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A bstract

Recombinant DNA technology has allowed the cloning and expression of heterologous 

proteins in a host cell. Further manipulation of these foreign proteins by genetic 

engineering allows them to be expressed into the periplasmic space of Escherichia coli. 
This compartmentalisation of the cell contents exploits a number of key bioprocess 

advantages. There is a reduction in the process volume, the level of protein and protease 

contamination is lower, the oxidative environment allows the correct folding of the 

protein and it is protected from denaturing conditions, such as air-liquid interfaces, 

during production. However, release from the periplasm at large scale is not straight 

forward and the balance of advantages and disadvantages can only be assessed by 

examination of complete processes.

This thesis examines some of the process options available for the recovery of selectively 

released recombinant proteins using a model system comprising E. coli expressing a 

thermostable a-amylase derived from Streptomyces thermoviolaceus CUB 74. Selective 

release using lysozyme has been examined with results indicating that the amounts of 

lysozyme used can be reduced five-fold, from those used in previous studies, to 2.8 mg 

lysozyme g'  ̂ cells at cell concentrations between 30 to 70 g l '\  Adjustment of the 

composition of the periplasmic lysis mixture shows that release was still achieved where 

no lysozyme use was possible. The possibility of recycling lysozyme for repeated use in 

periplasmic release was also addressed. The project examines the issues in processing 

periplasmically secreted recombinant proteins particularly from process liquors that 

incorporate periplasmic lysis mixtures. Comparison of selective release with 

homogenisation and secretion, from Streptomyces lividans, was carried out as process 

alternatives for the recovery of recombinant protein.
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Chapter 1: Introduction

CHAPTER 1: INTRODUCTION

1.1 General

The biochemical capabilities of micro-organisms have been exploited by mankind for 

many thousands of years for the production of foods and beverages. It is only 

comparatively recently that the huge potential of micro-organisms has become apparent 

and been exploited. As recently as twenty-five years ago, the only way to produce 

proteins for therapeutic, research and industrial uses was to isolate them fi'om natural 

microbial, animal or human sources. Production was as a result, expensive, supplies 

limited due to low levels of target protein, and products could be hazardous because of 

the presence, in therapeutic products, of human pathogens. The advent of recombinant 

DNA technology in the early 1970’s allowed the isolation of specific genes and their 

insertion and expression in bacterial or mammalian cells allowing them to be over

expressed. This has subsequently allowed a wide variety of proteins and other unusual 

compounds to be produced economically and safely in culture using convenient host cell 

systems. Recombinant DNA technology (rDNA) has allowed the production of a 

number of medically important proteins, such as human insulin (Johnson, 1983), factor 

VIII, immunologically active protein^ for example human a-interferon (Baron & Narula, 

1990), and human growth hormone (hGH) (Bech Jensen & Carlsen, 1990), that would 

previously have been extracted from cadavers or animal sources, without the associated 

health risks. This technology has a far reaching role in the commercial sector in markets 

as diverse as pharmaceuticals, medical diagnostics', food and beverage production, and 

the chemical industry (bioconversions) including detergents and waste treatment, and has 

opened up the possibility of engineering novel proteins such as antibodies, antibody 

fi-agments and enzymes for use in industrial processes and as medicines.

With the growth in rDNA technology there has been an associated growth in the need to 

examine methods of efficiently recovering these proteins in downstream processing. This 

requires comparison of advantages and disadvantages of processing fi'om distinct cell 

locations and even fi'om different host micro-organisms. Generally, the development of 

large scale recombinant protein production and downstream processes is achieved 

specifically for the protein of interest. Little consideration has been given to examining
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Chapter 1: Introduction

the potential advantages of protein expression in different host organisms, using 

genetically altered proteins, to facilitate simpler purification procedures, or to the 

expression of proteins into distinct regions of a microbial cell, such as the periplasm, to 

reduce protein loading in downstream processing. Recovery processes for recombinant 

proteins either rely on fully secreted systems or involve the disruption of the cell 

envelope by mechanical means such as homogenisation or bead milling. These tend to be 

extremely harsh and release virtually all the components of the cell, including a number 

of unwanted proteases, leading to the degradation of rDNA products. The problem of 

periplasmic release of rDNA products fi'om bacteria needs to be addressed as an 

alternative.

1.2 Escherichia coli cell wall structure

The cell envelope of micro-organisms are complex, semi-rigid structures that provide 

strength to protect the cell fiom osmotic lysis and form a boundary between the micro

organism and its external environment. In gram negative bacteria, such as E. coli, this 

consists of a number of components: An elastic semi-permeable (inner) cytoplasmic 

membrane, which maintains concentration gradients between the cell and the surrounding 

media but has no intrinsic mechanical strength. The periplasmic space, which contains a 

strong, flexible wall layer (Koch & Woeste, 1992), of varying thickness (Leduc et al.,
1989), consisting of the polymer peptidoglycan. This polymer takes the form of a gel 

(Hobot, 1984) and comprises parallel glycan strands of A-acetylmuramic acid and N- 

acetylglucosamine (NAM-NAG) linked by P(l-4) glycosidic bonds and crosslinked by 

peptide bonds (Hobot et al, 1984; Middleberg, 1995). The final portion of the structure 

is the lipoprotein outer membrane which only allows limited diffusion of molecules and is 

stabilised by divalent cations such as calcium and magnesium (Middleberg, 1995). The 

gram negative cell wall also contains regions, known as ‘Bayer junctions’, where the 

inner and outer membranes stick together, which may affect cell disruption (Holland et 
al, 1986). Gram positive cells such as Bacillus spp. lack the outer membrane 

component but have a more substantial peptidoglycan structure (Harrison, 1991).

The periplasm, important in cell osmoregulation, ranges in cell volume fiom 20-40%, 

under normal conditions, to as much as 80% under osmotic stress (Stock et al, 1977),
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Chapter 1: Introduction

representing a width, of 10-25nm as analysed by electron microscopy and freeze 

substitution techniques, (Graham et al, 1991a; Bayer & Bayer, 1994). However, this 

size is contested and may range from 7 to 50nm (Van Weilink & Duine, 1990; Ferguson, 

1990, Graham et al, 1991b). The periplasm also contains approximately 50 distinct 

polypeptides representing up to! 10% of total cell protein (Nossal & Heppel, 1966; 

Beacham 1979; Holland et al, 1986) together with binding and scavenging proteins 

(Bayer & Bayer, 1994).

1.3 Cellular distribution of recombinant protein

The choice of a host for the production of a protein molecule, will effect the location of 

the recombinant protein and therefore, has a significant impact not only on isolation 

steps, but also on purification of the product (Pickett & Hardy, 1984). Major 

considerations during expression and recovery of recombinant proteins are the 

preservation of product activity, isolation and purification to the required degree of 

purity, high yield recovery and fidelity of the product. For recombinant expression 

systems, the location of the target protein will dictate the isolation steps and primary 

recovery using chromatographic methods. The comparative merits are outlined in Table 

1. 1.

In E. coli, most proteins are retained within the boundary of the outer cell membrane 

with a few examples such as colicin, haemolysin and enterotoxin being actively secreted 

into the extracellular media (Pugsley & Schwartz 1985; Holland et al, 1986; Hirst & 

Welch, 1988). The production of protein by rDNA technology leads to the retention of 

protein within the cell, unless it is expressed with an N-terminal j  signal peptide, 

allowing secretion into the periplasm (Pugsley & Schwartz 1985; Nicaud et al, 1986; 

Pugsley, 1993). The feature of recombinant systems is that the protein can be engineered 

relatively easily with an N-terminalj signal peptide, allowing its expression into the 

periplasm. The outer membrane in contrast, has no suitable carrier mechanism and the 

protein will, as a result, remain within the periplasmic space unless the outer membrane is 

disrupted in some way. Recent work has shown that some heterologous proteins can be 

released or ‘leaked’ from E. coli cells either by use of ‘leaky mutant’ strains (Lazzaroni 

& Portalier, 1982) or by plasmid vectors based on the colicin (Kato et al, 1987; Hsiung 

et al, 1989) or haemolysin excretion mechanisms (Blight & Holland, 1994). Release can
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Chapter 1: Introduction

also occur by non-specific leakage fi'om the periplasmic space (Suominen et al, 1987), 

or other factors that affect the permeability of the outer membrane. Proteins can be 

engineered, using rDNA technology, to be retained cytoplasmically, periplasmically or 

expressed extracellularly.

1.3.1 Cytoplasmic location

The accumulation of recombinant protein in the cytoplasm of E. coli is disadvantageous 

for a number of reasons. Perhaps the most important reason is the presence of the cell’s 

metabolic machinery which contains the majority of the proteases (Swamy & Goldberg, 

1982; Murby et al, 1996) and may lead to the proteolytic degradation of the 

recombinant product. The reducing environment within the cell also prevents the 

formation of disulphide bonds resulting in incorrect protein folding (Fahey et al, 1977). 

A further disadvantage is that the N-terminal methionine is often not effectively removed 

fi'om over-produced proteins (Ben-Bassat & Bauer, 1987) causing immunogenicity 

problems in recombinant therapeutics. Nevertheless, recombinant proteins have been 

expressed to high levels within the cytoplasm of E. coli, with mature human growth 

hormone (hGH) for example, being produced at a concentration of 2 g L*̂  in fed-batch 

fermentations (Bech Jensen & Carlsen, 1990).

Localisation of recombinant products within the cytoplasm requires the release of protein 

by mechanical means so that protein recovery can be undertaken. At process scale cell 

disruption techniques are limited to homogenisation, bead milling or microfluidizer 

(Harrison, 1991; Middleberg, 1995), however, at small scale, sonication or the French 

pressure cell can also be used. These techniques totally disrupt the cell wall structure 

releasing all the cell components along with the target protein. This means that in 

addition to separating the target protein fi'om the soluble cellular protein, it must also be 

separated fi'om a complex mixture of nucleic acids, cellular components, and cell wall 

debris, leading to more complex purification procedures and difficulties recovering pure 

recombinant product.
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Chapter 1: Introduction

1.3.2 Periplasmic location

Periplasmic and outer membrane proteins are formed as precursors comprising a signal 

peptide sequence at thejN-terminus of the protein. This is essential for translocation 

through the cytoplasmic membrane and these sequences usually contain one or more 

positively charged amino acid residues, followed by a hydrophobic stretch forming a 

helical structure (Debabov, 1994). A signal peptidase cleavage site allows the removal 

of the signal peptide from the mature processed protein. Secretion is achieved when the 

signal sequence and the mature protein form a complex with secretory/chaparone 

proteins (Sec proteins). This protein/chaparone complex is passed to the membrane 

secretory apparatus where the hydrophobic core of the signal peptide spans the 

cytoplasmic membrane and an electrochemical potential drives the secretion of the 

protein. At this point signal peptide is cleaved from the mature protein which is then 

released into the periplasm (Pugsley & Schwartz, 1985; Nicaud et al, 1986; Freudl, 

1992; Pugsley, 1993). There are many examples of recombinant proteins that have been 

efficiently transported into the periplasm using N-terminal signal peptide sequences 

including insulin like growth factor (Wong et al, 1988), pallidipin (Haendler et al, 

1995), and antibody fragments (Carter et al, 1992).

Periplasmic proteins have also been secreted in the absence of signal peptide sequences 

including some outer membrane proteins, heterologous ovalbumin, interleukin-ip 

(Joseph-Liazun et al, 1990) and Poplar plastocyanin (Ybe & Hecht, 1994). Membrane 

proteins contain internal signal sequences and ovalbumin has a putative signal sequence 

in proximity to the N-terminus. Secretion of interleukin-ip, in the absence of 

hydrophobic sequences, seems to be a natural property of this protein and size dependent 

leakage has been suggested for the release of Poplar plastocyanin (Ybe & Hecht, 1994).

Periplasmic secretion has a number of advantages overcoming some of the problems 

associated with cytoplasmic expression of recombinant proteins. Firstly, the complete 

processing of the recombinant protein, eliminating both the initiator amino acid 

methionine is possible. This reduces immunogenicity problems of recombinant 

therapeutic products, such as tumour necrosis factor (TNF) and y-interferon (Ben-Bassat 

& Bauer, 1987). The complete removal of the methionine residue will improve

quality of the recombinant product preventing the appearance of incompletely
-
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processed molecules (Ben-Bassat & Bauer, 1987, Prouty, 1993). Secondly, the 

periplasm has an oxidative environment (Fahey et al, 1977) which allows disulphide 

bond formation resulting in the correct folding of the target protein (Hsiung et al, 1986; 

Tarragona-Fiol et al, 1992). Thirdly, another advantage of the periplasmic location of 

proteins is that the periplasm contains only 6 of 27 known cellular proteases, excluding 

membrane associated proteases (9), which will limit the incidence and risk of proteolytic 

degradation compared with the cytoplasm (Murby et al, 1996). Finally, fewer 

contaminating proteins are present (5%), the volume of the periplasmic processing 

stream can be reduced and protein release can be achieved with gentler methods such as 

osmotic shock (Neu & Heppel, 1965; Nossal & Heppel, 1966) or lysozyme/EDTA 

treatment (Kaback, 1971; Birdsell & Cota-Robles, 1967) than for cytoplasmic proteins 

which require total cell disruption. A further advantage of periplasmic protein 

expression, is that these proteins are often more stable in the periplasm than in the 

cytoplasm (Tamadge & Gilbert; 1982; Dalboge et al, 1989; Oka et al, 1985). This is 

not a general phenomenon and in some cases degradation by periplasmic or membrane 

associated proteases can occur (Gentz et al, 1988; Baneyx & Georgiou, 1990). E. coli 
strains which are deficient in membrane protease, such as Omp T (Baneyx & Georgiou,

1990), protease HI (Baneyx & Georgiou, 1991) and rpoH degP (Meerman & Georgiou, 

1994) have been constructed which will increase the overall yield of recombinant protein. 

For instance, cells deficient in protease III gave a 6-fold increase in production of Protein 

A/p-lactamase fusion protein (Baneyx & Georgiou, 1991).

1.3.3 Extracellular protein location

Secretion of a recombinant protein beyond the bounds of the cell into the growth 

medium provides possibly the easiest approach for the production and recovery of 

recombinant proteins. Recovery of the recombinant product is simplified because only 

whole cells need to be removed and no cell disruption is required. The external oxidative 

environment of the medium is suitable for disulphide bond formation and provides a 

larger volume for product accumulation making aggregation unlikely. A further 

advantage is the removal of proteins that may be lethal to the host when overproduced 

(Hockney, 1994). A number of strains, such as Streptomyces lividans (Gilbert, 1995)

and Aspergillus niger (Archer et al, 1995), have been used for secretion of recombinant 

proteins. E. coli, is unable to secrete proteins through the outer membrane except for a

Î8



Chapter 1: Introduction

small number of cases, such as haemolysin, enterotoxin and colicin (Pugsley & Schwartz, 

1985; Holland et al, 1986; Hirst & Welch, 1988). Additional accessory proteins are 

required for secretion of these proteins through the outer membrane. Colicin secretion, 

for example, requires the expression of bacteriocin release protein (BRP), a lysis gene, 

which activates detergent resistant phospholipase A (PldA) in the outer membrane, 

causing zones of permeability in the cell wall membranes allowing extracellular protein 

release (van der Wal, 1995). Exploitation of the BRP mechanism in an expression 

system allows recombinant protein excretion. For instance, 4.5 mg L'* of extracellular 

human growth hormone (hGH) has been recovered using a lac controlled BRP vector 

(Hsiung et al, 1989) by fusing the hGH gene with the Omp A signal peptide sequence, 

allowing translocation to the periplasm. Further translocation into the growth medium 

was achieved by induction of the BRP mechanism using isopropyl-P-D-thiogalactosidase 

(IPTG) (Hirst & Welch, 1988). A further example is haemolysin which contains a C- 

Terminal signal sequence (HlyA), allowing its secretion through the cytoplasmic 

membrane in the presence of the secretory proteins HlyB and HlyD. Further 

translocation through the outer membrane is facilitated by another protein, TolC 

(Tzschaschel et al, 1996; Blight & Holland, 1994).

Over-expression of proteins within the cell periplasm of E. coli has led to examples of 

extracellular expression caused by ‘periplasmic leakage’. These include Bacillus 

stearothermophilus a-amylase (Suominen et al, 1987), P-lactamase (Georgiou et al, 
1988) and insulin like growth factor I (Abrahmsen et al, 1986). In the absence of cell 

lysis it was suggested that leakage had occurred because of damage or outer membrane 

permeabilisation caused by high level recombinant protein expression. Over-expression 

of recombinant proteins reduces the level of outer membrane proteins (Omp A & Omp 

C) by 40 to 60%, ultimately affecting the permeability of the cell membrane (Georgiou et 
al, 1988) allowing non-specific release of recombinant, as well as periplasmic proteins 

(Willemot & Comelis, 1983). Extracellular secretion of recombinant protein can be 

achieved by the construction o f ‘leaky mutant’ E. coli K12 strains where the recombinant 

protein is released via the leaky outer membrane into the external environment 

(Lazzaroni & Portalier, 1981). Periplasmically leaky mutants that had a 50% deficiency 

in Omp F allowed 98% of the periplasmically secreted alkaline phosphatase to be 

released. Increasing the expression of alkaline phosphatase by six-fold in E. coli allowed 

89 mg L'  ̂ of the enzyme to be recovered fi'om the fermentation broth (Lazzaroni &
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Portalier, 1982; Atlan & Portalier, 1984; Nicaud et al, 1986). The use of genetic 

systems, such as the kil gene product from the ColEl plasmid, can be used for the lysis 

of cells. The linkage of the kil gene to the lac promotor allows the lysis of cells after 

induction with IPTG (Dabora & Cooney, 1990) or temperature when linked to the A,- 

promotor (Steidler et al, 1994). This system has been used for the secretion of human 

growth hormone (hGH) at 11.2 mg L’̂  (Kato et al, 1987) and 97% active P-lactamase 

into the growth medium (Blanchin-Roland & Masson, 1989).

The disadvantage of extracellular expression is the large medium processing volume, the 

high risk of protein damage on gas-liquid interfaces in the sparged fermentation 

environment and also the requirement for defined growth medium to reduce problems in 

later purification steps.

1.3.4 Inclusion bodies

High level expression of recombinant protein in bacterial cells can lead to the target

protein being inactive, insoluble and wrongly folded. This ‘over-expressed’ mass of

insoluble recombinant protein forms aggregates known as inclusion bodies in the

cytoplasm (Schein 1989; Bowden et al, 1991) or in some cases in the periplasm, for

example, P-lactamase (Bowden & Georgiou, 1988; Rinas & Bailey, 1992) and human

epidermal growth factor (Chalmers et al, 1990). Complex procedures exist for

solubilising and renaturing these inactive aggregates to give mature, correctly folded

protein (Fischer et al, 1993). These procedures lead to high losses of yield of up to 80-

90%, in the case of isopenicillin N-synthase (Landman et al, 1991), and result in the

presence of contaminating components such as DNA and ribosomal material.

Nevertheless, inclusion bodies have the advantage that they are easily separated from cell

material by centrifugation and this may be used for their purification, allowing the

separation of microbial contaminants from the expressed recombinant protein (Flamm,

1991). The formation of insoluble inclusion bodies can be inhibited by cultivating

genetically engineered E. coli strains at a lower temperature (Schein & Notebum, 1988),

however, this may also reduce the total yield of recombinant protein. Changing

induction conditions may also afreet the production of inclusion bodies. Reducing

induction conditions from 5 mM IPTG at 37°C to 0.01 mM IPTG or lactose at 30°C (pH

5) increased the solubility of aglucosidase PI from 1 to 100% (Kopetski et al, 1989).
—
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TABLE 1.1 COMPARATIVE MERITS OF EXTRACELLULAR, PERIPLASMIC AND 

CYTOPLASMIC LOCATIONS IN E. coli

EXTRACELLULAR: PERIPLASMIC: CYTOPLASMIC:

PROCESS VOLUME: Large Small Small

TARGET PROTEIN: Dilute concentrated concentrated

INCLUSION BODIES: X ✓ ✓

EXPORT: -Active secretion 
-Leakage 
-Fusion proteins

-Active secretion 
-Fusion proteins

X

PROTEASES: - 6 12

(Membrane:) (6) (3)

ENVIRONMENT: Oxidative Oxidative Reductive

PROTEIN RELEASE: X Selective Non-selective
mechanical

PROTEIN (%) low 5-10 % 90%

Periplasmic inclusion bodies have slightly different morphologies from those seen in the 

cytoplasm (Bowden et al^ 1991) but still require complex renaturation procedures to 

recover active and mature product. The formation of periplasmic inclusion bodies has 

also been reduced by using a milder induction (0.1 mM IPTG) and a lower growth 

temperature (30°C). This has resulted in a 13-fold increase in the yield of active soluble 

Fab fragments (Shibui & Nagahari, 1992). The variation of media components such as 

the addition of sucrose, raffmose (Bowden & Georgiou, 1988), glycerol, fructose and 

NaCl (Hong et al, 1992) have reduced the formation of p-lactamase inclusion bodies. 

These effects may be caused by slower processing of recombinant protein when the 

sucrose is added or the stabilising effects these molecules have on proteins.
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1.4 Fermentation

The objective of fermentation is to achieve optimum yields of target recombinant protein. 

This can be achieved in a number of ways, by either producing a high total titre of 

protein or a high specific productivity so that the production phase costs can be reduced. 

Production can be carried out in a number of ways to achieve high productivities 

including, high cell density fermentation, specific growth rate control, high product 

concentration, maintenance of cell integrity and plasmid stability and by other genetic 

engineering techniques.

Increases in the concentration of recombinant protein can be achieved by optimising 

replication, transcription and translation within the cell. Recombinant protein expression 

systems in micro-organisms use plasmids, and therefore, an important consideration is

plasmid instability. Plasmid instability can be divided into two groups: structural and 

segregative. Structural instability results from errors during plasmid replication and is 

influenced by mutation rates and gene repair mechanisms within the host. Segregational 

instability results from the transmission efficiency of plasmids to the daughter cells and 

is dependent on selective methods that allow the correct partitioning of the daughter 

plasmid during cell division. These include the use of antibiotics to exploit antibiotic 

resistance, auxotrophic markers or non-selective methods which control cell division 

(Kumar et al, 1991; Summers, 1991). Plasmid stability has been maintained by 

deletion of essential regions, such as the SSB region of the host cell chromosome 

(Porter et al, 1990), and insertion of this sequence onto the plasmid ensuring that no 

plasmid free bacteria arise. The rate of gene expression can be accelerated by 

increasing the number of plasmids per cell. However, this may lead to physiological 

stress caused by a higher metabolic burden and may lead to decreased gene expression, 

reduced production efficiency and perhaps even cell death (Kim & Ryu, 1991; Togna et 
al, 1993). This problem may be overcome by using runaway replication plasmids or 

increasing plasmid gene copy number (Nordstrom & Uhlin, 1992).

Despite high level production the stability of the target protein determines the final 

product yield obtained. The majority of protein activity is lost by proteolytic degradation 

perhaps because the recombinant protein is recognised as being foreign and is therefore 

attacked (Flaschel & Friehs, 1993). A variety of proteases may be responsible for
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protein digestion, however, E. coli protease La is thought to cause the degradation of 

recombinant proteins (Gottesman, 1989). The genes encoding proteolytic enzymes may 

be controlled, increasing stability and yield. The best means of reducing proteolysis, 

however, is secretion to the periplasm or beyond into the extracellular medium.

There are three types of fermentation: batch, fed-batch and continuous culture. In batch 

fermentation, all the requirements for cell growth are present at the start of growth, the 

only additions are oxygen, and acid or alkali to maintain the correct pH. Fed-batch 

fermentations on the other hand feed one or more nutrients into the vessel to control 

optimum cell growth. This may be particularly important if the nutrient in high 

concentration is detrimental to optimum cell growth. In continuous culture, inflow and 

outflow of medium are controlled so that the culture volume and the nutrient 

concentration remain constant.

1.4.1 Batch

In batch fermentation, the control of nutrient concentration is limited which may lead to 

a variety of problems. The presence of highly concentrated substrates may cause a 

reduction in the growth rate of an organism (Minihane & Brown, 1986) and may inhibit 

growth, for example, ammonium ions above 170 mM are inhibitory (Thompson et al, 
1985). The by-products from this type of fermentation may also build up to levels that 

decrease growth rate and yield. Excessive glucose consumption in conditions of low 

dissolved oxygen concentration causes a build up of acetate which reduces protein yields 

(Bech Jensen & Carlsen, 1990). This effect can be reduced by replacing glucose with 

glycerol as the carbon source reducing the formation of acetate. This has increased the 

yield of hGH in E. coli by 50% (Bech Jensen & Carlsen, 1990).

Exploitation of metabolic by-products, such as acetic acid, in batch fermentations via the 

glyoxylate bypass can increase the total yield of recombinant protein. Batch cultivation 

of E. coli producing recombinant glyceraldehyde-3-phosphate dehydrogenase (GADPH) 

led to the accumulation of acetate. The addition of yeast extract allowed acetate 

utilisation, producing further growth and increasing the yield of GADPH from 150 U 

mL'  ̂ in yeast extract free medium to 230 U mL'  ̂ (Nancib et al, 1991). Glucose 

starvation has also been used to induce recombinant P-galactosidase protein by fusion of
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the LacZ operon to the carbon starvation inducible cst-1 locus (Tunner et al, 1992). 

This was induced by aerobic starvation and production continued for 6 hours until 

acetate exhaustion. Adaptation to a fed-batch system with continuous feeding of acetate 

to glucose starved cells allowed continuous production of P-galactosidase giving a 4-fold 

increase in yield over normal glucose starvation.

1.3.2 Fed-batch

Fed-batch fermentation is characterised by the strict control of nutrient addition, in 

particular carbon source, to the culture allowing a reduction in the formation of 

metabolic by-products, and therefore, an increase in the biomass and recombinant protein 

yield. Nutrient addition can be controlled by factors such as pH and dissolved oxygen 

tension (DOT) or by feeding at an exponentially increasing rate (Gregory & Turner, 

1993). For instance, a two-fold increase in growth rate of non-recombinant E. coli was 

achieved by linking glucose feed rate with pH alkalinity (Robbins & Taylor, 1989). The 

use of dissolved oxygen concentration to control the addition of glucose, also gave a 

high cell density of 110 g L'* (dry cell weight) (Cutayar & Poillon, 1989). However, 

recombinant E. coli fed-batch fermentations do not routinely reach such high cell 

densities, probably because of the additional metabolic burden of the plasmid, 

recombinant protein expression caused by nutrient and oxygen transfer limitations, but 

dry cell weights of 60 g L ’ have been achieved for recombinant human interferon a-1 

(Riesenberg et al, 1990).

The control of growth rate and the formation of metabolic by products will give higher 

recombinant protein yields over normal batch fermentations. For example, high yields 

(19.2 g L'^) of the Protein A/p-galactosidase fusion were obtained from E. coli high cell 

density (77 g L'  ̂ dry cell weight) fed-batch fermentation (Strandberg & Enfors, 1991) 

representing a 4-fold increase in yield over batch fermentations and a total recombinant 

protein yield of 25% of the culture dry cell weight. A 6-fold increase in yield was 

achieved by a fed-batch process expressing hGH in E. coli (Bech Jensen & Carlsen,

1990). The yield was further increased by 25-fold to 2 g L'  ̂hGH by increasing glucose 

feed rate under phosphate limitation and by preventing further cell growth. The specific 

growth rate of the culture during fed-batch processes affects the production of plasmid 

encoded recombinant protein. Low specific growth rates allow more efficient

24



Chapter 1: Introduction

recombinant protein expression, for example Riesenberg et al, (1990) showed that 

growth rates of 0.15 h'̂  allowed more efficient expression of recombinant Interferon a-1 

than at the normal maximum specific growth rate of 0.45 h’* (iw ).

1.4.3 Continuous culture

Continuous culture provides the ultimate in controlled and constant environment for the 

growth of an organism and provides several potential benefits for the production of 

recombinant proteins. The cells are continuously removed fi'om the vessel which allows 

rapid product isolation reducing the potential of product contamination and degradation. 

The potential toxicity of the recombinant protein product to the host cell is also reduced 

by continuous removal. A major factor in this type of culture is the dilution rate 

(equivalent to a controlled specific growth rate) which will affect the total yield of 

recombinant protein in a similar way to fed-batch fermentation. Lower yields at higher 

dilution rates may be due to a decrease in plasmid stability which may be a result of the 

metabolic and growth advantages of plasmid fi'ee cells (Wames et al, 1991; Nancib & 

Boudrant, 1992). Plasmid stability is essential in continuous culture because significant 

plasmid loss may lead to domination of plasmid fi-ee cells which are rapidly able to 

respond to changes in the medium environment leading to low recombinant protein 

yields. Plasmid dilution can be overcome by growth in the presence of selective 

conditions such as antibiotics. The responsiveness of plasmid free cells to environmental 

changes has been used to delay the wash out of the plasmid bearing cells, by cycling the 

culture dilution rate (Stephens et al, 1992).
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1.4.4 Two phase cultivation

I Over-production of recombinant protein causes numerous problems, reducing plasmid 

I stability, cell growth rates, decreasing product yield because of inclusion body 

I production (Bowden & Georgiou, 1988; Rinas & Bailey, 1992; Chalmers et al, 1990) 

and reduction of product fidelity. The metabolic burden of over-production of 

recombinant protein within the bacterial cell is substantial, reducing the growth rate of 

recombinant cells and leading to the dominance of plasmid free cells and a reduction in 

yield. This can be overcome by the separation of growth and production phases of 

fermentation, allowing improvements in yield in a number of cases. For example in the 

production of recombinant interleukin-1(3 in E. coli (Arthur et al, 1990), high 

transcription levels in fed-batch fermentation cultures were causing plasmid instabilities 

resulting in low yields. High cell density growth followed by temperature induction 

from 30 to 42°C, however, increased plasmid stability throughout the growth phase 

resulting in an increase of interleukin-ip from 0.75 to 0.95 g L'\ Production of human 

epidermal growth factor (hEGF) was increased from 22 to 60 mg L"’ by utilising a two- 

stage cultivation system (Shimizu et al, 1991) and Carter et al, (1992) demonstrated 

that stringent control of protein expression could be achieved by separating the growth 

and expression phases of antibody fragment production, giving a final yield of 1-2 g L ' 

antibody fragments. Two stage cultivations are useful for the production of proteins 

that are toxic to the host organism. For instance, low level expression of HIV-1 

proteinase in E. coli, at 0.1% of total cell protein, had a damaging effect on the host 

organism. Separating the growth phase and expression phases of the cell allowed 0.66 

mg L ' HIV-1 proteinase to be produced (Singh et al, 1991). Two stage continuous 

culture gave a 3-fold increase in production of tryptophan synthetase using a 

temperature induced promoter (Park & Ryu, 1990).

1.5 Product stability in downstream processing

The efficient processing and recovery of recombinant protein is dependent on a number 

of criteria. The stability of protein during potentially damaging downstream processing 

steps is particularly important as the final yield is directly related to the cost of the 

process. Table 1.2 outlines the strategies employed to control product losses.
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Genetic engineering allows the production of recombinant protein improving recoverable 

yields not only by over-expression but also by the modification and elimination of 

proteases in the host cell (Baneyx & Georgiou, 1990; Baneyx & Georgiou, 1991; 

Meerman & Georgiou, 1994). Genetic engineering allows novel approaches to improve 

protein downstream processing (Nygren et al, 1994; Flaschel & Friehs, 1993). 

Strategies involving the use of protein tags may enable very different proteins to be 

purified using a single purification method. Proteins have already been cloned with, for 

example, poly-amino acid tails (Sassenfeld, 1990), and as fusion proteins (Uhlén & 

Moks, 1990; Brewer & Sassenfeld, 1989; Sherwood, 1991). The genetic alteration of 

proteins to improve productivity encompasses a whole spectrum of genetic engineering 

techniques ranging fi’om the increase in product concentration and its biological activity, 

to modifications of protein structure and activity to improve separation and purification.

TABLE 1.2 STRATEGIES ADOPTED FOR THE CONTROL OF PROTEOLYSIS IN 

PRODUCTION OF RECOMBINANT PROTEINS (Enfors, 1992)

STAGE EMPLOYED: STRATEGY USED:

DOWNSTREAM PROCESSING

FERMENTATION

CELL

PROTEIN

Low temperature 

Protease inhibitors 

Early protease elimination 

Rapid product isolation 

Limiting substrate control 

Temperature optimisation 

Inclusion body control 

Protease-negative mutants 

Secretion

Expression of intracellular protease inhibitors

Heat shock modulation

Sequence modification

Fusion for inclusion-body formation

Protective fusion
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1.5.1 Enzyme dénaturation

Stability of recombinant proteins is of paramount importance if a product is to survive 

downstream processing. The instability of a recombinant product can lead to very large 

losses of product during recovery, increasing the final cost of the active product (Van’t 

Riet, 1986). Inactivation, particularly of enzymes, can be regarded as a two phase 

process. Under normal conditions enzymes are folded in their native form in a certain 

three dimensional, compact, globular or rod-like conformation which contains minimal 

fi'ee energy. During the first stage of dénaturation, the native enzyme partially unfolds 

into a reversibly denatured state, which is subsequently followed by a secondary 

irreversible step that is specific for individual proteins (Weijers & Van’t Reit, 1992). 

Prevention of dénaturation, particularly the second stage, is important for maximum 

recovery of expressed protein fi'om downstream processes. Enzyme dénaturation is 

discussed elsewhere by Tanford (1968, 1970). A variety of factors contribute to enzyme 

stability such as, electrostatic interactions, disulphide bonds and hydrophobic 

interactions, which often have a much smaller individual effect, but because they are 

cumulative are significant (Weijers & Van’t Riet, 1992).

1.5.2 Inactivating agents

Protein inactivations arise from either aggregation, alteration of primary structure, 

irreversible conformational changes, dissociation of subunits or co-factors, protein 

adsorption or adsorption to process surfaces (Sadana, 1993). A number of inactivating 

agents, covering the categories such as physical, chemical and biological agents, will lead 

to enzyme dénaturation. These are covered in detail in Weijers & Van’t Reit (1992), and 

Gray (1988). These factors are important in downstream processing and will affect the 

yield and quality of the final product. In essence, protein activity is retained by 

controlling the physical and chemical conditions within the feedstream so that these 

inactivations are kept to a minimum.

Physical parameters such as temperature are important in downstream processing and 

should be maintained between I  2 and 10°C to maintain maximum enzyme stability. 

Thermal inactivation initially causes reversible protein unfolding, however, this is 

followed by irreversible inactivation. The reversibility of thermo-inactivation is discussed
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by Gray (1988), Zale et al, (1986) and Ahem & Klibanov (1985). At high temperatures 

(90-100X) in conjunction with pH, hydrolysis of peptide bonds, oxidation of cysteines 

and the destruction of disulphide bonds occurs. Freezing the sample also leads to 

dénaturation caused by structural changes due to freeze-thaw inactivation and 

dehydration. pH induced inactivation is caused by unfolding, covalent changes and 

repulsion of similar charges and usually occurs in conjunction with heat. Inactivation 

occurs by hydrolysis of peptide bonds and deamination under acidic conditions. Under 

alkaline conditions sulphydryl and disulphide bonds are more reactive leading to 

irreversible inactivation (Weijers & Van’t Riet, 1992). Mechanical forces such as shear, 

high pressure and ultrasound will also lead to protein dénaturation. Air-liquid interfaces 

in fermenters or in liquid feedstreams lead to inactivation by increasing the gas-liquid 

interface on which proteins will align and become denatured and also oxidation caused 

by the presence of air (Sadana, 1993). Ultrasound also causes damage caused by the 

mechanical forces associated with the cavitation of small bubbles and high pressure, 

above about 1000 bar, also leads to dénaturation, associated with the dissociation of 

multimeric proteins and cysteine oxidation causing structural changes.

Chemical agents denature proteins by affecting the chemical composition of the protein. 

Examples include, oxidising agents which oxidise susceptible amino acids such as 

cysteine, tryptophan and methionine, affecting the primary protein structure. High salt 

concentrations stabilise proteins according to the Hofineister lyotropic series. 

Ammonium sulphate for instance, stabilises in high concentrations whereas sodium 

thiocyanate is a chaotropic agent and destabilises proteins. Neutral salts will specifically 

bind to the enzyme’s active site competing with the co-factors that are necessary for 

enzyme activity, leading to inactivation (Weijers & Van’t Riet, 1992). Chelating agents 

such as EDTA can inactivate metallo-enzymes either by removing the metal ion from the 

enzyme or by binding inside the enzyme as a ligand. Other proteins can be stabilised by 

EDTA which will chelate and remove harmful metal ions. Enzymes can also be 

inactivated by heavy metal poisoning caused by the reaction with protein sulphdryl 

groups.

Biological inactivation is usually caused by the presence of proteolytic enzymes that 

inactivate proteins. Degradation of the target protein normally depends on

conformation, size, charge and structural features. Larger proteins and acid proteins are
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normally degraded faster than neutral or basic and smaller proteins, respectively (Enfors,

1992).

TABLE 1.3 LOCATION OF E. coli PROTEASES WITHIN THE CELL (Enfors, 1992; Maurizi, 

1992, Muiby c/a/., 1996̂

LOCATION IN CELL: E. coli PROTEASES:

CYTOPLASM Do, Re, Fa, So, La, Ci, RecA, Ti, Protease H, ISP-L-Eco, Hfl A,
Alp

CELL MEMBRANE Signal peptidase I, Protease IV, Protease V

PERIPLASM Mi, Protease I, Pi (Protease HI), Peri 7, Peri 8, Deg P (HtrA)

OUTER MEMBRANE Protease V, Protease VI, OmpT (Protease VII), OmpP, Signal
peptidase I, Signal peptidase II

1.5.3 Stabilisation

The aim of stabilisation is to suppress the inactivation processes that cause protein 

dénaturation and is reviewed in detail by Wiseman (1978). Stability is usually enhanced 

by using naturally stable proteins such as thermostable enzymes or by the addition of 

stabilising compounds. Apart from the use of these thermostable enzymes in a number of 

industrial processes (Kristjansson, 1989; Gacesa & Hubble, 1987), the higher 

temperature of inactivation means that losses caused by heat inactivation in downstream 

processes are less likely to occur. Additives may be used to stabilise enzymes and are 

either specifically or non-specifically related to a particular protein or enzyme. 

Substrates, cofactors or other similar ligands will often stabilise the enzyme structure. 

For example, NAD^ will stabilise malate dehydrogenase and W-acetyl glucosamine 

stabilises lysozyme (Gray, 1988), Ca^̂  ions have been shown to stabilise a-amylase 

although high concentrations of Ca^̂  may also have a destabilising effect. Hong et al, 
(1992) investigated the effects of protein stabilisers such as glycerol, fiaictose and NaCl 

on the over-production of secreted recombinant p-lactamase in E. coli. The addition of 

glycerol showed a 5-fold increase in the amount of soluble p-lactamase although the 

extent of secretion was dependent on glycerol concentration.
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1.6 Primary protein recovery

Isolation of a protein from its biological environment, requires a series of key steps each 

of which removes some impurities, bringing the product closer to its final purified form. 

The whole recovery procedure is generally divided into three broad stages; the initial 

stage includes cell harvesting and disruption processes such as crude fractionation, 

clarification and concentration of the protein extract. This utilises techniques such as 

centrifugation, ultrafiltration, precipitation, adsorption and liquid-liquid extraction, and is 

known as the fermentation-downstream processing interface (Kelley & Hatton, 1991; 

Fish & Lilly, 1984). This is followed by secondary purification procedures where 

concentrated product is purified using high resolution chromatographic and 

electrophoretic techniques. The final polishing stage is designed to remove aggregates, 

degradation products, to prepare a solution suitable for the final formulation of the 

purified product and to remove pyrogens (Kaul & Mattiasson, 1992).

Proteins are being successfully expressed in bacteria and mammalian cells in significant 

amounts by rDNA techniques and it is therefore important to devise robust and efficient 

purification procedures so that cost effective recovery can be undertaken. The type of 

separation procedures deployed will depend to a certain extent on the source and type of 

recombinant protein, and processes that operate at extremes of temperature, ionic 

strength and pH, as well as using chemicals should be avoided and proteolytic activity 

must be inhibited or controlled. Table 1.4, describes the general stages involved in 

downstream recovery of recombinant protein. Initial recombinant protein isolation steps 

either involve the disruption of the cell envelope to free the protein, or the removal of 

whole cells so that recovery of target protein from spent broth supernatant can be carried 

out. Overall yields are a function of processing time, and adequate recovery of target 

protein requires the removal of contaminants such as nucleic acids, polysaccharides, cell 

debris and proteolytic enzymes before more specific protein recovery can be undertaken.
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TABLE 1.4 STAGES AND METHODS INVOLVED IN 

PROCESSING (Lee, 1989).

PROTEIN DOWNSTREAM

STAGES: STEPS: TYPICAL METHODS:

PRIMARY RECOVERY EXTRACELLULAR PROTEINS 
Cell removal (solid-liquid separation)

INTRACELLULAR/PERIPLASMIC
PROTEINS
• Cell recovery (solid-liquid 

separation)

CENTRIFUGATION 
-Tubular bowl
- Disk stack 
FILTRATION
- Dead-end 
-Tangential flow

Centrifugation
Filtration

• (Zell disintegration/disruption
Homogenisation 
Bead milling 
Osmotic shock 
organic solvent 
enzymatic lysis

• Debris removal (solid-liquid 
separation)

(Zentrifugation
Filtration
Liquid-liquid extraction

SECONDARY
PURfflCATION

CHROMATOGRAPHY 

LIQUID-LIQUID EXTRACTION

Ion exchange 
Hydrophobic interaction 
affinity 
Gel filtration

1.6.1 Cell disruption

As the majority of genetic techniques for the release of protein from recombinant cells 

are not yet in place or well evaluated, other simpler methods of liberating recombinant 

protein have to be used. The majority of recombinant proteins produced in E. coli 
generally remain in the cytoplasm or are secreted into the periplasm, and cell disruption 

is required for release so that protein recovery can be undertaken. Disruption of the E. 
coli cell wall can be categorised into mechanical and non-mechanical processes 

(chemical, physical and biological treatments).

1.6.1.1 Mechanical disruption

Disruption of cells by mechanical means, results in the non-specific release of the total 

cell contents along with the target recombinant protein. Sonication is a suitable method
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for disrupting cells at small scale, however, at large scale in the pilot plant 

homogenisation and high speed bead milling are more appropriate (Ogez et al, 1989; 

Harrison, 1991; Middleberg, 1995). Mechanical disruption releases the total cellular 

contents, and therefore, increases the risk of proteolytic degradation often reducing the 

level of active protein recovered and increasing the final viscosity of the suspension 

caused by the release of nucleic acids. Mechanical disruption leads to high levels of 

contaminating protein giving a low initial specific activity of recombinant protein. 

Particulate matter fi'om within the cell will further complicate the recoveiy of pure target 

protein by fouling filtration processes. Mechanical processes also have the disadvantage 

of being harsh enough to cause physical protein damage.

Mechanical processes are well developed at large scale for the recovery of recombinant 

protein. High pressure homogenisation has been employed to release intracellular 

products from E. coli including the recovery of HIV-1 proteinase (Singh et al, 1991), 

human growth hormone, carboxypeptidase and P-galactosidase (Datar, 1985; Datar & 

Rosen, 1987). Homogenisation has been further improved by chemical pre-treatment 

with guanidine hydrochloride enabling lower pressures to be used (Bailey et a/., 1995). 

Chan et al, (1991) have described the use of a cross-flow microfiltration system for the 

recovery of chloramphenicol acetyltransferase (CAT), using a stainless steel 

microfiltration module to withstand high shear stresses (>23 Pa). E. coli cells were pre

treated with EDTA and high cross flow rates were used to increase the disruption of the 

cells and prevent membrane fouling. The permeate and retentate streams both contained 

equal amounts of CAT, but recovery and purification of this protein was simplified due 

to the permeate stream holding less than 4% of the cell debris present in the retentate 

stream. Yaks et al, (1984) used a combination of bead milling (Dyno-mill) and osmotic 

shock to recover human interferon-ac from E, coli cells. Microfiltration was used to 

clarify the feedstream prior to immunoafimity chromatography allowing a 65% process 

yield.

1.6.1.2 Chemical disruption

The outer wall of micro-organisms can be disrupted or permeabilised by a variety of 

chemical treatments using antibiotics, chelating agents, chaotropes, detergents, solvents 

and by alkaline lysis. Antibiotic treatment using P-lactams leads to inhibition of
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peptidoglycan precursor synthesis, and therefore the cell in the absence of peptidoglycan 

is unable to maintain osmotic pressure, and is subsequently disrupted releasing 

cytoplasmic protein. The primary disadvantage of this approach is the requirement for 

growing cells to achieve cell lysis, the high cost and use of antibiotic resistance for 

culture selection (Middleberg, 1995). Treatment of cells using chelating agents will 

remove divalent metal ions and destabilise the outer membrane allowing periplasmic 

release. Treatment of E. coli using EDTA led to release of P-lactamase into the lysis 

medium (Ryan & Parulekar, 1991), without disrupting the cytoplasmic membrane (Neu 

& Heppel, 1964). Chaotropic agents disorganise the structure of water making it less 

hydrophilic resulting in the solubilisation of normally hydrophobic membrane proteins 

and detergents disrupt the lipid membranes of the cell wall. Guanidine hydrochloride 

(0.2M) and Triton X-100 (0.5%) used independently released low total protein levels 

(10%), however, in combination 50% total protein release was achieved. These 

chemicals have a synergistic effect upon the amount of protein released caused by their 

different modes of action on the cell wall structure (Naglak & Wang, 1990). Selective 

periplasmic release from E. coli can be achieved by the use of guanidine HCl which only 

disrupts the outer membrane and allows a 40-fold purification of recombinant P- 

lactamase (Naglak & Wang, 1990). The use of Triton X-100, however, results in 

cytoplasmic protein release caused by inner membrane disruption. Solvents permeabilise 

cells allowing soluble protein release by dissolving hydrophobic components of the cell 

wall. Generally solvents such as toluene are used, however, these tend to cause 

considerable damage to the cytoplasmic membrane and have a low efficiency in E. coli 
reducing yield (de Smet et al, 1978). Periplasmic release from E. coli has, however, be 

achieved using the organic solvent chloroform in which 16% (3.7 mg) of the total cell 

protein was released with protein recovery and purity similar to osmotic shock (Ames et 
al, 1984). Periplasmic release was also achieved by addition of glycine to the 

fermentation broth or resuspension of cells to give a final concentration of 1% (Ariga et 

al, 1989) giving rise to 61% periplasmic release of recombinant a-amylase.

The use of chemicals to release recombinant protein from host cells is advantageous 

because it does not disrupt the cells, and release nucleic acids and debris in the same way 

as mechanical disruption. Chemical disruption of cells is successful in a number of cases, 

however, selective release is relatively rare. Scale-up of chemical techniques may also 

prove to be difficult because of the presence of large volumes of expensive and
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hazardous chemicals. The use of solvent treatment at large scale, for instance, is 

impractical unless sufficient solvent containment can be achieved and disposal of large 

amounts of waste solvent is possible. The action of chemicals may also have an effect on 

the high level recovery of active recombinant products requiring their complete removal 

from the process stream, particularly in the case of food or pharmaceutical products.

1.6.1.3 Physical disruption.

Recombinant proteins can be released from cells by a number of physical means. 

Temperature induced lysis can be achieved by freezing or heating. Freeze-thaw 

treatment has been used to damage the cell envelope releasing between 50-90% of the 

periplasmic protein without total cell disruption (Johnson & Hecht, 1994). This may 

prove difficult to scale-up because of the length and complicated nature of the process 

(Harrison 1991), however, problems of enzyme inactivation seem to be unfounded 

(Johnson & Hecht, 1994). Thermolysis can also be carried out to disrupt the outer cell 

membrane releasing periplasmic proteins at temperatures of 50-55°C (Tsuchido et al, 
1985). Heating E. coli cells at 55°C in the presence of 50 mM Tris/HCl buffer (pH 8) 

led to disorganisation of the outer membrane structure causing ‘blebbing’ and 

vésiculation (Katsui et al, 1982) increasing outer membrane permeability. However, this 

method may denature protein, activate proteases and release large amounts of lipids 

which can affect subsequent downstream processes.

In osmotic shock (Neu & Heppel, 1965), cells are equilibrated in a high osmotic pressure 

medium, for instance 20% sucrose, followed by rapid dilution which enables water to 

enter the cell increasing the turgor pressure and causing cell lysis. This technique allows 

the release of periplasmic and some inner membrane proteins (Beacham, 1979). Osmotic 

shock is normally only appropriate for use with weakened cells because it is unable to 

disrupt the peptidoglycan of the cell (Hughes et al, 1971), however, it has been used for 

the release of high levels of periplasmic protein (90-95%), reducing the process volume 

and levels of contaminating protein at laboratory scale, for proteins such as Human 

interleukin-ip (Joseph-Liazun et al, 1990) and human cysteine proteinase inhibitor 

(Dalboge et al, 1989). Problems associated with the scale-up of osmotic shock, arise 

because of the viscous nature of the sugars used and the complicated nature of the 

procedure.
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1.6.1.4 Biological disruption

Biological disruption exploits the use of lytic agents, either foreign or host derived, to 

disrupt microbial cell walls. Cell disruption can be achieved by muramidases, such as 

lysozyme, which catalyse the hydrolysis of the P(l-4) glycosidic bonds within the 

peptidoglycan in gram negative bacterial cells (Neu & Heppel, 1965; Birdsell & Cota- 

Robles, 1967; Kaback, 1971) or by peptidases which cleave the peptide bonds that 

crosslink the glycan chains (Shockman & Holje, 1994). Periplasmic release from E. coli 
requires destabilisation of the outer membrane using a chelating agent, such as EDTA, to 

allow penetration of the lytic enzyme (Witholt et al, 1976). Release using 

lysozyme/EDTA treatment performs better than osmotic shock releasing periplasmic 

protein from unweakened cells (Beacham, 1979), examples include the release of 

antibody fragments at 2 g L*̂  after osmotic shock was found to be inefficient (Carter et 
al, 1992). This treatment allows the contents of the periplasm to be recovered in a small 

volume, but, the number of steps involved in the process coupled with the high cost of 

the enzyme have, in the past made this technique unsuitable for large scale use. 

Nevertheless, French et al, (1996) have shown that 70-90% of a periplasmically 

expressed recombinant a-amylase could be recovered using a simple single stage lysis 

method. This reduces the complexity of this technique sufficiently to allow lysozyme use 

at large scale. The potential disadvantage of this technique is the cost of lytic agent in 

selective release and its presence in the process stream.

1.6.2 Cell recovery and clarification

The type of cell recovery and clarification procedure depends on the amount of cells 

present and the sensitivity of subsequent downstream processing procedures to the 

presence of particulate matter. In downstream processes, it is important that bacterial 

cells and debris are removed from the feedstream so that high resolution purification 

procedures can be used. These methods are commonly carried out using centrifugation 

or microfiltration to remove cells from spent fermentation broth for extracellular 

expression, and to clarify disrupted cells for periplasmic and cytoplasmic expression.
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1.6.2.1 Centrifugation

Solid-liquid separation is an important factor in downstream processing for either the 

recovery of whole cells or for the removal of solids from process feedstreams. Batch 

centrifugation at laboratory scale can generate much larger centrifugal forces than large 

scale industrial centrifuges, but can only process small volumes. As a result of increasing 

processing volumes, larger production scale centrifuges, such as the tubular bowl, 

multichamber bowl, disc stack, scroll and basket centrifuges must to be used (Bell et al, 
1983). Table 1.5, shows a comparison of centrifugation techniques. Bacteria are 

composed of 70-80% water and therefore, the density difference between bacterial cells 

and the surrounding liquid is low (0.1 g mL'* or less), depending on medium 

composition. The most important parameter in centrifugation is the average particle 

diameter, for instance E. coli is approximately 1-3pm (Bjiirstrom, 1985; Whittington, 

1995). As particle size (<0.5pm) and density are reduced, or the centrifugation medium 

becomes more viscous, the efficiency decreases resulting in high levels of cells and debris 

remaining in the clarified process stream. Large scale centrifuges are, as a result, 

incapable of removing 100% of suspended particles which leads to a reduction in process 

efficiency as a result of loss of cells or reduction in the efficiency of later recovery stages.

This is predicted by Stokes’ law:

(1)
18a

where: V, settling velocity

d particle diameter

Ap density difference between the medium and the particle 

p dynamic viscosity 

© angular velocity

r radial distance of the particle from the axis of rotation.

As industrial centrifuges have lower efficiencies than laboratory centrifuges comparisons 

between small and large scale processes are carried out by comparison of Q/Z. The Q/Z 

term, where Q is flow rate and Z is effective settling area, allows the comparison of both 

large and small centrifuges by relating the efficiency of the centrifuge to the cross
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sectional area of a gravity settling tank with the same clarifying capacity (Ambler, 1952; 

Trowbridge, 1962).

where:

e=2»,i (2)

«>

where:

Q volumetric flow of liquid through the centrifuge

Ug terminal velocity of the solid particle settling under

gravity through the liquid 

Z sigma value of the centrifuge

Ap density difference between solid and liquid

ds diameter of the solid particle

g gravitational acceleration (0.981m s' )̂

p viscosity of the liquid.

Centrifugation suffers from inherent problems in scale-up, mainly caused by the technical 

difficulties associated with designing equipment that can run safely with large volumes of 

liquid and at higher centrifugal forces. As a result, the larger the centrifuge the less 

efficient it is at separating particles. The efficiency of large scale centrifugation can be 

improved by conditioning the cell and protein suspensions in order to increase particle 

size, reduce viscosity and increase the density difference between particles and medium 

before centrifugation (Rosen, 1983). This pre-treatment encourages flocculation of 

bacterial cells increasing the sedimentation rates and therefore, improving separation 

efficiencies of homogenates or cell lysates where the particles are very small (Bell et al, 
1983). As process volumes increase residence times for large scale centrifuges are 

reduced, this decreases the clarification efficiency. The heat generated by large scale 

centrifuges will also reduce the activity of the target product during centrifugation.
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Lb:
TUBULAR

BOWL

1

MULTICHAMBER
BOWL

DISC STACK

Figure 1.1 Diagram showing schematic representations o f tubular bowl, multichamber bowl and 

disc stack centrifuges (adapted from Wheelwright, 1991)

One of the most important features of centrifugal separation is the likelihood of cell 

damage during recovery and hence the addition of contaminating proteins to the process 

stream or, the loss of product during whole cell recovery. Methods that reduce cell 

breakage can improve the efficiency of downstream recovery processes. Further 

information on centrifuges can be found in Bell et al, (1983) and Brunner, (1988).

1.6.2.2 Tubular bowl centrifugation

Tubular bowl centrifuges are one of the simplest types of pilot scale centrifuge currently 

in use. The mechanism of separation is very simple with the centrifuge bowl rotating 

around its axis at speeds of approximately 13,000 to 60,000 x g, allowing sedimentation 

of cell debris on the bowl wall. It is a batch type centrifuge, with respect to solids, and is 

limited to a relatively small bowl capacity becoming less efficient as the bowl reaches 

capacity (Charm & Matteo, 1971). Tubular bowls have a relatively low maximum 

capacity for solids, for example, the Sharpies AS 16 has a 3.5 kg bowl capacity (Scawen 

& Hammond, 1986), and is therefore unsuitable for recovery of cells from large scale 

high cell density fermentations. However, when low volumes of solids are present 

excellent clarification efficiencies are achieved. The multichamber bowl operates in a
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similar way to the tubular bowl, with a larger number of chambers giving increased 

separation area. It can also be operated in a flooded condition so that no air-liquid 

interfaces are present.

1.6.2.3 Disc-stack centrifugation

Disc-stack centrifuges consist of closely spaced discs in conical stacks which provide a 

large surface area for sedimentation of solids. These machines have the advantage that 

cell debris can be discharged intermittently, without requiring the cessation of separation 

procedures, allowing infinite solids carrying capacity. Although this type of centrifuge 

works at relatively low speeds (8000-12,000 x g) they are efiBcient because of the short 

settling distances within the centrifuges. Flow rates into the centrifuge can be in excess 

of 2001 h'% however, these need to be determined in trials because clarification efficiency 

varies depending on the nature of the feed material used (Datar & Rosen, 1987; Higgins 

et al, 1978). Datar and Rosen (1987) used an Alfa Laval BTPX 205 disc-stack 

centrifuge with a bowl capacity of 1.2 1 for the primary recovery of E. coli cells and for 

clarification after homogenisation. Separation efficiency was found to be in excess of 

99% with 87.4% of intracellular P-galactosidase present in the process stream. Moks et 

al, (1987) achieved a 90% recovery of secreted human insulin like growth factor 1 

fusion protein from the culture media using the same machines reducing cell solids by 

99.99%. This type of centrifuge, produces solids that have a higher liquid content than 

those produced by the tubular bowl, however, this may be advantageous if the cell sluny 

has to be resuspended for lysis procedures.
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TABLE 1.5 COMPARISON OF THE DIFFERENT METHODS OF CENTRIFUGATION (Bell et 

al, 1983;

SYSTEM: ADVANTAGES: DISADVANTAGES:

TUBULAR BOWL:

MULTICHAMBER BOWL:

DISC-STACK
CENTRIFUGES:

SCROLL DISCHARGE:

High centrifugal force 

Good de-watering 

Easy to clean

Simple dismantling of the bowl

Clarification efficiency remains 
constant until sludge space filled

Large solids holding capacity

Good dewatering

Bowl cooling possible

Solids discharge possible

Liquid discharge under pressure 
eliminates foaming

Bowl cooling possible

Continuous solids discharge 

High feed solids concentration

Limited solids capacity

Foaming unless special 
skimming or centripetal 
pump used

Recoveiy of solids difficult

• No solids discharge

• Cleaning more difficult than 
tubular bowl

• solids recovery difficult

• Poor dewatering

• Difficult to clean

• Low centrifugal force

• Turbulence created by scroll

1.6.3 Membrane filtration

Filtration processes separate components on the basis of size rather than density 

differences, providing a more uniform separation of protein products from cells and cell 

debris than can be achieved by centrifugation. In certain situations centrifugation is not 

suitable for complete solids separation. For example, after homogenisation, solids 

removal is diflBcult even at low flow rates because of small particle size and negligible 

density difference. Even if 99% of the cell debris is recovered by centrifugation, 

sufficient amounts will be present to cause problems in later processing stages such as 

packed bed chromatography. Microfiltration and ultrafiltration (0.1-0.2pm) can produce 

sterile filtrates allowing their use as contained harvest devices for use with rDNA micro

organisms (Bjiirstrom, 1985) and the sub-micron purity achieved by filtration provides a 

suitable feedstream for packed bed column chromatography. The major disadvantages of
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filtration processes are adsorption of proteins, blockage of pores and the presence of a 

fouling layer, caused by the high concentration of cells at the membrane surface leading 

to a reduction in the flux through the filter (Ogez et al, 1989; Lojkine et al, 1992). In 

batch filtration the flux declines throughout the process due to concentration polarisation 

and an element of irreversible fouling caused by adsorption onto the membrane surface. 

This can take the form of a slime layer of debris which contains antifoam and spent broth 

(Kroner et al, 1984). There are two categories of membrane filters dead-end filtration 

systems in which the feed stream flows perpendicular to the filter surface and tangential 

or cross flow filtration systems where the feed stream flows parallel to the filter and the 

fluid diffuses across it, these two filter systems can be used for both microfiltration and 

ultrafiltration.

1.6.3.1 Dead-end filtration

The commonest types of large scale dead-end filtration equipment in use are the 

continuous rotary vacuum drum filter and the plate and frame filter. The rotary drum 

filter is a simple system and is composed of a drum covered with a filter medium. The 

filtrate is drawn through the drum by an internal vacuum and, as the partially submerged 

drum rotates, it is covered with solids. These solids are removed at a point in the cycle 

by a scraper or knife as the supernatant passes through to the centre of the drum. This 

process requires optimisation for different types of media so that filter aids can be 

improved and knife cutting rates tested. Gray et al, (1972) noted that depth filtration of 

homogenised E. coli cells allowed the removal of 85% of the solid content of the 

homogenate, however, this was at the expense of 5 to 8 times the filter aid used in the 

filtration of mycelia. The main problems with rotary vacuum drum filters are that they 

are impossible to sterilise and operate aseptically.

Filter presses are batch type systems, despite the fact that there is continuous flow 

through the press, because solids accumulate rapidly requiring the dismantling and 

cleaning of the system. It is highly efficient but often slow requiring the use of filter aids 

such as diatomaceous earth to prevent premature membrane fouling. The disadvantages 

of this system at large scale are the long preparation times and small solid capacity, often 

caused by the colloidal nature and high viscosity of the cell extract, which reduces the 

efficiency of purification processes. Depth prefilters, that protect the main processing
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membrane, have been suggested as a way of preventing filter blockage and increasing 

filtration efficiency so that flow-through filtration can be viable at process scale (Martin,

1993). The use of a filter aid, during cell harvesting can lead to severe erosion problems, 

if the cells are mechanically disrupted, and is costly (Lee, 1989).

1.6.3.2 Cross-flow microfiltration

Cross-flow microfiltration is a relatively new technique for solid-liquid separations. It is 

a process in which fluid containing the desired end product flows in parallel to the 

membrane surface. Filtration is achieved by a pressure drop, acting as the driving force, 

pushing the fluid medium through the filtration membrane. Molecules and debris that 

cannot pass through the membrane are swept away by incoming fluid flow, this prevents 

accumulation of particulates and filter blockage, overcoming some of the problems 

associated with dead-end filtration. In practice, the membrane still becomes fouled and is 

characterised by a decline in flux and limited protein transmission. Effects of fouling can 

be limited by the use of periodic backflushing or flow reversal. This has been used to 

increase permeability of a model system using a 30 kD ultrafiltration membrane 

comprising haemoglobin (62.5 kD) and dextran (10 kD) by 1.3 times at a backflushing 

frequency of 0.2 s'% (Kim & Chang, 1991). Tangential flow performance can be 

improved by increasing cross flow velocities, shear at the membrane surface and 

reversing the flow through the membrane (Dekker & Boom, 1995). High shear forces 

generated by cross flow at the membrane surface will limit clogging and binding of 

suspended solids to the filter. Cross-flow filtration is well suited to production under 

contained conditions using rDNA organisms, because no aerosols are produced (Kroner 

et al, 1984) and the filter does not need to be dismantled during separation processes to 

remove cell debris. This means that it can be used as a continuous separation process. 

MacKay & Salusbury (1988) have suggested that tangential flow microfiltration could be 

used instead of centrifugation, allowing a reduction in the total volume of the cell 

suspension, however, this is unlikely to produce cell suspensions with moisture contents 

as low as those achieved by centrifugation or dead end filtration. The processing time 

may be increased significantly, leading to problems of protein inactivation. Cross-flow 

filtration has been used for the recovery of recombinant human growth hormone and P- 

galactosidase fi-om E. coli homogenates (Datar, 1985). There are also examples of the 

use of microfiltration for semi-continuous recovery, in which harvesting, cell debris
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removal and concentration of intracellular human interferon-ac was carried out by 

microfiltration resulting in 65% yield (Vaks et al, 1984). Biedermann and Knak Jepsen 

(1989) also recovered P-lactamase using osmotic shock in a closed loop microfiltration 

system allowing recoveries comparable to laboratory scale procedures.

SUSPENSION

SUSPENSION
CONCENTRATE

fioo
FILTER
CAKE

MEMBRANEFILTER
MEDIUM FILTRATE FILTRATE

DEAD-END Filtration C R O SS-FL O W  Filtration

Figure 1.2 A diagrammatic representation o f dead-end and cross-flow filtration processes 

(Kroner et al, 1984)

Cross-flow microfiltration has been adapted, by use of derivatised microporous 

membranes, to incorporate ligands that are used in protein purification. The most 

successful examples of this technique use afiinity ligands so that single stage recoveries 

can be used allowing a reduction in the number of isolation steps, the costs and time 

required for the recovery of recombinant proteins in downstream processes (Spalding, 

1991). This technique, however, may prove difficult to develop effectively into a truly 

single step recovery process for large scale crude process mixtures, because it will be 

subject to the same problems associated with standard microfiltration procedures. It 

may, however, be adopted as an alternative method to affinity chromatography fi’om pre

clarified feedstreams (Brandt et al, 1988) because the microporous membranes have a 

short bed height (<lmm) representing ideal affinity column geometry. Ultrafiltration 

membranes have a very short difiusion path between protein and ligand and the cross- 

sectional area can be increased easily resulting in highly efficient mass transfer. Ligand
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participation with the target protein remains high in the process despite high flux rates. 

This technique, therefore, has the potential to be very useful for single step purification 

of recombinant proteins from clarified feedstreams. A number of proteins have been 

purified using this technique including lysozyme (Liu & Fried, 1994) and malate 

dehydrogenase (Krause et al, 1991) both recovered using membranes comprising the 

affinity ligand cibacron blue. Other examples of membrane chromatography have also 

I been used including cation exchange, which was also used to rapidly recover a- 

chymotrypsinogen, cytochrome c, lysozyme and ribonuclease A (Gerstner et al, 1992; 

Mattiasson & Ramstorp, 1984; Ling & Mattiasson, 1989) and immobilised metal 

chelate affinity membranes (Serafica et al, 1994).

1.7 Secondary purification

Secondary purification is the final stage in the recovery of recombinant proteins and 

generally involves the recovery of protein from crude biological feedstreams, using 

adsorptive recovery techniques, before the final polishing stages of the process can be 

carried out. The chromatographic systems currently in use exploit some facet of the 

target proteins’ unique physico-chemical properties such as charge (ion exchange), size 

(gel filtration), hydrophobicity or biospecific affinity, and are often used in combination 

to remove contaminants, achieving high levels of purity. It is essential that the impurities 

from rDNA production are removed during downstream processing (Anicetti et al, 
1989; Berthold & Walter, 1994). These impurities divide into three groups and include: 

pyrogens, proteins, nucleic acids and carbohydrates from the host cell; media and process 

related impurities; and variant product forms that are difficult to remove because of their 

similar structural form (Pavlu & Gellerfors, 1993).
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1.7.1 Separation techniques

Bonneijea et al, (1986), showed that ion exchange operations represent the most 

popular approach to protein purification (75%). This results fi’om ease of process scale- 

up, under mild conditions, using less costly and more robust supports. Affinity 

chromatography was used in 60% of operations, primarily in later stages, and gel 

filtration in 50% of operations as a final polishing step. Most of these techniques use the 

differential adsorption of a molecule onto the surface of the matrix or ligand allowing 

recovery of target product. The types of ligand commonly used for protein separations 

are outlined below.

1.7.1.1 Ion exchange

Ion exchange is the most fi-equently used chromatographic technique used for the 

separation and purification of proteins, polypeptides, nucleic acids, polynucleotides and 

other charged biomolecules. Ion exchange separates proteins on the basis of their net pH 

and ionic strength, depending on the reversible adsorption of charged solute molecules to 

an immobilised ion exchange group of opposite charge. The reasons for the success of 

this technique are that the exchanger can be operated in a way that allows product to be 

bound and eluted independently of the efficiency of column packing. As a result, ion 

exchange is widely applicable for protein separations, has a high capacity and resolving 

power, and is simple to operate and control. The operation of ion exchange columns is 

outlined elsewhere (Anonymous, 1991). The feedstream is applied in low ionic strength 

aqueous solution allowing binding and elution to be carried out with an increasing salt 

or pH gradient.

Advantages of ion exchange include its simplicity for the processing of large volumes and 

for the recovery of proteins in a concentrated form is possible. Large-scale industrial 

recovery of proteins requires supports that are sufficiently hydrophilic, to prevent protein 

dénaturation, have high capacity and rapid equilibration for proteins, and compression 

resistance allowing high flow rates to be used. They can also give good resolution, 

suffer only small volume changes and be completely regenerated (Sofer & Nystrom, 

1989). Examples of large scale industrial recovery of proteins using ion exchange 

include the 80-90% yield of Factor Vm  fi’om 1500 to 5000 kg of human plasma (Josic et
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al, 1994) and the recovery of recombinant thermostable alanine dehydrogenase at a yield 

of 81% from disrupted E. coli using a DEAE support (Sakamoto et al, 1994).

1.7.1.2 Afi&nity

Affinity chromatography is the most powerful of all chromatographic techniques offering 

tremendous resolving power. This technique was first demonstrated in 1968 by the 

successful purification of several enzymes on Sepharose based columns containing 

immobilised enzyme inhibitors (Cuatrecasas et al, 1968). This is a simple process which 

purifies biomolecules on the basis of their biological function, exploiting the innate 

specificity of an affinity ligand for its target protein, for example, an antibody will bind 

specifically to its antigen achieving highly efficient separations. Many spectacular 

separations have been achieved in a single step allowing immense time and cost savings 

over less selective multistage procedures. These purifications are often in the order of 

100-fold (Bonneijea et al, 1986) with very high recoveries of active material (Tharakan 

et al, 1990). The choice of ligand depends on the operational conditions and the degree 

of specificity required. Natural ligands, such as proteins and antibodies, are more 

specific but are unsuitable at higher temperatures and under harsh elution conditions. 

Synthetic ligands, such as reactive dyes or immobilised metals, in contrast, are more 

robust and less susceptible to dénaturation, however, they are often less specific 

(Narayanan, 1994). Whatever the nature of the ligand, it is essential that the interaction 

can be readily reversed so that the technique can be employed in affinity 

chromatography.

The widespread adoption of affinity chromatography at laboratory scale in such a short 

time, reflects its success in achieving highly selective single-step separations that would 

otherwise be time consuming, difficult or even impossible to perform using conventional 

techniques. This expansion in its use at laboratory scale has not been mirrored at process 

scale, where the selection and coupling of suitable ligands can cause problems which are 

associated with their cost, labile nature and complex deiivatisation chemistry which can 

be difficult to implement. Ligand density is an important parameter in affinity 

chromatography for maximum binding of protein. Capacities usually increase with 

increasing ligand density, however, above a certain level this will plateau or in some 

cases fall (Narayanan, 1994). Stability of coupling chemistry is also important to prevent
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ligand leakage. This is essential for cost effective reuse of the support and the recovery 

of high levels of target protein and prevention of process contamination. Ligands used in 

affinity chromatography must be stable, allowing specific recovery of target protein, and 

robust to withstand cleaning stages and continued reuse, if they are to be useful at large- 

scale. The use of natural biospecific ligands, such as antibodies, allows single step 

recovery of proteins much more readily than other affinity techniques. Immunoafimity 

chromatography techniques are outlined by Chase (1984). However, the use of 

monoclonal antibodies allows the exploitation of the enormous diversity of the immune 

system and exquisite specificity of the antibody binding site allowing the production of 

10® different antibody specificities (Berry, 1991) and the separation of enantiomers of the 

same compound (Knox & Galfi’é, 1986). Immunoaffinity chromatography using 

monoclonal antibodies has been used for the recovery of low value products such as a- 

amylase (Kamihira et al, 1992), however, this technique is too expensive for these low 

value products and is normally the preserve of high value therapeutics such as human 

interferon-o2c (Voss et al, 1994; Clonis, 1987). Developments in molecular biology 

have allowed the production of recombinant Fv antibody fi-agments in E. coli (Ward et 
al, 1989). The use of these antibody fragments instead of monoclonal antibodies in 

affinity chromatography will reduce the cost of the ligand without sacrificing its 

specificity to the target protein enabling cost effective purification of lower value 

proteins. Immunoaffinity chromatography using Fv fragments has been shown to be 

possible, with only limited losses in ligand performance, using model protein feedstreams 

at room temperature (Berry et a/., 1991; Berry & Davies, 1992; Berry & Pierce, 1993). 

The performance of this system may be reduced by large scale crude feedstreams 

containing high levels of contaminating protein, caused by protease inactivation and 

difficulties in cleaning supports because of the labile nature of these protein molecules. 

The inherent problems associated with affinity chromatography using natural ligands 

makes it a difficult prospect at industrial scale (McCormick, 1987).

Affinity chromatography using synthetic ligands is fi’equently used for the separation of 

biological substances (Vijayalakshmi, 1989). Dye molecules have been used extensively 

at industrial scale because they are cheap, easily immobilised, chemically stable, and have 

high binding capacities for biological macromolecules (Labrou & Clonis, 1994; Hey & 

Dean, 1981). The major disadvantage of the use of dyes in chromatographic 

purifications are impurities and ligand leakage requiring detection in the product stream
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(Santambien et al, 1992). The lack of specificity which has been a problem in the past is 

being addressed with biospecific ‘designer’ dyes (Lowe et al, 1992).

Immobilised metal afiSnity separations (IMAC) are based on the relatively specific 

affinities of the amino acids cysteine, histidine and to a lesser extent tryptophan 

(Vijayalakshmi, 1989) on the surface of proteins for metal ions. The most commonly 

used metal ions belong to the first transition series (Nî % Zn̂ % and Cu^^ (Yip et al, 
1989). Metal ions are bound via immobilised ligands such as iminodiacetic acid 

producing polydentate chelates. The protein is retained on the column by formation of a 

ternary complex between the chelate-metal ion complex and the target protein. The 

distribution of relevant amino acids, such as histidine, on the protein surface will affect 

the apparent metal binding affinity, and the insertion of a poly-histidine tail will improve 

metal affinity purifications (Sassenfeld, 1990; Lilius et al, 1991). This technique could 

prove to be advantageous because the metal chelate ligands have high protein capacities, 

are inexpensive and are stable over a wide range of solvent conditions and temperatures. 

Product recovery by elution is simple and ligand regeneration is achieved by the 

resupplying of chelated metal (Arnold, 1991), however, separation in the presence of 

chelating agents results in ligand loss. Zawistowska et al, (1988) used copper based 

IMAC to recover wheat a-amylases increasing the purity 20-fold and recovering a yield 

of 51.3%. The use of poly-histidine tails engineered onto proteins has also been used to 

demonstrate the use of fusion proteins in IMAC. Over 1000-fold purification of 

galactose dehydrogenase, containing a poly-histidine tail, was achieved using zinc 

charged IMAC fi'om disrupted E. coli cells (Lilius et al, 1991).

1.7.1.3 Hydrophobic interaction

Hydrophobic interaction chromatography (HIC) was first developed following the 

observation that proteins unexpectedly bound to hydrophobic spacers used on affinity 

gels (Porath, 1987; Shaltiel, 1984). This method takes advantage of the existence of 

hydrophobic pockets on the surface of many proteins. Proteins are adsorbed onto the 

m e  support at high salt concentration and are eluted in decreasing salt concentration, in 

order of increasing surface hydrophobicity (Roettger & Ladisch, 1989). This technique 

is used in reversed phase chromatography however, m C is much milder and there are 

typically no structural changes to the protein and there is less chance of protein
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dénaturation. As hydrophobic interactions are strongest at high ionic strength, 

adsorption can often be performed after salt precipitation or ion-exchange 

chromatography with no change in salt concentration of the eluted ft-actions from the ion 

exchanger (Hammond & Scawen, 1989). In HIC, careful consideration of 

chromatographic conditions are required because it is affected by a number of parameters 

including, ligand type and degree of substitution, type of base matrix, type and 

concentration of salt, pH, temperature and the presence of additives. For example, high 

ionic strength salts which have a high salting out ability and decreased pH promote the 

binding of hydrophilic as well as hydrophobic proteins. High levels of biological activity 

are recoverable because of the use of protein compatible mobile phases (Sofer & 

Nystrom, 1989). Pavlu & Gellerfors (1993) showed that temperature and pH had a 

dramatic influence on selectivity and resolution and the addition of detergents improved 

the recovery of recombinant human growth hormone (hGH) from 50 to 99%. The 

capacity of supports for B. suhtilis a-amylase was shown to increase with increasing 

carbon number in the ligand, ionic strength and temperature (Sada et al, 1985). 

Periplasmic human interferon-a2c expressed in E. coli has also been recovered using 

Phenyl Sepharose™ giving a 70% yield (Voss et al, 1994). Hydrophobic interaction 

chromatography has also been used for the recovery of human growth hormone (Wu et 
al, 1990; Pavlu & Gellerfors, 1993) and also clinical grade recombinant Pseudomonas 
aeruginosa exotoxin A from E. coli after primary recovery using DEAE Sepharose™ 

(Tsai a/., 1995).

1.7.1.4 Gel filtration

In gel filtration or size exclusion chromatography, separations are based on differences in 

molecular size and shape. This technique uses hydrophilic, cross-linked gels with pores 

of finite size to separate biomolecules. Molecules that are larger than the pores or 

exclusion limit cannot enter the gel and are eluted first. Smaller molecules will enter the 

beads of the gel to varying extents, depending on their size and shape, and are retarded in 

their passage through the column, eluting in order of decreasing molecular mass. By 

varying the degree of cross linking, gels of different porosities and with different 

fractionation ranges are produced and therefore, media that cover all molecular sizes are 

available. Gel filtration on its own, is not a suitable technique for the recovery of 

recombinant proteins from fermentation broth, where the target protein is present in
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relatively low concentrations and load volumes must not exceed 10% of the column 

volume. Large scale recovery using this technique would require large column volumes 

which are impractical. Nevertheless, this problem has been tackled by Janson (1971) 

where columns with smaller overall size (21 L) were stacked in series to produce a gel 

filtration column with a feed capacity of 1000-1500 L. This method increases the scale 

of use of this technique but, this is the exception rather than the rule. This technique is 

normally employed towards the end of the purification process as a final polishing step 

when the protein is present in a concentrated form.

1.8 Process scale chromatography.

The development of a recovery procedure depends heavily on the source of recombinant 

protein and the processes employed in the initial harvesting from the host micro

organism (Prouty, 1993). The presence of debris and other process contaminants will 

have a dramatic effect on the recovery of proteins by packed bed chromatography and 

the use of membrane processes may also affect total process yield. Despite this 

chromatography combined with membrane clarification processes, are used for around 

90% of all processes (Gupta & Mattiasson, 1994), continuing to be the workhorse for 

high resolution protein purification (McCormick, 1987). Process scale chromatography 

requires the purification of high levels of protein in the minimum amount of time, 

therefore, resolution is sacrificed in favour of flow rate. Improvement of overall yield 

and reduction in process costs may be achieved by techniques such as expanded bed 

chromatography and batch adsorption which are suitable for adsorptive recovery of 

proteins.
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1.8.1 Packed bed chromatography

The production of pharmaceutically important proteins by rDNA technology, has lead to 

the requirement for highly selective and mild bioseparation systems for large scale 

purification of often labile proteins. Most industrial purification processes use packed 

bed chromatographic systems (Bjümstum, 1986) to obtain highly pure and biologically 

active products. These are simple to scale-up requiring only an increase in column 

diameter, however, in practice effective scale-up is difficult because of the types of 

support available and the packing of large scale columns (Kaul & Mattiasson, 1992). 

High performance chromatography at process scale hinges on the development of 

suitable high performance matrices and requires the properties outlined in Table 1.6 

(Narayanan & Crane, 1990). No single matrix meets all these requirements, but, 

matrices made from polysaccharides, synthetic organic polymers and inorganic materials 

are suitable for packed bed chromatography (Narayanan & Crane 1990; Groman & 

Wilchek, 1987; Kaul & Mattiasson 1992).

TABLE 1.6 PROPERTIES OF PACKED BED CHROMATOGRAPHIC MATRICES.

PROPERTY: REASON:

HYDROPHILIC Compatibility with protein molecules

INERT Minimisation of non-specific binding and adsorption

EASILY DERIVATISABLE Allowing the synthesis of a variety of protein 
adsorbents

RIGID Compression resistance at high flow rates

INSOLUBLE AND CHEMICALLY Stable withstanding harsh gel cleansing agents and
) INERT derivatisation chemistry for ligand coupling.

BEAD SHAPED Required for good flow characteristics.

MACROPOROUS AND PERMEABLE Allow biomolecules to penetrate the matrix freely

INEXPENSIVE AND REUSABLE Reduction in process costs

Beaded agarose, is one of the most popular supports used in many types of 

chromatography, because it posses most of the desirable features of an ‘ideal’

chromatographic support outlined above. This support, is not rigid enough to be useful 

for large-scale applications and is being superseded Sepharose Fast Flow and by other
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solid supports (Groman & Wilchek, 1987). The development of highly crosslinked, 

macroporous gels based on agarose or composites of polyacylamide or agarose and 

dextrin are proving to be more rigid and suited to large scale chromatography. These 

supports are available in smaller more controlled particle sizes ensuring comparable 

resolution at higher flow rates. Examples of supports for large scale use include: 

Kieselguhr-agarose composite (Macrosorb), which benefits fi'om the rigidity of silica and 

the best features of agarose, providing a useful matrix in ion exchange and affinity 

chromatography (Bite et al, 1987); and POROS, a Poly(styrene divinylbenzene) based 

support, that has much higher chemical and mechanical stability tolerating high pressures 

without compressing, enabling flow rates 10-100 times that of conventional 

chromatography to be used (Afeyan et al, 1990). This support utilises large transecting 

pores of 6000-8000 Â in diameter, allowing protein solutions to flow through the 

particle and into the smaller ‘diffusive pores’ lining these channels, which provide the 

adsorptive surface area. The resolution and capacity of this system is independent of 

flow rate in contrast to conventional chromatography (Kaul & Mattiasson, 1992; 

Regnier, 1991).

There are a number of problems associated with the development of large scale 

chromatographic processes using soft porous agarose gels including, bed compression, 

fouling and blinding. In the absence of suitable rigid chromatographic supports these 

problems will have to be overcome using different methods. Compression of agarose 

based chromatography supports is a problem at larger scale and at high flow rates and 

can be overcome in two main ways. Firstly, by increasing the column width to height 

ratio to about 2 (Clonis, 1987) reducing compression of the bed by the weight of the 

support. However, at column diameters above 5 cm the supportive fnctional forces 

within the column are reduced. This can be overcome by modifying the existing support 

mechanisms within the column using mesh disks, by fragmenting the column into 

individual sections or by mixing the agarose matrix with non-compressible support 

particles. Secondly, the use of a whole series of smaller volume columns or ‘stacked 

columns’ (Janson, 1971), linked in series to achieve a high overall volume of support, 

reduces or prevents the problems of large scale columns.

Fouling of macroporous supports at process scale will cause process problems 

particularly if affinity ligands are being used and the feedstream contains particulate
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material that will cause fouling and blinding. The application of crude feedstocks to a 

packed bed, results in severe operational problems caused by the trapping of solids in the 

voids of the bed, increasing the pressure drop across the bed and allowing the formation 

of a plug of trapped solids near the bed inlet. This increasing pressure drop can become 

unacceptable to normal operation and leads to the deformation and compression of non- 

rigid adsorbents giving further increases in pressure drop. It is very diflBcult to prevent 

fouling of fixed bed chromatographic supports without the use of microfiltration, to 

remove particulate material. The problems of processing materials containing 

particulates may be overcome by expanded bed, batch adsorption and the potential use of 

high gradient magnetic separation (HGMS) (Liu et al, 1991; Setchell, 1985).

1.8.2 Expanded bed chromatography

Expanded bed chromatography allows the adsorption of proteins directly fi'om 

particulate containing feedstocks, such as fermentation broth and mixtures of disrupted 

cells (crude homogenates), without the need to remove suspended solids which normally 

result in the fouling, blinding and build up of cell cake on packed bed supports (Chase & 

Draeger, 1992). Sub-micron sized particles, suspended in viscous liquids, such as those 

produced when cells are disrupted by mechanical procedures, are especially difficult to 

remove by either centrifugation or filtration, and use of either of these methods can result 

in considerable reduction in processing yield. The processing time taken to remove these 

particulates using these methods can also result in losses through dénaturation. 

Expanded bed, uses stable homogeneous fiuidization, so that the particulates and cells 

can pass unhindered through the bed significantly reducing the degree of fouling. The 

utilisation of this technique may allow the elimination of certain key debris removal steps, 

such as centrifugation and microfiltration, and in turn reduce the downstream processing 

time and costs.
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Bed expansion and fiuidization are described in detail by Richardson and Zaki (1954) and 

the behaviour of the bed can be described as follows:

u -  (4)

Where:

u liquid velocity

8 bed voidage

u, terminal falling velocity for isolated particle

n Richardson-Zaki exponent (an index of bed expansion

and is related to the choice of flow distributor).

Essentially, when the weight of a particle is carried completely or partially by direct 

contact with its neighbours then the bed is said to be fixed. As the linear velocity of the 

liquid (Ü) increases, a point is reached where the particles will reorientate themselves, so 

that the bed expands slightly to present a greater interstitial volume between the 

particles. As the flow of fiuid increases further, the particles are individually supported 

by the fiuid so that there is no longer any contact between particles and the bed is 

fiuidized, this is known as the minimum fiuidization velocity (u„ .̂ As the flow is 

increased above the u„f the bed will generally show smooth expansion, so that the bed 

height (h) increases steadily with flow rate (w) (Beyzavi & Clift, 1994). Expanded bed 

chromatography, in biotechnological applications, is usually operated in fiuidized mode 

for the loading and washing of the bed followed by elution on packed support.

Despite the recent development of this technique there are already a number of examples 

of the application of this technique to the purification of microbial products. These 

include recovery of the fusion protein, ZZ-M5 malarial peptide, fi’om crude fermentation 

broth (Hansson et al, 1988), Endo-polygalacturonase purified using an alginate support 

(Somers et al, 1989), Glucose-6-phosphate dehydrogenase (Chang & Chase, 1994) and 

Annexin V (Bamfield Frej et al, 1994) fi’om E. coli homogenates, and the recovery of 

antibodies fi’om a mammalian cell culture broth has also been investigated (Batt et al, 
1995). This technique offers the opportunity to remove certain unit operations, such as 

microfiltration and centrifugation, reducing the costs of the process compared with 

packed bed.
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1.8.3 Batch adsorption

Batch adsorption of protein is a very simple technique, which is carried out in free 

solution, and is ideally suited to the initial treatment of large volume feedstreams 

containing low levels of recombinant protein. This technique is usually less efficient than 

packed bed column separations, but it is not prone to problems such as bed swelling, 

compression and column blockage that can occur with packed bed chromatography 

separations, particularly if the feedstream contains particulates (Roe, 1989). Typical 

batch adsorbents include calcium phosphate gel, ion exchangers, affinity, immunoaffinity 

and hydrophobic adsorbents. The use of batch adsorption, where the feedstream is 

processed in a stirred tank, provides a rapid method for the recovery of protein from 

large feedstreams. The support is added to the feedstock, and at the end of the 

adsorption phase the adsorbent particles are separated from the depleted feedstock. This 

is carried out using a filtration or sedimentation method, which distinguishes between 

adsorbent and particulates. Washing and elution of the loaded support, is then carried 

out in either packed or batch mode. The advantage of this method is that protein 

recovery can be achieved more rapidly, in as little as one tenth the time of packed bed 

chromatography (Yang et al, 1989), however, the purification resolution is much lower 

than that achieved by packed bed chromatography and is often less efficient (Chase, 

1988). Batch recovery has been used to recover a variety of proteins from large process 

volumes. Micrococcal nuclease was recovered using SP Sephadex from 800 L of diluted 

broth supernatant (Darbyshire, 1981). Xylanase T-6 from was also recovered from 

12,000 L of partially clarified supernatant using a cation exchanger, achieving a 55% 

recovery of target enzyme at 95% purity (Fishman et al, 1995). Lam et al, (1994) 

recovered over 65% of kedarcidin from 680 L of clarified fermentation broth. This 

technique is ideally suited to recovery of protein in the presence of cell debris, however, 

the handling of adsorbent can prove to be difficult (Chase, 1994).

Batch adsorption can be adapted for use with magnetic particles. This technique, known 

as high gradient magnetic separation (HGMS), utilises the magnetic properties of micron 

sized superpara magnetic particles, that lose their magnetic memory outside an 

electromagnetic field. This method operates in the same way as batch adsorption, except 

instead of capturing the support on a filter or packing within a column, they are captured 

in a magnetic field within a canister containing a wire mesh. This technology is still in its
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infancy and depends on the development of suitable, high capacity magnetic particles, 

however, it provides a novel method of pushing protein recovery towards the 

fermentation interface and allows the potential removal of clarification operations so that 

process costs can be reduced and yields increased] (Liu et al, 1991 ; Setchell, 1985).

1.9 Recombinant test system

The recombinant test system used in this study comprises a thermostable a-amylase 

derived from S. | thermoviolaceus CUB 74, which was cloned and expressed into the 

periplasmic space of E. coli. This enzyme has been characterised as a 50 kD protein 

resistant to temperatures of about 60°C (Bahri & Ward, 1990). It is further stabilised by 

the addition of calcium, allowing the retention of 100% enzyme activity after 22 hours at 

50°C (Bahri & Ward, 1990). The protein sequence of this enzyme shows homology with 

mammalian and invertebrate amylases, particularly porcine pancreatic a-amylase (Bahri 

& Ward, 1993). Earlier work has been carried out to produce the recombinant strains 

used in this study and to investigate the production (in complex medium) as well as the 

release of the periplasmic a-amylase (French, 1993; French et al, 1996). This 

recombinant system has also been used as a model system for fed-batch control and 

monitoring using defined medium fermentation (Turner, 1993; Gregory & Turner, 1993; 

Turner, et al, 1994a; Turner et al, 1994b). Studies have also been carried out on 

defined medium batch fermentations (Turner, 1993) and also on whole cell and product 

recovery using this recombinant system (Fischer, 1996, in preparation).
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1.10 Aims

The recovery of recombinant proteins from a host micro-organism normally involves its 

purification from large volumes of clarified broth, if it is secreted, or from mechanically 

disrupted cells if it is intracellular. In this system the recombinant protein, a thermostable 

a-amylase derived from Streptomyces thermoviolaceus CUB 74, has been cloned into E. 
coli and is expressed and subsequently located in the periplasmic space of the cell (Bahri 

& Ward, 1990; French, 1993; French et al, 1996). This approach has a number of 

advantages over full secretion, into the cultivation medium, and retention of the protein 

within the cytoplasm of the cell.

The aim of this project is to examine the process options for the recovery of selectively 

released periplasmic recombinant protein by further development of selective 

periplasmic release methods determined by French (1993). Comparison of the recovery 

of selectively released proteins from the periplasmic space and the impact of these 

methods on later downstream processes will also be examined. The evaluation of 

selective periplasmic release as an effective means of recovering recombinant proteins 

will also be investigated by comparison with other non-selective methods and by 

comparison with production of a-amylase extracellularly in S. lividans. Although there 

is general interest in the production of thermostable enzymes, in this project, a-amylase 

is being used as a representative system for study rather than for the production of the 

enzyme itself.
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CHAPTER 2: MATERIALS & METHODS

All chemical reagents were of AnalaR grade or equivalent and were obtained from Sigma 

Chemical Company Ltd, (Poole, UK), or BDH Chemicals, (Merck, Lutterworth, UK) 

unless otherwise indicated. Bacteriological reagents were obtained from Oxoid 

(Basingstoke, UK) or Difco Laboratories Ltd (Surrey, UK). The chromatography 

equipment used was purchased from Pharmacia Biotech (St Albans, UK).

2.1 Micro-organisms

The E. coli and S. lividans bacterial strains and plasmids are outlined in Table 2.1 below: 

TABLE 2.1 DETAILS OF BACTERIAL SIKAINS AND PLASMIDS USED.

Bacterial strains 

and Plasmids;

Genotype or related characteristics: Reference:

E. coli JM107 endAl gyrA96 thi-1 hsdR17 supE44 

relAl A(lac-proAB) [F’ traD36, proAB,

Yansich-Perron et al, (1985)

laclqZAMlS]

E. coli JM83 ala rpsL A(lac-proAB) ()>80 zAm 15 Yansich-Perron et ai. (1985)

S. lividans TK24 Str-6 SLP2- SLP3- Hopwood et al, (1985)

PQR126 Hindni - PstI 3.4kB in pBGS19 

(Kan^ lOpg mL'*) (a-amylase)

French (1993)

PQR187 pQR126 + cer fragment at PstI 

(Kan^ lOpg mL ̂ ) (a-amylase)

J. Ward, unpublished

PQR620 BamHI - Bgin from pQR300 inserted Bahri & Ward (1990),

into pQR443a (Stable version of pU702) Zamane/a/., (1993)

(Thiostrepton 50pg mL'^Xa-amylase) S. Robinson, unpublished

PQR752 poly-His tail (N-His-Glu-Hisg-C)

Induction using IPTG

(Amp^ lOOpg mL'*)(T4 lysozyme-his)

Sloane et al,{\996)

Footno te: Related characteristics show expressed protein and amounts o f antibiotic used in cuhivation where appropriate
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The a-amylase used was derived from Streptomyces thermoviolaceus CUB 74 and 

cloned into E. coli JM107 and JM83, on either plasmid pQR126 or pQR187. pQR187 

contains a recombination site (CER) that participates in the conversion of plasmid dimers 

into monomers and therefore improves plasmid stability (Summers & Sherratt, 1988), 

pQR752 contains the gene for T4-lysozyme engineered with a poly-histidine tail (N-His- 

Glu-Hisg-C) and cloned into E. coli JM107 (Sloane et al, 1996). S. lividans TK 24 

contains plasmid pQR620 which also expresses S. thermoviolaceus a-amylase.

2.2 Strain maintenance

2.2.1 a-Amylase strains

E. coli cultures were grown on selective nutrient agar plates supplemented with 1% 

(w/v) insoluble potato starch (S4251, Sigma) and 0.02 g L'* kanamycin (Sigma). 

Glycerol stocks were prepared from selective agar plates by aliquoting 3 mL of 50% 

(w/v) sterile glycerol onto a plate, resuspending the colonies and then storing the 

resulting suspension at -70°C in a sterile bijoux bottle.

S. lividans TK24 pQR620 spores were cultivated on V2 strength Tryptone Soya Broth 

(Oxoid) solidified with 2% (w/v) bacteriological agar (Gibco, Life Technologies Ltd, 

Paisley, UK) and supplemented with 1% (w/v) insoluble potato starch (Sigma) and 0.05 

g L‘* Thiostrepton (Lucania, S.J., Squibb Institute for Medical Research, New Jersey, 

US) at 28°C until sporulation. Glycerol stocks were prepared as before.

2.2.2 T4 lysozyme-his strain

E. coli cultures were grown on selective nutrient agar plates supplemented with 

ampicillin (0.1 g L'% Sigma). Glycerol stocks were prepared from these selective plates 

in the same way as before.
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2.3 Growth media

2.3.1 E. coli

1. * Terrific Broth’ (Tartof & Hobbs, 1987). The following reagents were used (g L'^): 

KH2PO4, 2.3; K2HPO4 3.78; bactotryptone 12 (Difco); yeast extract 24 (Oxoid); 

kanamycin 0.02 (Sigma); glycerol I 50 g L ’ ; poly propylene glycol (PPG) 1 ; g L * .

2. Defined medium (g L‘̂ ): (NH4)2S0 4 , 10; NaCl, 2.5; Na2HP0 4 , 2.16; KH2PO4, 0.64; 

FeS0 4  7H2O, 0.2, citric acid, 0.2, PPG, 0.1 mL L '\ glycerol, 30, MgSO4.7H20, 0.2, 

kanamycin, 0.01, thiamine, 0.05, trace elements, 1 mL L"\ The trace elements 

solution comprises (g L'*) CaCL 10; H3BO3 4; MnCl4.4H20 2; ZnS0 4 .7 H2 0  2; 

CUSO4.5H2O 0.4; C0 CI2 6H2O 0.4; NaMo0 4  2 H2O (0.2). Citric acid and 

FeS0 4  7H2O were mixed together first, before adding the other medium components. 

Glycerol and magnesium salts were autoclaved separately, the kanamycin and 

thiamine were filter sterilised (0.2pm) into the fermenter. Fed-batch feed medium (g 

L*̂ ): glycerol, 250; (NH4)2S0 4 , 50; Na2HP0 4 , 13.5; KH2PO4, 4; FeS0 4 .7H2 0 , 1, 

citric Acid, 1, trace elements, 2.5 mL L'% kanamycin, 0.0025, thiamine, 0.25,

3. High Biomass medium, for the cultivation of T4 lysozyme strains (g L'*): (NH4)2S0 4 , 

7; NaH2PO4.2H20, 6.24; yeast extract, 40; ampicillin, 0.1 (Sigma); glycerol 25 g L '

PPG, 11 gL'^ .

2.3.2 S. lividans

Minimal liquid medium (Hopwood et al, 1985) (g L'*): (NH4)2S0 4 , 2; casaminoacids 

(Difco), 5; MgS0 4 .7H2 0 , 0.6; PEG6000, 50; NaH2P0 4 , 2.16; K2HPO4, 3.58; sodium 

succinate, 5; thiostrepton, 0.05; trace elements solution, 1 mL L"\ The trace element 

solution was composed of (g L’̂ ) ZnS0 4  7H2O, 1; FeS0 4  7H2O, 1; MnCl2.4H20, 1; 

CaCl2, 1.
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2.4 Growth conditions

2.4.1 E. coli shake flask cultivation

g-amvlase producing strains: E. coli strains (JM107 and JM83) were cultivated in 

complex ‘Terrific Broth’ shake flasks for strain selection work (Tartof & Hobbs, 1987). 

Cells were reactivated fi’om fiozen glycerol stocks by overnight cultivation on nutrient 

agar plates containing 1% (w/v) insoluble potato starch (Sigma) and 0.02 g L'  ̂

kanamycin (Sigma). A single colony was added to a ‘Terrific Broth’ starter (10 mL) and 

grown for approximately 14 h. The main culture (0.3 L) was inoculated with 3 mL of 

the starter culture (1% v/v) and grown at 37°C for 24 h at 200 rpm in an orbital shaking 

incubator (Adolf Kühner AG, Schweiz, Switzerland). Kanamycin was added at a 

concentration of 0.01 g L ^ For small scale downstream processing experiments E. coli 
JM107 pQR126 cells were reactivated by growing overnight on selective plates. A 

single colony was suspended in 0.5 L ‘Terrific Broth’ in a shake flask containing 0.01 g 

L*̂  kanamycin and grown for 18 h at 37°C and 200 rpm in an orbital incubator.

T4 Ivsozvme-his producing strains: E. coli JM107 containing pQR752 was reactivated 

by cultivation on a nutrient agar plate containing ampicillin (0.1 g L'^) at 28°C for 48 h. 

A single colony was suspended in 33 mL of high biomass medium containing ampicillin, 

(0.1 g L'^), and grown at 28®C for 13 h at 200 rpm in an orbital shaker (Adolf Kühner 

AG). The main culture (0.25 L) was inoculated with 2.5 mL of the starter (1% v/v) and 

grown at 28°C and 200rpm until an ODeoo of 5.0 (8 h) was reached. At this point the 

culture was induced with 1 mM isopropyl-P-D-thiogalactosidase (IPTG) and grown for a 

further 3 h before harvest.

2.4.2 S. lividans shake flask cultivation

Spores were maintained in 20% (v/v) glycerol at -70°C. An aliquot (5 pL) of the spore 

solution was streaked out on a 14 cm diameter petri dish (Bibby Sterilin Ltd, Stone, 

Staffs, UK) containing % strength Tryptone Soya Broth (Oxoid) solidified with 2% (w/v) 

bacteriological agar (Gibco) and supplemented with 1% (w/v) insoluble potato starch 

(Sigma) and 0.05 g L'* Thiostrepton (Squibb Institute). This plate was then incubated at 

28°C for 7 to 11 days until sporulation occurred. The spores were then harvested by
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pouring 7 mL of sterile Revese Osmosis (RO) water onto the plate. The spores were 

scraped off into the liquid using a sterile loop. A 2 L flask (baffled with a stainless steel 

spring) containing 0.5 L of minimal liquid medium (Hopwood et al, 1985) supplemented 

with 5 g L'  ̂sodium succinate and 0.05 g L’* Thiostrepton was inoculated with 1.5 mL of 

harvested spore suspension and incubated at 28°C in an orbital incubator at 300 rpm for 

97 h.

2.4.3 Complex medium batch fermentation

Cells were reactivated as before and a seed culture was prepared by suspending 2-3 

colonies in 0.5 L Terrific Broth medium in a 2 L side arm flask. The culture was grown 

in an orbital shaker at 37°C and 200rpm for 12 h. Batch cultivation was carried out 

using either 14 L (Chemap, Alfa Laval Engineering Ltd, Middlesex, UK), or 42 L (LH 

Inceltech, Pangboume, UK) fermenters. The fermenter was seeded with a 2% (v/v) 

inoculum of stationary phase (12 h) E. coli cells. Fermentation samples were taken 

regularly to determine at-line biomass, optical density, a-amylase titres and plasmid 

stabilities. Parameters, such as dissolved oxygen and pH, were monitored using Ingold 

electrodes (Mettler Toledo Ltd, Leicester, UK), and parameters such as pH, antifoam 

and temperature were controlled using TCS instrumentation (Turnbull Control Systems 

Ltd, Worthing, UK). The pH was maintained at pH 7 using 2M phosphoric acid and 4M 

NaOH, with air supply and agitator speed were set at sufficiently high levels to prevent 

DOT dropping below 30% (1 wm and 1000 rpm). The temperature was set to 37°C. 

Cultivation parameters and exhaust gas values were monitored using a real time data 

acquisition system (RT-DAS, Acquisition systems, Reading, UK). Exhaust gas 

composition was measured using a mass spectrometer (Prima 600, Fisons Scientific 

instruments, UK).

2.4.4 Defined medium batch fermentation

E. coli JM107 pQR126 were reactivated as before. Sterile cultivation medium was 

aliquoted onto a nutrient agar plate, the cells were scraped off the surface of the agar 

plate with a sterile loop, and the resulting cell suspension aseptically transferred into a 2 

L side arm shake flask containing 0.5 L of medium. The culture was grown at 37°C for 

18-24 h in an orbital shaker at 200 rpm. The fermenter (20 L LH Inceltech) was
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inoculated with a 6% (v/v) inoculum from a defined medium shake flask culture. The 

cells were grown at 37°C and pH 7, controlled with 4M NaOH, and the DOT maintained 

above 40% (1-1.5 wm and 1000 rpm). Large scale fermentation (300 L) was carried 

out, in collaboration with C Turner and E. Fischer, in the same way as the smaller scale 

fermentation but seeded using 15 L (5%) of defined medium broth grown in a 20 L 

fermenter (LH Inceltech). The fermentation was monitored in the same way as the 

complex medium fermentation and stopped when the carbon source had been exhausted 

(ODgoo ~25).

2.4.5 Defined medium fed-batch fermentation

Fed-batch fermentations were carried out in collaboration with C. Turner. The fermenter 

containing defined medium was seeded with a 6% (v/v) inoculum and cultivated under the 

same conditions as the defined batch fermentation. Glycerol and other nutrients (section

2.3 .1) were fed by pump under the control of a feed algorithm at a growth rate of 0.2 h'* 

(Gregory & Turner, 1993). When the culture reached a DOT of approximately 20%, the 

feed was added at a constant rate to give a declining specific growth rate. This 

maintained constant DOT and prevented oxygen limitation, enabling higher cell densities 

to be achieved.

2.5 Fermentation monitoring

2.5.1 Optical density

Optical densities were measured at 600nm. Samples were diluted with RO water to give 

a maximum absorbance of 0.8. The absorbance was read against blank media at the 

same dilution.

2.5.2 Dry cell weights

E. coli dry cell weights were measured in two ways. In the first method, a known 

volume of whole broth was aliquoted onto a pre-dried 0.2pm filter and vacuum filtered 

(Whatman International Ltd, Maidstone, Kent, UK). It was then dried to constant
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weight at 105®C in an oven for 24 h and then weighed. The second method, using 

microcentrifiige tubes, was used for samples that were too viscous or of very high cell 

weight (above 40 g L'*). Microcentrifuge tubes were dried to constant weight in a 

similar way to the filters. A 1 mL aliquot of culture was pipetted into the 

microcentrifuge tube (Griener Labortechnik, Dursley, UK) and centrifuged for 10 min at 

11,500 X g (Biofuge 13, Heraeus Instruments, Brentwood, UK). The resulting 

supernatant was decanted and the cells resuspended in an equal volume of RO water. 

The cells were further centrifuged for 10 min, the supernatant decanted, and the tube 

then dried for 24 h or until constant weight was achieved.

S. lividans dry cell weights were carried out by aliquoting 5 mL of whole broth onto a 

pre-dried AP25 pre-filter (Millipore Ltd, Watford, UK) and drying to constant weight at 

60°C.

2.5.3 Plasmid stability

Plasmid stability was determined by measuring the viable cell count on a selective plate in 

comparison with the viability on a non-selective plate. A serial dilution of cells was 

carried out fi’om approximately 10'  ̂ to 10"* in 0.7% sodium chloride solution (Oxoid). 

Duplicate aliquots of 0.1 mL of a serial dilution ranging from 10'  ̂to 10'  ̂were dropped 

onto selective and non-selective plates. The liquid was then spread over the surface of 

each plate using a flame sterilised spreader. The plates were then incubated overnight at 

37®C. Plasmid stabilities were calculated by comparing the viable colonies on kanamycin 

plates with the total number of colonies on kanamycin free plates.

2.5.4 Whole cell fractionation

E. coli; Whole broth samples (1 mL) were collected in 1.6 mL microfuge tubes (Griener 

Labortechnik) and harvested by centrifugation at 11,500 x g. The supernatant (referred 

to as the extracellular fraction), was removed and the cell pellets were resuspended in 0.4 

mL buffer containing 20% (w/v) sucrose, 0.5 mg mL'* hen egg white lysozyme (EC 

3.2.1.17, L6876, Sigma) and 1 mM EDTA and statically incubated for 10 min, at which 

point 0.4 mL of RO water was added to the mixture and further incubated for 10 min.

The cells were harvested by centrifugation for 10 min (periplasmic fraction). The
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remaining cell pellet was resuspended in 50 mM Tris/HCl (pH 7.5) and sonicated with 

one 30s burst at 8 micron amplitudes (Soniprep 150, MSE Scientific instruments Ltd, 

Crawley, UK) followed by centrifugation for 10 min at 11,500 x g.

S. lividans; Whole broth samples were collected in 1 mL microfuge tubes (Griener 

Labortechnik) at various time intervals and spun down at 11,500 x g to give the media 

supernatant. This was assayed for total protein and a-amylase.

2.6 Analyses & Assays

2.6.1 a-Amylase assay

a-Amylase activity was measured using an assay modified by French (1993) based on the 

method of Blanchin-Roland & Masson (1989) in which activity was determined by 

measuring the rate of decrease of a coloured starch/Ij complex. This method was 

adapted for use on a microtitre plate. The substrate used was 0.5% (w/v) soluble starch 

(Sigma) in 15 mM sodium phosphate buffer at pH 5.8 which had previously been heated 

to boiling point and filtered through No 1 filter paper (Whatman International Ltd) whilst 

hot. The iodine stop reagent was freshly prepared by adding 0.2 mL of stock solution 

(2.2% (w/v) iodine/4.4% (w/v) KI) to 100 mL of 2% (w/v) potassium iodide solution. 

An appropriate dilution of the periplasmic fraction was made up to 0.15 mL using 15 

mM phosphate buffer in a microtitre plate and pre-incubated at 50°C. At the beginning 

of the assay 0.15 mL of the pre-incubated starch solution was added to the sample wells. 

At various times thereafter, 0.015 mL of the reaction mixture was pipetted into 0.3 mL 

of lodine/KI stop solution on a separate microtitre plate. At the end of the assay the 

plate was measured at 620nm using a microtitre plate reader (MR7000 Dynatech, 

Billingshurst, West Sussex, UK).

2.6.2 P-cyclodextrin assay

This method was adapted fi’om Makela ei al, (1987) for the determination of coupled P- 

cyclodextrin on affinity supports. Standards of known concentration were made up and 

0.5 mL of each concentration was aliquotted into 4 mL cuvettes. 0.25 mL of IM sodium
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carbonate solution was then added and the total volume made up to 2.3 mL. 0.2 mL of 

phenolphthalein (Sigma P9750) working solution (1:10 dilution of 3.75 mM 

phenolphthalein in 94%(v/v) ethanol) was added to the mixture. The cuvettes were then 

read at 553nm. The assay could also be carried out on microtitre plates where the input 

volumes were decreased by a factor of 10 and the plate read at 560nm on a microtitre 

plate reader (MR7000, Dynatech, Billingshurst, West Sussex, UK)

2.6.3 Lysozyme assay

Lysozyme activity was determined by measuring lytic activity against Micrococcus 
lysodeikticus cells (Sigma) based on the method used by Locquet et al (1968). M  

lysodeikticus (25 mg) was added to 100 mL of 0.067 M sodium phosphate buffer (pH

6.2). 0.9 mL of this buffer was then pipetted into a 1 cm cuvette and a 0.1 mL sample 

was added. The cuvette was mixed by inversion and measured using a time drive 

function at 450nm over 1 minute (Uvikon 922 spectrophotometer, Kontron Instruments, 

Watford, UK). Lysozyme values were calculated against a known set of lysozyme 

standards over the range 0-4000 U mL'*, allowing the lysozyme activity to be calculated. 

One unit of activity is defined as a change in absorbance of 0.001 at 450nm over 1 min. 

at constant temperature using a 1 mL suspension of 0.25 mg mL'* M  lysodeikticus cells.

2.6.4 Glucose-6-phosphate dehydrogenase (G6PDH) assay

G6PDH assays were performed using the method of Deutsch (1983), in which the rate of 

appearance of NADPH is measured at 340nm. The assay mixture was made up as 

follows; Tris(hydroxymethyl)amino methane (86 mM); MgCb (6.9 mM); glucose-6- 

phosphate (1 mM); and NADP^ (0.39 mM) at pH 7.4. 0.015 mL of suitably diluted 

sample and 0.3 mL of assay mixture were added to a microtitre plate and the change in 

absorbance measured at 340nm was measured for 15 min using time drive kinetics 

software (Biolinx, Dynatech, Billingshurst, UK) using a microtitre reader (Dynatech 

MR7000). G6PDH levels were determined as a percentage of the totally disrupted 

feedstream.
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2.6.5 Protein assays

Protein content was determined using a microtitre adaptation of the BCA assay (Pierce- 

Warriner, Warrington, UK) (Smith et al, 1985). Microtitre plates were incubated at 

37°C for 30 min and read at 560nm using a microtitre plate reader (Dynatech MR7000).

In a few cases protein concentrations were also determined by the Bradford assay 

(Bradford, 1978) using BioRad protein assay reagent. The assay was performed using a 

microtitre plate according to manufacturer’s instructions, and Bovine Serum Albumin (0- 

0.025 mg mL"̂ ) was used as a standard.

2.7 SDS PAGE

SDS PAGE was used to determine the protein content and purity of samples obtained 

from process purification steps. Samples were concentrated using Trichloroacetic acid 

(TCA) precipitation.

2.7.1 Trichloroacetic acid (TCA) precipitation

The sample to be concentrated was adjusted to a volume of 1 mL by adding RO water. 

0.333 mL of 100% TCA (BDH Chemicals) was added to give a final concentration of 

25% (v/v), and the tube was then mixed by inversion and the sample stored at 4°C for 2 

h (or overnight). The sample was then spun for 7 min at 14,900 x g for small quantities 

of visible protein precipitate and 7,500 x g for large amounts of protein precipitate. The 

supernatant was then decanted, and 1 mL of acetone/5 mM HCl was added. The pellet 

was then broken up by vortex mixing and the suspension was centrifuged as before. This 

supernatant was then decanted and 1 mL of acetone was added, the pellet was mixed and 

centrifuged as before. The supernatant was decanted and the pellets dried using a rotary 

evaporator (Savant SpeedVac SC 100, Life Sciences International, Basingstoke, UK). 

The pellets were then stored at -20°C or redissolved in sample buffer.
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2.7.2 Gel electrophoresis

All protein gels were run according to the method of Laemmli, (1970). Samples were 

prepared by adding sample buffer (10-40 pL) (0.5 M Tris/HCl pH 6.8, 10% SDS, 10% 

glycerol, 5% P-mercaptoethanol (BDH), 0.05% bromophenol blue, and RO water). The 

buffer was added to the protein in a 1:1 ratio for liquid protein samples or to the required 

volume if TCA treated (10-40 pL). The gels were run for 1-2 h (Model 400L power 

pack, Gibco), and, following separation, the gels were treated in fixing solution (acetic 

acid, 7% v/v; methanol, 40% v/v; RO water, 53% v/v) for 1 h followed by addition of 

Coomassie blue stain (Coomassie blue, 0.25% w/v; methanol, 45.5% v/v; acetic acid, 9% 

v/y; RO water, 45.5% v/v) until the band became visible. The gels were then treated 

with destain (acetic acid, 10% v/v; methanol, 25% v/v; RO water, 65% v/v) until the 

stain had been removed from the gel leaving clear bands. The gels were photographed 

and archived using a gel documentation system (Ultraviolet Products Ltd, Cambridge, 
UK). (Protein standards were; (78, Ovotransferrin (hen egg); 64, Albumin; 42, Ovalbumin (hen egg); 

30, Carbonic anhydrase (bovine erythrocyte); 17.2, Myoglobin (equine); 12.3, Cytochrome c (equine).

2.8 a-amylase recovery methods

2.8.1 Osmotic shock

Osmotic shock treatment was a modification of published methods (Neu & Heppel, 

1965; Nossal & Heppel, 1966; Blanchin-Roland & Masson, 1989 and French et al, 
1996). Whole broth (1 mL) was recovered by centrifugation (11,500 x g) and the 

supernatant removed. The resulting cell pellet was suspended in 1 mL of 20% (w/v) 

sucrose and 1 mM EDTA, and statically incubated for 10 min. The osmotically 

weakened cells were harvested and the supernatant decanted. The cell pellet was then 

resuspended in 1 mL RO water at room temperature and left for a further 10 min. The 

resultant spheroplasts were harvested by centrifugation (11,500 x g) and the supernatant 

(the periplasmic fi-action) was recovered. In cases where the two steps were combined, 

0.4 mL of 20% (w/v) sucrose was added to the cell pellet and statically incubated for 10 

min, followed by addition of 0.4 mL RO water and a further incubation for 10 min. The 

final sucrose concentration was 10% in combined lysis treatment, and 20% in the sucrose
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fraction in the separate step lysis procedure. The cells were harvested as before. Both 

the sucrose wash and the water wash were assayed for a-amylase and total protein.

2.8.2 Lysozyme/water treatment

This treatment was a modification of the method of French ei al, (1996) and was used 

as the standard periplasmic release method. Whole broth (1 mL) was recovered by 

centrifugation (11,500 x g) and the supernatant removed. Cell pellets were resuspended 

in 0.4 mL buffer containing 20% (w/v) sucrose, 0.5 mg mL’̂  hen egg white lysozyme 

(EC 3.2.1.17, 3X crystallised, dialysed and lyophilised, L6876, Sigma), and 1 mM EDTA 

and statically incubated at room temp for 10 min, after which 0.4 mL of RO water was 

added to the mixture and further incubated for 10 min. The cells were harvested by 

centrifugation (11,500 x g) for 10 min, to yield the periplasmic fraction. During the 

course of the experiments, variations from the standard procedure were carried out, 

including increase in resuspension volume, reduction in lysozyme concentration, changes 

in sucrose concentration and incubation time, and variation of the components of the 

lysis mixture. In cases where the two steps were separated, 0.4 mL of 20% sucrose 

containing lysozyme was added to the cell pellet and statically incubated for 10 min, 

followed by addition of 0.4 mL RO water and a further incubation for 10 min. After 

treatment by lysozyme, the remaining cell pellet was resuspended in 50 mM Tris/HCl 

(pH 7.5) and sonicated in 30 s bursts at 8 micron amplitude (Soniprep 150, MSE Ltd, 

Crawley, UK) followed by centrifugation (11,500 x g) for 10 min.

2.8.2.1 Determination of lysozyme requirement in periplasmic release

The curve defining lysozyme usage at a given dry cell weight was determined by 

harvesting medium (1 mL) containing E. coli cells (of a known dry cell weight) by 

centrifugation as previously described for standard periplasmic release method (section

2.8.2). Buffer (0.4 mL) containing the required concentration of lysozyme (over a range 

0 to 1.5 mg mL'^) was added to the cell pellet and mixed. This was left to stand for 10 

min followed by the addition of RO water (0.4 mL) and a further 10 min incubation. The 

cell supernatants were then spun down for 5 min. Fractions were assayed for protein and 

a-amylase. The curve defining lysozyme usage was prepared by determining the 

concentration of lysozyme that gave the maximum release of a-amylase at a given
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Specific E. coli dry cell weight of E. coli. The approximate conversion from dry cells to 

wet cells can be achieved by multiplying the dry cell weight by 3.

2.8.2.2 Periplasmic release incubation time course

The incubation time required was determined by treating 11.2 g L’* cells using the 

standard lysis method (section 2.8.2) containing a reduced amount of lysozyme (0.3 mg 

mL’*). The resulting periplasmic supernatants were assayed for protein and a-amylase. 

Cell associated fi*actions were determined by sonicating at 8 micron amplitudes for 30 s 

and re-centrifuging to obtain cell fî ee supernatant.

2.8.2.3 Change in periplasmic release volume

The fractionation volume was determined by harvesting 1 L of cell broth at 5400 g for 10 

min (J2-MI, JAIO rotor, Beckman Instruments, High Wycombe, UK). Wet cells (2 g) 

were measured into a 100 mL stirred reactor and resuspended into 20% sucrose, 1 mM 

EDTA to a maximum of 75 mL, to represent varying cell concentrations in the range 

from 8 to 180 g L’*. Lysozyme (5 mg) was added to the cell suspensions, and these were 

stirred at 500 rpm using a Rushton turbine for 10 min. An equal volume of RO water 

was added to the vessel and stirred for a further 10 min. Below 16 g L’* cell 

concentration, 1 g of cells and 2.5 mg lysozyme was used, and the corresponding 

resuspension volume was reduced by half. Samples of the fi*actionation mixture were 

aliquoted into 1.5 mL microcentrifuge tubes and spun for 10 min. The supernatant was 

decanted and assayed for total protein and a-amylase.

2.8.2 4 Small scale periplasmic release

Whole E. coli cell broth (2.5 L) of dry cell weight (5 g L’*) was harvested at 10,800 x g 

at 4°C for 15 min (J2-MI, JA 10 rotor, Beckman Instruments). The supernatant was 

discarded, and the cell pellets were resuspended in 20% (w/v) sucrose, 1 mM EDTA and 

0.3 mg mL’* lysozyme (200 mL) and stirred for 15 min at room temperature. After 15 

min an equal volume of 100 mM Tris/HCl, 2 mM CaCb (pH 7.5) or 100 mM Sodium 

acetate, 2 mM CaCb (pH 5.5) buffer was added and further mixed for 15 min at room 

temperature. The cell lysates were clarified as required by centrifuging at 29,100 x g for 

30 min at 4°C (J2-MI, JA 17 rotor, Beckman Instruments).
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2.8 2.5 Large-scale periplasmic release

Periplasmic release for large scale processing of E. coli was carried out as follows. 3 L 

of lysis buffer (20% (w/v) sucrose, 1 mM EDTA, and 0.3 mg mL"̂  hen egg white 

lysozyme (EC 3.2.1.17, L6876 Sigma) was added to a pellet of cells (about 200 g dry 

cell weight) recovered by centrifugation and mixed to homogeneity using a Silverson 

homogeniser. After 15 min, 3 L of ice cold RO water or appropriate buffer was added, 

and this was mixed for a further 15 min. After periplasmic release the subsequent 

feedstream was clarified and diluted as required.

2.8.3 T4 lysozyme-his/water treatment

Selective release using T4 lysozyme-his was carried out using a variation of the method 

described in section 2.5.4. T4 lysozyme-his was purified by Immobilised metal affinity 

chromatography (IMAC) using Cu^  ̂charged chelating Sepharose (Pharmacia Biotech). 

Whole broth samples (1 mL) were collected in 1.6 mL microfuge tubes (Griener 

Labortechnik) and harvested by centrifugation at 11,500 x g for 10 min. The 

supernatant was then decanted, 0.4 mL of lysis buffer containing T4 lysozyme-his was 

added, and the cell pellet resuspended. After 20 min, 0.4 mL of ice cold RO water was 

added to the suspension and left for a further 20 min. The mixture was then centrifuged 

at 11,500 X g for 10 min, and the supernatant containing the a-amylase and T4 

lysozyme-his was decanted.

2.8.4 Recovery of extracellular a-amylase from S. lividans supernatant

Whole S. lividans cell broth was harvested for 30 min at 29,100 x g (4°C) (J2-MI, JA 17 

rotor, Beckman Instruments).
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2.8.5 Homogenisation

Low pressure homogenisation for periplasmic release was carried out as follows. Whole 

E. coli cell broth (3 L) was recovered using a tubular bowl centrifuge (Model IP, Alfa 

Laval Engineering Ltd, UK) and resuspended in bufiFer (50 mM sodium acetate, 10 mM 

CaClj pH 5.5). The cell mixture was then homogenised (Lab 60, APV, Germany) for 3 

passes at 220 bar and 4°C, followed by 2 passes at 600 bar. Samples were collected 

mid-stream in each pass, and samples (1 mL) were aliquoted into microcentrifiige tubes 

(Griener Labortechnik) and harvested by centrifugation for 10 min at 11,500 x g.

Total cell disruption was carried out by harvesting whole E. coli cell broth (1.25 L) at 

10,800 X g at 4®C for 15 min (J2-MI, JA 10 rotor, Beckman Instruments). The 

supernatant was discarded and the cell pellets resuspended in 50 mM Tris/HCl containing 

1 mM CaCl; at pH 7.5 (200 mL) and stirred for 15 min at room temperature until the 

cells were resuspended. This was then homogenised at 1200 bar (Constant Systems Ltd, 

Warwick, UK) for 1 pass. The cell homogenate was then clarified by centrifuging at 

29,100 X g for 30 min at 4®C (J2-MI, JA 17 rotor, Beckman Instruments).

2.8.6 Centrifugal recovery at large scale

Centrifugal recovery of E. coli cells using Tubular bowl (Model IP, Alfa Laval 

Engineering Ltd, Middlesex, UK), multichamber bowl (Model 605, Westfalia Separator, 

Milton Keynes, UK) and disc stack centrifuges (Model CSA 8 and SAOOH, Westfalia 

Separator) were carried out according to manufacturer’s instructions at flow rates 

indicated in this text. Regular samples were collected and assayed from protein and 

enzyme activity.

2.9 T4 lysozyme recovery

2.9.1 Recovery of T4 lysozyme-his from whole E. coli cells

Whole E. coli cell broth (1 L, 14.5 g L'  ̂wet weight) was harvested by centrifugation at 

4000 X g for 20 min at 4°C (J2-M1, JAIO rotor, Beckman Instruments). The
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supernatant was discarded, and the cell pellet resuspended in 22 mL of 50 mM Tris/HCl 

pH 7.0 buffer and disrupted by sonication using 15, 30 s cycles at 15 micron amplitudes 

(Soniprep 150 microprobe, MSE Ltd). The suspension was then centrifuged at 20,000 x 

g for 10 min. (J2-M1, JA17 rotor, Beckman Instruments) and the resulting clarified 

supernatant was dialysed against equilibration buffer (20 mM Na2HPO4.12H20, 0.5 M 

NaCl, pH 7.2) overnight at 6°C before being divided into 2 parts. The first of these was 

diluted to 21 mL with equilibration buffer prior to recovery using immobilised metal 

affinity chromatography (IMAC). The second part was used as a crude preparation for 

selective release.

A 5 mL HiTrap™ Chelating Sepharose column (Pharmacia Biotech) was prepared 

according to manufacturer’s instructions and charged with 0.1 M CuCb. The column 

was equilibrated with 8 column volumes of 20 mM Na2HP0 4 .12H2O, 0.5 M NaCl buffer 

(pH 7.2). Separation was performed at room temperature using a chromatography 

system comprising a PI peristaltic pump and a Fraction 100 collector (Pharmacia 

Biotech). The first protein sample (21 mL) was loaded onto the column at 80 cm h*̂  (1 

mL min*) followed by a 5 column volume wash step at 160 cm h-1 (2.1 mL min*). 

Elution was carried out using a pH step gradient fi’om 7.2-3.5 using 20 mM 

Na2HP0 4 .1 2H2O, 0.5 M NaCl buffer (pH 3.5) at the lower flow rate for 50 column 

volumes. T4 lysozyme-his was eluted over 30 mL at a pH range fi'om 3.9-3.5, 

determined by protein and enzyme activity measurements. Fractions containing 

lysozyme were pooled into dialysis tubing (12-14 kD MW cut off, Philip Harris 

Scientific, Park Royal, London, UK) and concentrated by dehydration in the presence of 

excess sucrose at 4°C. The dialysis tubing was packed with dry sucrose, which resulted 

in the concentration of the protein solution. The sucrose was changed hourly (4 times), 

resulting in a 10-fold concentration of protein. The resulting sample was dialysed for 15 

h at 6°C with the standard lysis buffer: 20% (w/v) sucrose, 1 mM EDTA for 15 h.

2.9.2 Recovery of T4 lysozyme-his post lysis

Lysis and wash supernatants containing both a-amylase and T4 lysozyme-his were 

pooled and buffer exchanged into 20 mM Na2HP0 4 .12H2O, 0.5 M NaCl buffer (pH 7.2) 

by passage through a G-25 Sephadex PD-10 column (Pharmacia Biotech). A 5 mL 

HiTrap™ column was prepared as before and charged with O.IM ZnCb. a-Amylase was
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detected in the flowthrough and the T4 lysozyme-his eluted by step gradient between pH 

5.7 and 5.2. The flowthrough and eluted peaks were assayed for protein, and enzyme 

activity.

2.10 Chromatographic screening

2.10.1 Affinity chromatography

2.10.1.1 Sepharose 6B-P-cyclodextrin

P-Cyclodextrin supports were prepared using the method of Silvanovich & Hill (1976). 

Epoxy-activated Sepharose 6B (2 g) (Pharmacia Biotech) was washed with RO water 

for 1 h at room temperature followed by 0.1 M NaOH for 15 min. Excess liquid was 

removed using a sinter glass filter vacuum (Millipore Ltd, Watford, UK). P-Cyclodextrin 

(0.3 mg; Sigma, C4767) in 0.1 M NaOH was added to the Sepharose in a screw top 

tube. The support was incubated at 40°C for 20 h in a reciprocating incubator (New 

Brunswick Scientific, Hatfield, UK). The support was blocked using successive washes 

of RO water, glucose solution (25 g L**) and RO water through a sinter glass filter. The 

gel was suspended in buffer (50 mM sodium acetate, 10 mM CaCb pH 5.5) and stored at 

4°C. All buffers used were filtered using 0.2|im filters (Whatman International Ltd) and 

degassed.

P-Cyclodextrin activated Sepharose gel was packed into a XK16-20 column (Pharmacia 

Biotech) to settled bed volume of 4 mL. The support was conditioned using 50 mM 

sodium acetate, 10 mM CaCli pH 5.5. Clarified periplasmic lysis feed mixtures were 

pumped onto the columns at flow rates of 14.9-29.8 cm h‘* (0.5 to 1.0 mL). Elution was 

tested using 50 mM sodium acetate, 10 mM CaCb (pH 7.5) containing either P- 

cyclodextrin (10 mg mL"*), maltose or NaCl (2M). Separations were carried out using 

Gradifi-ac system (Pharmacia Biotech), and buffers were filtered and degassed (Whatman 

International Ltd, 0.2pm WCN type).
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2.10.1.2 Dye affinity chromatography

Dye affinity supports were tested using a mimetic ligand Piksi test kit (Affinity 

Chromatography Ltd, Freeport, Isle of Man, UK). Supports were prepared as outlined 

in the manufacturer’s instructions. The columns were flushed with degassed 25 mM 

NagHPO^ pH 6.0 (10 mL) under gravity. Periplasmic lysate (1 mL) (section 2.8.2 5) that 

had previously been clarified using a 0.2pm filter was applied to each of the test columns 

and fi’actions collected. The column was then eluted with 50 mM Na2HP0^ containing 

IM KCl (pH 8.1). Fractions were assayed for protein and a-amylase.

2.10.2 Ion exchange chromatography (lEX)

Ion exchange screening was carried out using 1 mL HiTrap™ Q and DEAE anion 

exchange supports (Pharmacia Biotech). Binding and elution conditions were evaluated 

using a Gradiffac system (Pharmacia Biotech). The columns were equilibrated using 10 

or 50 mM Tris/HCl, 1 mM CaCb pH 7.5 buffers. Periplasmic lysates were prepared as 

before and clarified by centrifugation (29,100 x g for 30 min at 4°C using J2-MI, JA 17 

rotor, Beckman Instruments) or microfiltered using a 0.2|im filter. These were applied 

to HiTrap™ columns at volumes ranging from 1-30 mL, and protein was eluted using 

equilibration buffers containing NaCl (1-2M). Evaluation of ion exchange as a secondary 

recovery step was also carried out using Q and DEAE anion exchange media (Pharmacia 

Biotech). Peak fi-actions from primary ion exchange were diluted 10-fold. Linear flow 

rates of 76.4 cm h"̂  (1 mL min'^) were used in all screening studies and fi-actions taken at 

regular intervals during separation.

2.10.3 Hydrophobic interaction chromatography (HIC)

HIC was tested for the recovery of a-amylase as a secondary step after ion exchange 

chromatography. A HiTrap™ HIC test kit (Pharmacia Biotech) was used for this 

purpose. The support to be tested was equilibrated in 50 mM Tris/HCl 1 mM CaClj (pH 

7.5) containing 2M NaCl or IM ammonium sulphate. A sample of pooled peak fraction 

(1 mL) from ion exchange purification run was made up to 2M NaCl or IM (NH4)2S0 4  

strength and applied to the column 76.4 cm h \  The column was washed with 10 

column volumes of buffer followed by a gradient elution to 50 mM Tris/HCl 1 mM
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CaClj pH 7.5 buffer over 10 column volumes and further washed with 30 mL. The 

support was further washed with RO water (20 mL). Fractions were assayed as before.

2.10.4 Ammonium sulphate precipitation

Ammonium sulphate precipitation was carried out using the method outlined in Harris
(1989). Periplasmic lysate (1 L), (2.8.2.5) was stirred at room temp. (20°C ±2°C), and

various amounts of ammonium sulphate were added to the mixture. Fractions were 

collected and assayed for a-amylase.

2.11 Adsorptive recovery of a-amylase

2.11.1 Packed bed chromatography

Small scale: Chromatographic purification was carried out using DEAE Sepharose fast 

flow (Pharmacia Biotech). The support was packed into a C l0-10 column (Pharmacia 

Biotech) to a bed height of 3.7 cm (2.9 mL). The support was then conditioned using 

0.2pm filtered (Whatman International Ltd) equilibration buffers of 50 mM Tris/HCl 1 

mM CaClz at pH 7.5. Chromatographic separations were carried out using a Gradifrac 

system (Pharmacia Biotech) in which 30 mL of centrifuge clarified feed protein was 

loaded onto the column followed by 40 mL wash with equilibration buffer. Elution was 

carried out by generating a 2 stage step gradient from 0 to 0.2 M NaCl in equilibration 

buffer, which was held for about 4 column volumes, followed by an increase to 1.0 M 

NaCl over 1 column volume. All purifications were carried out at a linear superficial 

flow rate of 76.4 cm h '\

Pilot scale: Packed bed chromatography was carried out using DEAE Sepharose Fast 

Flow (300 mL) packed in a 5cm diameter colunm (Pharmacia Biotech), giving a bed 

height of 15 cm. The bed was conditioned using 50 mM Tris/HCl, 1 mM CaCb pH 7.5, 

at a flow rate of 200 cm h'̂  (60 mL min *). After equilibration, 3 L of clarified and 

diluted lysate was added to the support at the same flow rate, and 108 mL fractions were 

collected. Once loading had been completed the support was washed until the majority 

of the protein had been removed. The flow was then reversed and the protein was eluted
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at a flow rate of 30 mL min'  ̂ (60 cm h'*) using 1 M NaCl over a two stage gradient. 

Fractions were assayed for a-amylase, protein and lysozyme.

2.11.2 Expanded bed chromatography

Expanded bed chromatography was carried out using DEAE Streamline support (300 

mL) packed into a 5 cm diameter XK50-100 column adapted for expanded bed 

chromatography (Pharmacia Biotech) giving a settled bed height of 15 cm. The bed was 

fluidized using 50 mM Tris/HCl, 1 mM CaCb pH 7.5, or 50 mM sodium acetate 1 mM 

CaCb pH 5.5 at flow rates of 200 cm h‘* (60 mL min'*) to give an expanded bed height 

of 40 cm. After the bed had been equilibrated, lysates of varying volumes were added to 

the support at the same flow rate and 108 mL fractions were collected. Once loading 

had been completed, the support was washed until the majority of the protein had been 

removed. The flow was then reversed, and the support packed to a settled bed height of 

15 cm. The protein was eluted at a flow rate of 30 mL min'* (60 cm h'*) using IM NaCl 

over a two stage gradient as used in packed bed chromatography. Fractions were 

assayed for a-amylase, protein and lysozyme and absorbance and conductivity profiles 

logged using Turbochrom software (v3.1, Perkin-Elmer, Beaconsfield, UK).
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Figure 2.1 Diagram showing the set up o f pilot scale expanded bed and packed bed 

chromatography for the purification o f a-amylase. The expanded bed is loaded by 

upward flow o f the protein feedstream to fluidize the support and eluted by downward 

flow after packing.

2.11.3 Batch adsorption

Batch adsorption was carried out using DEAE Streamline Sepharose. The support (30 

mL) was added to 300 mL of periplasmic lysate (crude or clarified) and stirred using a 

Rushton turbine at 250-300 rpm for approximately 1 h at 4°C (mixing geometry; turbine 

diameter, 2.5 cm; vessel diameter, 7.5 cm; height of turbine above the base of the vessel,

1.5 cm). Samples were taken at intervals to determine the degree of binding of target 

protein to the support. After the batch adsorption had been completed (at 1 h), the 

mixture was poured into a Laboratory 60 fiilter (Schenk laboratory systems Ltd, Oxton, 

UK) containing a 35pm polypropylene filter (P&S filtration Ltd, Rossendale, UK). 

Fractions of flowthrough were collected, as the spent lysate, wash buffer (50 mM
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Tris/HCl, 1 mM CaCb pH 7.5), and elution buffer (50 mM Tris/HCl, 1 mM CaClz pH

7.5 containing IM NaCl) were added to the support. Fractions were assayed for a- 

amylase, protein and lysozyme.

2.12 Determination of a-amylase specific activity

Periplasmic lysate was purified using expanded bed chromatography (DEAE) and peak 

fractions containing a-amylase were collected, pooled into dialysis tubing (12-14 kD 

MW cut off; Philip Harris Scientific) and concentrated by sucrose dehydration at 4®C. 

The dialysis tubing was packed on all sides with dry sucrose, which resulted in hydration 

of the sucrose and concentration of the protein solution. The sucrose was changed 

hourly (4 times), resulting in a 10-fold reduction in volume. The resulting concentrate 

was loaded onto an XK50-20 column containing a 20cm Sephacryl S-300 bed 

(Pharmacia Biotech) at 1 ml min ’ (3.1 cm h ’) followed by gel filtration using an XK25- 

100 column containing Sephacryl S-200 (Pharmacia Biotech) at the same flow rate. 

Fractions were collected and assayed for protein and a-amylase and analysed using 

SDS-PAGE.

2.13 Particle size analysis

Samples were diluted in filtered (0.2|im, Whatman International Ltd) RO water to give a 

suitable particle concentration for size analysis by laser light diffraction (Model 3600, 

Malvern Instruments Ltd., Malvern, UK). Samples of support were analysed in 

triplicate.

2.14 Viscosity

Viscosity measurements were carried out using a Rheomat 115 rheometer (Contraves 

Industrial Products Ltd, Ruislip, UK). Measurements were carried out using a 

concentric (coaxial) cylinder system (type MS-0) at shear rates o f24.3-3680 s'̂  at 20°C.
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CHAPTER 3: FERMENTATION AND PRIMARY RECOVERY OF

PERIPLASMIC RECOMBINANT a-AMYLASE

3.1 Introduction

a-Amylase derived from S. thermoviolaceus has been cloned and expressed in E. coli 
(French, 1993; French ei al, 1996). This protein is directed into the periplasm of the 

host micro-organism by means of a natural 27 amino acid signal peptide sequence. The 

expression of recombinant protein into the periplasm is advantageous in processing 

terms, because it reduces the process volume, proteolysis and levels of contaminating 

protein. To take advantage of these benefits, maintenance of the protein within the 

periplasm is therefore of paramount importance to ensure maximum yields are achieved 

and the periplasmic process can be viewed as economically acceptable. In this system 

maintenance of the a-amylase within the periplasm was also important so that a realistic 

study of periplasmic processing could be undertaken, using both defined and complex 

media. A number of other recombinant protein systems leak recombinant protein from 

the periplasm into the culture medium (Suominen et al, 1987; Georgiou et al, 1988) 

and it may be that leakage of a-amylase from this system will cause problems. Leakage 

will result in a loss of yield unless the process is directed to purifying this released 

protein.

There are two phases involved in the recovery of recombinant protein. The first is the

primary recovery of whole intact E. coli cells after the production phase so that selective

release can be carried out, or broth clarification, so that extracellular recombinant protein

can be recovered. Secondly, once selective periplasmic release has been completed,

product recovery requires the removal of spheroplasts and other debris to produce a

clarified feedstream. Cells and small biological particles can be recovered using both

centrifugation and microfiltration. At laboratory scale this is relatively efficient because

volumes are low, and high speed centrifuges are available giving highly clarified cell

extracts. As the processing scale increases, much larger volumes are present, and as a

result, high centrifugal force laboratory machines are impractical and larger scale process

equipment must be used. However, the use of large scale industrial centrifuges results in
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reduced clarification efficiency, because of the high throughputs and lower centrifugal 

forces that are attainable. The release of protein fi-om whole cells by acceleration, impact 

damage or on discharge will lead to loss of a-amylase and reduce the centrifugation 

efficiency because of the presence of small particulate debris. After periplasmic release, 

the presence of fi'agile spheroplasts which are easily broken, may contaminate the 

process stream with intracellular protein, and the low density difference between 

spheroplasts and sucrose (10% w/v) will reduce clarification efficiency. The presence of 

particulates, in the periplasmic release stream, are important because they affect later 

adsorptive processes by fouling and blinding supports reducing chromatographic 

efficiency. Breakage of spheroplasts will also lead to much higher levels of protein in the 

periplasmic lysates which will reduce the purity of the chromatographic feedstreams 

increasing the burden on protein purification stages.

The objectives of this chapter are to examine the different types of fermentation and their 

potential impact on later downstream processing steps particularly with the variety of 

growth media and methods available. This chapter will also examine the process 

alternatives for the recovery of whole cells and the clarification of periplasmic lysates 

concentrating particularly on the levels of protein release and debris present in these lysis 

mixtures which will directly affect the recovery of a-amylase during chromatography.

3.2 Cultivation

3.2.1 Shake flask cultivation

E. coli Strains were tested using ‘Terrific Broth’ (Tartof & Hobbs, 1987) to determine 

the optimum strain for production of a-amylase for downstream processing. This 

medium was chosen because it supports a higher overall biomass (8-fold increase) and 

higher titres of a-amylase (4-fold increase) than nutrient broth (French, 1993). Strains 

were cultivated in the presence of antibiotic (kanamycin), which had been shown to 

improve overall enzyme titres 3-fold over non-selective cultures (French, 1993) as the 

cells quickly shed the plasmid when kanamycin is absent due to segregational 

instability.
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TABLE 3.1 GROWTH AND DISTRIBUTION OF a-AMYLASE IN E. coli STRAINS GROWN 

ON COMPLEX MEDIA

E. coli STRAINS AND PLASMIDS

JM83 JMI07

PQRI26 PQR187 PQR126 PQRI87

ODeoOnm 4.32 (±0.18) 4.02 (±0.41) 10.37 (±0.34) 5.62 (±0.89)

Total a-antylase (U mL'’) 48.8 (±2.88) 40.3 (±0.77) 24.2 (±1.2) 10.5 (±1.6)

Extracellular (U mL'’) 32.3 (±2.5) 17.5 (±2.5) 5.7 (±0.3) 3.2 (±1.7)

Periplasmic (U mL’) 11.9 (±0.84) 15.3 (±2.3) 7.4 (±0.9) 4.2 (±0.3)

Cell Associated (U mL'’) 4.6 (±0.29) 7.5 (±0.7) 12.5 (±11.1) 3.3 (±0.2)

Periplasmic (%) 33.7 56.6 74.4 70.1

Recoverable periplasmic (%) 24.4 18.6 30.5 39.3

Plasmid stability (%)̂ ” 93.8 (±12.0) 96.6 (±7.0) 93.0 (±14.0) 99.6 (±1.1)

p max. (h ’) 1.14 0.97 0.74 0.95

Footnote: Strain cultivation carried out in triplicate. (1) mean plasmid stability over the course o f  cultivation

Table 3.1 shows the results of the growth of the E. coli stains and plasmids. E. coli 

JM107 strains grew to the highest optical densities. However, production of a-amylase 

was approximately half that of the JM83 strains. This higher level of expression at lower 

optical densities may reflect the presence of the CER region which, as has previously 

been shown, improves plasmid stability (Summers & Sherrratt, 1988). This, in turn, may 

lead to a higher metabolic burden caused by the higher plasmid titres, and, therefore, 

reduce the levels of biomass present (McLoughlin, 1994). The final levels, as well as the 

overall retention of enzyme within the periplasm, vary significantly between strains. The 

highest overall a-amylase yield was achieved by JM83 pQR126 (48.8 U mL'^). 

However, 66% was lost to the extracellular medium by leakage. Leakage may be caused 

by the increased metabolic burden of protein over-production, rapid growth rate leading 

to more permeable cell membranes (Georgiou et al, 1988; Willemot & Comelis, 1983) 

or low level autolysis characterised by a minor decrease in broth turbidity at ODeoonm 

(<0.5 units) after 24 h. The highest level of periplasmic protein was attained by JM83
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!pQR187 where 56.6% was retained periplasmically. Nevertheless, in excess of 40% of
I

j the enzyme was leaked by the strain reducing overall periplasmic yields.

Except for a small number of cases, periplasmic proteins in E. coli are not normally 

secreted by cellular processes into the growth medium (Hirst & Welch 1988; Hsiung et 
al, 1989; Blight & Holland, 1994). However, under the increased metabolic burden of 

over-expression and rapid growth rate, and after exhaustion of cellular metabolites, 

periplasmic protein may be released by leakage through the outer cell membrane 

(Suominen et al, 1987) and by cell autolysis towards the end of fermentation. In any 

case, leakage seems to be a problem intrinsic to a number of recombinant protein systems 

(Hewinson & Russell, 1993; Suominen et al, 1987; and Georgiou et al, 1988) and may 

be difficult to prevent and is a disadvantage for periplasmic processing.

The target protein is produced within the cell and subsequently expressed into the 

periplasm using an N-terminal signal sequence, which is cleaved from the enzyme as it 

passes through the inner membrane of the cell. Enzyme that is retained within the 

cytoplasm is unlikely to be active (Hockney, 1994), hence the so called cell associated a- 

amylase (Table 3.1) was more likely to be unreleased periplasmic enzyme that was 

closely associated with the cell membranes and peptidoglycan. The levels of periplasmic 

enzyme ranged from 33.7 to 74.4%. However, cell associated levels of a-amylase 

ranged from 9.3 to 43.9% and, as a result, association with the cell lead to a significant 

level of product loss (Table 3.1). Cell associated a-amylase could be recovered by cell 

disruption techniques. However, these released other cell components which have 

important implications in later purification processes.

The growth rate of each strain was high (0.74 to 1.14 h"̂ ), typically reaching stationary 

phase after 6 h. Production of a-amylase appeared to be inhibited by these rapid growth 

rates and only began to accumulate after the cells had reached stationary phase. JM83 

pQRl 87 was the most productive periplasmic a-amylase strain and consequently was 

chosen for subsequent fermentation and downstream processing studies using complex 
medium. However this was preliminary work and will require further optimisation.
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3.2.2 Complex medium batch fermentation

E. coli JM83 pQR187 was grown at 8 L and 30 L (working volume) using ‘Terrific 

Broth’. Overall, yields were reduced by over 40% compared with shake flask cultivation 

with, in most cases, a significant level of cell leakage ranging fi-om 3.7 to 68% (Table

3.2). The lower yields at larger growth volumes may reflect oxygen limitation which will 

reduce the production of recombinant protein. The rapid growth rates (0.7 to 1.0 h'*) 

may give rise to lower plasmid copy number caused by segregational instability 

(Summers, 1991). The plasmid titres may not achieve the levels that are present during 

smaller scale shake flask cultivation, resulting in lower overall a-amylase titres during the 

growth phase. Rapid growth rate and plasmid dilution results in a reduction in 

recombinant protein production in ‘Terrific Broth’. A reduction in the growth rate or the 

maintenance of cells in stationary phase for several hours allows copy number to increase 

and therefore, product accumulation (Figure 3.1). Rapid growth rate may inhibit the 

production of a-amylase because of dissolved oxygen limitation. The concentration of 

dissolved oxygen may be insufficient for host metabolism, plasmid maintenance and 

expression reducing the yield of recombinant protein (Glick, 1995). The high levels of 

product leakage may be caused by rapid growth rates, leading to permeabilisation of the 

outer cell membranes.

TABLE 3.2 COMPARISON OF FERMENTATION PARAMETERS FOR JM83 pQRl 87.

GROWTH METHOD: HARVEST

TIME:

OPTICAL

DENSITY:

PERIPLASMIC: TOTAL: P max*

(h) (600nm) (UmL') (%) (UmL') h ’

Shake flask (0.3 L) 24 4.0 15.3 (38) 40.3 0.98

Fermentation (8 L) 18 4.6 1.3 (112) 11.4 0.99

18 5.1 3.1 (25.6) 12.2 0.96

Fermentation (30 L) 20 5.7 18.5 (68.1) 27.1 0.71

20 5.6 10.8 (48.1) 22.5 0.78

Figure 3.1 shows that low total levels of recombinant protein are produced during 

exponential phase growth, and it was only after the cells had been held in stationary
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phase for 6 to 8 h that production levels increased. French (1993) noted that the 

production of a-amylase in E. coli JM107 reflected the plasmid copy number rather than 

the biomass of the organism.
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Figure 3.1 The effect o f growth on the accumulation o f total a-amylase in E. coli JM83 pQRI87 

cells grown on complex medium (30 L) Optical density —O — Total a-amylase 

(UmU^).

Maximum levels of a-amylase were achieved at 20 h. However, the majority of the 

protein is released into the fermentation broth. This may be caused by leakage and also 

by cell lysis shown by a minor decrease in turbidity at 14 h. Maintenance of maximum 

levels of a-amylase within the periplasm required the harvesting of cells at approximately 

14 h leading to a large reduction in yield (75%). The difficulties in achieving consistency 

in bioreactor cultivation associated with the rapid growth rate and foaming of the 

complex medium, and the requirement to reduce leakage and increase yield, limits the 

use of this method at large scale. Extracellular a-amylase was effectively lost in the 

complex medium, because of the presence of high levels of contaminating protein (5-8 

mg mL"̂ ) which makes purification difficult.
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3.2.3 Defined batch and fed-batch fermentation

The primary work in developing the batch and fed-batch defined growth system outlined 

below was carried out elsewhere (Turner, 1993; Turner et al., 1994, Turner et al, 1994, 

Turner et al, 1996). E. coli strains did not produce a-amylase when grown in defined 

medium shake flask culture, and, as a result, screening was carried out by fermentation. 

In contrast to complex medium, JM107 strains were the most productive. JM107 with 

pQR126 produced 30 U mL'  ̂ (ODôoo 27.5) giving the highest cell and a-amylase titres. 

JM83 with pQR187 gave much lower total yields of 4.1 U mL'* (ODeoo 14.4), of which 

52% of the a-amylase was retained periplasmically after 32 h of growth (Turner et al, 

1996). High levels of a-amylase were leaked into the extracellular medium (45%). 

Therefore, defined medium fermentations were carried out using E. coli JM107 with 

pQR126 strain (Turner et al, 1996).

The problems with the cultivation of E. coli on complex medium stemmed from rapid 

growth rates and plasmid dilution, giving low productivities in the fermenter and a lack 

of consistency. Growth of strains on defined medium gave lower maximum specific 

growth rates (|im«. 0.2 to 0.3 h'*) and fed-batch allowed the growth rate to be precisely 

controlled by feeding at a lower growth rate, allowing optimum conditions to be 

achieved for protein production. Table 3.3 compares the femientation parameters for E. 

coli JM107 pQR126 grown in both defined and complex media. The defined medium 

fermentation gave rise to higher biomass. However, the levels of a-amylase produced 

were lower (2063 U g'*) than expected, and, as a result, the complex medium shake 

flasks were more productive (6410 U g'*). A potential means of overcoming low 

productivity in batch fermentation is the use of fed-batch, which allows the feeding of the 

fermentation, thus increasing the biomass and productivity of the fermentation. In this 

case, however, although the yields were increased from 24 to a maximum of 89 U mL'*, 

the productivity of the fermentation was about the same as batch fermentation using the 

same defined medium (2242 U g'*). The lower specific growth rate should provide a 

longer time for plasmid replication, giving higher recombinant protein levels, allowing 

the cell to produce a-amylase during the growth phase in proportion to the cell biomass 

present (Seo & Bailey 1985; Riesenberg et al, 1990). However, in this case, the growth 

rate in the shake flask from single colony inoculation (rather than from starter cultures)
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may have resulted in a longer lag phase and maintenance of plasmid stabilities for 

longer, leading to higher levels of a-amylase accumulation.

TABLE 3.3 COMPARISON BETWEEN DEFINED BATCH AND FED-BATCH 

FERMENTATION AND COMPLEX MEDIUM SHAKE FLASK CULTIVATION.

MEDIA:

STRAIN:

DEFINED:

Batch Fed-batch

JM107 PQR126 JM107 pQR126

COMPLEX: 

Shake flask 

JM107 PQR126

ODéOOnm 22 79 99 107.6 7.51

DCW (gL’) 11.78 31.03 38 39.7 4.68

Total a-amylase (U mL') 24.3 32.6 50.6 89.0 30

Extracellular (U mL*’) 10.3 22.1 5.8 26.2 5.8

Periplasmic (U mL*’) 7.2 7.2 30.1 23.6 11.6

Cell associated (U mL*’) 6.8 3.3 14.7 39.2 12.6

Recoverable periplasmic (%) 29.7 22 59.4 26.5 38.7

Leakage (%) 42.4 67.8 11.5 29.4 19.3

(h ') G.2-0.3 0.162 0.147 0.175 -

Productivity (U g ') 2063 1051 1332 2242 6410

Time (h) 22.4 46 48.5 37 18

Footnote: Fennentations carried out in 10 I fennenter (a) results averaged ûom  10 defined fermentations, (b) data fi-om 3 fed-batch 
fermentations (c) averaged fitxn 7 shake flask e;q)eriments

The yields achieved were not as high as might be expected on the defined medium

despite the low growth rate. It may therefore, be possible that some of the components

of the complex medium, such as yeast extract, have allowed an increase in a-amylase

production (Nancib et al, 1991). Cells grown on complex medium can be maintained in

stationary phase allowing the build up of a-amylase without the competition from

cellular metabolism that occurs during rapid cell growth. Stationary phase in this

medium implies that there was limitation of components of the medium preventing

growth but not protein production. Production on defined medium was related to
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] possible _

growth, which continued unti^carbon starvation occurred, at which point production of

the protein ceased. Maintenance of the culture in stationary phase resulted in rapid

autolysis of the cell and loss of recombinant protein to the culture medium. An equal

proportion of a-amylase was retained within the cell debris as cell associated protein as

was released by the periplasmic fractionation technique, reducing the recoverable yield of

a-amylase. Leakage was higher in the defined batch (42.4%) and fed-batch 

fermentation than complex medium (19.3%) leading to much larger losses of a- 

amylase. However, production using fed-batch took twice as long to complete as batch 

 ̂cultivation.

3.3 Comparison of production methods for recombinant a-amylase

Each of the fermentation methods has its own advantages. Shake-flask production was 

limited to complex medium, because of the lack of a-amylase production in defined 

medium. High levels of a-amylase can be produced from low levels of biomass in a

relatively short period of time using complex medium. However, in the bioreactor the
possibly

use of complex medium resulted in rapid growth rates, whicl^lead to oxygen starvation 

of the culture, variable levels of leakage and a-amylase titres, and problems with 

foaming. The harvest time also proved difficult to predict to ensure that maximum levels 

of periplasmic a-amylase could be recovered. Defined batch fermentations were easier 

to control, more reliable and were not susceptible to some of the difficulties of the 

complex medium. Approximately 30% a-amylase was retained periplasmically (Turner 

et al, 1996). However, identification of the fermentation end point was crucial to 

prevent high levels of periplasmic leakage, which could be as high as 61%, after substrate 

exhaustion. This was easy to predict provided that optical density was closely 

monitored.

Table 3.4 shows that although complex medium cultivation did not achieve the high 

levels of biomass achieved by defined medium, it did produce similar yields of a-amylase 

per unit volume. As a result, growth using complex medium was more productive, 

yielding a-amylase levels between 2196 and 5730 U g"̂  in both shake flask and batch 

fermentation, retaining higher titres within the periplasm (Figure 3.2). Growth on 

defined medium produced a-amylase levels between 979 and 3400 U g '\ Productivity
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using fed-batch (24.9 to 60.6 U g'̂  h’̂ ) was much lower than batch fermentation using 

either complex medium (319 U g'̂  h'*) or defined medium (102 U g"̂  h‘*). Increasing 

production scale fi'om 15 L to 300 L also reduced the productivity fi’om 102 to 82 U g'̂  

h‘\  However, this was likely to be a result of more rapid growth rates in the main 

culture (0.19 h"\ 15 L starter culture; 0.31 h '\ main culture) which lead to a shorter lag 

phase, plasmid dilution and lower levels of protein production.

TABLE 3.4 PRODUCTION PARAMETERS FOR E. coli STRAINS USING DIFFERENT 

FERMENTATION METHODS.

Strain; Time:

(h)

Total

a-

amylase:

(U mL-')

Periplasmic

(%)

Final:

DCW:

(g L ')

Final

OD:

(600nm)

Productivity:

(U g ')

SPA: 

(U m g')

Complex shake flask:

JM107 PQR126 18 31.8 41.4 5.55 5.8 5730 26.33

17.75 16.8 30.5 4.06 7.4 4138 13.03

18 12.3 32.8 5.6 9.9 2196 16.68

18.5 47.1 45.18 4.35 7.3 10,828 48.23

18 35.4 25.8 5.19 7.9 6821 18.57

18 17.9 46.5 3.75 6 . 1 4773 7.76

Batch complex:

JM83 PQR187 2 2 29.3 17.5 5.01 5.2 5848 -

2 0 27.1 6 8 . 1 5.45 5.7 4972 -

2 0 22.5 48.2 5.48 5.7 4106 -

Batch defined:

JM107 PQR126 22.3 12.9 37 11.18 2 0 1154 9.54

21.25 39.8 18.8 19.68 32.1 2 0 2 2 6.08

23.4 36.3 28.8 14.38 29.7 2524 8.49

2 2 20.4 39.9 6 . 0 14.4 3400 6.78

JM107 PQRI26 15 26.0 27.8 25.66 24.2 1013 6.57

(300 L) 1 2 14.2 30.0 14.5 24.2 979.0 2 . 8 8

Fed-batch:

JMI07 PQR126 42' 32.5 2 2 . 0 31.03 79 1047 -

48.5= 50.6 59.5 38.0 99 1332 35.42
3 7 3 89.0 26.5 39.7 107.6 2243 27.66

F ootnote: specific growth rates for the fed-batch cultures were: (1) 0.162, (2) 0.147, (3) 0.175.
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8000

Figure 3.2 Characteristics o f  shake flask, batch (Complex and defined medium) and fed-batch 

cultures. Total a-amylase titres (U m l ); Emma mean periplasmic retention

(%); I —I a-amylase productivities.

Figure 3.3 shows optical density (600nm) plotted against a-amylase production for 

different production methods. Clearly, the batch and fed-batch fermentations using 

defined medium allowed the continuous accumulation of product throughout the growth 

phase, with the production of a-amylase appearing to diminish above an optical density

of about 42 (fed-batch). This was a result of oxygen limitation as the DOT dropped 

below 30% towards the end of the fermentation and the adoption of linear feeding 

strategies towards the end of fermentation. Complex medium, on the other hand, 

produced a low yield during the initial growth phase. However, once in stationary phase 

(ODgoonm 7), the cells continued to produce a-amylase, and achieved similar yields to 

cells grown in defined medium batch culture.
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Figure 3.3 Plot o f Optical density (600nm) against a-amylase production for E. coli cultivation.

—M— batch (complex); ^  Batch (defined); a n d ^  fed-batch fermentations. Dotted 

lines indicate best fit lines for each fermentation method.

The objectives of this project are to examine the process options involved in the 

downstream recovery of periplasmically expressed proteins using selective release and 

also to determine more favourable routes for the recovery of selectively released 

recombinant protein. The initial development work on the strains and fermentation was 

carried out by French (1993). The growth results outlined in this chapter show 

preliminary work which has not been optimised. The only constraint on the strains used 

for this study is that there is sufficient material produced so that the a-amylase can be 

tracked in later downstream processes. A further problem for the examination of this 

method of production is that the enzyme Teaks’ from the cell reducing the recoverable 

yield and distorting the potential advantages of selective release.
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3.4 Recovery of recombinant protein

Cell recovery can be achieved through microfiltration or centrifugation. Recovery using 

centrifugation and microfiltration for this recombinant system are described in detail 

elsewhere (Fischer, 1996). This study concentrates on recovery by centrifugation as 

microfiltration was too slow for full processing. Table 3.5 outlines the properties of cell 

broth and periplasmic lysate after selective release treatment. Recovery of E. coli from 

whole broth has been routinely carried out in downstream processes (Gilbert, 1995; 

Blanchin-Roland & Masson, 1989; Alfthan et al, 1993). However, it is clear fi’om table

3.5 that the removal of cell debris and the recovery of a-amylase fi'om periplasmic 

lysates will be difficult, because of the relatively high viscosity of the background 

medium, low density difference between the periplasmic lysis mixture and the cell 

spheroplasts and debris.

TABLE 3.5 THE PROPERTIES OF THE WHOLE CELL AND PERIPLASMIC FEEDSTREAMS 

FOR CENTRIFUGATION.

FEEDSTREAM: CELL SIZE 

(^m)

DENSnV') 

(Ap) (Kgm^)

DENSITY DIFFERENCE 

(Ap) (Kgm^)

v isco sn Y ^ )

(mPas)

Whole cell broth 1-3(2) 1000 50-80 1.9

Cell lysate I 1041 10.5-40.5 2.6

Footnote: (1) Density o f  culture media and periplasmic lysate media. (2) Indicates data obtained from Whittington (1995) cell size for 
lysate is an estimate. (3) Viscosity o f  culture media and periplasmic lysate including solids.

3.4.1 Whole cell recovery

Cell recovery was undertaken fi'om both complex and defined medium whole broth using 

a tubular bowl (Model IP, Alfa Laval Engineering Ltd, Middlesex, UK), multichamber 

bowl (KDD605, Westfalia Separator, Milton Keynes, UK) and by disc stack centrifuges 

(CSA 8 & SAOOH, Westfalia Separator). Samples were collected from the supernatant 

stream during centrifugation, and levels of release were determined by enzyme and 

protein assays.
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TABLE 3.6 LEVELS OF RELEASE FROM WHOLE E. coli CELLS

CENTRIFUGE SOURCE 

TYPE: MEDIA:
Q/Z RELEASE (Mean %) FEED (2)

PROTEIN

(m s' )̂ G6PDH Protein a-amylase (mgmL-’)

TB Defined 2.79x10'^ - 24.7 3.1 3.59

Defined 2.92x10'^ 5.2 62.2 54.4 2.41

Defined 3.75x10'^ 3.1 24.3 1.9 1.39

Complex 2.79x10-® - 6.2 22.4 0.2T'^

MCB Complex 7.81x10® - 3.8 0.1 O.4 5 C)

Complex 1.06x10-* - 1.0 3.1 O.2 1 C)

DS(') Defined 1.285x10-* 3.45 31.8 - 0.75

Defined 7.82x10® 5.8 61.2 - 0.76

Defined 6.53x10® 3.52 76.9 - 0.87

Defined 4.07x10® 3.52 100 - 1.43

Defined 8.93x10® 3.45 68.7 - 3.78

DS^^ Defined 7.77x10® 3.43 8.1 7.15 2.98

F ootnote; TB, tubular bowl; MCB, multichamber bowl; DS, disc stack (a) CSA 8, (b) SAOOH. Increases in protein and a-am ylase are 
e;qpressed as a percentage o f the whole cell. Release was calculated as an average o f  the conq>lete centrifugation profile (Enzyme and 
protein release were determined as a  percentage o f disrupted whole cell with no media present). ( I )  Total protein determined using

Bradford protein assay (Biorad) (2) Feed protein is the level o f  protein present in the broth o f  whole untreated cells. (-) indicates 
not determined.

Table 3.6 shows that the tubular bowl centrifuge released protein and a-amylase into the
to

culture medium. This release did not appea^indicate complete cell breakage because of 

the low levels of the cytoplasmic protein Glucose-6-phosphate dehydrogenase (G6PDH) 

that are present in the supernatant stream. The release may therefore be a result of 

disruption of the outer cell membrane releasing the contents of the periplasm. There was 

release of a-amylase (3.1%) increasing the total leaked into the extracellular medium by 

a further 6% overall from an average of 10.3 (42.4%) during fermentation to 11.7 U mL" 

 ̂ (48.3%) in defined medium (Table 3.3) and from 7.7 (29.4%) to 14.9 U mL"̂  (56.8%) 

in complex medium. As the broth fed into the centrifuge, the levels of protein released 

increased rapidly to the levels shown in Table 3.6. This may have been

the result of impact damage caused by the sedimentation of cells within the bowl. This 

damage was reduced as a layer of cells build up within the centrifuge bowl. Levels of a- 

amylase did not rise to the same extent as the protein (Table 3.6) reflecting the close
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association of a-amylase with the peptidoglycan within the periplasm (Middleberg el al, 

1992, French et al, 1996). This method of cell recovery, although appropriate at small 

scale, becomes redundant as the scale of process is increased because of the limited 

solids capacity and the inability to discharge solids. This problem may be overcome by 

the recent development of the Powerfiige (Carr Separations Inc, Easton, MA, USA) 

which has the same separation properties as the tubular bowl but has discharge 

capability. A further problem that was encountered was that the harvested cell mass was 

de-watered to such an extent that resuspension of the cells for periplasmic release was 

difficult.

The level of release from E. coli cells using a multichamber bowl centrifuge (KDD605,
mean I mean

Westfalia Separator) was lower (2.4%) than using the tubular bowl (29.3%) (Table 3.6). 

The major increase in extracellular protein leakage occurred as the broth was added to 

the empty centrifuge bowl. This suggested that impact damage caused the release of 

both protein and a-amylase from the periplasm of the cell. The multichamber bowl, 

however, shares similar problems to the tubular bowl. The de-watered cell pellet was 

difficult to resuspend and removing the cell paste from the centrifuge bowl was more 

laborious than the tubular bowl because of the absence of an acetate within the bowl.

Disc stack centrifugation was carried out using both CSA8 and SAOOH machines 

(Westfalia Separator, Germany), allowing the continuous recovery of cells from large 

feed volumes through intermittent bowl discharge. The use of disc stack centrifugation 

allowed simpler resuspension of cell pastes in the periplasmic release mixtures, because 

of the reduced de-watering capability of these machines compared with tubular and 

multichamber bowls. Analysis of the medium supernatants during cell recovery showed 

that low levels of G6PDH were present. This suggested that low levels of cell breakage 

had occurred (Table 3.6). However, there was a high level of protein present in this 

supernatant stream. This discrepancy between the high levels of protein release and the 

low level of G6PDH may reflect the close association of G6PDH with the sedimented 

cells within the centrifuge bowl or temperature inactivation of this enzyme during 

centrifugation. Problems also arise during the storage of whole cells before 

centrifugation resulting in cell lysis and therefore elevated levels of protein in the 

supernatant stream. Cell breakage on discharge is a major disadvantage of using disc 

stack centrifugation for cell recovery because it resulted in large reductions in
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recoverable yield of a-amylase (21.6%). The discharge of whole cells also resulted in 

increased levels of protein and a-amylase being associated with the recovered cells with 

21.6 to 37.7% release occurring (Table 3.7). This release was disadvantageous because 

it incorporated additional protein into the periplasmic release mixture, reducing the 

specific activity of this feedstream and increasing the burden of purification in later 

recovery steps because of the presence cellular proteins.

TABLE 3.7 LEVELS OF RELEASE OF PROTEIN, a-AMYLASE AND G6PDH DURING CELL 

DISCHARGE OF WHOLE E. coli CELLS BY CSA 8 DISC STACK CENTRIFUGE

STAGE: Process concentration Protein a-amylase G6PDH

Volume (L) (%) (mgmL*’) (UmL’̂ ) (%)

Whole broth homogenate 300 100 3.99 8.3 100

Solids discharge 30.57 10.43 11.43 17.3 37.7

Max. breakage^’  ̂ - - 38.24 79.8 | -

Breakage - - 29.9 21.6 37.7

Footnote: (1) max. breakage calculated by concentrating the whole broth homogenate by the same amount as the solids discharge 
(x9.58) (2) percentage breakage calculated by dividing solids discharge values by the max. breakage.

Breakage may have occurred as the recovered cells were ejected through the discharge 

nozzles of the centrifuge. It may also be possible that the introduction of process water, 

which was used for bowl discharge, caused osmotic shock facilitated by the relatively 

high ionic strength of the fermentation broth (0.7M NaCl) (see Figure 4.2).

A further problem with the recovery of whole cells grown in defined medium, that has 

been outlined earlier (section 3.3), was that cell lysis could occur relatively easily. Cells 

in the defined medium are sensitive to autolysis and begin to deteriorate about 1 h after 

substrate exhaustion, resulting in high levels of both protein (90.9%) and G6PDH 

(55.4%) even when stored at 4°C. Further investigation of the growth phase is 

required to ensure that autolysis of whole cells can be prevented prior to centrifugal 

recovery.
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3.4.2 Removal of spheroplasts

The selective release of a-amylase from the periplasm produces a very difficult
I  wall

processing environment for the removal of cellyy debris and the recovery of target 

recombinant protein (Table 3.5). Purification is impeded by the presence of particulate 

material generated by the action of lysozyme on the cell wall, and the presence of sucrose 

which has osmotic potential, and may adversely afreet agarose based supports used in 

chromatographic purification. An additional problem is the presence of fragile, 

osmotically weakened cell spheroplasts, which may be prone to breakage during large 

scale centrifugation. There are a number of process options that can be used for the 

clarification of periplasmic lysates. However, it is important to ensure that the level of 

intracellular components, and cell debris present, are reduced to a minimum. It is likely 

that tubular or multichamber bowl centrifugation will provide the best clarification 

because of the high centrifugal forces attainable. However, shear in the tubular bowl 

centrifuge may result in significant damage to the spheroplasts and increased levels of 

contaminating protein. The recovery of a-amylase from high cell concentration lysis 

mixtures may also require centrifuges with solids discharge capacity.

Large scale industrial centrifuges are typically not as efficient at recovering cell debris as 

laboratory centrifuges. Improvements in centrifugal efficiency can be made in two ways, 

either by increasing the particle size (for example by flocculation), or by reducing the 

flow rate, which leads to longer residence times but increases the heating of the process 

feedstream (Wheelwright, 1991). Tubular bowl centrifuges are the most efficient pilot 

scale centrifuges, with the IP (Alfa Laval Engineering Ltd, Middlesex, UK) typically 

operating at 62,000 x g. By reducing the flow rate, the particle residence time increases 

and the clarification efficiency can be improved (Ambler, 1952; Trowbridge, 1962; 

Whittington, 1989).

Table 3.8 shows the clarification of periplasmic lysates by centrifugation and 

microfiltration (for comparison) and indicates the changes in protein and G6PDH in the 

clarified lysate. The level of release from spheroplasts increased with reduced flow rates 

in the tubular bowl centrifuge resulting in a 62% increase in the level of G6PDH and high 

levels of protein release (51.2%). The introduction of cell spheroplasts to the centrifuge 

at very low flow rates (4.8 L h'^) caused very high levels of protein release increasing the
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level of protein by five times the level present in the feedstream. The further addition of 

periplasmic lysate (1.5 L) to the centrifuge results in decreased protein release to 

approximately 1.4 of that present in the feedstream. This may be associated with the 

build up of a cake of solids on the inside of the bowl, reducing impact damage to the 

cells and also decreasing the radius of the bowl which will lower the effective centrifugal 

force. Clarification at higher flow rates (7.2 L h '\ 1.86x10*  ̂ m s'̂  and 12.8 L h '\ 

3.31x10*® m s**) using periplasmic lysates derived fi'om cells grown in complex medium 

gave smaller increases in the levels of protein present. This difference between the two 

types of feedstream may reflect higher levels of damage at the lower flow rates or may be 

because of the type of growth medium used, cell damage during whole cell recovery, or 

prolonged storage of whole cells resulting in partial lysis.

TABLE 3.8 RELEASE FROM SPHEROPLASTS DURING CLARIFICATION

CENTRIFUGE

TYPE:

SOURCE

MEDIA:

Q/Z: 

(m s ’)

RELEASE (mean %): 

Protein (%)(” G6PDH (%)(”

DEBRIS:

TB Defined 1.24x10'^ 51.2 61.9 14.9

Complex 1.86x10’’ 8.7 - 47.8

Complex 3.31x10’’ 5.6 - -

MCB Complex 3.56x10’’ 2.7 - -

DS Defined 1.79x10’’ 28.9 47.6 28.6

Defined 2.23x10’’ 9.1 54.3 27.9

Defined 3.57x10*’ 2.1 59.1 20.3

Defined 5.35x10’’ 6.7 74.2 14.2

MF Defined - -72.2̂ ’̂ - 0

Complex - -80.2® - 0

F ootnote: TB, tubular bowl; MCB, tnuhiduunber bowl; DS, disc stack; MF, microfiltration (0.2 pm). Release was calculated as an 
average o f  the oon^lete centrifugation profile (0 indicates no breakage). (1) Protein and G6PDH expressed as a  percentage o f 
periplasmic lysate (homogenate). (2) Shows the reduction in the transmission o f  protein by microfiltration and corresponds to  54.3%  
(complex) and 95.2%  (defined) reduction in a-amylase (3) D ek is  expressed as pacentage o f feedstream (dry cell w e i ^ ) .
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The level of protein release from spheroplasts, derived from cells cultivated in complex 

medium and recovered using the multichamber bowl, was lower than the release caused 

by the tubular bowl centrifuge. The levels of protein present increased during the initial 

phase of centrifugation and subsequently levelled out 40% above the feed level. 

Multichamber bowls are usually employed for polishing feedstreams with low solids 

contents and also for proteins that are sensitive to the shear forces associated with solids 

discharge (Wheelwright, 1991). As a result, this method of recovery may be unsuitable 

for clarification because of the concentrated nature of the solids in the periplasmic lysate 

and the batch nature of processing which will cause problems at large scale. The 

recovery of cell spheroplasts from the periplasmic lysate using the disc stack centrifuge 

resulted in lower levels of protein release. However, this may be caused by the autolysis 

and deterioration of cells during whole cell recovery which may have resulted in lower 

levels of intact spheroplasts being present at this stage indicated by the levels of G6PDH. 

Microfiltration in comparison, achieves complete clarification but this lead to large losses 

of both protein (76%) and a-amylase (75%) reducing the attractiveness of this step for 

the clarification of periplasmic lysates in this instance.

Table 3.9 shows the properties of the periplasmic lysis recovery stream. The use of 

centrifugation for the removal of spheroplasts resulted in the presence of residual solids 

which will cause problems in later purification stages. The use of the tubular bowl 

resulted in the presence of between 10.4 and 47.8% residual solids (by cell weight) which 

compared unfavourably with other methods. This relatively poor clarification efficiency 

was probably caused by the cooling (4°C) of this machine which increased the viscosity 

of the sucrose in the lysis mixture from 1.3 (20°C) to 2.1 mPas (4°C), reducing 

centrifugation efficiency. The CSA8 disc stack centrifuge removed debris to levels 

between 14.2 and 28.6% (by cell weight). This machine was not cooled which probably 

improved efficiency. Each clarification procedure resulted in the presence of higher 

levels of protein than were present in the initial feedstream, causing process 

contamination by intracellular proteins.
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TABLE 3.9 CLARIFICATION OF PERIPLASMIC LYSATES ACHIEVED BY PILOT SCALE 

CENTRIFUGES AND MICROFILTRATION EQUIPMENT.

Z(m:) Q (L h ') Q/S DEBRIS

Disc stack 

(CSA8)

Disk stack 

(SAOOH)

Tubular bowl 

(IP)

Multichamber bowl 

(KDD)

Batch

(J2-MI)

Microfiltration

6225

1545

1075.7

997.1

57.6-168

10-36.32

4.8-17.9

34

2.57x10"-

7.49x10"

1.81x10".

6.53x10"

4.61x10"-

1.24x10"

9.47x10"

3.97x10-'°

I.7-3 .5C)
14.2-28 .6 2̂)

6.8-4O.37C)

14.9-47 .8(2)

2.7-7.2

Footnote: (1) m easured by optical density at 600nm, (2) measured by dry cell weight. Recovered product; 0% is equivalent to 
feed sample with levels o f  release calculated as an increase from this value. Microfiltration carried out using a C eraver 0.2pm  
pore type A ceramic membrane (O.OOSm^). Sigma calculations are outlined in the appendix.. - not determined

Microfiltration removed particulate cell debris completely. However, the loss of product 

associated with membrane fouling by particles of a similar size to the pores of the 

membrane (Bowen & Hall, 1995), and the relatively long processing time, reduces the 

attractiveness of this method. Nevertheless, optimisation of microfiltration to improve 

recoveries may be achieved by reducing transmembrane flux or by diluting the 

feedstream and operating at higher temperatures. Increasing the membrane area will also 

help to reduce processing time, however, this may increase the levels of protein lost. 

High speed batch centrifugation (30,000 x g) also leads to a highly clarified feedstream, 

but this is not an option at large scale.
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3.5 Summary

Recombinant a-amylase can be produced using either complex or defined medium. In 

both cases sufficient a-amylase was produced to enable the downstream process to be 

monitored. Complex medium must be used for small scale shake flask cultivation 

because a-amylase was not produced using defined medium. Larger scale fermentation 

requires the use of defined medium rather than complex medium to overcome some of 

the problems, such as foaming, associated with growth in complex medium at larger 

scale.

There are distinct differences between the two media types, which have implications for 

later downstream processing. Growth in defined medium occurred at a lower specific 

growth rate than complex medium, leading to higher titres per unit volume. However, 

the productivity of JM107 pQR126 was lower and the leakage higher than observed in complex 

medium. The growth rates achieved by cultivation in complex medium were too high 

(0.78 to 0.99 h*̂ ) to enable production during exponential growth phase, and may have 

resulted in plasmid dilution. a-Amylase only accumulated during stationary phase, which 

lead to a difficulty in establishing the optimum periplasmic yield because of problems 

determining the often rapid onset of cell lysis. The reproducibility of these fermentations 

was also poor. The defined medium was more reliable in fermentation cultivation for 

overall titres achieved, was easier to control, and as a result was adopted for large scale 

work. Fed-batch using defined medium did not provide any advantages over batch 

fermentation with the accumulation of a-amylase taking much longer. The overall 

disadvantage of this E. coli system was the high level of cell leakage, caused directly or 

indirectly by outer membrane damage resulting fi’om production of a-amylase, or by cell 

stress fi’om the rapid growth rates observed, which reduced overall yields by selective 

periplasmic release.

Recovery of intact whole cells at pilot scale has proved difficult using this system where 

cell breakage and, therefore, loss of yield was apparent. Table 3.10 shows the levels of 

protein released fi’om whole cells and spheroplasts during cell recovery and clarification. 

All the centrifugation techniques caused release of protein. However, the multichamber 

bowl appears to give the lowest level of release (on cells from complex medium). The
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disc Stack centrifuges gave varying levels of release, the larger CSA 8 releasing more 

protein than the SAOOH. However, both machines gave rise to high levels of protein 

release (21.6 to 37.1%) during the discharge stages of the centrifugation, causing loss of 

yield. Microfiltration, for the recovery of whole cells, resulted in increased processing 

time, susceptibility to autolysis over prolonged storage and inability to recover 

completely de-watered cell slurries.

TABLE 3.10 LEVELS OF PROTEIN RELEASE FROM WHOLE E. coli AND CELL 

SPHEROPLASTS GENERATED BY THE TREATMENT USING LYSOZYME

CENTRIFUGE TYPE: GROWTH MEDIA: PROTEIN RELEASE (%):

WHOLE CELLS: SPHEROPLASTS:

Tubular bowl (Zomplex 6.2 5.6

Defined 37.1 51.2

Multichamber bowl (Zomplex 2.4 2.7

Disk stack (CSA8) Defined 67.7 9.1

Disk stack (SAOOH) Defined 8.1 11.7

Footnote: Calculated values for cell breakage using process centrifuges for the recovery o f whole cells and the clarification o f 
spheroplasts from whole broth.

The clarification process resulted in high levels of debris being present in all the 

periplasmic lysis mixtures, except for those clarified by batch centrifugation or 

microfiltration. The level of release and reduction of the effectiveness of selective 

periplasmic release compared with small scale experiments is outlined in Table 3.11. 

This shows the specific activities of periplasmic lysates derived fi'om cells cultivated in 

both complex medium and defined medium. The level of protein release was high in 

defined medium resulting in the low specific activity of a-amylase (6 U mg'^). The use 

of complex medium, however, improved purification 9-fold by reducing the non-specific 

release of intracellular protein. If the specific activities achieved at small scale could be 

mirrored at large scale this process route may prove viable at larger scale.
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TABLE 3.11 COMPARISON OF THE SPECIFIC AdTVITIES OF COMPLEX AND DEFINED 

MEDIUM DERIVED PERIPLASMIC LYSATES AND a-AMYLASE YIELDS IN 

THE RESULTING MIXTURE.

SOURCE OF PERIPLASMIC LYSATE: SPECIFIC ACTIVITY a-AMYLASE YIELD

(Umg-*) (UmL')

COMPLEX MEDIUM 59.3 (±10.3) 41.8 (±8.8)

(Shake flask)

DEFINED MEDIUM 6.3 (±1.2) 17.5 (±2.7)

(Fermentation)

Reduced flow rate increases the clarification efficiency in industrial centrifuges reducing 

debris fi’om 47 to 14.9% w/v (tubular bowl). However, this increases the processing 

time and will have an impact in later downstream processes. The reduction in feed flow 

rate increases the level of protein release fi'om spheroplasts, increasing protein

contamination. In the absence of cooling other recovery techniques improve 

centrifugation efficiency because of the heat generated by fiiction. However, this heat 

may cause problems by activating proteases, inducing spheroplast lysis and may also 

inactivate recombinant protein. The a-amylase used in this study is thermostable, 

limiting the effects of increased centrifugation temperature. However, this may prove to 

be an important consideration in other systems.

Microfiltration removes particulates on the basis of size, and allows debris to be removed 

at controlled low temperature, removing some of the problems associated with 

centrifugation. However, loss of yield caused by membrane fouling, which may possibly 

be accentuated by the presence of sucrose, is a significant problem. The rate of filtration 

will also be affected by both temperature and viscosity, with low temperature processing 

reducing the flux by increasing the viscosity (Bowen, 1993). Further work is required to 

determine the optimum medium for cultivation, so that the cells are more robust in 

downstream processing. Clearly, release of protein and a-amylase was a significant 

problem at larger scale. Adaptation of subsequent purification processes, to avoid the 

need for debris removal, may prove to be the answer to the problems associated with 

spheroplast removal.
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CHAPTER 4; SELECTIVE PERIPLASMIC RELEASE

4.1 Introduction

The production of a periplasmically located recombinant protein in E. coli provides a 

number of advantages over fully secreted and intracellular systems. It protects the 

protein from the denaturing environment outside the cell (Sadana, 1993) and from 

proteolytic attack (only six out of twenty-seven known E. coli cellular proteases are 

present in the periplasm although there are nine membrane associated proteases (Murby 

et al, 1996). The final processing volume can be reduced because the protein is 

compartmentalised within the cell and contamination by intracellular proteins and other 

cellular components can be reduced (4-8% of the total cell protein is present in the 

periplasm (Holland et al, 1986; Nossal & Heppel, 1966; Beacham, 1979). The 

disadvantage of periplasmic expression is the difficulty in achieving selective release 

without contaminating the target protein with cytoplasmic proteins, lytic enzyme or 

chemical lysis components. There are also difficulties in finding a release technique that 

can be scaled-up cost effectively to pilot scale with the minimum number of processing 

steps.

Protein recovery from the periplasmic space has been addressed by a number of different 

techniques including: physical methods such as osmotic shock (Beacham, 1979; Neu & 

Heppel, 1965), freeze/thaw (Johnson & Hecht, 1994), and heat treatment (Tsuchido et 
al, 1985); chemical methods such as addition of Triton X-100 and guanidine (Naglak & 

Wang, 1990), EDTA (Ryan & Parulekar, 1991), chloroform (Ames et al, 1984) and 

glycine treatment (Ariga et al, 1989; Yu & San, 1993); and biological methods which 

use enzymes, such as lysozyme, in tandem with osmotic shock to specifically cleave 

peptidoglycan and thus gently release the contents of the periplasm (Neu & Heppel, 

1964; Birdsell & Cota-Robles, 1967; Kaback, 1971; Witholt et al, 1976; French 1993). 

Mechanical methods such as homogenisation and bead milling (Ogez et al, 1989; 

Harrison, 1991) are easy to scale-up, but are unable to achieve selective release.

Lysozyme is the key component of the lysis mixture used in this study and catalyses the
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degradation of //-acetylmuramic acid-A^-acetylglucosamine bonds (NAM-NAG) in the 

cell wall peptidoglycan by cleaving P(l-4) glycosidic bonds. Lysozyme treatment of cells 

works in the following way; the enzyme penetrates the outer membrane of E. coli cells 

when the cells are exposed to mild osmotic shock in the presence of EDTA. The EDTA 

chelates the Mĝ + ions of the outer membrane, destabilising it sufficiently to allow 

lysozyme to penetrate the peptidoglycan and hydrolyse NAM-NAG bonds of this layer. 

This causes the peptidoglycan of the cell to break up and spheroplasts to be formed 

releasing the contents of the periplasm (Witholt et al, 1976).

FERMENTATION
T4 LYSOZYME

PERIPLASMIC
RELEASE

RECOVER & 
RECYCLE

RECOVERY

HEN EGG 
LYSOZYME

DISCARD

Figure 4.1 Diagrammatic representation o f  the two processing options a\>ailable fo r  periplasmic 

release.

There are two overall strategies outlined in this chapter for the release of periplasmic 

proteins: one using hen egg white lysozyme (14.6 kD) which is discarded in the selective 

release process, and the other which employs a genetically modified recombinant T4 

lysozyme (18.7 kD) which may be selectively recovered from the E. coli 

spheroplast/periplasmic protein mixture (Figure 4.1). T4 lysozyme (cysteine-free wild 

type; Matsumura & Matthews, 1989) has been modified by insertion of a poly-histidine 

sequence (N-His-Gln-Hisg-C) at the C-terminus (Sloane et al, 1996). Successful 

recovery and purification of the T4 lysozyme (T4-lysozyme-his) was demonstrated by 

immobilised metal affinity chromatography (IMAC) using IDA Sepharose”̂^ columns 

charged with Zn̂ ,̂ Nî ,̂ and Cû  ̂ions (Sloane et al, 1996). Both T4 bacteriophage and 

hen egg white lysozyme have similarities in their mode of lytic action (Matthews et al, 

1981). However, T4 lysozyme is claimed to be approximately 250 times more active
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than the hen egg lysozyme on E. coli cells, (Tsugita et al, 1968), making it an ideal 

choice for the release of periplasmic recombinant proteins in E. coli. Enzyme activity is 

not affected by the C-terminus attachment of the poly-histidine tail since it is located well 

away from the active site (Sloane et al, 1996),

A potential difficulty with the use of this method at large scale is the presence of sucrose 

and lysozyme which will have an adverse effect on subsequent downstream processes. 

Sucrose increases the viscosity of the processing stream reducing the efficiency of 

centrifugation or microfiltration, and the lysozyme contaminates the process stream 

increasing the demand on subsequent purification steps. For the technique to be 

successful, it is therefore important to reduce the amount of lysozyme required per unit 

mass of cells for periplasmic release, and, if possible, to remove it from the periplasmic 

fraction after lysis. T4 lysozyme-his has the advantage that its recovery and re-use 

reduces the cost and contamination of the periplasmic release mixture by lysozyme as a 

result of its removal from the process stream.

The objective of this chapter is to examine the options for selective periplasmic recovery

of recombinant a-amylase. The reduction in the amount of lysozyme is studied together

with the possibility of recovery and re-use of the lytic agent as a process alternative.

Previous work (French, 1993; French et al, 1996) has already reported that 20% (w/v)
Ihen egg

sucrose, 1 mM EDTA and 0.5 mg mL'  ̂ lysozyme gives the most effective periplasmic 

release over methods such as glycine, chloroform and osmotic shock treatment up to 20 

L scale. In this chapter we examine in detail the effects of sucrose, lysozyme and cell 

concentration on the release and subsequent processing, as well as the potential for 

recycling the lytic enzyme.
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4.2 Selective periplasmic release using hen egg lysozyme

4.2.1 Periplasmic release buffer variation (Fractionation buffer)

Figure 4.2 shows the periplasmic release (fractionation) achieved by different 

components of the lysis mixture on defined and complex medium. In each case, other 

than release using the standard fractionation mixture, a component of the lysis mixture 

was removed and the degree of release tested at a cell concentration of 14.4 g L*̂  

(defined medium) and 5.3 g L'  ̂(complex medium). As can be seen from figure 4.2 there 

was a difference in the level of release achieved by the lysis buffers in the different media. 

In defined medium (Figure 4.2A) the maximum level of release was achieved in the 

presence of 20% (w/v) sucrose, 1 mM EDTA and 0.5 mg mL'  ̂ lysozyme. However, 

each of the different methods tried gave over 50% a-amylase release. Utilisation of 

water alone, for instance, allowed significant improvement in specific activity, removing 

some of the problems associated with the clarification of high concentration sucrose 

fractionation mixtures and reduced the protein loading of the final fractionation buffer. 

However, a much lower overall yield (55%) was achieved compared with the full lysis 

mixture. The lysis mixture of EDTA and sucrose gave slightly higher release levels 

(Figure 4.2A) and a specific activity in the range of 14-19.5 U mg-̂  (Table 4.1) but only 

the full mixture, containing lysozyme, achieved high levels of release (9.88 U mL \  1.3 

mg mL'*). Release was improved by including EDTA and sucrose which destabilised the 

outer membranes and caused osmotic shock, allowing the lysozyme access to the 
peptidoglycan to facilitate its breakage (Witholt et al, 1976). Previous work had shown 

that spheroplasts were stable (French, 1993).

The level of a-amylase release in complex medium was different from that achieved with 

cells grown in defined medium. The maximum level of release was still achieved in the 

presence of 20% (w/v) sucrose, 1 mM EDTA and 0.5 mg mL** lysozyme, and the buffers 

containing lysozyme still give the highest levels of release overall. However, the level of 

release achieved in the presence of lysozyme, but with key components of the lysis 

mixture such as EDTA removed, was much lower. Treatment of cells with 20% (w/v) 

sucrose and 0.5 mg mL*̂  lysozyme, for instance, lead to 45% a-amylase release. The 

same buffer used on cells grown in defined medium releases over 80% a-amylase. 

Treatment of cells with buffers which exclude lysozyme, showed levels of release below 

30% on cells grown in complex medium. The apparent high levels of released protein
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present in Figure 4.2B, was almost certainly caused by the washing of complex medium 

components from the cell pellets by application of the lysis buffers.
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Figure 4.2
Fractionation buffer

The effect o f varying lysis mixture ingredients on the level o f  a-amylase and protein 

released. [ . J a-amylase; I I Protein, in defined (A) and complex media (B). 

Periplasmic release, a-amylase and protein assays were carried out in triplicate. 

Levels o f  release are expressed as percentage o f  the standard release method using 

20% (w/v) sucrose, 1 mhd EDTA and 0.5 mg niL'̂  lysozyme (section 2.5.4).

Table 4.1 shows the levels of release and specific activity achieved by release using 

varying buffers in the different media environments. The problem with the use of 

lysozyme in periplasmic release was its presence as a contaminant in the subsequent
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process feedstream. However, this level of protein contamination (7.6 U mg*̂ ) was 

lower than the levels of protein released by homogenisation which resulted in a specific 

activity of less than 2 U mg-k

The difference in levels of selective release that occur between the complex and defined 

medium may be caused by a number of factors, and probably primarily associated with 

the difference in the stage of cell growth reached at the cell harvest. Firstly, during 

stationary phase the periplasm increases in size (Siegele & Kolter, 1992), allowing the 

build up of peptidoglycan within the periplasm from 6.6±1.5nm (exponential phase cells) 

to 8.8±1.8nm (stationary phase) increasing the number of layers of peptidoglycan 

polymer present within the cell wall (Leduc et al, 1989). The level of crosslinking 

within the peptidoglycan is also lower in exponential cells and cells that have been grown 

in minimal medium, compared with cells that have rested in stationary phase (Schwartz 

& Leutgeb, 1971). Secondly, lipoproteins associated with the peptidoglycan layer may 

increase cell strength reducing the ability of the lysis mixture to deform the outer 

membrane structure. This may be reflected by the higher levels of lipoprotein covalently 

bound to the peptidoglycan of slower growing or stationary bacteria than during 

exponential growth (Pisabarro et al, 1985; Tuomanen & Cozens 1987; Driehaus & 

Wouters 1987). Thirdly, it has been shown that the composition of cell membranes 

change throughout the course of cell growth. For instance, early log phase cells are 

more susceptible to changes in osmolarity, whereas cells in stationary phase become 

more resistant to treatment as they become spherical and smaller (Tuomanen et al, 
1988, Jenkins et al, 1990). Finally, the high ionic strength of the defined medium may 

create an osmotic potential, allowing the cells to be destabilised and some of the contents 

of the periplasm to be released (>50%) despite the absence of lysozyme and other 

components of the lysis mixture. Cells grown on complex medium require the presence 

of lysozyme to release the majority of the periplasmic a-amylase. In the absence of 

lysozyme less than 30% a-amylase was released, and removal of other key components 

of the lysis mixture also reduced the effectiveness of periplasmic release. It may be 

possible that there is some component of the complex medium that confers additional 

stability to the E. coli cell membranes and wall. The complex medium also has a lower 

level of salts, which contributes to a lower osmotic potential.
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TABLE 4.1

BUFFER:

LEVELS OF PERIPLASMICALLY RELEASED PROTEIN FROM E. coli GROWN 

ON COMPLEX AND DEFINED MEDIA

DEFINED MEDIUM: 

a-amylase Protein Specific a-amylase 

activity

COMPLEX MEDIUM:

Protein Specific

activity

(UmL’) (mg mL*') (U mg*’) (UmL*’) (mg mL*’) (U m g’)

Lysozyme + Water 6.5 0.7 9.3 2.3 0.58 3.9

Water 5.4 0.33 16.4 1.7 0.54 3.2

Lysozyme, EDTA, 

sucrose

9.9 1.03 9.6 12.2 0.66 18.5

Lysozyme + sucrose 7.7 0.57 13.5 5.8 0.61 9.5

EDTA + sucrose 6.4 0.33 19.4 4.0 0.54 7.4

Lysozyme + EDTA 6.9 0.74 9.3 5.4 0.71 7.6

Sucrose 5.7 0.31 18.4 0.8 0.59 1.4

EDTA 5.4 0.38 14.2 1.3 0.64 2.1
F ootnote: data expressed as the mean o f 3 data points.

4.2.2 Separation of fractionation steps

Table 4.2 shows the level of a-amylase and protein released by lysozyme and sucrose 

treatment with the sucrose and the water wash step combined (as in the normal 

fractionation procedure - see section 2.8.1 and 2.8.2) and with the two steps separated, 

a-Amylase release was improved by 13% by using lysozyme and separating the two 

stages (3.33 U mL*  ̂0.68 mg mL*̂ ) (Figure 4.3A). By separating the sucrose step from 

the water step, a larger osmotic gradient was evidently produced, which released more 

protein than in the combined release procedure. Unfortunately, the majority of the a- 

amylase and protein release (58-72%) occurred when the cells are washed with sucrose. 

This makes the separation steps in the bioprocess more complicated, because the final 

viscosity of the sucrose feedstream will be higher, reducing the efficiency of 

centrifugation on the small particulates generated by the action of the lysozyme. The 

separation of the two steps has the same effect in the absence of lysozyme. However, 

higher levels of protein seem to be released using this procedure.
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TABLE 4.2 THE EFFECT OF SEPARATION OF THE SUCROSE WASH AND WATER WASH

STEPS IN COMPARED WITH COMBINED TREATMENT

PERIPLASMIC LYSIS 

BUFFER:

a-AMYLASE:

UmL'*

(%)

FRACTION: 

I 2

PROTEIN:

mgmL*’

(%)

FRACTION: 

I 2

SEPARATE:

Sucrose 1.4 0.9 0.5 0.5 0.3 0.2

(41.2) (63.7) (36.3) (83.3) (56.7) (43.2)

+ EDTA 1.5 0.9 0.6 0.7 0.4 0.3

(44.0) (58.3) (41.7) (116.6) (54.9) (45)

+ Lysozyme 3.4 2.4 1.0 0.6 0.4 0.2

COMBINED:

(100) (71) (29) (100) (66.9) (33.1)

+ Sucrose I.O

(29.4)

- - 0.2

(33.3)

- -

+ EDTA 1.2

(35.3)

0.2

(33.3)

4- Lysozyme 2.9

(85.3) ■

0.5

(88.8)

F ootnote: The table shows levels o f a-amylase and protein released by treatments using sucrose; sucrose and EDTA; and 20% (w/v) 
sucrose, 1 mM EDTA and 0.5 m g mL’* lysozyme. Fraction 1 refers to that obtained on addition o f sucrose buffer, fraction 2 refers to that 
obtained on addition o f  water. Final sucrose concentrations were 10% (w/v) in combined treatment and 20%  (w/v) in the separated 
treatment (fraction 1) Data is normalised to the separated lysozyme treatment and was the average o f three data points.

The levels of release achieved by the addition of a chromatographic buffer, in place of 

water, at the second stage of periplasmic release were similar for both osmotic shock and 

periplasmic release using lysozyme (Figure 4.3B). The best level of release was achieved 

by the full periplasmic lysis mixture in combined treatment with chromatographic buffer 

during the wash stage. Periplasmic lysis typically resulted in a feedstream with a pH of 

between 5.6 and 6.8. Therefore, the use of a low ionic strength buffer to precondition 

the feedstream to a correct and constant purification pH, will help to improve the 

purification performance. The use of buffer during the second wash stage will also 

prevent precipitation effects caused by the direct addition of acid or base to the lysis 

mixture.
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Figure 4.3 The ejfect o f  separating the sucrose wash step from the water wash step. Figure A 

shows levels o f  a-amylase (U mL' )̂ and protein (mg mU') 1 I released by

treatments using sucrose, sucrose + EDTA (20% Sucrose and 1 mM EDTA); and

sucrose + EDTA + Lysozyme (20% Sucrose, 1 mM EDTA and 0.5 mg niL'  ̂ lysozyme).

Figure B shows the same periplasmic release mixtures conditioned with 50 niM 

Sodium acetate 10 mM CaCl2 buffer. All data normalised to release achieved by 

separated lysozyme treatment.

4.2.3 Reduction in sucrose concentration

Levels of sucrose are important for the release of recombinant protein from the

periplasm. Figure 4.4 shows the amount of release achieved by varying the initial

112



Chapter 4: Selective Periplasmic Release

concentration of sucrose in buffer containing 0.5 mg mL'  ̂ lysozyme. Levels of release 

above 20% (w/v) were reported to reduce a-amylase release (French, 1993). The use of 

20% (w/v) sucrose lead to difficulties during clarification caused by contributing 

viscosity, but a reduction of sucrose concentration below 15% (w/v) reduced a-amylase 

release fi’om the periplasm. A reduction fi’om 20% to 15% gave a 25% decrease in the 

viscosity of the fi’actionation mixture fi’om 2.1 to 1.58 mPas at 20°C. This reduces its 

impact in later downstream processing steps by improving the centrifugation efiSciency 

for spheroplasts and cell fi’agments. A further reduction of sucrose below 15% (w/v) 

probably limits the osmotic shock effect, and, in the process, reduces the penetration of 

the lysozyme into the cell and its effectiveness at hydrolysing the peptidoglycan.

Figure 4.4
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The ejfect o f reduction o f initial sucrose concentration before dilution from 20% (w/v) 

to 0%. Samples were released using the standard periplasmic release procedure using 

a range o f sucrose concentrations containing 0.5 mg mU^ lysozyme and 1 mM EDTA. 

The periplasmic fraction was recovered by harvesting in a microfuge at 11,500 x g for 

10 min. Released a-amylase (averaged from triplicate measurements)

Reduction o f the sucrose concentration to 12% (w/v) in osmotic shock has been 

reported elsewhere (Neu & Heppel, 1965).

The use of 10% (w/v) sucrose resulted in less than 60% of the a-amylase released by
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higher sucrose concentrations. In the absence of sucrose approximately 35% a-amylase 

was released, which may be caused by the effects of EDTA and lysozyme on the cell. A 

further factor to consider is the change in viscosity of the sucrose solution caused by 

reduced temperature. For instance, a 7.5% (w/v) sucrose solution has a viscosity of 1.22 

mPas at 20°C and about 2 mPas at 4°C. This affects downstream processing, and, as a 

result, careful choice of the subsequent processing temperatures is required.

4.2.4 Lysozyme usage in periplasmic release

Early experiments using hen egg white lysozyme showed a decrease in the level of free 

lysozyme, after periplasmic release, as the treated cell mass increased. Cells treated with 

hen egg white lysozyme showed a 40% reduction of detectable lysozyme at a cell 

concentration of 5 g L '\ Figure 4.5 shows a-amylase release and lysozyme units per mL 

at increasing dry cell concentrations.

For a set lysozyme concentration of 0.5 mg mL'\ the amount of lysozyme in the liquid 

phase decreased; evidently the lysozyme was binding to the cell debris. As the level of 

free lysozyme decreased, a-amylase released continued to rise with increased cell weight, 

suggesting that the lysozyme was still actively catalysing the breakdown of 

peptidoglycan. Deactivation or irreversible inhibition of lysozyme by peptidoglycan 

breakdown products did not, therefore, appear to have occurred, despite the lysozyme 

being in excess. A more likely explanation was that the number of lysozyme binding sites 

increased with the cell mass, which reduced the lysozyme content of the process stream 

(by as much as 70-90%). This was the result of a strong interaction, in the lysis mixture, 

between positively charged lysozyme and negatively charged peptidoglycan at neutral pH 

(5.7-6.9) and relatively low ionic strength, which are the optimum conditions for 

catalytic activity (Muraki et al, 1988; Davies & Neuberger, 1969; Maurel & Douzou, 

1976; Sharon, 1967).
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Figure 4.5 Soluble lysozyme levels at varying cell concentrations o f JM107 pQRI26. - O -  

lysozyme (U mU^) in the liquid phase measured by lysozyme assay (Locquet et ai, 

1968) Released a-amylase (U mL'‘). Lysis mixture contains 20% (w/v) Sucrose, 

1 mM EDTA and 0.5 mg mV‘ lysozyme.

Since the lysozyme was adsorbed onto the cell debris, optimisation of the amount of 

lysozyme required per unit mass of cells for periplasmic release was important, so that it 

will have a limited affect on later purification processes. Figure 4.6 shows the 

requirement of lysozyme per gram of cells (dry cell weight). By reading values of dry 

cell weight fi'om figure 4.6, it can be seen that 19.6 mg of hen egg white lysozyme 

releases the maximum amount of target a-amylase fi'om 5 g of dry cells. The 

relationship between lysozyme requirement and dry cell weight appears to be linear. This 

means that the lysozyme, provided it is used in limited amounts, causes a lower level of 

contamination in the process stream because it will bind to the cell debris. The lysozyme 

concentration used can therefore, be reduced significantly from that used by French 

(1993). 0.5 mg mL*̂  lysozyme in 2 L of lysis buffer at a cell concentration of 25 g L  ̂

was suggested, leading to the use of 20 mg of lysozyme for 1 g of cells. However,
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Figure 4.6, shows that lysozyme at a concentration of approximately 4 mg was required 

for the maximum release of a-amylase from 1 g of cells. This reduces the cost of the 

lysozyme by one fifth.
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Figure 4.6 Dry cell weight (g) against lysozyme (mg). Data points were obtained by determining 

the minimum concentration o f lysozyme that gave the maximum level o f release over a 

range o f dry cell weights (triplicate). Linear regression o f the data in the form o f 

y=mx + c gave values o f m 2.81704, c 5.52182, R value o f 0.96871. Dry cell weight 

data should be read as mass o f cells present: the lyso2yme value is the amount 

required to release the maximum amount o f a-amylase from that mass o f cells.

4.2.5 Time dependence on periplasmic lysis

Another important consideration is the incubation time (contact time) of the periplasmic 

release mixture with the cells. Figure 4.7 shows release of protein and a-amylase from 

the periplasm, and cell associated protein and a-amylase at various time points after 

addition of the periplasmic release mixture. The release of the periplasmic protein 

appeared to occur almost immediately on contact with the fractionation buffer. The plot
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shows little variation over time for a-amylase and protein release from the periplasm, 

provided that the cell suspension was mixed to homogeneity. This allowed reduction of 

the incubation time from 15 min for each step stated by French (1993)|to 5 min.
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Figure 4.7 Ejfect o f time on the release o f a-amylase and protein from the periplasm o f E. coli 

cells. Release studies were carried out using the standard periplasmic release 

procedure using 0.4 mL 20% Sucrose 1 mM EDTA buffer and 0.3 mg mL'^ lysozyme 

over varying contact times with 11.2 mg cells. O  Cell associated a-amylase; D  

Periplasmic a-amylase; #  Cell associated protein; ■  Periplasmic protein release. 

Adjacent averaging:------- protein a-amylase.

4.2.6 Change in resuspension volume

Figure 4.8 shows the amount of protein and a-amylase release with respect to different

cell concentrations of the periplasmic release mixture. A downward trend in the amount

of both a-amylase and protein released was observed between 9 g L** to 180 g L'l cell

concentration (with the same overall amount of cells present). Observations showed that

full resuspension of cell pellets at very high cell concentrations was not achieved,

indicating that, at this level, adequate contacting of lysozyme with the cells had not

occurred. As the resuspension volume was increased, the total amount of protein release
— -
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increased markedly, leading to a reduction in the specific activity of the fi’actionation 

mixture fi'om 13.5 to 11.3 U mg*̂ . The differences between the amount of a-amylase 

released at cell concentrations of 45.5 and 9.5 g L*̂  was approximately 3%. However, 

the difference in the amount of protein released (approximately 15% more released at 9.5 

g L'l) and the subsequent increase in volume required to achieve the lower cell 

concentration negates the increase in the specific activity of the target protein achieved at 

the lower cell dilution.
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Figure 4.8 The effect o f cell concentration on the total level o f a-amylase and protein release.

Fractionation was carried out on 2 g o f cells at a variety o f cell concentrations using

lysozyme. ~ 0 ~  Protein (mg), a-amylase (U) Adjacent averaging: -------

protein a-amylase.

At larger scale, release of a-amylase can be adequately achieved at a cell density of 50 g 

L'  ̂ (Figure 4.8). In the case of the standard defined batch fermentation described here, 

this equates to a 2.8 L resuspension of cells fi’om a 10 L fermentation, which was 

sufficient to achieve a high level of release without increasing the processing volume to 

such an extent that it becomes difficult and time consuming to process.

118



Chapter 4: Selective Periplasmic Release

The loss of yield of a-amylase observed in these studies during periplasmic release was 

evidently caused by hold-up within the cell mass. This a-amylase was unlikely to be 

intracellular, because the enzyme, in order to be expressed in an active form, requires the 

cleavage of a leader sequence as it is secreted through the inner membrane. Using 

increasing amounts of lysozyme did not affect the level of cell associated a-amylase, 

which makes up about 30% of the total a-amylase expressed. The hold-up of a-amylase 

may be caused by the partial breakage of the glycan chains during periplasmic release 

treatment using lysozyme. There is also a distinct variation in the thickness and 

crosslinking of peptidoglycan over the entire cell wall structure, with hold-up of a- 

amylase possibly reflecting protein being retarded within denser multilayer fragments of 

the glycan polymer (Leduc et al, 1989). The only way to free this a-amylase is by total 

cell disruption, which will release most of the intracellular contents of the cell. Hold-up 

may also be caused by the presence of peptide bond crosslinking in the peptidoglycan 

between meso-diaminopimelic acid residues on one chain and a D-alanine or meso- 

diaminopimelic acid residue on an adjacent chain. There is significant structural variation 

within the peptidoglycan associated with the presence of seven different peptidyl 

moieties to allow additional cross-linking between glycan chains (Labischinski & 

Maidhof, 1994) resulting in a substantial amount of the cell wall structure remaining 

intact after periplasmic lysis has been completed. Levels of periplasmic release may also 

be affected by the possible re-formation of outer cell membranes after the EDTA has 

been diluted by the addition of water.

4.3 Selective periplasmic release using T4 bacteriophage lysozyme.

4.3.1 Expression and purification of T4 lysozyme-his

Production and purification of T4 lysozyme was kindly carried out by S. O’Brien. T4-

lysozyme-his was expressed in E. coli JM107 pQR752 using high biomass medium. This

overcame the low level of biomass produced and reduced the extracellular leakage that

occurred when cells were cultivated on Nutrient broth (Sloane et al, 1996). T4

lysozyme (at 26% expression), was separated from crude E. coli cell extract using a

Cu^^-charged Chelating Sepharose™ HiTrap™ column (5 mL), because the two interact
—
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Strongly, producing an eluted peak at low pH (between 4.2 and 3.9) and over a large 

volume (107 mL). Table 4.3 shows the recovery of T4 lysozyme by Cu^-IMAC The 

clarified protein feedstream (259 mg) was loaded onto the column giving 71% yield of 

T4 lysozyme-his (49.5 mg) at 97% purity (Figure 4.9). Pooled peak fi’actions of T4 

lysozyme-his were concentrated 10-fold (107 to 11 mL) using sucrose dehydration, to 

reduce the purification volume, followed by dialysis into 20% (w/v) sucrose and 1 mM 

EDTA lysis buffer. This is not a realistic practice at large scale, however in a fully 

optimised system the T4 lysozyme-his would be added to the periplasmic lysis mixture in 

a fi-eeze dried powder form (lyophilised)in the same way as the hen egg lysozyme.

TABLE 4.3 PURIFICATION OF RECOMBINANT T4 LYSOZYME ON Cu^^-CHARGED 

CHELATING SEPHAROSE HP

Purification Volume: Total Total

step: Protein: activity:

(mL) (mg) (U)

Specific Overall Purity: Purification

activity: yield: factor:

(Umg-‘) (%) (%)">

Crude extract 21 258.5 35408 136.9 100 26

Cu^  ̂purified 11(•) 49.5 23695 478 66 97

Footnote: (a) Volume following 10-fold concentration, (b). Calculation from specific activity, (c) Calculated from scanning 
densitometry o f  S D S ^lyacry lam ide  gel. Specific activity o f  T4 lysozyme was 490 U mg '.

4.3.2 Periplasmic release using T4-lysozyme

E. coli cells (JM83 pQR187) were treated at a range of concentrations using purified T4 

lysozyme-his. Table 4.4 shows the levels of a-amylase released by T4 lysozyme-his at 

varying concentrations compared with controls using hen egg white lysozyme (0.5 mg 

mL'^) and lysis mixture in the absence of lysozyme. Clearly similar levels of a-amylase 

are released by the T4 and hen egg white lysozyme. However, much larger amounts of 

T4 lysozyme-his are used. Treatment of cells with osmotic shock buffers in the absence 

of lysozyme gave background release of 52-60%, which was associated with lysis caused 

by the action of EDTA and sucrose, leading to destabilisation of the outer cell membrane 

and subsequent release of periplasmic protein.
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Figure 4.9 SDS PAGE showing Immobilised metal affinity chromatography recovery o f  

recombinant T4 lysozyme on a -charged HiTrap Chelating Sepharose column. 

Lanes show: (1&7), Molecular weight markers; (2), crude extract with T4 lysozyme- 

his at 26% (load); (3), Column effluent stream; (4), column wash; (5), eluted T4 

lysozyme-his (pooledfractions); (6), concentrated T4 lysozyme-his.
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TABLE 4.4 LEVELS OF a-AMYLASE RELEASE ACHIEVED BY THE TREATMENT OF E. 

coli CELLS WITH T4 LYSOZYME-HIS

Cell concentration: T4 LYSOZYME-HIS: CONTROLS:

(gL ') 1.50 mg mL’’ 2.57 mg mL'* No lysozyme HEWL

5.1 UmL'*: 10.2 12.8 5.5 10

%: 102 128 55

2.55 UmL': 7.8 8.6 4.7 7.8

%: 100 110 60.2

1.28 UmL**: 6.0 7.6 3.3 6.3

%: 95.2 121 52.3

Footnote: Table shows a-amylase activity and percentage release con^Jared with a hen egg white lysozyme control. Controls o f 0.3 mg 
m L ' lysozyme and a lysis mixture containing no lysozyme were used.

Initial experiments in which cells were treated with T4 lysozyme-his (0.23 mg) showed 

that T4 lysozyme-his could be recovered from pooled dialysed cell extracts using Zn̂  ̂

charged immobilised metal affinity column (IMAC) and recovered using a pH gradient 

between 6.2 and 5.2. a-Amylase did not bind to the support and was collected in the 

flowthrough. However, only 19% of the lysozyme was recovered. This disappearance 

of T4 lysozyme-his was found to be related to the concentration of cell debris present 

(Figure 4.10) as was apparent using hen egg lysozyme (section 4.3.3). The amount of 

T4 lysozyme-his recovered dropped steadily following centrifugation from about 100% 

at cell concentrations of 0.004 g L'* to 14% at 4.0 g L '\

Muraki et al, (1988) reported that conditions of low pH and ionic strength lead to the 

creation of strong electrostatic forces between positively charged lysozyme and 

negatively charged cell wall peptidoglycan. The T4 lysozyme-his, as a result, became 

electrostatically immobilised onto the peptidoglycan in the relatively neutral pH (5.7-6.9) 

and relative low ionic strength of the lysis mixture. Although the enzyme activity 

appears to be unaffected, its subsequent recovery can only be achieved by washing with 

high ionic strength and pH buffer, weakening the electrostatic interaction between 

enzyme and substrate and allowing separation of the lysozyme from the cell wall.
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Figure 4.10 Recovery o f T4 lysozyme-his from periplasmic lysates at increasing cell 
concentrations. - O -  T4 lysozyme (U mL^) in the liquid phase measured by lysozyme 

assay (Locquet et al, 1968) Released a-amylase (U mU^). The initial lysis

mixture contains 20% (wA>) Sucrose, 1 mM EDTA and 0.23 mg mU^ lysozyme.

As a result of this close interaction, in subsequent experiments two 1 mL washes of the 

spheroplast cell pellet were carried out using a high ionic strength buffer (0.02M 

phosphate, 0.5M NaCl pH 7.7) to determine whether active lysozyme could be 

recovered. Table 4.5 shows that low levels of T4 lysozyme-his were present in the lysis 

supernatant (19 to 24%). The application of high ionic strength phosphate buffer 

allowed T4 lysozyme-his to dissociate from the cell debris and high levels (67 to 76%) to 

be recovered from cells treated with purified T4 lysozyme (1.5 mg). The dissociation of 

T4 lysozyme and the subsequent pooling of the supernatant and wash fraction resulted in 

an average recovery of 94% from the treated cell debris. Treatment of cells with a crude 

extract of T4 lysozyme-his (2.75 mg) resulted in lower wash recoveries overall (25 to 

34%). The pure T4 lysozyme-his, as the only protein species present, evidently reacts 

electrostatically with the cells, resulting in a 73% reduction in free lysozyme, which was

123



Chapter 4: Selective Periplasmic Release

only recovered by washing. However, the unpurified T4 lysozyme-his extract was 

present as a smaller proportion of the lysis mixture (approx. 20%), and the other proteins 

present compete for adhesion to cell wall debris. As a result, only 29% of the T4 

lysozyme-his was recovered by the high salt and pH washes. Proteolytic degradation of 

the T4 lysozyme-his may also lead to the reduced level of activity fi'om the crude cell 

fi*actions, and degradation of the poly-histidine tail will affect recovery by IMAC. 

Washing with high salt buffer to facilitate the dissociation of the enzyme may cause lysis 

of the cell spheroplast, as a result of the change in osmotic potential, liberating further 

cytoplasmic protein.

TABLE 4.5 RECOVERY OF RECOMBINANT LYSOZYME FROM THE CELL FREE LYSIS 

SUPERNATANT AND FROM SUBSEQUENT HIGH pH AND IONIC STRENGTH 

PHOSPHATE BUFFER WASHES

Lysozyme-his DCW: Lysis supernatant: High salt/pH washes:

(g L' ) Protein (mg) Lysozyme (%) Protein (mg) Lysozyme (%)

T4 lysozyme-his^*̂ 1.28 0.29 19.3 0.64 67.6

2.55 0.30 20.1 0.70 75.6

5.10 0.37 24.4 0.87 76.1

Hen egg lysozyme^^ 5.10 0.31 66.6 0.16 30.6

F ootnote: (a) T 4 lysozyme-his was purified using Cu * IMAC (l.Sm g ml* ) and used to periplasmically release various concentrations 
o f  a-am ylase producing cells (b) Levels o f  hen egg white lysozyme present in the periplasmic lysis supernatant (O.Smg ml'"input 
concentration) for cwnparison.

4.3.3 Post-lysis recovery of T4 lysozyme-his by Zn^^-IMAC

A Zn^^-charged IMAC column was chosen in preference to Cu^  ̂ to recover T4 

lysozyme-his fi'om the periplasmic release mixture because of the weaker strength of 

interaction (Hutchens & Yip 1990; Beitle & Mohammad, 1993). This allowed T4 

lysozyme-his to elute rapidly in a more concentrated form without compromising purity 

and yield (Sloane et al, 1996). Released periplasmic protein fractions (pooled original 

supernatant and phosphate washes), spiked with pure and crude T4 lysozyme-his 

extracts, were buffer exchanged by gel filtration to remove EDTA and equilibrated in 

0.02 M Na2HP0 4 , 0.5M NaCl pH 7.2 buffer, prior to loading onto a Zn^^-charged 

Chelating Sepharose column.
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Figure 4.11 shows that T4 lysozyme-his was retained by binding through immobilised 

metal ions, whereas the periplasmic proteins, including a-amylase, which have no affinity 

for metal ions, elute as expected in the effluent stream. T4 lysozyme-his was eluted as a 

single peak in a small volume, using a pH gradient between pH 6.0 and 5.2 at 99% purity 

(Figure 4.12). The four step post-lysis recovery of T4 lysozyme-his from the 

supernatant, phosphate washes, buffer exchange and IMAC on Zn^^-charged purification 

column, resulted in an overall yield of 82% (T4) and a purification factor of 5.2 (Table 

4.6, Figure 4.12).

TABLE 4.6 POST-LYSIS RECOVERY OF RECOMBINANT T4 LYSOZYME-HIS FROM THE 

RELEASED PERIPLASMIC PROTEIN.

Purification step Volume Protein T4 Lysozyme Yield Purity Purification 

(mL) (mg) (U) (%) (%) factor

Periplasmic lysate 15 27.12 4377 100 32.9

Buffer exchange 19 25.1 4071 93 33.1

Zn^  ̂IMAC peak 8.4 7.85 3808 87 99 5.2̂ "̂

filetions
F ootnote: (a) Calculated from scanning densitometry o f SDS-polyacrylamide gel.
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Figure 4.11 Chromatogram showing purification o f T4 lysozyme-his from released periplasmic 

protein during post lysis recovery by IMAC on Zn^^-charged Chelating Sepharose. Protein (mg mU'),

- O -  ; T4 lysozyme-his (U mL' )̂, - 0 ~  ; a-amylase (U mU^) —■ -  ; and pH  ..... •. a-amylase elutes

in the flowthrough.
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Figure 4.12 SDS-PAGE gel showing post-periplasmic lysis recovery o f  T4 lysozyme-his by IMAC 

on Zn2+ -charged Chelating Sepharose. Lanes: (1) molecular weight markers; (2), 

periplasmically released protein spiked with T4 lysozyme-his; (3), Column 

flowthrough; (4) Column wash; (5) eluted T4 lysozyme-his
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Figure 4.13 Process summary for selective periplasmic release using hen egg lysozyme and T4 

lysozyme-his. The lysozyme present was shown after key steps.
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4.4 Homogenisation

Intracellular protein is typically released from microbial cells by mechanical means such 

as homogenisation and bead milling in bioprocesses (Ogez et al., 1989, Harrison 1991, 

Middleberg, 1995). Homogenisation was used at low pressure (220 bar) to determine 

whether a-amylase could be released from the periplasm without significantly 

contaminating the process stream with intracellular material. The use of homogenisation 

rather than periplasmic release buffers would remove key contaminants such as sucrose 

and lysozyme from the process feedstream and may increase the recoverable yield of a- 

amylase. However, the increased levels of contaminating protein would benefit from 

the use of an affinity technique to improve the recovery and reduce proteolysis of the 

recombinant protein after homogenisation.
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Figure 4.14
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Three pass low pressure (220 bar) homogenisation: i l l i i l  a-amylase (U mL'^); 1 I 
protein (mg mU^); and H  specific activity (U mg' )̂. 2 high pressure passes (600 

bar) were used to indicate the total cell disruption. Standard represents release 

achieved by lysozyme, EDTA, sucrose treatment.

Figure 4.14, shows increasing levels of protein release over 3 passes at 220 bar. After 1
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pass, more than 50% of the total cellular protein was released into the process stream, 

compared with approx. 30% released by the addition of 20% (w/v) sucrose, ImM 

EDTA, and lysozyme. This indicated that lower levels of cell disruption were occurring 

than was expected by high pressure homogenisation, although selective release was not 

achieved. The level of released protein increased over the 3 passes from 49% (0.75 mg 

mL'^) to 73% (1.1 mg mL'^). Proteolysis may be apparent, because the enzyme activity 

after homogenisation was low compared with the selective release which retains high 

levels of periplasmic a-amylase within the cell debris (about 50%). Disruption using the 

homogeniser would be expected to release this a-amylase by mechanically disrupting the 

peptidoglycan. However, this low level of release may equally reflect retention of a- 

amylase within large partially disrupted fragments of peptidoglycan. In this case about 

30% of the periplasmic a-amylase activity was present after the first low pressure pass, 

which increased to a maximum of 48% of the periplasmic a-amylase after the final high 

pressure pass. This 48% release of a-amylase corresponded to maximum levels of 

protein release (1.5 mg mL*̂ ).

The problem of protease degradation can be overcome by the addition of protease 

inhibitors, which will increase process costs. However, the hold-up of protein may only 

be overcome by the use of high pressure homogenisation (1200 bar) which releases 

90.2% a-amylase from whole cells. Therefore, this method was not a substitute for 

selective release but may be an alternative, in combination with affinity chromatography, 

for the recovery of periplasmic recombinant proteins.

4.5 Periplasmic release balances

A potential problem in the use of lysozyme in periplasmic release is the contamination of 

the downstream process by lysozyme and the loss of yield over other methods such as 

whole broth homogenisation. Table 4.7 shows the properties of the process feedstreams 

after selective release has been carried out at the four processing scales. There was a 

significant level of a-amylase retention using the periplasmic release. However, this was 

reduced as the scale of recovery increased. At large scale (300 L whole broth) the high 

levels of recovery were likely to be because of cell breakage and autolysis caused by 

harvesting procedures, particularly if the final specific activities of the shake flask scale
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fractionation and defined medium fermentations are compared. In this case the specific 

activity at large scale did not improve.

TABLE 4.7 PROPERTIES OF PERIPLASMIC RELEASE STREAMS

Fractionation Initial Broth a-amylase recovery Periplasmic Lysis cell Final specific

technique; volume lysozyme weight activity

(%) PP (%) CA(%) (%) (g L ‘) (U mg ')

Small scale 80 39.6 60.4 6.1 5.57 32.1

(microfuge tube) 

(1 mL) (±7.9) (±7.9) (±0.29) (±0.37) (±7.8)

Shake flask 16 51.7 48 3 8.3 27.9 117.2

fractionation 

(2.5 L) (±8.1) (±8.1) (±1.9) (±1.9) (±29.4)

Fermentation 13.3 22.5 77.5 37.5 5T4^ 4.6

(5Lf>
20 18.2 81.8 20.4 9 8 .4 C) 5.4

Fermentation 40 86.1 13.9 35.7 34.1 2.4

(300 L)(')

Footnote: Reduction in broth volume expressed as a percentage o f the initial broth volume, periplasmic a-am ylase recovery and 
lysozyme present in the periplasmic lysis mixture after selective release. PP, periplasmic fitiction; CA, Cell associated Section. (1) 
indicates defined medium fermentation. 100% a-amylase recovery represents all cell associated a-amylase (excludes leakage) (2) 
Release fixMn defined medium fermentations was sub-optimal because o f the underestimation o f biomass therefore reducing amount o f 
lysozyme present

Selective periplasmic release also allows a significant reduction in process volume over 

procedures such as whole broth homogenisation or recovery from broth supernatants. 

The level of contaminating lysozyme was also low, typically in the region of 6 to 35% of 

the input concentration, indicating that process contamination by this enzyme will be less 

of a problem than perceived. The problem with this technique was the loss of yield 

caused by periplasmic leakage during cell growth and the retention of the protein within 

the peptidoglycan of the post lysis debris. Larger scale fractionation of cells grown in 

defined medium typically attained much lower specific activities compared with cells 

grown on complex medium. The appearance of highly polymerised viscous material in 

the clarified periplasmic lysate from defined medium indicated that non-specific release of 

cytoplasmic proteins and nucleic acids had occurred (Wheelwright, 1991).

131



Chapter 4: Selective Periplasmic Release

4.6 Enzyme stability in lysis mixtures

Selective periplasmic release can be achieved by the use lysozyme (T4-his or hen egg 

white) in the presence of EDTA (1 mM) and sucrose (20% w/v). The target enzyme, a- 

amylase, is a metallo-enzyme that is dependent on calcium for catalytic activity (Bahri & 

Ward, 1990). As a result, the presence of EDTA may cause chelation of the calcium and 

a reduction in the enzyme activity. The presence of periplasmic proteases may also lead 

to a decrease in enzyme stability. The presence of EDTA may reduce the affect of 

metalloproteases (e.g. Pi(III)) (Murby et al, 1996) resulting in higher active recombinant 

protein titres. Lysates were tested at a range of temperatures from 4°C to 80®C, with 5 

mM CaCb added, to determine whether the addition of calcium ions could preserve or 

enhance enzyme activity in the periplasmic lysis mixture.

TABLE 4.8 HALF LIVES OF a-AMYLASE IN PERIPLASMIC LYSIS MIXTURES IN THE 

PRESENCE AND ABSENCE OF CALCIUM IONS.

TEMPERATURE; (°C)

5mM CaCb

TIME(h)

No CaCb

4 145 7.89

20 126 5

37 119 5.04

50 6.40 2.05

80 0.97 0.59
F ootno te: Tenq>erature storage trial carried out on standard periplasmic lysates (small scale) at the temperatures indicated. Time points 
were assayed in triplicate.

Table 4.8 shows the half lives of a-amylase stored in periplasmic lysis mixtures. As the 

temperature was increased, the stability of the protein decreased markedly in the lysis 

mixtures in the absence of additional calcium. The degradation of enzyme activity 

contrasts earlier results at 50°C which showed high levels of a-amylase stability, with no 

reduction of enzyme activity over 22 h, at both 50 and 60°C in nutrient broth supernatant 

in the presence of calcium (Bahri & Ward, 1990).
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Figure 4.15
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Apparent optima for a-amylase in the presence and absence o f 5 mM CoC/; in 

periplasmic release mixtures containing EDTA. Plots show percentage initial activity 

with closed symbols indicating the presence o f 5 mM Calcium; — 1 h incubation; 

122 h; and 174 h and open symbols indicating the absence o f calcium

1 h incubation;-O— 122 h a n d 174 h.

Figure 4.15 shows the apparent optima for a-amylase in periplasmic lysis mixtures which 

also differed in the presence and absence of calcium ions. After 1 h the calcium ions 

appear to stabilise the a-amylase by shifting the enzyme’s apparent optimum from 40 to 

50°C. At temperatures of 80°C there appears to be little benefit in adding the calcium, 

because the enzyme was thermolabile at 80°C showing visual signs of precipitation after 

about 5 h. After long exposure (122 and 174 h) the stabilising effects of calcium were 

evident, with 3 times the retention of activity at 50°C after 122 h and over twice the 

retention of activity after 174 h exposure. The reduction of a-amylase activity may be as 

a result of calcium sequestration by EDTA. The addition of excess calcium may reduce 

the affect of EDTA. Reduction of a-amylase activity was also associated with 

degradation caused by the proteolytic enzymes within the periplasm.
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4.7 Summary

In terms of processing and protein stability there are several advantages in expressing 

proteins secreted to the periplasmic space of E. coli. However, a major drawback has 

been the cost, at large scale, of periplasmic release with commercially available lysozyme. 

The two process options outlined in this chapter allow reduction in process costs by 

optimising the use of lysozyme by, in one case, minimising the amount of lysozyme used 

and in the second case recovering the lysozyme that has been used allowing it to be 

recycled for later downstream processing.

Periplasmic lysis of E. coli cells with a re-usable poly-histidine tailed T4 bacteriophage 

lysozyme recovered in a one-step purification on immobilised metal affinity 

chromatography, allows the potential reuse of the enzyme. This provides the possibility 

for more economical periplasmic release and also removes the lysozyme reducing its 

affect as a contaminant. A potential problem with this technique is the presence of 

EDTA in the lysis mixture, which is incompatible with immobilised metal affinity 

chromatography. EDTA will chelate metal ions bound to the IDA of the support, 

causing a reduction in binding capacity, contaminating the process stream with metal ions 

and limiting the recovery of the target protein. For this process to be successful EDTA 

must be removed from the process stream. However, the steps required for removal of 

EDTA may over complicate the recovery of T4 lysozyme at larger scale fi’om crude 

periplasmic lysates, particularly if gel filtration is used (Figure 4.13). The omission of 

this component may allow release fi*om cells grown in defined medium, but maximum 

levels of release would not be achieved fi'om cells grown in complex medium (Figure 

4.2).

Costs and process contamination, caused by the use of hen egg lysozyme, can be limited 

by reducing the concentration of lysozyme used. This takes advantage of the 

electrostatic interaction between lysozyme and peptidoglycan that causes problems for 

T4 lysozyme-his recovery (Muraki et al, 1988). This is a simpler process alternative, 

without some of the more cumbersome recovery procedures required to recycle T4 

lysozyme-his. However, the low levels of lysozyme may still prove problematical in later 

process steps and would therefore need to be removed, particularly if it were to be used 

in a pharmaceutical process. The presence of avian virus associated with hen egg white
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lysozyme may also require the introduction of inactivation steps or the use of 

recombinant lysozymes for selective release (Archer et al, 1995). Although the T4 

lysozyme-his provides an interesting process alternative to periplasmic release using hen 

egg lysozyme, the use of the latter provides the simplest method of periplasmic lysis in 

downstream processing, without the complicated operations required to recover the 

lysozyme for subsequent re-use. An important process implication of the use of

this technique is the loss of yield caused by both microbial leakage and retention of 

recombinant product after selective release treatment.
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CHAPTER 5: CHROMATOGRAPHIC PURIFICATION OF a-AMYLASE

5.1 Introduction

Almost every chromatographic technique has, at some stage, been used to purify a- 

amylases from diverse sources such as plants, human cells and micro-organisms. These 

range from specific techniques such as affinity and immunoafrinity chromatography, to 

more general purification methods, such as ion exchange and gel filtration, which are 

often used together to recover target proteins from crude cell preparations.

Ion exchange is the most commonly used technique and is often used after a precipitation 

step in conjunction with gel filtration. A number of authors have purified a-amylases 

from crude culture using ion exchange and gel filtration (Laderman et al, 1993; Jin et 
al, 1992; Collins et al, 1993; Babu & Satyanarayana, 1993; Stefanova & Emanuitova 

1992; Feller et al, 1992). Other authors have used precipitation in combination with gel 

filtration to recover a-amylase. Tsvetkov et al, (1989) used a 50-70% ammonium 

sulphate precipitation followed by gel filtration using Sephadex G-lOO to recover 8-fold 

purified extracellular a-amylase from B. brevis in an electrpphoretically homogeneous 

form. Ivanova et al, (1993) purified and characterised a thermostable a-amylase from 

B. licheniformis using two-phase separation in a PEG dextran system, followed by gel 

filtration using Sephadex G-lOO and ion exchange with a CM Sepharose CL-6B. El- 

Aassar et al, (1992) also purified an a-amylase from crude culture filtrate from B. lentus 

using a 66.66% acetone fractionation which resulted in 13-fold purification and followed 

by gel filtration (Sephadex G-150) and anion exchange (Ecteola cellulose Et-11), which 

gave a pure highly active a-amylase.

AflBnity chromatography is a widely used technique in biotechnology. Ligands used for 

the recovery and purification of a-amylase tend to be substrate based, for example starch 

or very close starch analogues. A few processes have also cited the use of 

immunoaffinity chromatography using monoclonal antibodies. p-cyclodextrin 

(cycloheptaamylose), has a ring structure consisting of 7 glucose residues, and is widely
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used as an affinity chromatography ligand. It has been used for the purification of plant 

a-amylase but is unsuitable for the purification of bacterial a-amylases because these do 

not bind to the ring structure (Rozie et al, 1991). Oosthuizen et al, (1992) have 

purified and characterised pancreatic a-amylase fi'om ostrich, and P-cyclodextrin has 

been used to recover a-amylase fi'om the wheat rye hybrid triticale {Jriticosecale 

Wittmack) (Silvanovich & Hill, 1976) and fi'om the cotyledons of germinating Vigna 

mungo seeds (Koshiba & Minamikawa, 1981). Other affinity chromatography methods 

include the use of starch, dextrin, alginate-starch co-polymers (Somers et al, 1993) and 

crosslinked starch. Starch, crosslinked using epichlorohydrin, has been used to produce 

an affinity support that is resistant to amylolytic degradation (Schell et al, 1981) and has 

been optimised and evaluated for larger scale recovery (Somers et al, 1991; Rozie et al, 

1991; Somers et al, 1995). This matrix adsorbs a variety of a-amylases, with the degree 

of adsorption and elution characteristics appearing to be dependent on the characteristics 

of the target enzyme. Immobilised metal affinity chromatography of wheat a-amylase 

has also been undertaken by Zawistowska et al, (1988) and Zawistowska et al, (1992) 

but this method is determined by surface accessible histidine residues or the presence of 

an engineered poly-histidine tail (Smith, 1991). Immunoaffinity chromatography using 

monoclonal antibodies has been used in a number of cases (Kerhardy et al, 1988; Katoh 

et al, 1995; Kamihira et al, 1988). However, this method of purification is impractical 

in large scale processing because of the labile nature and the expense of producing 

monoclonal antibodies.

Hydrophobic interaction chromatography (HIC) has been used for the purification of a- 

amylase. A wide variety of support types have been used including butyl, hexyl glycidyl 

ethers and octyl Sepharose CL-4B (Sada et al, 1985) and a phenyl grouped high 

performance HIC support (Kato et al, 1986). In another study a-amylase was 

recovered using a butyrate column with greater than 92% enzymatic activity (Fausnaugh 

etal, 1984).

The aim of this chapter is to determine the best means of purifying a-amylase fi'om 

periplasmic lysates. Some of these techniques may be applicable for the purification of 

Streptomyces thermoviolaceus a-amylase. Most of the general techniques such as ion 

exchange and hydrophobic interaction chromatography, are suitable for the purification 

of this enzyme. However, the use of more specific separation techniques such as
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immunoaffinity chromatography is not practical, because of the prohibitive cost of 

producing an antibody for this enzyme.

5.2 Ion exchange

Ion exchange chromatography is used in 75% of separation and recovery schemes and 

allows an average 8-fold purification factor with yields that average 65 to 75% 

(Bonneijea et al, 1986). This technique exploits the difference in charge between 

different proteins. The simplicity, capacity and robust nature of this technique provides 

an obvious choice as a primary purification capture step, particularly as it is suitable in 

batch adsorption (Wheelwright, 1991). The S. thermoviolaceus a-amylase used in this 

study was determined to have a pi in the region of 3.5-4.5 (C. Turner, unpublished), and 

therefore, DEAE and Q Sepharose™ supports were used initially using 10 mM Tris/HCl 

buffer at pH 7.5. At this pH the a-amylase was expected to be negatively charged 

(anionic) and will, therefore, bind to an anion exchange support at pH 7.5.

Table 6.1 shows that yields are high for the Q Sepharose™ with approximately 74.5% 

recovery using 10 mM Tris/HCl, and 61.4% using 50 mM Tris/HCl. High levels of a- 

amylase (77.8%) was recovered using DEAE Sepharose™. Purification factors seem to 

be dependent on the source of the selectively released a-amylase. The lower initial 

specific activity that resulted from periplasmic lysis of cells cultivated in defined medium 

lead to better purification of a-amylase. Selective release from complex medium gave a 

higher initial specific activity (29.8 U mg'*), but the subsequent purification factors 

during chromatography were lower (in the order of 1.3 rather than 61.4 for the defined 

medium). This was as a result of non-specific release of cytoplasmic protein during 

selective release from defined medium, causing a higher level of contaminating protein of 

a similar charge to be present. Despite the high purification factor (61.4) of this step 

from defined medium cells, the final purity of the a-amylase was better from the 

periplasmic lysate derived from complex medium. Elution of target protein using sodium 

chloride occurred at a higher salt concentration on Q Sepharose™ than DEAE 

I  Sepharose™ (Table 5.1) as expected.
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TABLE 5.1 TABLE SHOWING SPECIFIC ACTIVITY, PURIFICATION FACTOR, YIELDS 

AND POSITION OF ELUTED PEAK ON AN ELUTION GRADIENT USING DEAE 

AND Q SEPHAROSE™ FAST FLOW ION EXCHANGE SUPPORTS

SAMPLE Specific activity (U mg ') 

LOAD PEAK

Purification

factor

Yield

(%)

NaCl cone. 

(Peak firactions) 

(M)

Q Sepharose™ (1) 36.3 46.3 1.3 98.2 0.6

29.9 31.3 1.0 70.9 0.6

23.0 38.9 1.7 93.7 0.6

Q Sepharose™ (2) 2.8 20.1 7.1 48.2 0.5

2.0 30.4 15.5 68.1 0.5

2.3 22.1 9.4 67.9 0.5 W

1.4 13.3 9.4 71.0 0.5^^

DEAE 1.4 19.3 13.8 80.2 0.3

Sepharose™

6.4

4.8

60.6

37.4

9.5

7.9

92.6

60.5

0.2

0.2

Footnote; (1) indicates feed was from con^lex medium (2) feed from defined fermentation, (a) lOmM Tris/HCl (pH 7.5) (b) SOmM 
Tris/HCl (pH 7.5).

The concentration of Tris/HCl buffer was increased to reduce the effects of non-specific 

binding and to improve purification factors in the chromatography stages. In this case 

the change in equilibration buffer does not improve the purification factors, although it 

does reduce the level of non-protein contaminants that appear to bind to the column, 

indicated by on line absorbance measurements (Figure 5.1). These peaks did not 

represent soluble protein fi'om assayed fi'actions. It was assumed that these components 

were negatively charged nucleic acids or non-protein contaminants present as a result of 

cell breakage during selective release of cells grown in defined medium.
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Elution profiles for purification o f a-amylase from periplasmic lysates. A: 10 mM 

Tris/HCl, B: 50 mM Tris/HCl. a-amylase (U mL'̂ ); —O -  Protein (mg mL'̂ );

 Absorbance (280nm);  -Gradient (IMNaCl)

A step gradient was chosen as the best compromise between increased purity and 

reduced elution time and volume for the recovery of bound a-amylase from ion exchange 

supports. Initial studies were carried using gradients similar to those in Figure 5.1, but 

this was found to be time consuming. In the manufacturing environment step-wise ionic 

strength gradients provide the greatest reproducibility and are simplest to use 

(Wheelwright, 1991). Therefore, a step gradient from 0 to 0.2M salt, (which was held 

for 4 column volumes) followed by the application of a gradient up to 1 .OM (see Figure 

6.1) was used as a rapid and simple method for the recovery of a-amylase from the 

periplasmic lysis mixture. Introduction of a O.IM step further improved purification, 

reducing the protein recovered from the 0.2M peak by about 16.3%. This improved the
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specific activity fi'om 89.7 to 107.2 U mg"\ The majority of bound proteins and other 

components appeared to bind below 0.4M salt concentration. Typical recoveries 

achieved by DEAE ion exchange using a 0.2M salt gradient are outlined in Table 5.2.

TABLE 5.2 TYPICAL RECOVERIES OF a-AMYLASE USING 0.2M STEP GRADIENT

Support & Source of 

feedstream:
pH Specific activity 

(U mg’)

Start Peak

Purification

&ctor

Yield

Complex medium (DEAE) 7.5 55.2 99.9 1.8 75.3

48 127.9 2.7 96.1

5.5 34.1 143.6 4.2 96.8

Defined medium (DEAE) 7.5 4.3 13.3 3.1 87.8

5.4 11.2 2.1 43.7

5.5 4.7 16.5 3.5 83.9

5.3 Hydrophobic interaction chromatography

Hydrophobic interaction chromatography (HIC) was examined as a method for the 

purification of a-amylase fi'om the ion exchange peak fi'actions. Phenyl (high sub) 

Sepharose™ was tested initially as a compromise between the highly hydrophobic Octyl 

ligand, which may result in strong adsorption, therefore, requiring strong elution buffers 

such as non-polar solvents or chaotrophic agents (Anonymous 1993; Roe, 1995), and the 

supports immobilised with smaller ligands which may result in no protein binding. 

Adsorption of protein by hydrophobic interaction requires the presence of salting-out 

ions such as sodium chloride and ammonium sulphate. These ions decrease the 

availability of water molecules increasing surface tension and enhancing hydrophobicity 

(Roe, 1995). Sodium chloride was tested initially, to reduce the complexity and variety 

of components added to the elution mixture during downstream processing. The a- 

amylase was eluted fi'om DEAE Sepharose in 0.2M NaCl.
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TABLE 5.3 INCREASE IN SPECIFIC ACTIVITY USING PHENYL HIGH SUB SEPHAROSE 

AT DIFFERENT CONCENTRATIONS OF NaCl AND AMMONIUM SULPHATE 

FROM ION EXCHANGE PEAK FRACTIONs!

Equilibration

buffer:

Specific activity (Umg ): Purification

factor:

Load Peak

Yield:

(%)

Elution conc.: 

(Peak filetions) 

(M)

0.2 M NaCl 92.9 (±9.4)

1.0 M NaCl 95.9 (±4.7) 386.8 (±7.6)

2.0 M NaCl 95.9 (±4.7) 213.5 (±8. 7) 2.2

2.0 M NaCl 221.6 (±21.1) 435 (±28.3)

1.0 M (NH4)2S04 193.0 (±13.2) 443.4 (±17.6) 2.3

5.6

62.8

72.1

89.9

0.9

1.2

1.4

Table 5.3 shows that in 2M NaCl, a-amylase bound to Phenyl (high sub) Sepharose™ 

giving a yield of 67.5% (mean) and a purification factor from the peak fractions of 2. 

Clearly as the amount of sodium chloride was reduced the levels of bound protein 

decreased as the proteins became less hydrophobic. The application of ion exchange 

peak fractions in IM ammonium sulphate, lead to a similar purification factor of 2.3, 

although, a much higher yield was recovered with ammonium sulphate, which increases 

the hydrophobicity of the protein. Subsequent testing of other supports was carried out 

using both sodium chloride (2M) and ammonium sulphate (IM) to determine the best 

buffer to use.
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TABLE 5.4 TABLE SHOWING RECOVERIES AND PURIFICATION FACTORS FROM HIC 

SUPPORTS EQUILIBRATED WITH 2M SODIUM CHLORIDE AND _IM 

AMMONIUM SULPHATE.

Support: Specific Activity (U mg ') 

Load: Flowthrough: Peak:

Purification

factor:

Yield (%) Protein in eluted 

fiactions 

(%)

SODIUM CHLORIDE: 

Phenyl (High sub) 95.9 167.3 ,213.5 2.2 : 62.8 1 40.2

Phenyl (Low sub) 84.5 81.8 - (0.97) (100) 11.6

Phenyl (HP) 77.9 91.6 - (1.18) (100) 24.0

Octyl 74.3 88.3 - (1.19) (100) 24.2

Butyl 88.6 85.5 - (0.96) (100) 6.6

AMMONIUM SULPHATE: 

Phenyl (High sub) 216 263.2 1.22 90.2 22.5

Phenyl (Low sub) 263.9 - 393.2 1.49 93.6 33.5

Phenyl (HP) 229.2 - 377.8 1.65 98.0 37.8

Octyl 261.1 - 826.3 3.16 85.9 51.5

Butyl 253.0 - 485.5 1.92 87.8 44.7

Footnote: Purification factors and yields in bradcets indicate values calculated fiom a-am ylase that was unbound and was present in the 
flow th rou^  fractions.

Figure 5.2 shows that Phenyl (High sub) was the only support that retained a-amylase

from 2M NaCl, but the yield was low (33%). The purity of the a-amylase was also lower than 

before it was loaded onto the support. Other supports bound approximately 25% of the 

contaminating protein from the feedstream in preference to the a-amylase; the best of 

these were Phenyl (HP) and Octyl supports which improved the purity of the a-amylase 

in the flowthrough by 1.18 and 1.19 respectively. The use of HIC, in the presence of 

sodium chloride, was not therefore feasible for the purification of a-amylase from ion 

exchange peak fractions (Figure 5.2). Ammonium sulphate, in contrast, bound high 

levels of a-amylase giving yields of 85.9 to 98%. The best level of purification was
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achieved by the Octyl support which gave a final specific activity of 826 U mg'\ with a 

purification factor of 3.2.

80 -

2.0
70 -

80  -

4 0 -O
30  -

20-
0.5

10-
8 {00- 

80 -
0.0

70 -

0.8

0.8
40 -«%

I  M. 0.4

20 -
0.2

10-

0- 0.0
0 10 20 30 40 50

&

I

V o l u m e  ( m l )

Figure 5.2 Elution profiles showing a-amylase activity as a fraction o f total loaded a-amylase for

hydrophobic interaction supports using 2M sodium chloride (A) and IM  Ammonium 

sulphate (B) at pH 7.5. Butyl Sepharose fast flow ; Octyl Sepharose, —0 ~  ;

Phenyl Sepharose (High performance), - A -  ; Phenyl Sepharose (High sub), “ V “ ; 

Phenyl Sepharose (High sub), .C refers to concentration in eluted fractions 

divided by the loaded concentration (Co).

Figure 5.2 shows the position of eluted peaks over the course of the HIC step. Figure 

5.2A clearly shows, that in the presence of sodium chloride, the majority of the active a- 

amylase was lost in the flowthrough during sample loading. However, the addition of 

ion exchange peak fi'actions treated with 1 M ammonium sulphate results in high levels 

of a-amylase binding to the supports (Figure 5.2B). a-Amylase was subsequently eluted 

fi'om the supports in the order: Octyl, Butyl, Phenyl (HP), Phenyl (high sub) followed by 

Phenyl (low sub).
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5.4 AfTinity chromatography

5.4.1 Dye affinity

Dye affinity chromatography was tested by screening using a dye test kit (Piksi, ACL, 

Freeport, Isle of Man) from pre-clarified lysate. This method was tested as a primary 

purification step direct from periplasmic lysates.

TABLE 5.5 THE RECOVERY AND PURIHCATIGN FACTORS ACHIEVED BY DYE 

AFFINITY CHROMATOGRAPHY SCREENED USING A PIKSI TEST KIT (ACL).

LIGAND: FRACTION: ACTIVITY (%): PROTEIN (%): PURIFICATION
FACTOR:

Load 100 100 1
Red-1 FT 46.4 20.9 2.2

E 16.7 30.8 0.5
Recovery 63.1 51.7 -

Red-2 FT 54.4 16.5 3.1
E 10.7 31.6 0.3

Recoveg^ 61.1 48.2
Orange-1 FT 48.4 29.3 1.7

E 12.4 29.0 0.4
Recovery 60.8 58.3 -

Orange-2 FT 51.0 30.1 1.7
E 8.8 22.5 0.4

Recovery 59.8 52.7 -
Orange-3 FT 57.5 30.6 . 1.9

E 5.2 22.3 0.2
Recovery 62.7 52.9 -

Yellow-1 FT 50.9 36.5 1.4
E 8.9 65.2 0.1

Recovery 59.8 101.7 -
Yellow-2 FT 35.1 14.8 2.4

E 21.9 0 -

Recovery 57.1 14.8
Green-1 FT 8.2 0.7 12.9

E 38.7 37.2 1.0
Recovew 46.9 37.9

Blue-1 FT 55.1 31.7 1.7
E 18.4 42.9 0.4

Recovery 73.5 74.6 -
Blue-2 FT 5.0 9.0 0.6

E 26.5 40.0 0.7
Recovery 31.5 49.0 -

The dye ligands bound a-amylase to varying degrees, ranging from 5.2% (Orange-3) to 

38.7% (green-1) but the purification factors were very low (0.1 to 1.0). The best levels
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of purification were achieved in the fiowthrough fi'actions where contaminants were 

removed in preference to the a-amylase. The highest level of purification was achieved 

by flowthrough fi'actions fi'om dye ligand Green-1 (12.9), but the yields were very poor 

(8.2%).

5.4.2 P-cyclodextrin

The use of an affinity ligand provides the opportunity to recover proteins to high levels 

of purity in a single step. P-cyclodextrin has been used for the purification of a-amylases 

from diverse sources (Oosthuizen ei a/., 1992; Koshiba & Minamikawa, 1981). 

However, bacterial a-amylases do not bind to cyclodextrins, having no specificity for the 

ligand (Rozie ei al, 1991). S. thermoviolaceus a-amylase has 40% sequence homology 

with mammalian a-amylases, particularly pig pancreatic a-amylase (Bahri & Ward, 

1993), which should therefore allow it to bind to p-cyclodextrin. p-cyclodextrin was

immobilised to the Sepharose™ 6B using a method devised by Silvanovich and Hill 

(1976).

TABLE 5.6 TABLE SHOWING RECOVERIES OF a-AMYLASE USING DIFFERENT 

ELUTION BUFFERS FROM p-CYCLODEXTRIN CHROMATOGRAPHY

Elution buffer: Specific Activity (U mg '): Purification Protein (mg):

Load Peak factor: Load peak

2MNaCl 21.4 - - 55.4

Maltose 21.4 1.4 0.06 55.4 7.3

P-cyclodextrin 30.5 98.7 3.2 26.1 5.8^"

F ootnote: (1) indicates that protein was calculated by using absorbance (280nm) using an extinction coefficient derived from Gill and 
von Hippel (1965).

Figure 5.6 shows the levels of recovery using P-cyclodextrin supports with 2M Sodium 

chloride, maltose and P-cyclodextrin (10 mg mL'*) as elution buffers. Initial studies, 

using a pH shift fi'om 5.5 to 7.5, did not elute the a-amylase, suggesting that the a- 

amylase was tightly bound to the ligand. Sodium chloride also did not elute any target 

protein, and maltose and P-cyclodextrin seemed to cause irreversible interaction. The 

use of P-cyclodextrin during elution gave a specific activity of 98.7. However, in this
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affinity system a much higher level of purification would be expected, particularly as 

earlier experiments showed it to be present as a single band on SDS-PAGE gels (results 

not shown). Difficulties in measuring bound cyclodextrin and levels of ligand leakage 

fi'om the support, as well as the apparent reduction in the level of activity recovery, lead 

to this technique being abandoned. This technique would also prove difficult to optimise 

for large scale use. The use of a crosslinked starch based supports such as those outlined 

by Somers et al, (1991); Rozie ei al, (1991); and Somers et al, (1995) may provide an 

alternatives. In this case the support is specific for starch degrading enzymes and will be 

degraded throughout reuse. The development of a purification process for periplasmic 

proteins using this technique would not therefore be generic. A different affinity ligand 

provides a more realistic affinity method.

5.4.3 Immobilised metal affinity chromatography

Immobilised metal affinity chromatography (IMAC) was not tested directly. However, 

the a-amylase sequence (Bahri & Ward, 1993) shows no sign of surface accessible 

histidine residues in sufficient quantities, or the presence of histidines in an a-helix, to 

allow binding of the a-amylase to a divalent metal ion complex (Bahri & Ward 1993). 

Figure 4.11 shows that there was no binding of a-amylase to Zr?* Immobilised metal 

affinity supports.

5.5 Ammonium sulphate precipitation

Ammonium sulphate precipitation of periplasmic lysate was carried out using a method 

fi'om Harris (1989). Figure 5.3 shows a decrease in the level of soluble a-amylase (to 

60%) as ammonium sulphate saturation is increased to 15% (0.62M). This technique 

reduced the level of a-amylase activity, at low concentrations of ammonium sulphate. 

The decrease in activity may be caused by of the presence of sucrose (10%), which may 

interact with ammonium sulphate, reducing the concentration required for precipitation. 

The use of periplasmic release in combination with precipitation appears to be incompatible, 

particularly if this step is followed by HIC because of the loss of yield associated with the 

addition of ammonium sulphate (IM) will reduce the recoverable yields.
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Figure 5.3 Ammonium sulphate precipitation profile showing reduction in the levels o f soluble a-

amylase. — a-amylase (UmL'̂ ).

5.6 Determination of a-amylase specific activity

Specific activity was determined by SDS PAGE analysis following purification by ion 

exchange (DEAE) and by gel filtration using Sephacryl S-300 followed by S-200. 

Fractions were analysed for protein and a-amylase. SDS PAGE gels were scanned using 

gel documentation software (Ultraviolet products Ltd, Cambridge UK.). Specific 

activity was determined as 995.3 U mg'  ̂(results not shown).

5.7 Summary

In this chapter the primary recovery of a-amylase from periplasmic lysates was tested on 

a number of support types. It is clear that the ion exchange step as an initial capture step 

gives high yields (77%) and provides the best technique for the purification of this

148



Chapter 5: Chromatographic purification o f a-amylase

enzyme, particularly as it is well suited to batch adsorption (Wheelwright, 1991). The 

use of ion exchange also allows the incorporation of hydrophobic interaction 

chromatography as a following step, to utilise and remove the target protein from the

high salt environment, however, this did not prove feasible with a-amylase in this 

system.

The use of afiBnity techniques, such dye affinity chromatography gave disappointing

yields, and the best option was to use this as a flow-through system.

The use of P-cyclodextrin, which is specific for a-amylase, proved 

to be a difficult method to optimise, as a result of the high apparent affinity constants for 

the target protein which lead to difficulties in recovering highly active a-amylase. 

Concerns about the potential longevity of this support and the difficulty in optimising the 

support lead to this technique being discarded. The techniques used in process 

development were, therefore, ion exchange as a capture step followed by HIC then gel 

filtration. In most cases the purification was carried out to the ion exchange stage of the 

process.

149



Chapter 6: Purification o f a-amylase from periplasmic lysates

CHAPTER 6 PURIFICATION OF a-AMYLASE FROM PERIPLASMIC 

LYSATES

6.1 Introduction

Recovery of proteins from bioprocess feedstreams can be undertaken using a number of 

methods including packed bed, expanded bed or batch adsorption. Typically, protein 

recovery is carried out most efiiciently using packed bed columns (Sofer & Nystrom, 

1989), but the feedstreams have to be clarified to remove particulate material which 

would otherwise become trapped within the voids of the bed. At small scale, removal of 

particulates is easily achieved by high speed laboratory centrifuges. However, as the 

scale of recovery is increased, the efficiency of clarification is reduced resulting in 

residual levels of debris, particularly if the feedstream is viscous and contains small 

particulate material. In this case, the packed bed will act as a depth filter leading to the 

formation of a plug of solids at the bed inlet. This increases the pressure drop across the 

bed causing compression of the matrix, reducing the efficiency of purification. The most 

effective method of removing debris is by use of microfiltration which often leads to a 

reduction in yield. Packed bed chromatography also has the added disadvantage that it is 

time consuming to complete.

Alternative methods such as batch adsorption, where the feedstream is processed in a 

stirred tank, allow rapid recovery of protein from large volume feedstreams. In this case, 

the support is added to the feedstock, and, at the end of the adsorption phase, the 

adsorbent particles are separated from the depleted feedstock using a filtration or 

sedimentation method that distinguishes between adsorbent and debris. Washing and 

elution of the loaded support is then carried out in either packed or batch mode. The 

advantage of batch methods is that protein recovery can be achieved in as little as one 

tenth the time of packed bed chromatography (Yang et al, 1989), but the purification 

resolution is lower than that achieved by packed bed chromatography (Chase, 1988). 

Batch recovery has been carried out from culture supernatants (Darbyshire, 1981; 

Fishman et al, 1995; Lam et al, 1994), and it is also well suited to operation in the 

presence of particulate material (Chase 1994).
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Expanded beds offer the potential advantages of both packed bed and batch adsorption, 

and their operation has been outlined elsewhere (Chase, 1994). This method allows 

particulate debris (up to 80|im in size) to pass through the support without becoming 

trapped in the voids of the support. The support is packed after the completion of 

protein loading and elution is carried in the same way as packed bed chromatography. 

Expanded bed also avoids some inherent problems of the other techniques such as the 

handling of support and fouling of packed bed matrices. Furthermore, it reduces the 

number of unit operations involved in protein recovery. However, difficulties, can occur 

with high viscosity feedstreams and where cell aggregates are large causing blockage of 

the flow adapters. Expanded bed has been used for the recovery of proteins fi'om a wide 

variety of diverse sources, for instance, in the presence of whole E. coli cells (Hansson et 
al, 1994), E. coli homogenates (Bamfield-Frej et al, 1994), S. cerevisiae homogenates 

(McCreath et al, 1995; Chang & Chase, 1996) and whole mammalian cell culture broth 

(B atte/a/., 1995).

This chapter examines the options available for the recovery and purification of 

selectively released recombinant a-amylase from the periplasm of E. coli, and the issues 

raised by the adsorptive recovery of recombinant proteins by these techniques. Although 

selective release fi'om the periplasm has been addressed earlier, for this method of release 

to translate well to bioprocessing, strategies for the recovery of recombinant proteins 

fi'om this difficult processing environment (containing a final concentration of 10% 

sucrose and cell wall debris) are required.

6.2 Packed bed chromatography

Small scale packed bed chromatography was carried out using periplasmic lysates 

derived fi'om complex medium fermentations that were clarified using a laboratory 

centrifuge at 30,000 x g. Table 6.1 shows that high levels of a-amylase (typically above 

68.5%) can be recovered fi'om this viscous mixture provided that the cell debris had been 

removed. The use of DEAE Sepharose™ as a capture step raised the specific
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TABLE 6.1 COMPARISON OF PACKED BED, EXPANDED BED AND BATCH ADSORPTION FOR THE RECOVERY OF a- 

AMYLASE FROM PERIPLASMIC LYSATES.

Adsorption method: Support

volume:

(mL)

Process

volume:

(mL)

Specific activity 

(U mg’): 

Load peak

Purification

fector:

Yield:

(%)

Sucrose:

(%)

Solids:

( g l ‘)

Packed bed’ 4 30 60.7 99.9 1.6 68.5 10 0

Packed bed^^ 300 6000 7.4 19.2 2.6 52.5 5 3.38

Expanded bed^" 300 6000 6.4 60.6 9.5 85.6 5 3.38

Expanded bed^^ 300 3000 1.8 12.6 7.0 65.5 10 10.4

Expanded bed̂ '̂ 300 3000 0.6 5.5 9.3 30.8 10 72.2

Batch adsorption’ 30 300 98.5 119.4 1.2 77.9 10 0

Batch adsorption^ 30 300 192.5 249.3 1.3 93.6 10 34.4

Footnote: (1), Clarified using batch centrifugation (J2-MI. BedunanX 30,000 x g. (2X Clarified using tubular bowl centrifuge (Model IP, Alfa Laval Engineering Ltd, UK). (3X 
Unclarified feedstream. (4) Feedstream derived from defined medium feimentations.
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Chapter 6: Purification o f a-amylase from periplasmic lysates

activity from 60.7 to 99.9 U mg’̂  and in the process removed the a-amylase from the 

periplasmic lysis mixture. Figure 6.1 shows that a-amylase was not present in the 

column effluent stream suggesting that the reduction of yield may be caused by the 

retention of a-amylase on the support or low levels of enzyme inactivation. It was also 

possible that the presence of EDTA in the periplasmic lysis mixture caused a reduction in 

enzyme activity by chelation of calcium from the active site (section 4.6), although 

addition of calcium to the periplasmic release mixture has no apparent effect.
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Figure 6.1 Chromatogram showing the recovery o f a-amylase from laboratory scale centrifuge

clarified periplasmic lysate using packed bed chromatography (4 mL column). -------

Optical density (280nm); a-amylase (U mL'̂ ): - O -  Protein (mg mL'̂ );

“ 0 “  Lysozyme (U m l'^); Gradient (IMNaCl).

Figure 6.2, shows the purification profile of a-amylase from tubular bowl clarified 

periplasmic lysate (Model IP, Alfa Laval Engineering Ltd, Middlesex, UK) derived from 

large scale defined medium fermentation. The debris present in the feedstream (3.4 g L 

)̂ was sufflcient to cause a significant level of fouling at the column inlet which lead to a 

deterioration of plug flow through the colurrm and breakthrough of target protein during 

the load phase (11.8%). The final specific activity (19.2 U mg'^) and yield (52.5%) of 

packed bed were poor compared with both the smaller packed bed and the expanded bed 

using the same feedstream (Table 6.1). The re-usability of the chromatographic support
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was likely to be compromised by the fouling and pore blinding by particulates. These 

were generated by the lysis procedure and were not removed by pilot scale 

centrifijgation. The presence of this cell debris therefore, posed a significant problem in 

the operation of packed bed chromatography columns.
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Figure 6.2 Chromatogram showing the recovery o f a-amylase using packed bed chromatography 

(300 mL column) from pilot scale centrifuge clarified periplasmic lysate derived from

defined medium at large scale using a 6L feed (5%). ------- Optical density (280nm);

— a-amylase (UmL'̂ ); - O -  Protein (mgmL'^); Gradient (IMNaCl).

Microfiltration, which separates cell debris on the basis of size rather than density 

difference, provided an alternative for the production of clarified lysates. However, in 

this system, using a 0.2 pm membrane (O.OOSm̂  SCT ceramic module, SCT, Bazet, 

France), low levels of transmission and loss of a-amylase (about 95% loss) were 

observed as a result of the viscous nature of the feedstream. Optimisation of 

microfiltration, by back pulsing for instance (Kim & Chang, 1991), so that transmission 

levels and therefore yields are improved, may allow the purification from clarified lysates 

using packed bed chromatography, without significant loss of yield. Lee et al, (1992),
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for instance, have achieved high level recovery of recombinant protein G (75%) using 

both cross-flow microfiltration and diafiltration fi’om heat shock cell lysates. However, 

until high level recovery of recombinant protein fi’om periplasmic lysates is possible using 

microfiltration, adsorption techniques that are not sensitive to debris may prove better 

suited to this feedstream.

6.3 Expanded bed

Initially, expanded bed was tested using 6 L of clarified periplasmic release feedstream 

(tubular bowl. Model IP, Alfa Laval Engineering Ltd, Middlesex, UK), 20 column 

volumes were applied at 5% (w/v) sucrose concentration, giving a final level of debris of

3.4 g L"\ The purification factor (9.5), final specific activity (60.6 U mg"̂ ) and yield 

(85.6%) were improved over packed bed chromatographic recovery of a-amylase fi’om 

the same feedstream (Table 6.1). High level adsorption of target protein was noted with 

only 0.2% of the loaded a-amylase present in the flowthrough fi'actions (Figure 6.3).

During the operation of expanded bed chromatography (Figure 6.3), areas of bed 

instability were noted with aggregation of support, particularly as the periplasmic release 

mixture came into contact with the buffer-equilibrated expanded bed. However, 

adsorption of a-amylase onto the support was unaffected by this aggregation in the 

diluted periplasmic lysate (5% w/v sucrose).
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Figure 6.3
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Chromatogram showing the recovery o f a-amylase from 6 L o f centrifuge clarified

periplasmic lysate using expanded bed chromatography (300 mL support). -------

Optical density (280nm); -M -a-am ylase (U mL'̂ ); - O -  Protein (mg mU^); 

 Gradient (IMNaCl).

The processing of clarified and diluted (1:2) periplasmic lysates gave encouraging results. 

However, the dilution of the feedstream has the disadvantage of increasing the 

processing volume and time, removing one of the advantages of using selective release. 

Recovery from undiluted lysates (10% (w/v) sucrose) in both the presence and absence 

of cell debris was investigated to determine whether the presence of fine particulate 

debris and sucrose at a final concentration of 10% (w/v), would affect the purification 

performance of the expanded bed. Periplasmic lysates at a cell density of 72 g L‘* (7%) 

at approx. 2.6 mPas viscosity (crude) and 10.4 g L’* at 2.1 mPas (clarified) were loaded 

onto an expanded bed column within the solids and viscosity limits for cell debris 

reported by Bamfield-Frej et al, (1994) (70-80 g L'* (7-8 %) at 50 mPas). The a- 

amylase yield and final specific activity were better fi'om the clarified lysate (65.5%, 12.6 

U mg'^) than fi'om the crude lysate (30.8%, 5.5 U mg’*) (Table 6.1) but the recovered 

yields were lower than those obtained fi'om the diluted spheroplast free expanded bed 

purifications. The difference in the initial specific activity between the two feedstreams
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was a result of protein release from spheroplasts in the tubular bowl centrifuge reducing 

the initial specific activity of the periplasmic lysate from 1.8 to 0.6 U mg'\ The 

purification factors achieved, however, were similar for both recovery procedures.
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Figure 6.4 Chromatogram showing the recovery o f a-amylase from undiluted clarified 

periplasmic lysate (3 L) derived from defined medium using expanded bed

chromatography (300 mL column).  Optical density (280nm); — a-amylase

(U mV^); - O -  Protein (mg mL'̂ ); Lysozyme (U mL'̂ );  Gradient (IM

NaCl).

The addition of clarified lysate to the Streamline support (Figure 6.4) caused aggregation 

and turbulence in the presence of 10% (w/v) sucrose. Once the bed became destabilised 

by the interaction between buffer and sucrose, it could not be re-established despite the 

higher sucrose viscosity. The addition of the crude periplasmic fraction caused a number 

of additional problems (Figure 6.5). The bed became unstable as the cell debris and lysis 

mixture came into contact with the equilibration buffer. This lead to extensive * eddying* 

and mixing between the lysis mixture and equilibration buffer (about 16% of the 

expanded bed height) and were more pronounced than those caused by the addition of
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clarified lysate. At the same time the bed expansion was reduced fi’om 3.2 (48 cm) to 

2.13 (32 cm), probably caused by cell debris and nucleic acids partially blocking and 

increasing the pressure drop across the inlet distributor plate. This effect was absent 

when clarified lysates were added to Streamline™ supports, resulting in increased bed 

expansion fiom 2.77 to 3.43. After about 0.5 L of feed had been loaded, channelling 

was observed and the DEAE Streamline Sepharose™ was seen to aggregate to a greater 

extent than when clarified and diluted feedstreams were added to the support. This 

caused a-amylase to by-pass the charged groups of the support reducing the level bound. 

This was reflected in the effluent stream with a loss of 35% a-amylase in the effluent 

stream compared with 15% using the diluted feedstream (Figure 6.5). Cell debris and 

lysis particulates were also seen to build up on the outlet adaptor requiring the use of 

backflushing to maintain performance. The high levels of cell debris present in the 

expanded bed proved difflcult to remove by washing with equilibration buffer. Reversal 

of flow to elute the a-amylase fiom the expanded bed caused a spike of protein and 

other fouling material to be washed fiom the lower adaptor (Figure 6.5).

In an attempt to reduce the effects of the periplasmic lysate on expanded bed, a pre

equilibration with increasing levels of sucrose was set up over 10 column volumes. This 

reduced the mixing effect caused by the addition of sucrose to the expanded bed. 

However, once the bed was returned to equilibration buffer using a similar procedure 

mixing was observed, possibly caused by the retention of sucrose on the support 

allowing Streamline™ support to be lifted fiom the top of the expanded bed. Chang et 
al, (1996, 1995) have noted that the addition of viscous feedstreams caused axial mixing 

and particle aggregation which lead to operational difflculties with Streamline™ supports 

(Figure 6.4 & 6.5). This reduced the efflciency and attractiveness of this technique for 

recovery fiom full concentration periplasmic release mixtures. Operation of this 

technique was still possible using clarified, diluted feedstreams, and may prove to be 

feasible as a result of the higher flow rates attainable which compensate for the increased 

volume caused by dilution.

158



Chapter 6: Purification o f a-amylase from periplasmic lysates

LOAD (CRUDE)

0 -fnrn

1.0

0.8

I
0.6 3

Q,
S

0.4 S 'o

0.2

0.0
4 6

Volume (L)

Figure 6.5 Chromatogram showing the recovery o f a-amylase jrom 3 I o f unclarified periplasmic 

lysate at 10% sucrose concentration using expanded bed chromatography (300 mL

column). -------- Optical density (280nm); — a-amylase (U mL'̂ ); - Q -  Protein

(mg mU^);........Gradient (IMNaCl).

6.4 Batch adsorption

Although the expanded bed has proved to be a potential means of recovering a-amylase 

from clarified and diluted feedstreams, the presence of debris caused fouling of both the 

support and flow adaptors and the sucrose caused particle aggregation reducing 

recovered yields. Early experiments showed that DEAE Streamline Sepharose was less 

prone to compression than DEAE Sepharose Fast Flow during filtration, as a result of 

the presence of a quartz core. This allowed the flux of buffer through the retained

chromatographic support to be maintained for longer without the need to apply
additional filtration pressure. The use of Streamline chromatographic medium has the

added advantage that separation of solids fi’om the support should be relatively straight

forward, because of the presence of the quartz core, reducing the particle settling time.

This will allow the removal of the majority of cell debris before filtration processes are
—
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carried out to recover the support. Early experiments showed that Streamline support 

was relatively fragile and prone to damage, particularly by attrition, during mixing. 

Figure 6.6 shows the particle distribution measured by laser light difiraction (Malvern 

Instruments) of the Streamline support afrer batch adsorption. The use of a magnetic 

follower, to give high levels of attrition damage, reduced the mean particle size from 

211.5|im to 182.3nm. There was no discernible difference between the binding 

capacities of the unused and damaged supports (results not shown) suggesting that the 

quartz core was being lost from the support reducing the mean particle size. The 

decrease in particle size has the disadvantage that it fouls the recovery membrane, 

leading to losses and a reduction in reusability of the support in subsequent processes. 

This is a major disadvantage as the cost of the support is a major expense (Wheelwright, 

1991). Mixing supports using the Rushton turbine did not cause significant particle 

damage allowing reuse, despite high shear potential of this impellor during mixing.
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Figure 6.6 Particle size distribution for DEAE Streamline Sepharose supports after mixing during

batch binding Periplasmic lysates were mixed using, , * ,  Rushton turbine and,

   O, magnetic follower. , O, un-used support. Supports were analysed

after batch adsorption to determine particle damage using a laser light diffraction 

particle sizer (Malvern)

Recovery of a-amylase was carried out from both centrifuge clarified and crude 

periplasmic lysates using DEAE Streamline Sepharose by batch adsorption (Streamline
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volume was 10% (v/v) of the feed volume). Table 6.1 shows that purification factors 

were similar for recovery fi-om crude and clarified feedstreams (1.2-1.3) and lower than 

other techniques. The overall level of recovery was also higher for both clarified 

(77.9%) and crude (93.6%) for batch adsorption over a time period of 1 h. The majority 

of the target protein (90%) was bound after 10.8 min. (clarified) and 21.9 min. (crude) 

during batch adsorption (Figure 6.7). The lower purification factors achieved by batch 

adsorption resulted from batch elution using sodium chloride (1 M) rather than the 

application of a step gradient. Improvements in the purification factors achieved in batch 

adsorption may be possible by packing the support into a column and eluting using a 

gradient (Chase, 1988).
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Figure 6.7 Batch adsorption o f a-amylase from crude and clarified lysates from periplasmic lysis

mixtures. Free a-amylase; — avde feedstream; ~ C l a r i f i e d

feedstreams; Free protein; — crude feedstream; —O—; — Clarified

feedstreams.

Batch adsorption may be less eflBcient than other recovery techniques because of

difficulties in handling the adsorbent, and the capture of the protein is likely to be

incomplete as the adsorption goes towards equilibrium (Chase, 1994). The residual
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concentration of a-amylase was 4 % for the crude feedstream and 2 % for the clarified 

feedstream resulting in a small loss of yield. However, the operation of the expanded 

bed appears to be affected by the presence of sucrose and peptidoglycan leading to a 

40% loss of a-amylase in the flowthrough stream, as a result the unbound enzyme in 

batch adsorption proves to be less significant. High levels of a-amylase bound to the 

support rapidly in the presence and absence of solids, making this technique attractive 

(Figure 6.8 & 6.9)

The use of batch adsorption to remove the a-amylase fi’om the crude periplasmic lysate 

may then allow more efficient chromatographic purification to be utilised in subsequent 

steps. A further important consideration was that the support appeared to be undamaged 

by mixing and filtration. The performance of this technique in the presence of cell debris 

and 10% (w/v) sucrose makes it useful for the recovery of recombinant protein fi'om 

crude periplasmic process mixtures. Care is required to ensure that the majority of the 

cell debris is removed by washing with equilibration buffer before elution buffer was 

added. Otherwise, the cell spheroplasts will be exposed to further osmotic shock (Neu & 

Heppel, 1965), releasing nucleic acids and other contaminating cell components. 

Recovery of the support at large scale requires investigation and may require the use of a 

basket centrifuge or filter system.
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Figure 6.8 Chromatogram showing the recovery o f  a-amylase from clarified periplasmic lysate 
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Figure 6.9 Chromatogram showing the recovery o f  a-amylase from crude periplasmic lysate (300 

mL) using batch adsorption (30 m l support). a-amylase (U ml'^); § ■  Protein 

(mg ml'^): I I Lysozyme (U mL' )̂.

The binding of the lysozyme to the DEAE support is outlined in section 6.6. The higher 

levels of lysozyme bound to the support in the crude lysate environment may be due to 

the presence of larger amounts of peptidoglycan debris in the unclarified periplasmic 

release mixture. The lysozyme will remain bound to the peptidoglycan until the elution 

buffer was added to the support, at which point the two components will dissociate 

resulting in detectable lysozyme.
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6.5 Effects of the source of recombinant protein

The purification factor obtained by each purification technique was dependant on the 

source of the material, particularly the initial specific activity, and the presence of 

intracellular components which reduce the capacity of the support. Table 6.2 shows the 

properties of the feedstreams alter periplasmic release and the effect this has on later 

purification operations. Selective release achieved much higher specific activity in the 

complex medium environment (54.6 U mg’*) compared with the defined medium (5.9 U 

mg’*). This may be associated with an increased the robustness when the cell was grown 

in complex medium preventing lysis. Defined medium cells were harvested in 

exponential phase, because the cells autolyse rapidly in stationary phase after glycerol 

exhaustion. Levels of peptidoglycan within the cell envelope are likely to be lower at this 

point reducing the resistance of the cell envelope. A further factor may be the presence 

of components within the complex medium, particularly yeast extract, which has been 

shown to prevent cell leakage (Harrison et al, 1996), that may increase the overall 

strength of the cell. Better purification factors were achieved by recovery from the 

defined medium, but this was associated with the presence of higher levels of 

contaminating protein. The yields obtained from defined medium cells were also 

variable, but in general the non-specific release of the other protein seems to affect the 
levels of a-amylase that bound to the support reducing the recovered yield.
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TABLE 6.2 COMPARISON OF THE PERIPLASMIC FEEDSTREAMS PRODUCED FROM

DEFINED AND COMPLEX MEDIA FERMENTATIONS

FERMENTATION: SPECIFIC ACnVTTY:

(U mg'^)

Lysate: Chromatography:

PURMCATION

FACTOR:

FINAL YIELD 

(%)

Complex (shake flask) 55.1 99.9 1.8 75.3

48.0 127.9 2.7 96.1

60.7 99.9 1.7 68.5

Defined (fermentation) 4.3 13.3 3.1 87.8

5.4 11.2 2.1 43.7

7.4 19.2 2.6 52.5

6.4 60.6 9.5 92.6

6.6 Effects of lysozyme in purification processes

Lysozyme is potentially a key contaminant because it is introduced into the process at the 

periplasmic release stage of the process. However it was less of a problem than 

generally perceived because a high proportion of the lysozyme bound to the cell debris 

(section 4.5). Nevertheless, a small proportion of the remaining lysozyme bound to the 

DEAE support (Figures 6.1, 6.4, 6.8 & 6.9). This was unusual because the high pi 

(11.2; Maurel & Douzou, 1976) of lysozyme should prevent it binding to the positively 

charged DEAE support at this pH (7.5). The presence of the lysozyme in the elution 

stream may be facilitated by the binding of lysozyme to negatively charged fragments of 

peptidoglycan which will bind to the support at pH 7.5. The application of elution buffer 

containing salt, lead to the dissociation of the lysozyme and peptidoglycan, and resulted 

in the lysozyme being present in a detectable form.

6.7 Removal of lysozyme from process feedstreams

Although lysozyme has a fairly small impact on subsequent purification operations as it is 

removed from the process feedstream by electrostatic interaction with the cell debris, as
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much as 35% of the input lysozyme remained in the process stream. A compounding 

problem was that it was often present in the eluted feedstream (section 6.6). Other 

process options allowed the specific retrieval of lytic protein fi’om the periplasmic release 

mixture after lysis has been completed. However, the removal of hen egg lysozyme was 

required to reduce its impact in later downstream processing.

TABLE 6.3 RECOVERY OF LYSOZYME FROM PERIPLASMIC PROCESS STREAMS

GENERATED FROM COMPLEX MEDIUM SHAKE FLASK CULTIVATION 

USING SP SEPHAROSE

STEP: pH: Total Lysozyme ’̂  ̂

(mg)

Recovery (%)

Input (periplasmic release) 30 100

Post lysis 5.5 0.705 2.4

7.5 0.879 2.9

a-amylase recovery step 5.5 Peak 0.129 0.4

(Anion exchange (DEAE) Flowthrough 0.576 1.9

(direct from lysate) 7.5 Peak 0.138 0.5

Flowthrough 0.741 2.5

Lysozyme recovery step 5.5 Peak 0.635 2.1

(Cation exchange (SP) Flowthrough n/d -

7.5 Peak 0.872 2.9

Flowthrough 0.007 0.02

a-amylase recovery step 5.5 Peak n/d -

(Anion exchange (DEAE) Flowthrough n/d -

PostSP(^) 7.5 Peak Trace 0.02

Flowthrough Trace 0.02
Footnote: n/d -not detected; Trace indicates small detectable levels o f  lysozyme. ( I )  total lysozyme detected by lysozyme activity assay 
(Locquet et al, 1968) and converted to total protein by dividing by the enzyme q>ecific activity (48,000 U  m g ')  (2) a-am ylase 
recovery direct from periplasmic lysate (3) a-amyiase recovery from lysates pretreated using SP Sq>harose. Total periplasmic release 
volume is 200mL.

Table 6.3 shows that, in this case 98% of the input lysozyme bound to the cell debris and 

was removed in subsequent clarification stages. The application of the lysate to DEAE 

Sepharose support resulted in 18.3% (pH 5.5) and 15.7% (pH 7.5) being bound to the

support. The application of the periplasmic lysate to SP Sepharose™ allowed the
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recovery of the majority (90.2-99.3%) of the remaining enzyme. However, a small 

proportion was present in the a-amylase recovery stages using DEAE Sepharose™. 

This may be caused by close association of the lysozyme and peptidoglycan breakdown 

products, allowing lysozyme to bind to the anion exchange support through the 

negatively charged peptidoglycan. Clearly the complete recovery of lysozyme using non

specific techniques may prove difficult, but the levels of contaminating protein have been 

reduced significantly compared with untreated feedstreams.

6.8 Summary

Periplasmic lysates, containing cell spheroplasts and particulate debris, present difficulties 

for the recovery of recombinant proteins. The results show that no method was ideal for 

the recovery of a-amylase. The use of a packed bed was problematic at large scale 

because of the presence of particulates which reduced the recovery efficiency even at 

lower sucrose concentrations (5% w/v) compared with expanded bed purification from 

the same feedstream. The use of microfiltration to enable the use of packed bed 

chromatography lead to dramatic reduction of yield, because of the loss of transmission 

and fouling.

The use of an expanded bed gave high levels of recovery (85.6%) on diluted feedstreams 

at low levels of cell debris (3.4 g L'*). However, the recovery fi'om 10% (w/v) sucrose 

in the presence of high levels of cell debris resulted in lower recovery (30.8%). This low 

level of recovery was caused by the combined effects of the sucrose and debris 

associated with the completion of periplasmic release. This caused channelling of the 

feedstream through the support and aggregation. The dilution and clarification of the 

feedstream for expanded bed was disadvantageous because it increased the process 

volume. It also reduced the advantage of selective release because the cellular protein 

was released during centrifugation by cell breakage which reduced the purity of the a- 

amylase in the selective release mixture.

Batch adsorption, offered a potential means of overcoming some of the problems of 

expanded bed in this situation, because it allowed rapid uptake of a-amylase onto the 

chromatographic support. The presence of sucrose or cell debris did not cause problems
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during the mixing of adsorbent and periplasmic lysate. This was in contrast to the 

aggregation observed between Streamline particles and debris during expanded bed 

operation. The capacity of this technique, to allow binding of a-amylase in the presence 

of cell debris and 10% sucrose, allowed the reduction in process volume achieved by 

selective release to be successfully exploited.
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CHAPTER 7: PROCESS OPTIONS FOR THE RECOVERY OF

RECOMBINANT PROTEIN.

7.1 Introduction

The choice of host for production of a recombinant protein, will have a significant effect, 

not only on the initial isolation steps, but also on the purification of the product (Pickett 

& Hardy, 1984). Molecular biology has allowed the cloning of recombinant proteins into 

host micro-organisms and their subsequent expression within the cell. The location of 

the protein is dependent on the species of micro-organism used and, for example, the 

cloning of signal sequences that allow expression through cellular membranes, 

particularly of gram negative micro-organisms.

Recombinant proteins can be expressed to three distinct locations. Firstly, they can be 

secreted into the extracellular medium either by active secretion in gram positive cells, by 

the development of ‘leaky’ mutants (Lazzaroni & Portalier, 1982) or fusion proteins 

(Blight & Holland, 1994) in gram negative systems. Secondly, they can be transferred 

into the periplasmic space using an N-terminal signal peptide in gram negative cells 

(Pugsley & Schwartz, 1985; Nicaud et al, 1986). Finally, the protein can be retained 

within the cell itself as either an active protein or as an inactive inclusion body (Bowden 

et al, 1991). Each of these cellular locations has advantages and disadvantages in 

bioprocessing terms. In general the retention of the protein within the cell reduces the 

processing volume, at the expense of a higher protein contaminant loading in subsequent 

processing stages after cell disruption. The secretion of protein may lead to a purer 

initial protein (depending on the fermentation medium used), although the processing 

volume can be very large and the protein may be denatured at air-liquid interfaces in the 

fermenter (Sadana, 1993). Periplasmic expression capitalises on attributes of both 

systems, allowing a reduction in the processing volume by compartmentalising the 

protein, so that it can be selectively released into a smaller volume. It also reduces the 

levels of protein in later steps compared with intracellularly expressed protein. 

Periplasmic or intracellular expression of protein requires release fi’om the host cell.
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therefore increasing the number of unit operations involved in its recovery by comparison 

with secretion (Figure 7.1).

E. coli process stream S. lividans process stream

CELL RECOVERY CLARmCATION

CLARIFICATION

CHROMATOGRAPHY

CELL
DISRUPTION

PERIPLASMIC
RELEASE

FERMENTATION

Figure 7,1. Process options for the recovery o f recombinant a-amylase expressed periplasmically

in E. coli (left) and secreted extracellularly in S. lividans (right).

The main issues involved in the selection of a recombinant micro-organism and its form 

of expression for the production of proteins are:

Overall yield 

Productivity (U g'*)

Production rate (or total fermentation time)

Specific activity of the feedstream prior to purification 

Volume of process feedstream 

Number of unit operations required for purification 

The first four issues relate to fermentation, and the last two to downstream processes. 

All will affect the attractiveness of the system for the production of recombinant 

proteins.
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7.2 Recovery of recombinant protein from E, coli

E. coli is the preferred host for many large scale processes, because strongly inducible 

promotors are available, cloning techniques are well estabhshed and the genetics well 

studied and understood (Pickett & Hardy, 1984). This section examines the differences 

between selective release and homogenisation as process options for the recovery of 

periplasmic a-amylase from E. coli. It will also address the exploitation of cell leakage 

as a process option for the recovery of recombinant protein.

7.2.1 Fermentation of recombinant protein

The E. coli cells were grown for 18 hours giving a final cell yield of 4.35 (±0.29) g L*‘ at 

an optical density (600nm) of 7.3 (±0.05). Table 7.1 shows the recoverable yields, a- 

amylase titres and the distribution of a-amylase within the E. coli cell in whole broth. 

The a-amylase was distributed between three distinct cell locations, present as 

extracellular ‘leaked’, periplasmic and cell associated protein. The table shows that 

30.4% was leaked into the fermentation medium (12.4 U mL'^) whereas 52.2% (21.3 U 

mL‘̂ ) was retained within the periplasm. In this case 17.4% (7.1 U mL'^) was retained 

within the cell debris as the cell associated fraction and could not be liberated by this 

selective release technique. Expressed a-amylase was not retained within the cytoplasm 

of the cell because the protein must be secreted through the inner cell membrane, 

allowing cleavage of the leader sequence, before it can be folded into an active 

conformation (French, 1993; Hockney, 1994). The presence of cell associated a- 

amylase must reflect the inability the selective release method to free all of the 

recombinant protein from the peptidoglycan. This resulted in the hold-up and loss of a- 

amylase during the clarification stages.

Nevertheless, selective release resulted in a significant reduction in the levels of 

contaminating protein during the purification stages, from 8.5 mg mL*̂  present in the 

whole complex medium environment, to 0.44 mg mL*̂  in the periplasmic lysate. This 

increased the specific activity from 4.8 to 48.3 U mg'  ̂ resulting in a 10-fold increase in 

purity. Selective periplasmic release was, therefore, an additional purification procedure 

prior to chromatographic recovery. The levels of extracellular a-amylase were
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dependent on the level of cellular stresst This lead to

cell lysis or ‘leakage’ which has been observed in other recombinant systems (Suominen 

et al, 1987; Hewinson & Russell, 1993). The level of a-amylase leaked (30.4%) was 

comparable with the level of periplasmic expression. However, the presence of protein 

contaminants (81.6%; 6.9 mg mL**) in the complex fermentation medium, make this an 

unattractive purification route unless an affinity technique can be employed. The use of 

defined cultivation medium, in which there was a much lower level of contaminating 

protein may provide an alternative. Growth on defined medium resulted in 30-40% 

leakage of a-amylase into the cultivation medium. This combined with a low level of 

contaminating protein (about 1.5 mg mL'*) gave an average specific activity of 9.9 U mg' 

* (Turner et al, 1996). Furthermore, levels of leakage of up to 62% have been observed 

and it may be possible to increase these still further with prolonged cultivation in nutrient 

exhausted medium to encourage leakage (Alfthan et al, 1993). By the same token 

optimisation of growth conditions, to maintain a-amylase completely within the 

periplasm of the cell, should improve the overall periplasmic yield.

TABLE 7.1 PARTITIONING OF a-AMYLASE AS EXTRACELLULAR, PERIPLASMIC AND 

CELL ASSOCIATED PROTEIN BY WHOLE BROTH FRACTIONATION.

EXTRACELLULAR: PERIPLASM: CELL ASSOCIATED:

a-amylase (U mL’’) 12.4 (±1.2) 21.3 (±1.5) 7.1 (±0.6)

Protein (mg mL*’) 6.94 (±0.23) 0.44 (±0.01) 1.12 (±0.17)

Location (%) 30.4 52.2 17.5

Specific activity (U mg'*) 1 .8  (±0 .1) 48.3 (±1.5) 6.4 (±0.9)

Available yield (U g'*> 2850 (±281) 4900 (±335) 1630 (±128)

Footno te: Values determined using standard fractionation procedure outlined in section 2.5.4.
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7.2.2 Recovery of recombinant protein

In this study, in order to reduce the burden of protein contamination in downstream 

purification stages, the spent complex medium was removed by centrifugation. The a- 

amylase was then released fi'om the cells by homogenisation or selective periplasmic 

release. Removal of the spent broth allowed the volume to be reduced, which increased 

the concentration of a-amylase present, and therefore reduced the processing time 

required during the purification stages. However, this increased the number of process 

steps required over whole broth homogenisation or recovery from spent medium and 

led to a reduction of yield. Removal of spent medium significantly reduced the total 

protein present fi'om 8688 mg in the whole broth to 1160 mg in the homogenate and 150 

mg for the periplasmic lysate. Increasing the specific activity of the protein streams 

compared with whole broth. Homogenisation of whole broth reduced the number of unit 

operations allowing maximum levels of recombinant protein to be recovered (subject to 

proteolysis). However, this approach resulted in low initial enzyme purity (4.6 U mg'^) 

with no overall reduction in the process volume. The purification process was further 

complicated by the presence of high levels of contaminating proteins and components 

fi'om the culture medium (Leser & Asenjo, 1992) which may, for example, reduce the 

capacity of ion exchange supports, requiring the use of specific affinity techniques for 

successful protein recovery. Careful consideration of the type of growth medium may 

reduce interference by these components reducing problems in later recovery steps 

(Table 7.2).

A key problem for the recovery of periplasmic protein was the loss of yield caused by the 

periplasmic release treatment of cells. Table 7.2 shows that periplasmic release liberated 

33.6% a-amylase compared with 59.8% fi'om the homogenised cells and 30.4% in the 

broth supernatant. High pressure homogenisation released more a-amylase, as expected, 

in a similar process volume, but was not capable of selective release. Nevertheless, the 

use of homogenisation for the recovery of periplasmic protein exploited the role of the 

periplasm in ensuring correct folding and protection of the protein during fermentation. 

This method may cause problems, such as proteolysis, reducing the levels of active 

protein, and also increasing the contaminating material present. However, the use of an
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affinity technique to take advantage of the yield of active recombinant protein from 

homogenate streams may help to overcome these problems.

TABLE 7.2 PROPERTIES OF E. coli PROCESS FEEDSTREAMS

Periplasmic: Homogenate: Extracellular: Whole broth 

homogenate^’)

Process volume (mL) 2 0 0 2 0 0 1250 1250

Whole broth volume (%) 16 16 100 100

Total protein (mg) 150 (±1.7) 1160 (±15.9) 8 6 8 8  (±283.1) 9848

Total a-amylase (U) 17,140

(±1900)

30,520

(±3200)

15,500

(±1500)

51,000

(±3200)

a-amylase fraction (%) 33.6 59.8^ 30.4^ loo( )̂

Specific activity (U mg ’) 114.3 (±14.1) 26.3 (±3.14) 1.8  (±0.18) 4.8 (±0.27)

Footnote; Comparison o f homogenisation, periplasmic release, extracellular and whole broth homogenate processing routes for the 
recovery o f  heterologous protein fixnn 1250 mL complex medium broth. ( I )  Calculated theoretical levels o f  recombinant protein for 
whole tvoth homogenate (2) Short fall (9.8%) in enzyme activity between homogenised (59.8%) and extracellular (30.4%) samples are 
as a result o f  holdnip or proteolysis after homogenisation (3) a  amylase yield is dependant on proteolysis and m ay be lower than this 
value.

7.2.3 Chromatographic purification

The chromatographic step was used to capture a-amylase from the feed material. The 

procedure was carried out at pH 7.5 where the anion exchanger had a high capacity and 

most of the periplasmic proteins bound, and also at pH 5.5, where most E. coli proteins 

were not adsorbed (Hansson et al, 1994), therefore, improving the purification at the 

expense of a lower overall capacity for a-amylase. Table 7.3 shows the recovery of a- 

amylase using selective periplasmic release improved enzyme purification in later 

downstream processing. Although the purity of the chromatographic feedstream was 

improved significantly over whole broth (114.1 U mg'^) there was a dramatic reduction 

in process yield (33.6%) using this method. This was associated with the high level of 

cell associated a-amylase (72.7 U mL'*) which represented a hold-up of 28.5% of the 

total a-amylase yield overall. Selective periplasmic release may be a useful technique for 

high value proteins that are susceptible to degradation during prolonged recovery 

procedures from complex mixtures of contaminants and where overall yield is less
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important. The reduced levels of protein contamination should allow rapid recovery of 

protein over fewer process steps. The chromatography stage resulted in a step yield of 

58.3%. This was lower than was normally expected (81%) but may be explained by the 

larger processed volume which may have lead to inactivation of the a-amylase by both 

protease and EDTA (section 4.6).

TABLE 7.3 PURIFICATION TABLE FOR THE RECOVERY OF a-AMYLASE FROM E. coli 

USING SELECTIVE PERIPLASMIC RELEASE

Step: Volume:

(mL)

a-amylase:

(U)

Protein:

(mg)

Specific 

activity: 

(U mg')

Purification

factor:

(step)

Yield:

(%)

Whole cell broth: 1250 51,000

(±3230)

10625

(±72.4)

4.8 1 100

Periplasmic release: 2 0 0 17,140

(±1928.6)

150

(±1.7)

114.3 23.8 33.6

Chromatography load: 80 6856

(±771.4)

60

(±2.7)

114.3 - -

Peak fractions: 10 4000

(±95.7)

34.9

(±1.2 )

114.6 1 .01 58.4

Lysozyme caused limited contamination because the majority was effectively removed 

from the process stream by the electrostatic interaction with peptidoglycan (Muraki et 
al, 1988). In this instance, the addition of the periplasmic release mixture, containing 30 

mg of lysozyme, to 5.4 g of E. coli cells resulted in a periplasmic lysis mixture (200 mL) 

containing 2.27 mg (7.6 %) of the lysozyme originally added. Approximately 0.9% (19.8 

jig) of the lysozyme present in the periplasmic lysis mixture subsequently bound to the 

DEAE support and was eluted with a-amylase in the peak fractions (section 6.6 & 6.7).

Table 7.4 shows the recovery of a-amylase from E. coli cells that had been recovered by 

centrifugation and resuspended in a small volume (200 mL) of chromatography buffer 

prior to homogenisation. The overall recovery of target protein was higher (59.8%) than 

could be achieved by selective periplasmic release. The specific activity, although lower

176



Chapter 7: Process options for the recovery o f recombinant protein

than expected (26.3 U mg'*), was an improvement over whole broth culture supernatant 

(1.8 U mg'*) and whole broth homogenate (4.8 U mg'*). Purification of a-amylase using 

DEAE Sepharose increased the specific activity 2.4 fold to 63 U mg'* with a yield of 

94.4 %. This higher yield may be a result of the absence of EDTA in the process mixture 

which may improve the activity of the released a-amylase. Protease degradation could 

be a significant problem using this approach, requiring protease inhibitors and the use of 

low temperature during initial isolation and purification procedures.

TABLE 7.4 PURIFICATION OF a-AMYLASE DERIVED FROM E. coli HOMOGENATE.

Step: Volume: a-amylase: Protein: Specific

activity:

Purification

factor:

Yield:

(mL) (U) (mg) (U mg') (step) (%)

Whole cell broth: 1250 51,000

(±3230)

10625

(±75)

4.8 1 100

Homogenate: 2 0 0 30520

(±3180)

1162

(±16)

26.3 5.5 59.8^

Chromatography

load:

30 4578

(±479.3)

174

(±2.4)

26.3 - -

Peak fractions: 10 4322

(±2 2 .8 )

6 8 .6

(±0 .6 )

63 2.4 94.4

F ootnote: (1) Lower yield associated with the removal o f extracellular a-amylase and also degradation o f  a-am ylase in homogenate 
(--9.8% reduction or hold-up)

Table 7.5 shows the purification table for the recovery of a-amylase from defined 

medium. In this fermentation 41.5% of the a-amylase was leaked into the extracellular 

culture medium resulting in a specific activity of 3.3 U mg'*. The culture supernatant 

was subsequently diluted 4-fold to reduce the ionic strength of the defined medium 

(equivalent to about 0.7 M NaCl) for ion exchange purification. This increased the 

process volume to -5000 mL, 25-fold greater than the homogenate and the periplasmic 

lysate (200 mL). However, a 15-fold improvement in specific activity after 

chromatographic purification may make this an attractive process route in combination 

with high throughput chromatography or batch adsorption. The lower level of 

contaminating protein present in the defined medium compared with the complex
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medium may allow this to be exploited as a method for the recovery of recombinant 

protein particularly as cell leakage can be induced relatively easily increasing the overall 

extracellular yield.

TABLE 7.5 PURIHCATION OF a-AMYLASE FROM DEFINED MEDIA SUPERNATANT

Step: Volume: a-amylase: Protein: Specific

activity:

Purification

factor:

Yield:

(mL) (U) (mg) (U m g’) (step) (%)

Whole cell broth: 1250 16750

(±860)

6075

(±130)

2 .8 1 100

Media supernatant: 1250 5875

(±627.1)

1850

(±40)

3.2 - 41.4

Chromatography

load :̂

30 34.9

(±3.8)

11.07

(±0 .2 )

3.2 - -

Peak fractions 12 2 0 .0

(±1)

0.4

(±0 .0 2 )

46.5 15.1 58.9

Footno te: (2) Feed stream was diluted 4-fold to reduce the ionic strength o f the feedstream before loading onto the ion exchange column

7.3 Comparison of periplasmic and extracellular recombinant protein recovery

This section examines the effects of processing recombinant a-amylase at small scale 

from two microbial systems; one E. coli based (outlined earlier), secreting into the 

periplasm, and the other S. lividans based which expressed the same protein 

extracellularly. The aim is to illustrate the differences between periplasmic and fully 

secreted recombinant protein processing. In particular the recovery of the target protein 

and the effect of the initial protein concentration on protein processing steps using ideal 

host systems for each process route. Production of the same protein from both systems 

allows direct comparison of the overall fermentation and downstream processing issues.
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7.3.1 Fermentation of recombinant protein.

Table 7.6, shows the final production characteristics for E. coli and S. lividans 

fermentations producing recombinant a-amylase. At the fermentation stage there was a 

difference in the productivity between these organisms. E. coli takes one fifth of the 

time that S. lividans did to produce a similar overall yield of a-amylase, producing 

similar amounts of total a-amylase and biomass. At 18 h S. lividans produced 

undetectable amounts of a-amylase at a dry cell weight of 1.2 g L'% E. coli, on the other 

hand, typically produced detectable amounts of enzyme from early exponential phase 

growth (after 3-6 h) and production was completed by 18 h. A further problem of using 

S. lividans was the ease with which this slow growing micro-organism could become 

contaminated with faster growing microbes during the fermentation phase of the 

bioprocess.

An advantage of using the S. lividans system was that 100% of the expressed a-amylase 

was available for subsequent downstream processing in a single form whereas, the 

protein expressed in E. coli was distributed between three distinct areas of the cell as cell 

associated, periplasmic and extracellular protein. The use of selective periplasmic release 

resulted in only 30.5% (5.1 U mL'^) of the total a-amylase being available for recovery, 

leading to a decrease in the yield of E. coli from 4110 U g*̂  to 1256 U g"* compared with 

S. lividans (5780 U g'*). Although the productivity of E. coli (all fractions) was 228 U 

g’* h'* and the S. lividans was 59.6 U g"̂  h '\ if the extracellular and cell associated 

fractions were ignored, the productivity fell to 70 U g'̂  h'* which was similar to the 

productivity achieved by S. lividans. As a result, the effective yield of E. coli was 5-fold 

lower and the two fermentation routes compared favourably.
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TABLE 7.6 PRODUCTION CHARACTERISTICS 

FERMENTATIONS

OF E. coli AND S. lividans

E. coli JM107 PQR126 S. lividans 1X24 pQR225 

(In complex medium)

Growth time (h) 18 97

Final diy weight (g L ’) 4.06 (±0.32) 3.65 (±0.06)

ODgoOnm 7.43 (±0.025) -

a-amylase titres: (U mL'^)

Extracellular 4.1 (±0.1) 2 1 .1  (±0 .2 )

Periplasmic 5.1 (±0.3) -

Cell associated 7.5 (±1.8) -

Specific activity (U mg ’) 32.6 (±1.7) 52.1 (±0.6)

Total Yield: (U) 16,700 (±1700) 2 1 ,1 0 0  (±2 0 0 )

Yield (Ug-’) 4110 (±305) 5780 (±93)

Recoverable yield (U g ’) 1256 (±93) 5780 (±93)

Productivity (U g ’ h ’) 228 (±17) 59.6 (±1)

Recoverable Productivity 

(Ug-’ h-’):

70 (±5) 59.6 (±1)

Footno te: (a) recoverable yield indicates recovery by a single procedure.

7.3.2 Recovery of recombinant protein

During the course of downstream processing of E, coli, the contents of the periplasm 

must be released so that recovery and subsequent purification of a-amylase can occur. 

This was achieved by a selective release method using (20% w/v) sucrose, 1 mM EDTA, 

and 0.3 mg mL'  ̂lysozyme) outlined earlier (section 2.8 2.4). This allowed a reduction in 

the processing volume, in this system, fi-om 2.5 L to 0.4 L (16% of the original broth 

volume) increasing the dry cell weight to 25.4 g L '\ This concentrated the a-amylase in 

the feedstream fi-om 5.1 to 22 U mL'\ which was comparable with S. lividans medium 

supernatant (21.1 U mL'^) and will, for example, allow a reduction in the
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chromatographic processing time. Compartmentalisation of a-amylase within the 

periplasm also allows a significant reduction in the amount of soluble protein present in 

the feedstream (Table 7.7) fi-om 24 g, if a-amylase was recovered from all cell regions 

(whole broth homogenate), to 0.324 g. This reduced the process protein by a factor of 

67.6 and increased specific activity fi-om 1.8 to 34.1 U mg'  ̂ at pH 5.5 or 47.4 U mg'  ̂

at pH 7.5. The differences between specific activities of the two feedstreams reflect 

differing amounts of cell biomass present during periplasmic release at the two pH 

values. Use of selective periplasmic release significantly improved the purification of a- 

amylase fi-om cells grown in the complex medium environment. For comparison the 

specific activity of a-amylase in the S. lividans culture medium was 51.5 U mg'\

TABLE 7.7 THE PROPERTIES OF E. coli PERIPLASMIC LYSATE AND S. lividans MEDIA 

SUPERNATANT FEEDSTREAMS

E. coli 

JM107 PQR126

S. lividans 

TK24 PQR225

Initial process volume (mL) 400 2500

Percent of broth volume (%) 16 10 0

Total protein (mg) 25,000 (±2800)(") 1025 (±20)

Total released protein (mg) 324 (±27.6) 1025 (±20)

Chromatography feedstream 22.0 (±1.7) 2 1 .1  (±0 .2 )

(a-amylase, U mL'^)

Specific activity (U mg ’) 40.1 (±1.8) 51.5 (±0.6)

Viscosity (mPas) 2 .1 2.4

Footno te: (a) total protein including fermentation m edia for E. coli. Initial process volume refers to the volume immediately 
before protein purification begins.

Periplasmic release does have disadvantages. Firstly, three stages are required before 

chromatography can be carried out, whereas the S. lividans required only the removal of 

cells to reach this stage, reducing the processing time (Figure 7.1). Secondly, the 

addition of lysozyme contributed to the protein loading becoming a contaminant in the 

later downstream processing stages. However, the impact of lysozyme was reduced 

because it bound to the cell wall peptidoglycan, which allowed it to be removed fiom the
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process stream with other cell debris. However, small amounts were carried over into 

anion exchange chromatography, which requires removal using another separation 

procedure such as IMAC (T4 lysozyme-his; section 4.3.3) or cation exchange (Hen egg 

white lysozyme; section 6.6 & 6.7).

The presence of a final concentration of 10% (w/v) sucrose, increased the viscosity of 

the E. coli feedstream to 2.1 mPas, which affects centrifugal clarification efficiency at 

process scale, as well as reducing flow rates and resolution of chromatographic stages. 

The presence of sucrose was an obstacle to complete clarification of periplasmic release 

feedstreams which typically contain 5-10 g L*̂  cell debris after tubular bowl 

centrifugation. The reduction or removal of sucrose from periplasmic release mixtures 

reduced the eflBciency of release. The viscosity of the S. lividans supernatant (2.4 mPas) 

was higher than the periplasmic release liquor, because of the presence of PEG in the 

fermentation medium. The viscosity of this feedstream was reduced to 1.6 mPas by 

removing this component, allowing more efficient process scale clarification. 

Streptomyces species however, produce much larger cell aggregates (>200pm) 

depending on the method of cultivation (Vecht-Lifshitz et al, 1990; Reichl et al, 1992) 

which will allow more efficient centrifugation.

7.3.3 Chromatographic purification

The selective release of the contents of the periplasm improved the specific activity of the 

a-amylase from 1.8 to 34 U mg'* (pH 5.5) or 47.4 U mg'* (pH 7.5) reducing protein 

contamination. Therefore, this step gave a significant purification factor of between 19.4 

and 27.1. The chromatographic step was used to capture a-amylase from the feed 

material in the same way and for the same reasons as before (section 7.2.3) at pH 5.5 and 

7.5 and increased the specific activity of a-amylase from 47 to 128 U mg'* at pH 7.5 

(purification factor of 2.7) and from 34 to 143 U mg'* at pH 5.5 (purification factor of 

4.2) in E. coli (Table 7.8). The purification of a-amylase from the S. lividans medium 

supernatant, was the same or better compared with E. coli giving a final specific activity 

of 147 U mg'* at pH 7.5 and 445 U mg'* at pH 5.5. These represented purification 

factors of 2.5 and 8.7 respectively (Figure 7.2 and 7.3). These high purification factors 

were associated with lower overall yields at pH 7.5 (59.6%), and particularly at pH 5.5,
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where only 39.7% of the loaded a-amylase was recovered using the same volume of 

support (Table 7.9). This may have been caused by the reduced capacity of the support 

under the lower pH conditions and possibly the presence of competing contaminating 

components within the broth supernatant at that pH.

The S. lividans broth supernatant simplified the purification process because of the 

presence of less contaminating protein (Figure 7.2). The E. coli system provided a larger 

purification challenge primarily because the majority of E. coli proteins have an 

isoelectric point (pi) in the region of 5.5 to 7.5. By reducing the pH of the buffered 

periplasmic lysis mixture, the purification of the a-amylase (pi 3.5 to 4.5) can be 

improved. An important difference between E. coli and S. lividans processes are that the 

pH of the E. coli lysate was achieved with low ionic strength buffer, while the pH of the 

S. lividans was adjusted by addition of dilute acid to the fermentation media, reducing 

the pH from 8.2 to pH 7.5 or 5.5. The latter may cause protein precipitation effects, 

which may be a problem at larger scale where pH and ionic strength of the fermentation 

broth will need to be closely controlled, so that the purification processes are not 

dramatically affected.
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TABLE 7.8 PURMCATION TABLE FOR THE RECOVERY OF a -AMYLASE FROM PERIPLASMIC LYSATES

S

PURIFICATION STEP Volume Total activity Total protein Specific activity Purification factor Yield

(mL) (U) (mg) (U mg’) (step) (step)

Whole broth 2500 42000 24000 1.8 - 100

pH 7.5 2 0 0 6920 146 47.4 27.1 16.5

Periplasmic release

pH 5.5 2 0 0 6060 178 34.0 19.4 14.5

Chromatography feedstream (pH 7.5) 30 1038 21.9 47.4 - -

DEAE (Peak fractions, pH 7.5) 8 996.8 7.76 128.5 2.7 96.1

Chromatography feedstream (pH 5.5) 30 909 26.7 34 - -

DEAE (Peak fractions, pH 5.5) 8 880.8 6.16 143 4.2 96.8
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TABLE 7.9 PURIFICATION TABLE FOR THE RECOVERY OF a-AMYLASE FROM S. lividans MEDIA SUPERNATANT

PURIFICATION STEP Volume Total activity Total protein Specific activity Purification factor Yield

(mL) (U) (mg) (U mg’) (step) (step)

Whole broth (pH 8.2) 500 10550 205 51.5 - 100

Broth sample (pH 7.5) 30 750 13.2 56.8 - 100

DEAE (Peak fractions, pH 7.5) 8 447.2 3.04 147.1 2 .6 59.7

Broth sample (pH 5.5) 30 717 13.5 53.1 - 100

DEAE (Peak fractions, pH 5.5) 8 284.8 0.64 445 8.4 39.7

î

ï
1
I-
I
î
I

I



Chapter 7: Process options for the recovery o f recombinant protein

2.0

pH5.5300  -

250  -

200  -

150  -

100  -

0.5

50 -

0.0

pH7.5300  —'

250  -

200  -

100  -

0.5

50 -

0.0
0 20 40 60 80 100 120

1 .^  3
I 
R J

0.0 -J 0.0

1.0

0.6

0.6

I
3

I
0.4  ^

0.2

0.0

1.0

0.6

.J
0.4

0.2

Volune (mL)

Figure 7.3 Chromatograms showing primary capture o f a-amylase from S. lividans media 
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7.3.4 Comparison of E. coli and S. lividans processes

The balance of advantage and disadvantage between the sources of a-amylase can be

summarised at different stages of the bioprocess. Analysis of the advantages of the two

strains at each step allow meaningful comparison:

• Fermentation: Although S. lividans produces high levels of a-amylase in 

proportion to secreted protein, its growth rate is slow (^ w  0.05 h‘*) compared 

with E. coli (>0.6 h‘*) grown on complex medium, and it can be out-competed by 

contaminating micro-organisms during the growth phase of the bioprocess. The 

long growth time also prolongs the time that the a-amylase can be denatured on 

air-liquid interfaces within the fermenter. These are potentially significant 

problems because they will reduce the comparative advantage of this micro

organism. Production of a-amylase in E. coli was rapid and the development of 

strains, in which the a-amylase is largely expressed and retained periplasmically, 

would enhance the effective yield.

• Number of downstream processing stages: Secretion of a recombinant protein 

from S. lividans gives more favourable purification over two stages, whereas E. 
coli requires five stages (Figure 7.1).

• Clarification: Viscosity of periplasmic lysates caused problems in pilot scale 

clarification processes, preventing complete removal of cell debris, resulting in the 

fouling of packed bed chromatography columns. An expanded bed may also be 

unsuitable for the recovery from S. lividans whole broth because of the large size 

of cell aggregates (200pm) which will foul the distributors and adaptor nets of the 

column (80pm). However, the large size of S. lividans aggregates and lower 

potential viscosity of the medium will improve clarification efficiency over E. coli.

• Process volume: The larger process volume will increase the time required to 

recover a-amylase from S. lividans medium supernatant (by a factor of 6 in this 

case), compared with E. coli where volume can be reduced significantly. The 

comparative disadvantage of larger process volume is outweighed by higher
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specific activity achieved by low levels of protein contamination in S. lividans 
medium supernatant and also low level of secreted proteases in the S. lividans 
broth (Gilbert et al, 1995; Aretz et al, 1989) which should preserve enzyme 

activity during purification processes. The use of batch adsorption processes may 

also reduce this comparative disadvantage particularly with the difficulties 

associated with lysate clarification.

• Recoverable yield. S. lividans culture supernatant allows maximum levels of 

expressed a-amylase to be recovered in the purification stages. In E, coli, the a- 

amylase was leaked during growth, and was associated with the cell debris after 

selective release, resulting in a reduced yield fi’om selective release (30.5-52.2%). 

This problem can be overcome by homogenisation, which frees cell associated a- 

amylase without affecting the process volume. However, this increases the levels 

of protein present (0.75 to 5.81 mg mL"̂ ), increasing the number of purification 

steps required for protein recovery.

• Purification: S. lividans culture supernatants contain lower levels of protein 

contaminants improving the initial specific activity of the a-amylase and, therefore, 

improving chromatographic purification. However, improvement in specific 

activity is entirely dependent on the use of defined or semi-defined media types that 

give low background protein, allowing high specific activity to be achieved by 

secretion (Murby et al, 1996). The medium environment must also have 

sufficiently low ionic strength, and controlled pH to make ion exchange 

chromatography viable fi’om fermentation broth. Further fermentation 

contaminants such as antifoams and lipid by-products may also reduce purification 

efiBciency.

Generally, E. coli strains provide advantages during the growth phase because of the 

faster growth rates and the nature of the fermentation medium that can be used. The 

fermentation medium does not need to be well defined to achieve successful purification, 

because the target protein is compartmentalised within the periplasm which has fewer 

protein contaminants. S. lividans on the other hand, provides advantages in purification 

procedures where initial purity of the product, feedstream clarification properties, low
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levels of protease and fewer processing steps are better. The only major disadvantage of 

S. lividans is the very slow growth rate and potential for process contamination which 

makes this an undesirable micro-organism at the fermentation stage.

7.4 Summary

Determining the most effective route for expression of recombinant protein and therefore 

the most efiBcient host is clearly dictated by the type and stability of recombinant protein 

and the effectiveness of release procedures for its recovery. The expression of the 

protein extracellularly has a number of advantages over periplasmic or cytoplasmic 

expression, allowing the recovery of protein rapidly from processing environments 

containing low levels of contaminating protein and proteases. This means of expression 

requires the use of gram positive bacterial stains, such as Streptomyces spp.̂  which 

naturally secrete proteins into the growth medium and excrete limited levels of protease 

(Gilbert et al, 1995; Aretz et al, 1989) compared with E. coli (Murby et al, 1996). 

Extracellular expression can also be achieved by gram negative strains. This is not the 

normal means of production, and is usually caused by ‘periplasmic leakage’ (Suominen et 
al, 1987; Georgiou et al, 1988) or cell lysis (Alfthan et al, 1993) which often liberates 

host nucleic acids and other cell contaminants. Selective periplasmic release allows the 

recovery of periplasmic proteins leading to reduced protein contamination and process 

volume, however, this has proved difficult to achieve from the host cell.

Downstream processing issues favour the secretion of recombinant proteins using S. 
lividans. The process volume is larger but, with a low total protein content, this is not a 

major issue allowing high levels of purification to be achieved. The three stages of 

processing used with E. coli prior to chromatography require considerable optimisation 

and even then only a fraction of the product is recovered. Though both S. lividans and 

E. coli feedstreams are viscous the presence of cellular debris after the formation of 

spheroplasts from E. coli complicates chromatography to a greater degree. However, 

the susceptibility of S. lividans to contamination by competing micro-organisms during 

the longer fermentation may also cause problems. This method of production also 

requires the use of closely controlled growth media, so that the benefits of secretion can 

be fully exploited. Complex medium can be used with E. coli without affecting the
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protein content of the periplasmic lysate allowing improvements in the purity of a- 

amylase over whole broth.

Selective release causes a number of problems including loss of yield by cell ‘leakage’ 

and also hold-up of a-amylase during periplasmic release. The retention of a higher level 

of a-amylase in the periplasm of E. coli would improve the yields from this process step, 

however the hold-up of this protein will prove more difficult to overcome. One 

downstream processing option that has been adopted for periplasmic synthesis in E. coli 
is the homogenisation of cells after production. Although this increases the complexity 

of material for purification, it allows protein folding and protects the product from 

proteases during fermentation. Homogenisation also increases the yield of a-amylase 

allowing higher levels of recombinant protein to be recovered. This method is most 

attractive when used in conjunction with an affinity method that can retrieve the product 

from the homogenate.

For both organisms it is possible to envisage that molecular genetics could improve their 

performance particularly S. lividans which has received less attention than E. coli. 
Further work to improve understanding of gene manipulation and improvements to our 

knowledge of the genetics of Streptomyces will increase the attractiveness of this strain 

(Pickett & Hardy, 1984). Selective release from E. coli may prove to be useful for high 

value proteins where the benefits of removing the high levels of protein contamination 

from the target protein out-weigh the hold-up of the protein and reduced yield. The use 

of homogenisation may prove to be a more realistic alternative for low value proteins 

produced in the periplasm where background contaminating protein is not a problem.
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CHAPTER 8: COMPARISON OF SMALL AND LARGE SCALE RECOVERY 

OF PERIPLASMIC RECOMBINANT PROTEIN

8.1 Introduction

The recovery and purification of recombinant protein is often complicated by the 

processes, such as periplasmic release, that need to be employed for their recovery. For 

a recombinant protein to be recovered there are a number of steps that need to be carried 

out. Figure 8.1 shows the process flow sheet and options for the recovery of this 

recombinant protein. In this system a-amylase can be produced by high cell density (fed- 

batch) and batch fermentation using defined medium and also by cultivation using 

complex medium. This chapter concentrates on the recovery of periplasmic a-amylase 

using both selective release and homogenisation but outlines the potential recovery of a- 

amylase fi’om the spent culture supernatant. Whole cell recoveiy can be achieved in two 

distinct ways, by centrifugation, which is more routinely carried out at process scale, and 

by microfiltration. Microfiltration is unlikely to concentrate the cells sufficiently for 

selective release and will also result in medium contaminants being present unless 

diafiltration can be adopted as an additional step. Microfiltration can also be used for the 

clarification of culture broth and for the recovery of extracellular protein. Recombinant 

protein can be released in two ways, either by selective release or by homogenisation of 

whole broth or recovered cells. The homogenisation of whole broth results in a large 

process volume and high levels of contaminants particularly if complex medium is used. 

Homogenisation of recovered cells that have been resuspended in a conditioning buffer 

reduces the volume and the levels of contaminating protein, although not to the same 

extent as selective release. The process stream can be clarified using microfiltration or 

centrifugation. Purification at the recovery/purification interface is achieved using 

packed bed, expanded bed or batch adsorption of target protein before additional 

processes are carried out.

In addition to the processes outlined in the flow sheet, adoption of precipitation stages, 

particularly after cell disintegration or selective release, could be used to improve the 

purity of the processed mixture. Flocculation could be used to condition the protein
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Fermentation

Cell recoveiy Protein release

(Extracellular process route)

Clarification Protein Recoveiy

 >( Microfiltration \ ........................ Selective

— >( Centrifugation )-

periplasmic 
release

■ • • »( Microfiltration \  ■

Packed bed 
chromatography

Periplasmic process route

Homogenisation -»( Centrifugation )—

Intracellular /  Periplasmic process

ÿ Expanded bed 
chromatography

Batch adsorption

(Extracellular process route)

Fermentation: Cell recovery: Recombinant protein release: Clarification: Protein recoveiy:

Batch (Complex) Microfiltration Homogenisation Microfiltration Chromatography

Batch (Defined) Centrifugation Selective periplasmic release: Centrifugation Packed bed
Fed-batch (Defined) Disc stack Lysozyme Disc stack Expanded bed

Tubular bowl Osmotic shock Tubular bowl Batch adsorption

Multichamber bowl Multichamber bowl

Shake flask (Complex) lab centrifugation As above Lab centrijugation Packed bed/batch adsorption

Overview o f the process options for the recovery o f recombinant proteins from E. coli. The table shows the process alternatives used for protein 

recovery. Process routes examined,  Other process alternatives.

Figure 8.1
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__________________Chapter 8: Comparison o f small and large scale recovery o f recombinant protein

release mixture to improve clarification efiBciency by increasing the size of the cell debris. 

This chapter examines the process options for the recovery of periplasmically expressed 

protein produced in E. coli cells and examines the product lost at each stage.

8.2 Production of periplasmic protein

Table 8.1 shows the mean levels of protein and a-amylase produced by the different 

fermentation routes. The process balances outlined in this chapter are based on the 

calculated recoveries of protein fî om these feedstreams. Overall levels of a-amylase 

produced were similar in each of the fermentation types except for fed-batch (Chapter 3). 

The level of leakage, however, was much lower fi"om shake flask cultivated strains than 

for fermenter cultivated strains. In each of the growth media used approximately half the 

periplasmically expressed protein was retained within the peptidoglycan.

TABLE 8.1 MEAN LEVELS OF a-AMYLASE AND PROTEIN FOR E. coli JM107 pQR126 

STRAINS CULTIVATED BY VARIOUS FERMENTATION TECHNIQUES

TYPE:

EX

CELL FRACTION 

PP CA

TOTAL DCW

(gL')

HARVEST

TIME

(h)

Shake flask̂ “̂ A 5.8 11.5 1 2 .6 29.9 4.7 18

P 7.61 0.45 1.42 9.48

Batch (complex)^^ A 8 .1 11.5 7.1 26.7 4.7 2 0

P 7.9 0.53 1.52 9.95

Batch (defined/®^ A 1 0 .8 7.5 7.3 25.6 1 2 .6 2 2

P 1.48 0.78 3.37 5.63

Fed-batcĥ *̂ A 20.9 19.8 19.5 60.2 40.4 44

P 0 .8 0.85 3.46 5.11

Footno te: Mean thres o f a-amylase and protein by fractioa A, indicates a-amylase (U m g '). P, indicates protein (mg m L ''). EX; 
extracellular, PP; Periplasmic, CA; Cell associated after periplasmic release. Fermoitations were carried out in 10 L  fermenter (a) mean 
o f  7 shake flask e:q>eriments (b) Mean o f  3 complex medium fermentations (c) results averaged fiom 10 defined fermentations (d) 
Averaged fiom 3 fed-batdi fomentations.
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D

FERMENTATION

CENTRIFUGATION SUPERNATANT

PROTEIN RELEASE

CLARIFICATION DEBRIS

PROTEIN RECOVERY

Figure 8.2 Schematic representation o f  the process steps available fo r  the recovery o f  

recombinant proteins from E. coli. The figure shows the process stages employed and 

by reference to the tables outlined in this chapter the levels o f  a-amylase , protein and 

debris can be determined at different stages. The stages outlined above are: A, 

Fermentation: B, Broth supernatant after centrifugation; C, Whole cells recovered by 

centrifugation; D, Periplasmic release from cells; E, Removal o f  spheroplasts; F, 

Levels present in discarded debris after clarification; G, Peak fractions from protein 

purifications using batch adsorption, packed bed and expanded bed chromatography; 

G\ Protein purification direct from crude lysate using batch adsorption and expanded 

bed chromatography.
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TABLE 8.2 PROCESS BALANCE FOR THE RECOVERY OF a-AMYLASE FROM SHAKE FLASK PRODUCED Æ coli

Step: a-amylase:

(%)

Protein:

(%)

Specific activity: 

(U mg')

Purification

factor:

Volume:

(mL)

DCW:

(gL ')

Lysozyme:

(%)

Process step: 

(Figure 8.2)

Fermentation 1 00 100 3.2 1 2500 4.68 - A

Centrifugation (cell recovery)

Broth supernatant 19.4 80.2 0 .8 0 .2 2500 - B
Recovered whole cells 80.6 19.8 12 .8 4.1 35(1) 11.7(g) - C

Protein release from  cells

Homogenisation 69.2 10.9 2 0 6.3 400 29.24 - D

Selective release 38.6 1.7 73.5 23.3 400 29.24 1 00 D

Centrijugation (discarded debris)

Homogenate 11.4 8.9 4.0 - 3 5 O) 11.7(g) - F

Selective release 42.1 18.2 8 .8 - 3 5 (1) 11.7(g) 94.7 F

Chromatography (peak Jractions) ®

Homogenate 63.4 3.3 63.1 2 0 50̂ ') 0 - G
Selective release 29.4 0 .6 145.9 46.3 50<'> 0 0.85 G
Supematant^^^ 18.3 31.5 2.4 3.2 50<'> 0 - G

F ootnote: Table shows the step sequence for periplasmic processing, homogenisation and whole broth recovery at small scale (2.5 L). Refer to figure 8.2. Maximum yields are the total a  amylase 
from all fractions o f  the broth (1) Estimated volume from small scale protein recovery. (2) Packed bed duom atognqihy (3) Calculated on the basis o f  homogenate processing with same purification 
factor (3.2) and yield (94.4%). DCW: Dry cell w eight Process Steps indicated above are as follows: A, Fermentation; B, Broth supernatant after centrifugation; C, Whole cells recovered by 
centrifugation; D, Periplasmic release from cells; E, Removal o f  spheroplasts; F, Levels present in discarded debris after clarification; O. Peak fractions from protein purifications using batch adsorption, 
packed bed and expanded bed chromatography, Oi Protein purification direct from crude lysate using batch adsorption and expanded bed chromatography.
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8.3 Small scale process balances

Table 8.2 and Figure 8.2 show the process balances for the recovery of recombinant a- 

amylase from E. coli in complex medium. Table 8.2 shows the levels of various 

components present at each of the stages outlined in Figure 8.2. The a-amylase was 

compartmentalised between three cell locations, and therefore, loss of yield occurred 

during cell recovery procedures because the cultivation medium was discarded and the 

a-amylase was held up in the cell debris during periplasmic release. At this stage the 

majority of the protein was removed because it was associated with the cultivation 

medium. The cells treated by homogenisation released approximately 50% more a- 

amylase than those treated by lysozyme, although this was at the expense of a lower 

specific activity (20 U mg'*) compared with selective release (73.5 U mg'*). A smaller 

proportion of a-amylase was removed with the cell debris or denatured by proteases 

(11.4%) compared with selective release where the majority of the a-amylase was 

retained within the debris and peptidoglycan (42.1%). The hold-up of protein was 

important in the process since the reduction in process yield increases process costs and 

may reduce the advantage of the increased initial purity of the feedstream. During the 

protein purification stages, high purity was achieved after the first chromatographic 

cycle. However, the yield was lower because of the presence of EDTA which affects the 

stability of a-amylase. A higher level of recovery was achieved from homogenate 

streams, providing rapid recovery was carried out to prevent proteolysis, resulting in a 

94% yield of a-amylase compared with the periplasmic process stream (76%). 

Processing of the complex medium supernatant or whole broth homogenate provided no 

advantages in this system, because of the high levels of contaminating protein and the 

presence of fermentation contaminants such as antifoams. The low level of a-amylase 

present relative to the process volume and protein may also cause problems. Selective 

release and homogenisation of resuspended cells reduced process costs by reducing 

volume. Selective release also reduces costs because of the low levels of impurities that 

needed to be removed (Wheelwright, 1991). However, this must be balanced against the 

lower overall yield of a-amylase and the cost of the lysozyme used in selective release.
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TABLE 8.3 PROCESS BALANCE FOR THE RECOVERY OF a-AMYLASE PRODUCED IN DEFINED MEDIUM AT 300L SCALE

Step: a-amylase:

(%)

Protein:

(%)

Specific activity: 

(U mg’)

Purification

factor:

Volume:

(L)

DCW:

(gL ')

PF: (step) Process step: 

(Figure 8.2)

Fermentation 10 0 100 4.54 1 300 12.63 A

Centrifugation (Disc stad^"^^ 

Broth supernatant 60.7 44.5 6 .2 1.4 300 0.195 B

Recovered whole cells 39.3 55.5 3.2 0.7 30.5 116.49 (g) C

Protein release from  cells 

Homogenisation^^^ 39.3 55.5 3.2 0.7 120 29.61 D

Selective release 19 13.6 6.3 1.4 120 29.61 D

Clarification

Centrifugation^^^ 25.6 18.4 6.3 1.4 120 7.18 E

Discarded debris 13.8 37.2 1.7 0.7 30 89.71 F

Microfiltration^^^ 0.7 4.1 0.7 0 .2 40.4 0 E

Discarded debris 15.8 43.5 1.3 0.3 79.6 47.34 F

Chromatography 

Packed bed̂ ^̂ 13.4 3.7 16.5 3.7 0.5 (3.59<’>) 1.64 G

Packed bed̂ ^̂ 0.4 1.7 1.2 0.3 0.5 0 2 .6 G

Packed bed^^ 32.1 1.7 85.1 18.7 0.5 0.195 13.72 G
F ootnote: Calculated mass balance from defined medium fermentation using E. coU. Refer to figure 8.2 for process schematic. (1) Centrifugation using a  disc stack centrifuge (CSA 8) at 200 L h . 
(2) Estimate for homogenised E. coli cells. (3) Clarified using CSA 8 disk stack at 80 L  h  \  Breakage causes an increase in the initial load concentration o f the feedstream. (4) Calculated from 
microfiltration o f  6 L  o f  lysate through a  Ceraver 0.2 pm  pore type A ceramic m em kane (0.005m^), permeate stream. (S) Diluted feedstream for packed bed diromatography (1:2 dilution, 5%  sucrose) 
(6) Media supernatant processing at 1:4 dilution yield o f  52.9%, PF 13.7. (7) Dry cell weight o f  loaded feedstream. (a) discarded debris represents microfiltration retentate stream. DCW  Dry cell 
w eight Process Steps indicated above are the same as for table 8 .2 .

9?

I
§

I



____________________Chapter 8: Comparison o f small and large scale recovery o f recombinant protein

8.4 Large scale processing

8.4.1 Primary recovery

At small scale, selective release was easily and simply achieved to high levels of purity. 

However, the small scale process did not reflect the problems at large scale using 

industrial equipment. Table 8.3 shows the calculated recovery of a-amylase from E. coli 
at large scale. At larger scale, defined medium was used for growth because of the 

reproducibility and lower variability of the medium components. The use of defined 

medium lead to relatively high levels of cell leakage, compared with cultivation in 

complex medium shake flasks, reducing the overall yield of recombinant protein in whole 

cell processing. Table 8.3 shows that 60.7% of the a-amylase was lost into the medium 

supernatant as a result of cell leakage during growth and protein release during 

centrifugation. This allows the exploitation of cell leakage as a potential process option 

for the recovery of recombinant proteins produced in E. coli (Alfthan et al, 1993; 

Hewinson & Russell, 1993). Cell leakage removes the a-amylase from the majority of 

cellular proteolytic enzymes and separates it from other cytoplasmic proteins. However, 

the potential problem of this feedstream was the high ionic strength of the growth 

medium which required dilution to allow purification, increasing the process volume 

further. The lower level of protein contamination should allow rapid purification using 

batch type processes or expanded bed chromatography despite the increased process 

volume, although full cell lysis may cause problems because of the presence of 

cytoplasmic components.

Higher levels of a-amylase were recovered by homogenisation compared with selective 

release. However, the difference between the purity achieved by the two methods was 

much less marked than for the smaller scale procedure. This reflected protein released 

and potential cell breakage during cell recovery, increasing the level of contaminating 

protein present which reduced the specific activity of the a-amylase (6.3 U mg"*). 

Breakage of cells was high during the recovery stage in disc stack centrifuges (CSA 8) 

with a further 30% release when the cells were discharged. This level of protein release 

increased with prolonged storage of cells after fermentation (up to 90%)(Alfthan et al, 

1993). Recovery using other centrifuge types also resulted in protein release but only
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very low levels of G6PDH which suggested that only the periplasmic space had been 

breached. Further problems were encountered during the clarification of the periplasmic 

release mixture. Microfiltration of this feedstream resulted in membrane fouling and a 

reduction in the level of transmitted protein to such an extent that, in this example, 

efficient processing was not possible fi’om this clarified process mixture. Further 

optimisation to increase yields, including the use of diafiltration, may increase the overall 

yield (up to 75%, Lee et al., 1992) allowing microfiltration and packed bed 

chromatography to be used for the processing of periplasmic lysates. Centrifugation 

increased the level of protein present by breakage of fi*agile spheroplasts, increasing the 

burden on purification in later stages. Furthermore, the recovery of cell debris was not 

100% efficient, with the packed bed support acting as a depth filter, reducing the 

chromatographic efficiency. The use of centrifugation to clarify cell lysates required the 

use of chromatographic processes, such as expanded bed or batch adsorption, that are 

not dependent on ultra-clarified feedstreams for efficient protein purification. The 

relative ease of inducing leakage of a-amylase into the growth medium and recovering 

high yields from the supernatant stream makes recovery fi“om the fermentation medium 

an attractive possibility despite the large process volume. The impact of this large 

volume may be overcome by high throughput chromatography.

8.4.2 Secondary recoveiy

The clarification of periplasmic process feedstreams was difficult to achieve. Processing 

could be carried out from either crude, unclarified process mixtures, or fi-om clarified 

mixtures that contained low levels of particulates. Table 8.4 shows the various process 

options available for the recovery fi'om these processing environments. Processing from 

crude process mixtures using expanded bed or batch adsorption allowed the problems of 

cell debris to be overcome. Recoveries using expanded bed were lower because of the 

blockage of the distributor plates and adaptor nets caused by the application of crude 

mixtures of spheroplasts, intracellular components and sucrose (10% w/v) onto the 

column. DNA fi-om ruptured cells polymerises, increasing the viscosity of the feedstream 

significantly (Wheelwright, 1991). Sucrose in the periplasmic lysate destabilised the 

expanded bed and allowed a-amylase to by-pass the charged groups of the support. The 

purity of the resulting peak was increased to 58.9 U mg'  ̂ despite the low overall yield 

(30.8%). Batch adsorption provided an alternative and, on the basis of small
_



TABLE 8.4 PURIFICATION FACTORS ACHIEVED FROM PERIPLASMIC FEEDSTREAMS USING EXPANDED BED, PACKED BED

AND BATCH ADSORPTION FROM 300 L SCALE FERMENTATION

Step: a-amylase:

(%)

Protein:

(%)

Specific activity: 

(U mg’)

Purification

factor:

Volume:

(L)

DCW:

(gL-')

Process step: 

(Figure 8.2)

Selective release 19 13.6 6.3 1.4 120 29.6 D

Chromatography (crude lysates) 

Expanded bed 7.9 0 .6 58.9 9.3 0.5 29.6 G,
Batch adsorption̂ *̂  17.8 5.4 14.9 2.4 1 29.6 G,
Clarification (debris removal) 

Centrifiigation^^  ̂ 25.6 18.4 6.3 1.4 12 0 7.2 E
Debris 13.8 37.2 1.7 0.7 30 89.7 F

Chromatography (clarified lysates) 

Packed bed̂ ^̂  13.4 3.7 16.5 3.7 0.5 (3.6̂ >̂) G
Expanded bed̂ ^̂  23.7 1 .8 60.4 9.5 0.5 3.6 G
Expanded bed̂ ^̂  16.8 1,7 44.3 7 0.5 7.2 G
Batch adsorption^’  ̂ 21.9 2.4 41.8 6 .6 1 3.6 G

Footnote: (1) Batch adsorption data calculated using estimates fiom small scale complex data. (2) Centrifugation carried out using Disc stack centrifuge (CSA 8) at 80 L  h . (3) Packed bed 
chromatography carried out from centrifuge clarified and diluted (1:2) lysate, debris causes fouling resulting in reduced yield. (4) Expanded bed using clarified and diluted (1:2) feedstream, 
(S) Undiluted periplasmic lysate. Process Steps indicated above are as follows: A, Fermentation; B, Broth supernatant after centrifugation; C, Whole cells recovered by centrifugation; D, 
Periplasmic release from cells; E, Removal o f  spheroplasts; F, Levels present in discarded debris after clarification; G, Peak fractions from protein purifications using batch adsorption, packed 
bed and expanded bed chromatography, G | Protein purification direct from crude lysate using batch adsorption and expanded bed chromatography.
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scale experiments, gave high level recovery over a very short period of time (about 1 h). 

The potential problem with using this method was the high level of protein resulting from 

non-specific release. This requires a large volume of support because of the high level of 

competing protein (Leser & Asenjo, 1992). There may also be difficulties in handling the 

support and depleted feedstock after the adsorption phase. The presence, for instance, 

of cell spheroplasts, which are osmotically fragile, poses a problem during the washing of 

the support prior to elution. The addition of buffer may also result in the release of 

cytoplasmic components as the environment surrounding the spheroplasts changes from 

sucrose (10% w/v) to low ionic strength buffer. Furthermore, the addition of high salt 

concentration in the form of an elution buffer may also result in osmotic lysis (Neu & 

Heppel, 1965). The purity of a-amylase was lower (14.9 U mg'*), because batch elution 

was used, rather than an elution gradient.

Removal of cell debris by centrifiigation improved the efficiency of batch adsorption and 

expanded bed methods, for the recovery of a-amylase from periplasmic lysates because it 

eliminated the problem of cell debris. However, the efficiency of centrifugation was not 

high enough to prevent low levels of debris being present in the lysate. This affected 

packed bed chromatography and therefore reduced the purification factors achieved in 

this type of chromatography. Expanded bed gave high levels of recovery and 

purification from diluted feedstreams but suffered from problems such as destabilisation 

in the presence of debris and 10% sucrose. Batch adsorption achieved high level 

recovery from clarified and crude feedstreams, despite the use of batch elution. This was 

because it did not appear to be affected by fouling and bed destabilisation that caused 

difficulties and reduced efficiency for the other techniques.

8.5 Summary

It is clear that the source and location of a recombinant protein will affect the recovery 

routes to be adopted in downstream processing. In this chapter process balances were 

carried out from defined and complex medium fermentations at different scales. In the 

complex medium at shake flask scale much better levels of selective release were 

achieved, increasing the specific activity of the feedstream to a much higher level than 

was possible from defined medium cells. This was possibly a combination of cell
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breakage during centrifugal recovery, potentially weaker cells associated with the type of 

cultivation, and non-selective release caused by osmotic shock from the high ionic 

strength medium. This difficulty in achieving selective release at large scale from defined 

medium introduced major concerns for the adaptation of this technique for process scale 

recovery of proteins. Firstly, there was a reduction in yield as the cells were selectively 

released, however, there was not a corresponding increase in specific activity which puts 

this method at a disadvantage to homogenisation where lower specific activity could be 

offset by higher yield. Secondly, the high level of leakage resulted in large losses of 

product. The affect of this could be reduced by the optimisation of medium and growth 

conditions, allowing the retention of target protein within the cell. Finally the recovery 

of a-amylase, from small scale defined medium periplasmic lysates, was difficult because 

of the non-selective release of nucleic acids and other non-protein contaminants from the 

cytoplasm of the cell which fouled packed bed processes. The clarification of defined 

medium periplasmic lysates, using laboratory centrifugation for use in small scale 

experiments, resulted in the fouling of chromatography columns by non-protein, viscous 

contaminants which were absent in cell lysates from complex medium.

The recovery of recombinant protein from periplasmic lysates, in which the majority of 

the protein has been retained and a high specific activity achieved, allows the use of 

selective release in large scale processing. Otherwise the adaptation of processes that 

recover proteins from homogenate or extracellular environment are likely to be more 

realistic and cost effective at this scale, unless improvements in yield and the robustness 

of cells in downstream processing can be achieved.
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CHAPTER 9: DISCUSSION

9.1 Selective periplasmic release

Enzymatic digestion of the cell wall structure provides an efficient and gentle method of 

selective periplasmic release (Middleberg, 1995). French et al, (1996) designed a 

method for the release of high purity recombinant a-amylase (70-90%) from the 

periplasm of E. coli. This method was adapted and further investigated at small scale 

(2.5 L) to explore two process routes for the recovery of periplasmic recombinant 

protein; one using hen egg lysozyme, and the other using T4 Lysozyme-his.

A concern with the use of hen egg white lysozyme at large scale is its cost. However, 

the level of enzyme required has been optimised to achieve release at 2.8 mg lysozyme 

g'̂  cells at cell lysate concentrations between 30 and 70 g L '\ This allows a reduction in 

the process volume, by as much as 84%, and lysozyme usage from that previously used 

(French et al, 1996). The composition of the lysis mixture, which includes sucrose and 

EDTA, is crucial for the destabilisation of the outer cell membrane (Vaara, 1992; Neu & 

Heppel, 1965), allowing lysozyme access to the cell wall. However, sucrose causes a 

number of problems by increasing the viscosity of the periplasmic release material and 

therefore reducing the clarification. The division of the periplasmic release into two 

stages (the two wash steps) was ineffective in reducing process viscosity, because the 

majority of the a-amylase (58-72%) was released during the initial wash with 20% (w/v) 

sucrose. Release at this stage may be caused by a rapid reduction in cell volume as 

sucrose was added, resulting in the expulsion of the recombinant protein through the 

EDTA destabilised outer membrane (Leduc et al, 1982). The addition of water enables 

the lysozyme to gain access to cleave cell wall peptidoglycan and results in the remaining 

protein being released. Separation of the two periplasmic release steps overcomplicates 

the recovery of a-amylase by producing two feedstreams, with the majority of the a- 

amylase present in the higher viscosity sucrose wash (approx. 3 mPas). The problem of 

high viscosity can be partially overcome by reducing the initial sucrose concentration to 

15% (w/v), in a combined treatment, reducing the viscosity from 2.1 to 1.22 mPas. 

Although, this will still result in residual solids being present after centrifugation, it does
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allow maximum levels of a-amylase to be recovered from a single homogeneous 

feedstream.

Sucrose and EDTA are also beneficial for selective release of proteins. EDTA is 

important in the destabilisation of the outer membrane. However, it also has an 

additional role in the control of proteolysis by chelating metal ions from the active sites 

of métallo proteases (Maurizi, 1992; Murby et al, 1996). In this instance the presence 

of the chelating agent will also affect the stability of a-amylase which is calcium 

dependent (Bahri & Ward, 1990). This should not cause difficulties in other systems 

where the recombinant protein does not require metal ions for stability. Sucrose, in 

addition to its role in osmotic shock, may also act as a protectant, stabilising the 

recombinant protein during downstream processing (Gray, 1988). Periplasmic release 

mixtures can also be conditioned by addition of chromatography buffer instead of water 

during the second wash stage. This enables process additions to be made and pH to be 

carefully controlled, without requiring adjustment by direct addition of acid or alkali 

which may cause precipitation effects. The addition of buffer will also improve 

purification efficiency by controlling the pH of the periplasmic lysate as it is loaded onto 

the chromatography support.

The replacement of hen egg white lysozyme with poly-histidine tailed T4 lysozyme-his 

(Sloane et al, 1996), which has a similar mode of action and interaction between protein 

and substrate (Matthews et al, 1981), introduces cost savings by allowing potential 

reuse in selective release by utilising immobilised metal affinity chromatography (IMAC). 

During periplasmic release, both types of lysozyme bind electrostatically to the negatively 

charged cell wall peptidoglycan (Muraki et al, 1988) resulting in the removal of the 

lysozyme from the liquid phase (70 to 95%). This is an advantage for selective release 

treatments using hen egg lysozyme, because it will reduce the impact of this protein in 

subsequent downstream processing stages (5 to 30%). However, recovery of T4 

lysozyme for recycling is complicated by this interaction, which needs to be disrupted. 

This was achieved by washing the cell paste with high ionic strength buffer, allowing the 

bound lysozyme and peptidoglycan to dissociate. The subsequent recovery of T4 

lysozyme-his using IMAC resulted in a high level of recovery (87%) and purity (99%). 

The presence of EDTA in the lysis mixture complicates the recovery by IMAC, because 

it chelates metal ions from the support and needs to be omitted or removed before this
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recovery can be undertaken. The requirement for the cell debris to be washed to enable 

T4 lysozyme-his to be recovered is also a disadvantage increasing the number of process 

steps required.

Crude unpurified T4 lysozyme can be used to reduce the initial cost of T4 lysozyme-his. 

This however, increases the level of contaminating proteins and results in degradation of 

the lysozyme by proteolysis, reducing the attractiveness of selective release. The 

recovery of T4 lysozyme-his fi'om the crude mixture was lower during wash steps 

(approx. 30%) reducing the relative advantage of its use. Heterologous T4 or other 

recombinant lysozymes (Archer et al, 1995), provide advantages over the use of hen egg 

white lysozyme by eliminating associated contaminants such as viruses, reducing the 

probability of contamination and decreasing the number of steps required for their 

removal or inactivation.

9.2 Implications of fermentation on selective release at process scale

The major disadvantage of the use of selective release is the hold-up of a-amylase within 

the peptidoglycan of the cell wall. This results in a reduction in the level of free a- 

amylase to approximately 50% of the total present in the periplasmic space. This was in 

contrast to the results of French (1993) which showed 79-90% release. This may be a 

result of low levels of release fi'om the total disruption control used in this study 

(sonication) which may have distorted the levels observed (French, 1993). The reduction 

in yield is likely to be caused by a number of reasons which will be dependent on the 

cultivation and harvest stage. At small scale, using complex medium, the production 

levels were relatively high (5747 U g'^), recovery of whole intact cells was easily 

achieved, and a-amylase retention within the cell was high (81.6%) compared to defined 

medium batch culture (1849 U g' ;̂ 59.5%). Reduction of a-amylase leakage on complex 

medium may be associated with the presence of components of yeast extract which may, 

for instance, confer outer membrane stability to the cell, preventing leakage or may be 

caused by the relatively low shear environment within the shake flask, which reduces 

outer membrane damage (Sadana, 1993).
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Reduction of autolysis in complex medium and the hold-up of recombinant protein may 

be because of a number of reasons. The complexity of the peptidoglycan within the cell 

during growth and resting phases may be particularly important. During stationary 

phase, E. coli cells become reduced in size and become more spherical, whilst at the 

time the periplasmic space expands (Siegele & Kolter, 1992). During this period the 

peptidoglycan structure increases in complexity as ‘hyper-crosslinkage’ occurs between 

the glycan strands (Glauner et al, 1988), covalent bonds between lipoproteins increase 

and the glycan chain lengths are reduced (Pisabarro et al, 1985). As it increases in 

complexity, the thickness of the peptidoglycan gel (Hobot et al, 1984) also increases 

from approximately 6.6 to 8.8nm (Leduc et al, 1989), corresponding to approximately 

three glycan layers. Although there may still only be one stress bearing layer within the 

structure (Koch & Woeste, 1992), the presence of further highly cross linked layers may 

result in the a-amylase becoming trapped preventing high levels of release during 

periplasmic release treatment. The increasing complexity of the cell wall structure, may 

additionally limit the access of lysozyme to the glycan chains, despite the presence 20% 

sucrose which should enhance access (Witholt & Boekhout, 1978), because 

peptidoglycan flexibility will be reduced. The increasing complexity and reduced 

flexibility of the peptidoglycan may, as a result, lead to the breakage of only a small 

number of NAM-NAG bonds before the enzyme becomes electrostatically associated 

with the cell wall affecting the level of hold-up of a-amylase. Improvements in the level 

of a-amylase release may be made by the addition of murein peptidases such as N- 
acetylmuramyl-L-alanine-amidase or D,D-endopeptidase, to cleave peptide bonds 

between the glycan strands (Shockman & Holtje, 1994). This may improve the amounts 

of a-amylase released but, they may prove to be expensive and may not be routinely 

available.

Cultivation of E. coli cells using defined medium in batch and fed-batch fermentations 

should allow improved protein expression because of the reduced metabolic burden 

caused by slower growth rates. Reduction of the specific growth rate of a micro

organism has been shown to increase the plasmid copy number and increase the 

production of recombinant proteins (Seo & Bailey, 1985; Riesenberg et al, 1990) and 

reduce the metabolic burden during growth (Glick, 1995). Defined medium allowed the 

cultivation of cells at low specific growth rate (G.2-0.3 h**) compared with complex 

medium (finux 0.6-1.1 h'^) producing a-amylase in proportion to the cell biomass present.
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The main problem with the defined medium was the relative ease with which cell lysis 

occurred reducing the overall cell yield. This may be caused by the rapid exhaustion of 

carbon or nitrogen during high biomass production, resulting in increased protein 

turnover and therefore cell lysis (Fish & Lilly, 1984). This inability of the cell’s 

metabolism to ‘down-shift’ after nutrient exhaustion (Leduc et al, 1982) may cause an 

imbalance between peptidoglycan hydrolase activity and the synthesis of new material 

(Leduc et al, 1982; Shockman & Holtje, 1994). E. coli cells are more prone to lysis if 

grown on defined media containing only mineral salts (Gray et al, 1972) which results in 

cellular stress caused by nutrient exhaustion. This will influence the levels of a-amylase 

released and the amount of cell damage during growth and cell recovery. The addition 

of yeast extract (Harrison et al, 1996) or excess Mg^  ̂ (Leduc et al, 1982) to the 

defined medium used in this system may enhance the retention of a-amylase within the 

periplasm of the cell, increasing the yield achieved by selective release and improving 

productivity. Harrison et al, (1996) found that addition of yeast extract by linear feed to 

a fed-batch culture increased the periplasmic retention of antibody fragments to 78% and 

yield from 5-18 to 200 mg L"\

The scale-up of selective release of cells from defined medium appears to be difficult to

achieve because of autolysis and breakage in the recovery procedures. Recovery of

whole E. coli cells can cause a number of problems at large scale particularly for

selective release. The recovery of cells by most centrifugation techniques results in the

release of periplasmic a-amylase into the extracellular medium, by damage to the outer

membrane or cell breakage breaching the periplasmic space. The use of disc stack

centrifugation, is an attractive method for the recovery of whole E. coli cells at large

scale because of its discharge capacity and the ease of solids resuspension, but it results

in at least 30% breakage during cell discharge (section 3.4.1). At larger scale the

periplasmic release method reduces the overall process volume (16-40% original broth

volume) but the purity of the feedstream declines dramatically in comparison with the

small scale release from a maximum observed, 114.6 U mg'* using complex medium to 6

U mg'* using defined medium. This was caused by the release of intracellular

contaminating proteins components. The purification efficiency will be reduced by the

presence of proteins of a similar isoelectric point (4.3 to 5.4) to a-amylase (Leser &

Asenjo, 1992) and also the presence of intracellular components, such as nucleic acids,

as a result of cell lysis. The presence of nucleic acids is a particular problem because
—
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they polymerise (Wheelwright, 1991), increasing viscosity and therefore affecting the 

performance of later recovery stages by contributing to the fouling and blinding of 

chromatography supports. This may be overcome by the introduction of a DNA 

precipitation step using polyethylenimine (Leser & Asenjo, 1992) however this increases 

the number of process steps.

It is clear from the results outlined earlier that the source of recombinant protein will 

have an effect on selective release, influencing the stability of the cell membranes and 

thus preventing potential release of intracellular components. The development of 

selective release at large scale requires the optimisation of growth conditions for the host 

micro-organism to ensure that cells are robust enough for downstream processing and 

that maximum levels of protein are released.

9.3 Location of a-amylase

Recovery of recombinant protein from whole cells is dependant on the location of the 

protein. The secretion or leakage of protein into the growth medium is usually the 

simplest method of recovery requiring few unit operations. Release into the culture 

medium can be achieved by the use of strains that naturally secrete proteins or by 

inducing leakage of gram negative cells. The production of a-amylase in E, coli leads to 

substantial leakage when cultivated in defined medium and has been observed in other E. 
coli systems (Hewinson & Russell, 1993). This leakage could be attributed to cell stress 

which permeabilises the outer membrane releasing the contents of the periplasm 

(Suominen et al, 1987). Release of recombinant protein can be further enhanced by the 

continued cultivation on substrate exhausted medium increasing cell stress and inducing 

autolysis. Alfrhan et al, (1993) reported that prolonged cultivation of E. coli in 

substrate depleted medium resulted in extracellular release of the antibody fragments. 

Exploitation of this process route would increase the levels of recoverable recombinant 

protein and allow higher yields to be recovered in subsequent processes. The use of 

autolysis to release periplasmic a-amylase will also result in the release of cellular 

components, such as nucleic acids and intracellular proteins reducing the effectiveness of 

later purification steps. Autolysis will also introduce proteases which will affect protein 

activity requiring the reduction of process temperature, addition of protease inhibitors or

209



Chapter 9: Discussion

the use of genetically engineered protease deficient mutant strains for the production of 

recombinant protein (Meerman & Georgiou, 1994; Enfors et al, 1990).

The use of micro-organisms such as S. lividans, which naturally secrete proteins into the 

culture medium, provide advantages over E. coli. S. lividans secretes few proteases 

(Aretz et al, 1989; Aphale & Strohl, 1993; Gilbert et al, 1995) and, provided the initial 

growth medium is relatively defined, the recovery of recombinant protein can be 

achieved easily. Activity of the recombinant protein will be relatively high and 

clarification using industrial scale centrifugation or microfiltration will be easily achieved 

as a result of the large size of the cell aggregates (about 200pm; Reichl et al, 1992; 

Vecht-Litshitz et al, 1990). A further advantage is that S. lividans can secrete very 

large amounts of protein. Fomwald et al, (1993) reported the production of over 300 

mg L'  ̂ of soluble biologically active derivatives of the human T-cell receptor CD4. A 

potential difiBculty of the use of S. lividans is the relatively limited knowledge and 

development of the molecular biology compared with E. coli (Gilbert et al, 1995; 

Pickett & Hardy, 1984). Moreover, the relatively long growth time may enable 

contamination and over-growth by competing micro-organisms. The major 

disadvantages of secretion are the inactivation of recombinant protein on air-liquid 

interfaces within the culture medium; mechanical shear caused by agitation, which may 

also lead to loss of yield (Sadana, 1993); and the presence of a large process volume, 

which will increase product recovery time. Product recovery may be achieved rapidly 

using batch adsorption from large volumes of culture medium (Fishman et al, 1995)

The maintenance of a-amylase within the periplasm of the cell reduces the process 

volume and inactivations caused by expression into the culture medium. The majority of 

active protein is secreted into the periplasmic space with small amounts of inactive 

protein remaining within the cytoplasm (Hockney, 1994). Provided the majority of the 

a-amylase can be maintained within the bounds of the cell, maximum levels of cell 

associated protein should be recoverable. Periplasmic release of a-amylase yields a high 

purity feedstream (47.1 to 114.6 U mg'^) for later chromatographic recovery. The 

reduction in yield, however, associated with the hold-up of a-amylase within the 

peptidoglycan, is a significant problem, lowering the a-amylase yield by half (63.9 to 

33.5%) suggesting that homogenisation is a more preferable route for the recovery of a- 

amylase. In comparison. Fish & Lilly (1984) describe the recovery of penicillin acylase
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from E. coli over 12 steps resulting in a yield of 52%. This represented a step yield of 

94% (Lagerlof et al, 1974). Overall process yields for the recovery of other 

recombinant proteins range from 37 to 64%; examples include Protein A/G (3- 

galactosidase fusion protein (37%; Strandberg et al, 1991), Protein G (50-64%; Lee et 
al, 1992) and human parathyriod hormone fusion (53%; Paulsen et al, 1995). Clearly a 

60% loss of a-amylase over the first two steps of periplasmic protein recovery will lead 

to a low final yield. Since process costs are related to yield and cost of raw materials, 

this reduction in yield will have important implications.

Homogenisation improves the recovery of a-amylase from the periplasmic space 

(59.8%) (section 7.2.2), but reduces the purity from 114.6 to 26.3 U mg'\ with the 

potential for deactivation of recombinant protein by proteolysis. The recovery of the a- 

amylase from periplasmic release feedstreams also poses significant problems, 

particularly the removal of cell debris. These feedstreams are relatively viscous (2.6 

mPas) containing particulates and cell spheroplasts. In this processing environment, 

adjustment of the temperature can reduce the viscosity of the lysate from between about

2.6 at 4°C to 1.6 mPas at 20°C thereby improving clarification efficiencies. 

Homogenisation releases nucleic acids, cell metabolites and proteolytic enzymes which 

require the recovery of protein at low temperatures to preserve enzyme activity. 

Centrifugation is unlikely to remove all the cell debris generated by mechanical cell 

disruption and as a result flocculation may be required. The use of an affinity step for the 

recovery of a recombinant protein from homogenate may also be important for high yield 

recovery and to reduce deactivation of target protein.

9.4 Chromatographic recovery of recombinant protein

The use of selective periplasmic release introduces a number of potential problems for 

the recovery of a-amylase by chromatography. The selective release method yields 

particulate debris and introduces lysozyme contamination within a relatively viscous (2.6 

mPas) mixture of fragile spheroplast cells. Recovery from this mixture must either be 

achieved by removing the solids by clarification or from the crude process stream. 

Clarification causes problems by increasing the level of protein present by spheroplast 

breakage. The breakage during centrifugation will reduce the clarification efficiency and
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the purity of the lysate. Microfiltration on the other hand reduces overall yields of 

protein and a-amylase by increasing the level of membrane fouling and reducing 

transmission. Recovery of recombinant protein using packed bed chromatography is 

dependent on clarified feedstreams to prevent fouling and deterioration of the support. 

Although this is the most efficient chromatographic method, it is also time consuming. 

Methods such as expanded bed or batch adsorption, which can operate without complete 

debris removal, will be superior for recovery fi'om periplasmic lysates and also for 

recovery fi'om high volume feedstreams.

Recovery using expanded bed performed well fi'om periplasmic lysate feedstreams that 

had been clarified and diluted two-fold (to 5% w/v sucrose). Although regions of 

instability, caused by the presence of sucrose, and to a lesser extent, debris (3.38 g L*̂ ), 

were observed within the expanded bed, recovered yields of a-amylase were generally 

high (85.6%). However, the use of both crude and clarified feeds at 10% (w/v) sucrose 

resulted in deterioration of the expanded bed and reduced levels of recovery. The 

presence of viscous cell debris was perhaps the most important problem and was always 

present in selective release mixtures derived fi'om defined medium cultivated cells. Batch 

adsorption allowed rapid recovery of a-amylase from relatively large feed volumes, 

reducing the processing time over methods such as packed bed and expanded bed. Batch 

recovery could be achieved in 1 h compared with calculated recovery times using packed 

bed (5 h) and expanded bed (2 h) using similar feed and support volumes. Ion exchange 

is particularly suitable for this type of recovery, and it can also be operated reasonably 

effectively in the presence of cell debris. Care is required when batch adsorption is 

carried out in the presence of spheroplasts to ensure that intracellular components are 

not released by osmotic shock on the addition of chromatography buffers. At larger 

scale the breakage of cell spheroplasts will reduce the effectiveness of recovery fi'om 

crude periplasmic lysates using batch adsorption. Recovery of support would be 

hampered particularly by the presence of debris, which was less of a problem during 

small scale experiments. Recovery of a-amylase fi'om periplasmic lysates was most 

effectively achieved fi'om clarified mixtures.
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9.5 Conclusions

The results outlined in this thesis show that exploitation of the periplasm as the preferred 

route for the purification of recombinant protein poses many challenges and may Î be 

dependent on the cultivation medium used. At small scale selective release produces 

high purity feedstreams. The total yield, however is dependent on cell leakage and cells 

cultivated in complex medium result in higher periplasmic yields (80%). Unfortunately, 

about 50% of the periplasmic a-amylase is retained within the debris during selective 

periplasmic release and discarded during clarification reducing process yield. The 

introduction of a wash step may increase the recovered yield but will overcomplicate the 

recovery process, increase the process volume and introduce the possibility of osmotic 

shock induced lysis of cell spheroplasts. The cultivation of this strain on defined 

medium, which is becoming favoured in industry, results in much higher levels of cell 

leakage and results in a lower yield and purity. Release of protein caused by the 

breakage of cells occurs during whole cell recovery and clarification procedures. In the 

first instance, this reduced the yield and in the second instance, increased the level of 

protein contamination. Although selective release exploits some of the basic rules for 

process design, including reduction in process volume and increase in product purity 

(Wheelwright, 1987), the loss of product will substantially increase the cost of this 

process. It also seems unlikely that selective release will be feasible at large scale, using 

this system, without a major investigation of the growth conditions required to improve 

the handling characteristics of micro-organisms during downstream processes.

The periplasmic space, which has an oxidative environment to ensure correct protein 

folding (Fahey ei al, 1977) also protects the protein fi-om proteolysis and inactivation 

during production (Maurizi, 1992), may provide sufficient process advantages to warrant 

its use for the production of recombinant proteins even if selective release is not 

economically possible. The cost of the genetic engineering used to incorporate a signal 

sequence for protein expression through the cytoplasmic membrane, may be offset by 

increased enzyme activity and high yields of the recombinant protein obtained at the end 

of the production phase. The recombinant protein could then be released from the 

periplasmic space using homogenisation. The release of a-amylase, complete with the 

cell contents, is not necessarily an overall disadvantage, despite the introduction of high 

levels of contaminating protein. The periplasmic space has fulfilled its function by
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ensuring that maximum yields of correctly folded active protein are produced. 

Incorporation of an affinity tag (Sherwood, 1991) may additionally allow single step 

recovery of recombinant protein from the cell homogenate reducing the degradation of 

the protein by proteolysis, and increasing the attractiveness of this method. In this case, 

the total disintegration of cells by homogenisation improves the specific activity of the a- 

amylase over the use of complex medium broth and homogenate.

The cultivation of S. lividans  ̂ which secretes relatively low levels of protein and high 

yields of recombinant protein (100%) into the culture medium, provides the potential for 

high level recovery of recombinant protein because of the low level of secreted 

proteases. This micro-organism may prove to be a useful strain for the production of 

recombinant protein at large scale with the use of defined medium resulting in high purity 

feedstreams which can be recovered rapidly by batch adsorption or expanded bed 

chromatography.

9.6 Future studies

This study shows that there are inherent problems with the use of selective release in 

downstream processing. It is clear from early results that the production phase of the 

recombinant protein appears to have a marked affect on the ability of the micro-organism 

to withstand the stresses in later downstream processing operations. In order for 

selective release to be effective the level of leakage must be kept to a minimum, and the 

cells must be sufficiently robust to prevent breakage during cell recovery and 

clarification. Future work must address the fermentation phase of the bioprocess, so that 

the levels of selective release reflect those achieved by small scale shake flask 

experiments. Potential approaches to this include, for instance, the addition of yeast 

extract towards the end of fermentation (Harrison et al, 1996) to stabilise the cells in 

defined medium fermentation or the further investigation of the complex medium 

fermentation as a means of producing recombinant protein. Limitation of the release of 

protein from E. coli during the harvesting of whole cells and the clarification of 

spheroplasts must be limited to prevent contamination of the process streams.
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Further investigation of the selective release method is also required. The hold-up of a- 

amylase needs to be investigated, to determine whether this is caused by the size of the 

recombinant protein itself or a characteristic of the selective release process. The use of 

E. coli expressing a smaller recombinant protein may allow this to be investigated, 

alternatively the addition of murein peptidases (Shockman & Holtje, 1994) in 

combination with lysozyme may allow more comprehensive cleavage of the cell 

peptidoglycan.

Scale-up of batch adsorption studies are required to determine whether large scale 

recovery from periplasmic lysates is possible using this method, and also whether the 

support is robust enough under stirred tank conditions to be reused. Incorporation of 

this step into the process flow sheet could then be undertaken and study of the conditions 

and properties of the recovered proteins could be carried out to investigate the impact of 

batch adsorption on later purification stages.

215



Appendix

APPENDIX 1

1.1 Sigma calculations for centrifuges:

TABLE 1.1 CENTRIFUGE OPERATING PARAMETERS AND DIMENSIONS FOR SIGMA 

CALCULATIONS

Variable: Laboratory

centrifuge

J2-MI

Tubular bowl 

IP

Multichamber

bowl

KDD605

Disc stack 

SAOOH 205 CSA 8

Speed (ipm) 17,000 44,000 1 0 ,0 0 0 9810 9600

œ (rad s ') 1780.2 4607.7 1047.2 1027.3 1005.3

ri(m) 0.123 0.0107 0.042-0.074 '̂^ 0 .0 2 1 0.0345

r2 (m) 0.056 0.02213 0.047-0.079 '̂^ 0.053 0.075

Zl (rib spacers) - - - 6 8

bL (spacer width) - - - 0.005 0.0058

Number of disks 

(n)
- - - 43 6 8

Disc half angle 

(0 , rad)

- - 0 .6 6

38°

0 .6 6

38°

Bowl length - 0 .2 0 2 0.058-0.094 '̂^ - -

Footnote: (1) See table 10.3

1.1.1 Conversion equations (Ambler, 1952; Ambler, 1959; Trowbridge, 1962):

Conversion o f centrifuge speed to radians s'
I nœ -  —  X rpm 
60 (1)

Conversion of angle to radians:
I n

1° = - ^  radians 
360 (2)
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1.1.2 Calculation of Sigma values:

1.1.2.1 Laboratory centrifuge:

I  a ft

1.1.2.2 Tubular bowl and Multichamber centrifuges:

1.1.2.3 Disc stack centrifuges:

«XÛ?*-
3gtan^

1.1.2.4 Settling area correction factor (Mannweiler, 1990)

3ZA
1 - ( V

4;rxr,

Symbols:

I  Equivalent settling area of the centrifuge (m^)

n Number of disks

0 operating speed of the centrifuge (radians s' )̂

ri inner radius of bowl/disc (m)

Ï2 outer radius of bowl/disc (m)

g acceleration due to gravity (9.81 m s' )̂

1 Length of the bowl (m)

t time (s)

Q Flow rate (m s'*)

Fl Settling area correction factor

Zl number of rib spacers

bL width of spacer ribs (m)
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1.2 Sample calculations

1.2.1 Laboratory centrifuge (Beckman J2 MI)

TABLE 1.2 SPECIFICATIONS OF THE ROTOR ROUTINELY USED IN THE BECKMAN J2 

MI LABORATORY CENTRIFUGE

Variable JA 10 rotor JA 17 rotor

max speed (rpm) 1 0 ,0 0 0 17,000

Î1 (m) 0.038 0.056

rz(m) 0.158 0.123

rmean (m) 0.098 0.090

Q/Z 9.48x10^ 1.09x10-’

Example calculation (JA17 rotor run for 30 minutes) using Eqn 3:
, 2x0.123 .

Q  ' 8  0 5 6 + 0 . 1 2 3 ^

^  (— X 17,000)* X1800
60

^  = 1.09x10- 
I

Calculation of relative centrifugalfield (RCF) (g)

1.2.2 Tubular bowl

Using eqn 4:

2 ;rx0.202x ( ^ x 44,000)* x (0.75x0.02213* +0.25x 0.0107*) 
 60_____________________________________

9.81

1 = 1075.7/»'
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1.2.3 Multichamber bowl

Calculations of sigma values are the same for the multichamber bowl as the tubular bowl. 

Each of the bowls is treated as a separate bowl and the resulting sigma factors added 

together.

TABLE 1.3 PARAMETERS OF THE MULTICHAMBER BOWL

Bowl: Diameter: rz: r,: length (1):

0.094

0.12

0.14

0.158

0.047

0.06

0.07

0.079

0.042

0.055

0.065

0.074

0.094

0.1

0.1

0.058

145.9

252.9

344.2

254.2

The overall sigma value is the sum of the respective bowls:

Z = 145.9+252.9 + 344.2+254.2 = 997.2m'

1.2.4 Disc Stack centrifuge

Using eqns (5)

2;rx 43x1027^(0.053*-0.02F) 
3x9.81xtan(0.66)

Z'=1730

Correction for spacers (Eqn 6):
1 .0021.» 

3x6x0.005 ^0.053 x
 ̂ 4x>rx0.053\ , 0 .0 2 1  /

Fl=0.893

Z'xF^ = 0.893 X1730 = 1545m'
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TABLE 1.4 SIGMA FACTORS FOR DISC STACK CENTRIFUGES

SAOOH: CSA 8 :

I ’ 1730 7147

Fl 0.893 0.871

E 1545 6225

APPENDIX 2

Glucose-6-phosphate dehydrogenase assay - principle

Glucose-6-P + NADP^---------------► 6-phosphogluconolactone + NADPH + iT
G6PDH

The rate of increase in absorbance at 339nm is a measure of the G6PDH activity.
(go factor conversion is a measure of enzyme activity)

2 2 0
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