  o r  p r o t e i n  s t r u c t u r e s  u s e d  i n  

s e c r e t i o n  o f  n a t i v e  p r o t e i n s  w h i c h  c o u l d  t h e n  p e r f o r m  t h e i r  

f u n c t i o n  o n  a  f o r e i g n  p r o t e i n  a t  a  f a s t e r  r a t e .  T h e  

a d d i t i v e  e f f e c t  o f  m u t a t i o n s  w a s  e x p l a i n e d  b y  t h e  f a c t  t h a t  

w h e n  t h e  m o s t  r a t e - l i m i t i n g  s t e p  i n  a  b i o c h e m i c a l  p a t h w a y  

i s  i n c r e a s e d ,  s o m e  o t h e r  s t e p  b e c o m e s  r a t e - l i m i t i n g  a n d  c a n  

b e  s u b j e c t e d  t o  s i m i l a r  m u t a t i o n .  T h e  s p e c i f i c i t y  o f  t h e  

m u t a t i o n s  e f f e c t  o n  s e c r e t i o n  o f  d i f f e r e n t  f o r e i g n  p r o t e i n s  

w a s  t h o u g h t  t o  b e  d u e  t o  t h e  p o s s i b i l i t y  t h a t  d i f f e r e n t  

f o r e i g n  p r o t e i n s  c o u l d  i m p o s e  d i f f e r e n t  c o n s t r a i n t s  o n  t h e  

s e c r e t i o n  m a c h i n e r y  d u e  t o  s i z e ,  t e r t i a r y  s t r u c t u r e ,  

d i s u l p h i d e  b o n d  f o r m a t i o n ,  g l y c o s y l a t i o n  s i t e s  a n d  

p r o c e s s i n g  r e q u i r e m e n t s .

S a k a i  e t  al., 1 9 8 8 ,  i s o l a t e d  m u t a n t s  r e s p o n s i b l e  f o r  a n  

o v e r s e c r e t i o n  p h e n o t y p e  i n  S.cerevisiae u s i n g  a  p r o m o t e r  o f  

SUC2 a n d  t h e  g e n e  c o d i n g  f o r  a - a m y l a s e  o f  m o u s e  a s  m a r k e r  

o f  s e c r e t i o n .  P r i o r  t o  m u t a g e n e s i s  t h e  c h i m e r i c  g e n e  w a s  

i n t e g r a t e d  i n t o  t h e  y e a s t  c h r o m o s o m e  a n d  a  s i n g l e - c o p y  

i n t e g r a n t  s e l e c t e d  f o r  u s e .  a - a m y l a s e  s e c r e t i o n  w a s  

d e t e c t e d  b y  p l a t i n g  c o l o n i e s  o n  s t a r c h - c o n t a i n i n g  p l a t e s  

a n d  s t a i n i n g  w i t h  a  s o l u t i o n  o f  p o t a s s i u m  i o d i d e  ( N i s h i z a w a  

e t  a l . ,  1 9 8 7 ) .  O u t  o f  a  s c r e e n  o f  3 , 5 0 0  c o l o n i e s ,  f i v e  

s t r a i n s  w e r e  i d e n t i f i e d  e x h i b i t i n g  t h e  o v e r s e c r e t i o n  

p h e n o t y p e .  O u t  o f  t h e s e ,  t w o  r e c e s s i v e  m u t a t i o n s ,  o s e l  ( f o r  

o v e r s e c r e t i o n )  a n d  r g r l  ( f o r  r e s i s t a n t  t o  g l u c o s e  

r e p r e s s i o n )  w e r e  i d e n t i f i e d .  T h e  o s e l  m u t a n t  s e c r e t e d  

a - a m y l a s e  1 2 - 1 5  t i m e s  m o r e  t h a n  t h e  p a r e n t  c e l l s  b u t  t h i s  

d i d  n o t  a r i s e  f r o m  a n  i n c r e a s e  i n  t r a n s c r i p t i o n  a s  mRNA 

l e v e l s  w e r e  t h e  s a m e  i n  b o t h  m u t a n t  a n d  p a r e n t  c e l l s .  W h e n  

0 - e n d o r p h i n  w a s  u s e d  a s  a  m a r k e r  f o r  s e c r e t i o n ,  t h e  o s e l  

m u t a n t  s h o w e d  a  1 0 - f o l d  o v e r s e c r e t i o n  i n d i c a t i n g  t h a t  t h e  

o v e r s e c r e t i o n  p h e n o t y p e  w a s  n o t  s p e c i f i c  f o r  a m y l a s e .  T h e  

r g r l  m u t a n t  s h o w e d  a n  i n c r e a s e d  l e v e l  i n  S U C 2 - a m y l a s e  

c h i m e r i c  g e n e  t r a n s c r i p t i o n  r e s u l t i n g  i n  t h e  a m y l a s e  

o v e r s e c r e t i o n  p h e n o t y p e .  T r a n s c r i p t i o n  w a s  r e s i s t a n t  t o  

g l u c o s e  r e p r e s s i o n .  T h e  r g r l  m u t a n t  a l s o  e x h i b i t e d  a
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t e m p e r a t u r e - s e n s i t i v e  l e t h a l i t y  w h i c h  w a s  t i g h t l y  l i n k e d  t o  

t h e  o v e r s e c r e t i o n  p h e n o t y p e .  S u z u k i  e t  al., 1 9 8 9 ,  d e s c r i b e d  

t h e  i d e n t i f i c a t i o n  o f  y e a s t  m u t a n t  s t r a i n s  s e c r e t i n g  l a r g e  

a m o u n t s  o f  h u m a n  l y s o z y m e .  C o l o n i e s  w e r e  s c r e e n e d  u s i n g  a n  

a g a r  m e d i u m  c o n t a i n i n g  b a c t e r i a l  c e l l s .  N i n e  m u t a n t s  

s e c r e t i n g  o v e r  1 0  t i m e s  m o r e  l y s o z y m e  t h a n  t h e  w i l d - t y p e  

s t r a i n  w e r e  i d e n t i f i e d .  T h r e e  o f  t h e s e  m u t a n t s  s h o w e d  

r e d u c e d  c a r b o x y p e p t i d a s e  Y (C P Y ) a c t i v i t y .  W h e n  o n e  o f  

t h e s e  m u t a n t s  w a s  f u r t h e r  c h a r a c t e r i z e d  i t  w a s  f o u n d  t h a t  a  

s i n g l e  m u t a t i o n ,  ssl 1  w a s  c a u s i n g  b o t h  t h e  s u p e r s e c r e t i o n  

o f  l y s o z y m e  a n d  d e f i c i e n c y  o f  CPY a c t i v i t y .  T h i s  w a s  t h e  

f i r s t  r e p o r t  s h o w i n g  t h a t  h e t e r o l o g o u s  p r o t e i n  s e c r e t i o n  

c o u l d  b e  e n h a n c e d  b y  a  m u t a t i o n  i n  a  p r o t e a s e  i n  y e a s t s .  

A l t h o u g h  t h e  e x a c t  m e c h a n i s m  b y  w h i c h  t h i s  w a s  o c c u r r i n g  

w a s  n o t  k n o w n ,  t h e  p o s s i b i l i t y  t h a t  i t  w a s  d u e  t o  a  

m u t a t i o n  i n  t h e  s t r u c t u r a l  g e n e  f o r  C P Y , p r c l ,  w a s  

d i s c o u n t e d  b e c a u s e  p r c l  m a p s  q u i t e  f a r  f r o m  t h e  c e n t r o m e r e  

o n  c h r o m o s o m e  X I I I  ( M o r t i m e r  a n d  S c h i l d ,  1 9 8 5 )  w h i l e  ssl 1 

w a s  f o u n d  t o  b e  c l o s e l y  l i n k e d  t o  a  c e n t r o m e r e .  I n  

a d d i t i o n ,  CPY d e f i c i e n c y  i n  i t s e l f  d o e s  n o t  l e a d  t o  

s u p e r s e c r e t i o n .  B e c a u s e  t h e  ssl1 m u t a t i o n  a f f e c t s  t h e  

p r o c e s s i n g  o f  CPY b u t  d o e s  n o t  e l e v a t e  t h e  t r a n s c r i p t i o n  o f  

t h e  l y s o z y m e  g e n e  i t  w a s  a s s u m e d  t h a t  t h e  o v e r s e c r e t i o n  

c o u l d  b e  c a u s e d  b y  a  m u t a t i o n  o f  g e n e s  r e l a t e d  t o  e i t h e r  

p r o t e i n  t r a n s p o r t  a n d  l o c a l i z a t i o n  o r  t o  p r o t e i n  

d e g r a d a t i o n .  I n  a  s u b s e q u e n t  s t u d y ,  J i g a m i  e t  al., 1 9 9 0 ,  

i s o l a t e d  a n o t h e r  h u m a n  l y s o z y m e  o v e r s e c r e t i o n  y e a s t  m u t a n t  

s h o w i n g  a  d e f i c i e n c y  i n  t h e  d e g r a d a t i o n  o f  i n t r a c e l l u l a r  

l y s o z y m e .  T h i s  m u t a n t ,  d e s i g n a t e d  lddl ( f o r  l y s o z y m e  

d e g r a d a t i o n )  w a s  t h o u g h t  t o  b e  c a u s e d  b y  a  r e c e s s i v e  s i n g l e  

g e n e  m u t a t i o n  w h i c h  i s  d e f i c i e n t  i n  t h e  c o m p o n e n t  o f  

u b i q u i t i n  d e p e n d e n t  p r o t e i n  d e g r a d a t i o n  s y s t e m .

S l e e p  e t  al., ( 1 9 9 1 ) ,  d e s c r i b e d  t h e  u s e  o f  a  w i d e l y

a p p l i c a b l e  a n t i b o d y - d e p e n d e n t  s c r e e n i n g  p r o c e d u r e  t h a t

i d e n t i f i e d  c l o n e s  s e c r e t i n g  e l e v a t e d  l e v e l s  o f  a

h e t e r o l o g o u s  p r o t e i n  w i t h  n o  m e a s u r a b l e  e n z y m a t i c  a c t i v i t y .  

T h i s  s c r e e n  i s  s u i t a b l e  f o r  a n y  p r o t e i n  f o r  w h i c h  

a n t i b o d i e s  a r e  a b u n d a n t l y  a v a i l a b l e .  T h e  s c r e e n i n g
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p r o c e d u r e  w a s  d e v e l o p e d  f o r  r e c o m b i n a n t  h u m a n  a l b u m i n .  W h e n  

c o l o n i e s  s e c r e t i n g  t h e  h u m a n  r e c o m b i n a n t  a l b u m i n  w e r e  

a l l o w e d  t o  g r o w  o n  a g a r  p l a t e s  c o n t a i n i n g  a  p o l y c l o n a l  

a n t i b o d y  t o  h u m a n  s e r u m  a l b u m i n ,  o p a q u e  h a l o s  a p p e a r e d  

a r o u n d  t h e  c o l o n i e s .  A f t e r  s u c c e s s i v e  r o u n d s  o f  m u t a t i o n  

a n d  s e l e c t i o n  t h e  s e c r e t i o n  o f  r e c o m b i n a n t  h u m a n  a l b u m i n  

w a s  e n h a n c e d  6 - f o l d  t o  l e v e l s  i n  e x c e s s  o f  1% c e l l  d r y  

w e i g h t .  W h e n  a l - a n t i t r y p s i n  a n d  h u m a n  p l a s m i n o g e n  a c t i v a t o r  

i n h i b i t o r  2 g e n e s  w e r e  t r a n s f o r m e d ,  o n  a p p r o p r i a t e  

p l a s m i d s ,  i n t o  t h e  s e r i e s  o f  m u t a n t  y e a s t  s t r a i n s ,  t h e  

l e v e l s  o f  t h e  i n t e r n a l l y  e x p r e s s e d  p r o t e i n s  i n c r e a s e d  t o  

40% a n d  20% r e s p e c t i v e l y  o f  t h e  t o t a l  s o l u b l e  p r o t e i n .  T h i s  

r e s u l t  d e m o n s t r a t e d  t h a t  t h e  a n t i b o d y  s c r e e n i n g  p r o c e d u r e  

c o u l d  b e  a p p l i c a b l e  t o  o t h e r  p r o t e i n s  e v e n  i f  t h e y  a r e  

i n t e r n a l l y  e x p r e s s e d  a s  i t  w a s  o b s e r v e d  t h a t  s u f f i c i e n t  o f  

t h e  a b o v e  p r o t e i n s  w a s  r e l e a s e d  a s  a  r e s u l t  o f  a u t o l y s i s  o f  

c o l o n i e s  t o  p r o d u c e  p r e c i p i t i n  h a l o s  i n  s o l i d  m e d i a .

T h e  e x a m p l e s  d e t a i l e d  a b o v e  d e m o n s t r a t e  t h a t  t h e  s c r e e n i n g  

a p p r o a c h  h a s  o f t e n  b e e n  s u c c e s s f u l  i n  t h e  i s o l a t i o n  o f  

s u p e r - s e c r e t i n g  s t r a i n s  a n d  w h e r e  h i g h  y i e l d  i s  r e q u i r e d  

t h i s  m e t h o d  s h o u l d  b e  c o n s i d e r e d .

1 . 7 . 3 .  I n t e g r a t i o n .

A p a r t  f r o m  s c r e e n i n g  f o r  s u p e r - s e c r e t i n g  p h e n o t y p e s ,  t h e r e  

a r e  o t h e r  m e t h o d s  u s e d  t o  i n c r e a s e  t h e  s e c r e t i o n  a n d  

e x p r e s s i o n  o f  f o r e i g n  p r o t e i n s  i n  y e a s t .  S m i t h  e t  a i . 

( 1 9 8 5 ) ,  m a d e  t h e  s u r p r i s i n g  o b s e r v a t i o n  t h a t  t h e  e f f i c i e n c y  

w i t h  w h i c h  p r o c h y m o s i n  w a s  s e c r e t e d  f r o m  y e a s t  w a s  

c o n s i d e r a b l y  g r e a t e r  w h e n  t h e  g e n e  f o r  p r o c h y m o s i n  f u s e d  t o  

a  y e a s t  p r o m o t e r  a n d  s e c r e t i o n  s i g n a l  s e q u e n c e  w a s  

i n t e g r a t e d  i n t o  t h e  y e a s t  c h r o m o s o m e .  S t r a i n s  w e r e  

c o n s t r u c t e d  w i t h  s e v e r a l  i n t e g r a t e d  c o p i e s  o f  

i n v e r t a s e - p r o c h y m o s i n  g e n e s  a n d  a l t h o u g h  s u c h  s t r a i n s  

p r o d u c e d  a l m o s t  t h e  s a m e  t o t a l  a m o u n t  o f  p r o c h y m o s i n  a s  

s t r a i n s  c o n t a i n i n g  t h e  s a m e  c o n s t r u c t i o n  o n  a  m u l t i c o p y  

p l a s m i d ,  t h e  i n t e g r a t e d  s t r a i n s  s e c r e t e d  a t  l e a s t  f o u r  

t i m e s  a s  m u c h .  T h e  a u t h o r s  p r e s u m e d  t h a t  t h e  i m p r o v e d  

s e c r e t i o n  e f f i c i e n c y  o b s e r v e d  o n  i n t e g r a t i o n  o f  p r o c h y m o s i n
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w o u l d  a l s o  b e  o b s e r v e d  f o r  o t h e r  g e n e  p r o d u c t s .  H o w e v e r  

t h i s  i s  n o t  a l w a y s  t h e  c a s e  a s  w a s  o b s e r v e d  b y  S a k a i  e t  

al., 1 9 8 8 .  W h e n  t h e y  i n t e g r a t e d  t h e i r  S U C 2 - a m y l a s e  c h i m e r i c  

g e n e  i n t o  t h e  y e a s t  c h r o m o s o m e  n o  i n c r e a s e  i n  e x p r e s s i o n  o r  

s e c r e t i o n  w a s  s e e n .

L o p e s  e t  al. ( 1 9 8 9 ) ,  a s  a l r e a d y  m e n t i o n e d  i n  s e c t i o n  1 . 3 . 5 ,

d e s i g n e d  a  v e c t o r  c a p a b l e  o f  i n t e g r a t i n g  m u l t i p l e  c o p i e s  o f  

t h e  r e g i o n  o f  i n t e r e s t  i n t o  t h e  y e a s t  g e n o m e .  T h e  v e c t o r ,  

p M I R Y 2 ,  w a s  p r e s e n t  i n  1 0 0 - 2 0 0  c o p i e s  p e r  c e l l .  W h e n  t h e  

h e t e r o l o g o u s  g e n e  f o r  t h a u m a t i n ,  t h e  s w e e t  t a s t i n g  p r o t e i n  

f r o m  Thaumato coccusdanelli , w a s  c l o n e d  i n t o  t h e  p l a s m i d ,  

t r a n s f o r m a n t s  c a r r y i n g  a b o u t  1 4 0  c o p i e s  o f  t h e  g e n e  w e r e  

o b t a i n e d .  T h e  l e v e l  o f  t h a u m a t i n  i n  t h e  t r a n s f o r m a n t s  w a s  

f o u n d  t o  b e  a p p r o x i m a t e l y  1 0 0  t i m e s  t h e  e x p r e s s i o n  l e v e l  

o b s e r v e d  i n  a  S. cerevisiae t r a n s f o r m a n t  c a r r y i n g  a  s i n g l e  

t h a u m a t i n  g e n e  i n t e g r a t e d  i n  c h r o m o s o m e  I V .  T h e  l e v e l  o f  

t h a u m a t i n  i n  t h e  p M I R Y 2 - t h a u m a t i n  t r a n s f o r m a n t s  w a s  

c o m p a r a b l e  t o  l e v e l s  a c h i e v e d  w i t h  5 0  e x t r a c h r o m o s o m a l  

c o p i e s  o f  t h e  g e n e  o n  a  Y Ep v e c t o r .  T h u s  t h e  p M IR Y 2  s y s t e m  

i s  a n  a t t r a c t i v e  o n e  f o r  t h e  h i g h - l e v e l  e x p r e s s i o n  o f  

h e t e r o l o g o u s  p r o t e i n s .  S a k a i  e t  al . ,  1 9 9 1 ,  d e s c r i b e d  t h e

u s e  o f  a  5 - i n t e g r a t i o n  s y s t e m  t o  o b t a i n  e n h a n c e d  s e c r e t i o n  

o f  h u m a n  n e r v e  g r o w t h  f a c t o r  ( h N G F ) f r o m  S. cerevisiae. T h e y  

h a d  p r e v i o u s l y  d e v e l o p e d  t h e  5 - i n t e g r a t i o n  s y s t e m  S a k a i  e t  

al . ( 1 9 9 0 )  w h i c h  a l l o w e d  m u l t i c o p y  a n d  m u l t i s i t e

i n t e g r a t i o n  b a s e d  o n  h o m o l o g o u s  r e c o m b i n a t i o n  b e t w e e n  t h e  5 

( d e l t a )  s e q u e n c e s  o f  t h e  y e a s t  r e t r o t r a n s p o s o n  T y  e l e m e n t  

o n  y e a s t  c h r o m o s o m e s  a n d  t h o s e  s u b c l o n e d  o n  Y i p - t y p e  

p l a s m i d s .  H o w e v e r  t h e y  f o u n d  t h a t  t h e  c o p y  n u m b e r  o f  t h e  

i n t e g r a t e d  p l a s m i d s  w a s  r e l a t i v e l y  l o w  ( 3 - 5 )  b e c a u s e  e a c h  

5 - i n t e g r a t i o n  w a s  o c c u r r i n g  o n l y  o n  a  p a r t i c u l a r  

c h r o m o s o m e .  U s i n g  t w o  s e l e c t a b l e  m a r k e r s ,  h a p l o i d  y e a s t  

s t r a i n s  w e r e  c o n s t r u c t e d  w i t h  a p p r o x i m a t e l y  2 0  c o p i e s  o f  a  

5 - i n t e g r a t e d  hN G F e x p r e s s i o n  c a s s e t t e  o n  f o u r  c h r o m o s o m e s  

b y  t r a n s m i s s i o n  o f  5 - i n t e g r a t e d  c h r o m o s o m e s  b y  s t a n d a r d  

g e n e t i c  c r o s s e s .  E x p r e s s i o n  a n d  s e c r e t i o n  o f  hN G F  w a s  u n d e r  

c o n t r o l  o f  t h e  PGK p r o m o t e r  a n d  t h e  M F a l  p r e p r o  s i g n a l .
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S e c r e t i o n  o f  hN G F  f r o m  t h e s e  s t r a i n s  w a s  a b o u t  3 - 4 - f o l d  

t h a t  f r o m  c e l l s  c a r r y i n g  t h e  2 f i - b a s e d  p l a s m i d ,  p S S E 9  

c a r r y i n g  t h e  hN G F g e n e  ( K a n a y a  e t  al . ,  1 9 8 9 ) .  O v e r s e c r e t i o n  

w a s  c a u s e d  b y  a n  i n c r e a s e d  a m o u n t  o f  mRNA a s  w a s  d e t e r m i n e d  

b y  N o r t h e r n  a n d  W e s t e r n  a n a l y s e s .  I t  w a s  f e l t  b y  t h e  

a u t h o r s  t h a t  t h i s  S - i n t e g r a t i o n  s y s t e m  s h o u l d  h a v e  

a p p l i c a t i o n s  f o r  i n d u s t r i a l  p u r p o s e s  f o r  a  n u m b e r  o f  

r e a s o n s :  u s i n g  f o u r  o r  m o r e  s e l e c t a b l e  m a r k e r s  5 0 - 1 0 0

c o p i e s  o f  t h e  h e t e r o l o g o u s  g e n e  e x p r e s s i o n  c a s s e t t e  c o u l d  

b e  i n t r o d u c e d  i n t o  t h e  y e a s t  c h r o m o s o m e s ,  5 - i n t e g r a t i o n  i s  

m i t o t i c a l l y  a n d  m e i o t i c a l l y  s t a b l e  e v e n  i n  r i c h  m e d i a  

a l l o w i n g  c o n t i n u o u s  c u l t u r e  a n d  s i n c e  d i f f e r e n t  g e n e s  c a n  

b e  i n t e g r a t e d  i n t o  d i f f e r e n t  c h r o m o s o m e s  i t  c o u l d  b e  

p o s s i b l e  t o  p r o d u c e  p r o d u c t s  t h a t  r e q u i r e  t h e  s e q u e n t i a l  

a c t i o n  o f  s e v e r a l  p r o t e i n s  i n  o n e - s t e p  c u l t u r e .

1 . 7 . 4 .  U s e  o f  n o n - s a c c h a r o m y c e s  y e a s t s .

T h e  m a j o r i t y  o f  r e c o m b i n a n t  p r o t e i n s  p r o d u c e d  i n  y e a s t  h a v e  

b e e n  e x p r e s s e d  a n d  s e c r e t e d  u s i n g  S. cerevisiae a s  a  h o s t  

s y s t e m .  H o w e v e r ,  i t  c o u l d  b e  s a i d  t h a t  S.cerevisiae i s  n o t  

a n  i d e a l  h o s t  d u e  t o  c e r t a i n  l i m i t a t i o n s  a n d  d r a w b a c k s  w i t h  

r e g a r d  t o  h e t e r o l o g o u s  p r o t e i n  e x p r e s s i o n .  I n  g e n e r a l ,  

p r o d u c t  y i e l d s  a r e  u s u a l l y  l o w ,  e x c e p t  f o r  s o m e  n o t a b l e  

e x c e p t i o n s  a l r e a d y  m e n t i o n e d ,  a n d  e v e n  u s i n g  a  s t r o n g  

p r o m o t e r ,  t h e  m a x i m u m  y i e l d s  o b t a i n e d  i s  1 -5 %  o f  t o t a l  

p r o t e i n .  T h e r e  a r e  d i f f i c u l t i e s  i n  s c a l i n g  u p  p r o d u c t i o n  

b e c a u s e  o f  t h e  o b s e r v e d  p o o r  p l a s m i d  s t a b i l i t y  o f  

a u t o n o m o u s l y  r e p l i c a t i n g  p l a s m i d s  d u r i n g  p r o d u c t i o n  r u n s .  

E v e n  w h e n  i n d u c i b l e  p r o m o t e r s  h a v e  b e e n  u s e d ,  p l a s m i d  

s t a b i l i t y  h a s  b e e n  f o u n d  t o  d r o p  s i g n i f i c a n t l y  ( D a  S i l v a  

a n d  B a i l e y ,  1 9 9 1 ) .  I n  a d d i t i o n  s e v e r a l  r e p o r t s  h a v e  n o t e d  

t h e  h y p e r g l y c o s y l a t i o n  o f  s e c r e t e d  g l y c o p r o t e i n s  i n  

S.cerevisiae ( v a n  A r s d e l l  et al . , 1 9 8 7 ;  M o i r  a n d  D u m a i s ,

1 9 8 7 ;  L e m o n t t  e t  a l . , 1 9 8 5 )  w h i c h  m a y  c a u s e  d r a m a t i c

d i f f e r e n c e s  i n  i m m u n o g e n i c i t y  a n d  d i m i n i s h e d  a c t i v i t y .  O v e r  

t h e  p a s t  t e n  y e a r s  o r  s o  m u c h  e f f o r t  h a s  g o n e  i n t o  

m o d i f y i n g  a n d  i m p r o v i n g  S.cerevisiae a s  a  h o s t  s y s t e m  f o r  

e x p r e s s i o n  b u t  m a n y  r e s e a r c h e r s  a r e  n o w  e v a l u a t i n g
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a l t e r n a t i v e  y e a s t  h o s t s  f o r  s t a b l e  h i g h - l e v e l  p r o d u c t i o n  o f  

r e c o m b i n a n t  p r o t e i n s .

D e v e l o p m e n t  o f  e f f i c i e n t  t r a n s f o r m a t i o n  a n d  s e l e c t i o n  

s y s t e m s  i s  p i v o t a l  t o  t h e  u s e  o f  a l t e r n a t i v e  y e a s t s  a s  

e x p r e s s i o n  s y s t e m s  a n d  t o  t h i s  e n d  t r a n s f o r m a t i o n  s y s t e m s  

h a v e  b e e n  d e s c r i b e d  f o r  i n  e x c e s s  o f  a  d o z e n  y e a s t s  ( R e i s e r  

e t  al . , 1 9 9 0 ) .  H o w e v e r ,  o n l y  a  f e w  h a v e  b e e n  d e v e l o p e d  f o r  

c o m m e r c i a l  e x p r e s s i o n  o f  h e t e r o l o g o u s  p r o t e i n s  a n d  t h e s e  

i n c l u d e  t h e  m e t h y l o t r o p h s  Pichia pastoris a n d  Hansenula 
polymorpha, t h e  f i s s i o n  y e a s t  Schizosaccharomyces pombe, 
t h e  a l k a l i n e - u t i l i z e r  Yarrovia lipolytica, t h e  

l a c t o s e - p r o d u c i n g  Kluveromyces lactis a n d  t h e  a m y l o l y t i c  

y e a s t  Schvanniomyces occidentalis. T h e  m e t h y l o t r o p h i c  

y e a s t s  P.pastoris a n d  H. polymorpha h a v e  b e e n  u s e d  f o r  t h e  

e x p r e s s i o n  o f  o v e r  t w e n t y  p r o t e i n s  o f  c o m m e r c i a l  i n t e r e s t  

a n d  s o m e  o f  t h e  p r o t e i n s  e x p r e s s e d  h a v e  a l s o  b e e n  e x p r e s s e d  

i n  S. cerevisiae, a l l o w i n g  s o m e  c o m p a r i s o n s  t o  b e  m a d e .  F o r  

e x a m p l e ,  b o t h  P.pastoris a n d  S. cerevisiae h a v e  b e e n  u s e d  

f o r  t h e  e x p r e s s i o n  o f  m u r i n e  e p i d e r m a l  g r o w t h  f a c t o r  a n d  

t h e  h u m a n  p r o t e i n s  i n s u l i n - l i k e  g r o w t h  f a c t o r  1  a n d  s e r u m  

a l b u m i n .  I n  e a c h  c a s e  a  c o m p a r i s o n  o f  t h e  p r o d u c t i v i t y  i n  

t h e  t w o  s p e c i e s  s h o w s  t h a t  y i e l d s  w e r e  g r e a t e r  f r o m  

P.pastoris t h a n  f r o m  S.cerevisiae. C o m p a r i n g  l e v e l s  o f  E G F ,  

S. cerevisiae c a r r y i n g  o v e r  5 0  c o p i e s  o f  t h e  g e n e  u n d e r  

c o n t r o l  o f  t h e  GAL7 p r o m o t e r  p r o d u c e d  0 . 6  m g / 1  o f  c u l t u r e  

m e d i u m  w h i l e  P.pastoris c a r r y i n g  1 a n d  1 3  c o p i e s  u n d e r  

c o n t r o l  o f  t h e  AOX1 p r o m o t e r  p r o d u c e d  1 . 9  m g / 1  a n d  2 2 . 4  

m g / 1  o f  EGF r e s p e c t i v e l y  ( B u c k h o l z  a n d  G l e e s o n ,  1 9 9 1 ) .  W h e n  

t h e  e x p r e s s i o n  o f  p r o c h y m o s i n  i n  S.cerevisiae ( S m i t h  et 
al . ,  1 9 8 5 )  a n d  K. lactis ( v a n  d e n  B e r g  et al., 1 9 9 0 )  e a c h

c o n t a i n i n g  a n  i n t e g r a t e d  c o p y  o f  t h e  g e n e ,  w a s  c o m p a r e d ,  

t h e  t o t a l  y i e l d  o f  p r o c h y m o s i n  f o r  K. lactis w a s  a l m o s t  

2 0 - f o l d  h i g h e r  t h a n  f o r  S.cerevisiae. S i m i l a r l y ,  y i e l d s  o f  

s e c r e t e d  HSA f r o m  K. lactis w e r e  h i g h e r  t h a n  t h o s e  a c h i e v e d  

u s i n g  S.cerevisiae ( F l e e r  et al., 1 9 9 1 ) .

T o  c i r c u m v e n t  p r o b l e m s  s u c h  a s  t o x i c i t y  t o  t h e  c e l l  b y  t h e  

p r o d u c t  b e i n g  p r o d u c e d ,  r e g u l a t e d  p r o m o t e r s  a r e  c o m m o n l y  

u s e d  t o  d r i v e  t h e  e x p r e s s i o n  o f  p r o t e i n s  i n  S. cerevisiae.
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R e g u l a t e d  p r o m o t e r s  a r e  a l s o  a v a i l a b l e  i n  t h e s e  a l t e r n a t i v e  

y e a s t  h o s t s .  I n  P. pastoris a n d  H. polymorpha t h e  r e g u l a t e d  

p r o m o t e r s  a r e  f r o m  t h e  A 0X 1 ( a l c o h o l  o x i d a s e  1 )  g e n e  ( E l l i s  

e t  al. , 1 9 8 5 )  a n d  t h e  MOX ( m e t h a n o l  o x i d a s e )  g e n e

r e s p e c t i v e l y  ( L e d e b o e r  e t  al . ,  1 9 8 5 ) .  I n  b o t h  h o s t s ,

m e t h a n o l  i n d u c e s  e x p r e s s i o n  o f  f o r e i g n  p r o t e i n s  a n d  w i t h  

l i m i t e d  m e t h a n o l  f e e d s ,  v e r y  h i g h  l e v e l s  o f  b o t h  t h e  

n a t u r a l  p r o d u c t  a l c o h o l  o x i d a s e  a n d  h e t e r o l o g o u s  p r o t e i n s  

u n d e r  t h e  A 0 X 1  o r  MOX p r o m o t e r s  c a n  b e  a c h i e v e d  ( G l e e s o n  

a n d  S u d b e r y ,  1 9 8 8 ) .  T h e  A 0 X 1  p r o m o t e r  i s  r e p r e s s e d  w h e n  

c e l l s  a r e  g r o w i n g  i n  g l u c o s e  o r  g l y c e r o l  ( T s c h o p p  e t  al., 
1 9 8 7 ) .  T h e  MOX g e n e  i s  s i g n i f i c a n t l y  d e r e p r e s s e d  d u r i n g  

g l u c o s e  l i m i t a t i o n  o r  i n  t h e  a b s e n c e  o f  g l u c o s e ,  a s  w h e n  

s u b s t r a t e s  s u c h  a s  g l y c e r o l ,  s o r b i t o l  o r  r i b o s e  a r e  u s e d  

( E g l i  e t  al . , 1 9 8 0 ) .  T h i s  m e a n s  t h a t  t i g h t  r e g u l a t i o n  o f

t h e  p r o m o t e r  i s  l o s t  i n  t h e  c o n d i t i o n s  n o r m a l l y  u s e d  f o r  

h i g h - b i o m a s s  f e r m e n t a t i o n s  ( G e l l i s o n  e t  al., 1 9 9 1 ) .  T h e  GAM 

p r o m o t e r  i n  S.occidentalis, w h i c h  i s  t i g h t l y  r e p r e s s e d  b y  

g l u c o s e  a n d  i n d u c e d  b y  m a l t o s e  h a s  a l s o  b e e n  u s e d  t o

e x p r e s s  h e t e r o l o g o u s  p r o t e i n s  ( P i o n t e k  e t  al., 1 9 9 0 ) .  I n

K. lactis a n d  Y.lipolitica t h e  L a c 4  ( v a n  d e n  B e r g  e t  al., 
1 9 9 0 )  a n d  XPR2 ( F r a n k e  e t  al., 1 9 8 8 )  g e n e s  a r e  a l s o  t i g h t l y  

r e g u l a t e d  b y  m e d i u m  c o m p o n e n t s .

S t a b i l i t y  o f  t h e  p r o d u c t i o n  s t r a i n s  i s  a n  e s s e n t i a l  f e a t u r e  

o f  a n  e x p r e s s i o n  s y s t e m .  T a k i n g  K. lactis a s  a n  e x a m p l e ,  

b o t h  p l a s m i d  a n d  i n t e g r a t i o n  b a s e d  e x p r e s s i o n  c a s s e t t e s  

h a v e  b e e n  s u c c e s s f u l l y  u s e d .  M u l t i c o p y  p l a s m i d s  i s o l a t e d  

f r o m  K. drosophilarum, w h o s e  ori i s  a  2 / i - l i k e  o r i g i n  o f

r e p l i c a t i o n ,  w e r e  u s e d  t o  d e v e l o p  r e c o m b i n a n t  K. lactis 
s t r a i n s  e x p r e s s i n g  h e t e r o l o g o u s  p r o t e i n s .  T h e  ori w a s  s h o w n  

t o  b e  s t a b l e  i n  b o t h  s h a k e - f l a s k  a n d  p i l o t  s c a l e  c u l t u r e s  

u n d e r  n o n s e l e c t i v e  c o n d i t i o n s  ( B u c k h o l z  a n d  G l e e s o n ,  1 9 9 1 ) .  

W h e n  K. lactis w a s  u s e d  t o  s e c r e t e  p r o c h y m o s i n ,  c e l l s  

c o n t a i n e d  s e v e r a l  i n t e g r a t e d  c o p i e s  o f  t h e  e x p r e s s i o n  

p l a s m i d .  T h i s  s y s t e m  w a s  s c a l e d  u p  t o  4 1 , 0 0 0  l i t r e s  w i t h  n o  

l o s s  i n  p r o d u c t i o n  c a p a c i t y  ( v a n  d e n  B e r g  e t  al . , 1 9 9 0 ) .

S i m i l a r  l e v e l s  o f  s t a b i l i t y  h a v e  b e e n  o b s e r v e d  w i t h  P .

pastoris ( C r e g g  e t  al., 1 9 8 7 )  a n d  H. polymorpha ( J a n o w i c z
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e t  al., 1 9 9 1 ) .

M a n y  o f  t h e  h e t e r o l o g o u s  p r o t e i n s  e x p r e s s e d  i n  

n o n - s a c c h a r o m y c e s  y e a s t s  h a v e  b e e n  s e c r e t e d  a n d  i n  m a n y  

c a s e s  t h e  p r o t e i n s  w e r e  s e c r e t e d  i n t o  t h e  c u l t u r e  m e d i u m .  

I n  H. polymorpha, f o r  e x a m p l e ,  t h e  1 5 0  k d  g l u c o a m y l a s e  f r o m  

S. occidentalis w a s  s e c r e t e d  i n t o  t h e  c u l t u r e  m e d i u m  a t  

l e v e l s  o f  u p  t o  1 . 4  m g / 1  ( G e l l i s o n  e t  al., 1 9 9 1 )  w h e r e a s  i n  

S. cerevisiae p r o t e i n s  i n  e x c e s s  o f  3 0  k d  a r e  g e n e r a l l y  

r e t a i n e d  w i t h i n  t h e  c e l l s  o r  i n  t h e  p e r i p l a s m i c  s p a c e  (D e  

N o b e l  a n d  B a r n e t t ,  1 9 9 1 ) .  P r o c h y m o s i n  i s  s e c r e t e d  f r o m  

K. lactis w i t h  a n  e f f i c i e n c y  o f  m o r e  t h a n  95% ( v a n  d e n  B e r g  

e t  al. , 1 9 9 0 )  c o m p a r e d  t o  10% f o r  w i l d - t y p e  S.cerevisiae
( S m i t h  e t  al . , 1 9 8 5 ) .  S i m i l a r l y ,  f a c t o r  X H I a  f r o m  S.pombe 
( B r o k e r  a n d  B a u m l ,  1 9 8 9 )  a n d  c e l l u l a s e  f r o m  S.occidentalis 
( P i o n t e k  e t  al . , 1 9 9 0 )  a r e  b o t h  s e c r e t e d  i n t o  t h e  c u l t u r e

m e d i u m .  T h u s  i t  s e e m s  t h a t ,  u n l i k e  S.cerevisiae, s e c r e t i o n  

o f  p r o t e i n s  t h r o u g h  t h e  c e l l  w a l l  i s  a  c o m m o n  f e a t u r e  o f  

t h e s e  a l t e r n a t i v e  y e a s t  h o s t s .

R e g a r d i n g  g l y c o s y l a t i o n ,  t h e  a v e r a g e  c h a i n  l e n g t h  o f  

g l y c o p r o t e i n s  f r o m  P.pastoris w a s  f o u n d  t o  b e  m a n n o s e 8_u  

( G r i n n a  a n d  T s c h o p p ,  1 9 8 9 )  c o m p a r e d  t o  m a n n o s e >4Q f r o m  S. 
cerevisiae ( T a r e n t i n o  e t  al . ,  1 9 7 4 ) .  I n v e r t a s e  e x p r e s s e d  i n

P .  pastoris ( T s c h o p p  e t  al., 1 9 8 7 )  w a s  g l y c o s y l a t e d  i n  a

s i m i l a r  m a n n e r  t o  i n v e r t a s e  f r o m  a n  S. cerevisiae s e c l 8  

m u t a n t  b l o c k e d  i n  t h e  t r a n s i t  o f  p r o t e i n s  f r o m  t h e  ER t o  

t h e  g o l g i  ( E s m o n  e t  al . ,  1 9 8 4 ) .  T h u s ,  P. pastoris d o e s  n o t  

h y p e r g l y c o s y l a t e  s e c r e t e d  i n v e r t a s e ,  u n l i k e  S. cerevisiae. 
S i m i l a r l y ,  S. occidentalis d o e s n ' t  h y p e r g l y c o s y l a t e  

s e c r e t e d  p r o t e i n s  ( D e i b e l  e t  al., 1 9 8 8 ) .  I t  h a s  b e e n

r e p o r t e d ,  h o w e v e r ,  t h a t  r e c o m b i n a n t  a - g a l a c t o s i d a s e  

e x p r e s s e d  i n  H. polymorpha i s  o v e r - g l y c o s y l a t e d  ( S i e r k s t r a  

e t  al., 1 9 9 1 ) .

A c c u r a t e  p r o c e s s i n g  o f  t h e  N - t e r m i n a l  s i g n a l  s e q u e n c e  

d i r e c t i n g  n a s c e n t  p e p t i d e  c h a i n s  i n t o  t h e  ER i s  a n

e x t r e m e l y  i m p o r t a n t  f e a t u r e  o f  a  s e c r e t i o n  s y s t e m .  S.
cerevisiae p o s s e s s e s  t h e  e n d o p e p t i d a s e  K E X 2 ,  l o c a t e d  i n  t h e  

g o l g i ,  w h i c h  p r o t e o l y t i c a l l y  m a t u r e s  t h e  m a t i n g  p h e r o m o n e  

a - f a c t o r  ( J u l i u s  e t  al., 1 9 8 4 ) .  P .  pastoris h a s  b e e n  s h o w n
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t o  p o s s e s s  e n d o p e p t i d a s e  a c t i v i t y  a n a l o g o u s  t o  KEX2 a n d  

c a n  e f f i c i e n t l y  p r o c e s s  s m a l l  p e p t i d e s  u n d e r  t h e  c o n t r o l  o f  

t h e a - f a c t o r  l e a d e r  s e q u e n c e  ( S i e g e l  e t  al. , 1 9 8 9 ;  V e d v i c k

e t  al., 1 9 9 1 ) .  H. polymorpha w a s  a l s o  f o u n d  t o  a c c u r a t e l y  

p r o c e s s  a n  a - f a c t o r  l e a d e r  f u s i o n  t o  HSA ( H o d g k i n s  e t  al., 
1 9 9 0 ) , Y. lipolitica a c c u r a t e l y  p r o c e s s e d  p r o c h y m o s i n  b y  a  

K E X 2 - l i k e  a c t i v i t y  ( F r a n k e  e t  al. , 1 9 8 8 )  a n d  s e c r e t i o n  o f

p r o c h y m o s i n  f r o m  K. lactis p r o c e e d e d  e f f i c i e n t l y  u s i n g  t h e  

a - f a c t o r  l e a d e r  ( v a n  d e n  B e r g  e t  al., 1 9 9 0 ) .  T h u s  

a l t e r n a t i v e  y e a s t s  p o s s e s s  m a n y  a d v a n t a g e o u s  

c h a r a c t e r i s t i c s  a n d  a r e  a  v a l u a b l e  a d d i t i o n  t o  t h e  

s e l e c t i o n  o f  y e a s t  e x p r e s s i o n  s y s t e m s  a v a i l a b l e  f o r  p r o t e i n  

p r o d u c t i o n  a n d  s h o u l d  b e  c o n s i d e r e d  w h e n  h i g h  l e v e l s  o f  

e x p r e s s i o n  a n d  s e c r e t i o n  o f  f o r e i g n  p r o t e i n s  a r e  r e q u i r e d .

1 . 7 . 5 .  O t h e r  a p p r o a c h e s .

O n e  n o v e l  a p p r o a c h  t o  o b t a i n i n g  h y p e r p r o d u c i n g  m u t a n t s  o f  

y e a s t  i s  t o  u s e  f l o w  c y t o m e t r y  a n d  c e l l  s o r t i n g  ( F C C S )  . 

T h i s  m e t h o d ,  u s e d  w i t h  t h e  y e a s t  Phaffia rhodozyma w a s  

d e s c r i b e d  b y  A n  e t  al., 1 9 9 1 ,  t o  i s o l a t e  m u t a n t s

o v e r p r o d u c i n g  t h e  c a r o t e n o i d ,  a s t a x a n t h i n ,  a n  i m p o r t a n t  

c o n s t i t u e n t  o f  a q u a c u l t u r e  f e e d s t u f f s .  A s t a x a n t h i n  i s  

p r o d u c e d  a s  a  s e c o n d a r y  m e t a b o l i t e  o f  P. rhodozyma a n d  t h e  

i s o l a t i o n  o f  m u t a n t s  p r o d u c i n g  i n c r e a s e d  q u a n t i t i e s  i s  

l i m i t e d  b y  t h e  l a c k  o f  g e n e t i c  s e l e c t i o n s .  I n  t h i s  s t u d y ,  

e x p e r i m e n t a l  c o n d i t i o n s  w e r e  d e v e l o p e d  t h a t  g a v e  a  

q u a n t i t a t i v e  c o r r e l a t i o n  o f  f l u o r e s c e n c e  a n d  c a r o t e n o i d  

c o n t e n t .  D i s t i n c t i v e  d i f f e r e n c e s  w e r e  d e t e c t e d  b y  F C C S  i n  

f l u o r e s c e n c e  a n d  f o r w a r d  s c a t t e r  v a l u e s  o f  m u t a n t  a n d  

w i l d - t y p e  p o p u l a t i o n s  o f  y e a s t  c e l l s .  R e s u l t s  s h o w e d  t h a t  

i n  m u t a t e d  p o p u l a t i o n s  a  1 0 , 0 0 0 - f o l d  e n r i c h m e n t  o f  

c a r o t e n o i d - o v e r p r o d u c i n g  s t r a i n s  c o u l d  b e  o b t a i n e d  t h r o u g h  

c e l l  s o r t i n g .  I t  s h o u l d  b e  p o s s i b l e  t o  u s e  t h i s  s y s t e m  t o  

i s o l a t e  m u t a n t s  h y p e r p r o d u c i n g  o t h e r  s e c o n d a r y  m e t a b o l i t e s  

a l t h o u g h  a t t e m p t s  t o  i s o l a t e  m e t a b o l i t e  h y p e r p r o d u c i n g  

m u t a n t s  h a v e  o f t e n  b e e n  u n s u c c e s s f u l  d u e  t o  l o w  

f l u o r e s c e n c e  b y  t h e  d e s i r e d  c o m p o u n d s .  N e v e r t h e l e s s ,  FCC S 

i s  a  p o w e r f u l  t e c h n i q u e  c a p a b l e  o f  q u a n t i t a t i v e l y  a n a l y z i n g
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m o r e  t h a n  5 , 0 0 0  c e l l s  p e r  s e c o n d  t h u s  r e q u i r i n g  m u c h  l e s s  

t i m e  f o r  e n r i c h m e n t  c o m p a r e d  t o  r a n d o m  s c r e e n i n g .

A n o t h e r  m e t h o d  t h a t  h a s  b e e n  u s e d  t o  o b t a i n  i n c r e a s e d  

e x p r e s s i o n  o f  h e t e r o l o g o u s  p r o t e i n s  i n  y e a s t  i s  g e n e  c o d o n  

o p t i m i z a t i o n .  Y e a s t  u t i l i z e s  p r e d o m i n a n t l y  o n l y  2 5  o u t  o f  

t h e  6 1  p o s s i b l e  c o d o n s  f o r  i t s  m a n y  p r o t e i n s  ( B e n n e t z e n  a n d  

H a l l ,  1 9 8 1 ;  I k e m u r a ,  1 9 8 2 )  a n d  t h i s  v e r y  a s y m m e t r i c  c o d o n  

u s a g e  c o r r e l a t e s  w i t h  t h e  r e l a t i v e  a b u n d a n c y  o f  t h e  

c o r r e s p o n d i n g  t R N A s .  R e s e a r c h e r s  d i s a g r e e  o n  t h e  i m p o r t a n c e  

o f  t h e  r o l e  p l a y e d  b y  c o d o n  u s a g e  i n  p r o t e i n  p r o d u c t i o n .  

W h e n  39% o f  t h e  m a j o r  c o d o n s  i n  t h e  y e a s t  p h o s p h o g l y c e r a t e  

k i n a s e  g e n e  w e r e  c h a n g e d  t o  m i n o r  o n e s ,  a  1 0 - f o l d  r e d u c t i o n  

i n  p r o t e i n  l e v e l s  w a s  o b s e r v e d  ( H o e k e m a ,  e t  al. , 1 9 8 7 ) .

H o w e v e r ,  i m p r e s s i v e  p r o d u c t i o n  o f  s o m e  h e t e r o l o g o u s  

p r o t e i n s  i n  y e a s t  h a s  b e e n  a c h i e v e d  w i t h o u t  o p t i m i z i n g  t h e  

c o d o n  u s a g e  p a t t e r n ,  f o r  e x a m p l e  h e p a t i t i s  B v i r u s  c o r e  

a n t i g e n  ( K r i s k e r n  e t  al., 1 9 8 6 ) ,  w h i l e  t h e  c o m p l e t e  

s y n t h e s i s  o f  h u m a n  e p i d e r m a l  g r o w t h  f a c t o r  u s i n g  p r e f e r r e d  

y e a s t  c o d o n s  o n l y  r e s u l t e d  i n  a  l o w  l e v e l  o f  p r o t e i n  ( U r d e a  

e t  al., 1 9 8 3 ) .  H o w e v e r  n o  c o m p a r i s o n  w a s  m a d e  b e t w e e n  t h e  

m u t a t e d  a n d  t h e  n o r m a l  g e n e .  A s t u d y  b y  K o t u l a  a n d  C u r t i s ,  

1 9 9 1 ,  c o m p a r e d  t h e  r a t e  o f  s y n t h e s i s  o f  a  s y n t h e t i c  m u r i n e  

i m m u n o g l o b u l i n  l i g h t  ( k a p p a )  c h a i n  g e n e  c o n t a i n i n g  o n l y  

y e a s t - p r e f e r r e d  c o d o n s  w i t h  t h a t  o f  t h e  m u r i n e - d e r i v e d  

cD N A . O v e r a l l ,  g r e a t e r  t h a n  53% o f  t h e  c o d o n s  w e r e  r e p l a c e d  

b y  s y n o n y m o u s  y e a s t - p r e f e r r e d  c o d o n s .  A g r e a t e r  t h a n  5 - f o l d  

i n c r e a s e  i n  t h e  r a t e  o f  p r o t e i n  s y n t h e s i s  a n d  a  l a r g e r  

i n c r e a s e  i n  t h e  s t e a d y  s t a t e  l e v e l  o f  t h e  p o l y p e p t i d e  w a s  

o b s e r v e d  u s i n g  t h e  c o d o n  o p t i m i z e d  cD N A . A l t h o u g h  t h e  

i n v e r t a s e  s i g n a l  s e q u e n c e  w a s  u s e d  i n  t h e  v e c t o r  

c o n s t r u c t i o n  t h e  k a p p a  c h a i n  w a s  p o o r l y  s e c r e t e d  i n t o  t h e  

c u l t u r e  m e d i u m .  I t  w a s  p r o p o s e d  t h a t  t h i s  c o u l d  h a v e  b e e n  

b e c a u s e  o f  a n  e x p o s e d  h y d r o p h o b i c  s u r f a c e  n o r m a l l y  

i n t e r a c t i n g  w i t h  t h e  h e a v y  c h a i n  a s  i t  h a s  a l r e a d y  b e e n  

s h o w n  t h a t  c o - e x p r e s s i o n  o f  l i g h t  a n d  h e a v y  c h a i n s  r e s u l t s  

i n  e f f i c i e n t  s e c r e t i o n  o f  f u n c t i o n a l  a n t i b o d y  ( B e t t e r  a n d  

H o r w i t z ,  1 9 8 9 ) .  T h e  r e s u l t s  i n  t h e  a b o v e  s t u d y  d e m o n s t r a t e  

t h e  p o t e n t i a l  v a l u e  o f  c o n v e r t i n g  t h e  c o d i n g  s e q u e n c e  o f  a
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f o r e i g n  g e n e  t o  y e a s t - p r e f e r r e d  c o d o n s .

1 . 8 .  A l p h a  a m y l a s e  i n  Y e a s t .

T h e  a - a m y l a s e s ,  a - 1 , 4 - g l u c a n - 4 - g l u c a n o h y d r o l a s e s ,  c a t a l y s e  

t h e  h y d r o l y s i s  o f  1 , 4 - g l u c o s i d i c  l i n k a g e s  i n  s t a r c h  

r e s u l t i n g  i n  t h e  r e l e a s e  o f  s h o r t  o l i g o s a c c h a r i d e s  a n d  

a - l i m i t  d e x t r i n s .  M a n y  k i n d s  o f  f u n g i ,  b a c t e r i a ,  p l a n t s  a n d  

a n i m a l s  p r o d u c e  a - a m y l a s e s  a n d  t h e  f u n g a l  a - a m y l a s e s  a r e  

w i d e l y  u s e d  i n  i n d u s t r y  i n  t h e  p r o d u c t i o n  o f  b r e a d ,  m a l t o s e  

s y r u p s  a n d  m a n y  a l c o h o l i c  b e v e r a g e s  s u c h  a s  b e e r  a n d  

s p i r i t s  ( H e s s e l t i n e ,  1 9 8 3 ) .  S.cerevisiae , t h e  m a i n  a g e n t  i n  

a l c o h o l i c  f e r m e n t a t i o n ,  l a c k s  a m y l o l y t i c  a c t i v i t y  a n d  i n  

t h e  a l c o h o l i c  b e v e r a g e s  i n d u s t r y  e x t e r n a l  a - a m y l a s e  h a s  t o  

b e  a d d e d  t o  l i q u e f y  r a w  m a t e r i a l s .  T h e  c o m m e r c i a l  e n z y m e s  

u s e d  f o r  s t a r c h  d e g r a d a t i o n  r e p r e s e n t  a  s i g n i f i c a n t  c o s t  i n  

t h e  p r o d u c t i o n  o f  a l c o h o l i c  b e v e r a g e s .

I n  g e n e r a l ,  a m y l a s e s  m a y  b e  d i v i d e d  i n t o  t h r e e  f u n c t i o n a l  

d o m a i n s  c o n s t i t u t i n g  t h e  r e g i o n s  v i t a l  f o r  t h e  a c t i v i t y  o f  

t h e  e n z y m e .  T h e  t h r e e  c o m m o n  a m i n o  r e g i o n s  a r e  l o c a t e d  

a p p r o x i m a t e l y  1 0 0 ,  2 0 0  a n d  3 0 0  a m i n o  a c i d s  f r o m  t h e  a m i n o  

t e r m i n a l  o f  t h e  m a t u r e  e n z y m e  ( Y a m a n e  e t  a l . ,  1 9 8 8 ) .  F i g  

1 . 7  s h o w s  a  s c h e m a t i c  d i a g r a m  o f  f o u r  Bacillus  a - a m y l a s e s .
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F i g u r e  1 . 8 .

NH Torminus

S c h e m a t i c  d i a g r a m  o f  f o u r  Bacillus a m y l a s e  g e n e s .

T h e  n u m b e r s  a t  t h e  C O O H - t e r m i n u s  o f  e a c h  e n z y m e  r e f e r  t o  

t h e  a m i n o  a c i d  l e n g t h .  T h e  n u m b e r s  u n d e r  t h e  b o x e s  l e t t e r e d  

A ,  B a n d  C i n d i c a t e  t h e  p o s i t i o n s  o f  H i s  r e s i d u e s  i n  t h e  

r e g i o n s .  D o m a i n s  A a n d  B h a v e  b e e n  a s s i g n e d  t o  s u b s t r a t e  

b i n d i n g  a n d  d o m a i n  C t o  t h e  c a t a l y t i c  d o m a i n  ( S v e n s o n  a n d  

S o g a a r d ,  1 9 9 2 ) .  A l t h o u g h  S.cerevisiae d o e s  n o t  p o s s e s s  

a m y l o l y t i c  a c t i v i t y ,  s e v e r a l  y e a s t s  o f  o t h e r  g e n e r a  

a s s i m i l a t e  s t a r c h  a n d  a  n u m b e r  o f  t h e s e  o r g a n i s m s  s e c r e t e  

e n z y m e s  w i t h  a - a m y l a s e  o r  d e b r a n c h i n g  a c t i v i t y  o r  s o m e t i m e s  

b o t h  (M e C a n n  a n d  B a r n e t t ,  1 9 8 6 ) .  H o w e v e r ,  a m o n g  t h e  

a m y l o l y t i c  y e a s t s ,  c o m p l e t e  h y d r o l y s i s  o f  s t a r c h  i s  r a r e  

( D e  M o t  e t  a l . ,  1 9 8 4 a ;  D e  M o t  e t  al . , 1 9 8 4 b ) .  T h e  m o s t

e f f i c i e n t  s t a r c h  d e g r a d i n g  y e a s t s  a r e  a m o n g  s t r a i n s  o f  t h e  

g e n e r a  Schwaniomyces a n d  Saccharomycopsis  i . e .  

Schwanniomyces occidentalis a n d  Saccharomycopsis 
fibuligera. S t a r c h  d e g r a d a t i o n  c a n  a l s o  b e  a c h i e v e d  b y  

r e p r e s e n t a t i v e s  o f  t h e  g e n u s  Lipomyces ( L .  starkey , 

L. kononekoae, L.tetrasporus) . I n  a d d i t i o n ,  s o m e  

n o n - a s c o p o r o g e n o u s  y e a s t s  p r o d u c e  a m y l o l y t i c  e n z y m e s ,  

s t r a i n s  o f  Leucosporidium capsuligenum, Filobasidium
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capsuligenum, Candida silvanorum, Candida tsukubaensis, 
Cryptococcus flavus, a n d  Torulopsis inteniosa t o  n a m e  s o m e .  

Schvanniomyces s t r a i n s  p r o d u c e  a - a m y l a s e  a n d  g l u c o a m y l a s e s  

a n d  e x h i b i t  a l p h a - l , 6 - l i n k a g e  c l e a v i n g  a c t i v i t y  

( S i m o e s - M e n d e s ,  1 9 8 4 ;  D e  M o t  e t  al . , 1 9 8 4 c ) .  I n

S.occidentalis t w o  t y p e s  o f  g l u c o a m y l a s e  d i f f e r i n g  i n  m o l a r  

m a s s  w e r e  f o u n d  ( S i m o e s - M e n d e s ,  1 9 8 4 )  . T h e s e  e n z y m e s  a r e  

s e c r e t e d  u n d e r  a e r o b i c  c o n d i t i o n s  d u r i n g  e x p o n e n t i a l  g r o w t h  

p h a s e  a t  a  l o w  r a t e  w i t h  m a x i m u m  a c t i v i t y  i n  s t a t i o n a r y  

p h a s e .  B o t h  e n z y m e s  w e r e  f o u n d  t o  b e  t h e r m o l a b i l e  b e i n g  

i n a c t i v a t e d  i n  f i v e  m i n u t e s  a t  6 0 ° C  ( C a l l e j a  et al . , 1 9 8 4 ) .  

S.fibuligera p r o d u c e s  a n  a - a m y l a s e  ( o p t i m u m  t e m p .  4 0 ° C ,  

o p t i m u m  p H ,  5 . 9 )  a n d  a  g l u c o a m y l a s e  ( o p t i m u m  t e m p .  5 0 ° C ,  

o p t i m u m  p H ,  6 . 0 )  w i t h  a  r e l a t i v e l y  h i g h  d e b r a n c h i n g  

a c t i v i t y  ( U l d a  a n d  S a h a ,  1 9 8 3 ;  S t e v e r s o n  e t  al . ,  1 9 8 4 ) .  T h e  

g e n e s  e n c o d i n g  t h e s e  e n z y m e s  w e r e  i d e n t i f i e d  o n  t w o  

i n d e p e n d e n t  p l a s m i d s  i s o l a t e d  f r o m  S. cerevisiae w h i c h  h a d  

a c q u i r e d  s t a r c h  d e g r a d i n g  a b i l i t y  a f t e r  b e i n g  t r a n s f o r m e d  

w i t h  a  g e n e  l i b r a r y  o f  S.fibuligera ( Y a m a s h i t a  e t  al., 
1 9 8 5 a ;  Y a m a s h i t a  e t  al., 1 9 8 5 b ) .  L. kononenkoae a l s o  

p r o d u c e s  a - a m y l a s e  ( o p t i m u m  t e m p .  4 0 ° C ,  o p t i m u m  p H ,  5 . 5 )  

a n d  g l u c o a m y l a s e  ( o p t i m u m  t e m p .  5 0 ° C ,  o p t i m u m  p H ,  4 . 6 )  

( S p e n c e r - M a r t i n s  a n d  v a n  U d e n ,  1 9 7 9 ;  E s t r e l a  e t  al., 1 9 8 2 ) .  

H o w e v e r  s o m e  o f  t h e s e  a m y l o l y t i c  y e a s t s  a r e  n o t  s u i t a b l e  

f o r  a l c o h o l i c  p r o d u c t i o n  b e c a u s e  t h e y  h a v e  a  l o w  t o l e r a n c e  

f o r  e t h a n o l  a n d  e x h i b i t  s l o w  f e r m e n t a t i o n  r a t e s  ( D e  M o t  e t  

al., 1 9 8 6 ) .

O n e  a m y l o l y t i c  y e a s t ,  Saccharomyces diastaticus, o n  t h e  

o t h e r  h a n d ,  d o e s  e x h i b i t  h i g h  t o l e r a n c e  f o r  a l c o h o l  a n d  

h i g h  f e r m e n t a t i o n  r a t e s  ( D e  M o t  e t  al., 1 9 8 6 ;  L a l u c e  a n d  

M a t t o o n ,  1 9 8 4 ) .  S.diastaticus i s  v e r y  c l o s e l y  r e l a t e d  t o  

S.cerevisiae g e n e t i c a l l y  a n d  i n  f a c t  a c c o r d i n g  t o  a  r e c e n t  

c l a s s i f i c a t i o n  ( B a r n e t t  e t  a l . , 1 9 9 0 )  t h e  S. diastaticus
s t a r c h  u t i l i z i n g  s t r a i n s ,  p r e v i o u s l y  c o n s i d e r e d  a s  a  

d i f f e r e n t  s p e c i e s ,  h a v e  n o w  b e e n  i n c l u d e d  i n  S. cerevisiae. 
T h u s  t h e  p r i m a r y  d i f f e r e n c e  b e t w e e n  t h e  t w o  i s  t h a t  

S. diastaticus s e c r e t e s  a  g l u c o a m y l a s e ,  w h e r e a s  S. cerevisiae 
l a c k s  t h i s  a b i l i t y  ( L a l u c e  a n d  M a t t o o n ,  1 9 8 4 ;  T a m a k i ,
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1 9 7 8 ) .  A v a r i e t y  o f  S.diastaticus s t r a i n s  w e r e  e v a l u a t e d  

f o r  d i r e c t  c o n v e r s i o n  o f  s t a r c h  a n d  d e x t r i n s  t o  e t h a n o l  

( L a l u c e  a n d  M a t t o o n ,  1 9 8 4 )  a n d  t h r o u g h  a  c o m b i n a t i o n  o f  

s t r a i n  s e l e c t i o n ,  h y b r i d i z a t i o n  a n d  s y s t e m a t i c  o p t i m i z a t i o n  

o f  f e r m e n t a t i o n  c o n d i t i o n s ,  u p  t o  80% c o n v e r s i o n  o f  L i t n e r  

s t a r c h  w a s  a t t a i n e d .  T h e  r e s i d u a l  20% c a r b o h y d r a t e  

r e p r e s e n t e d  s o m e  t y p e  o f  l i m i t  d e x t r i n  r e f r a c t o r y  t o  

h y d r o l y s i s  b y  S. diastaticus g l u c o a m y l a s e  a n d  c o u l d  o n l y  b e  

e l i m i n a t e d  b y  p r i o r  t r e a t m e n t  o f  s t a r c h  w i t h  a - a m y l a s e .  

W h e n  t h i s  w a s  d o n e ,  97% c o n v e r s i o n  o f  s t a r c h  w a s  a c h i e v e d  

w i t h  S.diastaticus . T h e  g l u c o a m y l a s e  i s  p r o d u c e d  t o w a r d s  

t h e  e n d  o f  e x p o n e n t i a l  p h a s e  a n d  i n  s t a t i o n a r y  p h a s e  

( S e a r l e  a n d  T u b b ,  1 9 8 1 ) .  S y n t h e s i s  o f  t h e  e n z y m e  i s  

r e g u l a t e d  b y  c a t a b o l i t e  r e p r e s s i o n  a n d  t h e r e  i s  a l s o  s o m e  

c o n t r o l  o f  e x p r e s s i o n  b y  t h e  m a t i n g - t y p e  l o c u s  ( Y a m a s h i t a  

et al. , 1 9 8 5 a ) .  E n z y m e  p r o d u c t i o n  i s  d e t e r m i n e d  b y  t h e

g e n e s  STA1, STA2 a n d  STA3 a n d  h o m o l o g y  b e t w e e n  s e q u e n c e s  i n  

t h e  g e n o m e  o f  S. cerevisiae a n d  s o m e  s e q u e n c e s  i n  t h e  STA 
g e n e s  h a s  b e e n  o b s e r v e d  ( Y a m a s h i t a  e t  al . ,  1 9 8 5 b ;  P r e t o r i u s  

e t  al., 1 9 8 6 ) .  A l t h o u g h  S.cerevisiae c a n n o t  f e r m e n t  s t a r c h ,  

i t  h a s  b e e n  f o u n d  t h a t  d u r i n g  s p o r u l a t i o n  a  g l u c o a m y l a s e  

a n d  a  d e b r a n c h i n g  e n z y m e  o f  t h e  a - 1 , 6 - g l u c o s i d a s e  

t r a n s f e r a s e  t y p e  a r e  s y n t h e s i s e d  ( C o l o n n a  a n d  M a g e e ,  1 9 7 8 ;  

C l a n c y  e t  al., 1 9 8 2 ) .  I t  m a y  b e  t h a t  t h e  r e g i o n  s h o w i n g  

h o m o l o g y  t o  t h e  STA g e n e s  o f  S.diastaticus i s  r e s p o n s i b l e  

f o r  t h e s e  a c t i v i t i e s .

D e s p i t e  t h e  e x i s t e n c e  o f  y e a s t  s p e c i e s  w h i c h  s e c r e t e  

a - a m y l a s e s ,  g l u c o a m y l a s e s  a n d  d e b r a n c h i n g  e n z y m e s ,  m u c h  

w o r k  h a s  g o n e  i n t o  e n g i n e e r i n g  S.cerevisiae s t r a i n s  w h i c h  

s e c r e t e  a - a m y l a s e .  M a n i p u l a t i n g  S.cerevisiae t o  s y n t h e s i z e  

a n d  s e c r e t e  f u n c t i o n a l  a - a m y l a s e  p o t e n t i a l l y  c o u l d  r e s u l t  

i n  a c h i e v i n g  a n  e c o n o m i c a l  o n e - s t e p  b i o c o n v e r s i o n  o f  s t a r c h  

a s  S. cerevisiae i s  t h e  m a i n  a g e n t  u s e d  i n  b r e w i n g ,  b a k i n g  

a n d  e t h a n o l  p r o d u c i n g  i n d u s t r i e s .

1 . 8 . 1 .  E x p r e s s i o n  o f  a - a m y l a s e  i n  S.cerevisiae.
O n e  o f  t h e  f i r s t  r e p o r t s  o f  t h e  e x p r e s s i o n  a n d  s e c r e t i o n  o f  

a n  a - a m y l a s e  i n  S. cerevisiae w a s  b y  R o t h s t e i n  e t  al.
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( 1 9 8 4 ) ,  w h o  r e p o r t e d  o n  t h e  s e c r e t i o n  o f  a  w h e a t  a - a m y l a s e .  

T h e  e x p e r i m e n t  w a s  n o t  c a r r i e d  o u t  w i t h  t h e  a i m  o f  

g e n e t i c a l l y  i m p r o v i n g  S.cerevisiae b u t  t o  i n v e s t i g a t e  

w h e t h e r  a  p r o t e i n ,  a - a m y l a s e ,  f r o m  w h e a t ,  c o u l d  b e  

p r o c e s s e d  a n d  s e c r e t e d  i n  a n  a c t i v e  f o r m  f r o m  S.cerevisae 
u s i n g  t h e  p l a n t  s i g n a l  s e q u e n c e ,  w h i c h  w a s  l o c a t e d  

i n t e r n a l l y  a n d  n o t  a t  t h e  N - t e r m i n a l  e n d  o f  t h e  

p o l y p e p t i d e .  A n  e x p r e s s i o n  v e c t o r  c o n t a i n i n g  t h e  PGK 

p r o m o t e r  w a s  u s e d  f o r  t h e  c l o n i n g .  T w o  m a i n  p o i n t s  w e r e  

c l e a r  f r o m  t h e  r e s u l t s  a b o u t  t h e  s e c r e t i o n  o f  t h e  w h e a t  

a - a m y l a s e .  F i r s t l y ,  t h a t  t h e  w h e a t  a - a m y l a s e  s i g n a l  p e p t i d e  

w a s  r e c o g n i z e d  b y  t h e  y e a s t  p r o c e s s i n g  a p p a r a t u s  a n d  

s e c o n d l y ,  t h a t  t h e  a - a m y l a s e  w a s  s e c r e t e d  i n t o  t h e  m e d i u m  

i n  a n  a c t i v e  f o r m .  W h i l e  t h e  r e s u l t  p o i n t s  m a i n l y  t o  t h e  

g e n e r a l  s i m i l a r i t y  b e t w e e n  e u k a r y o t i c  s e c r e t o r y  s i g n a l s  i t  

w a s  a l s o  n o t e d  b y  t h e  a u t h o r s  t h a t  t h e  r e s u l t  w a s  l i k e l y  t o  

b e  o f  i n t e r e s t  t o  t h e  b r e w i n g  i n d u s t r y .  H o w e v e r  i t  w a s  

s u s p e c t e d  t h a t  t h e  e f f i c i e n c y  o f  t h e  p l a n t  s i g n a l  p e p t i d e  

r e c o g n i t i o n  i n  y e a s t  m i g h t  b e  r e d u c e d  b e c a u s e  o f  i t s  

l o c a t i o n  i n t e r n a l l y  b e t w e e n  p a r t  o f  t h e  N - t e r m i n u s  o f  PGK 

a n d  t h e  m a t u r e  a - a m y l a s e  p r o t e i n .  I t  w a s  j u d g e d ,  b y  t h e  

a u t h o r s ,  t h a t  i f  r e c o m b i n a n t  DNA t e c h n i q u e s  w e r e  t o  b e  u s e d  

b y  t h e  b r e w i n g  i n d u s t r y  t o  p r o d u c e  a n  a m y l o l y t i c  

S. cerevisiae , i t  w o u l d  b e  a  b a r l e y  o r  o t h e r  c e r e a l  

a - a m y l a s e  t h a t  w o u l d  b e  p r e f e r r e d  f o r  l e g i s l a t i v e  a n d  

c u s t o m e r  p r e f e r e n c e  r e a s o n s  a n d  s o  R o t h s t e i n  et al . , 1 9 8 7 ,  

r e p o r t e d  o n  t h e  i m p r o v e m e n t  o f  t h e  e f f i c i e n c y  o f  t h e  w h e a t  

a - a m y l a s e  p r o d u c t i o n  a n d  s e c r e t i o n  i n  S.cerevisiae . T h e  

w h e a t  s i g n a l  p e p t i d e  w a s  r e p o s i t i o n e d  t o  t h e  N - t e r m i n u s  o f  

t h e  a - a m y l a s e  w h i c h  r e s u l t e d  i n  a  s i g n i f i c a n t  i m p r o v e m e n t  

i n  i t s  r e c o g n i t i o n  i n  t h e  y e a s t  s e c r e t o r y  p a t h w a y ,  b u t ,  a s  

i n  t h e  p r e v i o u s  r e p o r t ,  e x p r e s s i o n  o f  t h e  a - a m y l a s e  w a s  

l o w ,  a p p r o x i m a t e l y  0 . 1 %  o f  t h e  t o t a l  c e l l  p r o t e i n  a n d  t h e  

a m o u n t  o f  a - a m y l a s e  s e c r e t e d  w a s  i n f l u e n c e d  g r e a t l y  b y  t h e  

t y p e  o f  c u l t u r e  m e d i u m  u s e d .  O n s e l e c t i v e  m e d i u m  n o  s t a r c h  

d e g r a d a t i o n  o c c u r r e d  w h i l e  o n  r i c h  m e d i u m  c o n t a i n i n g  s t a r c h  

a r e a s  o f  c l e a r i n g  w e r e  v i s i b l e  o n  s t a i n i n g  w i t h  i o d i n e  

v a p o u r ,  b u t  s e c r e t i o n  w a s  l o w .  I t  w a s  n o t  c l e a r  w h y  t h e
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e f f i c i e n c y  o f  s e c r e t i o n  w a s  s o  l o w  b u t  i t  c o u l d  h a v e  

r e f l e c t e d  a  d e f i c i e n c y  o f  a  n e c e s s a r y  s e q u e n c e  o r  

s t r u c t u r e  i n  t h e  p l a n t  s i g n a l  s e q u e n c e  r e s u l t i n g  i n  a  

p r o b l e m  i n  t h e  t r a n s p o r t  o f  t h e  a - a m y l a s e  f r o m  t h e  ER 

a c r o s s  t h e  c e l l  m e m b r a n e  b u t  m o r e  l i k e l y  r e f l e c t e d  t h e  f a c t  

t h a t  t h e  a u t h o r s  d i d  n o t  u s e  b u f f e r e d  m i n i m a l  m e d i u m  ( s e e  

R e s u l t s  s e c t i o n  o f  t h i s  t h e s i s ) . T h i s  r e s u l t  h o w e v e r ,  m a y  

i n d i c a t e  t h e  i m p o r t a n c e ,  i n  m a n y  c a s e s ,  o f  u s i n g  y e a s t  

s i g n a l  p e p t i d e s  t o  s e c r e t e  h e t e r o l o g o u s  p r o t e i n s .

H o w e v e r ,  t h e  h i g h  l e v e l  e x p r e s s i o n  a n d  s e c r e t i o n  o f  a  r i c e  

a - a m y l a s e ,  b y  S.cerevisiae, u s i n g  i t s  o w n  s i g n a l  p e p t i d e  

u n d e r  c o n t r o l  o f  t h e  y e a s t  e n o l a s e  p r o m o t e r  w a s  d e s c r i b e d  

b y  K u m a g i  e t  al . ,  1 9 9 0 , .  R i c e  a - a m y l a s e  i s  i n a c t i v e  u n t i l

i t s  s i g n a l  p e p t i d e  i s  r e m o v e d  ( M i y a t a  a n d  A k a z a w a ,  1 9 8 2 )  

a n d  t h e  a p p e a r a n c e  o f  s t a r c h - h y d r o l y s i s  h a l o s  a r o u n d  

c o l o n i e s  t r a n s f o r m e d  w i t h  t h e  a - a m y l a s e  s u g g e s t e d  t h a t  t h e  

r i c e  a - a m y l a s e  s i g n a l  p e p t i d e  w a s  r e c o g n i z e d  a n d  

e f f i c i e n t l y  p r o c e s s e d  b y  t h e  y e a s t  s e c r e t o r y  p a t h w a y  e v e n  

t h o u g h  a t t e m p t s  t o  d e t e r m i n e  t h e  a m i n o  a c i d  s e q u e n c e  o f  t h e  

N - t e r m i n u s  o f  t h e  r e c o m b i n a n t  r i c e  a - a m y l a s e ,  f a i l e d .  T h e  

p r i n c i p a l  d i f f e r e n c e  b e t w e e n  t h i s  a n d  R o t h s t e i n ' s  r e s u l t s  

i s  t h e  h i g h  l e v e l  o f  e x p r e s s i o n  a n d  s e c r e t i o n  o f  t h e  r i c e  

a - a m y l a s e  c o m p a r e d  t o  t h e  w h e a t  e n z y m e  a n d  t h i s  d i f f e r e n c e  

m a y  b e  d u e  t o  t h e  s i g n a l  p e p t i d e  a s  i t  h a s  b e e n  s h o w n  t h a t  

e x p r e s s i o n  o f  h u m a n  s e r u m  a l b u m i n  i n  y e a s t  i s  g r e a t l y  

i n f l u e n c e d  b y  t h e  c h o i c e  o f  s i g n a l  p e p t i d e  ( S l e e p  e t  al., 
1 9 9 0 ) .

T h e  e x p r e s s i o n  a n d  s e c r e t i o n  o f  t h e  G A I f o r m  o f  t h e  

Aspergillus awamori g l u c o a m y l a s e  e n z y m e  i n  S. cerevisiae 
( u s i n g  t h e  p r o m o t e r  a n d  t e r m i n a t i o n  r e g i o n s  f r o m  a  y e a s t  

e n o l a s e  g e n e ) , w h i l e  r e p r e s e n t i n g  f u r t h e r  i m p r o v e m e n t s  i n  

t h e  p r o d u c t i o n  o f  a n  e f f i c i e n t  a m y l o l y t i c  S.cerevisiae, i s  

a n o t h e r  e x a m p l e  o f  a  n a t u r a l  l e a d e r  s e q u e n c e  b e i n g  

r e c o g n i z e d  b y  t h e  y e a s t  s e c r e t o r y  p a t h w a y  ( I n n i s  e t  al.,
1 9 8 4 ) .  T h e  g l u c o a m y l a s e  f r o m  A. awamori w a s  c h o s e n  b e c a u s e  

i t  c a n  a t t a c k  a - 1 , 4  a n d  a - 1 , 6  g l y c o s i d i c  b o n d s  u n l i k e  t h e  

g l u c o a m y l a s e  o f  S.diastaticus w h i c h  c a n  o n l y  a t t a c k  a - 1 , 4
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b o n d s .  T h u s  t h e  A.awamori g l u c o a m y l a s e  c a n  e f f i c i e n t l y  

h y d r o l y s e  h i g h l y  p o l y m e r i z e d  s t a r c h  t o  g l u c o s e .  I t  w a s  

o b s e r v e d ,  h o w e v e r ,  t h a t  w h e n  t h e  e n t i r e  g l u c o a m y l a s e  g e n e  

w a s  i n t r o d u c e d  i n t o  t h e  y e a s t  o n  a n  a u t o n o m o u s l y  

r e p l i c a t i n g  p l a s m i d ,  Y E p l 3  ( B r o a c h  e t  al . , 1 9 7 9 )  n o

e n z y m a t i c  a c t i v i t y ,  i m m u n o r e a c t i v e  p e p t i d e  o r  g l u c o a m y l a s e  

mRNA s e q u e n c e s  c o u l d  b e  d e t e c t e d .  W h e n  t h e  g l u c o a m y l a s e  w a s  

m o d i f i e d  b y  e x c i s i o n  o f  f o u r  i n t r o n  s e q u e n c e s  a n d  c l o n e d  

i n t o  t h e  e x p r e s s i o n  s h u t t l e  v e c t o r  p A C l ,  t h e  r e c o m b i n a n t  

g l u c o a m y l a s e  g e n e  e f f i c i e n t l y  s e c r e t e d  m o r e  t h a n  90% o f  t h e  

g l u c o a m y l a s e  i n t o  t h e  m e d i u m .  T h u s  t h e  p u t a t i v e  c o n t r o l  

s e q u e n c e s  o f  t h e  Aspergillus g e n e  f o r  mRNA t r a n s c r i p t i o n  

a n d / o r  p r o c e s s i n g  d i d  n o t  f u n c t i o n  i n  S.cerevisiae a n d  t h e  

g l u c o a m y l a s e  i n t e r v e n i n g  s e q u e n c e s  w e r e  e i t h e r  

i n e f f i c i e n t l y  o r  i n c o r r e c t l y  s p l i c e d .

N a k a m u r a  e t  al., 1 9 8 6 ,  r e p o r t e d  o n  t h e  e x p r e s s i o n  o f  a  

h u m a n  s a l i v a r y  a - a m y l a s e  g e n e  i n  S. cerevisiae a n d  i t s  

s e c r e t i o n ,  a g a i n  u s i n g  t h e  n a t u r a l  l e a d e r  s e q u e n c e .  T h e  

s a l i v a r y  a - a m y l a s e  w a s  c h o s e n  b e c a u s e  i t  i s  o n e  o f  t h e  m o s t  

p o t e n t  e n d o g l y c o s i d a s e s  t h a t  c a n  a c t  o n  r a w  s t a r c h  a n d  

a m y l a s e s  f r o m  h u m a n  s a l i v a  h a v e  s o m e t i m e s  b e e n  e m p l o y e d  a s  

t h e  e n z y m e  s o u r c e  f o r  t h e  h y d r o l y s i s  o f  s t a r c h .  A y e a s t  

s t r a i n  w a s  c o n s t r u c t e d  t h a t  c a r r i e d  t h e  s a l i v a r y  a - a m y l a s e  

cDNA u n d e r  t h e  c o n t r o l  o f  t h e  y e a s t  P H 0 5  p r o m o t e r  i n  t h e  

y e a s t - £ 7 .  col i s h u t t l e  v e c t o r  pAM 82 ( M i y a o h a r a  e t  al., 1 9 8 3 ) .  

S y n t h e s i s  o f  t h e  e n z y m e  w a s  i n d u c e d  b y  d e p r i v a t i o n  o f  

i n o r g a n i c  p h o s p h a t e ,  a p p e a r i n g  a p p r o x i m a t e l y  6 h o u r s  a f t e r  

i n d u c t i o n  a n d  r e a c h i n g  a  m a x i m a l  l e v e l  a t  3 0  h o u r s .  T h e  

c e l l s  p r o d u c e d  a b o u t  7 . 9  x  1 0 5 a c t i v e  m o l e c u l e s  o f  

a - a m y l a s e ,  o f  w h i c h  a l m o s t  50% w e r e  s e c r e t e d  t o  t h e  m e d i u m .  

T h e  a m y l a s e  w a s  f o u n d  t o  r e t a i n  95% o f  i t s  a c t i v i t y  a f t e r  

s t o r a g e  f o r  o n e  w e e k  a t  3 0 ° C  i n d i c a t i n g  t h a t  i t  w a s  s t a b l e .  

I t  a l s o  h a d  t h e  s a m e  s p e c i f i c  a c t i v i t y  a s  t h e  a u t h e n t i c  

a - a m y l a s e  i n  h u m a n  s a l i v a .  I t  w a s  c o n c l u d e d  i n  t h i s  p a p e r  

t h a t  i f  t h e  e f f i c i e n t  e n z y m e  s e c r e t i o n  r e f l e c t e d  a  u n i q u e  

p r o p e r t y  o f  t h e  s a l i v a r y  a - a m y l a s e  s i g n a l  s e q u e n c e ,  t h e n  i t  

c o u l d  a l s o  b e  u s e f u l  f o r  t h e  s e c r e t i o n  o f  o t h e r  f o r e i g n  

p r o t e i n s .  I n  a  s u b s e q u e n t  s t u d y  ( S a t o  e t  al., 1 9 8 6 )  t h e
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s e c r e t e d  a - a m y l a s e  w a s  c h a r a c t e r i s e d  b y  d e t e r m i n a t i o n  o f  

t h e  N - t e r m i n a l  a m i n o  a c i d  s e q u e n c e  t o  s h o w  w h e t h e r  t h e  

a - a m y l a s e  s i g n a l  s e q u e n c e  w a s  c o r r e c t l y  r e c o g n i z e d  a n d  

p r o c e s s e d  b y  t h e  y e a s t  s e c r e t o r y  p a t h w a y .  D e t e r m i n a t i o n  o f  

t h e  N - t e r m i n a l  a m i n o  a c i d  s e q u e n c e  r e v e a l e d  t h a t  t h e  1 5  

a m i n o  a c i d  s i g n a l  s e q u e n c e  h a d  b e e n  c l e a v e d  f r o m  t h e  

s e c r e t e d  e n z y m e  a n d  t h a t  t h e  N - t e r m i n a l  r e s i d u e ,  g l u t a m i n e ,  

t h e  1 6 th  a m i n o  a c i d  h a d  b e e n  m o d i f i e d  i n t o  p y r o g l u t a m a t e  

a s  i s  c o m m o n l y  o b s e r v e d  w i t h  t h e  m a m m a l i a n  s a l i v a r y  

a - a m y l a s e .  T h i s  r e s u l t  w a s  i n  c o n t r a s t  t o  t h e  r e s u l t s  

o b t a i n e d  b y  H i t z e m a n  e t  al . ,  1 9 8 3 ,  w h e r e  e x a m i n a t i o n  o f  t h e  

N - t e r m i n u s  o f  t h e  s e c r e t e d  h u m a n  i n t e r f e r o n  p r o v i d e d  

e v i d e n c e  t h a t  t h e  p r e c u r s o r  w a s  p r o c e s s e d  a t  s e v e r a l  

u n n a t u r a l  s i t e s  a n d  t h a t  t h e  e f f i c i e n c y  o f  s e c r e t i o n  w a s  

p o o r .  S a t o  e t  al., a l s o  c o n f i r m e d  t h a t  s e c r e t i o n  a n d

e x p r e s s i o n  o f  t h e  h u m a n  a - a m y l a s e  d e p e n d e d  o n  t h e  s i g n a l  

s e q u e n c e .  W h e n  a  p l a s m i d  c a r r y i n g  t h e  s i g n a l - m i n u s  

a - a m y l a s e  cDNA w a s  t r a n s f o r m e d  i n t o  y e a s t ,  t h e  a - a m y l a s e

w a s  e x p r e s s e d  b u t  t h e  a m o u n t  o f  e n z y m e  p r o d u c e d  w a s  o n l y  

o n e  t h o u s a n d t h  o f  t h a t  f r o m  t h e  s i g n a l - p l u s  c o n s t r u c t .  T h e  

a u t h o r s  d i d  n o t  d i s t i n g u i s h  w h e t h e r  t h i s  w a s  d u e  t o  l o w e r  

t r a n s c r i p t i o n a l  a n d  t r a n s l a t i o n a l  e f f i c i e n c y  r e f l e c t i n g  t h e  

m i n o r  3 4  n u c l e o t i d e  d i f f e r e n c e  i n  f r o n t  o f  t h e  ATG

i n i t i a t i o n  c o d o n  i n  t h e  s i g n a l - m i n u s  a - a m y l a s e  c o n s t r u c t  o r  

w h e t h e r  i t  w a s  d u e  t o  n o n - s e c r e t e d  a - a m y l a s e  b e i n g  r a p i d l y  

a t t a c k e d  b y  p r o t e a s e .  I n  a n y  c a s e ,  n o  e n z y m a t i c  a c t i v i t y  

w a s  d e t e c t e d  i n  t h e  c u l t u r e  m e d i u m  i n d i c a t i n g  t h a t  t h e

s i g n a l  s e q u e n c e  w a s  n e c e s s a r y  f o r  s e c r e t i o n  o f  t h e  

a - a m y l a s e .

T h e  e f f i c i e n t  s e c r e t i o n  b y  S. cerevisiae o f  t h e  Bacillus 
amyloliquefaciens t h e r m o s t a b l e  a - a m y l a s e  ( u n d e r  t h e  c o n t r o l  

o f  t h e  ADH1 p r o m o t e r )  u s i n g  i t s  o w n  s i g n a l  p e p t i d e  

( R u o h o n e n  e t  a l . , 1 9 8 7 )  w a s  a  v e r y  i m p o r t a n t  s t u d y

i n d i c a t i n g  t h a t  a  p r o k a r y o t i c  s i g n a l  s e q u e n c e  c o u l d  

f u n c t i o n  i n  y e a s t ,  a  e u k a r y o t i c  h o s t .  T h e  p r o m o t e r  o f  t h e  

a - a m y l a s e  g e n e ,  c o n t a i n e d  i n  p l a s m i d  p K T H IO  ( P a l v a ,  1 9 8 2 )  

w a s  r e m o v e d  b y  Bal3 1  d i g e s t i o n  a n d  f r a g m e n t s  c a r r y i n g  t h e
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g e n e ,  h e t e r o l o g o u s  a t  t h e i r  5 7 e n d s  w e r e  p u t  i n t o  t h e  

e x p r e s s i o n  v e c t o r  pAAH5 ( A m m e r e r ,  1 9 8 3 )  a f t e r  i t  w a s  f o u n d  

t h a t  o n l y  l o w  l e v e l s  o f  a - a m y l a s e  a c t i v i t y  w e r e  d e t e c t e d  

u s i n g  t h e  e x p r e s s i o n  v e c t o r  p A A R 6 .  T h u s ,  t h r e e  f o r m s  o f  t h e  

a - a m y l a s e  g e n e  w e r e  c o n s t r u c t e d :  t h e  Bacillus s i g n a l

s e q u e n c e  i n  c o m p l e t e  f o r m  ( Y E p a a l ) , i n  p a r t i a l  f o r m  

( Y E p a a 2 )  o r  m i s s i n g  ( Y E p a a 3 ) . S e c r e t i o n  o f  a - a m y l a s e  w a s  

o n l y  o b s e r v e d  w i t h  t h e  c o m p l e t e  s i g n a l  s e q u e n c e .  T h r o u g h  

i m m u n o b l o t t i n g  o f  p r o t e i n s  i s o l a t e d  f r o m  t h e  S.cerevisiae 
s t r a i n  g r o w n  i n  t h e  p r e s e n c e  a n d  a b s e n c e  o f  t u n i c a m y c i n  ( a n  

e n z y m e  w h i c h  p r e v e n t s  N - g l y c o s y l a t i o n ) , ( M a h o n e y  a n d  

D u k s i n ,  1 9 7 9 ) ,  i t  w a s  d e t e r m i n e d  t h a t  t h e  a - a m y l a s e  w a s  

g l y c o s y l a t e d ,  s t r o n g l y  s u g g e s t i n g  t h a t  t h e  e n z y m e  w a s  b e i n g  

s e c r e t e d  t h r o u g h  t h e  y e a s t  s e c r e t o r y  p a t h w a y .  T o  c o n f i r m  

t h i s ,  Y E p a a l  w a s  t r a n s f o r m e d  i n t o  seel a n d  sec 1 s t r a i n s .  I n  

t h e s e  s t r a i n s  s e c r e t i o n  o f  p r o t e i n  w a s  b l o c k e d  a t  3 7°C  s o  

t h a t  t h e  p r o t e i n s  a c c u m u l a t e  a t  t h e  g o l g i  a n d  i n  t h e  

s e c r e t o r y  v e s i c l e s  r e s p e c t i v e l y  ( N o v i c k  et al., 1 9 8 0 ;

N o v i c k  e t  al., 1 9 8 1 ) .  S e c r e t i o n  o f  t h e  a - a m y l a s e  w a s  

b l o c k e d  i n  b o t h  m u t a n t s  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  b u t  

o c c u r r e d  n o r m a l l y  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  i n d i c a t i n g  

t h a t  t h e  a - a m y l a s e  p r o g r e s s e d  t h r o u g h  t h e  n o r m a l  s e c r e t o r y  

p a t h w a y .  S e c r e t i o n  o f  t h e  a - a m y l a s e  w a s  v e r y  e f f i c i e n t ,  

l O j i g /  1 / h o u r .

P r e t o r i u s  e t  al . ,  1 9 8 8 ,  a l s o  r e p o r t e d  o n  t h e  s u c c e s s f u l

e x p r e s s i o n  a n d  s e c r e t i o n  o f  t h e  B. amyloliquefaciens 
a - a m y l a s e  i n  S . cerevisiae. T h i s  t i m e  h o w e v e r ,  n e i t h e r  y e a s t  

p r o m o t e r  n o r  y e a s t  s e c r e t o r y  s i g n a l s  w e r e  u s e d  a n d  t h e  

e n z y m e  w a s  e x p r e s s e d  u s i n g  t h e  o r i g i n a l  a m y l a s e  p r o m o t e r  

a n d  s i g n a l  p e p t i d e .  T h e  a - a m y l a s e  w a s  i n t r o d u c e d  i n t o  

s e v e r a l  Saccharomyces s t r a i n s  a n d  S.cerevisiae 
t r a n s f o r m a n t s  w e r e  s h o w n  t o  s e c r e t e  h i g h  l e v e l s  o f  

b i o l o g i c a l l y  a c t i v e  a - a m y l a s e ,  s t r a i n  J M 2 7 7 3 - 1 5 B  s e c r e t i n g  

1 2 3 u / m l .  I n  l i g h t  o f  t h e  p r e v i o u s  s t u d i e s  m e n t i o n e d  w h e r e  

e x p r e s s i o n ,  p r o c e s s i n g  a n d  e x p o r t  o f  a - a m y l a s e  o r  

g l u c o a m y l a s e  r e q u i r e d  y e a s t  r e g u l a t o r y  o r  s e c r e t o r y  s i g n a l s  

i t  w a s  f e l t  b y  t h e  a u t h o r s  t h a t  t h e  p r o m o t e r ,  t e r m i n a t i o n  

a n d  s e c r e t i o n  s i g n a l s  o f  t h i s  a m y l a s e  g e n e  w o u l d  h a v e
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p o t e n t i a l  a p p l i c a t i o n  f o r  t h e  e x p r e s s i o n  o f  f o r e i g n  g e n e s  

i n  y e a s t .

W h i l e  t h e  a b o v e  s t u d i e s  d e m o n s t r a t e  t h a t  n a t i v e  ( n o n - y e a s t )  

s i g n a l  p e p t i d e s  c a n  d i r e c t  e f f i c i e n t  s e c r e t i o n  o f  

h e t e r o l o g o u s  p r o t e i n s  t h e s e  s i g n a l  p e p t i d e s  m u s t  b e  

e v a l u a t e d  o n  a  c a s e  b y  c a s e  b a s i s  a n d  i n  m a n y  c a s e s  i t  i s  

n e c e s s a r y  t o  u s e  a  y e a s t  s i g n a l  p e p t i d e  t o  o b t a i n  e f f i c i e n t  

s e c r e t i o n .

T h e  e x p r e s s i o n  a n d  s e c r e t i o n  i n  S. cerevisiae o f  a n  

a - a m y l a s e  e n c o d e d  b y  c l o n e d  m o u s e  p a n c r e a t i c  cDNA ( F i l h o  e t  

al., 1 9 8 6 ) ,  w a s  u n d e r  t h e  c o n t r o l  o f  t h e  M F a l  p r o m o t e r  a n d  

s e c r e t i o n  s i g n a l s  i n s t e a d  o f  t h e  n a t u r a l  l e a d e r  s e q u e n c e .  

T h e  s h u t t l e  v e c t o r ,  p 6 9 A  ( K u r j a n  a n d  H e r s k o w i t z , 1 9 8 2 )

m o d i f i e d  t o  c o n t a i n  t h e  M F a l  s i g n a l  s e q u e n c e  g i v i n g  r i s e  t o  

t h e  n e w  p l a s m i d  p E S ,  w a s  u s e d  t o  c l o n e  t h e  p a n c r e a t i c  

a - a m y l a s e  w h i c h  w a s  i n s e r t e d  a f t e r  t h e  p r e p r o l e a d e r  o f  t h e  

M F a l  g e n e .  T h e  t r a n s c r i p t i o n  t e r m i n a t i o n  a n d  

p o l y a d e n y l a t i o n  s i g n a l s  o f  t h e  2\i F L P  g e n e  w e r e  p r e s e n t  a t  

t h e  3 ' f l a n k i n g  r e g i o n  o f  t h e  i n s e r t .  A f t e r  t r a n s f o r m a t i o n  

w i t h  r e c o m b i n a n t  DNA, 1 6  o u t  o f  6 0 0  S. cerevisiae s t r a i n  

G R F - 1 8  c e l l s  w e r e  s h o w n  t o  s e c r e t e  b i o l o g i c a l l y  a c t i v e  

a - a m y l a s e .  O n e  o f  t h e  s t a r c h  d i g e s t i n g  c l o n e s  w a s  c h o s e n  

( p E S A )  a n d  u s e d  t o  r e t r a n s f o r m  s t r a i n s  G R F - 1 8  a n d  D C 7 9 .  

W h e n  s e l e c t i v e  p r e s s u r e  w a s  r e l a x e d ,  s t a b l e  t r a n s f o r m a n t s  

o f  b o t h  s t r a i n s  w e r e  i s o l a t e d  s u g g e s t i n g  t h a t  t h e  p l a s m i d  

h a d  b e e n  i n t e g r a t e d  i n t o  t h e  c h r o m o s o m a l  DNA. I t  h a s  b e e n  

s h o w n  t h a t  c e l l s  t r a n s f o r m e d  w i t h  p 6 9 A ,  t h e  p a r e n t  p l a s m i d  

o f  p E S ,  t e n d  t o  l o s e  o r  i n t e g r a t e  t h e  p l a s m i d  r a p i d l y  

( J u l i u s  e t  al., 1 9 8 4 ) .  O n e  o f  t h e  s t a b l e  s t r a i n s  o f  G R F - 1 8  

w a s  a n a l y s e d  f o r  i t s  a b i l i t y  t o  h y d r o l y s e  s t a r c h .  I t  w a s  

s h o w n  t o  b e  a b l e  t o  d e g r a d e  a l l  t h e  s t a r c h  (1 % ) i n  t h e  

m e d i u m  a f t e r  a p p r o x i m a t e l y  4 8  h o u r s  a n d  t h e  a - a m y l a s e  

a c t i v i t y  w a s  m e a s u r e d  a t  1 5 3 u / m l  w h i c h  i s  c o m p a r a b l e  t o  t h e  

a c t i v i t y  o f  1 8 7 u / m l  f o u n d  f o r  t h e  a m y l o l y t i c  y e a s t  

Schwanniomyces alluvius ( n o w  occidentalis) ( W i l s o n  a n d  

I n g l e d e w ,  1 9 8 2 )  . I t  w a s  a l s o  c o n c l u d e d  t h a t  t h e  

p r e p r o l e a d e r  o f  t h e  a - f a c t o r  p r e c u r s o r  m u s t  b e  r e s p o n s i b l e
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f o r  d i r e c t i n g  t h e  e f f i c i e n t  e x p o r t  o f  a - a m y l a s e  i n  t h e  

y e a s t  t r a n s f o r m a n t s  a s  i t  w a s  d e t e r m i n e d  b y  s e q u e n c e  

a n a l y s i s  t h a t  o n l y  t w o  c o d o n s  f r o m  t h e  m o u s e  p a n c r e a t i c  

a - a m y l a s e  s i g n a l  p e p t i d e  w e r e  r e t a i n e d  i n  t h e  p l a s m i d  

c o n s t r u c t .

I n  t h e  h y d r o l y s i s  o f  s t a r c h ,  a - a m y l a s e  p r o d u c e s  p r i m a r i l y  

m a l t o s e ,  m a l t o t r i o s e  a n d  o l i g o s a c c h a r i d e s  ( D e  M o t  a n d  

V e r a c h t e r t ,  1 9 8 5 )  w h i l e  g l u c o a m y l a s e  a c t s  o n  t h e  

n o n r e d u c i n g  e n d s  o f  s t a r c h  c h a i n s  t o  r e l e a s e  f r e e  g l u c o s e  

(M e C a n n  a n d  B a r n e t t ,  1 9 8 6 ) .  K im  e t  al . ,  1 9 8 8 ,  c o n s t r u c t e d  

a  y e a s t  s t r a i n  w h i c h  s e c r e t e d  b o t h  a - a m y l a s e  a n d  

g l u c o a m y l a s e  b y  t r a n s f o r m i n g  S. diastaticus d e r i v a t i v e s  

w i t h  t h e  m o u s e  s a l i v a r y  a - a m y l a s e  p l a s m i d ,  p M S 1 2 ,  

p r e v i o u s l y  c o n s t r u c t e d  b y  T h o m s e n ,  1 9 8 3 ,  w h i c h  c o n t a i n s  t h e  

a - a m y l a s e  cDNA u n d e r  c o n t r o l  o f  t h e  ADH1 p r o m o t e r .  T h e  

S.diastaticus d e r i v a t i v e s ,  w h i c h  c o n t a i n e d  b o t h  STA  

( g l u c o a m y l a s e )  g e n e s  a n d  t h e  t r a n s f o r m a t i o n  s e l e c t i o n

m a r k e r  t r p l ,  w e r e  c o n s t r u c t e d  b y  c r o s s i n g  S.cerevisiae 
S H U 3 2 a  w i t h  S. diastaticus 5 3 0 1 - 1 7 B  a n d  S.cerevisiae S H U 3 2 a  

w i t h  t h e  h y b r i d  s t r a i n  C L 1 - 1 7 B  w h e r e  t h e  g e n o m e  i s  d e r i v e d  

f r o m  b o t h  S.cerevisiae a n d  S. diastaticus. A f t e r  t h e  

d i p l o i d s  w e r e  s p o r u l a t e d ,  s e g r e g a n t s  K K 1 - R 1  a n d  K K 2 - R 1

e x h i b i t i n g  b o t h  t r y p t o p h a n  a u x o t r o p h y  a n d  g l u c o a m y l a s e  

s e c r e t i o n  w e r e  s e l e c t e d .  W h e n  s t r a i n s  K K 1 - R 1  a n d  K K 2 - R 1  

w e r e  t r a n s f o r m e d  w i t h  p l a s m i d  p M S 1 2 ,  s t a r c h  h y d r o l y s i s  w a s  

a l m o s t  c o m p l e t e ,  e x c e e d i n g  97% b y  t h e  e n d  o f  5 d a y s  i n

t r a n s f o r m a n t s  p r o d u c i n g  b o t h  a - a m y l a s e  a n d  g l u c o a m y l a s e ,  

t h u s  m a k i n g  i t  p o s s i b l e  t o  a t t a i n  a l m o s t  t h e  s a m e

e f f i c i e n c y  o f  c o n v e r s i o n  i n  o n e  s t e p  a s  w a s  p r e v i o u s l y  

a t t a i n e d  i n  t w o  ( L a l u c e  a n d  M a t t o o n ,  1 9 8 4 ;  M a t t o o n  e t  al . , 

1 9 8 7 )  .

B e c a u s e  S.cerevisiae a n d  n o t  S. diastaticus , i s  t h e  o r g a n i s m  

w i d e l y  u s e d  i n  t h e  p r o c e s s  o f  b r e w i n g ,  b a k i n g  a n d  e t h a n o l  

p r o d u c t i o n ,  H o l l e n b e r g  a n d  S t r a s s e r ,  1 9 9 0 ,  c o n s t r u c t e d  a n  

a m y l o l y t i c  S . cerevisiae s t r a i n  h a r b o u r i n g  t h e  g e n e s  f o r  

a - a m y l a s e  a n d  g l u c o a m y l a s e  f r o m  S.occidentalis. T h e  

a m y l o l y t i c  s y s t e m  o f  t h i s  y e a s t  i s  i r r e v e r s i b l y  i n a c t i v a t e d  

a t  6 0 ° C  m a k i n g  i t  e s p e c i a l l y  a d v a n t a g e o u s  i n  b r e w i n g  a n d
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b a k i n g  p r o c e s s e s .  P r o d u c i n g  a n  S.cerevisiae s t r a i n  w i t h  

b o t h  a - a m y l a s e  a n d  g l u c o a m y l a s e  a c t i v i t y  w a s  j u d g e d  t o  b e  

p o t e n t i a l l y  u s e f u l  i n  t h e  p r o d u c t i o n  o f  l i g h t  b e e r .  I n  

b r e w i n g  t h e  f e r m e n t a b l e  s u g a r s  a r e  p r o v i d e d  f r o m  b a r l e y  b y  

p a r t i a l  h y d r o l y s i s  o f  s t a r c h  d u r i n g  t h e  m a l t i n g  p r o c e s s .  

T h i s  r e s u l t s  i n  a  c o n s i d e r a b l e  a m o u n t  o f  u n f e r m e n t a b l e  

c a r b o h y d r a t e ,  l i k e  d e x t r i n s ,  w h i c h  c o n t r i b u t e  t o  t h e  h i g h  

c a l o r i f i c  c o n t e n t  o f  t r a d i t i o n a l l y  b r e w e d  b e e r .  T h e s e  h a v e  

t o  b e  r e m o v e d  i n  t h e  p r o d u c t i o n  o f  l i g h t  b e e r  b y  a d d i n g  

g l u c o a m y l a s e .  Aspergillus g l u c o a m y l a s e  i s  w i d e l y  u s e d  f o r  

t h i s  p u r p o s e  b u t  i t  c a n n o t  b e  i n a c t i v a t e d  a t  t e m p e r a t u r e s  

n o r m a l l y  e m p l o y e d  t o  p a s t e u r i z e  b e e r  ( T u b b ,  1 9 8 6 )  a n d  t h i s  

c a n  r e s u l t  i n  a n  u n s t a b l e  b e e r  w h i c h  c h a n g e s  i t s  c h e m i c a l  

p r o p e r t i e s  o n  s t o r a g e .  A n  e x p r e s s i o n  c a s s e t t e  c o n t a i n i n g  

b o t h  t h e  a - a m y l a s e  a n d  g l u c o a m y l a s e  g e n e s  o f  S.occidentalis 
u n d e r  t h e  c o n t r o l  o f  t h e  GAL 1 0  a n d  GAL 1 p r o m o t e r s  

r e s p e c t i v e l y  w a s  c l o n e d  i n t o  a  c e n t r o m e r e  p l a s m i d  r e s u l t i n g  

i n  o n e  c o p y  p e r  h a p l o i d  g e n o m e  i n  t h e  t r a n s f o r m a n t s .  

E x p r e s s i o n  o f  b o t h  g e n e s  w a s  f o u n d  t o  b e  i n d u c i b l e  w i t h  

g a l a c t o s e .  T h e  l e v e l s  o f  e n z y m e s  p r o d u c e d  b y  t h e  

t r a n s f o r m a n t s  w e r e  a l m o s t  t h e  s a m e  a s  f o r  t h e  d o n o r  s t r a i n ,  

S.occidentalis , i n d i c a t i n g  t h a t  t h e  a m y l o l y t i c  s y s t e m  w a s  

a s  e f f i c i e n t  i n  S. cerevisiae.
S h i b u y a  e t  a l . , 1 9 9 2 a ,  d e s c r i b e d  t h e  e x p r e s s i o n  a n d

s e c r e t i o n ,  i n  S.cerevisiae, o f  t h e  cD N A s o f  a - a m y l a s e  a n d  

g l u c o a m y l a s e  f r o m  Aspergillus shirousamii, w h i c h  i s  w i d e l y  

u s e d  i n  t h e  J a p a n e s e  a l c o h o l i c  b e v e r a g e s  i n d u s t r y  

p a r t i c u l a r l y  i n  t h e  m a k i n g  o f  s h o c h u .  T h e  a - a m y l a s e  a n d  

g l u c o a m y l a s e  cD N A s w e r e  c l o n e d  i n d e p e n d e n t l y  i n t o  t h e  

p l a s m i d  p Y c D E l  (M e K n i g h t  a n d  Me C o n a u g h t y ,  1 9 8 3 )  

d o w n s t r e a m  o f  t h e  ADH1 p r o m o t e r .  B o t h  e n z y m e s  w e r e  

e x p r e s s e d  u s i n g  t h e i r  o w n  s i g n a l  p e p t i d e s  w h i c h  w e r e  

c l e a v e d  o f f  a t  t h e  s a m e  p o s i t i o n s  a s  t h o s e  o f  t h e  n a t i v e  

e n z y m e s .  T h e  e f f i c i e n c y  o f  s e c r e t i o n  o f  b o t h  e n z y m e s  w a s  

h i g h ,  3 8  a n d  2 0 m g / l  f o r  a - a m y l a s e  a n d  g l u c o a m y l a s e  

r e s p e c t i v e l y .  I n  a  s u b s e q u e n t  s t u d y  ( S h i b u y a  e t  al . ,  

1 9 9 2 b ) , a  f u s i o n  g e n e  e n c o d i n g  a  p o l y p e p t i d e  o f  1 1 1 6  a m i n o  

a c i d s  w a s  c o n s t r u c t e d  u s i n g  t h e  s a m e  g e n e s .  T h e  s e q u e n t i a l
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o r d e r  o f  t h e  f u s i o n  w a s  a s  f o l l o w s :  t h e  5 ' - n o n - c o d i n g

r e g i o n  o f  t h e  a - a m y l a s e  cD N A , t h e  a - a m y l a s e - e n c o d i n g  cD N A , 

t h e  g l u c o a m y l a s e - e n c o d i n g  cDNA m i n u s  i t s  s i g n a l  p e p t i d e  a n d  

t h e  3 '  n o n - c o d i n g  r e g i o n  o f  t h e  g l u c o a m y l a s e  cD N A . I n  

a d d i t i o n  L y s - P r o  w a s  i n s e r t e d  a s  a  s p a c e r  r e g i o n  b e t w e e n  

t h e  t w o  c D N A s .  T h e  f u s i o n  p r o t e i n  w a s  c l o n e d  i n t o  p Y c D E l  t o  

g i v e  p l a s m i d  p Y F 2 . A f r a g m e n t  c o n t a i n i n g  t h e  ADH1 p r o m o t e r ,  

t h e  f u s i o n  g e n e  a n d  t h e  CYC1 t e r m i n a t o r  w a s  t h e n  i s o l a t e d  

f r o m  p Y F 2  a n d  c l o n e d  i n t o  t h e  i n t e g r a t i n g  v e c t o r  Y I p 5  t o  

g i v e  p l a s m i d  p I F 2 . B o t h  p l a s m i d s  w e r e  t r a n s f o r m e d  i n t o  

S.cerevisiae. P l a s m i d  p I F 2  i n t e g r a t e d  i n t o  t h e  g e n o m e  a s  

w a s  c o n f i r m e d  b y  S o u t h e r n  b l o t  a n a l y s i s  a n d  h i g h e r  e n z y m e  

a c t i v i t i e s  i n  t h e  c u l t u r e  s u p e r n a t a n t  w e r e  o b s e r v e d  w i t h  

t h i s  p l a s m i d  t h a n  w i t h  p Y F 2 .  O n e  p I F 2  t r a n s f o r m a n t ,  F 6 - 5 ,  

s h o w e d  t h e  h i g h e s t  e n z y m e  a c t i v i t y ,  2 . 8 u / m l  f o r  a - a m y l a s e  

a n d  0 . 4 3 u / m l  f o r  g l u c o a m y l a s e .  T h e  m o l e c u l a r  w e i g h t  o f  t h e  

f u s i o n  p r o t e i n  s e c r e t e d  b y  F 6 - 5  w a s  1 4 5  k d  w h i c h  w a s  v e r y  

c l o s e  t o  t h e  s u m  o f  t h e  a - a m y l a s e  ( 5 4  k d )  a n d  t h e  

g l u c o a m y l a s e  ( 9 4  k d )  i n d i v i d u a l l y  e x p r e s s e d  b y  S.cerevisiae 
i n  t h e  p r e v i o u s  s t u d y  ( S h i b u y a  e t  al . ,  1 9 9 2 ) .  I n  a d d i t i o n ,  

t h e  N - t e r m i n a l  a m i n o  a c i d  s e q u e n c e  o f  t h e  f u s i o n  p r o t e i n  

w a s  i d e n t i c a l  t o  t h a t  o f  t h e  a - a m y l a s e  i n d i c a t i n g  t h a t  t h e  

g l u c o a m y l a s e  d o m a i n  a d d e d  t o  t h e  C - t e r m i n u s  o f  t h e  

a - a m y l a s e  d i d  n o t  a f f e c t  c l e a v a g e  o f  t h e  s i g n a l  p e p t i d e .  

A l t h o u g h  F 6 - 5  s e c r e t e d  a  r e l a t i v e l y  s m a l l  a m o u n t ,  2 . 3 m g / l ,  

o f  t h e  f u s i o n  p r o t e i n ,  t h e  a u t h o r s  e x p e c t  t h a t  p r a c t i c a l  

u s e  o f  t h i s  f u s i o n  p r o t e i n  w i l l  b e  m a d e  a l t h o u g h  g r e a t e r  

o v e r p r o d u c t i o n  l e v e l s  w o u l d  b e  n e c e s s a r y  f o r  i t  t o  b e  

c o m m e r c i a l l y  v i a b l e .
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2.1 Yeast and bacterial strains and plasmids.
T h e  b a c t e r i a l  a n d  y e a s t  s t r a i n s  a n d  p l a s m i d s  u s e d  i n  t h i s  

s t u d y  a r e  d e s c r i b e d  i n  T a b l e  2 . 1  a n d  2 . 2 .

T a b l e  2 . 1

S t r a i n  a n d  G e n o t y p e  S o u r c e  o r  R e f e r e n c e

S.cerevisiae
D B Y 7 4 6  D . C . U .  s t o c k s

M a t a , h i s - A l , leu2-3 , - 1 1 2 ,ura3 - 5 2 , t r p l - 2 8 9 a .

R S Y 1 1  R .  S c h e k m a n ,

M a t a , s e c l 8 - l , u r a 3 - 5 2 , leu2-3 , - 1 1 2 , s u c 2 . U .  o f  C a l i f o r n i a ,

R S Y 1 2  B e r k e l e y ,  U . S . A .

M a t a , s e c 5 3 - 6 , ura3 - 5 2 , leu2-3 , - 1 1 2 .  "

R S Y 4 5  "

M a t a , s e c l - 1 , ura3 - 5 2 ,leu2-3, - 1 1 2 , t r p l - 2 8 9 . "

R C 6 3 1  V . B u g e j a ,  M a y n o o t h

M a t a , sst2 - 1 , rme , a d e 2 - 1 , u r a l ,his6 ,met 1  C o l l e g e .

MD50

M a t a , p e p 4 - 3 , l e u 2 - 3 , i e u 2 - 1 1 2 .  J . R . D i c k i n s o n ,  U n i v .

o f  W a l e s ,  C a r d i f f .

D B Y 7 4 6 : :p F A M Y  1 - 1 3

D B Y 7 4 6  t r a n s f o r m a n t s  h a r b o u r i n g  t h e  T h i s  s t u d y

i n t e g r a t i n g  p l a s m i d  pFAMY.

D B Y 7 4 6 : : p M I A M Y l - 5

D B Y 7 4 6  t r a n s f o r m a n t s  h a r b o u r i n g  t h e  T h i s  s t u d y

r i b o s o m a l  DNA i n t e g r a t i n g  v e c t o r  

pM IA M Y .

T h r o u g h o u t  t h i s  t h e s i s  t h e  f o l l o w i n g  n o t a t i o n  i s  u s e d  t o  

d e s c r i b e  s t r a i n s  h a r b o u r i n g  a n  i n t e g r a t i n g  p l a s m i d ,  a n d  

s t r a i n s  h a r b o u r i n g  a n  e p i s o m a l  p l a s m i d .
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D B Y 7 4 6 /p A A M Y  =  S t r a i n  D B Y 7 4 6  t r a n s f o r m e d  w i t h  t h e  e p i s o m a l  

v e c t o r  pAAMY.

D B Y 74 6 : : pMIAMY =  S t r a i n  D B Y 7 4 6  t r a n s f o r m e d  w i t h  i n t e g r a t i n g  

p l a s m i d  pMIAMY.

E. coli

J A 2 2 1  D . C . U .  s t o c k s

F  ' ,  r e c A l , I e u B 6 , t r p A 5 , hsdMT , hsdR~ , lacY , xyl.

T a b l e  2 . 2

P l a s m i d  R e l e v a n t  C h a r a c t e r i s t i c s  S o u r c e  o r  R e f e r e n c e .

Y e a s t  e x p r e s s i o n  v e c t o r s :

pAAH5 A d h l  p r o m o t e r  a n d  t e r m i n a t o r ,  A m m e r e r ,  G .  ( 1 9 8 3 )  

LEU m a r k e r  u n i q u e  H i n d l l l  

c l o n i n g  s i t e .

pA H 9 pAAH5 d e r i v a t i v e s ,  ATG s t a r t  A m m e r e r ,  G .  ( 1 9 8 3 )

p A H IO  s i t e s  i n  3 f r a m e s ,  n o  y e a s t

p A H 2 1  t e r m i n a t o r  s e q u e n c e s .

p S L 5  p U C 8 w i t h  B. licheniformis O ' K a n e  e t  al . 1 9 8 3

a m y l a s e  o n  B a m H l  -  H i n d l l l  f r a g m e n t .  

p S L 5 2  p S L 5  w i t h  a  s i n g l e  H i n d l l l  8 m e r  T h i s  s t u d y

l i n k e r  (CAAGCTTG) i n  B a m H l  s i t e .  

p S L 5 3  p S L 5  w i t h  s i n g l e  H i n d l l l  8 m e r  l i n k e r  T h i s  s t u d y

i n s e r t e d  i n  t h e  P s t l  s i t e  

g i v i n g  a  H i n d l l l  s i g n a l  m i n u s  

a m y l a s e  f r a g m e n t .
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pAAMY

Y e p a a l

PUAMY19

pUAMY18

p M C 3 1 2

p M C 6 1 2  

p U C 3 1 2  

p A A 3 1 2

p F L 3 4

pFAMY

pAAH5 c o n t a i n i n g  t h e  a m y l a s e

H i n d l l l  f r a g m e n t  f r o m  p S L 5 2  T h i s  s t u d y

i n s e r t e d  i n  t h e  c o r r e c t  o r i e n t a t i o n  

f o r  e x p r e s s i o n  i n  t h e  u n i q u e  Hindlll s i t e  

b e t w e e n  t h e  A d h l  p r o m o t e r  a n d  t e r m i n a t o r .  

pA AH 5 c o n t a i n i n g  e n t i r e  Bacillus R u o h o n e n  e t  al. 
amylofaciens a - a m y l a s e  g e n e  1 9 8 7

p U C 1 9  c o n t a i n i n g  t h e  H i n d l l l  T h i s  s t u d y

a m y l a s e  f r a g m e n t  f r o m  p S L 5 2 ,

p U C 1 8  c o n t a i n i n g  t h e  H i n d l l l  T h i s  s t u d y

a m y l a s e  f r a g m e n t  f r o m  p S L 5 2

BAL 3 1  d e l e t a n t  o f  pUAMY18 T h i s  s t u d y

w i t h  i n s e r t e d  H i n d l l l  8 m e r  l i n k e r  

( s e e  A p p e n d i x  # 5  f o r  s e q u e n c e  d a t a )

BAL 3 1  d e l e t a n t  o f  pUAMY18 w i t h  T h i s  s t u d y

i n s e r t e d  H i n d l l l  8 m e r  l i n k e r .

p U C 1 9  c o n t a i n i n g  t h e  H i n d l l l  T h i s  s t u d y

a m y l a s e  f r a g m e n t  f r o m  p M C 3 1 2 .

pAAMY w i t h  t h e  s h o r t e n e d  H i n d l l l  

a m y l a s e  f r a g m e n t  f r o m  pM C 3 1 2  

c l o n e d  i n t o  i t ' s  u n i q u e  B a m H l  s i t e .

T h i s  p l a s m i d  w a s  c o n s t r u c t e d  b y  M a r t e n  O l s s e n .

Y e a s t  i n t e g r a t i n g  v e c t o r  u r a 3  B o n n e a u d  e t  a l

m a r k e r ,  u n i q u e  B a m H l  s i t e  f o r  ( 1 9 9 1 )

i n s e r t s  a n d  u n i q u e  Stul s i t e  f o r  

l i n e a r i s a t i o n  p r i o r  t o  i n t e g r a t i o n .

p F L 3 4  w i t h  t h e  B a m H l  p a r t i a l  f r a g m e n t  f r o m  pAAMY 

c o n t a i n i n g  t h e  e n t i r e

a m y l a s e  g e n e  a n d  A d h l  T h i s  s t u d y

p r o m o t e r  a n d  t e r m i n a t o r .
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p M IR Y 2

pMIAMY

p J G 3 1 7

R i b o s o m a l  DNA i n t e g r a t i n g  v e c t o r  L o p e s  e t  a l  

l e u  2 d  m a r k e r ,  u n i q u e  B a m H l  c l o n i n g  ( 1 9 8 9 )

s i t e ,  u n i q u e  S m a l  s i t e  f o r  

l i n e a r i s a t i o n .

p M IR Y 2  w i t h  t h e  B a m H l  p a r t i a l  f r a g m e n t  f r o m  

pAAMY c o n t a i n i n g  t h e  e n t i r e

a m y l a s e  g e n e  a n d  t h e  A d h l  T h i s  s t u d y

p r o m o t e r  a n d  t e r m i n a t o r .

/ 3 - g l u c a n a s e  g e n e  p l u s  f u l l  b a c t e r i a l  DCU s t o c k s

s i g n a l  i n  p A A H 5 .
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2 . 2  M a t e r i a l s

E x c e p t  w h e r e  s t a t e d  a l l  c h e m i c a l s  w e r e  f r o m  S i g m a  

C o r p o r a t i o n ,  BDH a n d  R e i d e l  d e  H a e n  a n d  w e r e  o f  A n a l a R  

g r a d e  o r  e q u i v a l e n t .  R e s t r i c t i o n  e n z y m e s ,  T 4  DNA l i g a s e ,  

k l e n o w  p o l y m e r a s e ,  c a l f  i n t e s t i n a l  p h o s p h a t a s e ,  p U C 1 9  a n d  

p B R 3  2 2 p l a s m i d  DNA w e r e  f r o m  B o e h r i n g e r  M a n n h e i m  a n d  

B e t h e s d a  R e s e a r c h  L a b s .  ( B R L ) . E n d o g l y c o s i d a s e  w a s

s u p p l i e d  b y  N ew  E n g l a n d  B i o l a b s .

2 . 3  M i c r o b i o l o g i c a l  M e d i a .

S o l i d  c o m p l e x  m e d i a  c o n t a i n e d  1 5 g / L  O x o i d  N o .  3 T e c h n i c a l  

a g a r .  S o l i d  m i n i m a l  m e d i a  c o n t a i n e d  1 2 g / L  O x o i d  N o .  l  

B a c t e r i o l o g i c a l  a g a r .  A l l  m e d i a  c o m p o n e n t s  w e r e  f r o m  O x o i d  

o r  D i f c o  u n l e s s  o t h e r w i s e  s t a t e d .  A l l  m e d i a  w e r e  s t e r i l i z e d  

b y  a u t o c l a v i n g  a t  1 5 1 b / i n 2 a t  1 2 1 ° C  f o r  2 0  m i n u t e s .

L u r i a  B e r t a n i  ( L B )  m e d i u m .

U s e d  f o r  r o u t i n e  c u l t u r i n g  o f  E. coli.
T r y p t o n e  l O g

Y e a s t  e x t r a c t  5 g

N a C l  l O g

D i s t i l l e d  w a t e r  ( d H 2 0 ) t o  1  L i t r e .

SOC m e d i u m  f o r  e l e c t r o p o r a t i o n  o f  E.coli. 
T r y p t o n e  2%

Y e a s t  E x t r a c t  0 . 5 %

N a C l  lOmM

KC1 2 . 5  HIM

M g C l 2 lOmM

M g S 0 4 lOmM

G l u c o s e  20mM

S y n t h e t i c  c o m p l e t e  (S C  o r m i n i m a l  m e d i u m ,  MM).

U s e d  f o r  t h e  s e l e c t i v e  g r o w t h  o f  y e a s t  a u x o t r o p h i c  s t r a i n s  

c a r r y i n g  p l a s m i d s .

D i f c o  y e a s t  n i t r o g e n  b a s e  6 . 7 g

G l u c o s e  2 0 g

d H 2 0 t o  1  l i t r e ,  a u t o c l a v e .
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A p p r o p r i a t e  s u p p l e m e n t s  w e r e  a d d e d  f r o m  t h e  s t o c k  s o l u t i o n s  

g i v e n  b e l o w  a f t e r  a u t o c l a v i n g .

S u p p l e m e n t  

s t o c k  s o l u t i o n s  

L - h i s t i d i n e  (2% w / v )

U r a c i l  ( 0 . 2 5 %  w / v )

L - t r y p t o p h a n  ( 0 . 4 %  w / v )

L - l e u c i n e  ( 1 . 5 %  w / v )

L - l y s i n e  (3% w / v )

v o l u m e  a d d e d  

p e r  l i t r e  

1 . 0 m l  

8 .  Oral 

5 . 0 m l  

2 .  0 m l  

1 . 0 m l

F i n a l  c o n c .  

m g / m l . 

2 0 . 0  

20.0 
20.0
3 0 . 0

3 0 . 0

F o r  i n t e g r a t i v e  t r a n s f o r m a t i o n  i t  w a s  n e c e s s a r y  t o  

s u p p l e m e n t  t h e  a b o v e  m e d i a  w i t h  0 . 7 5  g / 1  o f  t h e  m i x  l i s t e d  

b e l o w .

S u p p l e m e n t a l  m i x  f o r  i n t e g r a t i v e  t r a n s f o r m a t i o n .

A d e n i n e  l g .

U r a c i l  l g .

T r y p t o p h a n  l g .

H i s t i d i n e  l g .

A r g i n i n e  l g .

M e t h i o n i n e  l g .

T y r o s i n e  1 . 5 g .

L e u c i n e  3 . 0 g .

L y s i n e  1 . 5 g .

P h e n y l a l a n i n e  2 . 5 g .

T h r e o n i n e  l O g .

A s p a r t i c  A c i d  5 g .

c o m p o u n d s  w e r e  o m i t t e d  a s  r e q u i r e d ,  i e  f o r  s e l e c t i o n  o n  

U r a - m i n u s  m e d i a  u r a c i l  w a s  o m i t t e d  f r o m  t h i s  m i x .

YEPD (complex medium for routine yeast culturing).
1 0  g  Y e a s t  e x t r a c t .

2 0  g  B a c t e r i o l o g i c a l  P e p t o n e .

2 0  g  G l u c o s e .

d H 2 0  t o  1 L i t r e .

F o r  e n z y m e  a c t i v i t y  s t u d i e s  o n  t h e  a - a m y l a s e  c o n s t r u c t s  i t  

w a s  n e c e s s a r y  t o  b u f f e r  t h e  s y n t h e t i c  c o m p l e t e  a n d  YEPD 

m e d i a  a s  f o l l o w s :  1 0  g / 1  s u c c i n i c  a c i d  a n d  6 g / 1  NaOH w e r e
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a d d e d  t o  b r o t h  m e d i a  w h i l e  s o l i d  m e d i a  w a s  m a d e  u p  i n  0 .  1M 

p h o s p h a t e  b u f f e r  p H  6 . 9 .  I t  w a s  n e c e s s a r y  t o  b u f f e r  t h e  

l i q u i d  m e d i a  w i t h  s u c c i n i c  a c i d / N a O H  a s  a u t o c l a v i n g  o f  t h e  

p h o s p h a t e  b u f f e r e d  m e d i a  r e s u l t e d  i n  a  p r e c i p i t a t e  w h i c h  

i n t e r f e r e d  i n  O . D .  m e a s u r e m e n t s .

MYGP

C o m p l e x  m e d i a  f o r  t h e  a - f a c t o r  p l a t e  a s s a y .

M a l t  e x t r a c t  3 g

Y e a s t  e x t r a c t  3 g

P e p t o n e  5 g

G l u c o s e  2 0 g

d H 2 0  t o  1 l i t r e .

2 . 4  A n t i b i o t i c s .

F o r  s e l e c t i v e  g r o w t h  o f  E.coli s t r a i n s ,  a n t i b i o t i c s  w e r e  

a d d e d  a s  a p p r o p r i a t e  a f t e r  a u t o c l a v i n g  a n d  c o o l i n g  m e d i a  t o  

5 5 ° C . T h e  a m p i c i l l i n  s t o c k  s o l u t i o n  ( 5 0 m g / m l )  w a s  m a d e  u p  

f r e s h l y  i n  s t e r i l e  w a t e r  a n d  u s e d  a t  a  c o n c e n t r a t i o n  o f

5 0 f i g / m l  f o r  s o l i d  m e d i a  a n d  4 0 | i g / m l  f o r  b r o t h .  T e t r a c y c l i n e

( l O m g / m l )  w a s  d i s s o l v e d  i n  50% e t h a n o l ,  s t o r e d  i n  t h e  d a r k  

a t  - 2 0 ° C  a n d  u s e d  a t  a  w o r k i n g  c o n c e n t r a t i o n  o f  1 0 ^ g / m l .

C h l o r a m p h e n i c o l  ( 5 0 m g / m l )  w a s  m a d e  u p  i n  e t h a n o l  a n d

s t o r e d  a t  -  2 0 ° C  a n d  u s e d  a t  a  w o r k i n g  c o n c e n t r a t i o n  o f  

2 0 n g / m l .

2 . 5  G r o w t h  c o n d i t i o n s  a n d  s t r a i n  s t o r a g e .

A l l  E. coli s t r a i n s  w e r e  g r o w n  o v e r n i g h t  a t  3 7 ° C  i n  LB

m e d i u m .  A l l  S. cerevisiae s t r a i n s  w e r e  g r o w n  o v e r n i g h t  a t

3 0°C  i n  c o m p l e x  m e d i a  o r  f o r  3 6 h o u r s  i n  MM m e d i u m .  B o t h

y e a s t  a n d  b a c t e r i a l  s t r a i n s  w e r e  s t o r e d  a s  g l y c e r o l  s t o c k s .  

A n  e q u a l  v o l u m e  o f  80% g l y c e r o l  w a s  a d d e d  t o  1 m l  o f  a  l a t e  

l o g  p h a s e  c u l t u r e  a n d  s t o r e d  a t  -  7 0 ° C .  W o r k i n g  s t o c k s  w e r e  

s t o r e d  o n  p l a t e s  a t  4 ° C .

2 . 6  B u f f e r s  a n d  s o l u t i o n s .

A l l  b u f f e r s  a n d  s o l u t i o n s  u s e d  f o r  DNA m a n i p u l a t i o n s  w e r e  

a u t o c l a v e d  a n d  s t o r e d  a t  r o o m  t e m p e r a t u r e  u n l e s s  o t h e r w i s e  

s t a t e d .
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General buffers.

P h o s p h a t e  B u f f e r e d  S a l i n e  ( P B S ) .  

KH2 P 0 4 1 . 0 9 g

N a 2 H F 0 4 2 . 1 4 g

N a C l  9 . 0 g

d H 2 0  t o  1  L i t r e .

T r i s  b o r a t e  b u f f e r  ( 1 0 X )  ( T B E ) .  

T r i s - H C l  1 0 8 g

N a  -E D T A  9 . 3 g

B o r i c  a c i d  5 5 g

H O  t o  1  l i t r e
2

p H  8 . 3

T r i s  a c e t a t e  b u f f e r  ( 5 0 X )  ( T A E ) .

T r i s - H C l

G l a c i a l  a c e t i c  a c i d  

N a  -E D T A  ( 0 . 5 M )

H 0
2

p H

2H

2 4 2 g

1 0 0 m l

t o  1  l i t r e  

8.0

B u f f e r s  a n d  s o l u t i o n s  f o r  DNA m a n i p u l a t i o n s .  

T E  B u f f e r

T r i s - H C l  lOmM

N a  -E D T A  ImM
2

p H  8 . 0
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2 x BAL 31 Buffer

T r i s - H C l  (p H  7 . 2 ) 4 0mM

M g c i 2 25mM

C a C l 2 25mM

EDTA 2mM

N a C l 1 .2 M

K l e n o v  ( N i c k  T r a n s l a t i o n )  B u f f e r ,  

T r i s - H C l  ( p H  7 , 2 )  5Q0mM 

MgSO^ lOOmM

d T T  lOmM

B SA  5 m g / m l

S T E  B u f f e r .

T r i s . H c l  ( p H  8 . 0 )  lOmM

N a C l  lOOmM

EDTA lOmM

L i g a t i o n  B u f f e r  ( 1 0 X ) .

T r i s . H c l  (p H  7 . 6 )  0 . 5 M

M g C l 2  lOOmM

d T T  150m M

S p e r m i d i n e  lOmM

B SA  5 Q 0 |u g / m l

A T P  lOmM
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DNAse free RNAse.
l O m g / m l  R N A s e  w a s  d i s s o l v e d  i n  lOmM T r i s . H C l  (p H  7 . 5 )  a n d  

15mM N a C l  a n d  h e a t e d  t o  1 0 0 ° C  f o r  1 5  m i n u t e s ,  a l l o w e d  t o  

c o o l  t o  r o o m  t e m p e r a t u r e  a n d  s t o r e d  a t  - 2  0 ° C .

Lithium acetate solutions for yeast transformations.

Lithium acetate (0.1M) in TE.
5 .  l g  L i A c  w e r e  a d d e d  t o  T E  a n d  t h e  v o l u m e  w a s  m a d e  u p  t o  

5 0 0 m l .  T h e  s o l u t i o n  w a s  f i l t e r  s t e r i l i z e d  o r  a u t o c l a v e d .

PEG 4000 (40%) in 0.1H LiAc/TE.
4 0 g  o f  P o l y e t h y l e n e  G l y c o l  w e r e  d i s s o l v e d  t o  1 0 0 m l  i n  0 . 1 M  

L i A c \ T E  s o l u t i o n .

Solutions for plasmid DNA minipreps from E.coli.

Solution 1
0 . 5 M  g l u c o s e  1 . 0 m l

0 . 1 M  EDTA pH  8 . 0  1 . 0 m l

1M T r i s - H C l  p H  8 . 0  0 . 2 5 m l

d H 2 0  7 . 7 5 m l

Solution 2
I N  NaOH 2 . 0 m l

10% SDS 1 . 0 m l

d H 2 0  7 . 0 m l

T h i s  s o l u t i o n  w a s  m a d e  f r e s h l y  e a c h  m o n t h .

Solution 3
T o  6 0 m l  5M p o t a s s i u m  a c e t a t e  1 1 . 5 m l ,  g l a c i a l  a c e t i c  a c i d  

a n d  2 . 8 5 m l  d H 2 0  w e r e  a d d e d .  T h e  r e s u l t i n g  s o l u t i o n  i s  3M 

w i t h  r e s p e c t  t o  p o t a s s i u m  a n d  5M w i t h  r e s p e c t  t o  a c e t a t e .
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S T E T  b u f f e r .

S u c r o s e  8 .  Og

T r i t o n - X - 1 0 0  5 . 0 m l

1M T r i s - H C l  p H  8 . 0  5 . 0 m l

0 . 5 M  EDTA p h  8 . 0  1 0 m l

m a d e  u p  t o  a  f i n a l  v o l u m e  o f  1 0 0 m l  w i t h  d H 2 0 ,

T r i t o n  m i x

20% T r i t o n - x - 1 0 0  5 . 0 m l

0 . 2 5 M  EDTA (p H  8 . 0 )  1 2 . 5 m l

1M T r i s - H C l  2 . 5 m l

H 0 t o  5 0 m l
2

P h e n o l / C h l o r o f o r m  m i x .

5 0 0 g  o f  p o w d e r e d  p h e n o l  w e r e  d i s s o l v e d  i n  5 0 0 m l  o f  

c h l o r o f o r m .  4 g  o f  8 - h y d r o x y q u i n o l i n e  a n d  2 0 m l  o f  i s o a m y l  

a l c o h o l ,  w e r e  t h e n  a d d e d  a n d  t h e  s o l u t i o n  w a s  s t o r e d  a t  

4 ° C  u n d e r  0 . 1 M  T r i s . H c l ,  p H  7 . 5 .

S o l u t i o n s  f o r  DNA f r a g m e n t  i s o l a t i o n  f r o m  a g a r o s e  g e l s :  

( G e n e c l e a n  p r o c e d u r e ) .

S o d i u m  I o d i d e  s o l u t i o n

N a l  9 0 . 8 g

d H 2 0  t o  1 0 0 m l

T h e  s o l u t i o n  w a s  s t i r r e d  f o r  3 0  m i n u t e s  a n d  t h e n  f i l t e r e d  

t h r o u g h  W h a t m a n  N o .  1 f i l t e r  p a p e r .  1 5 g  o f  N a 2 S 0 4 w e r e  a d d e d  

a n d  t h e  s o l u t i o n  s t o r e d  i n  t h e  d a r k  a t  4 ° C .

E t h a n o l  w a s h  s o l u t i o n .

E t h a n o l  50%

N a C l  lOOmM

T r i s - H C l  p H  7 . 5  10mM

EDTA p H  7 . 5  ImM

T h e  s o l u t i o n  w a s  s t o r e d  a t  -  2 0 ° C .
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DNS a s s a y  s o l u t i o n s .

D i n i t r o s a l i c y c l i c  a c i d  l O g .

S o d i u m  P o t a s s i u m  T a r t a r a t e  3 0 0 g .

N aO H  1 6 g .

T h e  a b o v e  c o n t e n t s  w e r e  m a d e  u p  t o  1 l i t r e  w i t h  d i s t i l l e d  

w a t e r .

S o l u t i o n s  f o r  SDS p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s .

A c r y l a m i d e / B i s a c r y l a m i d e  s o l u t i o n  ( 3 0 / 1 )

3 . 2 g  B i s A c r y l a m i d e

1 2 Og A c r y l a m i d e

d H  0 t o  4 0 0 m l
2

T h i s  s o l u t i o n  w a s  s t o r e d  i n  t h e  d a r k  a t  4 ° C .

S o l u b i l i z a t i o n  b u f f e r

D TT lOOmM

T r i s . H C l  p H  6 . 9  80mM

G l y c e r o l  10%

SD S 2% ( w / v )

B r o m o p h e n o l  b l u e  0 .2 %

S D S  r u n n i n g  b u f f e r

T r i s . H C l ,  p H  8 . 3  25mM

G l y c i n e  192mM

SD S 0 .1 %

C o o m a s s i e  S t a i n

M e t h a n o l  4 0 0 m l

d H 2 0 5 0 0 m l

G l a c i a l  a c e t i c  a c i d  5 0 m l

C o o m a s s i e  b r i l l i a n t  b l u e  0 . 5 %

T h e  d e s t a i n  s o l u t i o n  w a s  a s  a b o v e  b u t  c o n t a i n e d  n o  c o m a s s i e  

d y e .
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Solutions for a-amylase activity gels.

R e n a t u r a t i o n  b u f f e r .

T r i t o n - X - 1 0 0  2 . 5 %

C a C l  2mM
2

N a C l  50mM

H E P E S  p H  6 . 9  0 . 1 M

T h e  a c t i v i t y  b u f f e r  w a s  i d e n t i c a l  t o  t h e  r e n a t u r a t i o n  

b u f f e r  b u t  w i t h o u t  t h e  T r i t o n - X - 1 0 0 .

S o l u t i o n s  f o r  p r e p a r a t i o n  o f  y e a s t  e x t r a c t s  f o r  j 3 - g l u c a n a s e  

a s s a y s .

L y s i s  b u f f e r  ( I X ) .

S o d i u m  p h o s p h a t e  p H  7 

EDTA

T r i t o n - X - 1 0 0  

S a r c o s y l

| 3 - m e r c a p t o e t h a n o l  

PMSF

PM SF w a s  m a d e  f r e s h l y  

a s  r e q u i r e d .

S o l u t i o n s  f o r  E n d o H f  t r e a t m e n t  o f  g l y c o p r o t e i n s .

D e n a t u r i n g  b u f f e r . 5% SDS 

10% (3 m e r c a p t o - e t h a n o l  

m a d e  u p  t o  v o l u m e  w i t h  d H 2 0 .

E n d o H f  a c t i v i t y  b u f f e r  ( 1 0 X ) .

S o d i u m  c i t r a t e  p H  7 . 4  0 . 5 M

B u f f e r s  a n d  S o l u t i o n s  f o r  W e s t e r n  b l o t t i n g :

T r a n s f e r  b u f f e r :  ( p e r  l i t r e )

3 . 0 3 g  T r i s .  b a s e  

1 4 . 4 g  g l y c i n e  

2 0 0 m l  m e t h a n o l

50mM
lOmM

0 .1%
0.1%
lOmM

ImM

a s  a  lOmM s t o c k  i n  i s o p r o p a n o l  a n d  u s e d

7 1



T B S T  b u f f e r :  150mM N a C l

lOmM T r i s .  H C 1 ,  p H 8 . 0  

0 . 0 5 %  T w e e n - 2 0

B l o c k i n g  s o l u t i o n :  T B ST  w i t h  1% ( w / v )  BSA

A P ( a l k a l i n e  p h o s p h a t a s e )  b u f f e r :

lOOmM T r i s .  H C l ,  p H 9 . 5  

lOOmM N a C l  

5mM M g C l2

NBT s t o c k :  NBT ( n i t r o b l u e  t é t r a z o l i u m ) , 5 0 m g / m l  i n  70%

N , N - d i m e t h y l f o r m a m i d e .

B C I P  s t o c k :  B C I P  ( 5 - b r o m o - 4 - c h l o r o - 3 - i n d o l y l  p h o s p h a t e ) ,

5 0 m g / m l  i n  1 0 0 %  N , N - d i m e t h y l f o r m a m i d e .

A P  c o l o u r  d e v e l o p m e n t  s o l u t i o n :  1 0 m l  A P  b u f f e r

6 6 u l  NBT s t o c k  

3 3 u l  B C I P  s t o c k  

NBT w a s  a d d e d  t o  t h e  A P b u f f e r  a n d  m i x e d .  B C I P  w a s  t h e n  

a d d e d  a n d  m i x e d .  T h e  s o l u t i o n  w a s  m a d e  u p  f r e s h l y  f r o m  

s t o c k s  b e f o r e  u s e .

B u f f e r s  a n d  s o l u t i o n s  f o r  S o u t h e r n  b l o t t i n g .

D e n a t u r i n g  s o l u t i o n .

N a C l  8 7 . 6 6 g

NaOH 2 0 g

d H 2 0  t o  1 L i t r e .

N e u t r a l i z i n g  S o l u t i o n .

N a C l  8 7 . 6 6 g

1M T r i s - H c l , p H  8 . 0  5 0 0 m l

H2 0  t o  1 L i t r e .
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Transfer buffer. ( 2 0  X S S C ) .

N a C l

s o d i u m  c i t r a t e

1 7 5 . 8 3 g  

8 8 .  2 g

A d j u s t  t h e  p H  t o  7 . 0  w i t h  a  f e w  d r o p s  o f  5M N a O H .

d H 2 0  t o 1 L i t r e .

D e n h a r d t ' s  s o l u t i o n .

F i c o l l 5 .  Og 

5 .  Og 

5 .  Og

P o l y v i n y l  P y r r o l i d i n e  

B o v i n e  S e r u m  A l b u m i n  

d H 2 0  t o 5 0 0 m l .

P r e h y b r i d i z a t i o n  s o l u t i o n .

6  x  S S C

5 X D e n h a r d t ' s  

0 . 5 %  S . D . S .

1 0 0  i i g / m l  d e n a t u r e d  s a l m o n  s p e r m  DNA 

H y b r i d i z a t i o n  s o l u t i o n .

T h i s  i s  t h e  s a m e  a s  p r e h y b r i d i z a t i o n  s o l u t i o n  b u t  i n  

a d d i t i o n  i t  c o n t a i n s  lOmM EDTA a n d  t h e  32P - l a b e l l e d  DNA 

p r o b e .

D e n a t u r e d  s a l m o n  s p e r m  DNA.
T h e  s a l m o n  s p e r m  DNA ( S i g m a  t y p e - 1 1 1  s o d i u m  s a l t )  w a s  

d i s s o l v e d  i n  w a t e r  a t  a  c o n c e n t r a t i o n  o f  l O m g / m l  b y  

s t i r r i n g  a t  r o o m  t e m p e r a t u r e  f o r  6 h o u r s .  T o  s h e a r  t h e  DNA 

i t  w a s  t h e n  p a s s e d  t h r o u g h  a n  1 8 - g u a g e  h y p o d e r m i c  n e e d l e  

s e v e r a l  t i m e s .  T h e  DNA w a s  t h e n  a l i q u o t e d  i n t o  

m i c r o c e n t r i f u g e  t u b e ,  b o i l e d  f o r  1 0  m i n u t e s  a n d  s t o r e d  a t  

- 2 0 ° c .  B e f o r e  u s e  i n  S o u t h e r n  b l o t t i n g  t h e  t h e  DNA w a s  

b o i l e d  f o r  5  m i n u t e s  a n d  c h i l l e d  q u i c k l y  i n  a n  i c e  b a t h .
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Solutions for ELISA.
Carbonate buffer.
S o d i u m  c a r b o n a t e  0 . 1 5 0 g  

S o d i u m  b i c a r b o n a t e  0 . 2 9 3 g

dH  0 t o  1 0 0 m l
2

pH  9 . 6

Solutions for DNA sequencing.

40% acrylamide solution.
A c r y l a m i d e  3 8 0 g

N , N ' - m e t h y l b i s a c r y l a m i d e  2 0 g

d H 2 0  t o  6 0 0 m l

T h e  s o l u t i o n  w a s  h e a t e d  t o  3 7 ° C  t o  d i s s o l v e  t h e  a c r y l a m i d e  

a n d  t h e  v o l u m e  w a s  t h e n  a d j u s t e d  t o  1 l i t r e  w i t h  d i s t i l l e d  

w a t e r .  T h e  s o l u t i o n  w a s  t h e n  f i l t e r e d  t h r o u g h  a  G e l m a n  

f i l t e r  ( 0 . 4 5 n m )  u n d e r  v a c u u m  a n d  s t o r e d  i n  t h e  d a r k  a t  4 ° C .

6% Acrylamide/urea stock solution.
1 0  X  TBE 1 0 0 m l

U r e a  ( u l t r a p u r e )  4 6 0 g

40%  A c r y l a m i d e  s o l u t i o n  7 5 m l

dH  0 t o  1 l i t r e
2

T h e  s o l u t i o n  w a s  f i l t e r e d  t h r o u g h  a  G e l m a n  f i l t e r  ( 0 . 4 5 u m )

u n d e r  v a c u u m  a n d  w a s  s t o r e d  a t  4 °C  i n  a  d a r k  b o t t l e .

2.7 Transformation of E.coli.
1 0 0 m l  o f  LB w e r e  i n o c u l a t e d  w i t h  1 m l  o f  a n  o v e r n i g h t  

c u l t u r e  o f  E. coli a n d  i n c u b a t e d  i n  a  s h a k i n g  w a t e r  b a t h  a t  

3 7 ° C  t o  a n  O . D . ^ _ _  o f  0 . 3  -  0 . 6 .  1 0 m l  o f  c e l l s  w e r e  t h e n
b U U

c h i l l e d  o n  i c e  f o r  1 0  m i n u t e s  a n d  s p u n  d o w n  a t  5 0 0 0  r p m  f o r  

5  m i n u t e s .  T h e  c e l l s  w e r e  r e s u s p e n d e d  i n  5 m l  o f  0 . 1 M  M g C l 2 

a n d  s p u n  d o w n  a s  b e f o r e .  T h e  c e l l s  w e r e  t h e n  r e s u s p e n d e d  i n  

5 m l  50mM C a C l 2 a n d  p u t  o n  i c e  f o r  6 0  m i n u t e s .  T h e  c e l l s  

w e r e  c e n t r i f u g e d  a s  a b o v e  a n d  r e s u s p e n d e d  i n  1 m l  C a C l 2

2 0 0 / i l  o f  c e l l s  w e r e  t h e n  a d d e d  t o  2 ^ 1  p l a s m i d  DNA o r  20ul 
o f  l i g a t i o n  m i x  a n d  t h e  r e a c t i o n  l e f t  o n  i c e  f o r  6 0
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m i n u t e s .  T h e  c e l l s  w e r e  t h e n  h e a t  s h o c k e d  a t  4 2 ° C  f o r  

e x a c t l y  2 m i n u t e s  a n d  p u t  b a c k  o n  i c e  i m m e d i a t e l y .  0 . 7 m l  LB 

w a s  t h e n  a d d e d  a n d  t h e  c e l l s  w e r e  i n c u b a t e d  a t  3 7 ° C  f o r  6 0  

m i n u t e s  a n d  p l a t e d  o u t  o n t o  a p p r o p r i a t e  s e l e c t i v e  m e d i a .

2 . 8  P r e p a r a t i o n  o f  e l e c t r o c o m p e t e n t  E. coli c e l l s .

1  l i t r e  o f  p r e w a r m e d  LB w a s  i n o c u l a t e d  w i t h  1 0 m l  o f  a  f r e s h  

o v e r n i g h t  c u l t u r e .  T h e  c u l t u r e  w a s  g r o w n  a t  3 7 ° C  w i t h  

v i g o u r o u s  s h a k i n g  t o  O . D . 6oq 0 . 6  -  0 . 8 .  T h e  f l a s k s  w e r e

t h e n  c h i l l e d  o n  i c e  f o r  3 0  m i n u t e s  a n d  h a r v e s t e d  b y  

c e n t r i f u g a t i o n  a t  4 0 0 0 r p m ,  f o r  1 5  m i n u t e s .  T h e  c e l l s  w e r e  

r e s u s p e n d e d  i n  1 L  o f  c o l d  s t e r i l e  w a t e r  b y  g e n t l e  s h a k i n g  

i n  a n  i c e  w a t e r  b a t h .  T h e  c e l l s  w e r e  t h e n  h a r v e s t e d  b y  

c e n t r i f u g a t i o n  a t  4 0 0 0 r p m  f o r  5  m i n u t e s ,  g e n t l y  r e s u s p e n d e d  

i n  5 0 0 m l  o f  s t e r i l e  w a t e r ,  h a r v e s t e d  a s  a b o v e  a n d  

r e s u s p e n d e d  i n  2 0 m l  o f  10% s t e r i l e  g l y c e r o l .  T h e  c e l l s  w e r e  

t h e n  c e n t r i f u g e d  a t  4 0 0 0 r p m  f o r  1 5  m i n u t e s ,  g e n t l y  

r e s u s p e n d e d  i n  2 m l  o f  10% g l y c e r o l  a n d  a l i q u o t e d  i n t o  

m i c r o c e n t r i f u g e  t u b e s  i n  v o l u m e s  o f  1 0 0 / i l  a n d  s t o r e d  a t  

- 7 0 ° C  f o r  f u r t h e r  u s e .

2 . 9  E l e c t r o p o r a t i o n  o f  c o m p e t e n t  E. coli c e l l s .

T h e  e l e c t r o p o r a t i o n  c u v e t t e s  w e r e  c h i l l e d  o n  i c e  f o r  5 

m i n u t e s .  1 - 1 0 ^ 1  o f  t h e  l i g a t i o n  m i x / p l a s m i d  w e r e  a d d e d  t o  

t h e  e l e c t r o c o m p e t e n t  c e l l s ,  m i x e d  g e n t l y  w i t h  a  p i p e t t e  t i p  

a n d  k e p t  o n  i c e  f o r  5  m i n u t e s .  T h e  c e l l s  w e r e  t h e n  

t r a n s f e r r e d  t o  t h e  e l e c t r o p o r a t i o n  c u v e t t e  b y  r u n n i n g  t h e m  

g e n t l y  d o w n  t h e  s i d e  o f  t h e  c u v e t t e  t o  p r e v e n t  a i r  b u b b l e s  

f r o m  f o r m i n g .  T h e  c u v e t t e  w a s  t a p p e d  o f f  t h e  d e s k  o n c e ,  

d r i e d  w i t h  t i s s u e  a n d  i m m e d i a t e l y  p l a c e d  i n t o  t h e  

e l e c t r o p o r a t i o n  a p p a r a t u s .  T h e  c e l l s  w e r e  e l e c t r o p o r a t e d  

u s i n g  t h e  f o l l o w i n g  p a r a m e t e r s :  2 . 4 9 k V ,  a  r e s i s t a n c e  o f

2 0 0  O h m s ,  t h e  c a p a c i t a n c e  e x t e n d e r  s e t  a t  1 2 5 f* F D ,  a n d  a  

c a p a c i t a n c e  o f  2 5 jn F D . T h e  o b s e r v e d  t i m e  c o n s t a n t  w a s  

g e n e r a l l y  3 . 5 - 4 . 5 .  l m l  o f  SOC m e d i a  w a s  t h e n  a d d e d  

i m m e d i a t e l y  t o  t h e  c u v e t t e ,  t h e  c e l l s  w e r e  t r a n s f e r r e d  t o  a  

s t e r i l e  m i c r o c e n t r i f u g e  t u b e  a n d  i n c u b a t e d  a t  3 7 ° c  f o r  6 0  

m i n u t e s .  2(il, 2 0 / i l  a n d  2 0 0 | i l  o f  t h e  t r a n s f o r m a t i o n  m i x  w a s
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p l a t e d  o u t  o n t o  a p p r o p r i a t e  s e l e c t i v e  m e d i a .

2 . 1 0 .  L i t h i u m  A c e t a t e  Y e a s t  t r a n s f o r m a t i o n .

I t o  e t  al, ( 1 9 8 0 )

T h e  y e a s t  s t r a i n  w a s  g r o w n  u p  o v e r n i g h t  a t  3 0 ° C  i n  YEPD t o

O . D .  cr.n 0 . 8 - 1 . 2 .  A v o l u m e  o f  1 0 0  m l  o f  c e l l s  w a s  s p u n  d o w n  o U U
a t  r o o m  t e m p e r a t u r e  f o r  5 m i n s  a t  1 5 , 0 0 0  r p m  , t h e

s u p e r n a t a n t  d e c a n t e d  o f f  a n d  t h e  c e l l s  w a s h e d  o n c e  w i t h  2 0

m l  s t e r i l e  T E .  C e l l s  w e r e  c e n t r i f u g e d  a s  a b o v e ,  a n d  t h e

s u p e r n a t a n t  w a s  d e c a n t e d  o f f  c a r e f u l l y .  T h e  c e l l s  w e r e

g e n t l y  r e s u s p e n d e d  i n  1 . 5  m l  o f  0 . 1  M L i A c / T E  a n d  i n c u b a t e d

a t  3 0 ° C  f o r  1  h o u r  w i t h  g e n t l e  s h a k i n g .  F o r  e a c h

t r a n s f o r m a t i o n ,  2 0 0 / i l  o f  c e l l s  w e r e  u s e d  a n d  t h e  f o l l o w i n g

w e r e  a d d e d :  lOfil o f  1 0  m g / m l  s a l m o n  s p e r m  DNA a s  c a r r i e r ,  1

t o  5  fig p l a s m i d  DNA ( l i n e a r i z e d  f o r  i n t e g r a t i v e

t r a n s f o r m a t i o n )  a n d  8 0 0 j i l  o f  40% PEG  4 0 0 0  i n  0 . 1  M L i A c / T E .

T h e  c e l l s  w e r e  t h e n  g e n t l y  m i x e d  a n d  i n c u b a t e d  a t  3 0 ° C  f o r

o n e  h o u r .  T h e  c e l l s  w e r e  t h e n  h e a t  s h o c k e d  a t  4 2 ° C  f o r  5

m i n u t e s  a n d  c e n t r i f u g e d  a t  r o o m  t e m p  f o r  2 m i n u t e s  a t  5 , 0 0 0

r p m .  T h e  s u p e r n a t a n t  w a s  r e m o v e d  g e n t l y  w i t h  a  p i p e t t e  a n d

t h e  c e l l s  w e r e  w a s h e d  w i t h  1  m l  s t e r i l e  w a t e r ,  s p u n  d o w n

f o r  2 m i n u t e s  a t  5 , 0 0 0  r p m  a n d  t h e  s u p e r n a t a n t  c a r e f u l l y

d e c a n t e d  o f f .  T h e  c e l l  p e l l e t  w a s  r e s u s p e n d e d  i n  2 0 0 / n l

s t e r i l e  dH  0  a n d  p l a t e d  o u t  o n  a p p r o p r i a t e  s e l e c t i v e  m e d i a .  
« _

T h e  p l a t e s  w e r e  i n c u b a t e d  a t  3 0  C f o r  2 t o  4 d a y s  a n d  t h e  

t r a n s f o r m a n t s  w e r e  t h e n  s t r e a k e d  o u t  f o r  s i n g l e  c o l o n i e s .

2 . 1 1 .  R a p i d  s m a l l  s c a l e  i s o l a t i o n  o f  p l a s m i d  DNA f r o m

E. coli.
T w o  m e t h o d s  w e r e  r o u t i n e l y  u s e d  f o r  t h e  s m a l l  s c a l e  

i s o l a t i o n  o f  p l a s m i d  DNA. T h e  f i r s t  m e t h o d  w a s  u s e d  w h e n  

t h e  DNA i s o l a t e d  w a s  u s e d  i n  DNA m a n i p u l a t i o n s  a n d  t h e  

s e c o n d  w h e n  t h e  DNA w a s  u s e d  f o r  r e s t r i c t i o n  a n a l y s i s .  T h e  

s o l u t i o n s  u s e d  a r e  d e s c r i b e d  i n  s e c t .  2 . 6 .

M e t h o d  1 .  ( B i r n b o i m  a n d  D o l y  1 9 7 9 )

l m l  o f  a n  o v e r n i g h t  c u l t u r e  g r o w n  u p  i n  s e l e c t i v e  m e d i a  w a s  

p e l l e t e d  i n  a  m i c r o c e n t r i f u g e  a t  5 , 0 0 0  r p m  f o r  5 m i n s .  T h e
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s u p e r n a t a n t  w a s  d e c a n t e d  o f f  a n d  t h e  c e l l s  w e r e  r e s u s p e n d e d  

i n  l O O j i l  o f  s o l u t i o n  1 .  A f t e r  5  m i n u t e s  a t  r o o m  t e m p e r a t u r e  

2 0 0 f x l  o f  s o l u t i o n  2 w e r e  a d d e d  a n d  m i x e d  b y  i n v e r s i o n .  T h e  

m i c r o c e n t r i f u g e  t u b e  w a s  t h e n  p l a c e d  o n  i c e  f o r  5  m i n u t e s .  

T h e n  1 5 0 f i l  o f  s o l u t i o n  3 w e r e  a d d e d ,  t h e  s o l u t i o n  m i x e d  b y  

i n v e r s i o n  a n d  p u t  o n  i c e  f o r  1 0  m i n u t e s .  T h e  c e l l  d e b r i s  

a n d  c h r o m o s o m a l  DNA w a s  p e l l e t e d  b y  c e n t r i f u g a t i o n  a s  

a b o v e ,  a n d  4 0 0 / i l  o f  t h e  s u p e r n a t a n t  w e r e  r e m o v e d  t o  a  f r e s h  

m i c r o c e n t r i f u g e  t u b e .  4 0 0 ^ 1  o f  p h e n o l / c h l o r o f o r m  w e r e  

a d d e d ,  m i x e d  b y  v o r t e x i n g  a n d  c e n t r i f u g e d  f o r  2 m i n u t e s  a t  

1 0 , 0 0 0  r p m .  T h e  a q u e o u s  l a y e r  w a s  r e m o v e d  t o  a  n e w  

m i c r o c e n t r i f u g e  t u b e  a n d  8 0 0 / i l  o f  c o l d  a b s o l u t e  e t h a n o l  

w e r e  a d d e d  a n d  m i x e d  b y  i n v e r s i o n .  A f t e r  1 0  m i n u t e s  a t  r o o m  

t e m p e r a t u r e ,  t h e  p l a s m i d  DNA w a s  p e l l e t e d  b y  c e n t r i f u g a t i o n  

f o r  1 0  m i n u t e s  a t  1 2 , 0 0 0  r p m .  T h e  p e l l e t  w a s  w a s h e d  t w i c e  

w i t h  2 0 0 f i l  70% e t h a n o l ,  o n c e  w i t h  e t h e r  a n d  a l l o w e d  t o  d r y  

f o r  1 0  m i n u t e s  a t  5 5 ° C .  T h e  p e l l e t  w a s  r e s u s p e n d e d  i n  6 0 f i l  

T E  a n d  l f i l  o f  l O m g / m l  D N a s e  f r e e  R N a s e .

M e t h o d  2 .  S T E T  p r e p a r a t i o n  ( H o l m e s  a n d  Q u i g l e y ,  1 9 8 1 ) .

A p a t c h  o f  c e l l s  f r o m  a  p l a t e  g r o w n  o v e r n i g h t  o n  s e l e c t i v e  

m e d i a  w a s  p u t  i n  a  s t e r i l e  m i c r o c e n t r i f u g e  t u b e  u s i n g  a  

s t e r i l e  c o c k t a i l  s t i c k .  T h e  c e l l s  w e r e  r e s u s p e n d e d  b y  

v o r t e x i n g  i n  3 0 0 ^ 1  o f  S T E T  b u f f e r  a n d  2 0 * i l  o f  l O m g / m l  

l y s o z y m e  w e r e  a d d e d ,  m i x e d  b y  v o r t e x i n g  a n d  l e f t  a t  r o o m  

t e m p e r a t u r e  f o r  1 0  m i n u t e s .  T h e  m i c r o c e n t r i f u g e  t u b e  w a s  

t h e n  p l a c e d  i n  a  b o i l i n g  w a t e r  b a t h  f o r  6 0  s e c o n d s  a n d  t h e  

c e l l  d e b r i s  w a s  t h e n  p e l l e t e d  b y  c e n t r i f u g a t i o n  a t  1 2 , 0 0 0  

r p m  f o r  5  m i n u t e s .  T h e  s u p e r n a t a n t  w a s  r e m o v e d  a n d  a d d e d  t o  

a n  e q u a l  v o l u m e  o f  i s o p r o p a n o l .  A f t e r  3 0  m i n u t e s  a t  -  2 0 ° C  

t h e  p l a s m i d  DNA w a s  p e l l e t e d  b y  c e n t r i f u g a t i o n  a t  1 2 , 0 0 0  

r p m  f o r  1 0  m i n u t e s .  T h e  p e l l e t  w a s  w a s h e d  t w i c e  w i t h  70% 

e t h a n o l ,  o n c e  w i t h  e t h e r ,  a l l o w e d  t o  d r y  f o r  1 0  m i n u t e s  a t  

5 5 ° c  a n d  r e s u s p e n d e d  i n  60 |l i1  TE  a n d  ly.1 l O m g / m l  D N a s e  f r e e  

R N a s e .

2 . 1 2  L a r g e  s c a l e  i s o l a t i o n  o f  p l a s m i d  DNA f r o m  E.coli.
2 5 0  m l  o f  LB w e r e  i n o c u l a t e d  w i t h  2 . 5 m l  o f  a  f r e s h  

o v e r n i g h t  c u l t u r e .  T h e  c e l l s  w e r e  t h e n  g r o w n  u p  t o  a n  ODgoo
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o f  0 . 8 ,  a t  w h i c h  p o i n t  1 m l  o f  c h l o r a m p h e n i c o l  ( 5 0 m g / m l  i n  

e t h a n o l )  w a s  a d d e d  f o r  p l a s m i d  DNA a m p l i f i c a t i o n .  A f t e r  

o v e r n i g h t  i n c u b a t i o n  a t  3 7 ° C ,  t h e  c e l l s  w e r e  h a r v e s t e d  b y  

c e n t r i f u g a t i o n  a t  5 0 0 0  r p m  f o r  1 0  m i n s .  T h e  c e l l  p e l l e t  w a s  

r e s u s p e n d e d  t o  2 m l  w i t h  s u c r o s e  (2 5 %  i n  0 . 2 5 M  T r i s . H c l  p H  

8 . 0 ) .  T h e  c e l l  s u s p e n s i o n  w a s  t h e n  t r a n s f e r r e d  t o  a  

B e c k m a n n  p l a s t i c  s c r e w  c a p p e d  u l t r a c e n t r i f u g e  t u b e  a n d  

0 . 4 m l  o f  l y s o z y m e  ( 2 0 m g / m l  i n  0 . 2 5 M  T r i s - H C l ,  p H  8 . 0 )  w a s  

a d d e d  a n d  t h e  s u s p e n s i o n  i n c u b a t e d  o n  i c e  f o r  5  m i n u t e s .  

0 . 8 m l  o f  EDTA ( 0 . 2 5 M ,  p H  8 . 0 )  w a s  t h e n  a d d e d  a n d  t h e  c e l l  

s u s p e n s i o n  w a s  m i x e d  b y  v o r t e x i n g  a n d  i n c u b a t e d  o n  i c e  f o r  

1 0  m i n u t e s .  3 . 2 m l  o f  T r i t o n  m i x  ( s e c t  2 . 6 )  w e r e  t h e n  a d d e d  

t o  t h e  t u b e ,  m i x e d  a n d  a f t e r  1 5  m i n u t e s  o n  i c e  t h e  c e l l  

s u s p e n s i o n  w a s  c e n t r i f u g e d  a t  4 0 , 0 0 0  r p m  f o r  4 0  m i n u t e s  a t  

4 ° C . T h e  s u p e r n a t a n t  w a s  t h e n  t r a n s f e r r e d  t o  a  s t e r i l e  

p l a s t i c  t u b e  c o n t a i n i n g  6 . 9 g  o f  c a e s i u m  c h l o r i d e .  T h e  s a l t  

w a s  d i s s o l v e d  b y  g e n t l y  i n v e r t i n g  t h e  t u b e  s e v e r a l  t i m e s  

a n d  t h e  s o l u t i o n  w a s  t h e n  t r a n s f e r r e d  t o  a  B e c k m a n n  

q u i c k s e a l  p o l y a l l o m e r  u l t r a c e n t r i f u g e  t u b e .  1 8 0 | i l  o f  

e t h i d i u m  b r o m i d e  ( l O m g / m l )  w a s  t h e n  a d d e d  t o  t h e  t u b e  a n d  

t h e  s o l u t i o n  w e i g h t  w a s  m a d e  u p  t o  1 4 .  l g  w i t h  10m m  ED TA . 

T h e  t u b e  w a s  f i l l e d  w i t h  m i n e r a l  o i l ,  b a l a n c e d  a n d  t h e n  

s e a l e d  u s i n g  a  B e c k m a n n  h e a t  s e a l e r .  T h e  c a e s i u m  c h l o r i d e  

g r a d i e n t  w a s  f o r m e d  b y  c e n t r i f u g i n g  t h e  t u b e  a t  5 0 , 0 0 0  r p m  

f o r  2 4  h o u r s  a t  1 8 ° C .  A f t e r  t h i s  t i m e  t h e  p l a s m i d  DNA h a d  

s e p a r a t e d  f r o m  t h e  c h r o m o s o m a l  b a n d  a n d  w a s  v i s u a l i z e d  

u s i n g  a n  u l t r a v i o l e t  l i g h t  s o u r c e .  T h e  p l a s m i d  DNA w a s  

r e m o v e d  b y  i n s e r t i n g  a  n e e d l e  j u s t  b e l o w  t h e  p l a s m i d  b a n d  

( l o w e r  b a n d )  a n d  c a r e f u l l y  d r a w i n g  t h e  p l a s m i d  c o n t a i n i n g  

f l u i d  i n t o  t h e  s y r i n g e .  T h e  e t h i d i u m  b r o m i d e  w a s  t h e n  

r e m o v e d  b y  e x t r a c t i n g  t h e  DNA f o u r  t i m e s  w i t h  a n  e q u a l  

v o l u m e  o f  i s o p r o p a n o l  s a t u r a t e d  w i t h  2 0  X S S C  ( s e c t  2 . 6 ) .  

T h e  c a e s i u m  c h l o r i d e  w a s  r e m o v e d  b y  p l a c i n g  t h e  DNA 

s o l u t i o n  i n  d i a l y s i s  t u b i n g  a n d  d i a l y s i n g  a g a i n s t  s e v e r a l  

c h a n g e s  o f  d i s t i l l e d  w a t e r .  T h e  d i a l y s i s  t u b i n g  w a s  b o i l e d  

i n  lOmM EDTA a n d  r i n s e d  i n  d i s t i l l e d  w a t e r  p r i o r  t o  u s e .
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2.13. Large scale isolation of plasmid DNA using Qiagen 
columns.
C o l u m n s  w e r e  s u p p l i e d  b y  Q i a g e n  I n c .  a n d  u s e d  a c c o r d i n g  t o  

t h e  m a n u f a c t u r e r s  i n s t r u c t i o n s .  Y i e l d s  o f  2 5 - 4 0 u g  o f  

p l a s m i d  DNA w e r e  o b t a i n e d  u s i n g  t h i s  p r e p a r a t i o n  m e t h o d .

2.14. General DNA Manipulations.
A l l  e n z y m e s  u s e d  f o r  p l a s m i d  a n d  c h r o m o s o m a l  DNA d i g e s t s  

w e r e  u s e d  i n  a c c o r d a n c e  w i t h  t h e  m a n u f a c t u r e r s  

i n s t r u c t i o n s .  D i g e s t s  w e r e  r u n  o n  0 . 7 %  a g a r o s e  g e l s  w h i c h  

w e r e  s t a i n e d  f o r  3 0  m i n u t e s  i n  a n  e t h i d i u m  b r o m i d e  b a t h  

( 1 0 0 /liI  o f  a  l O m g / m l  s o l u t i o n  i n  1 l i t r e  o f  d i s t i l l e d  

w a t e r )  . G e l s  w e r e  t h e n  d e s t a i n e d  f o r  5 m i n u t e s  i n  

d i s t i l l e d  w a t e r  a n d  v i s u a l i z e d  o n  a n  u l t r a v i o l e t  l i g h t  b o x .

Klenov reaction.
A f t e r  r e s t r i c t i o n  d i g e s t s  a n d  p r i o r  t o  r e c i r c u l a r i s a t i o n  o r  

t h e  a d d i t i o n  o f  l i n k e r s  t o  p l a s m i d s ,  t h e  k l e n o w  r e a c t i o n  

w a s  u s e d  t o  f i l l  i n  c o h e s i v e  t e r m i n i .  F o l l o w i n g  d i g e s t i o n  

t h e  r e s t r i c t i o n  e n z y m e  w a s  h e a t  i n a c t i v a t e d  ( 6 5 ° C  f o r  1 0  

m i n s . )  a n d  t h e  DNA w a s  c l e a n e d  b y  p a s s a g e  t h r o u g h  a  

s e p h a r o s e  C L4B  c o l u m n .  T h e  v o l u m e  w a s  m a d e  u p  t o  8 0 j u l  w i t h  

d H . , 0 .

Klenow reaction mix:
DNA 8 0 * i l .

1 0  x  k l e n o w  b u f f e r  l O f i l .

2mM d N T P s  8 j n l .

K l e n o w  e n z y m e  2 j i l .

T h e  r e a c t i o n  w a s  i n c u b a t e d  a t  2 2 ° C  f o r  3 0  m i n u t e s  a n d  t h e  

k l e n o w  e n z y m e  w a s  t h e n  h e a t  i n a c t i v a t e d  b y  i n c u b a t i o n  a t  

6 5 ° C  f o r  1 0  m i n u t e s .
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Addition of Linkers.
After the klenow reaction DNA linkers were ligated using 
the following reaction mixture.
Klenowed DNA 100/il.
lOOmM ATP ml.
lOOmM Spermidine l/il.
500mM dTT 3|il.
Linker 2/il.
10 x klenow buffer lui.
T4 DNA ligase ljil.
The reaction was incubated at 22°C for 60 minutes, after 
which a further 3jxl of 500mM dTT and 1^1 of T4 DNA Ligase 
were added and the reaction incubated overnight at 14°C.

BAL 31 Digests.
Approximately long of plasmid DNA were linearized, 
phenol/chloroform extracted twice, ether extracted once and 
then precipitated with 2 volumes of ethanol and l/10th 
volume of 3M sodium acetate. The DNA was then resuspended 
in 60/il TE (pH 7.2). 60̂ x1 of 2x BAL 31 buffer and lfil of 
BAL 31 were then added and the reaction incubated at 30°C. 
At given time points 15fil of the reaction mixture were
removed and added to 2^1 0.25M EGTA on ice. The number of 
base pairs removed by the exonuclease activity was then 
worked out by digesting the BAL 31 treated plasmid with a 
suitable restriction enzyme and running the digests on a 
0.7% agarose gel.

Dephosphorylation of digested DNA.
0.5fil of Calf Intestinal Phosphatase (CIP) and 1.5jli1 CIP
buffer were added to 13/il of linearized plasmid DNA and 
incubated at 37°C for 20 minutes. The following were then 
added to the reaction:
10 x STE 10m 1.
lOmM EDTA 10ul.
20% SDS 25fil.
dH20 60ul.
TE lOOjul.
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The reaction was incubated for 10 minutes at 65°C to heat 
inactivate the enzymes, extracted twice with 
phenol/chloroform, once with ether and then ethanol 
precipitated overnight at -20°C.

DNA ligations.
Ligations were carried out in the presence of 1 unit of T4 
DNA ligase and vectors (CIP treated) and insert fragments 
were routinely ligated in a ratio of 1:10. Ligations were 
incubated overnight at 12 -14°C or at 22°C for 6 hours.

Isolation of DNA from agarose gels- Geneclean procedure.
The required band was cut from the gel and placed in a 
sterile microcentrifuge tube. The fragment was weighed and 
2ml/g of the sodium iodide solution was added. The 
microcentrifuge tube was then incubated at 50°C for 2
minutes to dissolve the agarose and after vortexing, the 
microcentrifuge tube was incubated at 50°C for 5 minutes, 
lfil of the glass milk suspension was added, mixed by 
vortexing for 10 seconds and the microcentrifuge tube was 
placed on ice for 5 minutes. The glass milk DNA complex was 
then spun down in an minifuge for 5 seconds and the 
supernatant discarded. The pellet was washed 3 times with 
the ethanol wash solution. The DNA was then eluted by 
resuspending the pellet in 10/il TE, incubating for 3
minutes at 50°C, spinning down the pellet and removing the 
supernatant to a clean microcentrifuge tube. The pellet was 
then resuspended as above and the procedure repeated giving 
a total volume of 20fil of isolated fragment.The DNA was 
stored at - 20°C for future use.

Column cleaning procedure for cleaning up DNA using
Sepharose CL6B columns.
A hole was made in the bottom of a 0.75ml microcentrifuge 
tube with a sterile needle. Approximately 50jil of 40 mesh 
glass beads were added to the microcentrifuge tube to 
prevent the sepharose gel from leaking through the hole. 
0.5ml of 70% sepharose CL6B in TE were then added to the
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tube and the column was washed through 4 times with sterile 
dH20 and once with TE using a volume equal to the sample to 
be applied. After each wash the column was spun down for 2
minutes exactly at 1500 rpm. The sample was then applied to
the column and spun down for 2 minutes at 1500 rpm. The DNA 
was now ready for use.

2.15 Isolation of total Yeast DNA
5ml of a culture grown overnight in YEPD to O.D.g00 1- 1.5
were pelleted, washed with 5ml of water, repelleted and
washed with 2ml of SPM buffer. The cells were then pelleted 
and resuspended in 0.5ml of SPM buffer (sect. 2.6). 50fil of 
the cell suspension was diluted to a volume of 5ml in dH20. 
This sample was used as a negative control when working out 
the spheroplasting efficiency. lOOjil of lyticase were added 
to the cell suspension and incubated at 37°C and the 
spheroplasting monitored until an O.D.6oq of 5 - 20% of the 
negative control was reached, usually 40 - 60 minutes.
lOOjil of Proteinase K (Merck, lOmg/ml freshly made up in 
150mM NaCl) , 50/j1 EDTA (0.5M, pH 8.0), and 70jil 25% SDS
were added to the spheroplasts and incubated for 30 
minutes at 37°c. 700jil of phenol/chloroform mix were then 
added, mixed by inversion and spun for 10 minutes at 
10,000rpm. The upper phase and the interphase were 
transferred to a fresh eppendorf with a wide bore 1ml 
micropipette tip. This step was repeated, but only the 
upper phase was taken and transferred to a fresh 
microcentrifuge tube and extracted once with an equal 
volume of chloroform. 1.5 volumes of cold ethanol (-20°C) 
were then added and the DNA was allowed to precipitate for 
10 minutes and then pelleted for 15 minutes at 12000 rpm. 
The DNA was resuspended in 300*il of sterile TE buffer. 15iil 
of RNase (lOmg/ml) were added and the reaction incubated at 
37°C for 3 0 minutes and then extracted once with lOOjxl 
phenol/chloroform. The aqueous layer was then precipitated 
with 1.5 volumes of cold ethanol and spun down at 12000 rpm 
for 15 minutes. The pellet was carefully resuspended in 50 
- 100/il of TE. 5*il of the DNA was then run on a 0.7%
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agarose gel with lambda size markers (Type 11 from BRL) to 
check the chromosomal DNA size range.

2.16. Isolation of plasmid DNA from yeast.
5ml of cells from an late exponential phase culture were 
harvested by centrifugation (5000rpm/5mins)and then 
resuspended in 0.5ml 1M sorbitol/0. 1M EDTA. 50/il of
lyticase (8000u/ml) were then added and the cells were 
incubated for 60 minutes at 37°C. The cells were then spun 
at lOOOrpm for 1 minute and resuspended in 0.5ml 50mM 
Tris-HCl,pH 7.4/20mM EDTA. 50jul of 10%SDS was now added and 
the mixture was now incubated for 30 minutes at 65°C. 
2 0 0 (j l 1 of 5M potassium acetate was added and the mix was 
left on ice for 60 minutes, spun for 5 mins/5000rpm after 
which the supernatant was removed and precipitated with an 
equal volume of isopropanol. After 5 minutes at room 
temperature the DNA was pelleted by spinning for 10 
seconds. The pellet was then dried at 55°C and resuspended 
in 300^1 T.E. pH 7.4. 15fil of RNase (lmg/ml)was added to 
the re suspended DNA and incubated for 30 minutes at 37°C 
after which the DNA was precipitated by the addition of 
30^1 of 3M sodium acetate and 300*il of cold isopropanol. 
The DNA was pelleted by centrifugation (5mins/5000rpm) and 
resuspended in 50^1 of T.E. This volume of DNA was then 
used for transformation of E.coli.

2.17. Plate assays for detecting a-amylase activity.
In order to visualize a-amylase activity on plates, amylase 
secreting strains of E. coli or S.cerevisiae were grown up 
overnight on LB (for E.coli), YEPD or minimal medium 
supplemented with 2% lintners starch. The amylase activity 
was visualized by incubating the plates at 4°C for 24 
hours, after which the undegraded starch had precipitated 
leaving clear haloes corresponding to areas of amylase 
activity.
Alternatively, the plates were inverted over iodine 
crystals for 60 seconds. Areas where the starch had been
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broken down appeared as clear haloes on a dark blue 
background. Plates were also made up containing 0.003% 
bromophenol purple and 2% lintners starch, the amylase 
activity was visualised on these plates after 48 hours 
growth followed by precipitation of the undigested starch 
overnight.

Preparation of Cibacron Blue-starch (CS) for the detection 
of amylase production:
Cibacron blue starch was made by a modification of the 
method of Klein et al. , (1969). lOOg of Litner's starch
were suspended in 900ml of distilled water and heated to 
53°C. lOg of Cibacron Blue F3GA (Sigma) in 50ml of 
distilled water were added with constant stirring. 2 00g of 
Na2S04 and log of Na3P04 were then added gradually (in 
small amounts) over a period of 15 minutes. The mixture was 
stirred at 50-55°C for 75 minutes. The suspension was 
collected by filtration and washed with deionized water 
with vigourous stirring until the supernatant was 
colourless. The blue suspension was washed with distilled 
water, then with methanol, collected by filtration and 
dried in a vacuum desiccator. To detect amylase production, 
minimal medium plates containing 2% starch were overlaid 
with 5ml of minimal medium containing 1% CS. Plates were 
incubated for 2 days and examined for zones of clearing.

2.18. DNS assay for measuring a-amylase activity. (Miller 
et al. 1960).
The following reaction mix was set up in a test tube:
0.1M NaHP04 buffer pH 6.9 1.0ml
1% Lintners starch 1.0ml
0.5M NaCl 0.2ml
The reaction mix was preincubated at 93°C for 10 minutes. 
0.5ml of culture supernatant or extract (diluted as 
necessary) were then added to the reaction mix and mixed by 
vortexing. The reaction was incubated for 3 0 minutes at 
93°C. 1ml of DNS solution was then added to the tube and 
the reaction was boiled for 15 minutes, allowed to cool,
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and the O.D. measured at 540nm. One unit of enzyme activity 
was defined as that amount of enzyme producing 0.15jimol of 
reducing sugar in 30 minutes in the standard assay.

2.19. Starch breakdown assay for measuring a-amylase 
activity.
(Laoide et al, 1989)
The standard reaction mix contained the following:
0.1% Lintners starch 1.0ml.
5M NaCl 0.2ml.
0.1M KHPO. Buffer 1.0ml.4
The reaction mix was prewarmed at 93 C for 15 minutes. 
0.5ml of supernatant or extract (diluted as necessary) were 
added, mixed by vortexing and the reaction incubated for 30 
minutes at 37°C. The reaction was then stopped by the 
addition of 1ml of iodine solution (0.1% KI,0.01% I2 in 1M 
HC1) and allowed to cool for 15 minutes before reading the 
O.D. at 620nm.

2.20. SDS Polyacrylamide gel electrophoresis (PAGE). All
protein samples were routinely run on 10% SDS 
polyacrylamide gels. The gels were prepared as follows.

Separating gel:
Acrylamide/Bisacrylamide solution (30:1) 10.5ml
1.87M Tris.HCl, pH 8.8 6.3ml
dH20 14.1ml
10% SDS 180fil
10% Ammonium Persulphate 150/il
TEMED 3 0fil

Stacking gel:
Acrylamide/Bisacrylamide solution (30:1) 3.75ml
0.5M Tris.HCl, pH 6.8 1.8ml
dH O 11.5ml
10% SDS 150/Lll
10 % Ammonium persulphate 150^1
TEMED 150^1
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The separating gel was poured, covered with a layer of 
isopropanol and allowed to set for 4 hours. The stacking 
gel was then poured and allowed to set for one hour prior 
to use. All protein samples were boiled for 5 minutes in 
solubilisation buffer before being loaded on the gel. 
After loading, gels were routinely run for 12 hours at 100 
volts in SDS running buffer, stained for 12 hours and then 
destained and stored in 7% acetic acid.

2.21. a-amylase activity gels.
For the direct visualization of a-amylase activity in gels 
the running gel was made up with 0.25% lintners starch in 
place of water. The lintners starch was boiled for 15 
minutes prior to use in the gel. After the gel had run, the 
amylase was renatured by incubation in renaturation buffer 
(sect. 2.6) for 2 hours with fresh buffer added after the 
first hour. The gel was then washed 3 times with distilled 
water and incubated at 55°c for 6 hours in activity buffer 
(sect. 2.6).

2.22. Preparation of yeast cell extracts for assaying 
a-amylase activity and for PAGE.
10ml of cells were spun down at 10,000 rpm for 5 mins, 
washed once in water and once with 1.2 M sorbitol, 50mM 
potassium phosphate pH 7.5 and spun as before. The cells 
were then resuspended in 950^1 of 1.2M sorbitol containing 
the following: 50 mM potassium phosphate pH 7.5, 14mM
mercaptoethanol and ImM PMSF. 50/il of lyticase (8000 
units/ml) in 50 mM potassium phosphate pH 7.5) were then 
added, and spheroplasting was followed microscopically 
until complete, usually 20 - 3 0 minutes. The spheroplasts 
were spun down at 4,000 rpm for 5 minutes, resuspended and 
washed twice with 1 ml 1.2M sorbitol, 50mM potassium 
phosphate pH 7.5. The spheroplasts were then lysed by 
resuspending them in 1ml 50mM potassium phosphate pH 7.0, 
ImM PMSF and 0.2% triton-x-100. The cell debris was spun 
out for 10 minutes at 10,000 rpm and the supernatant was 
used to assay for internal a-amylase activity. An equal
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volume of 2 x solubilisation buffer was added to aliquots 
of the supernatant for PAGE.

2.23. Preparation of yeast cell supernatants for a-amylase 
activity gels.
500ml of the yeast culture supernatant were concentrated 
down to 10ml using an Amicon ultrafiltration system. The 
concentrated supernatant was then dialysed against 4 
changes of lOmM phosphate buffer, pH 6.9, over a period of 
16 hours to remove excess salt. The dialysed supernatant 
was aliquoted into microcentrifuge tubes and freeze-dried 
overnight. Aliquots were resuspended in appropriate buffers 
just prior to use.

2.24. Preparation of yeast cell supernatants for 
determination of a-amylase and 0-glucanase activity.
Yeast cultures were centrifuged at 5,000 rpm for 5 minutes. 
The supernatants were then dialysed against PBS for 16-24 
hours at 4°C with 3 changes of buffer prior to 
quantification of a-amylase and /3-glucanase activity using 
the DNS assay.

2.25. Preparation of yeast cell extracts for determination 
of /3-glucanase activity.
5 ml of cells were harvested by centrifugation at 5,000 rpm 
for 5 minutes and resuspended in 5 ml of IX lysis buffer, 
lg of glass beads were added and the cells were vortexed 
for 3 minutes (6 x 30 second bursts, with 3 0 seconds on ice 
between each burst) . The cell debris was spun out and the 
cleared lysate removed to a fresh tube. Cell breakage was 
followed microscopically.

2.26. Treatment of a-amylase with EndoglycosidaseHf.
This treatment was carried out to remove N-linked core 
carbohydrate from the protein sample prior to loading onto 
SDS polyacrylamide gels. A freeze-dried aliquot as prepared 
in section 2.22 was denatured by boiling for 10 minutes in 
denaturing buffer (sect. 2.6). One tenth the reaction
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volume of EndoH^ reaction buffer (0.5M Sodium Citrate) and 
1 ill of EndoH^ were then added to the reaction and 
incubated for 60 minutes at 37°C. An equal volume of 2 x 
solubilisation buffer was then added and samples applied to 
the polyacrylamide gel after boiling for 5 mins.

2.27. Western blotting.
Transfer of proteins to nitrocellulose.
After electrophoresis, the SDS polyacrylamide gel was 
equilibrated in transfer buffer for 20 minutes. Two fibre 
pads, nitrocellulose sheets and Whatman filter paper were 
then soaked in transfer buffer. Proteins were transferred 
using a Bio-Rad transfer cell and the transfer unit was 
assembled as follows: A moist fibre pad was placed on the 
cathode panel of the transfer unit followed by a piece of 
Whatman # 2 filter paper cut to the size of the gel. This 
was followed by the gel, a sheet of nitrocellulose 
membrane, another piece of filter paper and the second 
fibre pad. The unit was then closed and placed in the 
transfer tank which was filled with transfer buffer. 
Transfer was allowed to proceed for 4 hours at 60V, 0.21A 
or overnight at 30V, 0.1A. A small stirring bar was used to 
circulate the buffer to prevent localized heating. The 
efficiency of transfer was monitored by the use of 
prestained molecular weight markers (Sigma). The 
nitrocellulose membrane was then either used immediately or 
stored in a sealed plastic bag at 4°C to keep it moist.

Binding of primary and secondary enzyme-conjugated 
antibodies.
All incubation and washing steps were carried out at room 
temperature. The nitrocellulose membrane was submerged and 
rinsed in TBST until evenly wet. The TBST was then replaced 
with blocking solution and incubated with shaking for 30 - 
60 minutes. The blocking solution was decanted off and 
replaced with TBST (O.lml/cm ) containing an appropriate 
concentration of the primary antibody and incubated for 60 
minutes. The membrane was then washed 3 times for 10

88



minutes each time with TBST, transferred to TBST 
containing a 1/7500 dilution of the anti-rat IgG alkaline 
phosphatase conjugate, incubated for 60 minutes and again 
washed 3 times for 10 minutes each time in TBST.

Development of alkaline phosphatase (AP)colour reaction.
The nitrocellulose membrane was blotted dry on filter paper 
and transferred to 10ml of the AP colour development 
solution (sect. 2.6). The colour was allowed to develop 
until bands of the desired intensity appeared. The reaction 
was stopped by washing the membrane several times in 
distilled water. The membrane was then blotted dry and 
stored in a sealed plastic bag.

2.28. Southern blotting.
The technique used was that described by Southern (1975) 
After electrophoresis, the gel was stained with ethidium 
bromide and photographed. The gel was then transferred to 
a tray containing several volumes of denaturing solution 
and incubated with shaking at room temperature for 45 
minutes. The denaturing solution was then decanted off and 
replaced with neutralizing solution and the gel was shaken 
for one hour. The DNA was then transferred bidirectionally 
as follows: a stack paper towels 6cm high was placed on a 
glass plate and 3 sheets of Whatman 3 MM filter paper 
presoaked in 20 X SSC were then placed on top of the paper 
towels. A sheet of nitrocellulose the exact size of the gel 
and presoaked in 20 X SSC was then placed onto the filter 
paper and the gel was carefully placed on top of the 
nitrocellulose. This sandwich was then then repeated on top 
of the gel. The entire arrangement was weighted down with a 
five kilogram weight. After 24 hours transfer was complete 
and the nitrocellulose was removed carefully, soaked in 6 x 
SSC at room temperature for five minutes, allowed to air 
dry and then baked for 2 hours at 80°C.
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2.29. Preparation of radioactive probe.
The probe was prepared by random priming using the Promega 
labeling system based on the method developed by Feinberg
and Vogelstein (1983).
The reaction mix contained the following:
5 X labelling buffer lOjil
Mix of unlabelled dNTPs (final conc 20*iM each) 2p.l
Linear DNA template 25ng
lmg/ml acetylated nuclease free BSA 25^1
[a -32P] dNTP (3000 Ci\mM) 4(il
Klenow enzyme 5 Units
the final reaction volume was made up to 50jil with sterile 
dH20.
The components were mixed gently and the reaction tube was 
incubated at room temperature for 3 hours. The reaction was 
then terminated by the addition of EDTA to a final 
concentration of 20mM and then boiled for 2 minutes. The 
reaction tube was placed directly onto ice and used 
immediately or was stored at -20°C until required.

2.30. Hybridisation of probe to baked filters.
The baked filters were soaked for 2 minutes in 6 X SSC and 
then put into a heat sealable bag. Prehybridization mix 
(0.2ml/cm2 of nitrocellulose filter) was warmed to 68°C and 
added to the bag. The excess air was then squeezed from the 
bag and the bag was sealed and incubated on a shaking table 
at 68°C for 4 hours. The prehybridization mix was then 
replaced with hybridisation solution (50fxl/cm2) containing 
the labelled denatured probe. After overnight incubation 
(16 - 2 0 hours) at 68°C the fluid was removed from the bag 
and the filter was transferred to a solution of 2 X SSC and
0.5% SDS and incubated at room temperature for 15 minutes. 
This solution was then decanted off and replaced with 2 X 
SSC and 1% SDS and the filter was incubated for a further 
15 minutes at room temperature. The filter was then 
incubated for 2 hours at 68°C in a solution of 0.1% SSC 
and 0.5% SDS. The buffer was decanted off and replaced with 
fresh buffer and incubated for a further 30 minutes. The

9 0



filter was then air dried at room temperature on a sheet of 
3MM Whatman paper, placed in a plastic heat sealable bag 
and exposed to Kodak x-ray film. After exposure the film 
was developed and fixed using Kodak DX-80 developer and 
FX-40 x-ray developer.

2.31. Mutagenesis of S. cerevisiae with E.M.S.
Cells (100ml) were grown to stationary phase in minimal 
media and were centrifuged at 5,000 rpm for 5 mins. Cells 
were washed once and resuspended in 10ml of 0.1M phosphate 
buffer, pH 7.0. The cells were then transferred to a 50ml 
screw top tube and 0.3ml of EMS added. The tube was 
vortexed vigourously as EMS is poorly miscible in this 
buffer. The tube was then incubated in a shaking water bath 
at 30°C and samples were taken at intervals of 15 minutes 
and added to an equal volume of freshly made, filter 
sterilised, 10%(w/v) sodium thiosulphate. Samples were then 
spun at 5,000 rpm for 5 minutes, washed twice with 5 ml of
0.1M phosphate buffer, pH 7.0 and plated on buffered 
minimal medium, pH 6.9, containing 2% starch. Various 
dilutions of the samples were plated to obtain less than 
200 colonies per plate. Plates were counted after 2 days 
growth at 30°C.

2.32. Curing S. cerevisiae of plasmid DNA.
In order to cure plasmid containing cells the strains were 
grown up in YEPD for 2 days and then replica plated onto 
YEPD and minimal media. The plasmids which grew on YEPD and 
not on minimal media were considered cured.

2.33. Plasmid stability studies.
Strains were inoculated into 5ml of minimal media lacking
the amino acid used for selection and grown to stationary
phase. The cell number was determined by direct cell

6counting and 10 cells were inoculated into 100ml of YEPD. 
After overnight incubation at 37°C the cell counting and 
inoculation were repeated, this procedure was followed for 
up to 7 days. The number of generations per day was between
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9 and 11. Each day after the cell count had been determined 
suitable dilutions were plated onto YEPD plates in 
duplicate. After 2 days at 30°C. 100 colonies from the YEPD 
plates were replica plated onto YEPD and minimal media. The 
percentage of colonies retaining plasmid (percentage 
plasmid stability) was determined from the number of 
colonies growing on the minimal media plate.

2.34. Elisa assay.
The antigen was dissolved (40/ig/ml) in carbonate buffer pH 
9.6 and 100/il were added to each well of a 96 well plate. 
The plate was incubated for 2 hours at 37°C or overnight at 
4°C. The antigen was then decanted off and the plate was 
washed 4 times with PBS Tween-20 (0.1%) and finally with 
PBS. The plate was then inverted and the excess liquid 
shaken off onto tissue. 200jnl of the blocking solution (1% 
w/v BSA in PBS, pH 9.0) was added to each well and the 
plate was incubated for 1 hour at 37°C. The blocking 
solution was decanted off and the plate washed as before. 
lOOfil of the serum dilutions (1/10 to 1/256,000) were added 
to the plate in duplicate. Controls (positive and negative) 
and blank samples (containing PBS only) were also added to 
the plate in duplicate. The plate was incubated for 1 hour 
at 37°C or overnight at 4°C and washed as before. 100 ¿¿1 of 
the secondary antibody was added to each well and the plate 
incubated for 1 hour at 37°C. The washing was repeated as 
before and lOOfil of freshly prepared substrate solution was 
added to each well. As an additional control a set of blank 
wells containing only the substrate were also prepared. 
After 30 minutes the colour began to develop and the 
concentration of the antibody in the serum could be 
quantified from the plate.

2.35. a-factor plate assay.
An overnight culture of RC631 cells (sect. 2.1) were grown
to an O.D. of 1.0. 1ml of a 10-2 dilution of the cells 

600
was then added to 15ml of molten MYGP agar (sect. 2.3),
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mixed gently and poured into a sterile petri dish. The agar 
was then allowed to set at room temperature and 9mm wells 
were cut in the agar using a sterile 1ml blue tip. 100^1 of 
sample was added to each well and the plates were incubated 
overnight at 30°C.

2.36. Photography.
All photographs were taken with a Nikon FG-20 camera loaded 
with Kodak TMAX-100 film. DNA gels were photographed using 
a Cokin # A.003 ultraviolet filter. Where necessary Vivitar 
49mm close up lenses were used. All developing and printing 
supplies were from Kodak. Negatives were developed for 9 
minutes at 20°C in D76 developer and fixed in a 1:3 
dilution of Unifix in distilled water until all the 
background colour had disappeared from the negatives. The 
negatives were printed onto Kodak 11RC, F4 high contrast 
paper, developed in a 1:10 dilution of Dektol developer for 
2 minutes and then fixed for 10 minutes in a 1:3 dilution 
of Unifix in distilled water.

2.37. DNA sequencing.
Preparation of plates.
The plates, spacers and combs were washed in tap water 
containing 2% RBS and rinsed in distilled water. The plates 
were allowed to air dry and were washed with ethanol, air 
dried and treated with 1ml of Repel Silane 
(Dimethyldichlorosilane solution 2% (w/v) in
1,1,1-trichloroethane, LKB, Sweden) and air dried. The 
plates were then given a final polishing with ethanol. The 
spacers were wiped with ethanol, placed between the plates 
and the plates were then taped up.

Preparation of sequencing gel.
The gel was prepared in a clean 100ml plastic beaker. 75jil 
of TEMED and 196/il of a freshly prepared solution of 
Ammonium persulphate (10% w/v in dH20) were added to 60ml
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of stock acrylamide/urea solution. The acrylamide solution 
was then gently mixed using a 2 0ml syringe, and then 
carefully poured using this syringe. In order to help 
prevent leakage and the formation of air bubbles the plates 
were held at a slight angle during the pouring of the gel. 
The gel combs were placed, straight edge down, in the top 
of the gel to form an even surface for loading of the DNA 
samples. The gel was allowed to set for 3 hours and stored 
in the sequencing rig covered in TBE (sect. 2.6) or on the 
bench covered in tissue soaked in TBE and sealed with 
parafilm to prevent drying.

Preparation of DNA for sequencing.
The DNA used for sequencing reactions was prepared by 
pooling 6 mini (STET or Alkaline lysis) preps of the
plasmid DNA and resuspending in 400/il of sterile H20. The 
DNA solution was then extracted twice with an equal volume 
of phenol/chloroform to remove contaminating protein. The 
DNA was then freeze dried and resuspended in lOjil of H20. 
To estimate the DNA concentration, 1/il of this sample was 
run on a 0.7% agarose gel and compared to lfil of commercial 
pBR3 2 2 (0. 25fig/jul) .

Annealing Reaction.
The DNA was denatured by adding 2¡j.1 of 1M NaOH to 8fil of 
DNA and incubating at room temperature for 5 minutes. The 
denatured DNA was then column cleaned into an
microcentrifuge tube containing 2fil of annealing buffer and 
2^1 of primer (both supplied in the T7 polymerase
sequencing kit, Pharmacia). After incubation at 37°C for 20 
minutes and standing at room temperature for at least 10 
minutes, the sequencing reactions were carried out 
immediately or the samples were stored at -20°C.

Sequencing Reaction (T7 polymerase, Pharmacia).
The enzyme T7 polymerase was diluted to 1.5u//il and stored 
on ice until required. The dNTP's were aliquoted into 
microcentrifuge tubes (2.5/Ltl) labelled A,C,G, and T and
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left on ice. Labelling mix was prepared according to the
3 5manufacturer's instructions, however, 0.5fil of [a- S] dATP 

instead of the recommended l̂ il were used. The dNTP's were 
heated at 37°C for at least 1 minute and 4. 5/j1 of the 
template/enzyme mix was added to each of the dNTP tubes. 
The reaction was then further incubated at 3 7°C for 5 
minutes at which time the reaction was stopped by the 
addition of 5^1 of Stop solution containing bromophenol 
blue. The sequencing reactions could be stored for up to 
one week at -2 0°C.
2.38. Polymerase Chain Reactions (PCR).
PCR reactions were carried out using a Perkin Elmer PCR 
apparatus. Each PCR reaction contained the following 
reaction components:
lOx Polymerase buffer lO/il
dNTPs lOfil
Primers 2jil of each
Target DNA 3iil
d H O  72 . 5jul

2
Taq polymerase 0.5fil
Each reaction volume was overlaid with 60)li1 of sterile 
mineral oil and the PCR reactions were carried out using 
the following program.
1. 95°C - 10 minutes (to dissociate total DNA).
2. 95°C - 90 seconds.
3. 45-50°C Annealing temperature.
4. 72°C 2 minutes (elongation step, under these conditions 
approximately 1 kb of DNA is synthesised per minute). Steps 
2 to 4 were repeated for 3 0 cycles and the products were 
then refrigerated.
3.39. Sucrose density gradient centrifugation.
Sucrose solutions (10 to 40% w/v) were made in a buffer 
containing:
NaCl ImM
Tris.HCl (pH 8) 20mM
EDTA 5mM
The gradients were prepared by sequential addition of
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sucrose solutions (2 ml of each in a polypropylene tube) 
beginning with 40% sucrose and freezing at -20°C between 
each addition. Before use the gradients were allowed to 
thaw at room temperature for 1 hour. DNA was then layered 
onto the gradient which was spun at 22,000rpm for 18 hours 
in a swing bucket rotor. Samples were then collected by 
piercing the base of the tube and every second sample was 
run on an agarose gel to size the samples. Pooled fractions 
were diluted 1:2 with water and the DNA was recovered by 
precipitation with ethanol.
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Cloning of Bacillus licheniformis a-amylasej 
characterisation and analysis of the heterologous amylase 
produced by Saccharomyces cerevisiae.

C h a p t e r  3

R e s u l t s  1 .
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3.1 Introduction.
a-amylase (1,4-a-D-glucan glucanohydrolase E.C. 3.2.1.1.) 
which catalyses the hydrolysis of the a-1,4-glucosidic 
linkages of starch is widely distributed in nature 
occurring in many species of plants, animals, fungi and
bacteria. It is an endoamylase which liberates poly and
oligosaccharide chains of varying lengths from starch, 
a-amylases have many commercial applications, the largest 
volume being used in the liquefication of starch, the 
products of which are used widely in the fermentation 
industry, a-amylases are also used in the desizing of 
fabrics, in the baking industry, in the production of
adhesives, pharmaceuticals, detergents, in sewage treatment
and in animal feed (Vihinen and Mantsala 1989).

In the brewing industry, Saccharomyces cerevisiae, the main 
agent in alcoholic fermentation, lacks amylolytic activity. 
In order to overcome this problem, during the mashing phase 
of the brewing cycle, malted barley is steeped in warm 
water and a-amylase is added to aid in the breakdown of 
the starch present in the barley to lower molecular weight 
compounds which can then which can be utilised by yeast for 
growth and fermentation.

Starch is composed of amylose and amylopectin (see 
Fig.3.1). Amylose is a mainly linear polysaccharide which 
is composed of a-D-glucose units joined primarily by a-1,4 
linkages and to a lesser extent by a-1,6 linkages. 
Amylopectin has a highly branched tree like structure. The 
proportion of branches is an important property of the 
substrate as different enzymes hydrolyse different 
substrates with different specificities. The relative 
content of amylose and amylopectin varies with the source 
of substrate. The average chain length of amylose is about 
1000 glucose units. The chain profile of amylopectin 
usually has a bimodal distribution with longer and shorter 
chains having average lengths of 40 to 60 and 11 to 25 
D-glucosyl residues respectively.
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F i g  3 . 1

ISOAMYLASE
PULLULANASE

GLUCOAMYLASE

P-AMYLASE

a -A M Y L A S E

Schematic structure of amylopectin and action pattern of 
amylolytic enzymes. The circles represent glucose units 
and the arrows represent sites at which the amylolytic 
enzymes can hydrolyse.

Several amylolytic enzymes hydrolyse starch to its 
degradation products. The actions of these enzymes can be 
divided into two categories. Endoamylases split linkages in 
random fashion in the interior of the starch molecule. 
Exoamylases hydrolyse from the non-reducing end (see 
Fig.3.1), successively resulting in shorter end products, 
a-amylase is an endo enzyme which hydrolyses internal 
a-1,4-bonds and can bypass 1,6 linkages. 0-amylase is an 
exoenzyme which liberates maltose by hydrolysing 1,4 
linkages from the nonreducing end. Glucoamylase produces 
glucose and can degrade both 1,4- and 1,6 linkages. 
Isoamylase and pullulanase are debranching enzymes which 
hydrolyse both 1,4 and 1,6 linkages.
a-amylase (1,4 a-D-glucanohydrolase EC 3.2.1.1) which 
catalyses hydrolysis of the a-1,4-glucosidic linkages of 
starch is widespread amongst microbes. The a-amylase from
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Bacillus licheniformis, is a calcium dependent, 
thermophillic enzyme which hydrolyses the a-1,4 linkages of 
starch molecules, is used widely in the food processing and 
brewing industry. The cloned gene has a coding sequence of 
1,53 6 nucleotides (Appendix 1) which is translated to a 
protein of 512 amino acids (Yukki et al. 1985) including a 
leader or signal peptide of 29 amino acids. This signal 
sequence is characteristic of most signal peptides in that 
it includes a short cluster of 4 positively charged amino 
acids (2 lysine and 2 arginine residues) within the first 
10 amino acids, followed by an extensive hydrophobic domain 
containing 19 amino acids before the coding region of the 
mature a-amylase. The signal ends with a potential cleavage 
site as shown below (fig. 3.2) (Stephens et al 1984). A 
useful feature of this signal peptide is that it has a Pstl 
site adjacent to the cleavage site which allows for the 
convenient separation and manipulation of the signal 
peptide and mature a-amylase.
Figure 3.2.

ATG-AAA-CAA-CAA-AAA-GGG-CTT-TAC-GCC-CGA-TTT-CTG-ACG-CTG-TTA
MET-LYS-GLN-GLN-LYS-ARG-LEU-TYR-ALA-ARG-LEU-LEU-THR-LEU-LEU

+ + + + H--------------------

P S T  1 S I T E  CLEAVAGE S I T E
  ^'I'

TTT-GCG-CTC-ATC-TTC-TTG-CTG-CCT-CAT-TCT-GCA-GCA-GCG-GCG-|-GCA 
PHE-ALA-LEU-ILE-PHE-LEU-LEU-SER-HIS-PRO-ALA-ALA-ALA-ALA-|-ALA
---------------------------------------------------- H -1|+1

 >
STA RT OF 

MATURE AMYLASE

Features of the B. licheniformis a-amylase signal peptide.
+ indicates positively charged residues.
H-H indicates the long hydrophobic region.
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The entire a-amylase gene, including its signal peptide and 
transcriptional terminator sequence, (see appendix # 1 for 
sequence) was inserted into pUC8 on a BamHl-Hindlll 
fragment (O' Kane et al, 1986) . This plasmid, pSL5, (Fig
3.3) was used as a starting point for the plasmid 
constructs in this work which was undertaken to examine 
the production and secretion of the B. licheniformis 
a-amylase in Saccharomyces cerevisiae. The a-amylase from 
B. licheniformis was selected for this study as it is a 
well characterised, easily assayable enzyme of industrial 
importance and had not previously been expressed in 
S.cerevisiae. This project was undertaken firstly to
characterise the production of B. licheniformis a-amylase 
by S. cerevisiae. This system could then be used as a model 
system for examining the effect of changes in media
composition, vector constructs used, and mutagenesis of the 
host organism on the levels of heterologous protein 
produced. The knowledge obtained from this study could then 
be applied to the production of other heterologous proteins 
of industrial importance. A number of other heterologous 
amylases and other starch degrading enzymes have been 
previously expressed in S. cerevisiae (section 1.8).

3.2 Construction of a yeast episomal vector containing the 
Bacillus licheniformis a-amylase gene.
The Bacillus licheniformis amylase was cloned into the 
yeast episomal vector pAAH5 (Ammerer 1983) as outlined 
below and in fig. 3.3. Firstly the plasmid pSL5 was
linearised at its unique BamHl site and the cohesive
termini were filled in with deoxynucleotides using the 
klenow fragment of DNA polymerase 1 (2.14). The plasmid
was then religated in the presence of Hindlll 8-mer linkers 
(5' CAAGCTTG 3') resulting in the vector pSL52. The filling 
in of the cohesive terminii of the BamHl linearised plasmid 
followed by the ligation of the Hindlll linker resulted in 
the recreation of the the BamHl site at the 3' end of the 
inserted Hindlll linker. The amylase containing Hindlll 
fragment of this vector was then isolated from a 0.7%
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agarose gel using the Geneclean procedure (2.14) and 
ligated into pAAH5 which had previously been linearised at 
its unique Hindlll site and CIP treated (2.14).

Figure 3.3

Construction of pAAMY.
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The ligation mix was transformed into E.coli strain JA221 
(2.7) and transformants were plated on LB media containing 
2% lintners starch and screened for amylase activity (sec
3.3). Although expression of amylase in E.coli would not 
normally be expected from this vector as it lacks a 
prokaryotic promoter at the cloning site, previous work 
(Hunter, 1991) with a glucanase gene inserted into the 
vector pAAH5 resulted in expression of the glucanase in 
E.coli. To check if this was also the case with the amylase 
gene the initial screening for amylase containing plasmid 
was carried out on starch containing plates. After 
transformation of the ligation mixture the resulting 
colonies were replica plated onto starch containing LB 
medium and assayed for amylase activity. A number of these 
transformants had amylase activity. DNA was isolated from 
these amylase positive transformants and the orientation of 
the amylase gene was confirmed by restriction digest 
analysis.
A plasmid which contained the amylase fragment in the 
correct orientation between the ADH1 promoter and 
terminator (fig.3.3) was identified and named pAAMY. The 
orientation was confirmed by the sizes of the BamHl, Pstl 
and Sal 1 fragments obtained. In the case of the BamHl 
fragments there are BamHl sites at either end of the ADH1 
promoter, terminator cassette. The distance from the 
promoter to the unique Hindlll cloning site is 1500bps, and 
the distance from the terminator to the unique ifindlll 
cloning site is 500bps. If the amylase had been inserted in 
the correct orientation ie Adhl promoter-5'amylase3'-Adhl 
terminator, a BamHl restriction would give fragments of
1.5, 2.3 and 10.5. However if it was inserted in the 
opposite orientation it would give band sizes of 0.5, 3.3 
and 10.5. (see Fig.3.4 a,b). Similiarly if the fragment was 
present in the correct orientation the fragment sizes 
should have been as follows, Pstl 5.8, 4.2, 3.9, 0.5, Sal 1
6.7.6.2.1.5. As these correspond to the sizes obtained in 
the gel shown in Fig 3.5 it is apparent that the fragment 
has been inserted in the correct orientation.
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Figure 3.4
(a).Correct orientation of amylase fragment

B HB P H B

Adhl promoter slg Amylase gene Adhl term

----- 1500bp---------------------2300bp--------------

(b).Incorrect orientation of amylase fragment.

H BH

Adhl promoter Amylase gene

-3300bp

slg Adhl Term.

-500bp -I
Orientation of amylase gene in pAAMY, fragment sizes after 
BamHl digest.

This plasmid was transformed into S.cerevisiae DBY746 
(2.10) and transformants were transferred to minimal media 
(sec 2.3) containing 2% lintners starch to screen for 
amylase activity. None of the transformants appeared to 
have any amylolytic activity but when some were grown on 
YEPD (sec 2.3) containing 2% lintners starch, all were 
found to be amylase positive. Growth of S.cerevisiae for 48 
hours at 37°C in unbuffered minimal media broth resulted in 
a drop in pH from 6.2 to 2.3. In YEPD broth the drop in pH 
is from 6.3 to 5.8. The lower buffering capacity of 
minimal media was thought to be the reason for a lack of 
detectable amylase activity in the minimal media as the 
amylase is inactive at the final pH of 2.3 obtained in 
minimal media. To ascertain whether or not the lower 
buffering capacity of the minimal media was responsible for 
the failure to detect amylase activity, minimal media 
supplemented with 2% lintners starch was buffered to pH 6.9 
with 0.1M sodium phosphate buffer, the optimium pH for the
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B. licheniformis amylase activity (Ortlepp et al., 1983).
When buffered medium was used it was possible to detect 
amylase activity.

Figure 3.5

Restriction analysis of plasmid pAAMY.
The approximate size of each of the restriction fragments 
is shown in kilobases in brackets below. The relevant
sizes of the A 1 kb ladder are as indicated.
Lane 1 A1KB DNAladder, 12,11,10,9,8,7,6,5,4,3,2,1.5,1.0.5
Lane 2 pAAMY uncut.
Lane 3 pAAMY ffindlll (12.5,1.8)
Lane 4 pAAMY Pst1(5.8,4.2,3.9,0.5)
Lane 5 pAAMY Sal 1(6.7,6.2,1.5)
Lane 6 pAAMY BamHl(10.5,2.3,1.5)
Lane 7 pAAMY ffindlll(12.5)
Lane 8 pAAH5 BarnHI (10.5,2)
Lane 9 pAAH5 Sal 1(6.7,5.7)
Lane 10 pAAH5 uncut
Lane 11 A. 1KB DNA ladder.
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3.3. Detection of a-amylase activity using plate assays.
Two plate assays were established to screen E. coli strains 
producing the B. licheniformis a-amylase enzyme. The first 
method (2.17) involved using LB medium supplemented with 2% 
Litner's starch and buffered to pH 6.9 with 0.1M sodium 
phosphate. Amylolytic colonies were easily detectable by 
growing the cells overnight at 37°C and then incubating the 
plates at 4°C overnight to precipitate the undegraded 
starch. Colonies producing a-amylase were surrounded by 
clear haloes where the starch had been broken down (fig. 
3.6). The second method involved incubating the LB plate 
overnight at 37°C and then exposing it to iodine vapour for 
20-30 seconds. The amylase-producing colonies were 
surrounded by distinct clear haloes while non-amylolytic 
colonies were stained blue by the iodine vapour (fig. 3.7). 
This assay was non-toxic to E. coli over short incubation 
times. The two assay procedures were used as the iodine 
assays facilitated easy photography of the plates under 
study, as the contrast between the dark background and the 
clear haloes was better than that seen in the precipitation 
assay. This assay was also used as the haloes could be 
visualised directly after staining with iodine and did not 
require overnight incubation for the precipitation of the 
undegraded starch. When large numbers of plates were being 
screened the starch precipitation assay was preferable as 
it protected the user from prolonged exposure to hazardous 
iodine vapour. Both assay procedures had similiar 
sensitivity, but the definition of the haloes was superior 
with the iodine assay.
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F i g u r e  3 . 6 .

Detection of amylase positive E.coli colonies using starch 
precipitation assay.
Figure 3.7

Detection of amylolytic activity in E.coli strains using 
iodine vapour.
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Two assays were successfully established for the detection 
of amylolytic yeast strains. The first assay was identical 
to the precipitation assay used for E. coli except that 
buffered yeast minimal medium pH 6.9 (Sec. 2.3) was used 
instead of LB media and the yeast strains were grown at 
30°C for 48 hours, followed by incubation at 4°C for 24 
hours. The most clearly defined haloes were obtained when 
the 2% glucose of the minimal medium was added prior to 
autoclaving the medium, as the slight caramélisation of the 
glucose provided a better contrast to the clear haloes 
surrounding amylase positive colonies, this is illustrated 
in figure 3.8. The second method involved exposing the 
plates to iodine vapour. Similar to the E. coli strains on 
LB, the amylolytic yeast strains on minimal medium were 
surrounded by clear haloes while the rest of the plate was 
stained blue (fig. 3.9).

Figure 3.8.

Detection of amylolytic yeast strains using the starch 
precipitation assay.
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F i g u r e  3 . 9 .

Detection of amylolytic yeast strains using iodine vapour.

3.4. Quantitative detection of a-amylase.
The starch degradation assay of Laoide et al. , (1987)
(2.19) was initially used for the quantitative 
determination of amylase activity. However, it was found 
that it was not possible to assay yeast cell extracts using 
this assay as both the protease inhibitor PMSF and 
/3-mercaptoethanol used in the preparation of yeast cell 
extracts resulted in the complete loss of colour in the 
assay. Therefore all assays of amylase activity were 
carried out using the dinitrosalicylic acid or DNS assay 
developed by Miller (1960) which quantifies the reducing 
sugars produced as a result of the digestion of starch by 
a-amylase. The optimium assay conditions for the 
B.licheniformis a-amylase are a pH of 6.9 and a temperature 
of 93°C (Ortlepp et al. , 1983 , also see Sec. 3.5 below). 
Figure 3.10 shows a typical standard curve used for the 
determination of amylase activity. One unit of enzyme 
activity was defined as that amount of enzyme which 
liberates glucose or other reducing carbohydrates with a 
reduction power corresponding to 0.15/nmoles D-glucose in 30 
minutes in the standard assay.
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3.5 Comparison of pH and temperature profiles of the 
native B. licheniformis amylase and the recombinant amylase 
produced by S. cerevisiae.

The pH and temperature profiles of both the commercial 
B.licheniformis amylase and the amylase produced by 
S.cerevisiae DBY746/pAAMY were determined and compared as 
shown in figs. 3.11 and 3.12. Amylase activity was 
quantified using the DNS assay. Culture supernatants of 
stationary phase (36 hours) DBY746/pAAMY were dialysed 
against PBS prior to being assayed to remove any reducing 
sugars which would otherwise have interfered with the 
assay. The pH profile was determined over the range pH 2 to 
10 and the temperature profile over the range 35°C to 
100°C. All assays were carried out in duplicate and the 
mean values are expressed as the relative percentage 
activity with the optimal conditions giving 100% activity. 
The two graphs show that the temperature and pH profiles of 
the two amylases are very similiar indicating that the B. 
licheniformis amylase secreted by S. cerevisiae retains 
similiar physiochemical characteristics to that of the 
native bacterial amylase.
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Graph of temp.vs.amylase activity.

Temperature °C

Comparison of the temperature profile of commercial and 
yeast produced B. licheniformis a-amylase.

112



% 
re

la
tiv

e 
ac

ti
vi

ty

F i g u r e  3 . 1 2 .

Graph of pH vs.amylase activity
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Comparison of the pH profiles of commercial and yeast 
produced B. licheniformis a-amylase.



3.6. Effect of pH on the activity of the a-amylase produced
by S. cerevisiae.
Initially when an attempt was made to measure the
extracellular amylase activity produced by DBY746/pAAMY in 
unbuffered minimal media (sec 2.3) broth cultures no 
amylase activity could be detected. However when the medium 
was buffered to pH 6.2 with succinic acid and sodium
hydroxide it was possible to detect amylase activity
throughout the growth cycle. (Sodium phosphate buffer could 
not be used in liquid media as it results in a precipitate 
in the broth after autoclaving.)
Cell extracts for measuring the internal levels of amylase 
activity were prepared as in section 2.22. The levels of 
amylase activity were measured throughout the growth cycle, 
all activity determinations were carried out in duplicate 
and all cell counts were measured by direct cell counting 
in a haemocytometer. Figure 3.13 shows comparisons of 
both cell growth, pH and the levels of internal and
external amylase present in buffered and unbuffered minimal 
media. It is significant to note that the level of
internal amylase is very similiar in both the buffered and 
unbuffered media, and reaches a maximium of approximately 
5% of the total amylase activity (supernatant plus extract) 
present in the buffered media. This data suggests that the 
majority of the amylase produced by the yeast is 
successfully transported out of the cell. The peak of
internal amylase activity occurs at 24 hours and that of 
the external amylase is reached at 27 hours. From the graph 
it can be seen that the decrease in pH is concomittant with 
the loss of amylase activity in the supernatant of the
unbuffered cultures. The buffering of the media does not 
significantly affect cell growth. All future amylase 
determinations were therefore carried out using buffered
minimal media.
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t i m e  ( h o u r s )
Effect of buffering the media on the growth, pH and levels of 
amylase activity in culture supernatants of DBY746/pAAMY.
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3.7. Comparison of the levels of amylase produced by 
DBY746/pAAMY when grown on YEPD and minimal media.
The extracellular amylase produced in both rich (YEPD) and
minimal media was determined throughout the growth cycle.
Only the extracellular levels were determined as it had
been shown previously that approximately 95% of the amylase
produced by S. cerevisiae is located externally. The
results are compared in figure 3.14(a). which shows that
higher levels of amylase were produced by DBY746/pAAMY when
grown in rich media. In the stationary phase (36hours) the
amylase produced in rich media was approximately 5 times
greater than that present in minimal media broth. Fig 3.14
(a) and (b) show that the higher level of amylase present
in the rich media is due mainly to the increased cell
population in the richer media. The specific activities
(ie number of units of amylase activity per cell) at 36

- 5 . . .hours in the growth cycle was 3.45 xlO in minimal media 
-5and 2.45 x 10 in YEPD. Thus while the overall activity per 

ml was higher in YEPD the specific activity was highest in 
minimal media. To exclude the possibility that the low 
level of amylase detected internally may have been due to 
the procedure used to prepare cell extracts, the same 
procedure was carried out on DBY746 transformed with the 
plasmid YEpaal (Ruohonen et al. , 1987). This plasmid, shown 
in appendix 2, contains the amylase gene from Bacillus 
amylofaciens cloned into the unique Hindlll site of pAAH5. 
After transforming this plasmid into DBY746 the authors 
found that 25% of the amylase activity was in the cell 
extract. This plasmid could therefore be used as a control 
to check the validity of the results obtained using the 
above methods. The plasmid YEpaal was transformed into 
DBY746 and extracts were prepared and assayed using the 
same procedures as those used for the B.licheniformis 
amylase, with the exception of the assay temperature which 
was 65°C. The internal level of amylase obtained for the 
amylofaciens amylase was 27% which is within 2% of that 
obtained by Ruohonen et al. , 1987 indicating that the
methods used for the preparation and assay of cell extracts
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were not responsible for the low levels of internal B. 
licheniformis amylase activity.

Figure 3.14.(a).
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Figure. 3.14(b).
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Comparison of the levels of amylase and cell numbers of 
DBY746/pAAMY when grown on YEPD and minimal media.
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3.8. Growth of DBY746/pAAMY using starch as the sole carbon 
source.
To establish whether the yeast strain DBY7 4 6/pAAMY was 
capable of growth on starch as its sole carbon source the 
strain was grown up in buffered liquid minimal media which 
contained no glucose and 1% soluble starch (as higher 
levels of starch proved difficult to dissolve). The growth 
of the amylase producing strain DBY746/pAAMY and a control 
amylase minus strain DBY746/pAAH5 was monitored by plating 
out appropriate dilutions of each strain on YEPD. The use 
of a plate counting procedure was neccessary due to the 
presence of starch in the liquid media which made the media 
quite viscous and therefore difficult to count directly 
with a haemocytometer. Fig 3.15 shows that while there was 
no growth of the control strain DBY74 6/pAAH5 there was 
substantial growth of DBY746/pAAMY. The growth of 
DBY74 6/pAAMY on starch alone is characterised by a long 
exponential phase of 33 hours duration compared to an 
exponential phase of 15 hours when grown on minimal media 
containing 2% glucose. Cel 1 s grown in minimal media 
containing 2% glucose reached stationary phase after 27 
hours growth (see Fig. 3.15(b)) whereas cells grown on 
minimal media containing 1% starch reached stationary phase 
after 50 hours growth. This longer exponential phase and 
the lower final cell number of the strain in this starch 
containing minimal media compared to growth in minimal 
medium containing 2% glucose may be attributed to the fact 
that before growth can take place there must be some 
amylase produced by this strain to digest the starch 
thereby releasing low molecular weight carbohydrates which 
can be taken into the cell and utilised as a carbon source 
by the yeast. The inoculum contained a small amount of 
amylase activity which is sufficient to breakdown a small 
quantity of starch which in turn leads to an increase in 
amylase secretion eventually leading to a delayed 
exponential phase. The lower final cell number can be 
attributed to the fact that only 1% starch was used in this 
media and a-amylase only catalyses the hydrolysis of
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1,4-glusodic linkages in starch and does not therefore 
result in its complete hydrolysis. All the carbohydrate 
present in the starch was therefore not available in a 
substrate utilisable form. (See Fig.3.15(a).

Figure 3.15(a).

T l m e ( h o u r s ) .

Growth of DBY746/pAAMY and DBY746/pAAH5 in minimal media 
containing 1% soluble starch as the sole carbon source.
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3.9. Analysis of the secretion of the Bacillus lichenformis 
a-amylase in S. cerevisiae secretion defective mutants.
To establish if the a-amylase expressed in S. cerevisiae was 
directed through the normal yeast secretory pathway and not 
through a non-specific pathway or leakage from the cell, 
the ability of the B.licheniformis signal peptide to 
transport the a-amylase through the conventional pathway 
was examined in three secretion defective (sec) mutants. 
The characteristics of each of these sec mutants are given 
in table 3.1.

Table 3.1. Summary of sec mutants.

Strain________ Mutation_______ Block in secretory pathway

RSY12 sec 53 ER, glycosylation mutant

RSY11 sec 18 ER to Golgi (lacks protein
involved in vesicle fusion)

RSY45 sec 1 Secretory vesicles between
golgi and cell surface

These mutants block the secretion of proteins via the
normal yeast secretory pathway at the non-permisive
temperature of 37°C, while at the permissive temperature of
25°C protein secretion is not blocked. To ensure that the 
sec defective phenotype was being induced in the three
strains the levels of a-factor pheronome secreted in these 
mutants at the permissive and non-permissive temperature 
were determined, a-factor, produced by mat a strains, is 
one of the few homologous secreted proteins in yeast and it 
inhibits the growth of strains of the opposite mating type,
i.e. mat a. RC631 is a mat a strain containing the sst-2-1
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mutation, making it extra sensitive to the inhibitory 
effect of the a-factor mating pheromone (Julius et al., 
1983) . RC631 was incorporated into MYGP agar as described 
in section 2.35. Wells (6mm in diammeter) were cut in the 
agar and 150fil of supernatant from strains RSY11, RSY12, 
RSY45 and DBY746 (as a negative control) grown at the 
permissive and non-permisive temperatures were placed in 
the wells. The plates were incubated at 30°C for 48 hours 
to allow the RC631 to grow. Results of this assay are shown 
in fig. 3.16 Clear haloes represent areas where the growth 
of RC631 was inhibited by the presence of a-factor in the 
supernatants.

Figure 3.16.

(a) Block in secretion of a-factor in RSY11.
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(b) Block in secretion of a-factor in RSY12.

A similar result was obtained for sec 45 but is not shown. 
These results indicate that the mutant phenotype was being 
induced in the three sec strains as no inhibition of RC631 
was observed at the non-permissive temperature of 37°C. No 
blockage occured in DBY746 as expected.
The a-amylase plate assay (2.17) was used for the analysis 
of amylase activity in the sec mutants. In order to show 
that the halo size was proportional to the level of 
a-amylase present, a calibration curve was constructed by 
analysing the size of haloes produced in the plate assay 
over the amylase concentration range 0.0625 units to 100 
units of amylase activity. (Sigma B.licheniformis amylase 
Type X11A) . One unit of amylase activity is defined as the 
amount neccessary to liberate lmg of maltose from starch in 
3 minutes at pH 6.9 and 20°C. Figure 3.17 shows the well 
assays used for the construction of the calibration curve 
which is shown in figure 3.18. The calibration curve is 
linear over this range but becomes non-linear above this 
range. The a-amylase plate assay could therefore be used as
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a s e m i — quantitative tool for the measurement of a-amylase 
activity.

Figure 3.17.

Plate assays used for the construction of the standard 
curve for the a—amylase plate assay.
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Calibration curve for amylase plate assay.
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Calibration curve for the a-amylase plate assay.
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To analyse the secretion pattern of the B. licheniformis 
a-amylase in the secretion mutants, the plasmid pAAMY, 
containing the ADH1 promoter-a-amylase-ADHl terminator was 
transformed into strains RSY11, RSY12 and RSY45. The 
transformed strains where grown in minimal medium at the 
permissive (25°C) and the non-permissive (37°C) 
temperatures and the supernatants were prepared as outlined 
in section 2.24. The supernatants were assayed for 
a-amylase activity using the above assay. Wells, 6mm in 
diammeter, were cut from buffered agar (pH 6.9) containing 
2% Lintner's starch and I50ul of the supernatants were 
placed in the wells. Plates were incubated for 24-48 hours 
at 37°C and clear haloes indicating a-amylase activity 
could be visualised surrounding the wells after a further 
incubation at 4°C for 24 hours. Alternatively, haloes could 
be visualised immediately by inverting the plate over 
iodine crystals for 20-30 seconds. DBY746 transformed with 
pAAH5 was used as a negative control. The results in figs. 
3.19 and 3.20 show that a significant block in secretion of 
a-amylase was observed in RSY11 and RSY 12 at the 
non-permissive temperature while at the permissive
temperature a-amylase secretion was normal. This result 
suggests that the bacterial a-amylase signal is capable of 
directing the cc-amylase through the normal yeast secretory 
pathway.
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Block in secretion of a-amylase in RSYll/pAAMY. 
Figure 3.20.

Block in secretion of a-amylase in RSY12/pAAMY.
A similiar result was obtained for RSY45 but is not shown.

1 2 7



U
ni

ts
 

a
m

yl
a

se
 

ac
ti

vi
ty

 
/ 

m
l.

A quantitative assay of the levels of amylase secreted by 
the sec mutants RSY11 and RSY12 was also carried out. RSY11 
and 12, transformed with pAAMY, were grown up to O.D.6oq 
0.15 in two 100ml flasks for each strain. One of each of 
the cultures was then transferred to 37°C and all cultures 
were allowed to grow for a further 10 hours. Samples were 
taken every two hours and the level of a-amylase activity 
was determined using the DNS assay as described in section
2.18. The graph shown in fig. 3.21 further supports the 
conclusion that the bacterial amylase signal is capable of 
being recognized by the normal yeast secretory pathway, as 
secretion of the amylase is greatly reduced after 
incubation at 37°C.

Figure 3.21.

G r a p h  o f  a m y l a s e  a c t i v i t y  v e r s u s  t i m e .

<3----- R S Y  12 25°C

* -----  RSY11 25°C

fl  R S Y  12 37*fc

■o  RSY11 37°C

0 2 4 6 8 10 12
T i m e ( h o u r s )

4UU

300 -

200  -

100 -

Block in secretion of a-amylase at 37°C in RSYll/pAAMY and 
RSY12/pAAMY.
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3.10. Analysis of B.licheniformis a-amylase expressed in 
S. cerevisiae using SDS polyacrylamide gel electrophoresis 
(PAGE).
In order to further characterise the amylase expressed in
S.cerevisiae, the supernatants of DBY746, transformed with 
pAAMY (containing the amylase gene of B.licheniformis) and
pAAH5 (the parent vector of pAAMY as a negative control)
were analysed on SDS PAGE gels. DBY746, transformed with 
the plasmids was grown to stationary phase (O.D.6qo of 
1.15) and 500ml of the supernatants were harvested and
concentrated to 5ml, aliquoted in lOOjil samples and
freeze-dried as described in section 2.23. Samples were 
then resuspended in lOOul of IX solubilisation buffer 
(2.6). This sample, which was equivalent to 10ml of the 
original culture, was loaded on a 10% polyacrylamide gel 
and electrophoresed for 12 hours at 100 volts. After 
overnight staining of the gel in coomassie brillant blue, 
the gel was destained and photographed (fig.3.22).
The result showed that it was not possible, using coomassie 
staining, to localise a specific band in the pAAMY
supernatant corresponding in size to the native a-amylase 
from B. licheniformis. The native B. licheniformis amylase 
has a molecular weight of 55,200 (Yukki et al, 1986), the 
bands shown in lanes 3 and 4 are the predicted size for 
the amylase. While there are bands present at approximately 
the same molecular weight as the B. licheniformis a-amylase, 
these bands are also present in the control pAAH5
supernatant. An identical gel to the one shown was also 
silver stained (not shown) but this staining procedure 
produced a high level of background bands and was not
helpful in determining the molecular weight of the secreted 
amylase. Therefore it was necessary to take another
approach to estimate the size of the recombinant amylase 
produced by S. cerevisiae. The protein could either be 
purified to homogeneity or a polyclonal antibody could be 
raised to the native B.licheniformis a-amylase. The latter 
method was chosen as it was felt that the antibody raised 
would be more useful for characterising the recombinant
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a-amylase and that Western blots would be a more sensitive 
way of detecting the amylase present in the supernatants 
and extracts of strains expressing the amylase.

Figure 3.22

Commassie stained gel of the proteins present in the 
culture supernatants of DBY746/pAMMY and DBY746::pAAH5.

Lane 1 :DBY746/pAAH5 supernatant 1:3 dilution.
Lane 2 :DBY74 6/pAAH5 supernatant.
Lane 3 :Commercial B.licheniformis amylase (1 unitJ.
Lane 4 Commercial B.licheniformis amylase (10 units).
Lane 5: Prestained molecular weight markers.
Lane 6 :DBY74 6/pAAMY supernatant 1:3 dilution.
Lane 7 :DBY74 6/pAAMY supernatant.

1 3 0



3.11. Raising a polyclonal antibody to B. licheniformis 
a-amylase.
Commercial B. Licheniformis a-amylase (250yl) (Sigma, type 
X11A, units), shown to be largely free of contaminating 
proteins (coomassie gel not shown) , was made up to 500^1 
with sterile PBS. Freunds complete adjuvant (0.5ml) was 
added and the solution sonicated until it had emulsified. 
This emulsion was then injected subcutanenously into a 
Wister rat. After 4 weeks the process was repeated, this 
time using Freunds incomplete adjuvant. Two further 
immunizations were carried out at 2 week intervals using 
Freunds incomplete adjuvant. One week after the last 
injection, 1ml of serum was removed, allowed to clot 
overnight at 4°C and then cleared by centrifugation at 
10,000 rpm for 10 minutes. The serum was tested for 
reactivity to the commercial a-amylase by Western blotting. 
When the reactivity was established, aproximately 15ml of 
blood was extracted from the rat and treated as above. 
Approximately 9ml of antiserum was recovered and the
antibody preparation was titered by both ELISA and Western 
blotting.

3.11.1. Titering of the a-amylase polyclonal antibody. 
Western blot analysis:
One unit of Bacillus Licheniformis a-amylase (Sigma type 
X11A) was electrophoresed in each of 3 separate lanes on a 
10% SDS polyacrylamide gel. After electrophoresis the 
protein was transferred to nitrocellulose as described in 
section 2.27. The nitrocellulose was then cut in 3 and
titred against 1/100, 1/1,000, and 1/10,000 dilutions of
the primary a-amylase antibody by Western blot analysis. 
The result of this analysis is shown in fig. 3.22. The
Western blot analysis of the antibody showed that it bound 
to a band of molecular weight of approximately 55,000,
which corresponds to the size of the B. licheniformis 
amylase and was present in a high titre as even at the 
1/10,000 dilution of antibody a strong positive band is 
visible.
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Western blot used for titering the polyclonal antibody 
railed to the commercial B.licheniformis amylase.
1 : prestained molecular weight markers.
2 ; 1/100 dilution of amylase antibody.
3 : 1/1000 dilution of amylase antibody.
4 s 1/10000 dilution of amylase antibody.
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3.11.2. ELISA of the a-amylase antibody.
The antibody titre was also estimated by the use of an 
ELISA (Enzyme Linked Immuno Sorbant Assay) which was 
carried out as outlined in section 2.34. Table 3.2 is a 
representation of the 96 well plate used in the assay. 
Reagents added to each well are indicated. Figure 3.24. 
shows the results of the ELISA showing that there was a 
strong positive signal up to a dilution of 1/16000 of the 
primary amylase antibody. It also showed that there was no 
positive signal present in any of the negative controls.

Table 3.2. Samples loaded on microtitre plate for ELISA.

1 2 3 4 5 6 7 8
A PBS PBS 1/100 1/32K 1/100 1/32K 1/100 1/32K
B PIS PIS 1/250 1/64K 1/250 1/64K 1/250 1/64K
C MM MM 1/500 1/128K 1/500 1/128K 1/500 1/128K
D H 02 H 02 1/1000 1/25OK 1/1000 1/25OK 1/1000 1/25OK
E YEPD YEPD 1/2000 1/512K 1/2000 1/512K 1/2000 1/512K
F PIS PIS 1/4000 1/1024K 1/4000 1/1024K 1/4000 1/1024K
G MM MM 1/8000 PIS 1/8000 PIS 1/8000 PIS
H PBS PBS 1/16000 MM 1/16000 MM 1/16000 MM

PBS = Phosphate buffered saline. 
MM = buffered minimial media.
PIS = Preimmunised serum.
YEPD = Yeast extract peptone broth.
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ELISA assay of the a-amylase antibody.

3.12. Western blot analysis of the B. licheniformis 
a-amylase produced by S.cerevisiae.
Extracts and supernatants of DBY746 transformed with pAAMY 
and pAAH5 (as a negative control) were prepared as outlined 
in sections 2.23 and 2.24. The quantity of sample loaded on 
the polyacrylamide gel was prepared from approximately 3 x

Q10 cells taken at a time interval of 3 0 hours into the 
growth cycle (see fig 3.14). After electrophoresis the 
proteins were transferred to nitrocellulose and probed with 
the amylase antibody (2.27). Fig. 3.25 shows the result of 
this Western blot. The protein sizes were estimated from 
prestained molecular weight markers which were run on the 
same gel and subsequently cut off and stained with 
commassie blue, (not shown in figure).
The result showed that there was no amylase band present in 
the supernatant of DBY746 transformed with pAAH5 (lane 3, 
the amylase negative plasmid), while in the supernatant of 
DBY746 transformed with pAAMY (lane 2) a faint positive 
band corresponding in size to the molecular weight (55,200)
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of the native amylase from B. licheniformis was visible. An 
additional series of stronger bands recognised by the 
antibody were also observed in the supernatant of DBY74 6 
transformed with pAAMY. These bands, at molecular weights 
6-16 kd higher than the B. licheniformis amylase could have 
resulted from inefficient processing of the signal peptide 
and/or core glycosylation of the amylase as it proceeded 
through the yeast secretory pathway or a combination of 
both. The amylase signal peptide is 29 amino acids long 
and if the signal peptide had not been cleaved it would 
lead to an increase in molecular weight of the amylase of 
approximately 3kd. The B. licheniformis amylase while not 
glycosylated in its native environment contains 7 potential 
glycosylation sites (see appendix 1). Each core 
glycosylation event leads to an increse in molecular weight 
of approximately 3kd (Melnick et al, 1991). The largest 
increase in molecular weight would therefore be 24kd (7 
core glycosylations plus the uncleaved signal peptide). No 
amylase positive bands were visible in the extract of 
DBY746/pAAMY (lane 1) . This is probably due to the fact 
that only approximately 5% of the total amylase activity is 
located intracellularly (Fig 3.13).
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Western blot showing the multiple amylase bands present in 
the supernatant of DBY74 6/pAAMY.

Lane 1 DBY746/pAAMY extract.
Lane 2 DBY746/pAAMY supernatant.
Lane 3 DBY746/pAAH5 supernatant.
Lane 4 1 unit native licheniformis amylase.
Lane 5 Prestained molecular weight markers.
Lane 6 10 units native licheniformis amylase.
The size markers were stained separately and used to 
determine the size of the bands present on the western blot, 
(not shown in photo).
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3.13. Development of a sensitive assay for the detection of 
amylase activity in polyacrylamide gels.
Initially, a zymogram/overlay gel was used to analyse 
whether or not the additional bands observed in the Western 
blot (fig. 3.25) were active amylase bands. Samples of 
supernatant and extract were electrophoresed on a 10% SDS 
polyacrylamide gel which was then overlaid with a thin 1% 
agarose gel containing 0.05% starch. The two gels were 
covered with foil and incubated at 37°C for time periods 
ranging from 20 minutes to 12 hours. The starch-containing 
overlay gel was then stained with 0.01% I2/0.1% KI in IN 
HC1 to localise the position of the amylase positive bands. 
Bands were visible as clear areas against a dark violet 
background, however the bands observed were very diffuse 
and it was not possible to determine which of the multiple 
amylase bands seen on the Western blot were active. It was 
therefore necessary to develop an activity gel capable of 
resolving active amylase bands which differed in molecular 
weight by as little as 3kd.
Initially, the activity gel (10% SDS polyacrylamide) was 
made in a 1% starch solution in place of distilled water 
but the running time of this gel was approximately 25% 
longer than the ordinary gel and resulted in overheating of 
the gel apparatus. Subsequently, gels were made in a starch 
concentration of 0.05% as used in the zymogram above and 
gels ran normally. Comparing the ordinary and 
starch-containing gels by coomassie staining, the inclusion 
of starch in the gels was found to have no adverse effect 
on the protein banding pattern (not shown). To visualise 
amylase bands on the activity gel a renaturation step had 
to be carried out followed by an incubation to allow the 
renatured amylase to degrade the starch incorporated in the 
gel. Optimisation of the clarity and intensity of the 
amylase bands was carried out by varying the renaturation 
conditions and the conditions used for degradation of the 
starch. In the renaturation step HEPES and phosphate 
buffers were used at pH 6.9 and the concentration was 
varied from 0.01M to 0.1M; Triton-X-100 was varied from
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0.025% to 1%; the incubation temperature was varied from 
20°C to 65°C and the incubation period from 20 minutes to 6 
hours, replacing the incubation buffer with fresh buffer 
midway for the longer incubations.
For the degradation step, HEPES and phosphate buffer (pH
6.9) were again used and the concentration was varied from 
0.01M to 0.1M; the incubation temperature was varied from 
20°C to 65°C and the incubation period from 20 minutes to 
24 hours. The calcium chloride concentration in the 
degradation buffer was varied from zero to 20mM. After the 
renaturation and degradation steps the gels were stained
with 0.1% KI/0.01% I in IN HC1 to visualise the active' 2
amylase bands. Optimum conditions established were as 
follows: gels (10% polyacrylamide containing 1% starch)
were renatured by two 1 hour incubations at 20°C in 0.1M 
HEPES (pH 6.9), 0.25% Triton-X-100 with subsequent
incubation of the gel for 8 hours at 37°C in 0.1M HEPES (pH
6.9), 5mM CaCl . The improvement in the visibility of the 
amylase bands in the presence of calcium was expected as 
the B.licheniformis a-amylase is a calcium-dependent 
enzyme. Fig. 3.27 shows a gel run under the above 
conditions.
It can be seen from the gel that there was a smear of 
amylase activity running from the top of the gel to the 
position of the amylase band. This smearing was most likely 
due to a small percentage of the amylase retaining activity 
after solubilisation, as the enzyme is highly thermostable 
with a temperature optimum of 93°C. During electrophoresis, 
heat generated in the system was sufficient to allow this 
active amylase to degrade the starch in the gel, resulting 
in the pattern observed in fig. 3.26. This smearing may 
have masked the amylase bands present in the samples 
prepared from DBY746/pAAMY which can be clearly seen on 
subsequent activity gels (Figs 3.27, 3.28).

1 3 8



F i g u r e  3 . 2 6 .

10

Amylase activity gel showing the smearing of the amylase 
activity.

Lane 1 :
Lane 2 :
Lane 3 :
Lane 4 :
Lane 5 :
Lane 6 :
Lane 7 :
Lane 8 :
Lane 9 :
Lane 10:

DBY746/pAAMY extract.
DBY746/pAAH5 extract.
DBY746/pAAH5 supernatant.
DBY746/PAAMY supernatant.
Prestained molecular weight markers.
10 units native licheniformis amylase.
1 unit native licheniformis amylase.
0.1 unit native licheniformis amylase. 
DBY746/PAAMY supernatant 1/10 dilution, 
DBY746/PAAMY extract 1/10 dilution.
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In order to try to minimise this background amylase 
activity subsequent gels were run at 4°C (60V, 18 hours) ,
all buffer components were precooled to 4°C before use and 
amylase samples were boiled for 10 minutes prior to loading 
on the gels. This approach was successful, as can be seen 
in fig. 3.27. Reducing the quantity of the standard 
B. licheniformis amylase loaded was also shown to reduce the 
level of background amylase activity (fig. 3.27). An 
attempt was made to remove all background amylase activity 
by including 5% urea in the gels, solubilisation buffer and 
running buffer but it proved impossible to detect any 
amylase activity subsequent to renaturation, incubation and 
staining. The gel in fig 3.27 also contains the supernatant 
from DBY746 transformed with pAAMY in lane 5. An amylase 
band identical in size to the native B.licheniformis 
amylase is clearly visible. In addition, 5-6 active higher 
molecular weight forms (indicated by the arrow) of the 
amylase were also visible on the gel (not clearly visible 
in the photograph, shown more clearly in fig 3.28). These 
bands correspond in size to the higher molecular weight 
bands observed on the Western blot (fig. 3.25). Thus the 
procedure developed was shown to be effective in clearly 
resolving all the active amylase bands.

1 4 0



F i g u r e  3 . 2 7 .

1 2 3 4  5

Amylase activity gel run at 4°C showing decrease in 
smearing. (The additional active amylase bands are also 
visible indicated by the arrow).

Lane 1 : 10 units native B.licheniformis amylase. 
Lane 2 : 1 unit native B.lichemiformis amylase. 
Lane 3 : 0.1 units native B.licheniformis amylase. 
Lane 4 : Prestained molecular weight markers.
Lane 5 : DBY746/pAAMY supernatant.
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3.14. EndoHf treatment of the B.licheniformis a-amylase 
expressed in S. cerevisiae.
As incomplete processing of the signal peptide would lead 
to an increase of only 3kd in the size of the amylase, all 
of the multiple amylase bands detected in the supernatant 
samples of DBY746/pAAMY (figs. 3.25, 3.27) could therefore 
not be due to the incomplete processing of the signal 
peptide. To ascertain whether the increases in molecular 
weight were due to core glycosylation of the amylase as it 
was translocated through the secretory pathway, samples of 
the extract and supernatant isolated from DBY746/pAAMY 
(grown in buffered minimal medium) were treated with 
EndoHf. The enzyme EndoHf removes core glycosylation from 
glycoproteins. Supernatant and extract prepared from 3 x

Q10 cells of a 30 hour culture (see fig 3.13) (2.23, 2.24).
were resuspended in 200jil of denaturation buffer (2.6) and 
boiled for 10 minutes. lOOfil of the supernatant and extract 
suspensions were then aliquoted into two fresh eppendorfs 
and treated with EndoH (sec 2.6). The samples were 
incubated at 37°C for 60 minutes. The samples were boiled 
for 10 minutes prior to loading. Both the treated and 
untreated samples were divided in two and loaded on an 
activity gel (fig. 3.28) and an SDS polyacrylamide gel for 
Western blotting (fig- 3.29). The supernatant from 
DBY746/pAAH5 was treated in an identical way and served as 
a negative control while the native B.licheniformis 
a-amylase was included as a positive control.
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Amylase activity gel after treatment with endoH^.

Lane 1 : Supernatant from DBY746/pAAMY.
Lane 2 : Extract from DBY746/pAAMY.
Lane 3 : DBY7 46/pAAMY supernatant treated with EndoHf.
Lane 4 : Extract treated with EndoH .f
Lane 5 : 1 unit of the B.licheniformis amylase.
Lane 6 : Prestained molecular weight markers.
Lane 7 : 1/10 dilution of supernatant of DBY74 6/pAAMY,

EndoH^ treated 
Lane 8 : 1/10 dilution of supernatant DBY746/pAAMY.
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Western blot of DBY74 6/pAAMY supernatant and extract after
treatment with EndoH .f

Lane l

Lane 3 
Lane 4 
Lane 5 
Lane 6 
Lane 7 
Lane 8

: 1/10 dilution of supernatant from DBY7 46/pAAMY End
treated.
DBY746/pAAMY Supernatant treated with EndoH . 
DBY746/pAAH5 supernatant.
1 unit of the B.licheniformis amylase.
Pprestained molecular weight markers.
1/10 dilution of SN of DBY74 6/pAAMY.
Supernatant of DBY746/PAAMY.
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It can be seen from figs. 3.28 and 3.29 that the bands on 
the Western blot correspond to those present in the 
activity gel. It was observed that after treatment with 
EndoHf the disappearance of the higher molecular weight 
forms of the amylase was accompanied by an increase in the 
intensity of the amylase band corresponding in size to the 
native B.licheniformis a-amylase in both the activity gel 
and the Western blot. In the activity gel (fig 3.28) the 
amylase band corresponding to a 1/10 dilution of 
DBY7 4 6/pAAMY supernatant (lane 7) only becomes visible
after endoHf treatment. In lane 3 in both fig 3.28 and 3.29
there is also a faint band which is present just above the
main amylase band. It is approximately 3kd bigger than the 
size of the main amylase band, this band may represent a 
fraction of the amylase whose signal peptide had not been 
cleaved off. The disappearance of all but one of the higher 
molecular weight bands after EndoHf treatment demonstrated 
that these higher molecular weight forms of the amylase 
were active and result from different levels of core
glycosylation of the amylase as it proceeded through the 
yeast secretory pathway. In the Western blot shown in Fig 
3.29 in lane 3 in addition to the bands discussed above 
there are a number of lower molecular weight bands. These 
bands may be due to the presence of proteolytic degradation 
products of the amylase, and these bands are not active 
amylase bands as they do not appear in the equivalent lane 
(lane 3) in the activity gel (Fig 3.29).

3.15. Construction of a vector containing a signal-minus 
a-amylase.
In order to demonstrate conclusively that the a-amylase 
bacterial signal peptide was responsible for the 
translocation of the B.licheniformis amylase through the 
yeast secretory pathway, an attempt was made to construct a 
vector which contained the sequence coding for the mature 
a-amylase but which lacked the signal peptide. This vector 
called pAAMYS (for signal minus) is outlined below. The 
entire amylase gene is shown schematically in fig. 3.30.
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BamRl
A T C  -

Pstl Hindlll

SIGNAL AMYLASE GENE

ATG
ATG

Schematic representation of the entire B. licheniformis 
amylase gene.

To facilitate separation of the signal peptide and mature 
amylase and the subsequent manipulation of the signal-minus 
gene, a Hindlll linker was inserted at the Pstl site 
located at the 3'end of the signal peptide. Firstly the 
plasmid pSL5 (fig. 3.3) was restricted with Pstl and the 3' 
overhangs generated were removed with the klenow fragment 
of DNA polymerase 1. The plasmid was then religated in the 
presence of 8 mer Hindlll linkers, (5' CAAGCTTG 3') giving 
the plasmid pSL53. To ensure that the klenow enzyme had 
fully digested the 5r-3' overhangs and that only a single 
copy of the linker had successfully ligated to the blunt 
ends thereby generated, this region of the construct was 
sequenced by first subcloning the BairiHl-Hindlll fragment 
into pUC19 and then sequencing by the dideoxy chain 
termination method (sec 2.37) using the universal primer. A 
section of the sequencing gel showing the junction site 
spanning the inserted linker is shown in figure 3.31.
This sequence data confirms that the Hindlll 8mer linker 
had been correctly inserted into the unique Pst 1 site in 
pSL5.
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Section of the sequencing gel confirming the sequence 
around the inserted Hindlll 8mer linker.

The sequence read from bottom to top is as follows:

Hindlll linker

CTCATCTTCTTTGCTGCCTCATTCCAAGCTTGGCAGCGGCGGCAAATCTTAAT
GGGACGCTGATGCACTATTTTGAA
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Although there are two ATG start sites at the 5' end of the 
mature amylase gene both of these start sites are out of 
frame and would give rise to nonsense transcripts. 
Therefore it is necessary to provide an in frame start site 
at the 5' end of the gene. This can be achieved by using 
one of the pAH series of vectors (Ammerer, 1983) . These 
three yeast expression vectors contain the yeast ADHl 
promoter and an ATG start site in three different reading 
frames proximal to the unique Hindlll cloning site. The 
plasmid pAH9 was chosen as insertion of the Hindlll amylase 
fragment from pSL53 into this vector would give an in frame 
fusion between the start site and the gene (fig. 3.32).

Figure 3.32.

Met*
ATG TCT CCA AGC TTG GCA GCG GCG....

pAH9 LINKER MATURE AMYLASE

Schematic diagram of the sequence at the junction of the 
vector pAH9 and the Hindlll fragment containing the signal 
minus amylase gene.

Plasmid pSL53 was restricted with Hindlll and the Hindlll 
amylase-containing fragment was isolated from a 0.7% 
agarose gel (2.14). Several attempts were made to ligate 
this fragment into the unique Hindlll site in pAH9 (fig. 
3.33) to give plasmid pAAMYS but all attempts were 
unsuccessful. Control ligations of this fragment into 
pBR322 were carried out without difficulty. The data from 
the analysis of amylase secretion in sec mutants and the 
fact that the amylase is glycosylated, demonstrates, 
however, that the signal peptide directs the amylase 
through the yeast secretory pathway.
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BamR I

Schematic diagram for the construction of plasmid pAAMYS.
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CHAPTER 4 .

Results 2.

Strategies to increase the levels of B 
a-amylase produced by S. cerevisiae.

licheniformis
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4.1. Isolation of supersecreting (SSC)mutant strains.
The rationale for this method was based on the assumption 
that any complex, multistep pathway, such as the process of 
protein secretion in yeast, must have one or more 
rate-limiting steps which, if altered by mutation, could 
lead to an increase in secretion. It is assumed that 
initially these mutations would occur at the most 
rate-limiting step in the pathway and that by repetitively 
isolating mutations in a strain already carrying one or 
more supersecretion chromosomal mutations, it should be 
possible to sequentially alter the rate-limiting steps and 
affect substantial increases in the levels of heterologous 
proteins secreted. It has also been shown (Wood and 
Brazell, 1989, Sakai et al., 1990) that mutagenesis of
yeast strains expressing heterologous proteins can lead to 
an increase in the overall, i.e. intracellular plus 
extracellular, quantity of heterologous protein produced in 
the cell.
Ethyl methane sulphonate (EMS) was selected as the 
mutagenic agent as it is highly efficient at inducing 
mutations, up to 5 x 10-4 to 10~2 per gene without 
substantial killing (Cold Spring Harbor, Methods in Yeast 
Genetics, 1986), it does not produce clusters of closely 
linked mutations and had been used previously for the 
successful mutation of S.cerevisiae (Smith et al. , 1985).
EMS is also safer to handle than powders such as NGG 
(N-methyl-N'-nitro-N-nitrosoguanidine).
In terms of the most efficient operation of a random 
screen, the optimum dose of mutagen is that which gives 
rise to the highest proportion of mutants in the surviving 
population. Generally, an increase in the dose of mutagen 
will result in a decrease in the survival rate. The optimum 
rate of survival for the isolation of mutants is in the 
range of 10-30% with lower survival rates leading to an 
increase in the number of multiple mutations and higher 
survival rates leading to a decrease in the number of 
mutated cells in the overall population.
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The initial step in the isolation of mutants was the 
generation of a survival curve to determine the dosage of 
EMS required to give a cell survival rate of 2 0%. The 
protocol used for mutagenesis was as follows. Cells were 
grown to stationary phase in minimal media and were 
centrifuged at 5,000 rpm for 5 mins. Cells were washed once 
and resuspended in 10ml of 0.1M phosphate buffer, pH 7.0. 
The cells were then transferred to a 50ml screw top tube 
and 0.3ml of EMS added. The tube was vortexed vigorously as 
EMS is poorly miscible in this buffer. The tube was then 
incubated in a shaking water bath at 3 0°C and samples were 
taken at intervals of 15 minutes and added to an equal 
volume of freshly made, filter sterilised, 10%(w/v) sodium 
thiosulphate (to inactivate the EMS). Samples were then 
spun at 5,000 rpm for 5 minutes, washed twice with 5 ml of 
0.1M phosphate buffer, pH 7.0 and plated on buffered 
minimal medium, pH 6.9, containing 2% starch. Various 
dilutions of the samples were plated to obtain less than 
200 colonies per plate. Plates were counted after 2 days 
growth at 30°C. Using this procedure a survival curve was 
generated as shown in fig 4.1. The survival curve shows 
that exposure of the yeast cells to EMS for 75 minutes gave 
a survival rate of 20% which is the recommended survival 
rate for recovering a high proportion of mutant colonies in 
the surviving cell population. As the cells were plated 
onto minimal and not rich media the survival rate also 
includes the percentage of colonies which had lost their 
plasmid during the growth of the culture prior to 
mutagenesis. However as the cells were grown to stationary 
phase on minial media, the % of cells retaining the plasmid 
after this time would be close to 100%, in plasmid 
stability studies after 30 hours growth on selective 
minimal media 97-98% of cells still retained the plasmid 
after 3 0 hours growth. This plasmid loss was regarded as 
insignificant when compared to the overall cell death of 
approximately 80%.
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Graph of % of surviving cells after exposure to EMS

Exposure time (mins).

Survival curve showing the percentage of cells surviving 
after exposure to EMS.
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4.1.1 Screening of potential mutants.

A suitable procedure was established for screening 
surviving cells for the mutant phenotype, i.e., increased 
external levels of a-amylase. Generally when dealing with 
large numbers of colonies the screening procedure needs to 
be sensitive, easy to use, capable of screening a large 
number of colonies per plate and inexpensive. A number of 
different plate assays for amylase activity were examined 
for their suitability for use in the initial screening 
procedure. These were the starch precipitation assays as 
described in section 3.3, a bromophenol blue based assay 
and an assay using chemically synthesized Cibacron blue 
starch. The method for the detection of amylolytic yeast 
strains using bromophenol purple involved the incorporation 
of 0.003% bromophenol purple into bufffered minimal medium 
(containing 2% starch). Again, amylase-producing colonies 
are surrounded by clear halos against a blue background 
(fig. 4.2).

Figure 4.2

Detection of amylolytic yeast strains using Bromophenol 
purple.
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The final method evaluated for the detection of 
amylase-producing strains was the use of Cibracron 
Blue-starch. The Cibacron Blue dye was synthesized (2.17) 
by binding the dye chemically to the starch, at a ratio of 
1 molecule of dye per 20-3 0 glucose units; as the amylase 
breaks down the starch, the dye bound to the smaller 
glucose units can diffuse through the medium. This 
diffusion of the solubilised unit carrying the dye creates 
a zone of clearing against a blue background (fig 4.3).

Figure 4.3

Detection of amylolytic yeast strains using Cibacron Blue 
starch.

Each of the above assays were assessed as a potential 
initial screening procedure for the detection of 
mutagenised colonies secreting elevated levels of 
oc-amylase. The optimal assay was assessed on the basis of 
halo clarity, i.e. clear definition of halo perimeter, 
sensitivity i.e. halo size relative to size of colony, 
simplicity, reproducibility, and the number of colonies 
assayable per plate. Incorporation of bromophenol purple 
into plates although producing halos around amylolytic
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colonies and not around control strains, was not used 
because as a pH indicator it is not specific for starch 
degradation and more specific assays which also gave good 
halos were available. Cibacron blue starch was not used 
because although it gave well defined haloes both the 
chemical synthesis and pouring of the overlay plates were 
difficult and time consuming. It was also difficult to get 
a uniform distribution of the dye throughout the plate. The 
most suitable assay was that using buffered yeast minimal 
medium (pH 6.9) containing 2% Litner's starch. However, a 
lower level of glucose, 0.5%, compared to 2% in the 
previously described assay, was used as the higher level 
gave rise to large colonies and halo sizes. Because this is 
a zone-based assay it suffers from the problem of the 
decreasing exponential relationship between the product 
titre and the zone diammeter such that a large increase in 
the quantity of product gives rise to only a relatively 
small increase in zone diammeter. The use of a low level of 
glucose in the plates kept the colony size and therefore 
the zone diammeter to a minimum which made it easier to see 
increases in halo size and also had the added advantage of 
allowing more colonies to be screened per plate. Two 
alternative methods of decreasing the halo size were also 
tried. The pH of the medium was lowered to pH 4.2 at which 
the amylase activity was 25% of its maximum activity at pH
6.9 and the starch concentration was increased up to 5%. 
The use of a lower level of glucose was selected as the 
best method as the lower pH gave rise to large colony sizes 
with relatively small haloes and the higher levels of 
starch were difficult to work with due to problems with 
insolubility at higher concentrations. An attempt was also 
made to grow the mutagenised colonies on starch as the sole 
carbon source but this was unsuccessful.
Following mutagenesis the surviving colonies were plated 
out to give 100-200 colonies per plate (fig 4.4). After two 
days growth the colonies were assayed for increases in
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amylase secretion either by staining with iodine vapour or 
incubation at 4°C overnight. There were substantial 
interplate and intraplate differences both in colony and 
halo size, so potential mutants were selected by comparing 
potential mutants to those colonies nearby on the same 
plate. Unmutagenised cells plated on identical media had 
more uniform colony and halo sizes. Potential mutants were 
then replated (100 colonies per plate) grown for 48 hours 
and screened as before (fig. 4.5) In both fig 4.4 and 4.5 
potential mutants are indicated with arrows.

Figure 4.4

(a) Initial screen of surviving colonies after 
precipitation of starch by incubation overnight at 4°C.
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(b). Initial screen after exposure to iodine vapour. 
Figure 4.5.

(a) Secondary screen after precipitation of starch by 
overnight incubation at 4°C.
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(b) Secondary screen after exposure to iodine vapour.
Those colonies which appeared to have larger halo sizes 
compared to surrounding colonies were plated out and grown 
to stationary phase in 5ml of buffered yeast minimal broth 
and the supernatants were assayed for amylase activity 
using the plate assay described in section 3.3 (fig. 4.6). 
Potential mutants are indicated with arrows. Strains giving 
larger halo sizes than the control DBY746/pAAMY supernatant 
were again grown to stationary phase in yeast minimal broth 
and the amylase secreted was quantified by the DNS 
spectrophotometric assay (2.18).
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Plate assay of supernatants from potential supersecreting 
mutants.

4.1.2 Characterisation of supersecreting (SSC) strains.

Out of an initial screen of approximately 30,000 surviving 
colonies, approximately 1,000 were replated and 97 were 
assayed by the plate assay. Of these, 25 were assayed using 
the DNS assay and the specific amylase activity of each of 
these strains is shown in Table 4.1. The amylase activity 
of the strains was determined after 36 hours growth at 
30°C, and cell counts were determined directly using a 
haemocytometer. Specific activities i.e. activity per cell 
were determined by dividing the activity obtained in the 
DNA assay by the number of cells present.
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T a b le  4 . 1 .  A m y la s e  a c t i v i t y  p e r  c e l l  i n  SSC s t r a i n s .

S t r a i n A c t / m l S p e c . A c t S t r a i n A c t / m l S p e c . A c t .

D B Y 7 4 6 9 5 8 2 . 9 x l 0 ~ 5 m u t  1 3 1 1 1  1 3 . l x i o “ 5
m u t l 1 7 7 9 2 . 6 X 1 0 - 5 m u t  1 4 4 4 2  5 1 . 6 X 1 0 - 4
m u t  2 1 0 2 3 3 . 3 X 1 0 " 5 m u t  1 5 9 7 7 2 . 7 x l 0 “ 5
m u t  3 1 3 4 4 2 . 7 x l 0 ~ 5 m u t  1 6 1 2 1 1 3 . 5 x l 0 “ 5
m u t  4 9 9 8 2 . 2 X 1 0 - 5 m u t  1 7 2 6 7 3 8 . 1 X 1 0 " 5
m u t  5 2 5 2 0 8 . 4 X 1 0 - 5 m u t  1 8 7 8 9 2 . 8 X 1 0 “ 5
m u t  6 3 0 6 9 9 . 3 X 1 0 - 5 m u t  1 9 8 8 1 2 . 8 X 1 0 - 5
m u t  7 9 6 7 2 . 6 X 1 0 ~ 5 m u t  2 0 1 0 0 1 3 . 3 X 1 0 - 5
m u t  8 1 2 0 1 3 . 1 X 1 0 - 5 m u t  2 1 1 3 5 9 3 . 9 x l 0 _ 5
m u t  9 9 0 1 2 . I x l 0 ~ 5 m u t 2 2 8 6 7 3 . 2 X 1 0 - 5
m u t  1 0 1 3 2 2 3 . 7 x l 0 " 5 m u t 2 3 2 2 5 0 7 . 5 X 1 0 “ 5
m u t  1 1 1 0 1 1 2 . 4 X 1 0 - 5 m u t  2 4 9 1 2 2 . 5 X 1 0 " 5
m u t  1 2 8 3 7 3 . 2 x l 0 ~ 5 m u t  2  5 8 3 9 1 . 9 X 1 0 - 5

The 5 strains showing the largest increases in specific 
activity were selected for further characterisation. In 
these strains the increases in the levels of amylase 
secreted varied from 2.3 to 5.4 fold. These 5 strains were 
named SSC1 to SSC5 and are shown it table 4.2.

Table 4.2

Strain Cell No. Act. SN/ml. Spec.Act Fold increase
DBY74 6 3.3xl07 958 2.9xl0”5
SSCI 3.OxlO7 2250 7.5X10-5 2.6
SSC2 3.3X107 2673 8.lxlO-5 2.8
SSC3 3.OxlO7 2520 8.4xl0~5 2.9
SSC4 3.3X107 3069 9.3X10-5 3 . 2
SSC5 2.95X107 4425 1.6xl0-4 5.4

Increases in specific amylase activity in SSC1-SSC5.
The figures are for the fold increase in amylase activity 
and represent the average of two determinations.
To ensure that the mutations responsible for the observed
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increases in amylase activities were chromosomal, i.e. host 
mutations and not plasmid borne mutations each of the SSC 
strains outlined above were first cured (2.32) of the 
amylase-containing plasmid (pAAMY) and then retransformed 
with an unmutagenised source of the plasmid. Following this 
experiment it was established that the retransformed SSC 
strains retained the increased levels of amylase secretion 
indicating that the mutations responsible for the increase 
in amylase secretion were chromosomally located. As a 
second means of checking that the mutations were not on the 
plasmid, plasmid DNA was also isolated from each of the SSC 
strains (2.16) amplified in E.coli, checked by restriction 
digest with BamHl and retransformed into DBY746. No 
increase in the secretion of amylase was observed in these 
strains confirming the chromosomal location of the 
mutations. The plasmid DNA isolated from each of the 
mutants gave an identical restriction pattern to the 
original plasmid indicating that no gross rearrangement of 
the plasmid had taken place as a result of the mutagenesis 
carried out.
The levels of amylase activity produced throughout the 
growth cycle of DBY746/pAAMY and SSC5/pAAMY were determined 
using the DNS assay (2.18). The result of this analysis is 
shown in fig. 4.7. The result shows that while there is a 
substantial increase in the external levels of amylase 
present the levels of internal amylase are similiar. The 
plot also shows that the growth rate and overall cell 
number of SSC5 are very similiar to that of the original 
unmutagenised strain DBY74 6.
In an attempt to further increase the levels of amylase 
produced the mutagenesis protocol as outlined above was 
carried out using SSC5/pAAMY as the starting strain in an 
attempt to isolate secondary mutants with further increases 
in amylase secretion. However these attempts were 
unsuccessful.

1 6 2



A
m

yl
as

e 
ac

ti
vi

ty
 

(u
n

it
s/

m
l)

F i g u r e  4 . 7 .

Graph of log cell no. versus time.

T im e (h o u rs )
Graph o f amylase activity versus time.

T im e (h o u rs )
Graph of cell growth and amylase production by DBY74 6/pAAMY 
and SSC5/pAAMY.
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To determine whether the mutations in SSC4 and SSC5 (the 
mutants which showed the highest increase in amylase 
activiity) responsible for the increased levels of amylase 
production were specific for the amylase or would result 
in an increased level of other heterologous proteins 
DBY746, SSC4 and SSC5 were transformed with the plasmid 
pJG317 (appendix 2 (b)) which contains the entire Bacillus 
subtilis /3-glucanase gene i.e. the region coding for the 
signal peptide and the mature /3-glucanase. The internal and 
external levels of /3-glucanase were determined for each of 
the strains as described in section 2.24 and 2.25. Table
4.3. shows the results of these assays.

Table 4.3. Glucanase activity units per cell.

Strain Internal External Total % increase

DBY7 4 6/pJG317 8.2xl0-6 l.OxlO-5 1. 8xl0_5 .. . .  _

SSC4/pJG317 8.Ixl0~6 1.06xl0-5 1.9X10~5 5.5
SSC5/pJG317 9.3X10"6 1.15xl0-5 2.1X10”5 16.6

Although both SSC strains showed a slight increase in the 
overall levels of /3-glucanase produced, these levels were 
insignificant relative to the increases observed for 
a-amylase suggesting that the mutations were specific for 
the amylase.

The a-factor assay (2.35) was used to determine if the 
chromosomal mutations in SSC4 and SSC5 would lead to the 
increased secretion of the yeast a- factor pheremone. The 
Strains DBY746, SSC3, SSC4 and SSC5 were cured of the 
amylase plasmid and grown to stationary phase in minimal 
medium and assayed for the levels of a-factor produced. 
Fig. 4.8 shows the results of the assays. As can be seen 
from the plates there was no apparent increase in the 
levels of a-factor secreted by the SSC strains, however as 
the haloes in these plates were poorly defined it is 
difficult to measure accurately what, if any increase in
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4.3 Integration of the amylase gene into the yeast 
chromosomal DNA using Yeast integrating (YIP) vectors.
A number of reports have suggested that by decreasing the 
copy number of plasmids containing heterologous genes in 
S.cerevisiae an increase in the levels of heterologous 
proteins produced can be achieved (Smith et al., 1985, Cole 
et al. 1988). It is argued that this increase is due to the 
decrease in stress placed upon the cell compared to a cell 
harbouring multiple copies of the gene. In cells with a 
reduced plasmid copy number there is a decrease in the 
levels of intracellular protein present, which may then be 
more readily secreted as the secretory pathway does not 
become clogged with excessive levels of the protein.
In contrast with the reports of Smith et al. ,1985 and Cole 
et al. 1988) , there are also a number of reports on nerve 
growth factor (Sakai et al., 1991) and thaumatin (Lopes et 
al. , 1989) which show that the use of vectors which are
targeted to integrate at reiterated DNA elements in the 
genome, either delta elments or rDNA results in an 
increased copy number. This higher copy number results in 
an increase in the level of protein produced relative to 
that produced by either centromeric or low copy integration 
plasmids.
The B.licheniformis a-amylase was cloned into both high and 
low copy integrating vectors (see section 1.3.5) to analyse 
the effect on a-amylase production of low copy number 
integration and high copy number integration on the overall 
amount of amylase produced by strains transformed with 
these vectors.
Both Centromeric vectors and integrating vectors (See 
sections 1.3.4,1.3.5) have a low copy number but 
integration has the added advantage of stability as 
integrated transformants do not require selective pressure 
for the maintenance of the heterologous gene. Strains 
harbouring integrated plasmids may therefore be grown to 
higher cell densities on rich media.
For the low copy number integration expermient the yeast 
integrating plasmid, YIp5 (Struhl 1989), was initially
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chosen. The ADH1 promoter-amylase-ADH terminator cassette 
was isolated from a partial digest of pAAMY (Fig 4.9) and 
repeated attempts were made to subclone this BamHl fragment 
into the unique BamHl site of YIp5 were unsuccessful. 
Several strategies were tried including, isolation of the 
BamHl fragment from an agarose gel by the geneclean 
procedure (2.14) prior to ligation with phosphatase treated 
YIp5 vector DNA (2.14), isolation of the BamHl fragment by 
sucrose density gradient centrifugation (2.39) and 
subsequent ligation with both CIP treated and untreated 
vector DNA (the latter in the ratios of fragment:plasmid 
from 1:1 to 1000:1) but in all cases only religated YIp5 
was obtained from the transformations. To rule out the 
possibility that this problem was due to the vector, a 
second source of YIp5 was obtained and the above strategies 
were repeated, again with no success. A control ligation 
with CIP treated YIp5 and lambda DNA digested with BamHl 
was successful and showed that the YIp5 vector used was 
capable of stably maintaining inserted DNA sequences and 
that the reaction conditions used had been optimised for 
the successful ligation of DNA fragments into YIp5. As a 
result of the repeated unsuccessful ligations using YIp5 
the use of the YIp5 vector was abandoned.
Instead the yeast integrating vector pFL34 (Bonneaud et 
al., 1991) was then obtained and the amylase-containing 
fragment was successfully subcloned into the unique BamHl 
site of the polylinker of pFL34 at the first attempt giving 
the plasmid pFAMY (fig. 4.9). The orientation of the 
fragment in the vector was confirmed by restriction 
analysis (fig. 4.10). As the same sample of insert fragment 
DNA, i.e., that isolated from the sucrose density gradient, 
and the same ligation conditions were used as for YIp5, the 
success of this ligation at the first attempt supports the 
possibility that some inherent problem in the BamHl amylase 
gene-containing fragment from pAAMY does not allow it to be 
stably maintained in YIp5.
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1.2 3 4 5  6 7 B 9

Restriction digests of pFAMY showing the orientation of the 
BamHl fragment insert. The sizes of the restriction 
fragments are given below (kb).

Lane 1 :A 1 kb DNA ladder 12,11,10,9,8,7,6,5,4,3,2,1.5,1Kb
Lane 2 :Uncut pFAMY
Lane 3 :pFAMY Kpnl 5.8, 2.1
Lane 4 :pFAMY Hindlll 5.56, 1.8, 0.53
Lane 5 :pFAMY Sal 1 6.68, 1.22
Lane 6 :pFAMY BamHl 3.8 2.3, 1.5
Lane 7 :pFL34 BamHl 3.8
Lane 8 : uncut pFL34
Lane 9 :A 1 kb DNA ladder (important sizes indicated in Kb 
on figure).
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Plasmid pFAMY was then linearised at its unique Stu 1 site 
and transformed into DBY746. DBY746 contains the ura3-52 
mutation (Rose and Winston, 1984) due to the presence of a 
Ty element within the ura 3 gene. Only those transformants 
complemented with the ura 3 gene from plasmid pFAMY are 
capable of growth on uracil minus minimal media. Initially 
the transformation mix was plated on uracil minus minimal 
medium but no transformants were observed. To obtain
transformants it was found to be neccessary to supplement 
the minimal medium with the supplementary mix described in 
section 2.3. Transformants obtained on this medium were 
replated onto minimal medium containing Litner's starch and 
screened for amylase activity. 10 amylase positive 
transformants were selected and the levels of amylase 
secreted were determined for 5 of them using the DNS assay 
(2.18) (Table 4.3). The results of this determination show 
that the levels of amylase secreted by these strains ranged 
from 22-57% of the level secreted by DBY746 transformed
with the episomal plasmid pAAMY. No amylase activity could 
be detected intracellularly. Thus it is apparent that the 
use of a low copy number integrating plasmid does not 
result in an increase in the levels of a-amylase in the 
supernatant. The use of the second integration method i.e.
the use of a integrating plasmid which is targeted to
reiterated sites in the genome resulting in a high plasmid 
copy number was therefore undertaken.
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Table 4.3. Levels of amylase expressed by DBY746 
transformed with pFAMY.

Strain Units of secreted 
Amylase.

Cell No. Units/Cell

Ii 3 6 3 . 7 3 . 1 0
7

X  1 0 1 . 1 7 X 10-5
I2 2 0 7 . 0 3 . 4 3

7
X 1 0 7 . 8 0 X 10-6

1 3 4 0 7 . 2 3 . 4 3
7x 1 0 1 . 1 9 X 10-5

1 4 5 5 2 . 3 2 . 9 3
7

X 1 0 1 . 8 8 X 10-5
Is 2 2 8 . 5 2 . 8 8

7
X  1 0 7 . 9 0 X 10-6

pAAMY 9 5 2 . 8 3 . 3 0
7

X  1 0 2 . 8 9 X 10-5

Plasmid stability studies (2.33) were carried out for 
strains Ii, 1 2, and 14 and compared to the plasmid 
stability of pAAMY and pAAH5 and the results are shown in 
figure 4.15. It can be seen from the graph that the strains 
carrying the integrating plasmid were almost 100% stable 
with only 2% of the cells losing their plasmids over 
approximately 45 generations indicating that the plasmid 
had successfully integrated into the S. cerevisiae 
chromosome. In addition attempts to isolate plasmid DNA 
(2.16) from these strains were unsuccessful while it was 
possible to isolate pAAMY from DBY746.
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Graph of plasmid stability versus number of generations

Number of generations

Graph of plasmid stability versus number of generations.

From the graph it can be seen that the plasmid pFAMY was 
stably maintained in strains I2 and 14.
To confirm that the integration had taken place, total DNA 
was isolated from 13 transformants (2.15), DBY746::pFAMYIi 
to I13, digested overnight with BamHl, electrophoresed, 
Southern blotted (2.28) and probed with Stul linearised 
32p-labeled pFAMY (2.29). ffindlll and BamHl digested pFAMY 
were included on the gel both as positive controls and as 
size markers. Assuming that the integration had taken place 
by a single cross-over event (1.3.5) the resulting DNA 
restriction pattern, after restriction with BamHl, at the 
site of integration should be that shown in fig. 4.16.
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Bam Hi

A H

11.Oft

uraò-52 Bam HI

X
Sta I

ura3-52

BardH. I

ura3

Schematic diagram of probable integration event.

This DNA region, when digested with BamHl and probed with 
pFAMY should give fragment sizes of 1.5, 2.3 and 2 other
fragments totaling 15.5kb. The blot of the gel is shown in 
fig. 4.13. It can be seen that where complete digestion of 
the chromosomal DNA samples has ocurred in the lanes 
containing BamHl digests of total DNA from DBY746:rpFAMY 
transformants 1-13, three prominent BamHl bands of sizes
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3.8, 2.3 and 1.5 kb are present, the other bands present 
are assumed to be due to incomplete digestion of total DNA. 
The three prominent BamHl bands however compare exactly in 
size to the bands obtained when the parental vector, pFAMY, 
is digested with BamHl (fig 4.10.) thus suggesting that the 
plasmid had not integrated into the yeast 
chromosome. Unfortunatly the expected 11.6Kb BamHl control 
ura3-52 fragment (Rose and Winston 1984) did not light up
in the lane(#16) containing the chromosomal digest of
DBY746.

Figure 4.13 on the following page shows the blot of BamHl 
digests of total DNA isolated from DBY746 : :pFAMY 
transformants 1-13, probed with 32plabelled Stul linearised 
pFAMY.
The samples were loaded as follows.
Lanes:1-8 DBY746: :pFAMY transformants 1 -8 total DNA BamHl 

cut
Lane :9 Plasmid pFAMY Hindlll cut
Lane : 10 Plasmid pFAMY BamHl cut
Lanes:ll-15 DBY74 6::pFAMY transformants 9-13 total DNA 

BamHl cut 
Lane 16 DBY746 total DNA BamHl cut
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1*5

Blot of BamHl digests of total DNA isolated from 
DBY746::pFAMY transformants 1-13, probed with 32plabelled 
Stul linearised pFAMY.
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Considering the fact that the plasmid pFAMY contains no 
yeast origin of replication and that strains Ii, 12 and 14
were shown to stably maintain the amylase when grown on 
non-selective media for 40 generations (fig 4.11), it was 
assumed that the plasmid had successfully integrated into 
the yeast chromosome. However the data on this blot 
suggests that the plasmid had not intregrated and was 
being maintained extrachromasomally.
The exact location of the plasmid therefore required 
further investigation. In an attempt to define the location 
of the plasmid pFAMY in these strains total DNA was 
isolated from I2 , 14 and DBY746 (as a negative control) and 
was digested with Hindlll, EcoRl, Sal 1 and Kpnl followed by 
electrophoresis and Southern blotting and was then probed 
with EcoRl linearised 32p-labeled pFAMY. These 4 enzymes 
were selected as unlike the BamHl digestion, EcoRl, Hindlll 
and Sal 1 enzymes cut both within the plasmid and within the 
TY element (see Fig. 4.13). Kpnl was chosen as it cuts within 
the plasmid and not in the TY element. The presence of 
junction fragments of the predicted sizes would therefore 
provide unequivocal proof of the integration of the plasmid 
at the ura-3-52 locus. The plasmid pFAMY digested with the 
above enzymes was included on the gel as a positive 
control. A lkb DNA ladder was also included as a size 
marker. The gel is shown in fig.4.14. and the blot in fig. 
4.19. If the integration had taken place by a single 
crossover event as outlined in fig. 4.12, the following 
fragment sizes (in base pairs) should be observed for each 
of the enzymes used after probing with labeled pFAMY:

Plasmid
Fragments Junction fragments

Hindlll
Sail
EcoRl

1800, 530 
1200,

2099

2750,and a larger fragment* 
274 0 and a larger fragment * 
6600 and a larger fragment * 

two larger fragments. *
*These larger fragments are of unknown size as the sequence 
3' to the integration site has not been mapped (fig. 4.13). 
However, the sizes of the bands observed after probing with
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linearised labeled pFAMY were as follows:
Hindlll :1800, and 5.56.
Sail :1.22 and 6.68.
EcoRl :7600.
Kpnl :2100 and 5800.
Additional bands were also observed but these bands also 
occured in the control digests of DBY746 and are therefore
assumed not be not of plasmid origin. Other bands present
may be due to incomplete digestion of the chromosomal DNA. 
These sizes are identical to the sizes obtained on 
digestion of the parental plasmid as seen in lanes 15-19. 
Figure 4.14

Digests of total DNA from DBY746: : pFAMY, 12 and 14 and 
plasmid pFAMY. Approximate fragment sizes are given in kb 
for the plasmid digests on the following page..
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Lane 1 DBY746 ECORl.
Lane 2 DBY746::pFAMYl2 EcoRl.
Lane 3 DBY74 6::pFAMYl4 EcoRl.
Lane 4 DBY746 Sail.
Lane 5 DBY746::pFAMYl2 Sail.
Lane 6 DBY74 6 ::pFAMYl4 Sail.
Lane 7 DBY74 6 Hindlll.
Lane 8 DBY746::pFAMYl2 Hindlll.
Lane 9 DBY746::pFAMYl4 Hindlll.
Lane 10 DBY746 Kpnl.
Lane 11 DBY746::pFAMYl2 Kpnl.
Lane 12 DBY74 6::pFAMYl4 Kpnl.
Lane 14 X 1 Kb DNA ladder 12,11,10,9,8,7,6,5,4,3,2,1.5,
1,0.5kb important sizes are indicated on picture.
Lane 15: A Hindlll/EcoRl.
Lane 16 :pFAMY Kpnl. 5.8, 2.1.
Lane 17 :pFAMY Hindlll. 5. 6, 1.8, 0.5.
Lane 18:pFAMY Sail. 6.7, 1.2.
Lane 19:pFAMY EcoRl. 7.9.
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Blot of the gel shown in fig. 4 . 14 . The blot was probed 
with EcoRl linearised 32p-labeled pFAMY. The contents of 
each lane and the approximate fragment sizes are as listed 
on the following page.
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Lane 1 DBY74 6 EcoRl.
Lane 2 DBY746::pFAMYl2 EcoRl.
Lane 3 DBY746::pFAMYl4 EcoRl.
Lane 4 DBY746 Sail.
Lane 5 DBY746::pFAMYl2 Sal 1.
Lane 6 DBY746::pFAMYl4 Sail.
Lane 7 DBY746 Hindlll.
Lane 8 DBY746::pFAMYl2 Hindlll.
Lane 9 DBY746::pFAMYl4 Hindlll.
Lane 10 DBY746 JCpnl.
Lane 11 DBY746::pFAMYl2 Kpnl.
Lane 12 DBY746::pFAMYl4 Kpnl.
Lane 14 X 1 kb DNA ladder.
Lane 15 X Hindlll/EcoRl
Lane 16 pFAMY iCpnl. 5.8 , 2.1.
Lane 17 pFAMY Hindlll. 5.6, 1.8, 0.5.
Lane 18 pFAMY Sal 1. 6.7 , 1.2.
Lane 19 pFAMY ECOR1. 7. 9.
The blot shown in fig. 4.15. supports the evidence from the 
initial blot (fig. 4.13.) indicating that the plasmid pFAMY 
had not integrated into the chromosomal DNA. The data 
obtained could not rule out the possibility of multiple 
integration events in tandem. If this had occured junction 
fragments should also be present in the blot. It is
possible that the system was not sensitive enough to detect 
these fragments. The other evidence i.e., plasmid 
stability, the lack of a yeast origin of replication in
pFAMY and the inability to isolate plasmid DNA from the 
strains transformed with pFAMY, which suggested that 
integration had taken place. As these results conflicted 
with each other it was neccessary to try to design an
experiment which would unequivocally prove the location of 
the plasmid DNA in the transformed strains.
In an attempt to conclusively demonstrate whether the 
plasmid pFAMY had integrated into the S.cerevisiae
chromosome a set of experiments were designed based on the 
polymerase chain reaction.
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4.2.1. The use of the Polymerase chain reaction (PCR) to 
define the chromosomal position of the plasmid pFAMY.
As both attempts at defining the position of the plasmid 
by chromosomal digestion followed by Southern blotting had 
been unsuccessful, an alternative method was chosen to try 
and define the position of the plasmid pFAMY in the 
transformed yeast strains. The method chosen was the 
Polymerase Chain Reaction (PCR). The PCR reaction should be 
capable of differentiating between integrated and non­
integrated plasmid as the specific primers chosen for the 
experiment were designed so that in one reaction only 
strains in which the plasmid was located extrachromosomally 
would result in the amplification of a target sequence and 
in a second reaction only plasmid which had successfully 
integrated into the host genome would result in the 
amplification of the target sequence.
The polymerase chain reaction results in the in vitro 
amplification of specific DNA sequences by a process of 
repetitive cycling between DNA denaturation, primer 
annealing and then extension by Taq DNA polymerase. The DNA 
of interest is first heat denatured, then primer molecules 
specific for the flanking regions of the DNA sequence which 
is to be amplified bind to this single stranded DNA. The 
primer thus acts as a starting point for the synthesis of a 
new strand of DNA which is synthesised by Tag DNA 
polymerase using the single stranded DNA as a template. 
After synthesis of this new strand the DNA is again 
denatured the primers allowed to anneal and the process is 
repeated for a given number of cycles. The primers are 
chosen so that when each is extended the newly synthesised 
strands will overlap the binding site of the opposite 
oligonucleotide primer thereby resulting in an exponential 
increase in the number of target sequences. A schematic 
diagram of a typical PCR reaction is shown in fig. 4.16. 
PCR is a very powerful technique sensitive enough to pick 
up and amplify single DNA molecules and is therefore 
ideally suited to the identification of inserts within 
chromosomal DNA.
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Schematic diagram of a typical PCR reaction.

The 3 primers selected for use in the PCR reactions shown 
in fig. 4.17(a).

Figure 4.17(a).

Primer 1: 5'-GTGAGACATGGCATGACA-3' Amylase primer.
2: 5 '-TTCTCAGTACCACCAAGG-3' TYura junction primer 
3: 5'-TGCTGCTACTCATCCTAG-3' ura 3' primer.

Sequence of primers used in PCR reactions.

The location of these specific sequences is shown in figure 
4.17(b), Primer 1 is at the 3' end of the amylase gene, 
primer 2 is at the junction of the ura 3 gene and the TY 
element in the DBY746 chromosome and primer 3 is at the 3'
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end of the ura 3 gene present in both the DBY74 6 chromosome 
and the plasmid DNA (fig 4.17(b)). If the integration of 
plasmid pFAMY had occurred, a reaction with primers 1 and 2 
was expected to amplify a fragment of 1880 bp from total 
DNA isolated from DBY746: :pFAMYl2 and DBY746: :pFAMYl4 
strains while no fragment amplification was expected if 
integration had not taken place. Likewise a reaction using 
primers 1 and 3 was expected to amplify a fragment of 1950 
bp if the plasmid had not integrated and no fragment if the 
plasmid had successfully integrated and was being 
maintained extrachromosomally. Thus by using a combination 
of the three primers it should be possible to show whether 
or not the plasmid had successfully integrated at the 
ura-3-52 locus of the yeast chromosomal DNA.
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Figure 4.17(b).

5' TY-URA JUNCTION y
TTCTCAGTACCACCAAGG

PRIMER2
5' ------------------ l

/  : AMYLASB . | u r a  TYBLHMHMT___________ I l : H « * _________ .- /

U  »
STUI

■  PRIMER 3I PRIMER 1 I
A M Y L A S E  U R A  3 'EN D

5' 3' 5'
GTGAGACATGGCATGACA TGCTGCTACTCATCTTAG

«¿odlll _*_KlodlUflaui
AdH, \ f  ___________^  ; AdH,

promcnrr » »-usyUao

Primer 1

l

3

Schematic diagram of the plasmid integration site and 
expected sizes of fragments after PCR amplification using 
Primers 1 and 2 and 1 and 3.
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For the PCR experiments total DNA was isolated from 
DBY746::pFAMY I2 , 14 and DBY746 (as a negative control)
(2.15). All annealing reactions were carried out at 45°C 
unless otherwise stated. Fig. 4.18 shows the results of the 
preliminary PCR reactions carried out. Lane 1 shows that 
the amylase primer (primer 1) and the ura 3' primer (primer 
3) resulted in amplification of a band of 1.9 kb. Lane 2 
shows that amylase and TYura primer (primer 2) resulted in 
the same size band being amplified from pFAMY plasmid DNA. 
This result was unexpected as only the amylase and ura 3' 
primers should have given this size fragment. Lanes 1 
contained a band of approximately 3 00bps and lane 2 
contained a band of approximately 400bps. Neither of these 
bands were expected. Lane 3 contains DBY746 total DNA 
incubated with the amylase and TYura primers and lane 4 
contains DBY746 total DNA incubated with the amylase and 
ura 3'primer. No 1.9 kb band was observed in these lanes. 
However, lane 3 shows a band of approximately 300bps 
identical in size to that seen in lanes 1, suggesting that 
this is a nonspecific band. In an attempt to ascertain the 
reason for the appearance of these bands of 3-400bps in 
lanes 1-3 each of the 3 primers was checked against the 
GENBANK sequence data base for sequence homology using the 
BLAST program, but only homology to the expected DNA 
sequences was found. It is not known why the amplification 
of these bands occured. Lane 5 contains total DNA from 
DBY74 6: :pFAMYl4 incubated with the amylase and TYura 
primers and this gives the expected 1.9 kb fragment 
indicating that the plasmid has successfully integrated 
into the chromosomal DNA at the ura3-52 locus. This data is 
supported by the fact that when the same total DNA is 
incubated with the amylase and ura 3' no fragment is 
amplified as expected. This conclusion is however 
undermined by the fact that in lane 1 and 2 a fragment of
1.9 kb results when plasmid pFAMY is incubated with both 
sets of primers. Further experiments were carried out in an 
attempt to clarify the situation.
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Results of PCR amplification Gel 1.

Lane DNA Temp Primers Frag
Lane Is pFAMY 1/100 dii 45°C Amy + Tyura l.<
Lane 2 : pFAMY 1/1000 dii 45°C Amy + ura 3 ' l.<
Lane 3: DBY746 45°C Amy + TYura 0.
Lane 4 : DBY74 6 45°C Amy + ura 3 ' ----

Lane 5: pFAMYI4 45°C Amy + TYura 1.?
Lane 6: pFAMYI4 45°C Amy + ura 3 ' ----

Lane 7: X lkb DNA ladder
Lane 8:No DNA, neg. Ctrl 45°C Amy + TYura ----

Size 
, 0.3kb 
, 0.4kb 
3 kb

, 0.3kb
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The results of the above PCR reactions suggested that the 
12 bps of the TYura primer which are homologous to the 
3'end of the ura gene were sufficient to bind to the ura 
gene and act as a starting point for the extension by Tag 
polymerase. In PCR reactions, increasing the annealing 
temperature enhances discrimination against incorrectly
annealed primers and increases the specificity of the
amplified bands. The annealing temperature of the 12bps 
specific to the 3' end of the ura3 gene is 3 8°C as opposed 
to 53°C for the entire Ty-ura primer. It should therefore 
have been possible to dissociate the TYura primer from the 
pFAMY plasmid DNA by increasing the annealing temperature 
while leaving the TYura primer bound to the TYura region of 
chromosomal DNA. This should have occured as only 12 bp of 
the TYura primer are homologous to plasmid pFAMY while it 
is 100% homologous to the TYura region of chromosomal DNA. 
The annealing temperature of the reactions was increased to 
50°C and the reactions were carried out as in fig. 4.22 
but resulted in no bands being amplified. As this 
temperature appeared to be too high for the PCR reactions 
they were repeated using a temperature of 47°C but again no 
bands were amplified. The reason for the temperature 
sensitivity of the reactions is not known. Attempts to
increase the stringency of the reaction by reducing the 
concentration of pFAMY plasmid DNA resulted in
amplification of the bands previously observed.
Figure 4.19 shows the results of reactions carried out 
using DBY74 6: :pFAMYl2 total DNA and also the result of 
increasing the annealing temperature from 45°C to 4 6°C. The 
gel shows that using both the amylase and TYura primers and 
the amylase and ura 3' primers gave a band of about 1.9KB 
when incubated with DBY746: :pFAMYl2 DNA. An attempt to 
remove the the 1.9 kb band present in the reaction using 
the amylase and the ura 3 • primer were unsuccessful as 
raising the annealing temperature to 46°C resulted in the 
loss of this size fragment for both sets of primers (lanes 
6 and 7) . Lanes 4 and 5 show that when PCR reactions with 
pFAMY were carried out at 46°C this resulted in the
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While it was hoped that these PCR experiments would confirm 
whether the plasmid pFAMY had successfully integrated into 
the yeast chromosomal DNA, the results obtained were not 
clear cut. The presence of a 1.9 kb fragment when 
DBY746: :pFAMYl4 total DNA is amplified using the amylase 
and TYura primers and the absence of this fragment in 
reactions using the amylase and ura 3' primers indicates 
that this strain harbours the plasmid integrated at the 
ura-3-52 locus. Amplification of total DNA from strain 
DBY746I2 resulted in a 1.9 kb fragment with both sets of 
primers. This result would be compatible with an 
integration event of two or more tandemly repeated copies 
of the plasmid. The conclusion that integration had 
successfully occured is supported by the stability of the 
plasmid, the inability to recover plasmid pFAMY DNA from 
these two strains and the lack of a yeast origin of 
replication on the plasmid.
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4.3. Expression of B.licheniformis a-amylase from a 
ribosomal DNA multicopy integrating vector.

A number of strategies based upon integration into 
reiterated chromosomal DNA have been used to generate 
stable multicopy integrants; integration into TY elements 
(Kingsman et al. , 1985), delta elements (Shuster et al. ,
1990; Sakai et al., 1991) or reiterated ribsomal DNA (rDNA) 
sequences (Lopes et al., 1989). At present the best results 
in terms of copy number and expression are obtained using 
integration into the rDNA cluster which consists of about 
140 tandem repeats of a 9.1 kb fragment on chromosome Xll 
(Lopes et al., 1989, 1990). They used the plasmid pMIRY2
containing a portion of the rDNA unit and the leu2d marker 
to integrate genes encoding PGK (phosphoglycerate kinase), 
SOD (superoxide dismutase) and thaumitin. Transformation 
with these plasmids linearised at the Sma 1 or Hpa 1 site 
gave leu+ transformants with 100-2 00 copies integrated into 
a non-transcribed spacer region of the reiterated rDNA. The 
transformants were highly stable with 80-100% of the copies 
being retained after 70 generations. The levels of the 
heterologous proteins produced in these integrated strains 
were similar to those produced by 2*im episomal vectors. 
Based upon the above results, integration into the 
reiterated rDNA cluster was the final method chosen to 
attempt to increase the level of the B. licheniformis 
a-amylase produced in S.cerevisiae. The integrating vector 
was constructed as shown in fig. 4.20. The BamHl fragment 
from pAAMY containing the ADH1 promoter and terminator and 
the a-amylase gene was isolated from a 0.7% agarose gel 
after partial digestion with BamHl and cloned into the 
unique BamHl site of pMIRY2 giving pMIAMY. The orientation 
of the insert was confirmed by restriction digest analysis 
(fig. 4.21).
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Restriction digests of pMIAMY showing orientation of the 
inserted BamHl fragment.Approximate sizes are shown in kb.

Lane 1
Lane 2
Lane 3
Lane 4
Lane 5
Lane 6
Lane 7
Lane 8
Lane 9
Lane 10

A lkb Dna ladder 12 ,11,10, 9,8 , 7 , 6, 5, 4 , 3 , 2 ,1. 5, lkb. 
pMIAMY uncut
pMIAMY Hindlll cut 6.5, 3.0, 2.8 ,1.8
pMIAMY Pstl cut 10.3, 4.0
pMIAMY BamHl cut 10.3, 2.0, 1.8
pMIAMY Kpnl cut 7.5, 6.5
pMIRY Hindlll cut 7.5, 2.8
pMIRY BamHl cut 10.3
pMIRY uncut

A lkb Dna ladder 12,11,10,9,8,7,6,5,4,3,2,1.5,lkb.
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Plasmid pMIAMY was transformed into S.cerevisiae DBY746 
after linearisation at the unique Sma 1 site and leu 
transformants (from leu~ minimal medium) were analysed for 
amylolytic activity. Three of the transformants were 
selected for further study and the levels of amylase 
secreted were analysed after growth of the strains for 3 6 
hours at 3 0°C on minimal medium. Table 4.4 gives the level 
secreted by these strains compared to the levels secreted 
by DBY74 6/pAAMY.

Table 4.5. Comparison of a-amylase activity in the
supernatants of DBY746 transformed with pAAMY and the
ribosomal integrating vector pMIAMY

Plasmid Cell Number Activity U/ml Activity/cell.
pAAMY 3.3 x 107 958 . 2.9 x 10'5
pMIAMYl 3.11 x 107 1231 3.9 x 10"5
pMIAMY2 3,21 x 107 888 2.76 x 10~5

From the above table it can be seen that the levels of 
amylase secreted by the strains containing the multiple 
integrating plasmid were similar or greater to those 
secreted by DBY746 containing the episomal plasmid. 
Preliminary plasmid stability studies, where strain 
DBY746::pMIAMYl was grown over approximately 45 generations 
(fig. 4.22.) indicated that there was only 1% plasmid loss 
suggesting that the plasmid had been stably integrated into 
the non-functional spacer region in the reiterated rDNA 
sequence in DBY746. Attempts to isolate plasmid DNA from 
DBY746::pMIAMY1 and 2 were unsuccessful while plasmid was 
isolated from DBY746/pAAMY used alongside these strains as 
a control, further indicating that the plasmid pMIRYAMY was 
not episomally located in these strains.
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Graph of plasmid stability versus number of generations

Number of generations

Comparison of plasmid stabilities of various strains 
harbouring the amylase gene.

To confirm the chromosomal location of the plasmid, total 
DNA was isolated from DBY746: rpMIAMYl (as a representative 
of the multiple integrated strains) and digested with Kpnl, 
run on an agarose gel, Southern blotted and probed with the 
32p-labeled Hindlll amylase fragment of pSL52- The result 
of this blot is shown in fig. 4.23.
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8
7
6
5

4

3

2

Southern blot probed with the Hindlll amylase fragment from 
pSL52.

Lane i pMIAMY Ii Kpn 1
Lane 2 pFAMY Kpnl 5 . 3,2.1
Lane 3 pFAMY Hindlll 1.8
Lane 4 pFAMY Sail 6. 7,1.2
Lane 5 pMIAMY Kpnl 7.5,6.5
Lane 6 lkb DNA ladder
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Lane 5 contains the plasmid pMIAMY DNA digested with Kpn 1 
giving fragments of 7.5 and 6.5 kb. If the plasmid had 
successfully integrated into the the rDNA, which consists 
of a cluster of about 140 copies of a 9.1 kb Kpnl fragment, 
digestion of total DNA from these integrants should give 
bands on the Southern gel equivalent to the total size of 
this repeat plus the plasmid, ie 14 + 9.1 =23.1 kb.
Alternatively if the plasmid had integrated in tandem the 
total size of the DNA region would be 14+(14n)+9.1. where n 
= the number of plasmids integrated in tandem. A probable 
mechanism for both the single copy and multiple integration 
is shown in figure 4.24 (a) and (b).Linearising the plasmid 
with Sma1 would result in the restriction pattern shown in 
Figure 4.24(a) and a single crossover event wouldresult in 
the section of DNA shown. A Kpnl digest of total DNA should 
therefore produce 3 DNA fragments, the amylase probe would 
be expected to hybridise to 2 of these fragments as shown. 
If two or more copies of the plasmid had integrated in 
tandem the resulting size of the restriction fragments 
after Kpnl digestion would be as shown in Figure 4.24(b). 
In this case the amylase would be expected to hybridise to 
3 of the fragments as shown. The presence of three bands of 
the approximate sizes expected supports the conclusion that 
integration of 2 or more copies of the plasmid had occured 
at the rDNA locus. The conclusion that integration had 
successfully taken place is supported by the plasmid 
stability study (fig. 4.22) and by the levels of amylase 
produced by these integrants (table 4.4).
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Figure 
4.24(a).
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7.3kb 6.5kb 7.5kb 6.5kb 9.3kb

Kpnl

25s

Smal
Kpnl Kpnl Kpnl Kpnl 

Smal

i i r
5s amy amy

Smal
i

Kpnl

!

37s 25s

pMIAMY 14 kB pMIAMY 14 kB
copy 1 copy 2

--------------------- 37.1 kb ---------------
The fragments expected to hybridise to the amylase fragment are marked with an aesterisk.

Probable arrangement of DNA after the integration in tandem 
of 2 or more copies of the plasmid pMIAMY at the 9.1Kb rDNA 
repeat.
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4.4 Bal 31 deletions of the 3' end of the B. licheniformis 
a-amylase gene containing fragment.

In a recent paper by Demouder et al, 1992, it was shown that 
deleting the major part of the untranslated 3'end of the 
murine interleukin2 (mIL2) gene substantially increased the 
levels of mIL2 produced by S.cerevisiae. The 
authors attributed this increase to the removal of a 
destabilising sequence in the 3' untranslated region which 
may have been responsible for the rapid degradation of the 
mIL2 mRNA.
The a-amylase-containing fragment used in this study 
contained a palindromic motif characteristic of a 
transcriptional termination sequence at the 3' end of the 
amylase containing DNA fragment (see appendix no.l). This 
experiment was designed to analyse what effect if any the 
disruption of this palindromic sequence would have on the 
levels of a-amylase produced by both E. coli and 
S. cerevisiae.
Before any deletions could be carried out it was neccessary 
to know the entire sequence of the amylase containing DNA 
fragment. Restriction site analysis showed that the 
a-amylase gene containing fragment was longer than 
published sequence of Yukki et al., 1985. In order to have 
complete sequence information before Bal 31 deletions were 
carried out, the 3' end of amylase-containing fragment was 
sequenced by the dideoxy chain termination method (2.37). 
The 3' end of the fragment in pSL5 was sequenced using the 
universal primer. Sequence analysis showed that there was 
an additional 37 base pairs present which had not 
previously been sequenced (fig. 4.25).
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TAG Hindlll
^  'i'

a - a m y l a s e  g e n e ATCATCCTGAGACTGTCACGGATGAATTGAAAAGCTT

Additional sequence Information

Additional sequence at 3' end of the amylase containing 
Hindlll fragment from pSL52.

Deletion of the 3' end of a DNA fragment is carried out by 
first linearising the plasmid at a suitable site proximal 
to the 3' end of the DNA fragment, followed by BAL 31 
digestion of the linearised plasmid. The vector pSL52 
contains only one restriction site at the 3'end of the 
amylase containing fragment, a Hind 111 site. However this 
is not a unique site and it was therefore not possible to 
use this plasmid for the BAL 31 deletions. Therefore before 
the BAL 31 deletion could be carried out the ffindlll 
amylase containing fragment from pSL52 had to be subcloned 
into either pUC18 or 19 which would then allow the plasmid 
to be linearised at a number of sites close to the 3' end 
of the amylase containing gene fragment. Initially the 
Hindlll fragment from pSL52 was subcloned into pUC19. 
However, when DNA was isolated from 2 0 amylase positive 
clones, it was found that in each case the amylase fragment 
was in the opposite orientation to the one required, which 
is the 5' end of the gene adjacent to the lacZ promoter. 
Other amylase positive clones secreting very large 
quantities of a-amylase were observed on the ligation 
plates but it proved impossible to isolate DNA from these 
strains. It is possible that these strains contained the 
amylase in the required orientation but were unstable due 
to the large quantities of amylase expressed by the 
plasmid. In plasmid pUAMY19 (fig. 4.26), containing the 
fragment in the opposite orientation to the one required, 
there is amylase expression even though the gene is
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inserted in a reverse orientation relative to the lacZ 
promoter, indicating that some promoter activity is present 
in the amylase gene-containing fragment or that read 
through is occuring from the amp promoter.

Figure 4.26.
Hind m

A ri

/Codili cot and 
my fragment 

t r u lli g e l L ig tte  to 
■Htod 111 linearised pUClg/19

Hind m
signal peptide

Pst I

Potylinker

E K I S P 
X

K =Kpnl
E =EcoRl 
S = Sail 
P = Pstl 
X=Xbal

Hind m
E K X S P

signal peptide

Hind m

Plasmid pUAMY19 and pUAMY18 containing the Hind 111 amylase 
fragment from pSL52
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As pUC19 proved to be unsuitable, the Hindlll amylase 
containing fragment from pSL52 was subcloned into pUC18 
giving plasmid pUAMY18 (fig. 4.26) which expressed amylase. 
As with pUC19 the amylase fragment could only be cloned in 
one direction i.e., the 3' end of the gene adjacent to the 
lacZ promoter but this was the orientation required for 
deletion with Bal 31, as in this construct (Fig 4.26) there 
are a number of unique sites available for linearisation of 
the plasmid at the 3' end of the a-amylase gene containing 
fragment. Plasmid pUAMY18 was linearized with Xbal, column 
cleaned (2.14) and digested with Bal 31. The Bal 31 treated 
samples were column cleaned and religated in the presence 
of 8mer Hindlll linkers (5'-CAAGCTTG-3') and transformed 
into E.coli. A number of amylase positive colonies were 
isolated and one, pMC312 (for 3 minutes Bal 31 treatment), 
was chosen for further analysis as it resulted in a large 
increase in amylase production in E.coli. PMC316 ( 6
minutes Bal 31 treatment) was also analysed as it resulted 
in a decrease in the levels amylase produced in E. coli 
relative to the parental vector pUAMY18. Fig. 4.27. shows a 
comparison of the levels of amylase produced by E. coli 
transformed with pMC312, pSL52 and a negative control 
pUC18.

Comparison of m e  levels of amylase secreted by E. coli 
harbouring the plasmids pSL52, pUC18 and pMC312.

Figure 4.27.
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Restriction digest analysis showed that the amylase 
fragment in pMC312 was approximately 2 50bp shorter than the 
parental amylase-containing fragment. To find out the exact 
extent of the Bal 31 deletion, the shortened tfindlll 
amylase fragment from pMC312 was subcloned into pUC19 and 
sequenced using the universal primer. The exact extent of 
the deletion was determined by comparing the sequence of 
the 3' end of the BAL 31 treated amylase containing 
fragment with the original entire sequence using the SEQAID 
sequence analysis program. The extent of the deletion is 
shown in appendix no. 1.
Comparison of the two sequences showed that 23 7 base pairs 
had been deleted from the parental fragment. Deletion of 
this number of base pairs disrupted the putative 
palindromic transcriptioal termination site (see appendix # 
1) but left the entire a-amylase gene including its 
translational stop site intact. To check whether the 
increase in the secretion of amylase seen in E. coli with 
the deleted fragment would also occur in yeast, the 
shortened Hindlll fragment was subcloned from pMC312 into 
the unique tfindlll site of pAAH5 Giving pAA312. The 
orientation of the amylase fragment was confirmed by 
restriction analysis and the plasmid was transformed into 
DBY746.
The levels of amylase produced in minimal media by 
DBY746/pAA312 were analysed over a period of 160 hours and 
compared to the levels of amylase produced by 
DBY746/pAAMY(the plasmid with the full amylase gene 
containing fragment). The result of this study is shown in 
figure 4.28.The graph clearly shows that there is a 
substantial increase in the levels of amylase present in 
the supernatant of DBY746/pAA312. However this increase is 
only observed after an extended period of growth.
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F i g u r e  4 . 2 8

Alpha-amylase activity divided by OD against time.

T i m e  ( h o u r s )

C o m p a r i s o n  o f  a m y l a s e  a c t i v i t y  i n  D B Y 7 4  6 / p A A 3 1 2  a n d  
D B Y 7 4 6 / pAAM Y.

A l t h o u g h  t h e  d e l e t i o n  h a d  n o t  a c t u a l l y  p r o c e e d e d  i n t o  t h e  
a c t u a l  s t r u c t u r a l  a m y l a s e  g e n e  i t  d i d  d e l e t e  a  s e c t i o n  o f  
t h e  p a l i n d r o m i c  s e q u e n c e  a s  s h o w n  b e l o w .  P a l i n d r o m i c  
s e q u e n c e s  a t  t h e  3 '  e n d  o f  p r o k a r y o t i c  g e n e s  a r e  
c h a r a c t e r i s t i c  m o t i f s  o f  t r a n s c r i p t i o n a l  t e r m i n a t i o n  
s e q u e n c e s .  T h e  d i s r u p t i o n  o f  t h i s  p a l i n d r o m i c  s e q u e n c e  
w o u l d  h a v e  a l l o w e d  t r a n s c r i p t i o n  t o  p r o c e e d  t h r o u g h  t h i s  
s i t e  a n d  i n t o  t h e  L a c  Z g e n e .  I t  i s  p o s s i b l e  t h a t  t h e  
l a r g e r  mRNA r e s u l t i n g  f r o m  t h i s  i s  m o r e  s t a b l e  t h a n  t h e  
o r i g i n a l  a m y l a s e  o n l y  mRNA a n d  t h i s  m a y  b e  t h e  r e a s o n  f o r  
t h e  i n c r e a s e  i n  a m y l a s e  a c t i v i t y  o b s e r v e d  i n  E. coli.
I n  y e a s t  t h e  d i s r u p t i o n  o f  t h i s  p a l i n d r o m i c  s e q u e n c e  m a y  
h a v e  a l l o w e d  t r a n s c r i p t i o n  t o  c o n t i n u e  t h r o u g h  t o  t h e  Y e a s t  
A D H 1 t e r m i n a t o r .  T h i s  m a y  h a v e  h a d  t h e  e f f e c t  s t a b i l i s i n g  
t h e  mRNA i n  y e a s t  a n d  t h e r e f o r e  h a v e  r e s u l t e d  i n  a n  
i n c r e a s e  i n  t h e  q u a n t i t y  o f  a m y l a s e  p r o d u c e d .
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C h a p t e r  5 .

D i s c u s s i o n .
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S e c r e t i o n  o f  t h e  o f  t h e  h e t e r o l o g o u s  a - a m y l a s e .

T h e  a - a m y l a s e  g e n e  f r o m  B.licheniformis  w a s  s u c c e s s f u l l y  
e x p r e s s e d  a n d  e f f i c i e n t l y  s e c r e t e d  f r o m  S. cerevisiae.  S i n c e  
i n  t h e  c o n s t r u c t  u s e d ,  t h e  a - a m y l a s e  g e n e  i s  u n d e r  t h e  
c o n t r o l  o f  i t s  o w n  n a t i v e  s i g n a l  p e p t i d e ,  t h i s  w o u l d  
s t r o n g l y  s u g g e s t  t h a t  t h e  bacillus  s i g n a l  p e p t i d e  i s  b e i n g  
r e c o g n i s e d  b y  a n d  p r o c e s s e d  t h r o u g h  t h e  y e a s t  s e c r e t o r y  
p a t h w a y .  T h e  B. licheniformis  a - a m y l a s e  s i g n a l  p e p t i d e  i s  
s h o w n  d i a g r a m m a t i c a l l y  i n  F i g  5 . 1 .

F i g .  5 . 1 .

M E T - L Y S - G L N - G L N - L Y S - A R G - L E U - T Y R - A L A - A R G - L E U - L E U - P H E - A L A
L E U - I L E - P H E - L E U - L E U - S E R - H I S - P R O - A L A - A L A - A L A - A L A - A L A

- 1/+1

T h e  s i g n a l  s e q u e n c e  c o n t a i n s  t h e  c h a r a c t e r i s t i c  m o t i f s  o f  
b o t h  e u k a r y o t i c  a n d  p r o k a r y o t i c  s e c r e t e d  p r o t e i n s .  I t  
i n c l u d e s  a  s h o r t  c l u s t e r  o f  4 p o s i t i v e l y  c h a r g e d  a m i n o  
a c i d s  w i t h i n  t h e  f i r s t  1 0  a m i n o  a c i d s  f o l l o w e d  b y  a n  
e x t e n s i v e  h y d r o p h o b i c  d o m a i n  w h i c h  p r e c e d e s  a  m o r e  p o l a r  
r e g i o n  o f  6 a m i n o  a c i d s  a t  t h e  C t e r m i n a l  d o m a i n  w h i c h  
c o n t a i n s  t h e  s i g n a l  c l e a v a g e  s i t e  ( v o n  H e i j n e ,  1 9 8 8 )  . T h e  
s i g n a l  c l e a v a g e  s i t e  c o n f o r m s  t o  t h e  g e n e r a l  r u l e  t h a t  t h e  
b o r d e r  b e t w e e n  t h e  h y d r o p h o b i c  a n d  c a r b o x y l  r e g i o n s  f a l l s  
b e t w e e n  r e s i d u e s  - 7  a n d  - 6  a n d  i s  s i g n a l e d  b y  a  p r o l i n e  
r e s i d u e ,  a n  a m i n o  a c i d  k n o w n  t o  p r o d u c e  B t u r n s  i n  
p o l y p e p t i d e s .  I t  a l s o  o b e y s  t h e  - 3  - 1  r u l e  w h e r e b y  t h e
a m i n o  a c i d s  i n  p o s i t i o n s  - 3  a n d  - 1  m u s t  b e  s m a l l  a n d  
u n c h a r g e d  ( v o n  H e i j n e ,  1 9 8 8 ) .  T h e  p o s i t i o n  o f  t h i s  c l e a v a g e  
s i t e  h a s  b e e n  c o n f i r m e d  b y  N t e r m i n a l  a m i n o  a c i d  s e q u e n c i n g  
( K u h n ,  e t  a l .  1 9 8 2 ) .  I n  t h i s  s t u d y ,  b o t h  W e s t e r n  b l o t t i n g  
a n d  a c t i v i t y  g e l  a n a l y s i s ,  f o l l o w i n g  t r e a t m e n t  o f  t h e  y e a s t  
d e r i v e d  a m y l a s e  w i t h  e n d o H f ,  s h o w e d  a  s i n g l e  b a n d  
c o r r e s p o n d i n g  t o  a  m o l e c u l a r  w e i g h t  o f  a p p r o x i m a t e l y  5 3 k d  
i n d i c a t i n g  t h a t  t h e  s i g n a l  p e p t i d e  h a d  b e e n  c o r r e c t l y  
p r o c e s s e d  b y  t h e  s i g n a l  p e p t i d a s e  d u r i n g  t r a n s l o c a t i o n  o f  
t h e  a m y l a s e  t h r o u g h  t h e  y e a s t  s e c r e t o r y  p a t h w a y .  A l t h o u g h  
c l e a v a g e  m a y  h a v e  o c c u r r e d  a t  m o r e  t h a n  o n e  s i t e ,  d u e  t o
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t h e  l a r g e  s i z e  o f  t h e  a m y l a s e  p r o t e i n ,  t h i s  w a s  n o t
d e t e c t a b l e  o n  e i t h e r  t h e  W e s t e r n  b l o t s  o r  a c t i v i t y  g e l s .  
P r o t e i n  s e q u e n c e  a n a l y s i s  w o u l d  b e  r e q u i r e d  t o  c o n f i r m  
t h i s .
A l t h o u g h  p o s t  t r a n s l a t i o n a l  g l y c o s y l a t i o n  d o e s  n o t  o c c u r  i n  
Bacillus, t h e  B. licheniformis  a m y l a s e  g e n e  c o n t a i n s  a  
t o t a l  o f  s e v e n  p o t e n t i a l  g l y c o s y l a t i o n  s i t e s  ( a p p e n d i x  2 )  . 
C o r e  g l y c o s y l a t i o n  o f  t h e  a m y l a s e  a t  e a c h  o f  t h e s e  s i t e s  
w o u l d  r e s u l t  i n  a n  i n c r e a s e  i n  m o l e c u l a r  w e i g h t  o f  t h e
a m y l a s e  f r o m  5 5  t o  7 6  k d ,  a s  e a c h  u n i t  o f  c o r e  
g y l c o s y l a t i o n  i s  e s t i m a t e d  t o  i n c r e a s e  t h e  m o l e c u l a r  w e i g h t  
o f  a  p r o t e i n  b y  3 k d  ( M e l n i c k  e t  a l . ,  1 9 9 0 ) .  F r o m  t h e  
W e s t e r n  b l o t s  a n d  a c t i v i t y  g e l s  i t  i s  a p p a r e n t  t h a t  s e v e r a l  
d i f f e r e n t  f o r m s  o f  t h e  a m y l a s e  a r e  p r e s e n t  r a n g i n g  f r o m
a p p r o x i m a t e l y  5 2  k d  t o  6 8 k d .  A c o n t r i b u t i n g  f a c t o r  t o  t h i s
i n c r e a s e d  m o l e c u l a r  w e i g h t  c o u l d  h a v e  b e e n  d u e  t o  a  
p e r c e n t a g e  o f  t h e  s e c r e t e d  p r o t e i n  r e t a i n i n g  i t s  s i g n a l  
p e p t i d e .  R e t e n t i o n  o f  t h e  s i g n a l  p e p t i d e  w o u l d  i n c r e a s e  t h e  
m o l e c u l a r  w e i g h t  o f  t h e  p r o t e i n  b y  3 . 3  k d  a n d  i t  w o u l d  
t h e r e f o r e  b e  i m p o s s i b l e  t o  d i s t i n g u i s h  b e t w e e n  
g l y c o s y l a t i o n  a n d  s i g n a l  p e p t i d e  r e t e n t i o n .  T r e a t m e n t  o f  
t h e  s e c r e t e d  a m y l a s e  w i t h  e n d o H f  r e s o l v e d  t h e  a m y l a s e  b a n d s  
p r e s e n t  t o  o n e  v e r y  i n t e n s e  b a n d  p l u s  a  m u c h  f a i n t e r  b a n d  
a p p r o x i m a t e l y  3 k d  h i g h e r  i n  m o l e c u l a r  w e i g h t .  T h i s  r e s u l t  
s h o w e d  t h a t  t h e  m u l t i p l e  f o r m s  o f  t h e  a m y l a s e  o b s e r v e d  w e r e  
d u e  t o  v a r y i n g  l e v e l s  o f  g l y c o s y l a t i o n .  T h e  a p p e a r a n c e  o f  
o n l y  a  f a i n t  b a n d  a p p r o x i m a t e l y  3 k d  l a r g e r  t h a n  t h e  n a t i v e  
a m y l a s e  i n d i c a t e s  t h a t  t h e  m a j o r i t y  o f  t h e  a m y l a s e  p r e s e n t  
i n  t h e  s u p e r n a t a n t  h a s  h a d  i t s  s i g n a l  p e p t i d e  c l e a v e d  o f f .  
A l t h o u g h  t h e r e  a p p e a r s  t o  b e  h e a v i l y  g l y c o s y l a t e d  f o r m s  o f  
t h e  a m y l a s e  o n  a c t i v i t y  g e l s  t h i s  s m e a r i n g  o b s e r v e d  a t  t h e  
t o p  o f  t h e  g e l  i s  a l s o  s e e n  i n  t h e  l a n e s  c o n t a i n i n g  t h e  
n a t i v e  B. licheniformis  a m y l a s e  a n d  c o n t r o l s  a n d  i s  
t h e r e f o r e  l i k e l y  t o  b e  a n  a r t i f a c t  o f  t h e  a c t i v i t y  g e l  
s y s t e m .
T h e  h i g h l y  e f f i c i e n t  s e c r e t i o n  o f  t h e  B. licheniformis 
a m y l a s e  f r o m  Saccharomyces cerevisiae  ( a p p r o x i m a t e l y  95% )  
c o n t r a s t s  w i t h  l o w e r  l e v e l s  o f  s e c r e t i o n  o f  t h e  Bacillus 
amylofaciens  a m y l a s e  ( a p p r o x i m a t e l y  75% ) r e p o r t e d  b y  
R u o h o n e n  e t  a l . ,  1 9 8 7  w h i l e  P r e t o r i u s  e t  a l . ,  1 9 8 8 ,
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r e p o r t e d  n o  d e t e c t a b l e  Bacillus  a m y l a s e  i n  t h e  s u p e r n a t a n t .  
H o w e v e r ,  t h i s  i s  m o s t  l i k e l y  d u e  t o  t h e  f a c t  t h a t  t h e  
m e d i u m  u s e d  w a s  n o t  b u f f e r e d  w h i c h  h a s  b e e n  s h o w n  i n  t h i s  
s t u d y  t o  b e  e s s e n t i a l  f o r  t h e  d e t e c t i o n  o f  a m y l a s e  
a c t i v i t y .  T h e  d i f f e r e n c e  b e t w e e n  t h e  l e v e l s  o f  t h e  B. 
licheniformis  a m y l a s e  a n d  t h e  B. amylofaciens  a m y l a s e  
s e c r e t e d  i n t o  t h e  m e d i u m  i s  n o t  d u e  t o  t h e  p a r e n t a l  p l a s m i d  
a s  i n  b o t h  c a s e s  t h e  p l a s m i d  pA A H 5 ( A m m e r e r  e t  a l . , 1 9 8 3 )
w a s  u s e d  a n d  m u s t  t h e r e f o r e  b e  d u e  t o  d i f f e r e n c e s  i n  t h e  
a m y l a s e  p r o t e i n s ,  e i t h e r  i n  t h e  s i g n a l  p e p t i d e s ,  t h e  m a t u r e  
p r o t e i n s  o r  b o t h .  T h e r e  m a y  a l s o  b e  s i g n i f i c a n t  d i f f e r e n c e s  
i n  t h e  3 '  a n d  5 '  f l a n k i n g  n o n  c o d i n g  r e g i o n s  o f  t h e  t w o  
a m y l a s e  g e n e s ,  h o w e v e r  t h e s e  d i f f e r e n c e s  w o u l d  o n l y  r e s u l t  
i n  d i f f e r e n c e s  i n  t h e  t r a n s c r i p t i o n  a n d  t r a n s l a t i o n  l e v e l s  
a n d  n o t  i n  t h e  r a t i o  o f  s e c r e t e d  p r o t e i n .  A c o m p a r i s o n  o f  
t h e  s i g n a l  p e p t i d e s  o f  t h e  t w o  s e q u e n c e s  i s  s h o w n  i n  f i g .
5 . 2 .

T h i s  c o m p a r i s o n  s h o w s  t h a t  t h e r e  a r e  s i g n i f i c a n t  
d i f f e r e n c e s  i n  t h e  s i g n a l  p e p t i d e s  o f  t h e  t w o  a m y l a s e s  w i t h  
o n l y  a  f e w  s h o r t  r e g i o n s  o f  h o m o l o g y  b e i n g  p r e s e n t  g i v i n g  
a n  o v e r a l l  30% h o m o l o g y .  T h e  p e r c e n t a g e  h o m o l o g y  o f  t h e  
m a t u r e  p r o t e i n s  i s  8 0 . 3 %  ( Y u k k i  e t  al., 1 9 8 5 ) .  I t  i s  l i k e l y  
t h e r e f o r e  t h a t  t h e  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  s e c r e t e d  
l e v e l s  o f  t h e  t w o  a m y l a s e s  i s  d u e  t o  d i f f e r e n c e s  i n  t h e i r  
s i g n a l  p e p t i d e s .  T h e  e f f i c i e n t  s e c r e t i o n  o f  t h e  
B .licheniformis  a m y l a s e  d i r e c t e d  b y  i t s  s i g n a l  p e p t i d e  
i n d i c a t e s  t h a t  t h e  B.licheniformis  s i g n a l  p e p t i d e  m a y  b e  
u s e f u l  f o r  t h e  e f f i c i e n t  s e c r e t i o n  o f  o t h e r  h e t e r o l o g o u s  
p r o t e i n s  i n  y e a s t .  R e c e n t l y ,  t h e  B.licheniformis  a m y l a s e  
h a s  b e e n  s u c c e s s f u l l y  e x p r e s s e d  i n  t r a n s g e n i c  t o b a c c o  u s i n g  
i t s  o w n  s i g n a l  p e p t i d e  ( P e n  e t  a l . ,  1 9 9 2 ) .  T h e  a m y l a s e  w a s  
f o u n d  t o  b e  p r e s e n t  i n  t w o  d i s t i n c t  f o r m s  d u e  t o  
g l y c o s y l a t i o n  o f  t h e  p r o t e i n .  T h e  s i g n a l  p e p t i d e  w a s  
r e c o g n i z e d  b y  t h e  p l a n t  s e c r e t o r y  m a c h i n e r y  a n d  t h e  a m y l a s e  
w a s  e f f i c i e n t l y  s e c r e t e d  f u r t h e r  s u p p o r t i n g  t h e  i d e a  t h a t  
t h e  B. licheniformis  s i g n a l  p e p t i d e  c o u l d  b e  u s e f u l  a s  a  
g e n e r a l  s i g n a l  p e p t i d e  f o r  t h e  e f f i c i e n t  s e c r e t i o n  o f  
h e t e r o l o g o u s  p r o t e i n s  f r o m  b o t h  p r o k a r y o t i c  a n d  e u k a r y o t i c  
o r g a n i s m s .
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F i g .  5 . 2 .

B . l .

- 2 9  - 2 0
MET LYS GLN GLN LY S ARG LEU THR A LA ARG LEU  LEU

* * * * *

MET I L E  GLN L Y S ARG LYS ARG THR VA L S E R  PHE ARG LEU  VAL
B . a .  - 3 1  - 2 0

_  ,  - 1 0 < --- - - - - - - - - - - - - - - S I G N A Lö • X •
THR LEU L E U  PHE ALA LEU I L E  PHE LEU  LEU  PRO H I S  S E R  A L A  ALA

LEU MET CYS THR LEU LEU PHE VAL S E R  LEU  PRO I L E  THR L Y S  THR  
B . a .

B .  1 - 1
ALA ALA

SE R  ALA

+ 1  MATURE AMYLASE
ALA A S N  LEU A SN  GLY THR LEU MET GLN TYR PHE GLU 

* * * * * * * * *

VAL A S N  GLY THR L E U  MET GLN TYR PHE GLU 
B . a .  +1

C o m p a r i s o n  o f  t h e  a m i n o  a c i d  s e q u e n c e s  o f  t h e  a - a m y l a s e  
g e n e s  o f  B.licheniformis  ( B . l . )  a n d  B. amylofaciens  ( B . a . ) .  
H o m o l o g y  i s  d e n o t e d  w i t h  a n  a s t e r i s k  ( * ) .

C h a r a c t e r i s a t i o n  o f  t h e  y e a s t  p r o d u c e d  a m y l a s e .

I n i t i a l l y  w h e n  S D S -P A G E  c o o m a s s i e  s t a i n e d  g e l s  w e r e  u s e d  t o  
t r y  t o  d e t e c t  a  s p e c i f i c  p r o t e i n  b a n d  c o r r e s p o n d i n g  t o  t h e  
a - a m y l a s e ,  t h e r e  a p p e a r e d  t o  b e  n o  s p e c i f i c  b a n d  
c o r r e s p o n d i n g  t o  t h e  a m y l a s e  p r e s e n t  o n  t h e  g e l  a s  t h e  
b a n d i n g  p a t t e r n s  f r o m  t h e  a m y l a s e  p o s i t i v e  s u p e r n a t a n t  a n d  
t h e  c o n t r o l  a m y l a s e  n e g a t i v e  a p p e a r e d  t o  b e  i d e n t i c a l ,  ( f i g  
3 . 2 2 ) .  I n  a n  a t t e m p t  d e t e c t  t h e  a m y l a s e  b a n d  t h e  m o r e  
s e n s i t i v e  s i l v e r  s t a i n i n g  p r o c e d u r e  w a s  u s e d ,  h o w e v e r  w h i l e  
t h i s  r e s u l t e d  i n  t h e  a p p e a r a n c e  o f  a  n u m b e r  o f  e x t r a  b a n d s  
i n  t h e  g e l s  a g a i n  t h e  b a n d i n g  p a t t e r n s  o f  t h e  a m y l a s e
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c o n t a i n i n g  a n d  c o n t r o l  s u p e r n a t a n t s  w e r e  i n d i s t i n g u i s h a b l e .  
T h i s  i n a b i l i t y  t o  d e t e c t  a  s p e c i f i c  b a n d ,  o n  e i t h e r  
C o o m a s s i e  o r  t h e  s i l v e r  s t a i n e d  S D S - P A G E  g e l s ,
c o r r e s p o n d i n g  t o  t h e  m o l e c u l a r  w e i g h t  o f  t h e  n a t i v e  a m y l a s e  
m a y  b e  d u e  t o  t h e  f a c t  t h a t  t h e  a m y l a s e  w a s  s u b s e q u e n t l y  
s h o w n  t o  b e  p r e s e n t  i n  m u l t i p l e  f o r m s  r e s u l t i n g  i n  a  l o w e r  
c o n c e n t r a t i o n  o f  e a c h  f o r m  t h u s  m a k i n g  i t  d i f f i c u l t  t o  
v i s u a l i s e .  I t  i s  a l s o  p o s s i b l e  t h a t  t h e  a m y l a s e  b a n d  i s  
m a s k e d  b y  t h e  h o m o l o g o u s  s e c r e t e d  p r o t e i n  g l u c a n - 1 , 3  
B - g l u c o s i d a s e  w h i c h  h a s  a  m o l e c u l a r  w e i g h t  o f  a p p r o x i m a t e l y  
5 5  k d  ( R a m i r e z  e t  al. , 1 9 8 9 ) .  A  b a n d  c o r r e s p o n d i n g  t o  t h i s  
m o l e c u l a r  w e i g h t  i s  s e e n  i n  t h e  s u p e r n a t a n t s  o f  
D B Y 7 4 6 / p A A H 5  a n d  D B Y 7 4 6 /p A A M Y  ( f i g  3 . 2 2 ) .  a - a m y l a s e  
s p e c i f i c  b a n d s  w e r e  s u b s e q u e n t l y  i d e n t i f i e d  u s i n g  a c t i v i t y  
g e l s  a n d  W e s t e r n  b l o t t i n g .
A  c o m p a r i s o n  o f  t h e  m o l e c u l a r  w e i g h t s  ( f r o m  w e s t e r n  b l o t s  
a n d  a c t i v i t y  g e l s )  a n d  t h e  pH  a n d  t e m p e r a t u r e  p r o f i l e s  o f  
t h e  n a t i v e  B. licheniformis  a m y l a s e  a n d  t h e  a m y l a s e  p r o d u c e d  
b y  y e a s t  s h o w  t h a t  t h e  t w o  f o r m s  a r e  a l m o s t  i d e n t i c a l .  T h e  
s l i g h t  c h a n g e s  a p p a r e n t  i n  t h e  pH  a n d  t e m p e r a t u r e  p r o f i l e s  
m a y  b e  d u e  e i t h e r  t o  e x p e r i m e n t a l  e r r o r  o r  t o  c h a n g e s  i n  
t h e  p h y s i o l o g i c a l  c h a r a c t e r i s t i c s  o f  t h e  a m y l a s e  p o s s i b l y  
d u e  t o  i t s  g l y c o s y l a t i o n  i n  y e a s t .
T h e  t e m p o r a l  p r o d u c t i o n  o f  t h e  B. licheniformis  a m y l a s e  i s  
s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h a t  o b s e r v e d  b y  R u o h e n e n  e t  
a l ,  1 9 9 1  f o r  t h e  B.amylofaciens  a m y l a s e .  T h e y  f o u n d  t h a t  o n  
m i n i m a l  m e d i a  t h e  m a x i m a l  l e v e l  o f  a m y l a s e  p r e s e n t  i n  t h e  
s u p e r n a t a n t  w a s  a t  a p p r o x i m a t e l y  2 0  h o u r s  f o l l o w e d  b y  a  
g r a d u a l  d e c r e a s e  i n  t h e  l e v e l  o f  a m y l a s e  p r e s e n t .  I n  t h i s  
s t u d y  t h e  a m y l a s e  a c t i v i t y  w a s  s h o w n  t o  b e  d i r e c t l y  r e l a t e d  
t o  c e l l  g r o w t h  w i t h  t h e  m a x i m a l  l e v e l  o f  a m y l a s e  o b s e r v e d  
i n  t h e  s u p e r n a t a n t  a t  3 6  h o u r s .  T h i s  g r o w t h  r e l a t e d  
p r o d u c t i o n  o f  h e t e r o l o g o u s  p r o t e i n  h a s  a l s o  b e e n  f o u n d  i n  
t h e  c a s e  o f  / 3 - g l u c a n a s e ,  0 - g l u c u r o n i d a s e  ( H u n t e r ,  1 9 9 1  
a n d  s e v e r a l  o t h e r  p r o t e i n s  e x p r e s s e d  i n  y e a s t .  T h e  o b s e r v e d  
d i f f e r e n c e s  i n  t h e  a c t i v i t y  o f  t h e  B. licheniformis  a m y l a s e  
a n d  t h e  a m y l a s e  f r o m  B.amylofaciens  w a s  u n e x p e c t e d  a s  b o t h  
g e n e s  w e r e  s u b c l o n e d  i n t o  t h e  s a m e  v e c t o r  a n d  w e r e  
t h e r e f o r e  u n d e r  t h e  c o n t r o l  o f  i d e n t i c a l  p r o m o t e r  a n d  
t e r m i n a t o r  s e q u e n c e s  f r o m  t h e  y e a s t  a l c o h o l  d e h y d r o g e n a s e  1
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g e n e .  T h e  o b s e r v e d  d i f f e r e n c e s  m a y  t h e r e f o r e  r e f l e c t  t h e  
r e l a t i v e  s t a b i l i t i e s  o f  t h e  t w o  a m y l a s e s  i n  m i n i m a l  m e d i a ,  
t h e  licheniformis  a m y l a s e  b e i n g  m o r e  s t a b l e  t h a n  t h e  
amylofaciens  a m y l a s e .  T h e  a c t i v i t y  p r o f i l e s  f o r  t h e  t w o  
a m y l a s e s  w h e n  g r o w n  o n  YEPD w e r e  v e r y  s i m i l i a r .

C l o n i n g  o f  t h e  Bacilus  a - a m y l a s e  g e n e .
T h r o u g h o u t  t h e  c o u r s e  o f  t h i s  w o r k  c o n s i d e r a b l e  d i f f i c u l t y  
w a s  e n c o u n t e r e d  i n  m a k i n g  c o n s t r u c t s  w h i c h  c o n t a i n e d  t h e  
B. licheniformis  a - a m y l a s e  g e n e .  I n  t h e  p l a s m i d  c o n s t r u c t s  
pUAM Y 1 8  a n d  pUAM Y19 f o r  e x a m p l e  i t  w a s  o n l y  p o s s i b l e  t o  
c l o n e  t h e  a m y l a s e  g e n e  i n  o n e  o r i e n t a t i o n ,  w i t h  t h e  s t a r t  
s i t e  i n  r e v e r s e  r e l a t i v e  t o  t h e  l a c Z  p r o m o t e r .  F i g  4 . 2 6 .  
I t  a l s o  p r o v e d  i m p o s s i b l e  t o  i n s e r t  t h e  a m y l a s e  e x p r e s s i o n  
c a s s e t t e  i n t o  t h e  i n t e g r a t i n g  v e c t o r  Y I P 5 .  A p o s s i b l e  r e a s o n  
f o r  t h i s  m a y  b e  d u e  t o  t h e  p l a s m i d  i n s t a b i l i t y  a s  a  r e s u l t  
o f  c e l l s  w h i c h  e x p r e s s  l a r g e  l e v e l s  o f  t h e  a m y l a s e  p r o t e i n .  
O ' K a n e  e t  al ( 1 9 8 6 )  s h o w e d  t h a t  t h e  B. licheniformis 
a m y l a s e  g e n e  w a s  a  h i g h l y  s e n s i t i v e  i n d i c a t o r  o f  p r o m o t e r  
a c t i v i t y .  I t  i s  p o s s i b l e  t h e r e f o r e  t h a t  w h e n  t h e  a m y l a s e  
g e n e  i s  c l o n e d  i n  t h e  c o r r e c t  o r i e n t a t i o n  r e l a t i v e  t o  t h e  
l a c  Z p r o m o t e r  t h a t  t h i s  l e a d s  t o  v e r y  h i g h  c e l l u l a r  l e v e l s  
o f  t h e  a m y l a s e  w h i c h  m a y  d e s t a b i l i s e  t h e  h o s t  c e l l .  I n  t h e  
c a s e  o f  b o t h  pU A M Y 18 a n d  pU A M Y 19 a f t e r  t r a n s f o r m a t i o n  o f  
t h e  l i g a t i o n s  t h e  m a j o r i t y  o f  t h e  t r a n s f o r m a n t s  g a v e  s m a l l  
a m y l a s e  h a l o e s  a n d  a f t e r  p l a s m i d  i s o l a t i o n  a n d  r e s t r i c t i o n  
a n a l y s i s  a l l  t h e  p l a s m i d s  w e r e  s h o w n  t o  c o n t a i n  t h e  a m y l a s e  
g e n e  i n  t h e  r e v e r s e  o r i e n t a t i o n  r e l a t i v e  t o  t h e  l a c  z  
p r o m o t e r .  S e v e r a l  o t h e r  c o l o n i e s  w e r e  p r e s e n t  o n  t h e  
t r a n s f o r m a t i o n  p l a t e s  w h i c h  h a d  b a r e l y  v i s i b l e  c e l l  g r o w t h  
a n d  v e r y  l a r g e  a m y l a s e  h a l o e s .  H o w e v e r  a t t e m p t s  t o  g r o w  
t h e s e  t r a n s f o r m a n t s  t o  c e l l u l a r  d e n s i t i e s  s u i t a b l e  f o r  
p l a s m i d  i s o l a t i o n  f a i l e d .  I t  i s  l i k e l y  t h a t  t h e s e  
t r a n s f o r m a n t s  c o n t a i n e d  t h e  p l a s m i d s  w i t h  t h e  a m y l a s e  g e n e  
i n  t h e  s a m e  o r i e n t a t i o n  a s  t h e  l a c Z  p r o m o t e r ,  r e s u l t i n g  i n  
v e r y  h i g h  l e v e l s  o f  e x p r e s s i o n  a n d  c e l l u l a r  i n s t a b i l i t y .

T h e  r e a s o n  f o r  t h e  d i f f i c u l t i e s  e n c o u n t e r e d  i n  t h e  
i n s e r t i o n  o f  t h e  a m y l a s e  e x p r e s s i o n  c a s s e t t e  i n t o  Y I P 5  a r e  
u n c l e a r .  T h e  p r o b l e m  w a s  n o t  w i t h  t h e  v e c t o r  o r  t h e
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l i g a t i o n  c o n d i t i o n s  u s e d  a s  BamHl  d i g e s t e d  l a m b d a  DNA  
f r a g m e n t s  w e r e  s u c c e s s f u l l y  l i g a t e d  i n t o  t h e  v e c t o r ,  n o r  
w a s  i t  w i t h  t h e  DNA f r a g m e n t  c o n t a i n i n g  t h e  a m y l a s e
e x p r e s s i o n  c a s s e t t e  a s  t h e  s a m e  f r a g m e n t  p r e p a r a t i o n  w a s  
u s e d  a n d  s u c c e s s f u l l y  l i g a t e d  i n t o  p F L 3 4  a t  t h e  f i r s t  
a t t e m p t .  T h e  r e a s o n  m u s t  t h e r e f o r e  l i e  i n  t h e  c o m b i n a t i o n  
o f  t h e  s p e c i f i c  s e q u e n c e s  p r e s e n t  i n  t h e  Y I P 5  p l a s m i d  a n d  
t h e  a m y l a s e  e x p r e s s i o n  c a s s e t t e .  I n  p F L 3 4  t h e  a m y l a s e  g e n e  
w a s  i n s e r t e d  i n t o  t h e  u n i q u e  BamHl  c l o n i n g  s i t e  i n  t h e
p o l y l i n k e r  d o w n  s t r e a m  f r o m  t h e  L a c  Z p r o m o t e r ,  w h e r e a s  i n  
Y I P 5  t h e  a m y l a s e  e x p r e s s i o n  c a s s e t t e  w o u l d  h a v e  b e e n
i n s e r t e d  i n t o  t h e  u n i q u e  BamHl  s i t e  l o c a t e d  p r o x i m a l  t o  t h e  
t e t r a c y c l i n e  p r o m o t e r .  I t  i s  p o s s i b l e  t h a t  e x p r e s s i o n  o f  
t h e  a m y l a s e  f r o m  t h e  t e t r a c y c l i n e  p r o m o t e r  l e d  t o  
i n s t a b i l i t y  o f  c e l l s  c o n t a i n i n g  t h i s  v e c t o r  a n d  r e s u l t e d  i n  
t h e  i n a b i l i t y  t o  i s o l a t e  t r a n s f o r m a n t s  c o n t a i n i n g  t h e
v e c t o r .  T h i s  p o s s i b i l i t y  i s  s u p p o r t e d  b y  t h e  f a c t  t h a t  
L a o i d e  a n d  Me C o n n e l l  ( 1 9 8 9 )  h a v e  p r e v i o u s l y  s h o w n  t h a t  t h e  
a m y l a s e  c o u l d  b e  s u c c e s s f u l l y  e x p r e s s e d  u n d e r  t h e  c o n t r o l  
o f  a  p r o m o t e r  g r e a t e r  t h a n  1 5 0 0  b p s  a w a y .

C h a r a c t e r i s a t i o n  o f  p o t e n t i a l  i n t e g r a n t s  b y  S o u t h e r n  
b l o t t i n g .

T h e  i n i t i a l  d a t a ,  o b t a i n e d  f r o m  s o u t h e r n  b l o t s  o f  B a m H l  
d i g e s t s  o f  t o t a l  DNA i s o l a t e d  f r o m  1 2  s t r a i n s  t r a n s f o r m e d  
w i t h  pF A M Y , s h o w e d  t h a t  o n l y  b a n d s  c o r r e s p o n d i n g  t o  t h e  
BamHl d i g e s t e d  p l a s m i d  w e r e  p r e s e n t  ( F i g  4 . 1 3 ) .  T h i s  r e s u l t  
w a s  u n e x p e c t e d  f o r  t w o  r e a s o n s ;  f i r s t l y  t h e  a n a l y s i s  o f  
t w o  t r a n s f o r m a n t s  s e l e c t e d  f o r  p l a s m i d  s t a b i l i t y  s t u d i e s  
s h o w e d  t h a t  t h e  r a t e  o f  p l a s m i d  l o s s  w a s  l e s s  t h a n  0 . 1 %  p e r  
g e n e r a t i o n ,  a n d  s e c o n d l y  t h e  p l a s m i d  pFAMY l a c k s  a  y e a s t  
o r i g i n  o f  r e p l i c a t i o n  a n d  s h o u l d  t h e r e f o r e  o n l y  b e  a b l e  t o  
s t a b l y  m a i n t a i n  i t s e l f  i f  i t  h a d  b e e n  s u c c e s s f u l l y  
i n t e g r a t e d  i n t o  t h e  y e a s t  c h r o m o s o m e ,  b o t h  t h e s e  r e s u l t s  
i n d i c a t e  t h a t  t h e  p l a s m i d  h a d  s u c c e s s f u l l y  i n t e g r a t e d  i n t o  
t h e  y e a s t  c h r o m o s o m a l  D N A . T o  f u r t h e r  i n v e s t i g a t e  t h e  
c e l l u l a r  l o c a t i o n  o f  t h e  p l a s m i d  pFA M Y , a  s e r i e s  o f  e n z y m e  
d i g e s t s  o f  t o t a l  DNA i s o l a t e d  f r o m  D B Y 7 4 6 : : p F A M Y I 2  a n d
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D B Y 7 4 6 : : p F A M Y I4  w e r e  c a r r i e d  o u t .  S o u t h e r n  b l o t s  o f  t h e s e  
d i g e s t s  a g a i n  s h o w e d  o n l y  b a n d s  w h i c h  c o r r e s p o n d e d  t o  t h e  
d i g e s t e d  p l a s m i d  D N A , s u p p o r t i n g  t h e  c o n c l u s i o n  t h a t  t h e  
p l a s m i d  w a s  n o t  i n t e g r a t e d .  O n e  a l t e r n a t i v e  e x p l a n a t i o n  i s  
t h a t  t h e  p l a s m i d  i n t e g r a t e d  i n  t a n d e m  i n  m u l t i p l e  c o p i e s ,  
w i t h  v i s i b l e  b a n d s  o n  t h e  b l o t s  c o r r e s p o n d i n g  t o  t h e  
i n t e r n a l  f r a g m e n t s  p r e s e n t  i n  t h e  t a n d e m l y  i n t e g r a t e d  
f r a g m e n t s ,  i f  t h e  n u m b e r  o f  c o p i e s  p r e s e n t  w a s  s u f f i c i e n t l y  
h i g h  i t  i s  p o s s i b l e  t h a t  o n l y  t h e s e  i n t e r n a l  f r a g m e n t s  m a y  
b e  v i s i b l e  w h i l s t  t h e  j u n c t i o n  f r a g m e n t s  a t  t h e  s i t e  a t  t h e  
e x t r e m i t i e s  o f  t h e  t a n d e m l y  i n t e g r a t e d  p l a s m i d s  m a y  n o t  b e  
v i s i b l e  d u e  t o  t h e i r  s i n g l e  c o p y  n u m b e r .
T h i s  p r o p o s a l  i s  s u p p o r t e d  b y  t h e  f a c t  t h a t  t h e  s i n g l e  c o p y  
1 1 . 6 k b  BamHl  b a n d  f r o m  t h e  u n t r a n s f o r m e d  s t r a i n  D B Y 7 4 6  
f a i l e d  t o  s h o w  o n  e i t h e r  o f  t h e  t w o  b l o t s  m e n t i o n e d  
a b o v e .
T h e  p l a s m i d  s t a b i l i t y  s t u d i e s  a n d  t h e  f a c t  t h a t  t h e  p l a s m i d  
l a c k s  a  y e a s t  o r i g i n  o f  r e p l i c a t i o n  s u p p o r t  t h e  c o n c l u s i o n  
t h a t  t h e  p l a s m i d  i s  c h r o m o s o m a l l y  l o c a t e d .  F u r t h e r  
c h a r a c t e r i s a t i o n  o f  t h e s e  t r a n s f o r m a n t s  w o u l d  b e  n e c c e s s a r y  
t o  s h o w  c o n c l u s i v e l y  t h e  l o c a t i o n  o f  t h e  p l a s m i d .

PC R  c h a r a c t e r i s a t i o n  o f  t h e  p o t e n t i a l  i n t e g r a n t s .

A s  S o u t h e r n  b l o t t i n g  o f  t o t a l  y e a s t  DNA d i g e s t s  f a i l e d  t o  
s h o w  c o n c l u s i v e l y  w h e t h e r  o r  n o t  t h e  p l a s m i d  pFAMY h a d  
s u c c e s s f u l l y  i n t e g r a t e d  i n t o  t h e  y e a s t  c h r o m o s o m a l  DNA  
a n o t h e r  a p p r o a c h  w a s  t a k e n  t o  t r y  t o  s h o w  c o n c l u s i v e l y  t h e  
i n t r a c e l l u a r  l o c a t i o n  o f  t h e  p l a s m i d  i n  t h e s e  
t r a n s f o r m a n t s .  A n  e x p e r i m e n t  w a s  d e s i g n e d  b a s e d  o n  t h e  
p o l y m e r a s e  c h a i n  r e a c t i o n  ( P C R ) . PC R  w a s  c h o s e n  a s  i t  i s  a n  
e x t r e m e l y  p o w e r f u l  m e t h o d  c a p a b l e  o f  a m p l i f y i n g  g e n e s  w h i c h  
a r e  p r e s e n t  i n  s i n g l e  c o p i e s  i n  t o t a l  c e l l u l a r  D N A . F o r  t h e  
p u r p o s e s  o f  t h i s  e x p e r i m e n t  t h r e e  p r i m e r s  w e r e  s e l e c t e d ,  
( s e e  F i g  4 . 2 1 ( a ) .  O n e  p r i m e r  w a s  s e l e c t e d  f r o m  t h e  a m y l a s e  

g e n e ,  o n e  p r i m e r  w a s  s e l e c t e d  f r o m  t h e  3 ' e n d  o f  t h e  u r a 3  
g e n e  a n d  t h e  t h i r d  p r i m e r  w a s  s e l e c t e d  f r o m  t h e  j u n c t i o n  o f  
t h e  TY e l e m e n t  a n d  u r a 3  g e n e .  T h e  a m y l a s e  p r i m e r  w a s  u s e d  
i n  b o t h  r e a c t i o n s  i n  c o n j u n c t i o n  w i t h  o n e  o f  t h e  o t h e r
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p r i m e r s .  W h e n  t h e  a m y l a s e  a n d  t h e  T Y - u r a  p r i m e r s  a r e  u s e d  
t o  a m p l i f y  t o t a l  DNA i s o l a t e d  f r o m  t h e  pFAM Y t r a n s f o r m a n t s ,  
a  1 . 9 k b  b a n d  s h o u l d  o n l y  b e  p r e s e n t  i f  t h e  p l a s m i d  h a d  
s u c c e s s f u l l y  i n t e g r a t e d  i n t o  t h e  y e a s t  c h r o m o s o m a l  D N A .  
S i m i l a r l y  w h e n  t h e  a m y l a s e  a n d  t h e  u r a 3  p r i m e r s  a r e  u s e d  t o  
a m p l i f y  t h e  t o t a l  y e a s t  DNA i s o l a t e d  f r o m  t h e s e  
t r a n s f o r m a n t s  t h e y  s h o u l d  o n l y  g i v e  a  1 . 9 k b  b a n d  i f  t h e  
p l a s m i d  h a d  n o t  s u c c e s s f u l l y  i n t e g r a t e d  i n t o  t h e  y e a s t  
c h r o m o s o m a l  DNA ( S e e  F i g  4 . 1 7 ( b ) .  T h e r e f o r e  c o m b i n a t i o n s  o f  
t h e  t h r e e  p r i m e r s  s h o u l d  h a v e  c l a r i f i e d  t h e  a m b i g u i t y  a s  t o  
w h e t h e r  o r  n o t  t h e  p l a s m i d  pFAMY h a d  s u c c e s s f u l l y  
i n t e g r a t e d  i n t o  t h e  c h r o m o s o m e  a t  t h e  u r a 3 - 5 2  l o c u s  i n  t h e  
t r a n s f o r m a n t s  p F A M Y I2  a n d  pFAMY 1 4 .

U n f o r t u n a t e l y  h o w e v e r  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e s e  PCR  
e x p e r i m e n t s  w e r e  i n c o n c l u s i v e .
T h e  r e a s o n  f o r  t h e  i n c o n c l u s i v e  r e s u l t s  i s  m o s t  l i k e l y  d u e  
t o  t h e  f a c t  t h a t  t h e  s e q u e n c e  s e l e c t e d  f o r  t h e  T Y - u r a  
p r i m e r  w a s  a t  t h e  j u n c t i o n  o f  t h e  u r a 3  g e n e  a n d  t h e  
i n s e r t e d  TY e l e m e n t  a n d  t h e r e f o r e  c o n t a i n e d  a  s h o r t  ( 1 2 b p s )  
r e g i o n  o f  h o m o l o g y  w i t h  t h e  u r a 3  g e n e .  T h e  r e a s o n  f o r  t h i s  
c h o i c e  o f  s e q u e n c e  w a s  t h a t  i t  s h o u l d  h a v e  l e d  t o  t h e  
u n a m b i g u o u s  i d e n t i f i c a t i o n  o f  t h e  c e l l u l a r  l o c a t i o n  o f  t h e  
p l a s m i d  pFA M Y , a s  o n l y  c h r o m o s o m a l  y e a s t  DNA s e q u e n c e s  
w h i c h  c o n t a i n e d  b o t h  t h e  i n t e g r a t e d  a m y l a s e  g e n e  a n d  t h e  
T Y - u r a 3  j u n c t i o n  s h o u l d  h a v e  r e s u l t e d  i n  t h e  a m p l i f i c a t i o n  
o f  a  1 . 9 k b  f r a g m e n t .  I t  w a s  r e a s o n e d  t h a t  w i t h  o n l y  1 2 b p s  
o f  t h e  p r i m e r  s e q u e n c e  h o m o l o g o u s  t o  t h e  p l a s m i d  DNA t h a t  
t h e  p r i m e r  w o u l d  n o t  s t a y  b o u n d  a t  a n n e a l i n g  t e m p e r a t u r e s  
a b o v e  3 0 ° C .  E x p e r i m e n t a l l y  h o w e v e r  t h e  1 2  b a s e  p a i r s  
p r e s e n t  w h i c h  a r e  h o m o l o g o u s  t o  t h e  u r a 3  g e n e  s e e m  t o  h a v e  
b e e n  s u f f i c i e n t  t o  s t a y  b o u n d  t o  t h e  p l a s m i d  DNA e v e n  a t  a n  
a n n e a l i n g  t e m p e r a t u r e  o f  4 5 ° C ,  r e s u l t i n g  i n  t h e  
a m p l i f i c a t i o n  o f  a  b a n d  o f  a p p r o x i m a t e l y  1 . 9 K B  f r o m  t h e  
p l a s m i d  pFAMY w h e n  t h i s  p r i m e r  w a s  u s e d  i n  c o n j u n c t i o n  w i t h  
t h e  a m y l a s e  p r i m e r .  A t t e m p t s  t o  r e m o v e  t h i s  p r i m e r  f r o m  t h e  
p l a s m i d  DNA u r a 3  s i t e  b y  i n c r e a s i n g  t h e  a n n e a l i n g  
t e m p e r a t u r e  w e r e  u n s u c c e s s f u l  a s  i n c r e a s i n g  t h e  t e m p e r a t u r e  
a b o v e  4 5 ° C  a l s o  r e s u l t e d  i n  t h e  l o s s  o f  t h e  r e q u i r e d  
f r a g m e n t  f r o m  a m p l i f i e d  c h r o m o s o m a l  i s o l a t e s  o f  pFAM Y2 a n d
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p F A M Y I 4 . A p o s s i b l e  w a y  t o  o v e r c o m e  t h i s  p r o b l e m  w o u l d  b e  
t o  s e l e c t  a  p r i m e r  w i t h  t o t a l  h o m o l o g y  t o  t h e  TY e l e m e n t  
a n d  n o n e  t o  t h e  u r a 3  g e n e .
T h i s  a m b i g u i t y  w i t h  r e g a r d  t o  w h e t h e r  t h e  p l a s m i d  h a d  
s u c c e s s f u l l y  i n t e g r a t e d  o r  n o t  c o u l d  b e  r e m o v e d  b y  t h e  u s e  
o f  p u l s e d  g e l  e l e c t r o p h o r e s i s  f o l l o w e d  b y  S o u t h e r n  
b l o t t i n g .

S u p e r  S e c r e t i o n  ( S S C )  M u t a n t s .

T h e  p r o c e d u r e  u s e d  f o r  t h e  i s o l a t i o n  o f  s u p e r s e c r e t i n g  
m u t a n t s  w a s  s h o w n  t o  b e  s u c c e s s f u l  a n d  s e v e r a l  m u t a n t s  w e r e  
i s o l a t e d  w h i c h  s e c r e t e d  e n h a n c e d  l e v e l s  o f  t h e  a m y l a s e .  T h e  
h i g h e s t  i n c r e a s e  o b t a i n e d  i n  t h e  l e v e l s  o f  s e c r e t e d  a m y l a s e  
w a s  a p p r o x i m a t e l y  f i v e  t i m e s  t h a t  o f  t h e  w i l d  t y p e .  T h i s  
r e s u l t  c a n n o t  b e  e x p l a i n e d  b y  a  c h a n g e  i n  t h e  r a t i o  o f  
i n t r a c e l l u l a r  t o  e x t r a c e l l u l a r  a m y l a s e  a s  o n l y  
a p p r o x i m a t e l y  5% o f  t h e  a m y l a s e  w a s  l o c a t e d  i n t e r n a l l y .  T h e  
r e a s o n  m u s t  t h e r e f o r e  h a v e  b e e n  d u e  t o  e i t h e r  a n  i n c r e a s e  
i n  t h e  t o t a l  l e v e l  o f  a m y l a s e  p r o d u c e d  o r  t o  a  d e c r e a s e  i n  
t h e  l e v e l  o f  p r o t e o l y t i c  d e g r a d a t i o n  o f  t h e  a m y l a s e  
p r o d u c e d .  A l t e r n a t i v e l y  t h e  s p e e d  a t  w h i c h  t h e  a m y l a s e  w a s  
t r a n s l o c a t e d  t h r o u g h  t h e  s e c r e t o r y  p a t h w a y  m a y  h a v e  b e e n  
i n c r e a s e d  l e a d i n g  t o  a  d e c r e a s e  i n  t h e  t i m e  w h e r e  t h e  
p r o t e i n  w a s  s u s c e p t i b l e  t o  d e g r a d a t i o n  b y  i n t r a c e l l u l a r  
p r o t e a s e s .  W o o d  a n d  B r a z i l l ,  ( 1 9 8 7 )  a n d  S a k a i  e t  a l  ( 1 9 8 8 )
r e p o r t e d  s i m i l i a r  i n c r e a s e s  i n  t h e  l e v e l s  o f  o v e r a l l  
p r o t e i n  p r o d u c t i o n  w i t h  o n e  o f  t h e i r  m u t a n t s  g i v i n g  a n  1 0  
f o l d  i n c r e a s e  i n  t h e  c o m b i n e d  l e v e l s  o f  i n t r a c e l l u l a r  p l u s  
e x t r a c e l l u l a r  p r o t e i n  p r o d u c e d ,  w h e r e a s  t h e  w o r k  c a r r i e d  
o u t  b y  S m i t h  e t  al ( 1 9 8 5 )  o n l y  r e s u l t e d  i n  m u t a n t s  w i t h  a n  
a l t e r e d  i n t e r n a l  a n d  e x t e r n a l  d i s t r i b u t i o n  o f  p r o c h y m o s i n .

I n  t h i s  s t u d y  t h e  o b s e r v e d  i n c r e a s e  i n  t h e  l e v e l s  o f
e x t r a c e l l u l a r  a m y l a s e  p r e s e n t  m a y  h a v e  b e e n  d u e  t o  o n e  o f
t h e  f o l l o w i n g :
1 .  A h i g h e r  a b i l i t y  i n  s p e c i f i c  mRNA p r o d u c t i o n  d u e  t o
e i t h e r  g e n e  a m p l i f i c a t i o n  o r  m o r e  e f f i c i e n t  t r a n s c r i p t i o n .
2 .  I n c r e a s e d  e f f i c i e n c y  o f  t r a n s l a t i o n  o f  t h e  a m y l a s e  
s p e c i f i c  mRNA.
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3 .  I n c r e a s e d  l e v e l s  o f  g e n e r a l  p r o t e i n  p r o d u c t i o n  d u e  t o  
m o r e  e f f i c i e n t  e n e r g y  u t i l i s a t i o n  f o r  p r o t e i n  s y n t h e s i s  a t  
t h e  e x p e n s e  o f  c e l l  g r o w t h .
4 .  P r o d u c t i o n  o f  a  h i g h e r  c e l l  m a s s  r e s u l t i n g  i n  a n  
i n c r e a s e d  l e v e l  o f  p r o t e i n  p r o d u c t i o n .
5 .  R e d u c t i o n  i n  t h e  l e v e l s  o f  s p e c i f i c  p r o t e i n  p r o d u c t i o n .
6 .  M u t a t i o n s  i n  r e g i o n s  c o d i n g  f o r  p r o t e i n s  i n v o l v e d  i n  t h e  
s e c r e t o r y  p a t h w a y  o r  i n  r e g i o n s  c o n t r o l l i n g  t h e  e x p r e s s i o n
o f  g e n e s  i n v o l v e d  i n  t h e  s e c r e t o r y  p a t h w a y .

A s  t h e  g r o w t h  p a t t e r n  o f  e a c h  o f  t h e  S S C  s t r a i n s  c l o s e l y  
r e s e m b l e d  t h a t  o f  t h e  p a r e n t  s t r a i n  i t  i s  u n l i k e l y  t h a t  t h e  
i n c r e a s e d  a m y l a s e  p r e s e n t  i n  t h e  s u p e r n a t a n t s  i s  d u e  t o  
e i t h e r  i n c r e a s e d  c e l l  m a s s  o r  t o  t h e  r e d i r e c t i o n  o f  e n e r g y  
u t i l i s a t i o n  t o  p r o t e i n  p r o d u c t i o n  f r o m  c e l l .  T h e  f a i l u r e  o f  
a  n u m b e r  o f  a t t e m p t s  t o  i s o l a t e  s t r a i n s  w i t h  a  f u r t h e r  
i n c r e a s e  i n  a m y l a s e  s e c r e t i o n  f o l l o w i n g  m u t a g e n e s i s  o f  S S C 5  
m a y  h a v e  b e e n  d u e  t o  t h e  f a c t  t h a t  t h e  i n i t i a l  s c r e e n  h a d  
b e e n  o p t i m i s e d  a n d  f u r t h e r  i n c r e a s e s  m a y  n o t  h a v e  b e e n  
d e t e c t a b l e  a s  t h e  p l a t e  a s s a y  i s  l e s s  s e n s i t i v e  t o  
i n c r e a s e s  i n  a m y l a s e  a c t i v i t y  a b o v e  a  c e r t a i n  l e v e l .  W h i l e  
m u t a n t s  w i t h  a  h i g h e r  l e v e l  o f  a m y l a s e  m a y  h a v e  b e e n
p r e s e n t  t h e  l i m i t a t i o n s  o f  t h e  p l a t e  a s s a y  m a y  h a v e  m a d e
t h e m  u n d e t e c t a b l e .  I t  i s  p r o b a b l e  t h a t  i f  a  s u f f i c i e n t  
n u m b e r  o f  m u t a g e n i s e d  c o l o n i e s  w e r e  s c r e e n e d  u s i n g  t h e  DNS  
s p e c t r o p h o t o m e t r i c  a s s a y  t h a t  s e c o n d  l e v e l  m u t a n t s  m a y  b e  
o b t a i n e d .  S l e e p  e t  al ( 1 9 9 1 )  d e v i s e d  a  g e n e r a l l y  u t i l i s a b l e  
p l a t e  s c r e e n  w h i c h  u s e s  a n t i b o d i e s  t o  t h e  h e t e r o l o g o u s  
p r o t e i n  b e i n g  p r o d u c e d  t o  d e t e c t  i n c r e a s e s  i n  t h e  l e v e l  o f  
p r o t e i n  p r o d u c t i o n  a m o n g s t  m u t a g e n i s e d  c o l o n i e s .  I t  i s  
l i k e l y  t h a t  t h i s  a s s a y  c o u l d  b e  a d a p t e d  t o  s u c c e s s f u l l y  
s c r e e n  f o r  s e c o n d  l e v e l  a m y l a s e  m u t a n t s  a s  t h e y  s h o w e d  t h a t  
t h e  h a l o  s i z e  w a s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  l e v e l  o f  
h e t e r o l o g o u s  p r o t e i n  p r e s e n t .  T h i s  s y s t e m  i s  a l s o  a  m o r e  
w i d e l y  u s a b l e  o n e  a s  i t  d o e s  n o t  d e p e n d  u p o n  t h e  p r o t e i n  
h a v i n g  a n  e n z y m e  a c t i v i t y  w h i c h  i s  e a s i l y  a s s a y a b l e  b y  a  
s p e c i f i c  p l a t e  a s s a y .  I t  d o e s  h o w e v e r  d e p e n d  u p o n  h a v i n g  
a c c e s s  t o  l a r g e  q u a n t i t i e s  o f  s p e c i f i c  a n t i b o d y .
I n  h i n d s i g h t  h a d  t h e  d a t a  s h o w i n g  t h e  h i g h  p e r c e n t a g e  o f  
a m y l a s e  s e c r e t i o n  b e e n  a v a i l a b l e  p r i o r  t o  t h e  i n i t i a t i o n  o f
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a t t e m p t s  t o  g e n e r a t e  s u p e r  s e c r e t i n g  m u t a n t s ,  a  m o r e  
u s e f u l  a p p r o a c h  w o u l d  h a v e  b e e n  t o  s e l e c t  a  h e t e r o l o g o u s  
p r o t e i n  w h i c h  w a s  v e r y  p o o r l y  s e c r e t e d  b y  S. cerevisiae . 
T h i s  a p p r o a c h  w o u l d  h a v e  b e e n  m o r e  l i k e l y  t o  i s o l a t e  
g e n e r a l  s u p e r  s e c r e t i o n  m u t a n t s  r a t h e r  t h a n  o n e s  w h i c h  
a p p e a r  t o  b e  s p e c i f i c  f o r  t h e  a - a m y l a s e .

M u l t i p l e  i n t e g r a t i o n  o f  t h e  B. licheniformis  a - a m y l a s e  b y  
t h e  u s e  o f  a  rD N A  i n t e g r a t i n g  v e c t o r .

P r e v i o u s  e x p e r i m e n t s  h a v e  s h o w n  t h a t  d e p e n d i n g  u p o n  t h e  
h e t e r o l o g o u s  g e n e  b e i n g  e x p r e s s e d ,  s u b s t a n t i a l  i n c r e a s e s  i n  
h e t e r o l o g o u s  p r o t e i n  p r o d u c t i o n  c a n  b e  a c h i e v e d  b y  e i t h e r  
r e d u c i n g  t h e  p l a s m i d  c o p y  n u m b e r  t o  1  o r  2 c o p i e s  p e r  c e l l  
o r  i n c r e a s i n g  t h e  c o p y  n u m b e r  t o  m o r e  t h a n  1 0 0  c o p i e s  p e r  
c e l l  s e e  s e c t i o n  ( 4 . 3 ) .  I n  t h e  c a s e  o f  t h e  B. 
licheniformis  a m y l a s e  g e n e  i n t e g r a t i o n  a t  t h e  u r a 3 - 5 2  l o c u s  
r e s u l t s  i n  a  l o w  p l a s m i d  c o p y  n u m b e r  a s  t h e  u r a 3 - 5 2  l o c u s  
i s  p r e s e n t  i n  o n l y  o n e  c o p y  i n  t h e  s t r a i n  D B Y 7 4 6 .  W h e n  
i n t e g r a t i o n  w a s  t a r g e t e d  t o  t h i s  l o c u s  b y  u s i n g  t h e  Stul 
l i n e a r i s e d  v e c t o r  pFAMY t h e  r e s u l t i n g  t r a n s f o r m a n t s  
p r o d u c e d  l e s s  a m y l a s e  t h a n  s t r a i n s  t r a n s f o r m e d  w i t h  t h e  
e p i s o m a l  v e c t o r  pAAMY ( s e e  t a b l e  4 . 3 ) .
T h e  s e c o n d  m e t h o d  o f  i n c r e a s i n g  h e t e r o l o g o u s  p r o t e i n  
p r o d u c t i o n  w a s  t h e n  t r i e d  i . e .  m u l t i p l e  i n t e g r a t i o n  
t a r g e t e d  t o  t h e  r i b o s o m a l  DNA l o c u s ,  r e s u l t i n g  i n  a  h i g h  
c o p y  n u m b e r  t h a t  i s  s t a b l y  m a i n t a i n e d  e v e n  i n  t h e  a b s e n c e  
o f  s e l e c t i v e  p r e s s u r e .  T h e  r D N A  v e c t o r  pMIAMY w a s  
s u c c e s s f u l l y  c o n s t r u c t e d  a n d  i n t e g r a t e d  i n t o  t h e  y e a s t  
r i b o s o m a l  DNA l o c u s .  T h e  p l a s m i d  w a s  s t a b l y  m a i n t a i n e d  a n d  
p r o d u c e d  s i m i l i a r  l e v e l s  o f  a m y l a s e  t o  t h e  e p i s o m a l  v e c t o r  
pAAM Y. ( T a b l e  4 . 4 )  I t  i s  l i k e l y  t h e r e f o r e  t h a t  o p t i m a l  
l e v e l s  o f  s e c r e t e d  a m y l a s e  w o u l d  b e  p r o d u c e d  u s i n g  a  
c o m b i n a t i o n  o f  t h e  r i b o s o m a l  i n t e g r a t i n g  v e c t o r  a n d  o n e  o f  
t h e  S S C  s t r a i n s ,  o r  b y  t h e  m u t a g e n e s i s  a n d  s u b s e q u e n t  
s c r e e n i n g  o f  o n e  o f  t h e  s t r a i n s  h a r b o u r i n g  m u l t i p l e  c o p i e s  
o f  t h e  a m y l a s e  g e n e  i n  t h e  r i b o s o m a l  D N A . T h e  r D N A  
i n t e g r a t i n g  v e c t o r  o f f e r s  t h e  t w o  a d v a n t a g e s  o f  h i g h  
s t a b i l i t y  p l u s  h i g h  l e v e l s  o f  a m y l a s e  p r o d u c t i o n  d u e  t h e  
p r e s e n c e  o f  m u l t i p l e  c o p i e s  o f  t h e  a m y l a s e  g e n e  i n t e g r a t e d
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i n t o  t h e  y e a s t  r D N A .  F u r t h e r  i m p r o v e m e n t s  i n  t h e  l e v e l s  o f  
a m y l a s e  p r o d u c e d  c o u l d  p o s s i b l y  b e  a c h i e v e d  b y  t h e  
o p t i m i s a t i o n  o f  t h e  c o d o n s  i n  t h e  a m y l a s e  g e n e  t o  t h o s e  
p r e f e r r e d  b y  S.cerevisiae . U s i n g  t h i s  m e t h o d  K o t u l a  a n d  
C u r t i s  ( 1 9 9 1 )  i n c r e a s e d  t h e  r a t e  o f  a n  i m m u n o g l o b u l i n  g e n e  
5  f o l d  a n d  i n c r e a s e d  t h e  s t e a d y  s t a t e  c o n c e n t r a t i o n s  o f  t h e  
p r o t e i n  b y  a t  l e a s t  5 0  f o l d .

BA L 3 1  d e l e t i o n  o f  t h e  3* u n t r a n s l a t e d  r e g i o n  o r  t h e
B.licheniformis  a m y l a s e  g e n e .

I n  a  r e c e n t  p a p e r  b y  D e m o u l d e r  e t  al, 1 9 9 2 ,  i t  w a s  s h o w n  
t h a t  b y  d e l e t i n g  t h e  m a j o r  p a r t  o f  t h e  u n t r a n s l a t e d  3 ' e n d  
o f  t h e  m u r i n e  i n t e r l e u k i n  2  ( m I L 2 )  g e n e  s u b s t a n t i a l l y  
i n c r e a s e d  t h e  l e v e l s  o f  m I L 2  p r o d u c e d  b y  S. Cerevisiae. 
T h e y  a t t r i b u t e d  t h i s  i n c r e a s e  i n  m I L 2  p r o d u c t i o n  t o  t h e  
r e m o v a l  o f  a  d e s t a b l i s i n g  s e q u e n c e  i n  t h e  3 ' u n t r a n s l a t e d  
r e g i o n  w h i c h  m a y  h a v e  b e e n  r e s p o n s i b l e  f o r  t h e  r a p i d  
d e g r a d a t i o n  o f  t h e  m I L 2  mRNA.
A  s i m i l i a r  e x p e r i m e n t  w a s  d e s i g n e d  f o r  t h i s  s t u d y  t o
a s c e r t a i n  w h e t h e r  a n  i n c r e a s e  i n  t h e  l e v e l s  o f  
e x t r a c e l l u l a r  a m y l a s e  p r o d u c e d  c o u l d  b e  o b t a i n e d  b y  
d e l e t i n g  t h e  3 '  u n t r a n s l a t e d  r e g i o n  o f  t h e  a m y l a s e  g e n e .
T h e  B a l 3 1  d e l e t i o n  o f  t h e  3 '  u n t r a n s l a t e d  r e g i o n  r e s u l t e d  
i n  a  l a r g e  i n c r e a s e  i n  t h e  l e v e l s  o f  e x t r a c e l l u l a r  a m y l a s e  
p r o d u c e d  b y  E.coli  a n d  t o  a  s i g n i f i c a n t  i n c r e a s e  i n  t h e  
l e v e l s  o f  e x t r a c e l l u l a r  a m y l a s e  p r o d u c e d  b y  S. cerevisiae. 
T h i s  i n c r e a s e  m a y  h a v e  b e e n  d u e  t o  t h e  r e m o v a l  o f  a  
d e s t a b l i s i n g  s e q u e n c e  i n  t h e  3 '  u n t r a n s l a t e d  r e g i o n  o r  
a l t e r n a t i v e l y  i t  m a y  h a v e  b e e n  a s  a  r e s u l t  o f  t h e
d i s r u p t i o n  o f  t h e  p u t a t i v e  p a l i n d r o m i c  t r a n s c r i p t i o n a l  
t e r m i n a t i o n  s e q u e n c e .  T h e  d i s r u p t i o n  o f  t h i s  p u t a t i v e  
t r a n s c r i p t i o n a l  t e r m i n a t i o n  s e q u e n c e  m a y  h a v e  l e d  t o
i n c r e a s e d  s t a b i l i t y  i n  t h e  mRNA i n  E. coli  a s  r e a d  
t h r o u g h  w o u l d  h a v e  g i v e n  a n  a m y l a s e - l a c Z  t r a n s c r i p t i o n a l  
f u s i o n  w h i c h  m a y  h a v e  b e e n  m o r e  s t a b l e  t h e n  t h e  o r i g i n a l  
m RNA. I n  S. cerevisiae  d i s r u p t i o n  o f  t h i s  s e q u e n c e  w o u l d
h a v e  r e s u l t e d  i n  a n  a m y l a s e - A D H l  mRNA f u s i o n .  T h e  ADH1  
t e r m i n a t o r  c o n t a i n s  t h e  c o r r e c t  t r a n s c r i p t i o n a l  t e r m i n a t i o n  
s e q u e n c e s  f o r  mRNA s t a b i l i t y  i n  S. cerevisiae.
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Concluding remarks.
T h i s  w o r k  h a s  s h o w n  t h e  t h e  a - a m y l a s e  f r o m  B. licheniformis 
i s  e f f i c i e n t l y  e x p r e s s e d  a n d  s e c r e t e d  f r o m  S. cerevisiae 
u n d e r  t h e  c o n t r o l  o f  t h e  b a c t e r i a l  s i g n a l  p e p t i d e  w i t h  95% 
o f  t h e  t o t a l  a m y l a s e  a c t i v i t y  p r e s e n t  i n  t h e  s u p e r n a t a n t .  
T h i s  h i g h l y  e f f e c t i v e  s i g n a l  p e p t i d e  c o u l d  b e  u s e d  e i t h e r  
f u s e d  d i r e c t l y  t o  o t h e r  h e t e r o l o g o u s  p r o t e i n s  t o  i m p r o v e  
t h e i r  s e c r e t i o n  f r o m  y e a s t  o r  t o  s t a b i l i s e  h e t e r o l o g o u s  
p r o t e i n s  w h i c h  a r e  f o u n d  t o  b e  u n s t a b l e  i n  y e a s t .  I t  i s  
a l s o  p o s s i b l e  t h a t  t h e  p r o d u c t i o n  o f  a  f u s i o n  p r o t e i n  w i t h  
t h e  a m y l a s e  m a y  s t a b i l i s e  t h e  p r o t e i n  a n d  r e s u l t  i n  a  l a r g e  
p e r c e n t a g e  o f  t h e  p r o t e i n  b e i n g  s e c r e t e d .  T h i s  h y p o t h e s i s  
i s  s u p p o r t e d  b y  t h e  w o r k  o f  W a r d  e t  al ( 1 9 9 0 )  w h i c h  s h o w e d  
t h a t  t h e  f u s i o n  o f  t h e  c h y m o s i n  g e n e  t o  t h e  g l u c o a m y l a s e  
g e n e  f r o m  Aspergillus avamori  t h e y  w e r e  a b l e  t o  
s i g n i f i c a n t l y  i m p r o v e  t h e  p r o d u c t i o n  o f  C h y m o s i n .  E c k e r  e t  
a l . 1 9 8 9  a l s o  s h o w e d  t h a t  f u s i o n  o f  u b i q u i t i n  t o
h e t e r o l o g o u s  p r o t e i n s  a l s o  r e s u l t e d  i n  a  s i g n i f i c a n t  
i n c r e a s e  i n  t h e  l e v e l s  o f  t h e  h e t e r o l o g o u s  p r o t e i n  
p r o d u c e d .  T r a n s f o r m a t i o n  o f  t h e  s u p e r s e c r e t i n g  s t r a i n s  
i s o l a t e d  i n  t h i s  s t u d y  w i t h  t h e  v e c t o r  c o n t a i n i n g  a n  
a m y l a s e  f u s i o n  p r o t e i n  m a y  a l s o  r e s u l t  i n  a n  i n c r e a s e  i n  
t h e  l e v e l s  o f  t h e  f u s i o n  p r o t e i n  s e c r e t e d .  T h e  i n c l u s i o n  o f  
a  s u i t a b l e  c l e a v a g e  s i t e  i n  t h e  a m y l a s e - p r o t e i n  f u s i o n  
w o u l d  a l l o w  f o r  t h e  e a s y  r e c o v e r y  o f  t h e  p r o t e i n  o f  
i n t e r e s t  a f t e r  a f f i n i t y  p u r i f i c a t i o n  o f  t h e  f u s i o n  p r o t e i n  
o n  a  s t a r c h  b a s e d  r e s i n .
M o r e  g e n e r a l l y  f r o m  t h e  w o r k  p r e s e n t e d  i n  t h i s  t h e s i s  t h e  
c o n s t r u c t i o n  o f  a n  i n t e g r a t i n g  v e c t o r  s y s t e m  c o m p r i s i n g  t h e  
rD N A  l o c u s  t o g e t h e r  w i t h  a  y e a s t  e x p r e s s i o n  s y s t e m  ( i . e .  
p r o m o t e r ,  t e r m i n a t o r ,  s e l e c t i v e  m a r k e r )  i n c l u d i n g  t h e  B. 
licheniformis  a - a m y l a s e  s i g n a l  p e p t i d e  c o u l d  b e  u s e f u l  f o r  
t h e  s e c r e t i o n  o f  h i g h  l e v e l s  o f  o t h e r  h e t e r o l o g o u s  
p r o t e i n s .  I t  i s  p o s s i b l e  t h a t  t h e  l e v e l s  o f  s e c r e t i o n  c o u l d  
b e  f u r t h e r  i n c r e a s e d  b y  t h e  u s e  o f  a  s e l e c t i v e  s c r e e n  f o r  
s u p e r s e c r e t o r s  a f t e r  m u t a g e n e s i s  w i t h  E M S . S t u d i e s
i n v o l v i n g  t h e  r e m o v a l  o f  o r  t h e  a d d i t i o n  o f  a d d i t i o n a l  
g l y c o s y l a t i o n  s i t e s  i n  t h e  a - a m y l a s e  g e n e  ( o r  g e n e  o f  
i n t e r e s t )  w o u l d  p r o v i d e  u s e f u l  i n f o r m a t i o n  o n  t h e  e f f e c t  o f  
g l y c o s y l a t i o n  o n  p r o t e i n  s e c r e t i o n  a n d  s t a b i l i t y .
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P r e v i o u s l y  M o i r  e t  al 1 9 8 7  s h o w e d  t h a t  t h e  a d d i t i o n  o f  
g l y c o s y l a t i o n  s i t e s  i n  t h e  h e t e r o l o g o u s  p r o t e i n  b y  s i t e  
d i r e c t e d  m u t a g e n e s i s  o f  t h e  h e t e r o l o g o u s  g e n e  r e s u l t e d  i n  a  
i n c r e a s e  i n  t h e  l e v e l s  o f  s e c r e t e d  p r o t e i n .  H o w e v e r  t h i s  
g l y c o s y l a t i o n  m a y  a l s o  h a v e  a n  u n d e s i r e d  e f f e c t  o n  t h e  
a c t i v i t y  a n d / o r  s t a b i l i t y  o f  t h e  p r o t e i n .
T h e  u s e  o f  t h i s  e a s i l y  a s s a y a b l e  a m y l a s e  g e n e  b o t h  a s  a  
r e p o r t e r  g e n e  a n d  a s  a  p r o m o t e r  p r o b e  h a s  a l r e a d y  b e e n  
s u c c e s s f u l l y  d e m o n s t r a t e d  i n  S.cerevisiae  ( D u f f y ,  1 9 9 5 ) .  
D i s a p p e a r a n c e  o f  t h e  c h a r a c t e r i s t i c  a m y l a s e  h a l o e s  o n  
s t a r c h  c o n t a i n i n g  m e d i a  c o u l d  a l s o  b e  u s e d  f o r  t h e  
d e t e c t i o n  o f  s u c c e s s f u l  l i g a t i o n s  b y  i n s e r t i o n a l  
i n a c t i v a t i o n  a f t e r  o p t i m i s a t i o n  o f  t h e  c l o n i n g  s i t e s  
a v a i l a b l e  b y  s i t e  d i r e c t e d  m u t a g e n e s i s .
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Nucleotide and amino acid sequence of Bacillus Licheniformis 
a-amylase gene.
10 20 30 40 $0 (0 70 <0 »0 100 110 !J0

a t t g c t a a c t g t a t c t c a g c t t g x a g a a c t g a a g a a g c a g a g a g g c t a t t g a a t a a a t g a c t a g a a a g c c c c a t a t c c c c g c t t t t c t t t t g g a a c a>*a a t a t a g o g\a a a t g g t a t t t c
* * -1:

1 30 140 ISO i U 0  170 110 190 >00 210 220 230 24C
TTAJtAAATTCGGAATATTTATACAATATCATATGTTTCACATTGAAAGGCGACGAGAATC ATGAAACAACAAJlAACGGCTTTACGCCCGATTGCTGACGCTGTTATTTGCGCTCATCTTC 
—  TT — —  —  MatLy aGlnGlnLyaArqLauTyrAl aArqLauLauThr LauLauPnaAlaLaul laPh«-iu _29 * L C

230 f,tl 170 2*0 2 90 300 310 320 330 340 350 34/1
TTGCTGCCTCATTCTGCAGCAGCGGCGGCAAATCTTAATCGGACGCTGATCCAGTATTTTGAATGGT Ar ATCCCCAATGACCGCCAACATTGGAACCGCTTGCAAAACGACTCGGCATAT 
LauLauProHlaSacAlaAlaAlaAlaAlaAanLauAtriGlyThrLauHacCl nTyrPhaCluTrpTyrHrcfroAanAipGlyCl nlllaTrpLy lArqLauG) nA»nAW>S^AlaTy c 

- I A * 1  Q  31
370 310 1*0 40 “  4 10 420 4 30 440 450 4(0 470 4<C

TTGGCTGAACACGCTATTACTGCCGTCTCGATTCCCCCGGCATATAAGCGAACGAGCCAAGCCGATGTCGCCTACCGTGCTTACCACCTTTATGATTTAGGCGAGTTTCATCAXAAAGGG 
LauAlaGluMiaGly ZlaThiAlaVa ITrpI laProProALaTy rLy «GlyThtSarClnAlaAipVa I Cl yTy rGlyAl aTy r A»pLauTy r AipLa uCl yCluphaHlaGlnLy >G1 •,

71

4*0 S00 S10 520 530 ' 540 550 5(0 570 5(0 5)0 (Or
ACCGrrCGGACAAACTACGGCACAXAAGGAGAGCTGCAATCTGCGATCAAJLAGTCTTCATTCCCCCGACArrAACGTTTACCCGCATGTGGTCATCAACCACAAACGCCGCGCTCATGCC 
ThrVAlAr^ThrLy»TyrGlyThfLyiGlyGIuUuClni«rAUri«Ly»S«rUullHS«fAf gA»p! l«A»nv< ITyrGIyAipVaiva 11 laAanimLyaGl yGlyAlaAapAl..

G 111(10 (20 (30 (40 (50 ((0 (70 (10 (10 700 710 120
ACCGAAGATCTAACCGCCGTTGAAGTCCATCCCGCTCACCGCAACCGCCTAATTTCACGAGAACACCCAATTAAAGCCTGGACACATTTTCATTTTCCGCGCCCCGGCAGCACATACACC
ThrGluAapValThrAlaValCluValAaprroAlaAapArgAanArfVal JlaSacClyClulUaArillaLyaAlaTrpThrlliaphaHt aPhaProClyAriGlySarThcTyrSar

730 Kpnl 750 7(0 770 7(0 790 <00 110 (20 (30 140
GATTTTAAATGGCATTGGTACCATTTTGACGGAACCGATTGCCACGAGTCCCGAAAGCTGAACCGCATCTATAAGTTTCAAGGAAAGGCTTGGGATTGGGAAGTTTCCAATGAAAACGGr 
AapPhaLyaTrpHlaTrpTyrHlaPhaAapGLyThrAapTrpAapGluSarArgLyaLauAaiiArgl laTyrLyaPltaGlnGlyLyaAlaTrpAapTrpGluVa ISarAanGluAanGly

191

<50 <(0 c u t  « 0  <90 500 510 *20 530 540 550 5(0
AACTATGATTATTTGATGTATCCCGACATCGATTATGACCATCCTGATGTCGCAGCAGAA ATTAAGAGATGGGGCACTTGGTATGCCAATGAACTGCAATTGGACGGTTTCCGTCTTGAT 
AanTyrAapTyrL.auMatTyrAlaAapI la AapTyrAaplliaPreAapVa 1 AlaAlaGi u i la LyaArijTrpGlyThrTrpTyrA 1 aAanG I uLauGlnLauAapG 1 yPhaArqLauAap

231

570 »<0 5*0 1000 1010 1020 1010 1040 1050 10(0 1070 10(0
CCTGTCAJlACACATTAJlAT'tTTCT TTTTTGCCCGATTGGGTTAATCATGTCAGCGAAAAAACGGr.GAA'-.GAAATGTTTACGGTAGCTGAATATTCGCACAATGACTTGOGCGCOCTGGAA 
Al aValLyaHia 11« LyaPhaSarPhaLauAnjAapTrpVa 1 AanlUsv* 1 ArgGl uLyaThrGlyLy aCluHac PhaThrv 1 1A1 aGluTy (TrpClnAanAapLauGl yAlaLauCl u

2 / 1

1050 1100 1110 1120 1130 1140 1150 11(0 1170 11(0 1150 1200
AACTATTTCAACAAAACAAATTTTAATCATTCAGTGTTTGACGTGCCGCTTCATTATCAGTTCCATGCTGCATCCACACAGGGACGCGGCTATGATATGAGGAAATTGCTGAACAGTACG 
AanTytLauAanLyaThrAanPhaABnmaSarValPhaAapValPcoLaulUaTyrClnPhalUaAlaAlASarThrGlnGlyGlyClyTYt AapHatArgLyaLauHuAmSarThr

Q  Q  Q
1220 1240 1250 12(0 1270 Sail U 5 0  1 300 1 310 W 1 320

GTCGTTTCCAAGCATCCCTTGAAACCGGTTACATTTGTCGATA^CCATGATACACAGCCGGGGCAATCGCTTGAGTCGACTGTCCAAACATGGTTTAAGCCGCTTGCTTACGCTTTTATT 
ValValSarLyaHlaProLauLyaAlaVa lThrPhaVa lAipAanHlaAapThrCln(roGlyGlnS«cL4uGlviSarTlicVa IGlnThcTcpPha LyiProLauAlaTyrAlaPha I la

1 330 1 140 1 350 1 3(0 1 370 1 3(0 1 390 1 400 1 4 10 1 420 1 4 30 1 4 4 0
CTCACAAGCCAATCTCGATACCCTCAGGTTTTCTACGGGGATATGTACCGGACCAAACGAGACTCCCAGCGCGAAATTCCTGCeTTCAAACACAAAATTGAACCGATCTTAAAAGCCACA 
LauThrArqGluSarGlyTyrProGlnValPhaTyrGlyAapMatTyrGlyThrLyaGlyAapSarGlnArqClullaProAlaLauLyaKiaLyallaGluProllaLauLyaAlaArq

391
1450 14(0 1470 14(0 1490 1500 1510 1520 15 10 1540 1550 1 5 4 0

AAACAGTATGCGTACCCACCACAGCATCATTATTTCGACCACCATGACATTGTCCGCTGGACAACCGAACCCCACAGCTCCCTTGCAAATTCAGGTTTGCCCGCATTAATAACACACGGA

Appendix 1.
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1. G :potential glycosylation sites.
2. ^ : start of a-amylase gene fagment in pSLs..
3. --- -----  : palindromic sequence at 3' end of

amylase containing gene fragment.
4. ^ :extent of Bal31 deletion.



Appendix 2 (a).
Plasmid diagram of pJG317.
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Appendix 2 (b).
Plasmid diagram of YEpaal. 
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( loci
AMY=amylase gene, P=ADH1 promoter, T=ADH1 terminator


