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Abstract

This thesis describes the scale-up from laboratory to pilot 
plant, of the production and recovery of a Streptomyces 

thermoviolaceus alpha amylase cloned into the host 
organisms, Escherichia coli and S.lividans. When the enzyme 
was expressed in E.coli it was located intracellularly, in 
the periplasmic space, and on expression in S.lividans the 
enzyme was fully secreted to the extracellular medium. A 
method was developed to recover the recombinant protein from 
the periplasm of E.coli cells. This was used to monitor the 
production and cellular location of alpha amylase in E.coli 

JM107, throughout growth in shake flask and 5L batch 
bioreactor cultures. The periplasmic release treatment was 
then scaled up, so that it was suitable for use on a pilot 
plant scale.

Higher yields of alpha amylase were produced in E.coli shake 
flask cultures compared to bioreactor cultures. This was 
believed to be because of a higher plasmid copy number per 
cell, due to a lower growth rate in shake flask cultures 
compared to bioreactor cultures. The production and cellular 
location of the alpha amylase was also found to differ, 
depending upon the host strain of E.coli. The addition of 
antibiotics, ampicillin or kanamycin, were necessary to 
maintain stability of the plasmid throughout growth in 
E.coli. The production level of the alpha amylase was also 
examined in S.lividans TK24, in both shake flask and 
bioreactor cultures. Different media were studied for 
sporulation of the host and production of the alpha amylase 
in various expression vectors.
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Chapter 1: Introduction
Recombinant proteins play an increasingly important role in 
the pharmaceutical and food industries and the Food and 
Drug Administration (FDA) has approved numerous recombinant 
products including human growth hormone, human insulin, 
alpha interferon, tissue plasminogen activator and 
chymosin (Anicetti et al., 1989; Flamm, 1991). Using 
recombinant DNA technology it is possible to produce large 
quantities of recombinant protein in various host 
organisms, and techniques have improved greatly over the 
past few years. A wide array of expression vector systems 
are now available allowing high level heterologous protein 
production and easier product recovery. However, the choice 
of host organism and expression system will influence many 
parameters in the production and recovery of a recombinant 
protein.

1.1 Host organism
Many different organisms are being used as hosts for 
recombinant protein production, for example prokaryotes 
such as Escherichia coli, bacillus and Streptomyces, and 
eukaryotes such as yeast, filamentous fungi, and mammalian 
and insect cell lines. Each host organism affects various 
aspects of recombinant protein production such as post 
translational modification, degradation, and location 
within the host cell. If large scale production of a 
recombinant protein is required then the scale-up potential 
of the host organism must also be considered. In this 
study, Escherichia coli and Streptomyces lividans were used 
as host organisms for recombinant protein production and 
these shall be discussed in detail below.



1.2 Escherichia coli
E.coli has been extensively used for the production of 
heterologous proteins using a large array of expression 
vector systems. The general use of E.coli is due to the 
superior knowledge of genetics and growth characteristics, 
in comparison to other organisms. Genetic manipulations can 
be performed with ease and E.coli is frequently used as 
the primary host in cloning strategies, even when another 
organism is to be used for the production of the protein. 
E.coli has a fast growth rate in comparison to other 
organisms and can reach high cell densities up to llOgL-i 
(Cutayer & Poil Ion, 1989). Studies have shown that E.coli 
K12 does not colonize the guts of man or animal nor caused 
serious illness in 30 years of laboratory usage (Flamm,
1991). Thus E.coli K12 has been recognised by the FDA to be 
nonpathogenic and nontoxigenic.

1.2.1 Promoter expression systems
There are many different E.coli expression systems which 
can be used for the production of heterologous proteins. 
Most involve strong controllable promoters for example, 
piac, ptac (Amman et al., 1983) and pL from lambda inserted 
into high copy number vectors, for example, the pUC and 
pBGS series (Viera & Messing, 1985; Spratt et al., 1986). 
The promoters piac and ptac are inducible by isopropyl-G- 
D-thio galactosidase (IPTG) and are fully repressible if 
sufficient lac repressor is provided, for example from the 
iads allele (Müller-Hill et al., 1968). IPTG is frequently 
used for the induction of the lac promoter system since it 
is unable to be metabolized by E.coli. However IPTG 
induction studies of a non-recombinant system have shown
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that it can affect the specific growth rate and induce a 
response in the cell which is similar to heat shock 
(Kosinski, 1992). In large scale microbial processes the 
cost of IPTG limits usage, however lactose can be used as 
an alternative cheap inducer of the lac system. Neubauer et 

al., (1992), overexpressed an antigen coat protein of the 
foot and mouth diseaseAto 20% of the total cell protein by 
lactose induction. Other promoter systems are inducible 
without requiring the addition of chemicals, for example, 
the lambda pL promoter can be induced by a temperature 
shift from 30-40°C, if the temperature sensitive cl 
repressor is used. A pH inducible system was constructed by 
the fusion of the pH regulatory region from lysine 
decarboxylase to a fi-galactosidase gene (Tolentino at al., 

1992). The lowering of the growth medium pH from 7 to 5.5 
induced the promoter system resulting in a 60-fold increase 
in production levels of H-galactosidase. The regulatory 
region of a carbon starvation inducible protein was also 
fused to I3-galactosidase, induction occurred at the point 
of substrate limitation and produced a 4-fold increase in 
yield (Tunner at al., 1992). It was suggested that such a 
promoter system would be suitable for auto-induction of 
expression in industrial batch two-stage bioreactions.

1.2.2 Recombinant protein cellular location
Most proteins produced in E.coli are retained within the 
cell with only a few proteins haemolysin, colicins and 
enterotoxins (Pugsley & Schwartz, 1985; Holland at al., 

1986; Hirst & Welch, 1988) being excreted. The E.coli cell 
wall is a complex structure consisting of a cytoplasmic
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membrane and an outer membrane with the periplasmic space 
lying between the two. Secretion of a protein to the 
periplasmic space occurs if the protein is synthesized in a 
precursor form, with an N-terminal signal peptide sequence. 
The signal peptide aids translocation of the protein 
through the cytoplasmic membrane, before being cleaved off 
to release mature protein into the periplasm (Pugsley & 
Schwartz, 1985; Nicaud et al., 1986; Oliver, 1987). 
Recently however, some heterologous proteins have been 
secreted or leaked from E.coli cells either by use of 
’’leaky mutant” strains (Lazzaroni & Portalier, 1982 ), 
vectors based upon the excretion process of colicin (Kato 
at al., 1987; Hsiung at al., 1989), leakage from the 
periplasmic space (Georgiou at al., 1988) or external
factors affecting the outer membrane permeability (Ryan & 
Parulekar, 1991). Thus an heterologous protein produced in 
E.coli may be located in the cytoplasm, secreted to the 
periplasm or even excreted or leaked to the external 
medium.

1.2.2.1 Intracellular location
The accumulation of soluble heterologous proteins in the 
E.coli cytoplasm has several disadvantages, the initiator 
methionine is not generally removed from heterologous 
proteins (Ben-Bassat & Bauer, 1987) and the reducing 
environment does not/Cal 1 ow aisulphide bond formation, which 
can lead to incorrectly folded proteins (Fahey at al., 

1977). A further disadvantage is that the cytoplasm 
contains the majority of the cellular proteases (Swamy & 
Goldberg, 1982) which can lead to proteolyt ic degradation 
of the recombinant product. Also cell breakage techniques
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such as sonication, homogenisation and French pressure cell 
are required for the recovery of intracellular proteins 
(Harrison, 1991). Generally these techniques release total 
cellular protein and generate sub-cellular particulate 
material, which requires further complex purification 
protocols for the recovery of the recombinant product.

High level expression of a recombinant protein leads in 
some cases to the protein being inactive, insoluble and 
unable to fold correctly, and this results in the formation 
of aggregates ie., inclusion bodies, in the cytoplasm 
(Schein, 1989; Bowden et al., 1991). A fairly complex
procedure of solubilization and renaturing is required to 
recover active, correctly folded protein from the 
aggregates (Fischer et al., 1993). These recovery processes 
often lead to a loss in yield, up to 80-90%, in the case of 
isopenicillin N-synthase (Landman et al., 1991), however,
inclusion bodies can be advantageous in that they can be 
easily removed from other cell components. Shimizu et al., 
(1991), have recovered 60mgL~^ of human epidermal growth 
factor from inclusion bodies after fed batch cultivation. 
Also recombinant chymosin has been approved by the FDA as a 
food ingredient, as it was recovered from inclusion bodies 
where most of the microbial material was removed early in 
the process (Flamm, 1991). In some instances the formation 
of inclusion bodies can be reduced by growth of the host 
during the expression phase at a lower temperature. Schein 
& Noteburn, (1988) by lowering the growth temperature to 
23-30°C increased the production of soluble active human 
interferon-alpha 2, although less total recombinant protein 
was produced. Under relatively standard induction

13



conditions of the tac promoter (ie., 5mM IPTG), less than 
1% of the yeast alpha-glucosidase PI was soluble (Kopetski 
et al., 1989). By reducing the growth temperature to 30°C, 
the culture pH to 5.0, and using milder induction 
conditions (O.OlmM IPTG), or lactose induction, 100% active 
soluble alpha-glucosidase was obtained.

Recombinant proteins can however, be produced efficiently 
in the cytoplasmic space of E.coli. Bech Jensen & Carlsen, 
(1990) recovered mature human growth hormone from the 
cytoplasm, without a methionine initiator at levels of 
2mgL-i from fed batch fermentations.

1.2.2.2 Periplasmic location
The periplasm lies between the inner and outer membrane of 
Gram-negative cells and consists of a cross linked gel 
matrix of peptidoglycan (Robot et al., 1984). The periplasm 
plays an important role in the osmoregulation of the cell 
and comprises 20-40% of the total cell volume under routine 
conditions, yet can hold as much as 80% of the total cell 
volume when the cell is placed under osmotic stress (Stock 
et al., 1977). There is some contention at present over the 
width of the periplasm in E.coli K12 cells (Van Wielink & 
Duine, 1990; Ferguson, 1990; Graham et ai., 1991a) but 
recent electron microscopy and freeze substitution 
techniques suggest a width of 15-25nm (Graham et ai., 
1991b). The periplasm contains around 50 distinct 
polypeptides which comprise up to 5% of the total cell 
proteins (Nossal & Heppel, 1966; Beacham, 1979; Holland et
ai., 1986).

Generally periplasmic and outer membrane proteins are
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synthesized as precursor proteins, containing an N-terminal 
signal peptide sequence, which is necessary for
translocation through the cytoplasmic membrane. Prokaryotic 
and eukaryotic signal sequences have conserved regions; one 
or more positively charged amino acids at the N-terminus, 
followed by a stretch of hydrophobic residues which tend to 
form a helical structure, and a signal peptidase cleavage 
site. The precursor protein forms a complex with the 
various secretory/chaperone proteins, which are also
required for translocation. This complex is then targeted 
to the inner membrane secretory apparatus where the
hydrophobic core of the signal peptide spans the membrane. 
Translocation of the remainder of the protein is driven by 
an electrochemical potential and following cleavage of the 
signal peptide mature protein is released into the
periplasm (Pugsley & Schwartz, 1985; Nicaud et ai., 1986; 
Freudl, 1992).

Many heterologous proteins have been fused to E.coli signal 
peptide sequences and efficiently transported to the
periplasm, for example, human epidermal growth factor (Oka 
et ai., 1985), insulin like growth factor-1 (Wong et ai., 
1988), ribonuclease Ti (Fujimura et ai., 1990) and antibody 
fragments (Carter et ai., 1992). Heterologous prokaryotic 
and eukaryotic signal sequences have also been used for the 
efficient translocation of recombinant proteins through the 
inner membrane of E.coli cells, for example. Bacillus 

subtilis endo-beta-1,3-1,4-glucanase (Gormley et ai.,
1988), alpha amylase enzymes from B .stearothermophilus 

(Tsukagoshi et ai., 1984) and S .thermoviolaceus (Bahri & 
Ward, 1990), and rat insulin antigen (Talmadge et ai.,
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1980).

Exceptions to the rule exist, some E.coli outer membrane 
proteins, and heterologous ovalbumin and inter1eukin-lfî 
(Joseph-Liazun et al., 1990) are transported to the 
periplasm without an N-terminal signal peptide. However^ the 
membrane proteins contain internal signal sequences and a 
putative signal sequence in the proximity of the N-terminal 
residues has been found for ovalalbumin. No such 
hydrophobic sequence has been located on interleukin-10 and 
secretion through the inner membrane seems to be a natural 
property of this protein.

The location of heterologous proteins in the periplasm has 
several advantages, if the signal peptide is cleaved 
properly then the N-formyl methionine residue is
not incorporated on the protein, also the oxidative 
environment (Fahey et al., 1977) allows disulphide bond 
formation and thus correct protein folding. Numerous 
heterologous proteins containing disulphide bonds have been 
recovered from the periplasm in a fully active mature form, 
for example human growth hormone (Hsiung et al., 1986) and 
bovine pancreatic ribonuclease (Tarragona-Fiol et al,. 

1992). The periplasm contains only 7 out of the 25 known 
cellular proteases (Swamy & Goldberg, 1982; Baneyx & 
Georgiou, 1991), which reduces the risk of proteolytic 
product degradation. Talmadge & Gilbert, (1982), showed 
that proinsulin was ten times more stable in the periplasm 
than in the cytoplasm, and Dalboge et al., (1989), produced 
ImgL-i of a fusion protein, OmpA-human cystatin C in the 
periplasm, which was 100-fold greater than the levels of
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cystatin C recovered from the cytoplasm. However a few 
recombinant periplasmic proteins are degraded by 
periplasmic or membrane associated proteases (Gentz et al., 

1988, Baneyx & Georgiou, 1990). Strains deficient in the 
outer membrane protease OmpT (Baneyx & Georgiou, 1990) and 
protease III (Baneyx & Geogiou, 1991) were constructed. The 
production of a Staphylococcus aureus protein A and E.coli 
B-lactamase fusion protein was increased by 6-fold using 
these periplasmic protease deficient mutant strains. 
Although location of heterologous proteins in the periplasm 
holds many advantages over cytoplasmic location, cell 
breakage techniques such as osmotic shock (Neu & Heppel, 
1965; Nossal & Heppel, 1966) and 1ysozyme/EDTA treatment 
(Kaback, 1971; Birdsell & Cota-Robles, 1967) are still 
required for recovery of the product.

In some over expressed systems inclusion bodies have formed 
in the periplasm, for example B-lactamase (Bowden & 
Georgiou, 1988; Rinas & Bailey, 1992) and human epidermal 
growth factor (Chalmers et al., 1990). Periplasmic 
inclusion bodies have a slightly different morphology to 
cytoplasmic aggregates (Bowden et al., 1991), but still
require a complicated renaturation protocol for the 
recovery of active, mature product. However, the formation 
of periplasmic inclusion bodies was reduced by using a mild 
induction regime of O.lmM IPTG, and a lower growth 
temperature of 30°C, and this resulted in a 13-fold 
increase in the yield of active soluble Fab fragments 
(Shibui & Nagahari, 1992). Also the addition of sucrose,
raffinose (Bowden & Georgiou, 1988), glycerol, fructose and 
NaCl (Hong et al., 1992) have all been shown to decrease
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the formation of 3-lactamase inclusion bodies. These 
effects may be due to slower processing of the recombinant 
protein as seen in the addition of sucrose, or to the 
stabilizing effects these molecules have on proteins.

1.2.2.3 Extracellular location
Excretion of a recombinant protein from the cell to the 
growth medium offers certain advantages over intracellular 
location. Recovery of the product is simplified as no cell 
breakage treatment is required, aggregation of a 
recombinant protein is unlikely, and the medium is a 
suitable environment for disulphide bond formation and 
provides a larger volume for product accumulation. However^ 
E.coli does not excrete proteins through the outer 
membrane to the extracellular medium apart from haemolysin, 
enterotoxins and colicins (Pugsley & Schwartz, 1985; 
Holland et al., 1986; Hirst & Welch, 1988). These proteins 
require additional accessory proteins for excretion, 
colicin excretion is linked to the expression of a lysis 
gene, and haemolysin contains a C-terminal signal sequence 
and requires the presence of various Hly secretory 
proteins.

One method of excretion of heterologous protein in E.coli 

has evolved from the targeting of recombinant proteins to 
the periplasm, where highly expressed systems have released 
the periplasmic contents to the extracellular fluid. There 
have been numerous reports of "periplasmic leakage" of 
recombinant proteins to the growth medium, for example 
B .stearothermophilus alpha amylase (Suominen et al., 1987), 
3-lactamase (Georgiou et al., 1988) and insulin like growth
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factor I (Abrahmsen et al., 1986), In the majority of 
cases no cell lysis had occurred and it was thought that 
the leakage of the recombinant protein was due to a damaged 
or permeable outer membrane, caused directly or indirectly 
by high level heterologous protein expression. Georgiou at 
al., (1988) also showed that the levels of some outer 
membrane proteins, OmpA and OmpC, were reduced by up to 
40-60% in cells overexpressing recombinant proteins. 
However, in such systems the leakage of the recombinant 
protein is non-specific and other periplasmic proteins and 
some cytoplasmic proteins are also released (Willemot & 
Cornelis, 1983). The release of these cellular proteins 
would complicate the recovery and purification of the 
heterologous protein from the growth medium.

The excretion of colicins from an E.coli cell requires the 
expression of the gene product, bacteriocin release protein 
(BRP). BRP activates the detergent resistant phospholipase 
A in the outer membrane, resulting in permeable zones 
through which proteins can be released into the growth 
medium. Expression vector systems utilizing BRP have been 
constructed and used for heterologous protein excretion. 
Hsiung at al., (1989) recovered 4.5mgLi of correctly 
processed extracellular mature human growth hormone (hOH) 
using a lac controlled BRP vector. The hOH gene was fused 
to the OmpK signal peptide sequence for secretion to the 
periplasm, then released to the growth medium on IPTG 
induction via the BRP mechanism. Similar systems employing 
the E.coli kil gene, which also promotes colicin El 
secretion, have been constructed, where 11.2mgL-i of human 
growth hormone (Kato at al., 1987) and 97% of active B-
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lactamase and B.lichineformis alpha-amylase (Blanchin- 
Roland & Masson, 1989) was released into the growth medium.

E.coli K12 strains which have "leaky" outer membranes have 
been constructed and are known as "leaky mutants" 
(Lazzaroni & Portalier, 1981). After mutagenesis a class of 
periplasmic-1eaky mutants was obtained which were deficient 
in approximately half of the wild type level of the outer 
membrane protein OmpF, and they released 98% of the 
periplasmic protein, alkaline phosphatase. Portalier and 
co-workers went on to increase the E.coli alkaline 
phosphatase expression by 6-fold (Lazzaroni & Portalier, 
1982, Atlan & Portalier, 1984) and recovered 89mgL-i from 
the extracellular fluid after a small scale fermentation 
(Nicaud et al., 1986).

1.3 Streptomyces

Streptomyces are Gram-positive multicellular, filamentous 
spore forming soil bacteria, which undergo a complex growth 
cycle of morphological differentiation. They are generally 
non-pathogenic and produce many extracellular enzymes such 
as proteases, lipases and amylases (Kendall & Cullum, 1984; 
Virol le & Bibb, 1988). The ability to secrete proteins to 
the growth medium has made Streptomyces popular as a host 
organism for the production of heterologous proteins. 
Excretion simplifies recovery of the target protein and the 
growth medium is a large volume for product accumulation. 
However, large volumes can be diffLcaUT to handle for 
recovery purposes on a pilot plant scale in comparison to a 
laboratory experiment.

Streptomyces produce 60-70% of all naturally occurring
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antibiotics and many of these secondary metabolites are 
produced commercially for clinical and veterinary use. For 
this reason cultivation and downstream processing 
techniques in industrial applications are well developed 
for streptomycetes and their products. Streptomycete 
cultures can remain metabolically active in stationary 
phase producing extracellular enzymes and antibiotics for 
several weeks (Gray et al., 1984). This continued metabolic 
action could be utilized for long term production of 
recombinant proteins. Due to recent genetic advances 
centering mainly on S,lividans and S .coalicolor, 

Streptomyces are now used for the production of foreign 
proteins and also for gene cloning in secondary metabolite 
biosynthesis pathways (Chater, 1990).

Numerous plasmids, both high and low in copy number, have 
been identified since the first streptomycete plasmid was 
discovered in 1975 (Schrempf et al., 1975). Today there is 
a wide range of plasmid host expression systems for 
production of heterologous proteins in Streptomyces 

(Tomich, 1988). The synthesis of S.antibioticus tyrosinase 
increased by 2.5 to 36-fold when cloned into the high copy 
number vector, pIJ702, compared to the low copy number 
vectors, pIJ700 and pIJ701 (Katz et al., 1983). However^ the 
tyrosinase enzyme remained intracellular in the host 
S.lividans 66, even though it was excreted to the growth 
medium in the natural host. Bovine growth hormone (bGH) was 
the first mammalian protein to be produced in Streptomyces 
and was also expressed on the high copy number pIJ702 
vector in S.lividans (Gray et al., 1984). Expression of bGH 
by the S.fradiae aminoglycoside ph^hotransf erase gene
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promoter {aphP) initially produced only low levels of 
intracellular protein, however, the production of bGH 
gradually increased over a period of four weeks,
demonstrating the potential of long term heterologous 
protein production in Streptomyces. Other eukaryotic 
proteins of pharmaceutical use have been produced in
S.lividans such as human serum albumin (Gray et al., 1984)
and human interferon alpha-2 (Pulido et al., 1986). The
production and excretion levels of the S.tendae tendamistat 
protein encoded on pIJ702 in S.lividans were investigated 
using different promoter constructs (Schmitt-John & Engels

( 04£\%XOu^CJL
1992). Under the control of the S.fradiae neomycin/^ gene 
promoter (aphi) or a synthetic Streptomyces-E.coli-like 

concensus promoter sequence levels of only lOmgL-i were
released into the growth medium. Production levels
increased to 300-400mgL'i using the S .antibioticus 

tyrosinase gene, mel C promoter, or the Saccharopolyspora 
erythraea eythromycin resistance gene promoter.

The vector pIJ702 is often used for the production of 
recombinant proteins due to the high level of gene dosage 
as the vector is present at between 40-300 copies per 
chromosome. The production and excretion of a S.coelicolor 

A3(2) agarase gene was increased by 500-fold compared to 
the natural host, when encoded on the pIJ702 vector and 
expressed in S.lividans 66 (Kendall & Cullum, 1984). 
Similarly production of S.albus G B-lactamase was increased 
10-fold when expressed on pIJ702 in S.lividans. However, the 
excretion of B-lactamase was affected by the growth medium, 
when cultured in YEME mediJ^low levels of protein were 
excreted from both the recombinant S.lividans and the
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natural host S.albus G, whereas growth in brain-heart 
infusion and Lennox broth medium produced 45 to 80-fold 
more extracellular B-lactamase from the recombinant 
S. lividans than from the natural host. c-t &L)

The secretion mechanisms of Gram-positive bacteria have 
been elucidated mainly from the Bacillus species. The 
signal peptides of Gram-positive and Gram-negative bacteria 
are similar, with a net positive charge at the amino 
terminus, followed by a core of hydrophobic residues, 
however Gram-positive signal sequences are usually longer 
(Pugsley & Schwartz, 1985; Freudl, 1992). Autologous signal 
peptide sequences work efficiently in the translocation of 
proteins through the cell membrane of Streptomyces to the 
growth medium. The S .albogriseolus S-3253 subtilisin 
inhibitor (SSI) encoded on pIJ702 was efficiently expressed 
and excreted in S.lividans 66 producing lOOmgL-i of mature 
active protein, however cleavage of the signal peptide 
occurred at a different site, resulting in 3 extra amino 
acid residues incorporated on the N-terminus (Obata et al.,

1989). Signal peptide fusion protein vectors have been 
constructed and used in Streptomyces for the excretion of 
heterologous proteins with varying sucess. Lichenstein et 

al., (1988), fused the signal peptide of S.lividans fi- 
gal actosidase to interleukin Ifi, a naturally secreted 
protein, and E.coli galactokinase, an intracellular 
protein. Both heterologous fusion proteins were secreted 
into the growth medium however the yields were 100-fold 
less than the secreted levels of the cloned Streptomyces fi- 
gal actosidase . An E.coli fi-lactamase protein was 
efficiently secreted to the growth medium of S.lividans by
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fusion to a region of the streptomycete DD-peptidase- 
penicillin binding protein (DD-PBP), which encoded the 
transcriptional and translational start sites and signal 
peptide sequence (Piron-Fraipont et al., 1990). However
only low yields of fi-lactamase 900ugLi were recovered, 
compared to 42mgLi of the DD-PBP expressed in S.lividans. 
This discrepancy was not due to a failure in the secretory 
mechanisms but possibly to the inefficiency of the 
transcription and translation mechanisms. Also the signal 
peptide from the staphylokinase gene of Staphylococcus 

aureus phage 42D, was used to efficiently secrete 90% of 
biologically active mature interferon alpha-1 in S.lividans 
(Noack et al., 1988).

Although Gram-positive signal peptides have been frequently
used for the translocation of heterologous proteins in
E.coli attempts to use Gram-negative signal peptides in

c
Gram-positive organisms have not been so su^ssful (Freudl,
1992). However, the Gram-negative signal sequence of 
Salmonella typhimuriurn OXA-2 fi-lactamase was recognised by 
S.lividans and the protein was secreted in an active form 
to the extracellular fluid (Ali & Dale, 1986).

There is some evidence that protein conformation may play a 
part in secretion from Streptomyces. Human interleukin-2 
was fused to the signal peptide of 5.tendae tendamistat 
protein (Bender et al., 1990a) and yields of only 20ugmli
of active interleukin-2 were excreted to the medium, 
however,three incorrectly processed forms of interleukin-2, 
corresponding to a yield of 500ugml-i were located in the 
cell. Using the same system Bender and co-workers went on
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to sucessfully secrete 200-500ugL~^ of a tendamistat- 
hirudin fusion protein (Bender et al., 1990b). It was 
proposed that the differing hydrophi1icities of the two 
proteins may account for hirudin being secreted whilst 
interleukin-2 remained intracellular. Taguchui at al., 

(1989) expressed a fusion protein of SSI and the 
Enterococcus faecalis sex pheromone cADl in S.lividans 66, 

and purified 28mgLi of the fusion protein from the 
extracellular fluid. The yield of active cADl was reduced 
to only 336ugL-i following chemical digestion and other 
purification protocols. However, using the same system 
Taguchi et al., (1992), secreted 200mgL-i of a SSI fusion
protein with apidaecin lb, an antibacterial peptide from 
the honeybee. The discrepancy in the secretion levels of 
both fusion proteins was thought to be due to the higher 
hydrophi1icity of the apidaecin lb protein aiding 
translocation through the membrane.

There are numerous disadvantages to recombinant protein 
production in streptomcetes. There are processing 
mechanisms which can affect heterologous protein
production, for example, two different amylases were 
derived from the same S.griseus gene on expression in 
S. lividans. However, both forms were active and excreted to 
the growth medium at levels of 83mgLi culture and 
comprised 58% of the total supernatant protein (Garcia- 
Gonzalez et al., 1991).

The inherent genetic instability and rearrangement seen in 
the Streptomyces genus (Birch et al., 1990), is a
disadvantage in the use of streptomycetes as hosts for
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foreign DMA, and thus the production of heterologous 
proteins. However^ the introduction and maintenance of novel 
tandem repeats into unstable chromosomal regions has been 
shown to increase genetic stability in S.lividans (Kaiser 
et al., 1992) .

Streptomyces also secrete many proteases, for example 
endoproteases, aminopeptidases and carboxypeptidases, which 
may degrade a recombinant protein. A fusion protein of the 
S.tendae amylase inhibitor and the monkey Macaca 

fascicularis proinsulin was proteolytically degraded on 
expression in S.lividans TK24 (Aretz et ai., 1989). The 
protease responsible was identified and shown to have a 
chymotrypsin-like activity, the degradation of the fusion 
protein could be inhibited up to 90% by metallic ion 
additions especially zinc and nickel ions. There are other 
Streptomyces protein inactivators, whose synthesis is 
linked to amino acid catabolism which can cause the 
deactivation of various autologous proteins, for example, 
tyrosinase in S .antibioticus (Gardner & Cadman, 1990) and 
S.albus and S.cacaoi B-lactamase expressed in S.lividans 

(Erpicum et ai., 1990). Deactivation was found to be 
reduced in both cases by lowering growth temperature and 
pH, and the use of a rich medimw.where amino acid catabolism 
was unlikely.

1.4 Bioreactor Studies
The basic goal in a bioreactor cultivation of a recombinant 
organism is to achieve the highest level of heterologous 
protein production per cell ie., a high volumetric 
productivity, as efficiently and economically as possible.
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To achieve this certain parameters can be optimised such as 
high cell density, growth rate, high product concentration 
and the maintenance of plasmid stability.

There are three modes of bioreactor cultivation which are 
used for the production of recombinant proteins, batch, 
fed-batch and continuous culture. In batch cultivations all 
the required nutrients are present from the start of 
growth, fed-batch processes involve the feeding of one or 
more nutrients into the vessel, allowing a degree of 
nutrient control, and continuous culture systems involve an 
inflow and outflow of medium, where the culture volume is 
maintained at a specific level and the nutrient 
concentration remains constant throughout the cultivation.

E.coli is frequently used for the production of 
heterologous proteins on a laboratory scale and this is 
reflected in the amount of recent publications on high 
yield fermentations for recombinant protein production in 
E. coli.

1.4.1 Batch cultivations
The nature of a batch cultivation allows little control 
over the concentration of any nutrient in the medium. This 
can have side effects, such as a reduction in the growth 
rate of the organism due to the initial high substrate 
concentrations (Minihane & Brown, 1986). Another problem 
encountered in batch cultures is the formation of 
fermentative b^^roducts, which can decrease the growth rate 
and recombinant protein yield. Fermentative by-products 
such as acetate, are formed as a result of oxygen 
limitation and excessive glucose consumption. High level
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glucose feeding under aerobic conditions can lead to the 
"Crabtree effect", where the rates of metabolite glycolysis 
and oxidation become unbalanced, resulting in the formation 
of acetate (Bech Jensen & Carlsen, 1990). The production of 
human growth hormone in E.coli was increased by 50% in a 
batch fermentation where glycerol was used as the main 
carbon source rather than glucose due to the lack of acetic 
acid formation in the glycerol fermentation (Bech Jensen & 
Carlsen, 1990). In an E.coli glucose batch fermentation the 
production of a recombinant protein, B-galctosidase, was 
inhibited until the Krebs cycle was activated by the onset 
of degradation of the by-product, glutamic acid (Rinas et 

al. , 1989). This showed that the "Crabtree effect" in the
presence of glucose, inhibited the production of plasmid 
encoded proteins.

However, utilization of by-products such as acetic acid in 
batch cultivations can increase the yield of recombinant 
protein. The batch cultures of a recombinant E.coli strain 
encoding glyceraldehyde 3-phosphate dehydrogenase (GADPH), 
led to the accumulation of acetate. Yet for unresolved 
reasons acetate utilization was only possible on the 
addition of yeast extract to the medium, allowing further 
growth and increasing the yield of GADPH to 230Umli 
compared to 150Uml-i in a yeast extract free medium (Nancib 
et al., 1991). Tunner et al., (1992) utilized glucose
starvation for the induction of a recombinant Û- 
galactosidase protein by the fusion of the iacZ operon to a 
carbon starvation inducible cst-1 locus. Under aerobic 
starvation conditions the system was induced and production 
of B-galactosidase continued for 6 hours until the
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exhaustion of acetate from the medium. Obviously such a 
starvation induced system could not continue indefinitely 
in a batch cultivation so the system was transferred to a 
fed batch process with a slow acetate feed. The production 
of Û-galactosidase occurred throughout the experiment and 
led to a 4-fold increase over that observed by normal 
glucose starvation.

1.4.2 Fed-batch cultivations
The ability to control a nutrient in fed-batch cultures, 
for example, a carbon source such as glucose, can reduce 
the formation of metabolic by-products such as acetate, and 
can lead to improved biomass and a higher recombinant 
protein yield. The feeding of a nutrient can be controlled 
either externally or internally by factors such as pH and 
dissolved oxygen tension (DOT). On glucose depletion the 
DOT increases rapidly and an increase in pH may occur due 
to acetic acid utilization, amino acid depletion and the 
accumulation of ammonia and these changes in the internal 
environment have been used to control the feed rate in fed- 
batch cultures. The growth of a non-recombinant E.coli 

culture was increased 2-fold when the glucose feed was 
linked to the pH alkalinity (Robbins & Taylor, 1989). and 
another recombinant E.coli culture reached a high cell 
density of llOgL'i (dew) when the glucose feed rate was 
controlled by the amount of oxygen in the vessel (Cutayer & 
Poil Ion, 1989). To date recombinant E.coli cultivations 
have not reached such high cell densities, possibly due to 
the additional metabolic burden placed upon the cell by the 
plasmid and the recombinant protein production. However^ a 
recombinant E.coli fed-batch culture has reached a biomass
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level of 60gL-i (dew), whilst expressing human interferon 
alpha-1 (Riesenberg et al., 1990).

Generally, the control of the growth rate and formation of 
metabolic by-products results in the production of higher 
yields of recombinant protein, for example, levels of human 
cystatin C produced from a fed-batch process of E.coli, 

increased by 5-fold to 1.2gL-i, compared to the batch 
culture yield (Dalboge at al., 1989). Exceptionally high 
yields of 19.2gL-i of a protein A/fi-galactosidase fusion 
protein was obtained from an E.coli, high cell density 
(77gL-i, dew) fed-batch fermentation (Strand/berg & Enfors, 
1991). This was a 4 fold increase over batch fermentation 
yields and the recombinant protein corresponded to 25% of 
the dry cell weight of the culture. Similarly, Bech Jensen 
& Carlsen, (1990) achieved a 6-fold increase by expressing 
human growth hormone (hOH) in E.coli in a fed-batch 
process. This was increased by 25-fold, to yield 2gL-i of 
hGH, by increasing the glucose feed rate when phosphates 
were limiting and preventing any further cell growth. 
E.coli is not the only host organism where a fed-batch 
process improves the heterologous protein production. The 
yield of a recombinant enzyme parathion hydrolase from 
S.lividans was increased by 25-fold using fed batch 
technique, to 25mgL-i culture (Payne et al., 1990). It was 
discovered that the by-products of the streptomycete 
reaction were derived from the deamination of amino acids 
and not from an overflow of glucose catabolism (Delacruz et 

al., 1992).
At present there is some contention over whether the 
specific growth rate of the culture during a fed-batch
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process has any effect upon recombinant protein production. 
Riesenberg et ai., (1990) found that higher yields of 
interferon alpha-1 were obtained from E.coli at low 
specific growth rates. Whereas Zabriskie at al., (1987) 
demonstrated that the yield of heterologous protein 
produced from an E.coli fed-batch culture remained constant 
at various specific growth rates.

1.4.3 Continuous culture cultivation
Continuous culture provides a controlled and constant 
environment for the growth of an organism, and has several 
potential benefits for the production of heterologous 
proteins. Cells are removed from the vessel, allowing rapid 
product isolation, which lowers the risk of product 
degradation and reduces any toxicity risk to the host cell.

The dilution rate of a continuous system affects the yield 
of a recombinant protein, and generally the production of a 
recombinant protein from E.coli is higher when low dilution 
rates are used. This has been confirmed in various systems, 
for example, expression of protein A (Warnes at al., 1991), 
B .staarotharmophilus alpha-amylase (Alexander at al., 1989) 
and glyceraldehyde 3-phosphate dehydrogenase (GADPH) 
(Nancib & Boudrant, 1992). The lower production yields at 
higher dilution rates may be due to a loss in plasmid 
stability, both Warnes at al,, (1991) and Nancib &
Boudrant, (1992) reported a loss of plasmid stability at 
high dilution rates due to the growth advantage of plasmid 
free cells. Plasmid stability is essential for efficient 
use of continuous culture for the production of recombinant 
proteins. Stephens at al., (1992) discovered that plasmid
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free cells responded faster to environmental changes than 
recombinant cells and they used this to increase the 
stability of recombinant cells in a continuous culture 
vessel. The dilution rate of a continuous culture, where 
only 10% of the cells contained a plasmid, was cycled, ie., 
the nutrient feed was repeatedly switched on and off. The 
recombinant cells responded more slowly to the changing 
concentrations of substrate, thus the effects were less 
prominent compared to the plasmid free cells, and the 
proportion of plasmid bearing cells in the vessel increased 
from 10 to 50%.

Immobilization of cells in continuous culture is only 
suitable for the production of a recombinant protein if the 
product is excreted to the extracellular medium. Some 
overexpressing recombinant E.coli cells leak heterologous 
proteins from the periplasm (see section 1.2.2.2) and these 
have been used in continuous culture. Georgiou et al., 

(1985) immobilized a recombinant E.coli strain which leaked 
periplasmic fi-lactamase, and in continuous culture the 
protein accounted for 40% of the total protein in solution 
and these yields were maintained for 120 days.

1.4.4 Two-phase cultivation
Overproduction of a heterologous gene product can have 
detrimental effects on the plasmid stability and the growth 
of the host organism. Presumably the metabolic burden of 
overproducing a heterologous protein reduces the growth 
rate of recombinant cells, allowing bioreactor takeover by 
plasmid free cells. However, by the separation of the 
growth and expression/production phases ie., allowing the
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culture to reach high cell densities before inducing 
heterologous protein expression, plasmid stability can be 
maintained and the recombinant protein yields improved. 
Arthur et al,, (1990), obtained a low yield of a 
temperature induced interleukin-lfi (ILl) from a recombinant 
E.coli fed batch bioreactor culture due to a decrease in 
plasmid stability. The plasmid instability was thought to 
be due to increased transcription levels of ILl so a regime 
of high cell density growth followed by temperature 
induction of the gene was introduced. Plasmid stability was 
conserved throughout growth and ILl was increased to a 
yield of 0.75-0.95gLi culture.

Overexpression of a heterologous gene product can lead to a 
cessation in the growth of the host organism. A recombinant 
E.coli fed-batch process constitutively expressed human 
epidermal growth factor (hEGF) as inclusion bodies, to a 
yield of 22mgL-i culture, however^ cell growth stopped after 
just six hours of cultivation despite continued medium feed 
(Shimizu et al., 1991). Repression of the hEGF expression 
during the growth phase led to a 10-fold increase in 
biomass to 21gLi, and on induction in stationary phase of 
the hEGF gene the final yields of recombinant protein were 
60mgL-i culture. Similarly Carter et al., (1992), found 
that to achieve high cell density growth of recombinant 
E.coli , tight control over the expression of antibody 
fragments was necessary. By a two phase fermentation with 
separate growth and expression phases, a yield of antibody 
fragments of l-2gL"i was obtained.

Two-stage bioreactor processes are important in the large
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scale production of recombinant proteins which are toxic to 
the host organism. The low level expression of HIV-1 
proteinase, constituting only 0.1% total cell protein, had 
a detrimental effect on the host organism E.coli (Singh et 

al., 1991). The separation of the growth phase from the
HIV-1 proteinase expression, allowed production of the
proteinase at a yield of 0.66mgL-i a level which was
previously unobtainable when the protein was constitutively 
expressed.

A two stage bioreactor strategy has also been incorporated 
into a continuous culture system. Park & Ryu, (1990), 
increased the production levels of a recombinant protein by 
3-fold using a temperature induced promoter which was 
switched on and off to allow consecutive phases of cell 
growth and gene expression.

1.5 Recombinant protein recovery
The recovery process of a recombinant protein from a host 
organism needs to be simple, efficient and economical if it 
is to translate into industrial use. However, the recovery 
and purification protocols used in the laboratory are not 
always easily transferred to the pilot plant.

1.5.1 Intracellular protein recovery
The majority of heterologous proteins are produced in
E.coli, and are generally intracellular, either in the 
cytoplasm or periplasm and cell breakage is necessary for 
recovery. The disruption of cells for the release of 
intracellular components can be categorized into 
mechanical, chemical, physical and biological processes.
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1.5.1.1 Mechanical cell disruption
The disruption of cells by mechanical processes result in 
the unspecific release of the total cell contents. There 
are mechanical processes suitable for both the laboratory, 
for example sonication, and the pilot plant, for example, 
high pressure homogenization and high speed bead mills 
(Ogez et al., 1989; Harrison, 1991). The disruption of 
cells by mechanical means can be disadvantageous in the 
recovery of recombinant proteins. Mechanical processes can 
be run under physical conditions which may be detrimental 
to a recombinant product, causing damage by heat or shear 
stress. The complete release of cellular contents can 
increase the risk of proteolytic degradation of the 
heterologous protein and the viscosity of the sus pension 
is increased by the release of nucleic acids. In such 
situations the ratio of product to contaminating protein is 
very low, and this will complicate the specific product 
purification steps which follow. Also the cellular 
particulate matter and debris which is released can 
interfere with purifications steps, by fouling systems such 
as membrane processes and filtration.

However unlike many other disruption methods, mechanical 
processes are well developed for large scale industrial use 
and are being used for recombinant protein recovery. A 
combination of mechanical and chemical methods, using an 
homogenizer and Triton X-100 treatment, has been used at 
Glaxo Group Research Ltd., for the disruption of 
recombinant E.coli cells, for the recovery of HIV-1 
proteinase (Singh et al., 1991).
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A cross flow ultrafiltration system, constructed of 
stainless steel to withstand high operating pressures of 
23Pa, efficiently disrupted recombinant E.coli cells 
pretreated with EDTA, for the recovery of chloramphenicol 
acetyl transferase (CAT) (Chan et al., 1991). The process
was run at high flow rates to increase the disruption of 
the cells and to prevent membrane fouling by the cell 
debris depositing on the membrane. Although the permeate 
and retentate streams held equal concentrations of CAT, 
recovery and purification of CAT from the permeate stream 
was simplified, as it was far less turbid compared to the 
retentate stream and contained hardly any cell debris.

1.5.1.2 Chemical cell disruption
Treatment of recombinant cells with chemicals such as 
Triton X-100, guanidine HCl and chloroform results in cell 
disruption and the complete or semi-specific release of 
intracellular contents. The chemical permeabi1ization of 
recombinant E.coli cells with both Triton X-100 and 
guanidine HCl had a synergistic effect upon the protein 
release (Naglak & Wang, 1990). At certain concentrations of 
Triton X-100 and guandidine HCl, up to 50% of the total 
protein content was released, yet each chemical released 
only 10% of the total protein content when used alone. 
Chemical permeabi1ization of cells has the advantage that 
it does not always result in cell fragmentation thus 
releasing lower amounts of nucleic acid and cell debris in 
comparison to mechanical disruption. Naglak & Wang, (1990), 
found that selective protein release from recombinant 
E.coli cells was made possible by each chemicals different 
interaction with the cell. Triton X-100 treatment of E.coli
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cells resulted in the release of cytoplasmic protein, as it 
affected the inner membrane, however, the specific release 
of periplasmic proteins could be achieved by guandidine HCl 
treatment due to its action on the outer membrane, this 
latter method of release resulted in a 40-fold purification 
of recombinant B-lactamase. Chelation of outer E.coli 

membrane magnesium ions by EDTA results in a destabilized 
outer membrane and this has been used to release a 
recombinant periplasmic protein to the medium (Ryan & 
Parulekar, 1991). Specific periplasmic protein release from 
E.coli cells can also be achieved using chloroform 
treatment (Ames et al., 1984). Another periplasmic protein
release method is the addition of glycine to the culture 
broth at a final concentration of 1% or resuspension of 
cells in 1% glycine (Ariga et al., 1989). The latter method 
resulted in the release of 61% recombinant alpha-amylase 
from the E.coli periplasm, however, these methods are not 
suitable for scale-up as they have not been proved to be 
generic.

The release of a particular subcellular 
compartment containing a recombinant product will aid any 
further purification protocols, due to the lower amount of 
protein released and the favourable ratio of product to 
contaminating protein. Chemical permeabilization is not 
limited to E.coli and has been used for differential 
product recovery in yeast, giving a higher selectivity of 
release compared to mechanical disruption (Huang et al., 

1991).

Although chemical disruption of cells is sucessful it must 
be remembered that chemicals are not inert and may have
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detrimental effects upon many recombinant products. Also 
the complete removal of chemicals from the suspension can 
be a necessity, especially in the production of 
pharmaceutical and food products. The scale up of chemical 
treatments involving solvents such as chloroform are 
impractical unless containment is possible.

1.5.1.3 Physical cell disruption
The release of recombinant proteins is possible by

cfreeze-thawing treatment, though this has not been a sucj^ss 
on a large scale due to the length of the process and 
reports of enzyme inactivation (Harrison, 1991). The most 
universal physical method of E.coli cell disruption is 
osmotic shock, first performed on E.coli cells in 1965 by 
Neu & Heppel in the formation of spheroplasts. Osmotic 
shock results in the specific release of periplasmic 
proteins and some inner membrane proteins (Beacham, 1979). 
Today osmotic shock is often used for the efficient release 
of heterologous proteins from the periplasmic space on a 
laboratory scale. Levels of up to 90-95% of a recombinant 
protein have been released in various systems using osmotic 
shock, for example human growth hormone (Gray et al., 

1984), human interleukin-lB (Joseph-Liazun at al., 1990) 
and human cystatin C at a yield of IgLi culture (Dalboge 
at al., 1989). Osmotic shock is efficient, in that it 
releases a particular subcellular compartiment in a small 
volume which increases the concentration of the product and 
reduces the level of total protein released giving a high 
ratio of product to contaminating protein. However^ osmotic 
shock involves too many centrifugation and washing steps 
for efficient transferral to the large scale release of

38



recombinant proteins.

1.5.1.4 Biological cell disruption
The main biological treatment for cell disruption involves 
the use of lytic enzymes such as lysozyme, which cleaves 
the polysaccharide backbone of the peptidoglycan gel matrix 
in many bacterial cells, releasing periplasmic enzymes (Neu 
& Heppel, 1965; Birdsell & Cota-Robles, 1967; Kaback, 
1971). Some form of outer membrane destabilization, such as 
EDTA or Tris HCl treatment, must accompany lysozyme action 
to allow penetration of the lytic enzyme through the outer 
membrane of the E.coli cell wall (Witholt et al., 1976).
Lysozyme and EDTA treatment is suitable for the release of 
recombinant proteins from the periplasmic space of E.coli, 

and the periplasmic release specificity is greater in 
comparison to osmotic shock (Beacham, 1979). Carter at al., 

(1992) released up to l-2gLi of antibody fragments from 
the E.coli periplasm by lysozyme treatment after osmotic 
shock release was found to be inefficient. Lysozyme 
treatment allows specific subcellular compartment recovery 
in a small volume yet the number of steps involved in the 
process coupled with the cost of the enzyme have made it 
unsuitable for large scale use. The recovery of the 
lysozyme following the treatment further complicates the 
recombinant protein purification. Release of intracellular 
recombinant proteins, such as human serum albumin and virus 
like particles from yeast cells, has also been achieved by 
the use of lytic enzymes (Huang at al., 1991).

1. 6 Aim
The aim of this project was to study the production and
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recovery of a recombinant protein from various bacterial 
host organisms, ie., E.coli and Streptomyces lividans. The 
recombinant protein to be studied was the Streptomyces 

thermoviolaceus CUB74 alpha amylase, which was 
intracellularly located in the periplasm of E.coli cells 
whilst being excreted from S.lividans cells to the culture 
medium. The scale-up of these two recombinant processes 
from a laboratory bench to a pilot plant process was to be 
addressed throughout the project.
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Chapter 2 : Materials and Methods
All chemical reagents were of AnalaR grade or equivalent 
and were obtained from the following companies unless 
stated otherwise in the text. Sigma, Chemical Company Ltd., 
Fancy Road, Poole, Dorset; BDH Ltd., Broom Road, Poole, 
Dorset. Bacteriological reagents were obtained from either 
Oxoid or Difco. Thiostrepton was a generous gift from 
S.J.Lucania, The Squibb Institute for Medical Research, New 
Jersey.

2.1 Constructs
The plasmids used to study the production and recovery of 
alpha amylase were pQR126, PQR147, pQR152, pQR153, pQR300
and PQR312 in Escherichia coli, and pQR311, pQR318 and 
PQR319 in Streptomyces lividans (Table 2.1). A restriction 
map of each construct is shown in Figure 2.1.

Table 2.1: Plasmid characteristics

Plasmid Characteristics Reference

PQR126 Kn*̂ , lac Za, amy J.M. Ward unpublished

PQR147 Ap^, lacZa, amy this study

PQR152 Rn^, lac Za, amy this study

PQR153 Kn^, lac Za, amy this study

PQR300 Ap^, lacZa, amy Bahri, (1990)

PQR311 Ts^, mel+, amy Bahri & Ward, (1990)

PQR312 Ap^, lacZa, amy Bahri, (1990)

PQR318 Ts^, Cm^, Tc^, amy Bahri, (1990)

PQR319 Ts^, Ap^, amy Bahri & Ward, (1990)

Abbreviations: Ap^; ampicillin, Cm^; chloramphenicol, Kn^; 
kanamycin, Tc^; tetracycline, Ts^; thiostrepton
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Figure 2.1; Restriction endonuclease maps of constructs 
expressing S . thermoviolaceus alpha amylase gene (amy) in 
relation to the lacZ promoter {FlacZ) on pUC8, pUC18 and 
pBGS19-, the mel promoter (Pmei) on pQRl and pIJ702 and the 
ampicillin promoter {Vamp) on pIJ903. E,BairSil’, E, EcoRl; H, 
H i n d u : , P, Pstl; S, Sphl
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2.2 Strains
The bacterial strains used in this thesis were Streptomyces 
lividans TK24 [Str-6, SLP2-, SLPS"] Hopwood et al., (1983) 
and numerous Escherichia coli K12 strains (Table 2.2).

Table 2.2: E.coli K12 strain characteristics

Strain Phenotype Reference

JM107 endAl, gyrA96, thi, hsdRll, sup^M , relAl, Yanisch-Perron et al., (1985) 

X, AQac-proAS), [F. trdD2>6, proAB ZacW,

ZAM15]

JMlOl thi, fwpE. Ailac-proAB), [F, rroD36, proAB, Yanisch-Perron et a i, (1985) 

/ocW,ZAM15]

JM103 endAl, sbcBC, t/u-1, rpsL (Str^, supE, 

hsdR, Al^lac-proAB), [F, froD36, proAB, 

lacl9, ZAM15]

Messing et al., (1981)

JM83 ara, /pÆ, A(lac-proAB), ^80, ZAM15 Yanisch-Perron et al., (1985)

C600 thrl, leuB6, thi-l, lacYl, supEM, 

m crAl,/huA2l, rftjDl

Appleyard ,(1954); Raleigh et 

at., (1988)

ED8654 RecA56, metBl, AjrfR514. tocYl, Borck et a i, (1976); Murray et

supEA4, supF54, mcrAl, galK2, g a tT ll, al., (1977)

trpR55

W3110 thyA36, deoCl, INI, {thy', F), hsdR, X Hill & Hamish (1981)

UB1326(J62)a

UB1331(J62)a

N:f, su\, hisSl, trp-30, /oc28, pro A23 Clow les & Rowley, (1954)

Nx^, fiisSl, trp-30, lac2S, proA23 Clowles & Rowley (1954)

J53 me(F63, pro AB Clowles & Rowley, (1954)

UB1636(JC3272) ** lac,gal,H is,Try,Str^,Lys,lacD X14  Achtmanera/., (1971)

UB1126* (|)80, y  mjU. University of Bristol

Phenotype nomenclature is that of Demerac et al., (1966), Novick et al., (1976) and Bachmann, (1983) 

 ̂Strains denoted by UB are from the University of Bristol culture collection and were obtained from 

John M. Ward. The UB nomenclature is that of the University of Bristol ; the correct denotation in 

parentheses if available.
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2.3 Strain maintenance
E.coli cultures were grown on selective nutrient agar 
plates (25gL-i nutrient broth, 20gL-i bacteriological agar) 
supplemented with 1% (w/v) potato starch (Sigma S-4251). 
Strains containing the F' plasmid were grown on selective
glucose M9 minimal plates (Maniatis et al., 1982),
supplemented with thiamine. Glycerol stocks were prepared 
from selective agar plates by scraping off the colonies 
using a sterile loop into 3ml of 20% (w/v) glycerol. These 
were stored at -70oC for future use.
Antibiotics and supplements were used where necessary at 
the following concentrations: 20ugml-i kanamycin (Sigma K- 
4000); SOOugml-i ampicillin (Sigma A-9518); 40ugmli
IPTG; 20ugml-i X-gal.

S.lividans strains were grown on selective 1/2 strength 
tryptone soya broth (Oxoid) agar plates supplemented with 
1% (w/v) potato starch at 30°C for 7 days, or until
sporulation occurred. The spores were scraped off the agar 
into 3-4 ml of 20% (w/v) glycerol using a sterile loop, and 
the glycerol stock solutions were stored at -70*C. A spore 
preparation of each strain was prepared in sufficient 
volume so that it could be used throughout a series of 
experiments. For the selection of streptomycete plasmids 
20ugml-i thiostrepton was used.

2.4 Growth Conditions.
2.4.1 Escherichia coli
Shake flask cultures were grown in 2.5L Erlenmeyer flasks 
containing 200ml media and shaken at 200rpm at 37°C in a 
New Brunswick Scientific Co. Ltd. orbital incubator. The
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inoculum was 2-3 colonies from a fresh selective plate, or 
for time course experiments a 4% (v/v) selective stationary 
phase (12h) culture. Antibiotics and supplements were used 
when necessary at the following concentrations: lOugml-i
kanamycin; SOOugmli ampicillin; 40ugmli IPTG 
Escherichia coli culture media:
(i) Nutrient broth - 25gL-i nutrient broth No.2 (Oxoid)
(ii) "Terrific broth" ("T.broth") - Tartof & Hobbs, (1987) 
2.3gL-i KH2 PO4 , 3.78gL-i K2HPO4 , 12gL"i bactotryptone, 
24gL-i yeast extract, 4mlL-i glycerol.
(iii) Fermentation media - 16gLi glycerol, 31gL-i yeast
extract, 3gLi KH2 PO4 / 5.32gL-i Na2HP0 4 , 0.5gL"^ NaCl,

• tF ẑO
4.0gL-i NH4CI, 0.25gL-i MgSO^. 0.0147gL-i CaCl2.2H2 0

2.4.2 Streptomyces lividans

Cultures were grown in 250ml Erlenmeyer flasks containing 
50ml of selective media, a 2ml spore prep was used as an 
inoculum.
Shake flask cultures were grown in 300ml of selective media 
in 2.5L Erlenmeyer flasks, rotated at 200rpm in a New 
Brunswick Scientific Co. Ltd. orbital incubator. For time 
course experiments a 6% (v/v) selective liquid inoculum, 
prepared as described below, was used. A 2ml spore 
preparation was grown with thiostrepton antibiotic, in IL 
flasks containing 50ml media for 48h at 30°C. 18ml (6% v/v) 
of this culture was then transferred to 300ml of fresh 
selective media in 2.5L flasks which was grown at 30°C for 
60h. This culture was used as the inoculum. All cultures 
were supplemented with 5ugml-i thiostrepton.

Media used for streptomycete cultures:
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(vii) Modified tryptone soya broth - 5gL'l NaCl, 3gL‘l soyabean meal, 17gL*l casein, 
2.5gL'l dextrose



(i) Tryptone soya broth (TSB) - 30gLi TSB (Oxoid)
(ii) 1/2 strength Tryptone soya broth (TSB) - 15gL-i TSB
(iii) Malt extract peptone broth (MEP) - Wrigley-Jones et 

al., (1992) adapted from Reading & Cole, (1977); 20gL-i 
glycerol, lOgL-i malt extract broth, lOgL-i bacteriological 
peptone.
(iv) YEME - Hopwood at al., (1985); SgL'i yeast extract, 
5gL-i bacto-peptone, 3gL-i malt extract, lOgL'i glucose, 
340gL-i sucrose. 2mlL-i MgCL2 .6H20 (2.5M) was added after 
autoclaving.
(v) NMMP - Hopwood at al., (1985); The following was made
up in 800ml of distilled water, 2g (NH4 )2 S0 4 , 5g 
casaminoacids, 0.6g MgS0 4 .7H2Û, 50g PEG 6000, 1ml minor
elements solution. At time of use the following was added, 
15ml NaH2 P0 4 /K2HP04 (O.IM, pH6 .8 ), 2.5ml 20% glucose.
(vi) Modified R2YE - Wrigley-Jones at al., (1992) modified

•fcrtiOfrom Hopwood at al., (1985); lOgL-i MgCl^, lOgL-i glucose,
22gL-i bacteriological agar, 5gL-i yeast extract. Made up 
to IL with lOOmM TricHCl pH7.5. ImlL'i 5% KH2 PO4 and 
20mlL-i IM CaCl2 was added after autoclaving.
K
2.4.3 Bioreactor cultures
Batch cultivations were carried out in a stirred tank 7L 
(5L working volume) LH2000 bioreactor. The dissolved 
oxygen tension and pH were monitored by Ingold Electrodes 
(Ingold, Switzerland) linked to i3000 series 
instrumentation. Cultivation parameters and gas exhaust 
compositions were logged using Biol software. The value of 
pH was held constant at pH7.0 with 2M H2 SO4 and 4M NaOH. 
For E.coli cultivations the bioreactor was inoculated with 
200ml (4% w/v) of a selective stationary phase (12h) shake
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flask culture, grown in the same medium to be used in the 

bioreactor. The culture was grown at 37°C, with an aeration 

rate of 0.5vvm and thelspeed held at lOOOrpm. The culture 

was supplemented with lOugml-i kanamycin to maintain 

plasmid stability. For S.lividans bioreactor cultivation a 

6% (v/v) selective inoculum was used, prepared as in

section 2.3. The culture was grown at 30^0 at an aeration 

rate of 0.4vvm and the speed held at 700rpm. Plasmid 

stability was maintained by the addition of Sugml'i 

thiostrepton.

2.5 DNA techniques

2.5.1 Large scale plasmid DNA preparation

Plasmid DNA was prepared by an adaptation of the method of 

Sambrook et ai., (1989) which is based upon that of 

Birnboim & Doly, (1979). 50ml of 50% (w/v) PEG 6000 was 

added to the supernatant recovered following bacterial cell 

lysis and this was precipitated on ice for 2h. A phenol 

chloroform extraction step was included after the recovery 

of the PEG precipitated nucleic acids. The upper aqueous 

layer from the phenol chloroform treatment was precipitated 

with 2 volumes of ethanol on ice for 20min. The nucleic 

acid pellet was then resuspended in 9ml TE buffer 

containing 9.9g caesium chloride and ethidium bromide added 

to a final concentration of 400ugml-i. The plasmid DNA was 

then purified by equilibrium centrifugation in CsCl 

ethidium bromide gradients. Ethidium bromide was removed 

from the purified DNA by repeated isopropanol treatment. 

The plasmid DNA was ethanol precipitated on ice for 20min 

then resuspended in 5ml TE buffer.
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2.5.2 Small scale preparation of plasmid DNA

Plasmid DNA was prepared on a small scale by the method 

stated in Sambrook et al., (1989), which is based upon

those of Birnboim & Doly, (1979) and Ish-Horowicz and 

Burke, (1981).

2.5.3 Total DNA preparation

The method is an adaptation of Marmur, (1961). 1ml of 

culture was harvested at 10,000rpm (Eppendorf microfuge), 

room temperature for lOmin. The pellet was resuspended in 

lOOul Birnboim buffer (25mM TrisHCl, lOmM Na 2 EDTA, 0.9%

glucose, 2mgml-i lysozyme) and incubated at room

temperature for 15min. After an addition of 5Qul 10% (w/v) 

SDS, the cell suspension was incubated at 37°C for 2h, or 

until the suspension was clear. The volume was then 

increased to 500ul with TE buffer, to achieve a final 

concentration of 1% SDS. 50ug pronase and 40ug RNase \was ' 

added followed by a futher incubation at 37°C for 2h. The 

suspension was phenol chioroformed and the resulting DNA

solution ethanol precipitated. The DNA was drawn up using 

a sterile glass pipette and resuspended in 200-400ul TE 

buffer.

2.5.4 Restriction Digests

Restriction digests were performed by the method of

Maniatis at al., (1982). All reactions were carried out at

37°C using a universal lOX restriction buffer (lOXRB 500mM

TrisHCl p H 7 .5, 50mM MgCl 2 )• Restriction enzymes were

obtained from Northumbria Biologicals, Anglian

Biotechnology and New England Biolabs. For digestion of 

chromosomal DNA 4-5 units of restriction enzyme was used
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and the reaction incubated at 37°C for l-2h. Reactions were 
stopped by the addition of loading buffer, 0.IM Na2EDTA, 
40% (w/v) sucrose, 0.15 mgrnl'i bromophenol blue.

2.5.5 Ligation of plasmid DNA
Ligation of linearized plasmid DNA was performed by the 
method of Maniatis et al., (1982), except that reactions 
were performed at room temperature overnight, or at 4°C for 
longer. The lOX ligation buffer used was 0.66M TrisHCl 
(pH7.5), O.IM MgCl2 , 0.IM dithiothreitol and ImM ATP. T4
ligase was prepared by Dr. Linda Wallace (U.C.L.).

2.5.6 Preparation of E.coli competent cells
Competent cells were made and the subsequent transformation 
of DNA was performed by an adaptation of Hanahan, (1983) 
and Morrison, (1979). 5ml of nutrient broth was inoculated 
with 2-3 colonies from a fresh plate of E.coli, and grown 
with reciprocal shaking at 37*C for 2-3h. The cells were 
harvested at ll,000rpm (Sorvall RC2-B, SM24 rotor) at 4°C 
for lOmin, then resuspended in 1ml of ice cold lOmM CaCl2 . 
The calcium treated cells were reharvested at ll,000rpm at 
4°C for lOmin and the cell pellet was resuspended in 200ul 
of ice cold sterile 15% (w/v) glycerol, 75mM CaCl2 . The 
competent cells were used immediately or stored at -70°C.

2.5.7 Transformation
lOul of plasmid DNA was added to 200ul ice cold competent 
cells, vortexed and incubated on ice for 45-60min. The 
cells were heat shocked at 37°C for lOmin, then added to 
5ml nutrient broth and grown with reciprocal shaking at 
37°C for 2-3h before plating out on selective agar.
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2.5.8 Agarose gel electrophoresis
Agarose gel electrophoresis of DNA fragments was performed 
according to Maniatis et al., (1982) . The running buffer 
used was Tris-Borate-EDTA buffer (TBE) [90mM Tris base, 
90mM Boric acid, ImM Na2EDTA, O.OSugmli Ethidium bromide]. 
1% (w/v) agarose (Sigma A3764) gels were poured on 14.2 X
14.2cm glass plates and run in homemade tanks, usually at 
200 volts for 2h. For efficient separation of digested 
chromosomal DNA, gels were run slowly at 20 volts 
overnight. The gels were photographed under ultra-violet 
light using a Polaroid MP-4 land camera.

2.6 Dry cell weights
1ml of an E.coli culture was harvested at ll,000rpm 
(Eppendorf microfuge), room temperature for lOmin in a 
preweighed eppendorf tube (previously dried to constant 
weight at 60*0). The supernatant was removed and the pellet 
dried at 60°C for 24h or until constant weight was 
obtained.

5ml of a streptomycete culture was vacuum filtered onto a 
Millipore prefilter AP25 (predried to constant weight in a 
microwave at full power for lOmin). The filter was redried 
in a microwave at full power for lOmin, or until constant 
weight was obtained.

2.7 Optical density
The optical density of a culture was measured at SOOnm 
against a blank of sterile media.

2.8 Streptomyces lividans small scale cell fractionation 
1ml culture was harvested in an Eppendorf microfuge at
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llfOOOrpm, room temperature for lOmin. The supernatant 
yielded the extracellular fraction. The remaining mycelial 
pellet was washed with 500ul 50mM TrisHCl (pH 7.5). The 
washed cells were then resuspended in SOOul 50mM TrisHCl 
and sonicated using a MSE Soniprep 150 for Imin in 15sec 
bursts at 8 micron amplitudes using a 3mm exponential 
microprobe. The sonicated cells were harvested at ll,000rpm 
at room temperature for lOmin. The supernatant was known as 
the intracellular fraction.

2.9 Escherichia coli small scale cell fractionation 
5ml of culture was centrifuged at ll,000rpm (Sorvall RC2-B 
model, SM24 rotor) at 4°C for lOmin. The supernatant, the 
extracellular fraction, was carefully removed. The cell 
pellet was washed in 50mM TrisHCl pH7.5 and recentrifuged 
at ll,000rpm at 4°C for lOmin. The cells were then 
subjected to one of the following cellular fractionation 
methods to release the periplasmic contents.

2.9.1 Osmotic Shock
The method used for osmotic fractionation of the cells was 
a modification of osmotic shock treatment taken from Neu & 
Heppel, (1965), Nossal & Heppel, (1966), Cornells at al.,

(1982), Blanchin-Roland & Masson, (1989). The harvested 
cells were resuspended in 1ml of a buffer consisting of 20% 
(w/v) sucrose and differing concentrations of TrisHCl pH7.5 
and EDTA (see text). After static incubation at room 
temperature for 15min the osmotically fragile cells were 
centrifuged at ll,000rpm (Sorvall RC2-B, SM24 rotor) at 4°C 
for 15min. The supernatant was carefully removed and known 
as the sucrose wash fraction. The pellet was then
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resuspended in 1ml of ice cold distilled water (dH20). 
After a further incubation with gentle agitation at 4°C for 
15min, the resulting spheroplasts were recentrifuged at 
ll,000rpm at 4°C for lOmin leaving an osmotic shock fluid 
containing the periplasmic fraction.

2.9.2 Lysozyme/EDTA treatment
The method used here for the formation of spheroplasts by 
lysozyme/EDTA treatment is based upon various methods from 
Neu & Heppel, (1964), Birdsell & Cota-Robles, (1967), 
Kaback, (1971) and Witholt et al., (1976). The harvested
cells were resuspended in 1ml of a solution containing 20% 
(w/v) sucrose and SOOugml'i lysozyme (Sigma L-6876) with 
varying concentrations of TrisHCl pH7.5 and EDTA (see 
text). This was incubated statically at room temperature 
for 15min. The spheroplasts were pelleted at ll,000rpm at 
4°C for 15min. The resulting supernatant yielded the 
periplasmic fraction. The remaining pellet was washed with 
1ml of ice cold dH20 and recentrifuged at ll,000rpm 
(Sorvall RC2-B, SM24 rotor), 4°C for lOmin. The supernatant
recovered was known as the water wash fraction.

2.9.3 Chloroform treatment
Cells were fractionated using chloroform treatment by the 
method of Ames at al., (1984). The harvested cells were
resuspended in 50ul CHCI3 and incubated statically at room 
temperature for 15min. After the addition of 1ml 50mM 
TrisHCl pH7.5 the cells were reharvested at ll,000rpm
(Sorvall RC2-B, SM24 rotor), 4°C for lOmin. The supernatant
recovered was known as the periplasmic fraction. In certain 
experiments (section 3.3) this was followed by resuspension
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of the cells in 1ml of ice cold dH20 and static incubation 
at room temperature for 15min. The cells were reharvested 
at ll/OOOrpm at 4°C for lOmin, the supernatant was removed 
and known as the water wash fraction.

2.9.4 Glycine treatment
The release of periplasmic proteins by glycine was
performed by the method of Ariga et al., (1989). The
harvested cells were resuspended in 1ml 1% (w/v) glycine
and incubated statically at room temperature for 3h. A 
control was run in parallel where harvested cells were
resuspended in 1ml of dH2 0. The cells were reharvested at 
llfOOOrpm (Sorvall RC2-B, SM24 rotor) at 4°C for lOmin and 
the supernatant was removed, this was the periplasmic
fraction. The remaining cells then underwent a cold water 
wash treatment of resuspension in 1ml ice cold dH20 
followed by a static incubation for 15min at room
temperature.

2.9.5 Lysozyme/water treatment
The harvested cells were resuspended in 1ml of a 
fractionation buffer consisting of 20% (w/v) sucrose,
500ugml-i lysozyme (Sigma L-6876), ImM EDTA and 200mM 
TrisHCl pH7.5. The TrisHCl was excluded from the 
fractionation buffer in later trials (section 5.2.4). This 
suspension was incubated statically at room temperature for 
15min before an equal volume of dH2 0 at room temperature 
was added. After a further static incubation at room 
temperature for 15min the resulting spheroplasts were 
reharvested at ll,000rpm (Sorvall RC2-B, SM24 rotor), 20°C 
for 15min. The supernatant was kept as the periplasmic
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fraction.

The cells remaining at the end of each of the fractionation 
methods were resuspended in 1ml of TrisHCl pH7.5 at room 
temperature. The cell suspension was sonicated using a MSE 
Soniprep 150 for 2min in 15s bursts at 8 micron amplitudes 
using a 3mm exponential microprobe. The supernatant 
recovered after harvesting at ll,000rpm (Sorvall RC2-B, 
SM24 rotor), 4°C for lOmin, contained the contents of the 
cytoplasm and was known as the cell associated fraction.

All fractions extracellular, sucrose wash, periplasmic, 
cell associated and cold water wash were assayed for alpha 
amylase activity and protein content.

2.10 Rapid analytical lysozyme/water treatment for time 
course experiments
Following the methodology experiments for efficient 
periplasmic release, the lysozyme/water method was scaled 
down for rapid analytical use during the time course 
experiments. 1ml of culture was harvested in a 1.5ml 
eppendorf tube at 10,000rpm (Eppendorf microfuge) at 20*C 
for lOmin. The supernatant, ie., the extracellular 
fraction, was carefully removed. The pellet was resuspended 
in 200ul of fractionation buffer (20% (w/v) sucrose,
500ugml-i lysozyme, ImM EDTA) and incubated statically at 
room temperature for 15min. An equal volume of dH2 0 at room 
temperature was then added, followed by a further static 
incubation at room temperature for 15min. The spheroplasts 
were reharvested at 10,000rpm, room temperature for 15min. 
The supernatant was retained as the periplasmic fraction. 
The remaining cells were resuspended in 500ul 50mM TrisHCl
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(pH7.5) and sonicated (MSE Soniprep 150) for 30s at 8 
micron amplitude using an exponential microprobe 3mm. The 
supernatant, the cell associated fraction, was recovered 
after centrifugation at 10,000rpm, 20*0 for lOmin.

2.11 Large scale periplasmic release by lysozyme/water 
method
5L of culture, grown under batch conditions in a 7L stirred 
tank bioreactor was harvested using a Sharpies IP 
continuous tubular bowl centrifuge at 50,000rpm, 4°C. The
cell pellet was resuspended in a volume of fractionation 
buffer (20% sucrose, ImM EDTA, SOOugml'i lysozyme) that was 
20% of the original culture volume. The cell paste was 
resuspended using a Silverson homogeniser. This cell 
suspension was then incubated statically at room 
temperature for 15min, before an equal volume of dHzO was 
added. After a further static incubation at room 
temperature for 15min, the suspension was reharvested in 
the Sharpies IP centrifuge. The supernatant contained the 
periplasmic fraction.

2.12 Alpha amylase assay
Alpha amylase activity was determined by the rate of 
decrease in a coloured starch/I: complex using a modified 
version from Blanchin-Roland & Masson, (1989). An 
appropriate enzyme dilution was made into 1ml of 0.25% 
(w/v) soluble starch (Sigma S-2630) in 15mM sodium 
phosphate buffer (pH 5.8), which had previously been heated 
to boiling point and filtered (Whatman No.l filter paper) 
whilst hot. The enzyme and starch reaction mixture was 
incubated at 50°C, 50ul aliquots were removed at various

55



times and diluted into 1ml iodine solution (freshly 
prepared by adding 200ul 2.2%l2/4.4%KI (w/v) into 100ml of 
2% (w/v) KI solution). The rate of decrease in absorbance 
was measured at 620nm, where one unit of enzyme activity 
corresponds to the hydrolysis of 143ugmin“  ̂ soluble starch 
at 50°C.

2.13 Protein assay
Protein concentration was determined by the colorimetric 
assay of Bradford, (1976) using BioRad Protein assay 
reagent. Bovine serum albumin (Sigma A-7511) was used as a 
standard between a concentration range of 0-600ugmli.

2.14 Alpha amylase plate assays
A strain producing alpha amylase was streaked for single 
colonies onto a selective nutrient agar plate supplemented 
with 1% (w/v) potato starch (Sigma S-4251) and incubated at 
37°C overnight (18h). A zone of starch hydrolysis 
surrounded each colony expressing the alpha amylase enzyme. 
The diameter of each colony and zone was measured.

2.15 Plasmid stability measurements
Serial dilutions of an E.coli culture were made to an 
appropriate cell count and lOOul was plated onto both 
selective and non-selective agar plates supplemented with 
1% (w/v) potato starch (Sigma S-4251). After incubation at 
37°C overnight (18h), the colonies surrounded by a zone of 
starch hydrolysis were counted and compared to the total 
number of colonies on each plate, to obtain a percentage of 
plasmid stability.
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2.16 SDS Page gel electrophoresis
All protein gels were prepared by the method of Laemmli, 
(1970). 70-100ug of sample protein was mixed with an equal
volume of loading dye and boiled for three minutes prior to 
loading. 12% acrylamide gels were run at 33mA for 3h or 7mA 
overnight. Gels were stained for l-2h in Coomassie blue R 
and destained in 50% (w/v) methanol, 10% (w/v) acetone.
Protein bands were scanned using a Joyce Laebl Chromoscan 3 
laser densitometer.

2.17 Plasmid copy number determination
The plasmid copy number was determined by the method of 
Wrigley Jones et al., (1992). Total DNA was prepared as in 
section 2.5.3 and digested by the restriction endonucleases 
Hindlll/Pstl. The DNA was separated on 1% agarose gels run 
at 20volts overnight. The gel was photographed under ultra 
violet light using a Polaroid MP-4 land camera and the 
negative scanned using a Joyce Laebl Chromoscan 3 laser 
densitometer. The plasmid copy number Pce (number of 
plasmid copies per chromosome equivalent) was calculated by 
the equation

PcB= plasmid integral . chromosome
(0 . chromosome integral) . M» plasmid

where 0 is the fraction of plasmid containing cells
The size of the E.coli JM107 chromosome was assumed to be
2.6 X 10*Da (4.2 x 10*bp), where lkb=0.64 megaDaltons. The
plasmid copy number per chromosome equivalent was
corrected to plasmid copy number per cell using the Cooper-
Helmstetter, (1968) model. The C and D intervals were
presumed to be 40min and 20min respectively for JM107 cells
grown in "T.broth".
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chapter 3: Development of a small scale E.coli periplasmic
release treatment
3.1 Aim
The aim of the studies in this chapter was to investigate 
and modify, existing periplasmic fractionation methods for 
the release of recombinant alpha amylase from the 
periplasmic space of Escherichia coli. The release method 
needed to be suitable as a rapid small scale analytical 
test during time course experiments, whilst being feasible 
for scaling up to a pilot plant process.

3.2 Periplasmic release methods
The periplasm lies between the inner and outer membranes of 
Gram negative cells and is filled with a cross linked 
peptidoglycan gel matrix (Robot et al., 1984; Oliver,
1987). The release of proteins from the periplasmic space 
requires some form of outer membrane disruption which 
leaves the inner cytoplasmic membrane undamaged thus 
preventing the release of cytoplasmic proteins.

The periplasmic release methods were initially optimised on 
a 10ml culture scale. The plasmid construct pQR126 (Fig.
2.1) transformed into E.coli K12 JM107 (Yanisch-Perron et 

al., 1985) was grown to stationary phase in a 200ml 
nutrient broth shake flask, for 16h at 37*0 (section
2.4.1). The plasmid was constructed by cloning the 3.4kb 
Hindlll/Pstl fragment from pQRSOO (Bahri & Ward, 1990) into 
pBGS19" (Spratt et ai., 1986). The construct encodes the 
Streptomyces thermoviolaceus alpha amylase gene with its 
natural N-terminal signal peptide sequence.

The chelating agents TrisHCl and EDTA are necessary in
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certain periplasmic release processes as they chelate 
magnesium ions in the outer membrane, rendering it unstable 
(Repaske, 1956; Birdsell & Cota-Robles, 1967; Voll & Leive, 
1970). The concentration of these chelating agents was 
varied in the following osmotic shock and lysozyme
treatments for optimisation purposes. The same cell batch 
was used for all of the following periplasmic release 
experiments. Alpha amylase units in each of the cellular 
fractions ie., extracellular, periplasmic and cell 
associated, were calculated back to represent units per ml 
of starting culture.

3.2.1 Osmotic shock
The method used for osmotic shock was a modification based 
upon those of Neu & Heppel, (1965), Nossal & Heppel, 
(1966), Cornells et al., (1982) and Blanchin-Roland &
Masson, (1989). The osmotic shock procedures used (section
2.9.1), were inefficient at releasing recombinant alpha
amylase from the periplasmic space of E.coli. The total
level of alpha amylase released by osmotic shock treatment 
was lower than that released by sonication (Figure 3.1a). 
An increase in the concentration of TrisHCl from 50mM to 
200mM improved the level of alpha amylase recovered in the 
periplasmic fraction from 1.7Uml-i to 2.8Umli, yet this 
represented only 53% of the intracellular amylase. In this 
thesis the term intracellular will represent the
periplasmic and cell associated fractions, ie., everything 
within the cell outer membrane. Carter et al., (1992) also 
found that simple osmotic shock was not sufficient for the 
release of recombinant Fab' fragments from the periplasm of 
E.coli cells, however simple osmotic shock has been
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Figure 3.1: Intracellular distribution of recombinant alpha 
amylase following various periplasmic release methods on a 
JM107 PQR126 nutrient broth overnight (18h) shake flask 
growth at 37°C (section 2.4.1). Each data point is the 
average from three experiments, with a ±12% variance. The 
fractionation buffer used is stated in each experiment. 
Figure 3.1A: Intracellular alpha amylase distribution after 
periplasmic release by osmotic shock (section 2.9.1), 
Figure 3.IB: Intracellular alpha amylase distribution after 
periplasmic release by lysozyme/EDTA treatment (section
2.9.2), Figure 3.1C: Intracellular alpha amylase
distribution after periplasmic release by chloroform 
treatment (section 2.9.3), Figure 3.ID: Intracellular alpha 
amylase distribution after periplasmic release by 1% 
glycine (section 2.9.4)

^  Periplasmic Cell associated

I"
Is

A: OSMOTIC SHOCK

sonication 200mM TrisHCl 
control 20% sucrose

50mM TrisHCl 
ImM EDTA 
20% sucrose

50mM TrisHCl 
20% sucrose

50mM TrisHCl 
ImM EDTA 
20% sucrose 
500ug/ml lysozyme

200raM TrisHCl 
20% sucrose 
500ug/ml lysozyme

chloroform

;:LYSOZYME/EDTA CrCHLOROFORM D:GLYC1NE

I1
I
a
I

glycine
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efficiently used to release numerous recombinant proteins 
at high levels, for example. Bacillus coagulans amylase 
(Cornel is et al., 1982), human growth hormone (Chang at 

al., 1987) and human inter1eukin-lfî (Joseph-Liazun at al., 
1990) from the periplasmic space of E.coli cells.

The composition of the medium will affect the osmotic 
balance of the cell, which in turn may have some effect 
upon an osmotic shock treatment. Neu & Heppel, (1964) had 
previously reported that lysozyme/EDTA treatment 
efficiently formed spheroplasts from cells cultured in low 
phosphate media but not in cells grown in high phosphate 
media. A media effect may explain the poor recovery yields 
seen in these experiments^ However, osmotic shock treatment 
has been successful on cells grown in Luria broth which is 
similar to nutrient broth (Blanchin-Roland & Masson, 1989). 
Another reason for the poor recovery yield could have been 
the growth phase of the treated cells, as cells are more 
resistant to osmotic shock during stationary phase (Nossal 
& Heppel, 1966; Witholt & Boekhout, 1978; Harrison, 1991;
Siegele & Kolter, 1992).

3.2.2 Lysozyme/EDTA treatment
The addition of lysozyme to the fractionation buffer
greatly increased the yield of alpha amylase recovered from
the cell. Up to 89% of the alpha amylase was recovered in 
the periplasmic fraction, compared to only 53% by osmotic 
shock (Fig. 3.1b). The total level of alpha amylase
released by lysozyme/EDTA treatment (4.5-5.3 Uml"^) was
comparable to the sonication control (5.9Uml-i). Lysozyme 
cleaves the peptidoglycan gel matrix in the periplasm
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(Repaske, 1956; Kaback, 1971), and the greater yields of 
alpha amylase released using lysozyme implied that the 
recombinant protein was entrapped within or behind this 
matrix in some way.

3.2.3 Chloroform treatment
Although chloroform treatment, by the method of Ames et 

al., (1984), recovered 81% of the alpha amylase activity in 
the periplasmic fraction, the overall yield released 
(3.25Uml-i) was poor compared to the sonication control 
(5.9Uml-i, Fig. 3.1c). The low recovery y i ^ s  may have been 
due to an inability of chloroform to destabilise the outer 
membrane or the peptidoglycan gel. Chloroform may also have 
a detrimental effect upon many proteins and this could 
explain the low level of alpha amylase activity seen here. 
Chloroform would be of limited use at a pilot plant scale 
due to the need to contain chlorinated solvents.

3.2.4 Glycine treatment
The method of periplasmic content release by glycine was 
taken from Ariga at al., (1989). Following the resuspension 
of harvested cells in 1% glycine, only lUml"^ of alpha 
amylase was recovered in the periplasmic fraction, compared 
to 5Uml-i recovered in the cell associated fraction (Fig. 
3.Id).

3.3 Lysozyme/EDTA and cold water wash treatment 
As the lysozyme/EDTA treatment (section 3.2.2) released the 
highest levels of alpha amylase in the periplasmic fraction 
further optimisation experiments were performed. A cold 
water wash/osmotic shock step was incorporated so that it 
followed the recovery of the periplasmic fraction by the
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lysozyme/EDTA treatment (section 2.9.2).
Figure 3.2: Intracellular distribution of recombinant alpha 
amylase after lysozyme/EDTA treatment followed by a cold 
water wash (section 2.9.2) on a JM107 pQR126 nutrient broth 
overnight (18h) shake flask culture (section 2.4.1). The 
fractionation buffer used is stated in each experiment. 
Each data point is the average from three experiments, with 
a +10.7% variance.

Periplasmic Cell associated Cold water wash

Lysozyme/EDTA and cold water wash

sonication 50mM TrisHCl 50mM TrisHCl 200mM TrisHCl 200mM TrisHCl
control 20% sucrose ImM EDTA 20% sucrose ImM EDTA

500ug/ml lysozyme 20% sucrose 500ug/ml lysozyme 20% sucrose
500ug/ml lysozyme 500ug/ml lysozyme

The incorporation of the cold water wash/osmotic shock step 
greatly improved the release of alpha amylase from the 
cells (Fig. 3.2). The level of alpha amylase released, 
using 200mM TrisHCl and ImM EDTA in the fractionation 
buffer was 10.8Uml~^, almost 2-fold the activity recovered 
in the sonication control. It was thought possible that 
sonication did not release the total amount of alpha 
amylase, as the protein may have been entrapped by the 
peptidoglycan gel. Increasing concentrations of the 
chelating agents TrisHCl and EDTA released greater amounts 
of alpha amylase from the periplasm. The destabilisation of 
the outer membrane by these chelaters may facilitate the 
transport of macromolecules to and from the periplasm, 
allowing easier release of the recombinant protein.
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However, 31-42% of the intracellular alpha amylase released 
was recovered in the water wash fraction, implying that 
although the enzyme was periplasmically located it had not 
been efficiently released by the lysozyme/EDTA treatment 
alone. Witholt et al., (1976) stated, that if the 
polysaccharide chains of the peptidoglycan gel were stacked 
as closely as predicted by Formanek at al., (1974) then
lysozyme would be unable to bind. During the lysozyme/EDTA 
treatment, on addition of water the weakened cells would 
swell, possibly opening up the peptidoglycan gel matrix, 
allowing easier access for lysozyme to the polysaccharide 
chains of the peptidoglycan gel.

3.4 Lysozyme/water treatment
Following the results in the previous section the harvested 
cells were resuspended in fractionation buffer and 
incubated for 15min at room temperature, as in 
lysozyme/EDTA treatment, then an equal volume of water was 
added to the suspension followed by a further 15min 
incubation before the spheroplasts were harvested to 
recover the periplasmic contents. This treatment was an 
attempt to recover the majority of alpha amylase in a 
single fraction, with the minimum number of steps, so it 
would be feasible for transferral from the laboratory to 
the pilot plant.

This combined treatment known as the lysozyme/water method, 
recovered up to 90% of the active alpha amylase in a single 
periplasmic fraction (Figure 3.3). Only 10% of the alpha 
amylase was recovered in an additional cold water 
wash/osmotic shock step which was run as a control after
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the lysozyme/water treatment.

^  Periplasmic Ù1 Cell associated Cold water wash

50mM TrisHCl 
ImM EDTA 
20% sucrose 
50ug/ml lysozyme

% 1 DC _Lysozy me/water

200mM TrisHCl 
20% sucrose 
500ug/ml lysozyme

200mM TrisHCl 
ImM EDTA 
20% sucrose 
500ug/ml lysozyme

Figure 3.3: Percentage intracellular distribution of
recombinant alpha amylase following lysozyme/water 
treatment (section 2.9.5) on a JM107 pQR126 nutrient broth 
overnight (18h) shake flask culture Section 2.4.1). The 
fractionation buffer used is stated in each experiment. 
Each data point is the average from three experiments with 
a +8% variance.

The effect of EDTA concentration on the lysozyme/water 
treatment was investigated. No further alpha amylase was 
released from the periplasm by increasing the concentration 
of EDTA above ImM (Table 3.1). An EDTA concentration of 
lOmM appears to have a slight inhibitory effect upon alpha 
amylase. Nossal & Heppel, (1966) similarly found that no 
further periplasmic proteins were released by osmotic shock 
by increasing concentrations EDTA.

Na2EDTA ImM 5mM lOmM
a-amylase UmD 
culture &75 8.9 7.6
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Table 3.1: Recovery of alpha amylase in the periplasmic
fraction by the lysozyme/water method (section 2.9.5). The 
fractionation buffer contained 200mM TrisHCl, 20% sucrose, 
500ugml"i lysozyme and varying concentrations of EDTA from 
1-lOmM. The release experiments were performed on the same 
JM107 PQR126 nutrient broth overnight (18h) shake flask 
growth at 37°C (section 2.4.1). Each data point is the 
average from four experiments, with a ±8% variance.
The effect of lysozyme concentration on the lysozyme/water
treatment was also investigated between the range of 25-
600ugml-i' The values of alpha amylase recovered were
expressed as a percentage compared to the alpha amylase
recovered by the standard 500ugml-i lysozyme concentration.

% 100

0 100 200 300 400 500 600 700
lysozyme ug/ml

Figure 3.4: Effect of lysozyme concentration on the
lysozyme/water treatment. Percentage recovery of alpha 
amylase in the periplasmic fraction by the lysozyme/water 
treatment (section 2.9.5). The fractionation buffer 
contained 20% sucrose, 200mM TrisHCl, ImM EDTA and varying 
concentrations of lysozyme from 25-500ugmli. The release 
experiments were performed on the same JM107 pQR126 
nutrient broth overnight (18h) shake flask growth at 37°C 
(section 2.4.1). Each data point is the average from 4 
experiments, varying by ±8%.

Figure 3.4 shows that the concentration of lysozyme in the
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fractionation buffer could be reduced to approximately 
250ugml-i lysozyme, before any decrease in the yield of 
alpha amylase occurred.

3.5 Fermentation media
The previous methods of osmotic shock, lysozyme/EDTA, 
chloroform and the developed lysozyme/water treatment were 
tested on shake flask stationary phase (18h) cells cultured 
in a rich medium frequently used for batch cultivations in 
bioreactors.

Periplasmic Cell associated Cold water wash

C; chloroform and cold 
water wash

B: lysozyme/EDTA and cold water washA: Osmotic 
shock5

4
ts1 3

IK 2
E

1

0
50mM TrisHCl 
20% sucrose

200mM TrisHCl 
20% sucrose 
500ug/ml lysozyme

50mM TrisHCl 200raM TrisHCl
ImM EDTA ImM EDTA
20% sucrose 20% sucrose
500ug/ml lysozyme 500ug/ml lysozyme

chloroform

Figure 3.5: Intracellular distribution of recombinant alpha 
amylase following various periplasmic release treatments on 
a JM107 PQR126 fermentation media overnight (18h) shake 
flask growth at 37°C (section 2.4.1). Each data point is 
the average from three experiments, with a +10% variance. 
The fractionation buffer used is stated in each experiment. 
Figure 3.5A: Intracellular alpha amylase distribution after 
periplasmic release by osmotic shock (section 2.9.1), 
Figure 3.5B: Intracellular alpha amylase distribution after 
periplasmic release by lysozyme/EDTA treatment followed by 
a cold water wash (section 2.9.2), Figure 3.5C: 
Intracellular alpha amylase distribution after periplasmic 
release by chloroform treatment followed by a cold water 
wash (section 2.9.3).

The recovery profile of alpha amylase from cells cultured
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in the fermentation media (Figure 3.5) was similar to that 
from cells cultured in nutrient broth (Figure 3.1). These 
results show that the periplasmic release methods tested 
were not affected by the two media used for cell growth. 
The yield of alpha amylase recovered by chloroform 
treatment was improved by the addition of a cold water wash 
step. The combination of the two steps, ie., as in 
lysozyme/water treatment, may have resulted in the recovery 
of a high yield of alpha amylase enzyme in a single 
fraction. This was not pursued because of the necessity to 
contain chloroform solvents making it unsuitable for a 
general large scale methodology. The intracellular 
distribution of alpha amylase following lysozyme/water 
treatment was similar in cells cultured in fermentation 
media and nutrient broth, recovering over 84% of the 
intracellular alpha amylase in a single periplasmic 
fraction.

3.6 Summary
The periplasmic release trials performed upon JM107 pQR126 
cultures showed that lysozyme/EDTA released higher yields 
of alpha amylase from the periplasm, compared to the other 
methods tested. The yield of alpha amylase recovered in a 
single fraction was doubled by the incorporation of a cold 
water wash step. The developed lysozyme/water method 
involves only one centrifugation step, making it suitable 
as a rapid analytical test that can be scaled-up for pilot 
plant use. Although lysozyme can be expensive, the 
small amounts used coupled with the high recovery yields of 
alpha amylase, make this process a feasible option for 
recombinant periplasmic protein recovery.
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Chapter 4: E.coli time course studies
4.1 Aim
The aim of the studies described in this chapter was to 
investigate and optimise the production and location of 
periplasmic alpha amylase within E.coli JM107 cells during 
scale up experiments. Cells were cultured in three 
different media in shake flask and bioreactor vessels. The 
lysozyme/water treatment developed in Chapter 3 was used 
for the efficient recovery of alpha amylase from the 
periplasm throughout growth.

4.2 Introduction
During various stages of growth, physiological changes in 
E.coli cells occur, as cells enter the stationary phase 
they become smaller and more spherical in shape, the 
cytoplasm condenses and the periplasm is enlargened 
(Siegele & Kolter, 1992). The composition of the outer 
membrane also changes, early log phase cells are more 
susceptible to changes in osmolarity, heat shock and 
depletion of oxygen whilst stationary phase cells are more 
resistant to such treatments and environmental changes 
(Tuomanen et ai., 1988; Jenkins et ai., 1990). It was 
thought that these physiological changes may affect the 
cellular location and periplasmic recovery of alpha amylase 
during various phases of growth. In some systems, such as 
Witholt & Boekhout, (1978) and Siegele & Kolter, (1992), 
periplasmic recovery methods like osmotic shock and 
lysozyme/EDTA treatment have been affected by the phase of 
growth, whereas the methodology used by Neu & Heppel 
(1965), was not affected by the phase of growth.
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All the following shake flask (section 2.4.1) and 
bioreactor (section 2.4.3) experiments were performed on 
JM107 PQR126 cultures. The same seed culture was used to
inoculate equivalent shake flask and bioreactor cultures so 
that direct comparisons could be made. Cells were
fractionated for the release of the periplasmic contents by 
the lysozyme/water method developed in Chapter 3 (section
2.10) using 200mM TrisHCl, ImM EDTA, 20% sucrose and
SOOugml-i lysozyme as the fractionation buffer.

4.3 Nutrient broth shake flask time courses
4.3.1 Non-selective culture
The lysozyme/water treatment efficiently recovered over 90% 
of the alpha amylase in a single periplasmic fraction 
throughout growth (Figure 4.1c), yet it also recovered 50% 
of the total protein content (Fig. 4.Id). However the 
specific activity of the periplasmic alpha amylase after 
24h of growth (28Umg-i protein) was at least 5-fold greater 
than the extracellular (5Umgi protein) and cell associated 
(lUmg-i protein) fractions (Fig. 4.1b). The majority of 
alpha amylase was located in the periplasm, yet up to 8.5% 
was leaked from the periplasm to the extracellular fluid 
(Fig. 4.1c), leakage of recombinant periplasmic proteins
has been seen in numerous systems, Suominen et al., (1987), 
Georgiou et al., (1988), Obukowicz et al., (1988) and Fuchs 
et al., (1991). Cell lysis was unlikely to be the cause of 
leakage as no decrease in cell turbidity was seen and the 
total extracellular protein did not increase drastically.

The production of alpha amylase began after 3h of growth 
and reached a maximum (6.5Uml-i) after 13h of growth, 8h
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Figure 4.1: Time course of JM107 pQR126 grown under non-
selective conditions in a nutrient broth shake flask at 
37°C (section 2.4.1). Cells were fractionated by the 
lysozyme/water method (fractionation buffer: 20% sucrose,
ImM EDTA, 200mM TrisHCl, 500ugml-i lysozyme) (section
2.10). Figure 4.1a: Total active alpha amylase
distribution. Figure 4.1b: Alpha amylase specific activity. 
Figure 4.1c: Percentage recovery of periplasmic alpha
amylase released by the lysozyme/water treatment. Figure 
4.Id: Total protein distribution. Each data point
represents the results from 2 experiments, with a ±14% 
variance. Extracellular — ■—  ; Periplasmic — O—  ; Cell 
associated— ; ODeoonm
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into stationary phase (Fig. 4.1a). The delay in alpha 
amylase production may have been due to the host 
chromosomal wild type lac repressor encoded on the F ' 
plasmid, preventing expression initially until the plasmid 
copy number was sufficient to titrate out the repressor 
levels (Stewart et al., 1986). The continued production of
alpha amylase in stationary phase may have been due to 
amplification of the plasmid copy number as the growth rate 
decreased (Seo & Bailey, 1985; Ryan & Parulekar, 1991). 
This theory will be discussed in more detail in Chapter 6.

4.3.2 Selective inoculum culture
In an attempt to improve the yield of alpha amylase, a 
shake flask culture was inoculated from a seed culture that 
had been grown in the presence of kanamycin antibiotic to 
ensure plasmid stability. This resulted in the final yield 
of alpha amylase doubling from 6Umli to 14Uml-i (Figure 
4.2a). The initial production rate of alpha amylase had 
also increased, whereafter 7h of growth 8Uml'^ (Fig. 4.2a) 
had been produced compared to only 2.5Umli (Fig. 4.1a) in 
the previous experiment, thus the specific activity of the 
periplasmic alpha amylase increased to 35Umg-i protein 
(Fig. 4.2b) compared to lOUmg-i protein (Fig 4.1b). 
However, slightly more alpha amylase, up to 12%, was leaked 
from the periplasm (Fig. 4.2a), and no cell lysis was seen 
to have occurred. The lysozyme/water treatment efficiently 
recovered over 90% of the intracellular alpha amylase in 
the periplasmic fraction throughout growth.

4.3.3 Selective culture
Although antibiotic use is avoided in large scale
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Figure 4.2: Time course of JM107 pQR126 inoculated by a
selective seed and grown under non-selective conditions in 
a nutrient broth shake flask at 37°C, (section 2.4.1). 
Cells were fractionated by the lysozyme/water method 
(fractionation buffer: 20% sucrose, ImM EDTA, 200mM
TrisHCl, 500ugml-i lysozyme) (section 2.10). Figure 4.2a: 
Total active alpha amylase distribution. Figure 4.2b: Alpha 
amylase specific activity. Figure 4.2c: Percentage recovery 
of periplasmic alpha amylase released by the lysozyme/water 
treatment, and percentage of plasmid containing cells. 
Figure 4.2d: Total protein distribution throughout growth.
Each data point represents the results from 2 experiments, 
with a +10% variance. Extracellular — ; Periplasmic 
Cell associated — #— ; ODsoonm -43— ; Plasmid stability
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bioreactors for environmental and cost reasons, it was 
considered appropriate to compare the yield of alpha 
amylase grown under selective conditions with the previous 
data for cultures grown without antibiotic.

On the addition of kanamycin to the culture the final yield 
of alpha amylase improved only slightly from lOUmli (Fig. 
4.2a) to 13Uml-i ('Fig 4.3a). All other parameters such as 
the location, initial production rate, leakage, specific 
activity, level of plasmid stability and periplasmic 
recovery by the lysozyme/water treatment were identical to 
the previous experiment (section 4.3.2, Selective 
inoculum). These results failed to show any significant 
improvement in the production of alpha amylase due to the 
selective growth conditions.

Stationary phase (24h) samples from selective nutrient 
broth time courses of JM107 pQR126 and JM107 pBGS19~ were 
fractionated by the lysozyme/water treatment (section
2.10), and both the periplasmic and cell associated 
fractions were separated by SDS Page electrophoresis (Fig. 
4.4). The band corresponding to the alpha amylase protein 
at 50kDa can be seen in track 1, the periplasmic fraction 
of JM107 PQR126, but not in any of the other tracks. Track 
1 was scanned using a Joyce Laebl Chromoscan 3 
densitometer, and the alpha amylase band represented 22% of 
the total protein content, which corresponded to an alpha 
amylase production of 35mgL-i.
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Figure 4.3: Time course of JM107 pQR126 grown under
selective conditions in a nutrient broth shake flask at 
37*C, (section 2.4.1). Cells were fractionated by the 
lysozyme/water method (fractionation buffer: 20% sucrose,
ImM EDTA, 200mM TrisHCl, SOOugml"^ lysozyme) (section
2.10). Figure 4.3a: Total active alpha amylase
distribution. Figure 4.3b: Alpha amylase specific activity. 
Figure 4.3c: Percentage recovery of periplasmic alpha
amylase released by the lysozyme/water treatment, and 
percentage of plasmid containing cells. Figure 4.3d: Total 
protein distribution. Each data point represents the 
results from 2 experiments, with a ±9.2% variance. 
Extracellular; Periplasmic — O—  ; Cell associated — #—  ; 
ODeoonm— O —  ; Plasmid stability— A — .
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Figure 4.4: SDS page electrophoresis (section 2.16) of
periplasmic and cell associated fractions from selective 
nutrient broth stationary phase (24h) cultures of JM107 
PQR126 and JM107 pBGS19~ (section 2.4.1). Cells were 
fractionated by the lysozyme/water treatment (fractionation 
buffer: 200mM TrisHCl, 20% sucrose, ImM EDTA, SOOugml'i
lysozyme) (section 2.10). Track 1, Periplasmic fraction 
JM107 PQR126; Track 2, Periplasmic fraction JM107 pBGS19"; 
Track 3, Cell associated fraction JM107 pQR126; Track 4, 
Cell associated fraction JM107 pBGS19".
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4.4 Nutrient broth bioreactor studies
4.4.1 Non-selective culture
The production profile of alpha amylase from JM107 pQR126 
nutrient broth cultures was similar in both shake flask 
(Fig. 4.1a) and 5L batch bioreactor (Fig. 4.5a) 
experiments. However the cellular location of alpha amylase 
differed, with a 3-fold increase in leakage of alpha 
amylase in the bioreactor (Fig. 4.5a). Although no 
reduction in cell turbidity was seen, to indicate cell 
lysis , 50% of the total cellular protein was located in
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Figure 4.5: Time course of JM107 pQR126 grown under non-
selective conditions in a nutrient broth 5L batch 
bioreactor at 37°C (section 2.4.3). Cells were fractionated 
by the lysozyme/water method (fractionation buffer: 20%
sucrose, ImM EDTA, 200mM TrisHCl, SOOugmli lysozyme) 
(section 2.10). Figure 4.5a: Total active alpha amylase
distribution. Figure 4.5b: Alpha amylase specific activity. 
Figure 4.5c: Percentage recovery of periplasmic alpha
amylase released by the lysozyme/water treatment. Figure 
4.5d: Total protein distribution. Each data point
represents the results from 2 experiments, with a +12% 
variance. Extracellular — ■—  ; Periplasmic — O—  ; Cell
associated— #— ; ODsoonm
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the extracellular medium (Fig. 4.5d). The levels of protein 
and alpha amylase found in the extracelluar fluid may have 
been released from the cell due to shear effects of the 
impeller blades damaging the outer membrane. The specific 
activity of alpha amylase recovered in the periplasmic 
fraction was only 3Umg-i protein (Fig. 4.5b) after the 
first 7h of growth, compared to 8Umgi protein (Fig. 4.1b) 
in the equivalent shake flask experiment (section 4.3.1). 
However after 24h of growth the specific activity had risen 
to 30Umg-i protein, which was equivalent to the shake flask 
culture.

4.4.2 Selective inoculum culture
After the first 7h of growth, the production and specific 
activity of the periplasmic alpha amylase was 2.5 and 7- 
fold greater respectively (Fig. 4.6), when the culture was 
inoculated from a selectively grown seed in comparison to 
the previous experiment (Fig. 4.5). As explained previously 
in the shake flask experiments (section 4.3.2) this was 
probably due to a higher proportion of recombinant cells in 
the culture due to the selective inoculum. If the 
bioreactor and shake flask selective inoculum cultures are 
compared, several differences can be seen. The bioreactor 
culture produced a lower final yield of alpha amylase, 
8Uml-i compared to 13Uml-i, possibly due to the fall in 
plasmid stability. Also up to 31% of the alpha amylase was 
leaked to the extracellular fluid in the bioreactor 
culture, ie., 2.5-fold greater than the shake flask 
culture. Shear stress caused by the impell&rs in the vessel 
may have damaged the outer membrane of the cells which may 
explain this additional leakage.
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Figure 4.6: Time course of JM107 pQR126 inoculated by a
selective seed and grown under non-selective conditions in 
a nutrient broth 5L batch bioreactor at 37°C, (section 
2.4.3). Cells were fractionated by the lysozyme/water 
method (fractionation buffer: 20% sucrose, ImM EDTA, 200mM
TrisHCl, 500ugml-i lysozyme) (section 2.10). Figure 4.6a: 
Total active alpha amylase distribution. Figure 4.6b: Alpha 
amylase specific activity. Figure 4.6c: Percentage recovery 
of periplasmic alpha amylase released by the lysozyme/water 
treatment, and percentage of plasmid containing cells. 
Figure 4.6d: Total protein distribution. Each data point
represents the results from 2 experiments, with a +9% 
variance. Extracellular — * —  ; Periplasmic— O— ; Cell
associated — ; ODeoonm — O —  ; Plasmid stability — ^r- .
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4.4.3 Selective culture
Growth under selective conditions in the bioreactor yielded 
a 3-fold increase in alpha amylase production (20Uml~i, 
Fig. 4.7a), due to the maintenance of plasmid stability 
throughout growth (Fig. 4.7c). These results are in 
contrast with the shake flask experiments where growth 
under selective conditions provided no advantage over 
cultures that were inoculated by a selective seed (section
4.3.2). At the higher production levels seen here, the 
lysozyme/water method still recovered 90% of the alpha 
amylase in the periplasmic fraction throughout growth (Fig. 
4.7c). However after 24h growth the specific activity of 
the periplasmic alpha amylase was 90Umg-i protein, and 
this high yield demonstrates the benefits of recovering a 
recombinant protein from the periplasm of E.coli. The 
initial production of alpha amylase was slow, giving low 
periplasmic specific activities of only 20Umg-i (Fig. 
4.7b). This may have been due to a low initial plasmid copy 
number per cell because of the fast growth rate in the 
bioreactor vessel.

4.5 "T.broth" shake flask studies
4.5.1 Non-selective culture
Cultures grown in "T.broth" shake flasks (section 2.4.3) 
without any antibiotics, supported an 8-fold increase in 
biomass and a 4-fold increase in alpha amylase production 
(Fig. 4.8a), compared to the equivalent non-selective 
nutrient broth shake flask culture (Section 4.3.1) (Fig.
4.1). The majority of the alpha amylase was located in the 
periplasm (Fig. 4.8a) and the lysozyme/water treatment 
recovered over 90% of the intracellular alpha amylase
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Figure 4.7: Time course of JM107 pQR126 grown under
selective conditions in a nutrient broth 5L batch 
bioreactor at 37*0 (section 2.4.3). Cells were fractionated 
by the lysozyme/water method (fractionation buffer: 20%
sucrose, ImM EDTA, 200mM TrisHCl, 500ugml-i lysozyme) 
(section 2.10). Figure 4.7a: Total active alpha amylase
distribution. Figure 4.7b: Alpha amylase specific activity. 
Figure 4.7c: Percentage recovery of periplasmic alpha
amylase released by the lysozyme/water treatment, and 
percentage of plasmid containing cells. Figure 4.7d: Total 
protein distribution. Each data point represents the 
results from 2 experiments, with a ±12% variance. 
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Figure 4.8: Time course of JM107 pQR126 grown under non-
selective conditions in a "T.broth” shake flask at 37°C 
(section 2.4.1). Cells were fractionated by the 
lysozyme/water method (fractionation buffer: 20% sucrose,
ImM EDTA, 200mM TrisHCl, SOOugmli lysozyme) (section
2.10). Figure 4.8a: Total active alpha amylase
distribution. Figure 4.8b: Alpha amylase specific activity. 
Figure 4.8c: Percentage recovery of periplasmic alpha
amylase released by the lysozyme/water treatment, and
percentage of plasmid containing cells. Figure 4.8d: Total 
protein distribution. Each data point represents the 
results from 2 experiments, with a +12% variance.
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throughout growth (Fig. 4.8c). The initial production rate 
of alpha amylase was low, possibly due to a low plasmid 
copy number per cell during the first 4h of growth. 
However, after seven hours of growth alpha amylase 
apparently ceased to accumulate in the periplasmic space. 
After 24h of growth up to 36% of the total alpha amylase 
was located in the extracellular fluid and no reduction in 
cell turbidity or high protein levels in the extracellular 
medium were seen. The specific activity of alpha amylase 
recovered in the periplasmic fraction during the first 7h 
of growth, reached levels of 50Umg-i protein, a 5-fold 
increase compared to the equivalent nutrient broth 
experiment (section 4.3.1). However this decreased to only 
33Umg-i protein after 24h growth, possibly due to the loss 
in plasmid stability to less than 80% (Fig. 4.8c).

4.5.2 Selective culture
Growth of JM107 pQR126 in a "T.broth" shake flask in the 
presence of kanamycin antibiotic, resulted in a 3-fold 
increase in alpha amylase production, 60Uml-i (Fig. 4.9a), 
compared to the previous non-selective culture (section
4.5.1). It was thought that the production of alpha amylase 
was regulated by the levels of plasmid per cell, ie., the 
copy number, due to the continued production in stationary 
phase. The majority of alpha amylase was located in the 
periplasmic space, yet it stopped accumulating in the 
periplasm after 14h of growth, at a level of 43Uml-i 
culture. Leakage of alpha amylase to the extracellular 
medium began at the onset of stationary phase and continued

whereafter 40h, 40Umli (43% total alpha 
amylase) was measured in the medium (data not shown).
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Figure 4.9: Time course of JM107 pQR126 grown under
selective conditions in a "T.broth" shake flask at 37°C 
(section 2.4.1). Cells were fractionated by the 
lysozyme/water method (fractionation buffer: 20% sucrose,
ImM EDTA, 200mM TrisHCl, SOOugmli lysozyme) (section
2.10). Figure 4.9a: Total active alpha amylase
distribution. Figure 4.9b: Alpha amylase specific activity. 
Figure 4.9c: Percentage recovery of periplasmic alpha
amylase released by the lysozyme/water treatment, and 
percentage of plasmid containing cells. Figure 4.9d: Total 
protein distribution. Each data point represents the 
results from 4 experiments, with a ±7% variance. 
Extracellular — #—  ; Periplasmic — O—  ; Cell associated 
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Leakage of recombinant proteins from the periplasm has been 
seen in numerous systems, for example, Suominen et al,, 

(1987) and Georgiou at al,, (1988) and is thought to occur
due to high level expression of a recombinant protein 
placing the cell under a strong metabolic burden, which 
results in the increased permeability of the outer 
membrane.

The lysozyme/water treatment recovered over 80% of 
intracellular alpha amylase in the periplasmic fraction 
throughout growth (Fig. 4.9c). However, with late 
exponential and stationary phase cells it became 
increasingly difflcitib to harvest the spheroplasts 
following treatment due to a sudden increase in the 
viscosity of the sample, presumably caused by the release 
of nucleic acids. Complete cell lysis during the process 
did not occur as the majority of intracellular protein was 
recovered in the cell associated fraction. This "partial 
cell lysis" during the fractionation procedure may explain 
why the specific activity of periplasmic alpha amylase did 
not continue to increase above 45Umg-i protein during the 
stationary phase (Fig. 4.9b).

4.6 "T.broth" Bioreactor studies
4.6.1 Non-selective culture
The total production of alpha amylase from JM107 pQR126 
"T.broth" non-selective cultures was similar in both the 
shake flask (Fig. 4.8) and bioreactor vessels (Fig. 4.10). 
The lysozyme/water treatment efficiently recovered over 90% 
of the intracellular alpha amylase in the periplasmic 
fraction. The expression of alpha amylase began after 4h of
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Figure 4.10: Time course of JM107 pQR126 grown under non-
selective conditions in a "T.broth" 5L batch bioreactor at 
37°C (section 2.4.3). Cells were fractionated by the 
lysozyme/water method (fractionation buffer: 20% sucrose,
ImM EDTA, 200mM TrisHCl, SOOugml^ lysozyme) (section
2.10). Figure 4.10a: Total active alpha amylase
distribution throughout growth. Figure 4.10b: Alpha amylase 
specific activity throughout growth. Figure 4.10c: 
Percentage recovery of periplasmic alpha amylase released 
by the lysozyme/water treatment, and dissolved oxygen 
tension. Figure 4.10d: Total protein distribution. Each
data point represents the results from 2 experiments, with 
a ±13% variance. Extracellular — ; Periplasmic — O—  ; Cell 
associated— #— ; ODeoonm — IZH- ; DOT — O —  .
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growth when the respiratory activity was greatly reduced 
(Fig. 4.10c), leakage of alpha amylase to the extracellular 
fluid also began at this time. Lysis was unlikely as no 
decrease in cell turbidity was recorded and the majority of 
the cellular protein was recovered in the cell associated 
and periplasmic fractions. As in the nutrient broth 
experiments the specific activity of alpha amylase 
recovered in the periplasmic fraction was low in the 
bioreactor culture (20Umg-i protein. Fig. 4.10b) compared 
to the shake flask culture (50Umg-i protein. Fig. 4.8b). As 
the bioreactor culture has a greater biomass the 
differences in the specific activity could be explained by 
the lower production of alpha amylase per cell in the 
bioreactor culture compared to the shake flask culture.

4.6.2 Selective culture
Growth of JM107 pQR126 in the presence of kanamycin 
antibiotic in a "T.broth" bioreactor, increased the yield 
of alpha amylase production by 2-fold to 35Uml-i (Fig. 
4.11a), compared to only 17Uml~^ under non-selective 
conditions (Fig. 4.9a). Respiratory activity ceased after 
llh of growth, at the onset of stationary phase, although 
alpha amylase production still continued presumably due to 
the rise in plasmid copy number as the growth rate 
decreases. The leakage of alpha amylase began in 
exponential phase and constituted 42.5% (17Uml-i) of the 
total alpha amylase produced after 24h of growth. Leakage
occurred earlier in the bioreactor culture compared to the
shake flask culture (Fig. 4.9a) possibly due to shear 
effects weakening the outer membrane of the cells. The
total production levels seen here, 40Uml-i (Fig. 4.11a) are
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Figure 4.11: Time course of JM107 pQR126 grown under
selective conditions in a "T.broth" 5L batch bioreactor at
37°C (section 2.4.3). Cells were fractionated 
lysozyme/water method (fractionation buffer: 20%
ImM NazEDTA, 200mM TrisHCl, SOOugml'i lysozyme)
2.10). Figure 4.11a: Total active alpha
distribution. Figure 4.11b: Alpha amylase
activity. Figure 4.11c: Percentage recovery 
alpha amylase released by the lysozyme/water

by the 
sucrose, 
(section 
amylase 

specific 
of periplasmic 
treatment, and

percentage of plasmid containing cells. Figure 4.lid: Total 
protein distribution. Figure 4.lie: Growth characteristics. 
Each data point represents the results from 2 experiments, 
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lower than the equivalent selective "T.broth" shake flask 
culture (60Uml-i, Fig. 4.9a). Both cultures are similar in 
biomass (6gLi, dry cell weight) and plasmid stability was 
maintained throughout growth. Thus, the production of alpha 
amylase per gram of cells is higher in the shake flask 
culture, possibly from a higher plasmid copy number per 
cell due to the slower cellular growth rate.

Over 85% of the intracellular alpha amylase was recovered 
in the periplasmic fraction throughout growth, by the
lysozyme/water treatment. However, as seen in the selective 
shake flask "T.broth" culture (section 4.5.2), on the
recovery of the periplasmic fraction the spheroplasts were 
unable to pellet due to the release of nucleic acids. The 
majority of the intracellular protein was still recovered 
in the cell associated fraction, indicating only "partial 
cell lysis". The cell lysis may explain the low specific 
activity of alpha amylase in the periplasmic fraction 
(23Umg-i protein. Fig 4.11b).

4.7 Fermentation media studies
4.7.1 Selective shake flask culture
Growth in the fermentation media supported a 1.66-fold 
greater biomass, lOgL"^, than growth in "T.broth", 6gL-i, 
yet the overall production of alpha amylase was lower, only 
50Uml-i (Fig. 4.12a), compared to 60Uml-i (Fig. 4.9a). The 
initial production of alpha amylase was high, reaching 
20Uml-i in the periplasmic fraction after 7h of growth,
this then remained constant whilst the level of alpha 
amylase in the extracellular medium rose to 24Uml-i culture 
after 24h of growth. Over 90% of the intracellular alpha
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Figure 4.12: Time course of JM107 pQR12 6 grown under
selective conditions in a fermentation media shake flask at 
37°C (section 2.4.1). Cells were fractionated 
lysozyme/water method (fractionation buffer: 20%
ImM NazEDTA, 200mM TrisHCl, 500ugml-i lysozyme)
2.10). Figure 4.12a: Total active alpha
distribution. Figure 4.12b: Alpha amylase
activity. Figure 4.12c: Percentage recovery 
alpha amylase released by the lysozyme/water

by the 
sucrose, 
(section 
amylase 

specific 
of periplasmic 
treatment, and

percentage of plasmid containing cells. Figure 4.12d: Total 
protein distribution. Each data point represents the 
results from 2 experiments, with a ±11% variance. 
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amylase was recovered in the periplasmic fraction by the 
lysozyme/water method, however with late exponential and 
stationary phase cells, the spheroplasts were unable to 
pellet due to the release of nucleic acids.

4.7.2 Selective bioreactor studies
The fermentation media batch bioreactor culture supported 
more biomass, 15gL-i, than the shake flask culture lOgL-i, 
(data not shown), yet produced a slightly lower yield of 
alpha amylase (38Uml-i, Fig. 4.13a). Also the specific 
activity of alpha amylase in the periplasmic and 
extracellular fractions were 2-fold greater (50Umg-i 
protein) in the shake flask experiment than here (25 and 
21Umg-i protein respectively. Fig. 4.13b). As in previous 
experiments the discrepancy between the two cultures was 
thought to be due to the different specific growth rates 
affecting plasmid copy number per cell. During the 
periplasmic release treatment the spheroplasts were unable 
to pellet and the suspension was highly viscous due to the 
release of nucleic acids. Although over 90% of the alpha 
amylase was still recovered in the periplasmic fraction, 
the additional release of protein which accompanied the 
partial cell lysis, lowered the specific activity of the 
recombinant protein. As the fermentation media supported 
such high cell densities it proved diffàu5^t to maintain a 
sufficient supply of oxygen in the vessel throughout growth 
and the periods of oxygen starvation which occurred may 
have affected or damaged the cells, possibly altering the 
production and location of alpha amylase.
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Figure 4.13: Time course of JM107 pQR126 grown under
selective conditions in a fermentation media 5L batch 
bioreactor at SV^C (section 2.4.3). Cells were fractionated 
by the lysozyme/water method (fractionation buffer: 20%
sucrose, ImM EDTA, 200mM TrisHCl, SOOugml'i lysozyme) 
(section 2.10). Figure 4.13a: Total active alpha amylase
distribution. Figure 4.13b: Alpha amylase specific
activity. Figure 4.13c: Percentage recovery of periplasmic 
alpha amylase released by the lysozyme/water treatment. 
Figure 4.13d: Total protein distribution. Figure 4.13e:
Growth characteristics. Each data point represents the 
results from 2 experiments, with a ±12% variance. 
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4.8 Summary
This set of data has shown that maintenance of plasmid 
stability, by the use of antibiotics, in both shake flask 
and bioreactor cultures is essential for the efficient 
production of recombinant alpha amylase. The novel 
periplasmic release method of lysozyme/water treatment 
efficiently recovered over 90% of the intracellular alpha 
amylase throughout growth. It worked efficiently on cells 
cultured in different media and at various production 
levels. However, during the fractionation process on 
stationary phase cells overexpressing alpha amylase, the 
spheroplasts were unable to pellet and the suspension became 
highly viscous due to the release of nucleic acids. These 
experiments have shown that the production and location of 
recombinant alpha amylase is different in shake flask and 
bioreactor cultures. These differences arose
from a faster cellular growth rate in the bioreactor, 
resulting in a lower plasmid copy number per cell and thus 
lower expression of alpha amylase. Greater leakage of 
amylase to the extracellular fluid occurred in the 
bioreactor cultures, compared to shake flask cultures, and 
this was thought to be due to shear effects from the 
impell&rs in the vessel weakening the outer membrane of the 
cells. It was also shown that high cell density cultures do 
not produce correspondingly large quantities of recombinant 
protein. Growth in the fermentation media reached ISgl'i 
biomass compared to SgL"i in "T.broth", yet the latter 
yielded more alpha amylase. Following these results it was 
decided to perform all future experiments on cells 
cultured in "T.broth".
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Chapter 5: Periplasmic release scale-up
5.1 Aim
During the previous chapter it was seen that spheroplasts 
of cells overexpressing alpha amylase, were unable to 
pellet during the release treatment due to the release of 
nucleic acids. The aim of this chapter was to resolve this 
"partial cell lysis" and to investigate the lysozyme/water 
periplasmic release method on a large scale.

5.2 Resolution of "partial cell lysis" during the
periplasmic release method.
During previous experiments, it was noted that the 
spheroplasts of late exponential and stationary phase cells 
producing high yields of alpha amylase could not be 
pelleted due to the release of nucleic acids. This made the 
removal of the periplasmic fraction containing the
recombinant protein virtually impossible. Although the 
majority of cellular protein was recovered in the cell 
associated fraction, some cytoplasmic protein was released 
in the periplasmic fraction, which lowered the specific 
activity of the recovered recombinant protein. The cause of 
"partial cell lysis" was established to be the
fractionation buffer, as during the periplasmic recovery 
treatment, cells were found to have lysed before the 
addition of water.

The following experiments were performed upon early 
stationary phase (12h) JM107 pQR126 cells from selective 
"T.broth" shake flask cultures. The cultures were identical 
to that shown in section 4.5.2, where "partial cell lysis" 
occurred during the fractionation process.
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5.2.1 Sucrose concentration

The osmotic potential of the periplasmic space may have 
been altered by the high production of alpha amylase. It 
was therefore possible that the level of sucrose in the 
fractionation buffer, 20%, may not have been suitable as an 
osmotic protectant ie., to prevent total cell lysis, during 
the periplasmic release treatment. Cells were fractionated 
by the small scale (1ml) lysozyme/water treatment (section
2.10) and the concentration of sucrose in the fractionation 
buffer was varied from 0-50% (Fig. 5.1).
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Figure 5.1: Effect of sucrose concentration on periplasmic
release. Comparative levels of alpha amylase recovered in 
the periplasmic fraction from JM107 pQR126 early stationary 
phase (12h) "T.broth" shake flask culture (section 2.4.1). 
Cells were fractionated by lysozyme/water treatment with 
varying concentrations of sucrose in the fractionation 
buffer (fractionation buffer: 200mM TrisHCl, ImM EDTA,
500ugml-i lysozyme) (section 2.10). Each data point 
represents the results from 2 experiments, with a ±15%

The increasing concentration of sucrose in the 
fractionation buffer did not prevent "partial cell lysis" 
during the treatment. The spheroplasts did not pellet and
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nucleic acids were released resulting in a viscous mass. 
The viscosity of the supernatant increased at higher 
sucrose concentrations making the recovery of the 
periplasmic fraction diffi cult.

5.2.2 Lysozyme concentration
Initial lysozyme/water periplasmic release experiments on 
nutrient broth shake flask cultures showed that lysozyme 
could be reduced from 500 to 250ugml-i in the fractionation 
buffer without incurring a reduction in the recovery of 
alpha amylase (section 3.4). The concentration of lysozyme 
was lowered in an attempt to prevent "partial cell lysis" 
where, aliquots of culture were fractionated by the 
lysozyme/water treatment (section 2.10) with varying 
concentrations of lysozyme, 0-500ugml-i, in the 
fractionation buffer (Fig. 5.2).

All samples fractionated were unable to pellet and highly 
viscous, presumably due to the release of nucleic acids and 
the inability to pellet was more pronounced the higher the 
concentration of lysozyme. The yield of alpha amylase 
recovered was similar whether lysozyme was present or 
excluded from the fractionation buffer, 32.8Uml-i in the 
presence of 500ugml“  ̂ lysozyme to 28Uml-i in the absence of 
lysozyme (Fig. 5.2). These findings are contrary to the 
earlier nutrient broth experiments (section 3.4) where no 
alpha amylase was released in the absence of lysozyme.

5.2.3 Chelating agent concentration
Chelating agents such as TrisHCl and EDTA are used in 
cellular fractionation processes to destabilise the outer 
membrane (Repaske, 1956; Birdsell & Cota-Robles, 1967; Voll
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Figure 5.2: Effect of lysozyme concentration on periplasmic 
release. Comparative levels of alpha amylase recovered in 
the periplasmic fraction from JM107 pQR126 early stationary 
phase (12h) "T.broth" shake flask culture (section 2.4.1). 
Cells were fractionated by lysozyme/water treatment with 
varying concentrations of lysozyme in the fractionation 
buffer (fractionation buffer: 200mM TrisHCl, ImM EDTA, 20%
sucrose) (section 2.10). Each data point represents the 
results from 2 experiments, with a ±6% variance.

& Leive, 1970). Samples were fractionated by the
lysozyme/water treatment (section 2.10), with varying 
concentrations of TrisHCl and EDTA in the fractionation 
buffer. The spheroplasts were unable to be pelleted, 
releasing nucleic acids in all samples apart from those 
fractionated with only lOmM TrisHCl or the exclusion of 
TrisHCl (Table 5.1). As the concentration of TrisHCl was 
reduced the yield of alpha amylase recovered also decreased, 
from 32.8Uml-i fractionated with 200mM TrisHCl, to only
23.35Uml-i when no TrisHCl was present. The exclusion of 
EDTA from the fractionation buffer did not prevent high
viscosity, ie., the release of nucleic acids, but reduced
the yield of alpha amylase recovered in the periplasmic 
fraction. These results showed that the cause of the high
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viscosity of the spheroplast suspension was the high 
concentration of TrisHCl.

OmM EDTA ImM]EDTA

TrisHCl (mM) ability to 

pellet

a-amylase

Uml-1

ability to 

pellet

a-amylase

Uml-1

0 + 14.35 + 23.6

10 + 16.0 + 26.6

50 - 19.5 - 30.1

100 - 22.7 - 32.6

200 - 23.1 - 32.8

Table 5.1: Comparative levels of alpha amylase recovered in
the periplasmic fraction, from JM107 pQR126 early stationary 
phase (12h) "T.broth" shake flask culture (section 2.4.1). 
Cells were fractionated by lysozyme/water treatment with 
varying concentrations of chelating agents ie., TrisHCl and 
EDTA in the fractionation buffer (fractionation buffer: 
500ugml-i lysozyme, 20% sucrose) (section 2.10). + denotes
the pelleting of spheroplasts following lysozyme/water 
treatment, - denotes an inability to pellet, ie., a highly 
viscous mass due to the release of nucleic acids following 
lysozyme/water treatment. Each value represents the results 
from 2 experiments, with a ±7% variance.

5.2.4 Effect of TrisHCl on periplasmic release treatment

Equivalent shake flask and bioreactor early stationary phase 
(12h) "T.broth" cultures were fractionated by lysozyme/water 
treatment using 200mM, lOmM and OmM TrisHCl in the 
fractionation buffer. The shake flask cultures pelleted 
without any nucleic acid release following fractionation 
with lOmM and OmM TrisHCl. Periplasmic release using OmM 
TrisHCl recovered only 70% of the alpha amylase and 54% of 
the protein compared to the 200mM TrisHCl extraction (Table 
5.2) and this increased the specific activity of the 
periplasmic alpha amylase from 107Umg-i protein to 138Umg-i 
protein.
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sha ce flask culture bioreactor culture

TrisHCl 2(X)mM lOmM OmM 200mM lOmM OmM

ability to pellet - + + - - +

a-amylase Umk  ̂
culture

30.1 24.7
(82%)

21.105
(70%)

41.6 26
(62%)

24.5
(59%)

protein ugml-  ̂
culture 281 190

(68%)
153

(54%)
1008 736

(73%)

320
(32%)

specific activity a- 
amylase Umg*  ̂

protein

107 130
(121%)

138
(129%)

41 35
(85%)

76.6
(186%)

Table 5.2: Comparative levels of alpha amylase and total
protein recovered in the periplasmic fraction from JM107 
PQR126 "T.broth" stationary phase (12h) shake flask and 5L 
batch bioreactor cultures (section 2.4.1 & 2.4.3). Cells
were fractionated by lysozyme/water treatment using varying 
concentrations of TrisHCl (pH 7.5) , 200mM, lOmM and OmM,
in the fractionation buffer (section 2.10). + denotes the
pelleting of spheroplasts following lysozyme/water 
treatment, - denotes an inability to pellet, ie., a highly 
viscous mass due to the release of nucleic acids following 
lysozyme/water treatment. Each value represents the 
results from 2 experiments, with a +6%.

Figure 5.3 shows the protein released from the bioreactor 
culture after fractionation with 200mM, lOmM and OmM 
TrisHCl. The bioreactor culture pelleted without any nucleic 
acid release, only when fractionated without TrisHCl. This 
resulted in the recovery of only 59% (24.5Uml-i) of the
alpha amylase and 32% (320ugml"i) of protein compared to the 
200mM TrisHCl fractionation (41.6Umli), but led to an 
increase in alpha amylase specific activity of 86%, from 
41Umg-i to 76.6Umgi protein (Table 5.2). This data implies 
that cells cultured in the bioreactor are slightly weaker 
than cells cultured in a shake flask.
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1
116 kDa

66 kDa

45 kDa

29 kDa

Figure 5.3: SDS Page electrophoresis (section 2.16) of
periplasmic fractions from a "T.broth” bioreaction early 
stationary phase (12h) culture (section 2.4.1). The cells 
were fractionated by the lysozyme/water treatment, 
fractionation buffer contained 20% sucrose, ImM EDTA and 
differing amounts of TrisHCl (section 2.10). Track 1: 200mM 
TrisHCl; Track 2: lOmM TrisHCl; Track 3: OmM TrisHCl

5. 2. 4.1 Lysozyme concentration
A previous experiment in this chapter showed that lysozyme 
concentration had no effect upon alpha amylase release, from 
cells which were unable to pellet during the fractionation 
process (section 5.2.2). These lysozyme concentration 
experiments were repeated on ”T.broth" JM107 pQR126 shake 
flask cultures, when TrisHCl was excluded from the 
fractionation buffer.

An increase in the lysozyme concentration, from 500- 
lOOOugml-i in the fractionation buffer did not release any 
additional alpha amylase from the periplasm (Table 5.3). A 
reduction to 250ugml-i lysozyme, resulted in a 25% decrease
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lysozyme
ug/ml

a-amylase 

U/ml culture

protein ug/ml 

culture
specific activity 

U/mg protein

0 0 26.7 0

250 15.6 75.3 207

500 21.1 153 138

750 22.5 169 133

1000 23.8 174 137

Table 5.3; Comparative 
protein recovered in the 
PQR126 early stationary 
culture (section 2.4.1) 
lysozyme/water treatment 
lysozyme, ranging from 0 
ImM EDTA, 20% sucrose 
represents the results 
variance.

levels of alpha amylase and total 
periplasmic fraction from JM107 

phase (12h) "T.broth” shake flask 
Cells were fractionated by 

with varying concentrations of 
-lOOOugml-i (fractionation buffer: 
) (section 2.10). Each value 
from 3 experiments, with a +6%

of alpha amylase recovered (15.6Uml-i) compared to the 
500ugml-i lysozyme fractionation (21.1Uml-i). Exclusion of 
lysozyme from the fractionation buffer released no alpha 
amylase from the periplasm. Thus the release of alpha 
amylase from the periplasmic space in the earlier 
experiment (section 5.2.2) must have been due to the 
"partial cell lysis" caused by the high concentration of 
TrisHCl. These results prove that lysozyme is essential for 
the release of alpha amylase from the periplasm of intact 
E.coli cells.

5.3 Efficiency of lysozyme/water treatment with the 
exclusion of TrisHCl

5.3.1 Shake flask time course study
When TrisHCl was excluded from the fractionation buffer, 
70-80% of the intracellular alpha amylase was recovered in 
the periplasmic fraction during stationary phase, but only
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Figure 5.4: Time course of JM107 pQR126 grown in a
selective "T.broth" shake flask at 37°C (section 2.4.1). 
Cells were fractionated by the lysozyme/water treatment, 
fractionation buffer: 20% sucrose, ImM EDTA, SOOugml'i
lysozyme (section 2.10). Figure 5.4A: Total alpha amylase
distribution. Figure 5.4B: Alpha amylase specific activity. 
Figure 5.4C: Percentage recovery of periplasmic amylase,
released by lysozyme/water treatment, and the percentage of 
plasmid containing cells. Figure 5.4D: Total protein
distribution. Each data point represents results from 3 
experiments, with a ±8% variance. Extracellular 
Periplasmic — O—  ; Cell associated — #—  ; ODeoonm 
Plasmid stability — A —  .

20 40

I 203
$
Î

10

00 105 15 20 25

200

e 150

100

0 5 10 15 20 25
T I M E ( H ) T I M E ( H )

3000

5 2000

k  1000

10 15 20 250 5
T 1 M E ( H )T 1 M E ( H )

102



30-65% was recovered from exponential phase cells (Fig. 
5.4c). These results suggest that the outer membrane is 

^ during stationary phase than exponential phase, 
possibly the outer membrane may have been weakened by a 
combination of the phase of growth, high level production 
of alpha amylase and/or leakage of alpha amylase to the 
extracellular fluid.

During the periplasmic release treatment the spheroplasts 
pelleted at all phases of growth. The specific activity of 
the periplasmic alpha amylase was 4-fold greater (180Umg~^, 
Fig. 5.4b) in late exponential and early stationary phases, 
compared to cells fractionated with 200mM TrisHCl buffer 
(Fig. 4.9b). However after 24h the levels had fallen to 
only 60Umg-i protein, presumably due to the slight increase 
in the amount of total periplasmic protein recovered.

5.3.2 Bioreactor culture time course study
The exclusion of TrisHCl from the fractionation buffer of 
the lysozyme/water treatment, prevented the release of 
nucleic acids throughout growth and increased the specific 
activity of the periplasmic alpha amylase by 3-fold (Fig. 
5.5b). However, the yield of alpha amylase recovered in the 
periplasmic fraction during the exponential phase was poor, 
only 55-72%, but up to 80% was recovered during the 
stationary phase (Fig. 5.5c). Greater yields of periplasmic 
alpha amylase and protein were recovered during the 
exponential phase from the bioreactor culture lowering the 
specific activity compared to the shake flask culture. The 
bioreactor vessel may cause some damage to the outer 
membrane of the cells by shear effects from the impeller
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Figure 5.5: Time course of JM107 pQR126 grown in a
selective "T.broth" 5L batch bioreactor at 37°C (section 
2.4.3). Cells were fractionated by the lysozyme/water 
treatment (fractionation buffer: 20% sucrose, ImM EDTA,
500ugml-i lysozyme) (section 2.10). Figure 5.5A: Total
alpha amylase distribution. Figure 5.5B: Alpha amylase
specific activity. Figure 5.50: Percentage recovery of
periplasmic amylase, released by lysozyme/water treatment, 
and the percentage of plasmid containing cells. Figure 
5.5D: Total protein distribution. Each data point
represents results from 3 experiments, with a ±9% variance. 
Extracellular-40— ; Periplasmic — O— ; Cell associated^-#— ; 
ODeoonm — ; Plasmid stability
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blades. This weakening of the outer membrane may explain 
the higher levels of alpha amylase and protein released 
from these cells during the treatment.

5.4 Scale-up of periplasmic release treatment 
The periplasmic release method developed so far was for 
rapid, quantitative use on a laboratory scale. This method 
of lysozyme/water treatment, with the exclusion of TrisHCl 
from the fractionation buffer, was investigated for direct 
translation to large scale.

5.4,1 Laboratory scale-up experiments
Overnight (18h) JM107 pQR126 "T.broth" selective shake
flask cultures were pooled and cells were fractionated at 
1ml and 100ml volumes, so that a direct comparison in 
scale-up could be made. Periplasmic release was carried out 
in various recovery volumes ie., volume of fractionation 
buffer and water addition, so that the periplasmic contents 
were released in 5-40% of the original culture volume. In 
the following experiments the amount of alpha amylase 
released in all of the recovery volumes was calculated back 
to Units per ml of starting culture.

Scale-up of the fractionation process from 1ml to 100ml, 
and the release of alpha amylase in lower recovery volumes, 
did not work efficiently (Table 5.4). Recovery of the alpha 
amylase from the periplasm in 40% of the culture volume 
yielded aSUml-1 on a 1ml scale, but only msbUml"^ culture 
at the 100ml scale, a decrease of 52%. This decrease may 
reflect the different resuspension methods used at each 
scale, as the 1ml sample was resuspended in an eppendorf 
tube (1.5ml) by vortexing, whereas the 100ml scale sample
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was resuspended in centrifuge pots (250ml) by pipetting.

Recovery 

volume (% 

original culture)

1ml scale 100ml scale

a-amylase Uml'  ̂culture

40 28 14.56

30 21.28 15.12

25 17.64 11.2

20 10.92 10.64

10 5.32 6.16

5 3.08 3.36

Table 5.4: Comparative levels of alpha amylase recovered in 
the periplasmic fraction after lysozyme/water treatment 
(section 2.10) on a laboratory 1ml and 100ml scale 
(fractionation buffer: 20% sucrose, ImM EDTA, 500ugml"i
lysozyme). The volume of the fractionation buffer and water 
addition was altered as shown. Numerous selective 200ml 
"T.broth" JM107 pQR126 overnight (18h) flasks were pooled 
for the release experiments (section 2.4.1). The yield of 
alpha amylase was calculated back to Units per ml of 
culture at each recovery volume. Each value represents 
three experiments, with a ±9.8% variance.

5.4.2 Reduction of fractionation buffer volume 
The data in Table 5.4 showed that as the recovery volume 
decreased the yield of alpha amylase recovered also 
decreased. During these experiments, where the volume of 
the fractionation buffer and water addition was reduced, 
the concentration of the fractionation buffer remained the 
same. Thus, one reason for the loss in yield may have been 
due the lower concentration of buffer components, ie., 
EDTA, lysozyme, per cell in the lower recovery volume 
experiments. Therefore the amount of each buffer component 
ie., EDTA and lysozyme, in the 40% recovery volume was 
calculated, and the experiments were repeated using 
exactly the same quantity of buffer component per cell in
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each extraction volume. Also, in certain experiments the
volume of the water addition remained at 20% of the
original culture volume so that the ratio of water to cell
remained identical to that in the standard 40% recovery
volume experiment.

30

0 50403020100
Recovery volume 

(% original culture volume)

Figure 5.6: Effect of equivalent buffer components per cell 
during lysozyme/water treatment at reduced recovery 
volumes. Comparitive levels of alpha amylase released in 
the periplasmic fraction by the lysozyme/water treatment 
(section 2.10) on a laboratory 1ml scale (fractionation 
buffer: 20% sucrose, ImM EDTA, 500ugml-i lysozyme). The
volume of the fractionation buffer and water addition was 
altered as shown. The fractionation buffer components ie., 
EDTA and lysozyme, were added to each of the recovery 
volumes at a level equivalent to that in the 40% recovery 
volume, so that identical amounts of EDTA and lysozyme were 
present in each of the recovery volume experiments. The 
yield of alpha amylase was calculated back to Units per ml 
of culture at each recovery volume. The experiments were 
performed on the same JM107 pQR126 selective "T.broth" 
overnight (18h) shake flask (section 2.4.1). Each data 
point represents 3 experiments, with a ±10% variance.

Figure 5.6, shows that the recovery of the periplasmic 
contents in volumes less than 40%, using equivalent amounts 
of EDTA, EDTA/lysozyme and the same volume of water, ie., 
20% of the culture volume, per cell, all increased the 
yield of alpha amylase recovered. However the yield at
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these volumes was never equal to that recovered at the 40% 
standard recovery volume (28Uml-i), and as the recovery 
volumes decreased so did the yield of alpha amylase 
presumably due to the decrease in the cell surface 
area/buffer volume ratio. The addition of equivalent 
amounts of lysozyme alone, did not increase the recovery 
yield of alpha amylase, implying that it was either in 
excess or that EDTA was the limiting factor preventing 
access of lysozyme to the peptidoglycan layer.

Following these results it was decided that the extraction 
volume should be maintained at 40% of the original culture 
volume during the following large scale extraction.

5.4.3 5L periplasmic recovery of alpha amylase 
The distribution of alpha amylase was monitored for 24h in 
a selective JM107 pQR126 5L batch "T.broth” fermentation, 
similar to that seen in section 5.3.2 (Fig. 5.5). Control 
culture samples were taken and these were fractionated on a 
laboratory 1ml scale. At the end of the fermentation the 
remaining 5L of culture was then harvested in a Sharpies 
continuous centrifuge at 45,000rpm (section 2.11), giving a 
biomass of 24gL-i wet weight. Parallel 1ml culture samples 
were harvested in an Eppendorf microfuge or filtered using 
a 0.2um membrane, to compare the harvesting methods for the 
release of alpha amylase. The 5L cell paste was resuspended 
in IL of fractionation buffer (20% sucrose, ImM EDTA, 
500ugml-i lysozyme) using a Silverson homogeniser. Samples 
of 1ml were taken after 15min incubation at room 
temperature and these were harvested in an Eppendorf 
microfuge then assayed for alpha amylase activity, to see
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if the homogeniser had caused any additional alpha amylase 
release. An equal volume of water (IL) was then added to 
the suspension, and this was incubated for a further 15min 
at room temperature. Control samples of 1ml were taken and 
the spheroplasts were harvested in an Eppendorf microfuge 
or filtered through a 0.2um membrane to compare spheroplast 
harvesting. The large scale spheroplast suspension was 
harvested in the Sharpies IP centrifuge.

On the recovery of the cell paste, the Sharpies IP 
centrifuge released slightly more alpha amylase into the 
effluent, ie., extracellular fluid, 28.15Uml-i, compared to 
the microfuged and filtered samples, which released 
23.55Uml-i and 22.4Uml"i respectively. However, the 
effluent from the Sharpies centrifuge contained some cells 
which may have contributed to the additional alpha amylase 
measured.

The alpha amylase activity was measured before the addition 
of water to investigate if the Silverson homogeniser caused 
cell lysis or additional release of the recombinant 
protein. Only a small amount of alpha amylase was detected 
before the water addition, thus the cells had not been 
damaged by the Silverson homogeniser to an extent where 
intracellular alpha amylase was released.

The release of alpha amylase in the large scale experiment 
was poor, recovering only 12.92Uml~^ culture, in 
comparison to the laboratory scale, 1ml control, which 
recovered 17.8Uml"i (Table 5.5). The difference in recovery 
yield was thought to be due to the method of resuspension 
as discussed previously (section 5.4.1). From the data it
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a-amylase Uml" 

1 culture

protein ugml"! 

culture

specific activity 
Umg-l protein

1ml scale recovery* 17.8 228 78

Sharpies IP 12.92 76 170

Eppendorf microfuge 12.35 222.1 55.6

2|im filter 15.2 56 271

Table 5.5: Comparative levels of periplasmic active alpha
amylase, specific activity and protein recovered in the 
periplasmic fraction after lysozyme/water treatment on a 5L 
pilot plant scale (fractionation buffer 20% sucrose, ImM 
EDTA, 500ugml-i lysozyme) (section 2.11) from a stationary 
phase selective "T.broth" bioreactor culture (section 
2.4.3). Control samples were taken following
fractionation to test the method of spheroplast harvesting, 
1ml samples were harvested in an Eppendorf microfuge at 
10,000rpm for 10 min or filtered using a 0.2um filter for 
the recovery of the periplasmic fraction. * Control samples 
of the culture were taken and fractionated on a 1ml 
laboratory scale (section 2.10). Each data point represents 
at least two experiments, with a +9% variance.

can be seen that harvesting of the spheroplasts in the
Sharpies IP centrifuge did not cause lysis, as the level of
protein released was relatively low (76ugml-i). However the

tprotein levels released by centrifugation in an Eppendorf 
microfuge, 222.1ugml'i culture, were 3-fold higher than 
those released by the Sharpies IP (76ugmli) and 4-fold 
that released by filtering (56ugml-i). All samples that 
were harvested in a microfuge, ie., samples taken before 
the water addition, after the water addition and the 
laboratory 1ml control fractionation, released high levels 
of protein between 222.1-252.5ugml-i, lowering the specific 
activity of the recovered alpha amylase. Recovery of the 
periplasmic fraction in the IP centrifuge or by filtering 
increased the periplasmic alpha amylase by 3-fold (170Umg-i 
protein) and 5-fold (271Umg-i protein) respectively
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compared to samples recovered in an Eppendorf microfuge 
(55.6Umg-i protein).

5.5 Summary
The cause of "partial cell lysis" during the lysozyme/water 
treatment was established as TrisHCl. The subsequent 
exclusion of TrisHCl from the fractionation buffer, reduced 
the yield of alpha amylase recovered but increased the 
specific activity of the periplasmic alpha amylase. The 
recombinant cells were more susceptible to the 
lysozyme/water treatment in stationary phase, possibly due 
to a weaker outer membrane caused by a combination of the 
phase of growth, high level expression and the leakage of 
alpha amylase from the periplasm to the extracellular 
fluid. Attempts to reduce the recovery volume of the 
treatment, resulted in a reduced yield of alpha amylase 
presumably due to the decrease in cell surface/volume 
ratio.

The lysozyme/water treatment was scaled up to a 5L starting 
culture volume, yet the recovery yields of alpha amylase 
were not as high compared to the laboratory 1ml control 
fractionation. The loss in yield was thought to be due to 
a less efficient method of cell resuspension.
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chapter 6: Production of alpha amylase in E.coli
6.1 Aim
The results reported in this chapter investigate various 
aspects of recombinant alpha amylase production in E.coli. 

Different E.coli host strains, competition for inner 
membrane signal peptide processing sites and plasmid copy
number per cell were investigated for their effects upon
alpha amylase production.

6.2 E.coli host strain
The common laboratory E.coli K12 strains have been 
generated via many separate mutation steps through several 
independent pathways of descent, such that they are very
different from the original E.coli isolates and from each
other (Bachmann, 1987). The varying characteristics of each 
host strain may affect the production of a recombinant 
protein, and in the case of a periplasmic protein, it's 
location within the cell. Two plasmid constructs expressing 
alpha amylase were transformed into 13 common laboratory 
E.coli K12 host strains, to investigate the production and 
location of the recombinant protein. The periplasmic 
release method of lysozyme/water treatment developed in 
these studies (Chapter 3), was tested for it's 
effectiveness on the different E.coli strains.

6.2.1 Alpha amylase plate assays
Construct pQR300 (section 2.1) (Bahri & Ward, 1990) 
consisted of a 5 . 4kb BarrEl fragment of S. thermoviol aceus 

CUB74 DMA containing the alpha amylase gene, cloned into
pUClS (Viera & Messing, 1982). Construct pQR126 (section 
2.1) contained a 3.4kb Hindlll/Pstl alpha amylase fragment
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from PQR300, cloned into pBGS19“ (Spratt et al., 1986).
The constructs were transformed (section 2.5.7) into 13 
E.coli K12 strains (Table 2.2) and the production of alpha 
amylase was measured empirically on starch agar plates by 
the diameter of the zone of starch hydrolysis surrounding
each colony expressing the enzyme. Each strain and
construct combination was streaked for single colonies on 
selective starch agar plates and grown overnight (IBh) at 
370c (section 2.14). The diameter of the colony and starch 
hydrolysis zone were measured and the ratio of colony size 
to zone size was calculated. The size of the colony was 
presumed to give a reflection upon the growth rate of each 
strain on nutrient agar solid medium and the expression of 
the alpha amylase gene in that strain.

The starch hydrolysis zones were larger in strains
containing pQR126 than pQR300 (Table 6.1) indicating that

-pOAJL. TUL. UiXJi .
PQR126 OzljLÔ edL more alpha amylase y  The starch hydrolysis 
zones varied greatly in each strain, from 3.0mm (JM83) to 
8.7mm (JM107) in pQR126 and from 3.5 (UB1126) to 6.6mm
(W3110 and UB1326) in pQR300 (Fig. 6.1 & Table 6.1). The 
colony sizes were also found to vary substantially from 
0.5mm (JM83 pQR126) to 1.6mm (JM107 pQR126 and pQR300). It 
was thought that the ratio of colony size to zone size 
might give a more accurate reflection on the production of 
alpha amylase per cell. The calculated ratios varied from 
2.94 (JM107 PQR300) to 9.5 (JMlOl pQR300). Th&sLdata(show\ 
that each strain differed in the production and location of 
a recombinant periplasmic protein.
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Table 6.1: E.coli alpha amylase plate assays.

Construct PQR126 PQR300
E.coli K12 colony zone zone/colony colony zone zone/colony
strain diameter diameter

(mm)
ratio diameter

(mm)
diamet̂
(mm)

ratio

JM107 1.6 8.7 5.44 1.6 4.7 2.94
JMlOl 1.8 8.6 4.8 0.5 4.75 9.5
JM103 1.0 5.25 5.25 1.5 <0.5 -
JM83 0.5 3.0 6.0 0.85 5.4 6.35
C600 1.1 8.38 7.6 1.3 6.0 4.6

ED8654 0.94 6.3 6.7 0.75 4.2 5.6
W3110 - - - 1.5 6.6 4.5
UB1326 1.0 6.0 6.0 1.3 6.6 5.0
UB1331 1.125 6.9 6.1 1.0 5.4 5.4
J53 1.2 6.3 5.25 0.79 5.36 6.78

UB1636 - - - 1.0 3.7 3.7
UB1126 1.15 7.4 6.43 0.5 3.5 7.0

Table 6.1: 12 E.coli K12 strains (section 2.2) transformed
with PQR126 and pQR300 were streaked for single colonies on 
selective 1% potato starch, nutrient agar plates and grown 
overnight (18h) at 37°C (section 2.14). Each value was 
taken from 6 experiments, with a ±lmm variance.

6.2.2 E.coli host strain time courses
Three strains, along with JM107 were chosen from the plate 
assay data for further study,
JM83- small colony (0.5mm), large ratio (6.0)
JMlOl- large hydrolysis zone (8.6mm), medium ratio (4.8) 
C600- large hydrolysis zone (8.38mm), large ratio (7.6)
All three strains, transformed with pQR126, were monitored 
during selective "T.broth” shake flask time courses 
(section 2.4.1). The cells were fractionated by the 
lysozyme/water treatment with the exclusion of TrisHCl from 
the fractionation buffer (fractionation buffer: 20%
sucrose, ImM EDTA, SOOugmli lysozyme) (section 2.10). The
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Figure 6.1: E.coli alpha amylase plate assays. Overnight
growth (18h) of E.coli producing alpha amylase on 1% 
potato starch, nutrient agar plates (section 2.14). Figure 
la: JM83 pQR126; Figure lb: UB1126 pQR126; Figure Ic:
UB1326 PQR126; Figure Id: C600 pQR126
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alpha amylase production and location profile from each 
strain was compared to the previous JM107 pQR126 data. JM83 
produced the highest total levels of alpha amylase, 150Uml~ 
 ̂ after 24h of growth, 2.5-fold greater than JM107 (60Uml~ 
^ / Fig. 6.2a & b). Unlike JM107, JM83 does not encode the 
iacl^ repressor gene (Miiller-Hill et al., 1968), thus 
allowing a greater level of expression of alpha amylase 
which is under the control of the lacZ promoter. Relatively 
similar levels of alpha amylase were recovered in the 
periplasmic fraction of JM107 (34Uml-i), JMlOl (40Uml“i) 
and C600 (30Uml-i) after 24h of growth. However, during 
exponential growth in JMlOl, only a small percentage of the 
alpha amylase was recovered in the periplasmic fraction.
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Figure 6.2: Total active alpha amylase distribution
throughout the growth of E.coli pQR126 strains. Cultures 
were grown under selective conditions in "T.broth" shake 
flasks at 37°C (section 2.4.1). Cells were fractionated by 
the lysozyme/water method (fractionation buffer: 20%
sucrose, ImM EDTA, 500ugml-i lysozyme) (section 2.10). 
Figure 2a: JM107 pQR126 , Figure 2b: JM83 pQR126, Figure
2c: JMlOl PQR126, Figure 2d: C600 pQR126. Each data point
represents the results from 3 experiments, with a ±6% 
variance. Extracellular — ■—  ; Periplasmic — O —  ; Cell 
associated— #— ; OD$oonm
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Leakage was greatest from the C600 strain, starting early 
in growth, at levels equivalent to the yield recovered in 
the periplasmic fraction, and after 24h of growth 45% of 
the total alpha amylase (30Umli) was leaked to the 
extracellular fluid (Fig 6.2d). Cell lysis was unlikely as 
relatively little protein was measured in the extracellular 
fraction (data not shown). Compared to the total production 
level, very little alpha amylase, only 20%, was leaked from 
JM83 (Fig. 6.2b), and it is not known why JM83 excreted so 
little alpha amylase yet C600 excreted 45% of the total
alpha amylase produced. However the composition of the 
outer membranes may differ between the two strains, thus 
affecting leakage. No viscosity due to the release of 
nucleic acids, was seen during the periplasmic release 
procedure in any of the strains.

The lysozyme/water treatment worked efficiently on all 
strains in stationary phase, recovering 70-90% of the 
intracellular alpha amylase (Fig. 6.3). However the process 
did not work efficiently during the exponential phase, 
(similar to experiments in section 5.3), and also in the 
case of JMlOl early stationary phase cells. It is probable 
that the outer membrane of stationary phase cells is weaker
compared to exponential phase cells, due to the high level
of recombinant protein production. Non-recombinant cells 
are stronger and more resilient to stresses such as osmotic 
changes in stationary phase (Tuomanen et al., 1988; Jenkins 
et al., 1990). The data presented here suggests that cells 
producing recombinant proteins have weaker outer membranes 
during stationary phase.
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Figure 6.3: Percentage recovery of periplasmic alpha
amylase released by lysozyme/water treatment (fractionation 
buffer: 20% sucrose, ImM EDTA, 500ugml~^ lysozyme) (section 
2.10) throughout growth of E.coli pQR126 strains. Cultures 
were grown under selective conditions in "T.broth" shake
flasks at 37°C (Section 2.4.1). Figure 4a: JM107 pQR126 ,
Figure 4b: JM83 pQR126, Figure 4c: JMlOl pQR126, Figure 4d: 
0600 PQR126. Each data point represents the results from 3
experiments, with a ±6% variance, apart from JMlOl with a
±12% variance. Periplasmic — O— ; Cell associated— #— ,
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The levels of protein production were similar in all four
host strains (data not shown), with the majority of the
protein recovered in the cell associated fraction. The
specific activity of periplasmic alpha amylase was similar
in JM107, JMlOl and C600 at around lOOUmgi protein whereas
levels 2-3 fold greater were obtained in JM83 cultures,
300Umg-i protein after 24h growth (Fig. 6.4). The specific

iactivity of alpha amylase in the extracelli^r fraction of 
JMlOl and C600 strains also reached lOOUmg-i protein after 
24h of growth, levels comparable to the periplasmic 
fraction. These high specific activity levels of alpha 
amylase in the culture medium showed that leakage was not 
caused by cell lysis and that it was semi-specific for 
periplasmic proteins.

6.3 Competition for inner membrane signal peptide 
processing sites
The results of the alpha amylase plate assays (section
6.2.1) showed that pQR126 produced larger zones of starch 
hydrolysis compared to pQR300. This could have been due to 
the closer proximity (ISObp) of the alpha amylase gene to 
the JacZ promoter in pQR126. Also the plasmid construct 
PQR300, based upon pUC, encoded for an additional 
recombinant periplasmic protein namely Û-lactamase, unlike 
the pBGS based pQR126 construct. This may have caused 
competition between the two recombinant periplasmic enzymes 
for the inner membrane signal peptide processing sites, 
possibly reducing the levels of alpha amylase in the 
periplasm.

A series of six homologous plasmids were constructed (Fig.
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Figure 6.4: Alpha amylase specific activity
growth of E.coli pQR126 strains. Cultures were g 
selective conditions in "T.broth" shake flasks 
(section 2.4.1). Cells were fractionated 
lysozyme/water method (fractionation buffer: 20%
ImM Na2EDTA, SOOugml'i lysozyme) (section 2.10). 
JM107 PQR126 , Figure 3b: JM83 pQR126, Figure
PQR126, Figure 3d: C600 pQR126. Each data point 
the results from 3 experiments, with a ±6% 
Extracellular— ■— ; Periplasmic— O — ; Cell associ

throughout 
rown under 

at 37°C 
by the 
sucrose, 

Figure 3a: 
3c: JMlOl 

represents 
variance. 

ated '# '.

300

250

S 200

ISO

100

0 5 10 15 20 25

300

Ô 200

m 100

0 5 10 15 20 25
TIM E (H) TIME (H)

300300

I
I

I
I=1

{
3
Î 100

&

0 5 10 15 20 25 0 5 10 15 20 25
TIME (H) TIME (H)

120



6.5) where three fragments, each encoding alpha amylase, 
were inserted into the pUC and pBGS vector series. The pUC 
and pBGS vectors have high plasmid copy numbers per cell 
and identical iacZ promoter regions. Thus the production of 
alpha amylase could be investigated with and without the 
presence of an additional periplasmic protein.

The constructs were transformed (section 2.5.7) into JM107 
and grown overnight (18h) in 5ml nutrient broth cultures at 
37®C (section 2.4.1). The cells were harvested and 
fractionated by the lysozyme/water method (section 2.10) 
(fractionation buffer: 200mM TrisHCl, ImM EDTA, 20%
sucrose, 500ugml'i lysozyme).

The constructs based on pUC produced higher levels of alpha 
amylase than the equivalent pBGS constructs (Fig. 6.5). 
Thus any competition for the inner membrane signal peptide 
processing sites that existed between alpha amylase and 13- 
lactamase did not have a detrimental effect on alpha 
amylase production. It is thought that pUC vectors have a 
slightly higher copy number per cell than pBGS, though the 
latter has never been investigated throughly but if so, 
this may explain the higher yield of alpha amylase in the 
pUC constructs.

Constructs pQR126 and pQR147 produced higher levels of 
alpha amylase, 5.6Uml-i and 19.2Uml-i respectively, than 
the PQR152 and pQRSOO constructs, 0.72Uml"^ and l.OBUml'i 
respectively. In the latter constructs the alpha amylase 
gene was 150bp further from the iacZ promoter due to the 
BanBl/Hindi 11 fragment, which was deleted from pQR126 and 
PQR147. Thus the closer proximity of the alpha amylase gene
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Figure 6.5: Recovery of periplasmic alpha amylase from
JM107 transformed with a series of homologous constructs 
based on pUC and pBGS cloning vectors. Cells were grown in 
5ml nutrient broth in 30ml universal bottles overnight 
(18h) (section 2.4.1). Cells were fractionated by the 
lysozyme/water treatment (fractionation buffer: 20%
sucrose, ImM EDTA, 200mM TrisHCl, SOOugml^ lysozyme) 
(section 2.10). Each data point represents data from 6 
experiments, with a ±7% variance. B = BanHl; H=ffindIII; 
P=PstI; S=Sphl.
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to the JacZ promoter was the reason for larger starch 
hydrolysis zones surrounding pQR126 colonies in the plate 
assays.

The smallest fragment to encode the alpha amylase gene is a 
l.SSkb Hinà.1111 Sphl fragment (Bahri, 1990). The constructs 
containing this small fragment, pQR153 and pQR312, produced 
less alpha amylase than the 3. 4kb ifindlll/PstI fragment 
constructs, pQR126 and pQR147. It is not known why these 
constructs produced less alpha amylase as it is unlikely 
that the SpbllPstl fragment encodes some essential region.
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However the pQR153 and pQR312 constructs have not been 
sequenced and so an unfavourable mutation may have occurred 
lowering the activity or production of alpha amylase.

6.3.1 JM107 PQR147 "T.broth" shake flask time course.
In the previous experiment the production of alpha amylase 
was 4-fold higher in JM107 pQR147 (19.2Uml"^) compared to 
JM107 PQR126 (5.6Uml-i). The production and location 
profile of alpha amylase from JM107 pQR147 was then 
followed throughout growth in a selective "T.broth" shake 
flask time course. Cells were fractionated by the 
lysozyme/water treatment (fractionation buffer: 20%
sucrose, ImM EDTA, SOOugmli lysozyme) (section 2.10).

Figure 6.6: Time course of JM107 pQR147 grown under
selective conditions in a "T.broth" shake flask at 37*C 
(section 2.4.1). Cells were fractionated by the 
lysozyme/water method (fractionation buffer: 20% sucrose,
ImM EDTA, SOOugmli lysozyme) (section 2.10). Figure 6a: 
Total active alpha amylase distribution. Figure 6b: Alpha
amylase specific activity. Each data point represents the 
results from 2 experiments, with a ±11% variance. 
Extracellular-4#— ; Periplasmic — O— ; Cell associated*—#— ; 
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The total alpha amylase production after 24h growth of 
JM107 PQR147 59.5Uml"i culture (Fig. 6.6a), was similar to
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the production level obtained from JM107 pQR126, 60Uml"i
culture (section 5.3.1). Greater levels of alpha amylase 
production were expected, following the 5ml universal 
growth results. The mechanism of antibiotic resistance in 
pUC vectors may account for the lower yields as ampicillin 
is degraded by the enzyme Û-lactamase, and once all the 
antibiotic in the vessel has been degraded then plasmid 
free cells are able to survive. This effect could be 
further exaggerated by the additional G-lactamase produced 
in the seed culture which would be active when the seed was 
transferred to the production culture. Another reason could 
be that the plasmid copy number per cell is lower in the 
shake flask time course compared to the 5ml universal 
growth due to a slower growth rate in the latter.

The cellular location of alpha amylase produced by JM107 
PQR147 differed from JM107 pQR126 cells (section 5.3.1), as 
less alpha amylase was contained in the periplasm, 22Uml"i 
compared to 35Uml-i, and more leakage to the extracellular 
fluid occurred, 28Uml-i compared to 17Uml-i. As the overall 
production level of alpha amylase was similar in both 
constructs, the reason why JM107 cells containing pQR147 
leaked more alpha amylase compared to pQR126 cells is not 
known. If however, the plasmid copy number per cell of the 
pUC series is higher than the pBGS vector, then the pQR147 
construct may place the cell under an additional metabolic 
burden, resulting in the increased leakage of alpha 
amylase. The higher copy number of pUC8 caused leakage of 
up to 35% of a cloned B .stearothermophilus alpha amylase, 
compared to only 7% leakage when the gene was encoded on 
pBR322 (Suominen et al., 1987).

124



6.4 Copy number measurements
Numerous studies have reported amplification of plasmid 
copy number and the increased production of a plasmid 
encoded recombinant protein in stationary phase as the 
growth rate decreases (Seo & Bailey, 1985, Ryan & 
Parulekar, 1991; Yee & Blanch, 1992; Namdev et al., 1993). 
Following the earlier time course experiments in Chapter 4, 
where the shake flask cultures produced more alpha amylase 
per cell than their equivalent bioreactor cultures, the 
plasmid copy number per cell was measured. Total DNA 
samples were prepared (section 2.5.3) at various time 
points from selective "T.broth" shake flask and bioreactor 
JM107 PQR126 time course experiments, similar to those in 
sections 5.3.1 & 5.3.2. The plasmid copy number per
chromosome equivalent was measured by densitometric 
scanning of total DNA (section 2.17), and converted to 
plasmid copy number per cell using the Cooper and 
Helmstetter, 1968 model. The plasmid copy number values 
calculated are not exact as they are only a comparative 
measurement of the ratio of plasmid DNA to chromosomal DNA.

Initially undigested DNA was scanned, but the plasmid DNA 
and chromosomal DNA could not be resolved, so the DNA was 
linearised to prevent the chromosomal DNA obliterating the 
plasmid DNA peak, however the resolution was still poor. A 
double Hindlll/Pstl digest was performed, this gave two 
plasmid DNA bands of 3.4kb and 4.4kb, the resolution of the 
digested total DNA was good and the plasmid bands could be 
clearly seen.

The plasmid copy number values were lower than expected.
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though this had been seen previously, when digested DNA was
used for plasmid copy number calculations (Wrigley-Jones,
1991). Figure 6.7 shows that the plasmid copy number per
cell during a shake flask JM107 pQR126 time course,
increased in stationary phase, ie., as the growth rate
Figure 6.7: Total alpha amylase production and plasmid copy 
number per cell throughout growth of JM107 pQR126 selective 
"T.broth" shake flask and bioreactor time course 
experiments (section 2.4.1 & 2.4.3), The plasmid copy
number per cell was measured as in section 2.17, the data 
points are the average from two experiments, with a ±15% 
variance. The alpha amylase points are the average from 3 
experiments, with a ±9% variance. ; Total alpha
amylase — O—  ; Plasmid copy number per cell — O —  . Open 
symbols, shake flask cultures; closed symbols, bioreactor 
cultures.
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decreases. The production of alpha amylase can be seen to
follow the rise in plasmid copy number, which explains the
continued high production of alpha amylase in stationary
phase. However the plasmid copy number per cell in the
bioreactor culture did not increase in stationary phase but 
remained constant at approximately 25 plasmid copies per
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cell throughout growth. It is not known why this happens, 
but the higher amount of chromosomal DNA in the bioreactor 
cultures may obliterate part of the plasmid DNA signal, 
resulting in a lower ratio of plasmid/chromosomal DNA 
being calculated. However, taking this into account it can 
still be seen that the plasmid copy number per cell is 
higher in the shake flask culture (120 copies per cell) 
compared to the bioreactor culture (25 copies per cell), 
and this is presumably due to the slower cellular growth 
rate in the shake flask (specific growth rate 0.4) compared 
to the bioreactor (specific growth rate 0.5). The higher 
plasmid copy number per cell, and thus higher gene dosage, 
in the shake flask culture could explain the higher yield 
of alpha amylase produced in the shake flask. As in these 
studies, Kapralek et al,, (1991), obtained a higher yield 
of calf prochymosin from a shake flask culture compared to 
a bioreactor culture, where the rate of growth in the shake 
flask was slower.

6.5 Summary
The data presented has shown that the choice of host strain 
affects the production and location of a recombinant 
periplasmic protein. JM83, produced the highest levels of 
alpha amylase, yet only 20% of the total alpha amylase 
leaked to the medium. As leakage is thought to be a result 
of high level expression of a recombinant protein, this 
result was unexpected, though may reflect the outer 
membrane composition of JM83 cells.

The presence of an additional recombinant periplasmic 
protein, D-lactamase, did not appear to affect the
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production of alpha amylase by competition for the inner 
membrane processing site.
The data has shown that the shake flask cultures in this 
system have a higher plasmid copy number per cell than the 
bioreactor cultures. This was presumed to be due to the 
slower growth rate in the shake flask, and may explain the 
higher alpha amylase yields in shake flask cultures 
compared to bioreactor cultures.
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Chapter 7: Production of alpha amylase trom S.lividans TK24
7.1 Aim
The aim of the studies reported in this chapter was to 
study the production of the Streptomyces thermoviolaceus 

alpha amylase enzyme in Streptomyces lividans TK24. Scale- 
up experiments from shake flask to bioreactor could then be 
compared and evaluated against the production of the same 
enzyme in E.coli JM107.

7.2 Introduction
Three constructs encoding the S .thermoviolaceus alpha 
amylase gene were studied for the production of the 
recombinant protein in S.lividans TK24. Two of the 
constructs encoded the alpha amylase under the control of 
its own promoter, on a 1.7kb BanHl/Sphl fragment in the 
high copy number vector pIJ702 (Katz et al., 1983), forming 
pQRSll, and in the low copy number vector pIJ903, forming 
PQR319 (Bahri & Ward, 1990). A smaller fragment, 1.55kb 
Hindlll/EcdRl, which did not encode the amylase promoter 
was cloned into pQRl, forming the construct pQR318 (Bahri, 
1990). The construct pQRl was a shuttle vector made from 
pIJ702 and pBR325 (Barallon & Ward, unpublished). The 
expression of alpha amylase in pQR318 was thought to be 
controlled by read through from a pBR325 promoter.

7.3 Spore Preparation
Spore preparations were collected from selective agar 
plates Incorporating 1% potato starch, to ensure alpha 
amylase expression (section 2.3). The strains grew very 
poorly on a variety of media plates, including modified 
R2YE (Wrigley-Jones et al., 1992), R2YE minus glucose (to
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encourage sporulation) and YEME sporulating medium (Hopwood 
et al., 1985). The streptomycetes grew well on tryptone 
soya broth (TSB) media plates, yet no sporulation occurred. 
The only medium tested on which all three constructs grew 
well and sporulated was 1/2 strength TSB, 1% potato starch 
agar plates.

7.4 Media development.
The production of alpha amylase from S.lividans TK24 pQRSll 
and TK24 pQR319 was studied throughout growth in various 
media shake flasks. Cultures were grown under thiostrepton 
selection in 50ml media, where 2ml of the same spore 
preparation was used as an inoculum (section 2.4.2). The 
mycelium were harvested and washed in 50mM TrisHCl buffer, 
before being sonicated (section 2.8) and the three 
fractions, extracellular, wash and cell associated , were 
then assayed for alpha amylase activity and protein 
content. The mycelial wash and cell associated fractions 
from all time courses contained negligible amounts of alpha 
amylase activity (data not shown).

7.4.1 S.lividans TK24 pQRSll 
7 . 4.1.1 HEP media
HEP mediiUA. was tested for growth and production of alpha 
amylase as it had been shown to produce cultures with well 
dispersed hyphal growth in both the shake flask and 
bioreactor. In comparison to the E.coli cultures the 
S.lividans TK24 pQRSll culture produced very little alpha 
amylase, only lUmli culture was measured in the 
extracellular fluid after 62h of growth and after this 
time, the level of alpha amylase decreased (Fig. 7.1).
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Mycelial pellets formed in the early phase of growth but 
these dispersed in stationary phase.

Figure 7.1: Time courses of S.lividans TK24 pQR311 grown
under selective conditions in shake flasks at 30°C (section 
2.4.2). The same spore preparation was used for each time 
course. The cells were harvested as in section 2.8.1. Each 
data point is the result from two experiments, with a +8% 
variance. Various media were tested for growth MEP # ' ; 
YEME ^  ; TSB —O —  ; 1/2 strength TSB ; and modified
TSB — O —  .
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The S .lividans TK24 pQR311 culture grew very slowly in the 
YEME medium, with pelleted mycelial growth at all stages. A 
poor alpha amylase yield was measured in the extracellular 
fluid, only 0.2Uml-i culture after 84h of growth (Fig.
7.1). The lower yield was probably due to the poor growth 
and to the lack of oxygen transfer in the mycelial pellets.

7.4.1.3. Tryptone soya broth
Tryptone soya broth (TSB) was tested for growth and alpha 
amylase production following good streptomycete growth on
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agar plates. The streptomycetes were grown in TSB, ^/: 
strength TSB and modified TSB (section 2.4.2) mycelial 
pellets formed throughout growth in each TSB media tested. 
The highest level of alpha amylase production was obtained 
from the TSB culture, where 1.2Umli culture was excreted 
after 72h of growth (Fig. 7.1). Growth in TSB media 
supplemented by 1% potato starch did not increase the 
biomass or the level of alpha amylase production.

7.4.2 S.lividans TK24 pQR319
Growth of S.lividans TK24 pQR319 in various media, YEME, 
MEP, TSB and 1/2 strength TSB, produced a very low yield of 
alpha amylase, less than 0.2Uml"i after 72h of growth (Fig.
7.2). A lower yield in comparison to the pQR311 cultures 
was expected as pQR319 has a lower plasmid copy number per 
cell.

The low levels of alpha amylase produced in liquid from 
both these constructs was unexpected following the large 
starch hydrolysis zones which surrounded each colony on 
starch agar plates. Samples were taken from the TK24 pQR311 
modified TSB culture and the TK24 pQR319 YEME culture after 
56 and 72h of growth and streaked for single colonies on 
TSB agar plates supplemented with 1% potato starch and 
incubated at 30*0.

The starch hydrolysis zones surrounding all samples 
streaked onto TSB solid agar medium were slow to form. The 
diameter of the zones measured 14mm and 15.5mm respectively 
from the 56 and 72h TK24 pQR311 samples (modified TSB), and 
8.5mm from both TK24 pQR319 (YEME) samples after 7 days of 
growth (Fig. 7.3). The time taken for the starch hydrolysis
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Figure 7.2: Time courses of S.lividans TK24 pQR319 grown
under selective conditions in shake flasks at 30°C (section 
2.4.2). The same spore preparation was used for each time 
course. The cells were harvested as in section 2.8. Each 
data point is the result from two experiments, with a ±7.5% 
variance. Various media were tested for growth MEP*— #— ; 
Y E M E — A — ; TSB — O— ; 1/2 strength TSB — ^ — .
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zones to appear indicated that they were the result of a 
small amount of alpha amylase activity over a seven day 
incubation, rather than a high extracellular alpha amylase 
content.

7.5 Time course studies
Following the above results the shake flask and bioreactor 
scale-up cultures were grown in TSB medium, which gave the 
highest level of alpha amylase production, and the cultures 
continued to produce alpha amylase during the stationary 
phase. Although during the initial media tests mycelial 
pellets formed during growth, it was thought that these 
would disperse in the bioreactor. No further time course 
experiments were completed using the lower copy number
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PQR319, due to the low levels of alpha amylase produced.

Figure 7.3: S.lividans alpha amylase plate assays. Samples
were taken after 56h and 72h growth from a S.lividans TK24 
PQR311 modified TSB time course (section 7.4.1.3) and 
PQR319 YEME time course (section 7.4.2). The samples were 
streaked for single colonies on selective 1% potato starch, 
TSB agar plates and grown for 7 days at 30°C. The starch 
hydrolysis zones were stained with iodine solution and 
measured. Each data point was taken from 4 plates. Figure 
7.3A: 56h TK24 pQR311 (TSB); Figure 7.3B: 72h TK24 pQR311
(TSB); Figure 7.3C: 56h TK24 pQR319 (YEME); Figure 7.3D:
72h TK24 pQR319 (YEME).
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7.5.1 S.lividans TK24 pQR318
A seed culture of S.lividans TK24 pQR318 was grown in 
selective TSB media and used to inoculate parallel shake 
flask and 5L batch bioreactor TSB cultures (section 2.4.2 & 
2.4.3). The cultures were monitored for alpha amylase 
activity and protein content for 96h. Unlike the E.coli 

scale-up experiments (Chapter 4), the production of alpha
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amylase did not differ, as equivalent levels of alpha 
amylase were produced in the shake flask and bioreactor 
cultures. However the bioreactor culture had a faster 
growth rate reaching stationary phase, with a biomass of 
4.8gL-i, after 20h of growth, whilst the shake flask 
culture reached stationary phase after 30h of growth. The 
production of alpha, amylase in both shake flask and 
bioreactor cultures followed the growth profile of the 
S.lividans TK24, increasing sharply to 2Uml-i culture 
during exponential phase, then continuing to rise slowly 
during stationary phase (Figs. 7.4a & 4b). In both cultures 
the specific activity of the excreted alpha amylase 
increased during exponential phase to 13Umg-i protein (Fig. 
7.4c & d) then remained fairly constant at 13-16Umg-i
protein.

7.5.2 S.lividans TK24 PQR311
A seed culture of S.lividans TK24 pQR311 was grown in 
selective TSB media and used to inoculate parallel shake 
flask and bioreactor production cultures. The cultures were 
monitored for alpha amylase activity and protein content 
throughout growth. The alpha amylase production profiles in 
both shake flask and bioreactor cultures of TK24 pQR311 
(Fig. 7.5) were very similar to those of TK24 pQR318 (Fig. 
7.4) and as expected the majority of alpha amylase was 
excreted to the extracellular fluid. The production of 
alpha amylase followed the growth of the organism, 
increasing rapidly in exponential phase to 2.2Umli (shake 
flask) and 1.9Uml-i (bioreactor) and then slowly during 
stationary phase. Similar to the previous experiment the 
bioreactor culture grew faster, reaching stationary phase
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Figure 7.5: Time course of S. lividans TK24 pQRSll grown
under selective TSB media shake flask (section 2.4.2) and 
5L batch bioreactor (section 2.4.3) conditions. The same

was used for both the shake 
The cells were harvested 

5A: Shake flask active alpha 
5B: Bioreactor active alpha

flask and bioreactor 
as in section 2.8 
amylase distribution 
amylase distribution

inoculum 
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Figure 7 
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after 22h, compared to 40h in the shake flask. The 
specific activity of the excreted alpha amylase is 
comparitively high in the shake flask culture at 25-30Umg-i 
protein in stationary phase. However the specific activity 
of excreted alpha amylase in the bioreactor was not as high 
due to greater general protein excretion (data not shown).

From an earlier E.coli JM107 pQR126 SDS gel, it was known, 
following densitometric scanning, that 1 unit of alpha 
amylase activity related to approximately 2.6ug protein 
(section 4.3.3). If this was assumed to be reasonably 
accurate then the levels of alpha amylase produced by 
S .lividans TK24 pQR311 or pQR318 correspond to only 9mgL" ̂ 
of protein, compared with 156mgL-i culture for a typical 
"T.broth" selective shake flask culture of JM107 pQR126 
(section 5.3.1).

7.6 Summary
This data has shown that there are few differences in the 
production of alpha amylase from S.lividans, when cultures 
are scaled up from the laboratory to the pilot plant. The 
S.lividans TK24 cultures produced approximately 20-fold 
less alpha amylase than the E.coli JM107 cultures. Thus, in 
the studies reported here, S.lividans TK24 was a poor host 
organism, in the production of a recombinant protein 
compared to E.coli.
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Chapter 8: Discussion
8.1 Development of laboratory periplasmic release method

This work has shown that an osmotic shock, similar to the 
methods of Neu & Heppel, (1965), Nossal & Heppel, (1966)
and Cornells et al., (1982) did not efficiently release
recombinant alpha amylase from the periplasm of E.coli 

JM107 cells (section 3.2.1). Osmotic shock has efficiently 
recovered recombinant proteins from the periplasm of E.coli 
at yields of 72-95% in numerous systems, for example, human 
interferon-lB (Joseph-Liazun et ai., 1990), B.coagulans 

alpha amylase (Cornells et al., 1982), human growth hormone 
(Chang et al., 1987) and human cystatin C (Dalboge et al., 
1989). However, Carter et ai., (1992) also found that a
simple osmotic shock procedure would not release
recombinant Fab' fragments from the periplasm, however 
treatment of the cells with lysozyme did release the Fab 
fragments, similar to results found in this study.

For the release of recombinant alpha amylase from the 
periplasm of E.coli cells lysozyme was required (section
3.2.2). Lysozyme cleaves the peptidoglyean gel matrix, of 
the cell wall in a variety of organisms (Repaske, 1956; 
Kaback, 1971). The greater yields of alpha amylase released 
by lysozyme treatment implied that the alpha amylase may 
have been entrapped by or within the peptidoglycan gel 
matrix. If this was the case, it may explain the poor yield 
of alpha amylase recovered by the osmotic shock, glycine 
and chloroform treatments. It may also explain the poor 
yield of alpha amylase recovered in the sonication control. 
The sonicator may not have efficiently disrupted the
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peptidoglycan gel matrix, and thus did not release the 
total amount of alpha amylase.

Release of alpha amylase was not by lysozyme alone, but a
combination of effects, plasmolysis caused by the presence
of sucrose and the destabilisation of the outer membrane by
TrisHCl pH7.5 (Irvin et al., 1981) and Na2EDTA (Birdsell &
Cota-Robles, 1967; Voll & Leive, 1970; Shellman &
Pettijohn, 1991). The chelating agents are essential as
they destabilise the outer membrane by removing magnesium
ions which form cross links between adjacent
1ipopolysaccharides molecules. This leads to repulsion of 

?the 1i^polysaccharide molecules which allows lysozyme to 
penetrate through to the murein layer. Birdsell & Cota- 
Robles, (1967), found that following plasmolysis, in the 
presence of lysozyme, TrisHCl and sucrose, spherical 
spheroplasts formed only on the addition of EDTA or a 
sudden water dilution. The latter may explain the greater 
yields of alpha amylase recovered when a water dilution 
step was introduced into the 1ysozyme/EDTA treatment 
(section 3.3). The sudden influx of water may have 
disrupted the outer membrane further, aiding the release of 
the periplasmic contents. The mechanism of the process at 
the point of water addition is speculative, Witholt at al., 

(1976) suggested two theories. One, that if the 
polysaccharide chains of the peptidoglycan gel were stacked 
as closely as predicted by Formanek at al., (1974) then the 
lysozyme would be unable to bind to the gel matrLx. A 
sudden influx of water^would cause the cells to swell, thus 
stretching the periplasmic layer and increasing the 
distance between the polysaccharide chains, enabling
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lysozyme to bind to the gel matrix. The other theory is 
that the sudden water influx to the periplasmic space 
"pushes" the positively charged lysozyme molecules through 
proposed negatively charged outer membrane channels, to the 
peptidoglycan gel.

The lysozyme/water treatment developed in Chapter 3, 
recovered over 84% of active intracellular alpha amylase in 
a single fraction, from the periplasm of E.coli JM107 
stationary phase cells. This compares favourably with the 
levels recovered by osmotic shock and lysozyme/EDTA 
treatment in the literature (Cornelis et al., 1982;
Tsukagoshi at al., 1984; Kato at al., 1987). The treatment
involves only one centrifugation step for the recovery of 
the recombinant protein, making it suitable as a rapid 
small scale analytical test and as a process feasible for 
development to pilot plant scale. Recovery of alpha amylase 
from the periplasm by the treatment is advantageous as the 
product is concentrated due to recovery in only 40% of the 
original culture volume and the level of contaminating 
protein ie., cellular protein is relatively low. The 
lysozyme/water treatment developed in Chapter 3 has been 
used for the efficient recovery of mature bovine pancreatic 
ribonuclease from the periplasmic space of E.coli JM107 
(Tarragona-Fiol at al., 1992).

8.2 Shake flask and bioreactor time course studies 
The production of recombinant alpha amylase from E.coli 

cells was greatly increased by the addition of antibiotic 
to all three growth media tested in shake flask and 
bioreactor cultures. The plasmid instability was
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segregational and not structural, as shown by plasmid 
stability plate assays and agarose gel analysis of plasmids 
from these cells. Plasmid free cells have a growth 
advantage over recombinant cells, as the latter have a 
greater metabolic burden replicating a high copy number 
plasmid and producing a recombinant protein. Khosravi et 

al., (1990) found that the oxygen consumption of JM103 pBS5 
(8.7kb plasmid) was 7.5-fold greater than JM103 plasmid 
free cells. For large scale bioreactions the use of 
antibiotics is disadvantageous for environmental and 
economic reasons and so plasmids which are stable through 
many generations are required. Porter at al., (1990) 
deleted an essential gene, ssb, from the chromosome and 
Incorporated it on a plasmid, to ensure plasmid stability. 
However, such schemes may be disadvantageous in that the 
increased size of the plasmid may reduce the plasmid copy 
number per cell. The stability of CoiEl is independently 
maintained from the host, due to a cis acting site car, 

which efficiently converts plasmid multimers into monomers, 
thus reducing plasmid instability during homologous 
recombination. Summers at al., (1984) have cloned the 250bp 
car region into a series of vectors and these are stably 
maintained for over 100 generations.

In each of the three media tested, the production of alpha 
amylase did not follow the growth of the organism but the 
plasmid copy number per cell and thus gene dosage. 
Production of the recombinant protein continued in 
stationary phase, due to the amplification of the plasmid 
DNA as the growth rate decreases, at the end of the 
exponential phase. This has been seen in numerous
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recombinant E.coli studies, in the production of cloned 
B.stearothermophilus alpha amylase (Tsukagoshi et al., 

1984), 13-lactamase (Ryan & Parulekar, 1991) and Fab 
fragments (Shibui & Nagahari, 1992).

Generally a short lag interval in alpha amylase production 
is seen following the start of growth. This may have been 
due to substrate inhibition or the levels of lacl^ 

repressor, encoded on the F ' plasmid, preventing expression 
from the lac promoter (Müller-Hill et al., 1968). 
Expression presumably began when the copy number of the 
pBGS based plasmid pQR126, was sufficient to titrate the 
repressor (Stewart et al., 1986). The high copy number of
the plasmid titrating the JacT* repressor also explains why 
induction by IPTG did not result in an increase in the 
yield of alpha amylase (data not shown).

The production and location of the alpha amylase differed 
if grown in shake flask or bioreactor vessels. Generally, 
cultures grown in shake flasks produced greater yields of 
alpha amylase than their equivalent bioreactor cultures, 
for example, selective growth for 24h in "T.broth", yielded 
60Uml-i in the shake flask (section 4.5.2) but only 40Uml"i 
in the bioreactor (section 4.6.2). Also, the shake flask 
culture yielded alpha amylase at lOkUgm-i of biomass, over 
2-fold greater than the bioreactor culture which yielded 
only 6.7kUgm-i of biomass. Similar results were obtained in 
the production of calf prochymosin in E.coli HBlOl 
(Kapralek et al., 1991), where the shake flask culture
yielded 2-3 fold greater levels of calf prochymosin per 
cell. The fermentation media cultures (section 4.7)
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produced less alpha amylase per cell, only 2.6kUgm"^
biomass, compared to the "T.broth" cultures which produced
6 .6kUgm~1 biomass. The reason for the different production
levels of recombinant protein between the shake flask and
bioreactor cultures, and "T.broth" and fermentation media
cultures, could be a higher plasmid copy number per cell in
the shake flask and "T.broth" medium, due to a lower
specific growth rate. It has been reported that at lower
specific growth rates the plasmid copy number per cell
increases, and this has led to increased production of
recombinant proteins in numerous E.coli systems, for
example, G-lactamase (Seo & Bailey, 1985) and human
interferon alpha-1 (Riesenberg et al., 1990). The slower
the cellular growth rate, the greater the time taken for
the cell to divide, and thus the plasmid has longer to
replicate in the parent cell before division occurs. This
results in more plasmid copies per daughter cell in slow
growing cultures than in faster growing cultures and leads
to greater expression of the recombinant protein. :
ürcwTL s4o2)lĉ  oJf boxlc Ccsie) ,
In all time course experiments, especially "T.broth" and 
fermentation media cultures some alpha amylase activity 
from 8.5-43% of the total, was measured in the 
extracellular fluid. No decrease in cell turbidity or sharp 
increase in extracellular protein was seen to indicate cell 
lysis, thus leakage of the alpha amylase from the periplasm 
was presumed. Leakage of recombinant proteins located in 
the periplasm of E.coli cells is common and has occurred to 
varying degrees, for example, leakage of 20% active 
B.subtilis endo-B-l,3-1,4-glucanase from E.coli CSH36 
(Gormley et al., 1988), leakage of 7-63%
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B.stearc thermophilus alpha amylase from E.coli JM103 
(Suominen et al., 1987) and 90% active soluble B-lactamase 
from E.coli JM109 & D403 (Georgiou et al., 1988). It is 
thought that leakage occurs because of outer membrane 
damage incurred directly or indirectly, by the production 
of a recombinant protein, which is secreted to the 
periplasm. Exactly how the outer membrane is damaged is
not known, however it has been suggested that competition
for the inner membrane signal peptide processing sites 
reduces the translocation of outer membrane proteins 
(Georgiou et al., 1985) or that the production of outer
membrane proteins decreases due to the greater metabolic 
drain on the cell (Georgiou et al., 1988). Although as will 
be discussed later (section 8.4), there is no general rule 
which can be drawn up for the leakage of recombinant
proteins from the periplasm, because as seen in this study 
different E.coli strains leak vastly different proportions 
of alpha amylase.

8.3 Periplasmic release scale up
On a laboratory 1ml scale the developed lysozyme/water 
treatment efficiently released over 85% of the
intracellular alpha amylase in the periplasmic fraction 
recovering up to 15.6mgL"^ from nutrient broth cultures and 
104mgL-i from "T.broth" cultures. However, lysis occurred 
during the lysozyme/water treatment on late exponential, 
stationary phase cells, which had a relatively high level 
of alpha amylase production. No cell lysis occurred in any 
of the nutrient broth or non-selective cultures tested. It 
was shown that the high concentration of TrisHCl in the 
fractionation buffer was the cause of the highly viscous
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spheroplast suspension ie., "partial cell lysis" (section 
5.2.4). When TrisHCl was excluded from the lysozyme/water 
treatment, the spheroplasts pelleted without any nucleic 
acid release, throughout growth. Why the presence of 
TrisHCl caused "partial cell lysis", the release the 
nucleic acids and total intracellular alpha amylase, but 
not the total release of cellular protein, is not known. 
During experiments to determine the cause of lysis it was 
found that alpha amylase was released without lysozyme 
(section 5.2.2), contrary to all other experiments. Yet 
when TrisHCl was excluded from the fractionation buffer, no 
alpha amylase was released without any lysozyme present 
(section 5.2.4.1). This implied that the TrisHCl was 
somehow damaging the peptidoglycan gel similar to lysozyme 
action, thus releasing the alpha amylase.

Non-recombinant cells are more resistant to environmental 
changes such as osmotic shock in stationary phase (Jenkins 
et al., 1990; Siegele & Kolter, 1992). This data has shown
that the opposite is the case with cells producing 
recombinant periplasmic proteins presumably due to a weaker 
outer membrane caused by overexpression of a 
periplasmically located protein. The treatment worked 
efficiently in late exponential and stationary phase 
cultures, recovering over 70% of the intracellular alpha 
amylase. Although the yield of alpha amylase recovered was 
not as high as in the original method, where TrisHCl buffer 
was used (Chapter 3), the exclusion of TrisHCl, did 
increase the specific activity of the recovered alpha 
amylase by almost 2-fold (section 5.2.4). The recovery of 
alpha amylase from early exponential phase cells was poor,
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when TrisHCl was excluded from the fractionation buffer. 
However the recovery could be improved by using TrisHCl in 
the buffer, as exponential phase cells were able to pellet 
in the presence of TrisHCl. There are no hard and fast 
rules as to what stage of growth the lysozyme/water 
treatment will work efficiently, as the the composition of 
the outer membrane will be affected by the phase of growth 
and the level of expression of the recombinant periplasmic 
protein.

The developed lysozyme/water method recovered the
periplasmic contents in a volume that was 40% of the
original culture volume, however all attempts to reduce the

crecovery volume below this were unsuc^ssful (sections 5.4.1 
& 5.4.2). This was probably due to a decreased ratio
between the cell surface area and the buffer volume 
inhibiting the action of EDTA, lysozyme or the release of 
the alpha amylase.

An important consideration in the scale up of the 
lysozyme/water treatment which requires further development 
is the method of cell resuspension. Higher yields of alpha 
amylase were recovered on the laboratory 1ml scale, where 
resuspension was performed by vortexing, compared to the 
100ml or 5L scale, where resus pension was performed by 
pipetting and homogenisation respectively (sections 5.4.1 & 
5.4.3).

The lysozyme/water treatment can be performed at a pilot 
plant scale with ease, as it involves only one 
centrifugation step. It results in the recovery of a 
recombinant protein in 40% of the original culture volume,
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where the ratio of product to contaminating protein is 
high. One limiting factor of the lysozyme/water treatment 
on a large scale is the cost of lysozyme, yet when 
purchased in bulk the cost is not so high as often thought. 
However, further optimisation experiments should be 
performed for example, investigation into the grade and 
amount of lysozyme per gram of cells necessary, to make 
the process more cost effective.

8.4 Production of alpha amylase from E.coli
The production and cellular location of recombinant alpha 
amylase was dependant upon the host E.coli strain (section 
6.2). The alpha amylase plate assays showed a wide variance 
in the production and leakage of alpha amylase from the 
twelve E.coli K12 host strains tested (section 6.2.1). 
These results were further corroborated by the time course 
studies using JM107, JMlOl, JM83 (Yanisch-Perron et al., 

1985) and C600 (Appleyard, 1954). The production of alpha 
amylase was 2-3 fold greater in JM83 compared to the other 
strains tested, and a yield of 150Uml-i was obtained after 
24h of growth in a selective "T.broth" shake flask culture. 
The greater yield of alpha amylase was presumably due to 
JM83 allowing virtually constitutive expression from the 
lac promoter as it does not encode the lacl^ mutation.

Leakage of alpha amylase from C600 cells 
was highly prominent, up to 46% of the total alpha amylase 
was leaked throughout growth (Fig. 6.2). Interestingly, 
JM83 leaked only 20% of the alpha amylase into the growth 
medium. In comparison to the other strains tested, JM83 
would have been under a greater metabolic burden because of 
the high level production of alpha amylase. However the
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small amount of leakage from the periplasm suggests that 
the effect upon the outer membrane was limited. Therefore 
the level of leakage must depend upon the phenotype of the 
host strain and not on overexpression of a recombinant 
protein alone. If the levels of outer membrane proteins 
were monitored during the expression of alpha amylase in 
the various host strains, such as JM107, JM83 and C600, 
some insight may be gained into the process of leakage in 
each of the strains. It would also be interesting to 
investigate how high the production of alpha amylase could 
be pushed in JM83, before a substantial level of the alpha 
amylase was measured in the extracellular fluid.

The data presented in section 6.3 showed that a closer 
proximity of the amy gene to the lacZ promoter, increased 
the production of the alpha amylase. The saturation of and 
the competition for a limited number of signal peptide 
processing sites on the inner membrane (Ito et al., 1981) 
has been thought to reduce the production of recombinant 
periplasmic proteins in some systems (Anba et al., 1986; 
Hsiung et al., 1986; Pages et al., 1987; Atkinson et al., 
1988). Although competition for the processing sites 
between alpha amylase and G-lactamase did not appear 
detrimental to the production of alpha amylase in our 
system, the host vectors upon which this theory was tested 
were not truly homologous. Accurate data on competition for 
the inner membrane processing sites would be obtained if 
the ampicillin resistance gene, bla, was cloned into the 
PQR126 construct. However, Obukowicz et al., (1988) also 
found that competition for processing sites between pre-bia 
and insulin growth hormone-1 (IGF-1) had no effect upon the
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final yield of IGF-1.

8.5 Production of alpha amylase from S.lividans TK24 
This data has shown that the signal peptide of the 
S . thermoviolaceus alpha amylase correctly excretes the 
protein into the extracellular fluid from S.lividans TK24 
cells. Other Streptomyces alpha amylase genes have been 
expressed in S.lividans, for example S.limosus alpha 
amylase (Virol le & Bibb, 1988) and S .griseus alpha amylase 
(Garcia-Gonzalez et al., 1991). The yield of alpha amylase 
produced here, only 9mgL~^ is low compared to the yield of 
recombinant proteins produced in other streptomycete 
recombinant systems for example, lOOmgL'i of a 
tendamistat/proinsulin fusion protein in S.lividans (Koller 
et al., 1989) and lOOmgL-i of S .albogriseolus streptomycete 
subtilisin inhibitor in S.lividans 66 (Obata et al., 1989). 
Production of the alpha amylase was under the control of 
the native promoter in pQRSll whilst a promoter from pBR325 
was thought to control expresssion in pQR318 (Barrai Ion & 
Ward, unpublished). The production may be improved by the 
use of other promoters, such as the mel C promoter of the 
tyrosinase operon from S .antibioticus (Katz et al., 1983). 
The expression of a S.tendae alpha amylase inhibitor gene 
in S.lividans TK24 was increased 3-5 fold by arranging the 
natural promoter in tandem with the mel promoter, yielding 
120-150mgL-i of the recombinant protein. Taguchi et ai., 
(1992), constructed an expression vector which contained 
two strong SSI promoters in combination with the mel 

promoter and excreted up to 200mgLi of a subtilisin 
inhibitor (SSI)/Streptomyces secretory protease inhibitor 
fusion protein from S.lividans 66 tryptone soya broth
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cultures. Schmitt-John & Engels, (1992) have produced 
yields of tendamistat at 300 mgL-i also under the control 
of the mel promoter and more than 400mgL~i under the 
control of an erythromycin resistance gene (ermE) up 
promoter mutant from Saccharopolyspora erythrae.

To draw a true comparison of the production of 
S.thermoviolaceus alpha amylase in E.coli and S.lividans, 

the amy gene would need to be subcloned into other 
streptomycete vectors. The production would have to be 
increased by 10 to 20-fold to compare with the 260mgL-i 
yields seen in E.coli JM83. The production of alpha 
amylase would be faster in E.coli, yet the S.lividans 

culture could possibly continue to produce the recombinant 
protein over a longer time period. However E.coli DNA 
technology is far more advanced compared to Streptomyces, 

and the production of alpha amylase in E.coli could be 
improved further as yields of up to 19.2gL~i of recombinant 
protein have been obtained from E.coli fed batch 
fermentation (Strandberg & Enfors, 1991).

Secretion of a product is often thought to be advantageous 
as it aids future purification protocols, no cell breakage 
is necessary and the ratio of product to contaminating 
protein is relatively high depending upon the host 
organism. Although the recovery of a recombinant protein 
from the periplasm of E.coli cells requires a form of cell 
breakage, it can offer numerous advantages. The 
lysozyme/water treatment developed in chapter 3 involves 
only one centrifugation step, and is rapid and easy to 
perform. Also unlike other cell breakage techniques, for
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example, homogenisation, only a small proportion of the 
total cellular protein is released. This increases the 
ratio of product to contaminating protein, and reduces the 
risk of cellular debris fouling other downstream
purification processes. The contents of the periplasm can
be released in a small volume, only 40% of the original 
culture volume in these experiments, which is easier to 
handle on a large scale and concentrates the product, 
aiding further purification.

In the system presented in this thesis, E.coli is a better
host organism for the production of recombinant alpha
amylase compared to S.lividans.
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Growth temperature studies

Growth of JM107 pQR126 at 3(M] completely repressed the production of a-amylase 

(Figure 8a). However, growth at 30°C in the presence of ImM IPTG induced the 
expression of a-amylase to produce a total yield of ôOUml  ̂ culture (Figure 8b). The 
yield was equivalent to that produced at 37°C yet, on IPTG induction, more a-amylase 
was located in the extracellular fluid at both 30oC and 37°C. The repression of a- 

amylase expression at 30^0 could be explained by a low gene dosage, ie., plasmid 
copy number, that was insufficient to titrate out the chromosomal wild type lac 
repressor encoded on the F’ plasmid.

JM107 pQR126 was grown to stationary phase (14h) at 30°C, and the culture was 
either induced by addition of ImM IPTG or the temperature was shifted to 37®C. After 
14h of growth at 30®C the production a-amylase was very low, a yield of only 6Uml'l 
culture. Addition of IPTG after 14h growth gradually increased the production of a- 

amylase, though a yield of only 13Uml"i culture was produced 8h after induction (ie., 
24h growth) (Figure 8c). The yield of a-amylase increased to 38Uml"i culture, 24h 

after IPTG induction (ie., 39h growth). The temperature shift from 30°C to 37°C 
increased the production of a-amylase from 6Uml'l to 26Uml"i culture after only 8h 
(Figure 8d). The yield of a-amylase continued to increase, reaching 56Uml‘l after the 

culture had been at 37°C for 24h (ie., 39h growth).

The greater yield of a-amylase produced by the temperature shift compared to the IPTG 

induction could have occurred for numerous reasons. The optimum temperature for the 

metabolism of the cell being 3 7 ^  would have improved protein production in the cell, 
the temperature shift may have induced the lac promoter though this is unlikely, or that 
the change in temperature may have affected the gene dosage increasing the plasmid 
copy number per cell.



Figure 8 : Total active a-amylase distribution throughout growth of JM107 pQR126 at 
varying temperatures. Cultures were grown under selective conditions in “T.broth** 
shake flasks (section 2.4.1). Cells were fractionated by the lysozyme/water method 
(fractionation buffer : 20% sucrose, ImM EDTA, 500|igml-‘ lysozyme) (section 2.10). 
Figure 8a : Growth temperature 30®C, Figure 8b : Growth temperature SO^C, ImM 
IPTG induction, Figure 8c : Growth temperature SO^C, with ImM IPTG induction 
after 14h of growth. Figure 8d : Growth temperature 3(PC for the first 14h followed by 
a temperature shift to 37^C. Each data point represents the results from two 
experiments.

15

12

8 20
9

O  15
6

3

0 1510 20 25

oo

TIME (H)

15

12

9 20
9

6

3

0 10 15
TIME (H) 20 25

15

12

3 20 

I 159

6
« 10

3

0
TIME (H)

E<§S
§

15

12

9

6
« 10

3

0
TIM^ (H)

EXTRACELLULAR 

PERIPLASM 

CELL ASSOCIATED 

OD6(K)nm


