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The following recommendations are made for futule work on chemical extraction of

reconrbinant proteins from inclusion bodies located in the cytoplasm of E. colí.

l. Characterise the extract achieved by the new selective extraction procedure.

a) Measure the levels of k"y co-extracts such as nucleic acids,

lipopolysaccharide, and proteases such as OmpT.

Determine the advantages and disadvantages of the procedure with

respect to co-extraction of contaminants.

b)



2. Undertake the procedure with a range of other recombinant proteins.

a) Determine the role of the cysteine residues on the effectiveness of the

selective-extraction procedure.

Determine the procedures effectiveness at the selective-extraction of

protease sensitive proteins such as IGF-2.

3. Improve and optimise the prototype pilot-scale selective-extraction process

a) Determine the role of the cell concentration on the operation of the

permeabilisation step with the aim of optimizing this step.

b) Determine the lole of recombinant protein concentration on the

operation of the solubilisation step rvith the aim of optimizing this step.

c) Test various membranes for their reduced adsorption of the

recombinant protein.

d) Optimise the diafiltration steps to maximize separation of the

contaminants while retaining most of the recombinant product.

e) Carry out the pilot-scale selective-extraction process and define the

processes capabilities.

4 Carry out economic analysis of the pilot-scale selective-extraction process änd

compare it to conventional extraction.

Determine whether additional process improvement such as reagent lecycle is

required to make this process economically attractive to manufacturers of

recombinant protein products.

b)
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Sul¡nrnny

The majority of processes published for the recovery of recombinant proteins from

inclusion bodies located in the cytoplasm of Escherichia coli follow a conserved set of

process steps. This process (conventional extraction) comprises mechanical disruption of

the bacteria, centrifugation to isolate the insoluble fraction, dissolution of inclusion bodies,

followed by refolding and purification of the protein. This approach is usually effective

but can be cumbersome and inefficient for some protelns.

Alternative extraction procedures developed for the recombinant protein Long-R3-IGF-I

are detailed in this thesis. They include nonselective and selective extraction procedures.

A permeabilisation procedure using a combination of 6 M urea, 3 mM EDTA, and 0.1 M

Tlis buffer at pH 9.0 proved to be as effective at releasing intracellular protein from E. coli

as mechanical disruption. This combination (referred to as basic permeabilisation

solution) formed the basis for subsequent extraction protocols. Permeabilisation was

independant of the bacterial growth-phase.

Treatment with basic permeabilisation solution plus the reducing agent dithiothreitol

(DTT) r'esulted in the complete extraction of Long-R3-IGF-I protein from inclusion bodies

located in the cytoplasm of E. coli. This nonselective extraction procedure also released

tl-re host-cell contents. The procedure recovered approximarely l\OVo (w/w) of the Long-

R3-IGF-I protein at l6Vo (w/w) purity (compared to total protein). The low purity can

constitute a problem during the purification of recombinant protein and the procedure may

need to be combined with a selective process step to overcome this limitation. The

kinetics of both recombinant and total protein release were first order with time constants

less than 5 min. The nonselective extraction procedure has immediate application for the

extraction of recombinant protein from bacterial cells prior to analysis, for example by

HPLC.

Addition of the disulphide reagent 2-hydroxyethyldisulphide (2-HEDS) to the basic

permeabilisation solution minimised solubilisation of the Long-R3-IGF-I inclusion bodies

while allowing permeabilisation to proceed. A two-stage laboratory procedure was

developed that used basic permeabilisation solution plus 2-HEDS during the first

tv



permeabilisation step, cantrifugation to separate the insoluble from the soluble waste, and

basic permeabilisation solution plus DTT during the inclusion body solubilisation step.

The extraction recovered 837o (w/w) of Long-R3-IGF-I with a purity of 46Vo (w/w), The

results were comparable to those obtained by conventional extraction. This procedure,

termed selective extraction, could be directly applied to the purification of milligram

quantities of Long-R3-IGF-I.

A scaleable selective extraction procedure was developed that used tangential flow

filtlation in place of centrifugation, and used a stirred reactor for the permeabilisation and

solubilisation reactions. Results for the extraction of Long-R3-IGp-I using a 100

kilodalton nominal cut-off filter demonstrated that the procedure was able to extract Long-

R3-IGF-I. A recovery of 5IVo (w/w) of product at a purity of 327o (w/w) was obtained

without any optimisation studies. On optimisation, it was estimated that this procedure

has the potential to recover 797o (w/w) Long-R3-IGF-I at a purity of 69Vo (w/w). The

improved purity relative to the small-scale procedure is due to the selectivity plovided by

the final filtration step. The optimised pilot-scale selective extraction process would be

cerpable of processing large quantities of Long-R3-IGF-I at high efficiency

Application of the nonselective and selective extraction procedures to recombinant

proteins other than Long-R3-IGF-I will be dependant on a series of factors. In some cases

nonselective extraction could require higher urea concentrations or other chaotropic agents

to solubilise the recombinant inclusion bodies. Selective extraction relies on the presence

of cysteine residues in the recombinant protein for the reversible formation of disulphide

bonds that stabilise the inclusion body during the first stage (cell permeabilisation).

Recombinant proteins with few or no cysteine residues may not be suited to this approach.

The procedures need to be tested with a variety of recombinant proteins before their

generic applicability can be demonstrated.

The selective extraction procedure has some key advantages including simplicity, low

eqLripnent requirement, flexibility, and speed. Further development, such as increasing

the cell concentration and introducing reagent recycle, may be necessary to reduce

opelational costs and make the procedure conìmercially competitive.
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Cnngrpn 1

INrnouUCTToN

Summary

This intloduction describes the procedures used for the recovery of recombinant proteins

from inclusion bodies in Escherichia coli that have been published. The majority of

recovely procedut'es follow a highly conserved set of steps. These complise mechanical

disruption, centrifugation, and inclusion body solubilisation. This basic procedure is often

enlarged to remove insoluble contaminants (including the outer-membrane protease

OmpT) from the preparation. The additions can include multiple centrifugation steps or

inclu sion-body washing procedures.

A few alternative approaches exist including secretion of the protein into the peliplasm

where it is easier to recover using methods based on chemical extraction. These are

described and their potential for replacing the conventional techniques is discussed.

The aim of this project is to develop a superior chemical extraction procedure fol the

recovely of recombinant protein from inclusion bodies located in the cytoplasm of intact

E. coli that is competitive with the conventional approach.

Chaptel I Introduction



1.1 Manufacfure of recombinant proteins inEscherichiø coli

Advances in genetic engineering over the last twenty yeals have enabled a new industry

manufacturing pharmaceutical agents, diagnostic products, veterinary agents, and

industrial enzymes to evolve. Ability to transfe¡ genetic material from diverse origins to

prokaryote (and later to eukaryote) cells led to technology for the large scale manufacture

of recombinant proteins. This technology allows the manufacture of proteins previously

available only in low quantities or available only from undesirable sources such as human

(or animal) blood and tissue. The implications of the new technology were recognised

(Emtage, 1985) and it has led to the commercial production of several potent

biopharmaceuticals. In 1982 the only recombinant biotechnology product was hurnarr

insulin. By 1993 twenty one products had reached the market place with combined sales

of $US 4000 million (Barnacal, 1995). Biopharmaceutical products produced using

genetically engineered organisms include interferon, tissue plasminogen activator (tPA),

hepatitis B vaccine, erythropoietin (EPO), somatotropin, insulin, antihaemophiliac factor',

granulocyte colony stimulating factor (G-CSF), granulocyte macrophage colony

stimulating factor (GM-CSF), interleukin-Z, and monoclonal antibody products (Price,

1993). The manufacture of industrial catalysts such as recombinant renin and penicillin

acylase are examples of non-medical applications of this technology that will become

increasingly impoltant in the future.

The host organisms used in the production of the majority of reconbinant proteins are the

bacterium E. coli, the yeast Saccharomyces cerevisiae, and the mammalian cell line CHO

(chinese hamster ovary). More recently the range of host cell lines has expanded to

include insect cells, the methylotrophic yeast Pichect pastoris, plant cells, and transgenic

aninrals. E. colí remains, however, the most widely used host for the manufacture of non-

gl),cosylated recombinant proteins. The wealth of knowledge of E. col.i genetics and

biochemistly is a great asset that has made it possible to construct vectcrs lbr the high

explession of foreign genes in a reproducible, highly productive and economic manner.

Difficulties in genetic manipulation, low productivity or high cost of cultivation of many

alternative host lines has limited their commercial application (Rudolph and Lilie, 1996).
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Recombinant proteins that require glycosylation, or that are difficult to refold, can be

expressed in eukaryotic cells where these difficulties can be overcome.

Recombinant proteins expressed in genetically engineered E. coli usually accumulate in

the cell's cytoplasm. The protein can be in either a soluble or insoluble form, or as

mixture of the two. Accumulated insoluble protein is often visible under a phase contrast

microscope as "phase bright bodies", referred to as inclusion bodies. Many recombinant

proteins are manufactured using genetically modified E. coli where the recombinant

plotein accumulates as inclusion bodies.

The formation of recombinant inclusion bodies simplifies the initial recovery steps from

the bacterial host. The physical properties of inclusion bodies (their size and density)

allow their separation from the bulk of the host organism's soluble components. This

initial purihcation is invaluable as the reduction in purification steps can provide

substantial savings in terms of time and money for the total process. Inclusion bodies,

however, require dissolution to release the recombinant proteins. Strong denaturing agents

are usually lequired which not only solubilise the inclusion body but denature the protein.

The protein requires refolding to regain its native conformation. The refolding step can be

simple for some of the smaller simple proteins like insulin-like growth factor I (Hejnaes er

ttl., 1992), but can be a costly low-yielding process for larger complex proteins like tPA

(Datar et aL., 1993). Production of recombinant protein as inclusion bodies in E. coli

remains the most widely used method for production and dominates the published

methodologies.
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L.2 Traditionalrecoverystraúegies

Since the late 1970's when recombinant proteins were first expressed in E. coli, a large

number of purification procedures have been published. While the majority of the

processes were for the purification of small quantities of protein in the laboratory, the

strategies closely resemble those used in subsequent industrial-scale processes. Analysis

of published purification processes demonstrated that the strategies used were quite

conservative for the initial process steps, while the later process steps were highly variable

(Fischer et al.,1993).

dies

figure from Fischer ¿/ a/.. 1993).

1. Expression of product in E. coli cells

2. Extraction from E. coli cells

3. Removal of soluble contaminants

4. Reduction of insoluble contaminants

5. Dissolution of insoluble material

6. Initial fractionation

7. Renaturation of the product

8. Final purification

Irritial recoverJ steps (steps 2to 5 in Table 1.1) are dictated by the physical properties of

tlie inclusion body and its location within the E. coLi cell. Extraction of the inclusion

bodies fi'om the cell (step 2) is usually achieved using mechanical disluption. The

resulting mixture includes inclusion bodies, fi'agments of cell wall, and soluble host cell

components. The size and density of inclusion bodies allows their separation from the

soluble contamin¿nts by either centlifugation or diafiltration (step 3). Further removal of
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cell debris is possible with the incorporation of washing steps (step 4). Recombinant

protein is then recovered from the inclusion body by dissolution using strong denaturing

agents (step 5). Subsequent purification and renaturation steps can be made up of a range

of different process steps, and there is great variety between the strategies used for

different proteins. The range of purification steps is shown in Table 1.3. protein

renaturation is not conservative. A wide range of conditions have been applied for the

refolding of proteins, many of which are likely to be protein specific.

1.2.1 Extraction

Mechanical disruption is the prefered technique for the extraction of recombinant protein

inclusion bodies from the confines of the bacterial cell wall. The units most suited to the

large-scale disruption of micro-organisms are the high-pressure homogeniser and the bead

mill. The sonicator and French press are usually limited to laboratory-scale applications

(Engler, 1985).

High-pressure homogenisers consist of a positive-displacement pump (operating at about

75-100 MPa) that forces the suspension through the centre of the valve seat, radially across

the seat face, and into the impact ring (Middelberg, 1995). The mechanism of disruption

is uncertain, though recent evidence suggests that disruption occurs in regions of high

pressure gradient near the valve inlet and impact ring (Kleinig and Middelberg, 1996).

Mechanical disruption causes the organism's cell wall to be torn apart non-specifically.

Tlre homogenate of E. coli containing inclusion bodies is made up of inclusion bodies, cell

wall fragments, and soluble host cell components. Repeated passes though a homogeniser

are required for complete cell disruption. Repeated passes have no significant effect on

inclusion body size but do result in a decrease in cell-wall fragment size (KeshãvaÍz-

Moore et c¿L.,1991; Wong,1996).

An alternative to the high-pressure homogeniser is the bead mill. Bead mills contain glass

beads (usually less than 1.5 mm) that are agitated by a rotary shaft of various designs.

Disruption is thought to occur in the active volume between colliding beads (Middelberg,
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1995). While this technique is effective for bacteria such as E. coli, it is better suited for

the disruption of larger organisms such as yeast and fungi.

1.2.2 Removal of soluble contaminants

Centrifugation.

Centrifugation is widely used for the separation of small particles of biological origin

(Hoare and Dunnill, 1989). At the industrial scale disc-stack centrifuges are used that

allow a continuous flow of the process suspension to pass though the machine.

Particulates sediment to the edge of the disc-stack, and the clarified liquor passes back out

of the top of the disc-stack.

The basis for separation by centrifugation is explained by Stokes law,

Ðe = ÂP d2g / lï¡t - (1.1)

where Ap is the difference between the density of the particle and the density of the

surrounding medium, d is the diameter of the particle, g is the gravitational acceleration

and p is the viscosity of the solution. This law can be modified to apply to the operation of

centrifuges by replacing the g with ro2r where ro is the angular velocity and r is the radial

position of the particle. The centrifuge can be characterised by equation 1.2,

K=rlr/g - (t.2)

where K is the relative centrifugal force

Particle size and buoyant density are critical for particle separation using this technology.

Examples of inclusion bodies where the size and density have been studied include the

recombinant proteins y-interferon and prochymosin. The sizes were calculated to be 0.81 t
0.17 pm and 1.28 + 0.46 prn, respectively (Taylor et aI., 1986). Determination of the
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buoyant density is more difficult. The voidage in the inclusion bodies (estimated to be 70

and 85Vo respectively for the two examples) allows entry of the suspending liquid into the

inclusion bodies altering the buoyant density. Observation of inclusion bodies using

electron microscopy reveals some variation in the morphology of the bodies. Inclusion

bodies located in the cytoplasm can be regular cylindrical particles differing significantly

from those located in the periplasm that are smaller, irregular and semi-spherical in shape

(Bowden et al., l99I). The size, shape and density of inclusion bodies is not always

uniform even within an individual bacterium. Recombinant Vitreoscilla haemoglobin

(Vhb) protein formed two discrete inclusion body morphologies that could be separated by

differential centrifugation and had different levels of contamination by host cell

components (Hart et aL.,1990).

Cross-flow filtration

Cross-flow filtration involves the flow of the process material parallel to the filtration

nembrane surface in order to minimise the build up of solids on the membrane surface.

Maintenance of a relatively clean membrane surface improves the performance of the

system reducing the level of flux decline with time. Many factors affect the performance

of cross-flow filtration systems. These include flow-rate, transmembrane pressure, pore

size, membrane charge and hyrophobicity, the ionic composition of the liquid phase, the

concentration of the soluble macromolecules, and the nature of the insoluble components.

Cross-flow filtration in diafiltration mode (where fresh buffer is supplied at the same rate

as the permeate is removed) can be used to separate soluble from insoluble components.

Closs-flow filtration was successfully applied to the separation of soluble proteins from E.

coLi cell lysate containing recombinant protein inclusion bodies (Forman et aL., 1990).

Removal of the solurble protein was effective with 87Vo of the solurble protein removed

al'ter three volume exchanges using constant volume diafiltration. Retention of the soluble

protein was found to be dependant on the flux rate across the membrane. High

transmembrane pressure gave increased flux rates which also correlated with higher

protein retention, limiting the operation of the process. The nature of the cell debris also
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affects the performance of cross-flow filtration of disrupted bacterial cells (Quirk and

Woodrow, 1984).

Cross-flow filtration presents significant economic advantages over centrifugation for

specific applications such as cell debris processing (Datar and Rosen, 1993) and is worth

serious consideration for the separation of soluble components away from insoluble

inclusion bodies.

1.2.3 Reduction of insoluble contaminants

Inclusion body pleparations usually contain contaminating molecules that are either

integral components of the inclusion body, molecules adhering to the surface of the

inclusion body, or material that copurifies with the inclusion body (the insoluble fraction

of E. coli). Bovine somatotropin inclusion bodies prepared from cell homogenate by

centrifugation with one wash step (using water) was found to contain a range of

contaminating molecules including bacterial proteins, other proteins encoded on the

plasmid (e.g. B-lactamase), four subunits of RNA polymerase, outer-membrane proteins

(Omp A, C and F), rRNA, plasmid DNA, and lipopolysaccharide (LPS) (Hartley and

Kane, 1987). The outer membrane contaminants include the outer-membrane serine

protease OrnpT. It is specific to dibasic sites (i.e. two consecutive basic amino acid

residues). This protease has been implicated in the degladation of a range of normal

bacterial and foreign proteins (including IGF-2) that come into contact with the outer-

nrembrane during cell lysis or subsequent purification (Miller, 1996).

Homogenisation of E. coli cells creates cell debris made up of irregulally shapes fiagments

of cell wall. Cell debris can be separated from inclusion bodies using differential

centrifugation relying on the difference in size and density of the two components.

Diffelential centrifugation has varying levels of success due to adhesion of cell wall

components to the surface of the inclusion bodies. Sucrose gradient centrifugation was

unable to rernove outer membrane contamination during the purification of B-lactamase
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inclusion bodies (Valax and Georgiou, 1993). The hydrophobic nature of some inclusion

body surfaces and cell debris is a likely cause ofadhesion.

At a commercial scale disc-stack centrifugation is used to recover inclusion bodies from

homogenate. This technique can be used to remove the bulk of the cell debris from

inclusion body preparations using the difference in size and density of the two types of

particles. The size of cell debris resulting from mechanical disruption vary according to

the disruption regime used. Debris size was shown to reduce after 5 successive passes

tlrough a high pressure homogeniser (to approximately 0.3 pm) (Wong, 1996). The

differences in size between the cell debris and the inclusion body allows some separation

of the two by centrifugation. Simulated recovery of prochymosin inclusion bodies in a

disc centrifuge (Westfalia, BSBT) using PVA grade efficiency curves demonstrates that it

is theoretically possible to recover about 957o (wlw) of the inclusion bodies while reducing

the level of cell debris by about 75Vo (wlw) at a specific flow rate (200 L/h) (Keshãvarz-

Moore et aL.,1991). In practice inclusion body separation from cell debris can be difficult.

Where cell debris and inclusion body size distributions overlap centrifugation will not

pelfectly separate the two fraction. The recovery of Long-IGF-2 inclusion bodies (where

inclusion bodies only reached 0.35 to 0.45 ¡rm diameter) required multiple centrifuge

passes to achieve a significant reduction in outer-membrane contamination (Wong, 1996).

Washing strategies

To reduce insoluble contaminants from the inclusion body preparation a range of different

types of washes have been developed. The aim of the washing buffer components is to

solubilise tl.ìe contaminating material or to reduce its adhesion to the inclusion body,

without significantly solubilising the recombinant protein. Washing buffers often include

eithel detergents such as Triton X-100 or deoxycholate, or a chaotropic agent such as urea

(Fischer et al.,1993).

An example of a recovery process that incorporates a wash step is the manufacture of

recombinant bovine glowth hormone (Langley et al., 1987). The inclr.rsion body

preparation was washed using a buffer comprising 20 mM Tris-HCI, 5 mM EDTA, and

9Chaptel I Introduction



0.O2Vo lysozyme, followed by ZVo deoxycholate. The quantities of the product (r-bGH),

total protein, phospholipid, nucleic acid, and endotoxin were determined at key stages of
the process. The results (shown in Table 1.2) demonstrated successful removal of the bulk

of cell-wall associated phospholipid and endotoxin, nucleic acid and soluble host-cell

protein from the preparation. Note that after inclusion body washing the protein was

released by solubilisation with 6 M guanidine HCI followed by gel filtration rhrough a

Sephacryl 5-200 column. The profile of the gel filtration chromatograph showed that a

considerable level of high and some low molecular weight contaminants still remained in

the inclusion body preparation.

Table 1.2 Reduction in the quantities of host cell ccmponents during recovery of r-

bGH (Langley et a\.,1987).

Purificcttion step Product

1. Broken cells

2. Broken cell

pellet washed

with water

3. Pellet fraction

after extraction

with the

washing buffer

4. Pooled

material from

Sephacryl S-200

colunn

nr Not recorded

r-bGH (g)

15.4 80.4

15.35 29.1

T4.T r1.9

6.6

TotaI

protein (g)

6.6

Phosplrclipid

(nmol)

Nucleic

acid (g)

Endotoxitt

(ms)

8.87

2.30

0.10

19.72 160- 1600

2.07 120-1200

0.09 1- l0

nr nrnr
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A similar washing protocol was used for the removal of contaminants from recombinant

Vitreoscilla haemoglobin inclusion bodies (Hart et al., I99O). In this study the detergent

Triton X-100 was used in parallel with deoxycholate, both at 2Vo (w/v). Triton X-100

proved to be a less powerful at solubilising host cell membranes than deoxycholate though

it could be suitable for use with inclusion bodies which are soluble in a deoxycholate

solution.

Removal of protease activity associated with the outer membrane fraction was successfully
I

achieved by thb incorporation of a wash step using 2.57o (w/v) octyl-glycoside during the

recovery of recombinant creatine kinase (Babbitt et al., 1990). This protease activity is

probably due to OmpT a protease that is responsible for the degradation of a range of

native E. coli proteins and recombinant proteins in E. coli that come into contact with the

ou ter-membrane (Millar, 1996).

Characterisation of prochymosin inclusion bodies (both cytoplasmic and periplasmic)

separated from cell debris by sucrose density centrifugation followed by a wash with 1.5%

(w/v) octyl glucoside, showed that the remaining polypeptide contaminants ranged from 5

fo 5OVo (w/w) of the total protein content, that phosopholipids composed 0.5 to I3Vo (w/w)

of the inclusion body, and that nucleic acid was a minor contaminant. Peliplasmic

inclusion bodies contained higher levels of contaminants than those of cytoplasmic origin

(Valax and Georgiou, 1993).

Cross-flow filtration in diafiltration mode can be used to separate soluble from insoluble

components. The flexibility of cross-flow filtration makes the addition of a washing

protocol quite simple. The washing solution can be added directly to the process solution

to solubilise the contaminating material or by diafiltration using the washing solution to

replace the permeate. Diafiltration with 1.75 M guanidine-HCl proved effective for the

extraction of contaminants from recombinant interleukin-2 inclusion bodies providing a

higher purity and recovery than washing in conjunction with batch centlifugation

(Meagher et al,1994).
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1.2.4 Solubilisation of the inclusion bodies

Inclusion bodies usually require strong denaturing conditions to dissolve the aggregated

protein into a monomeric form. The formation of inclusion bodies was thought to be due

to precipitation of the protein as its concentration was higher than the solubility limit. The

requirement for strong denaturing conditions demonstrates that the intermolecular bonds

are not those observed in "salting out" precipitation (which can redissolve on dilution).

Studies of aggregation during refolding in-vitro demonstrate that aggregation can be due to

the interaction of partially folded intermediates (Mitraki and King, 1989). Exposure of

hydrophobic zones on the partially folded intermediates was found to be the nechanism

for aggregation during refolding of the enzyme rhodanase (Tandon and Horowit'2, 1987).

Detergent inhibited aggregate formation. Further stabilisation of the inclusion body can be

caused by intermolecular covalent disulphide bonding, which probably results from air

oxidation after cell lysis. Disulphide bond formation within the cytoplasm can be

inhibited by the reducing environment inside the bacterial cytoplasm (Tuggle and Fuch,

1985).

The chaotropic agents urea and guanidine HCI are the most common solubilising agents

used to process a range of recombinant protein inclusions (Fischer et al., 1993). The

mechanisms for ulea and guanidine HCI denaturation of monomeric proteins have been

studied. Urea is believed to be able to denatu¡e protein due to its ability to weaken

hydlogen bonds that provide much of the protein's structural strength (Kamoun, 1988).

The mechanism for protein denaturation by chaotropic agents such as urea and guanidine

HCI has been studied using X-ray crystallographic methods (Hibbard and Tulinsky, 1978).

Electron density maps for the protein chymotrypsin in the presence of dilute urea and

gLranidine HCI demonstrated that urea bound to sites in the hydrophobic interior and

protein suLface, while guanidine HCI bound only to the protein surface (Hibbard and

Tulinsky, 1978). The study also showed that urea binding was not always accornpanied by

structural changes in the protein. Denaturation of proteins by ulea and guanidine HCI have

also been studied using techniques such as UV differential spectroscopy, circular

dichlomism, fluorescence and NMR (Pace, 1986). Protein denaturation can be explained

in terms of a denaturant binding model.
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Solubilisation of inclusion bodies is more complex than denaturation of monomeric

protein. The bonding within an inclusion body includes intermolecular and intramolecular

bonds with hydrogen, hydrophobic forces, and often covalent disulphide bonds are present.

Solubilisation is further complicated by the ability of some proteins to phase partition at

high concentrations (Thomson et al., 1987). This would interfere with mixing in the

vicinity of the inclusion body.

Few detailed studies on the solubilisation of inclusion bodies are available in the Iiterature.

Most investigators use highly-concentrated solutions of chaotrope without testing the

sLritability of lower concentrations (Marston and Hartley, 1990). Dissolution with low

concentrations of urea was demonstrated for the recombinant fusion protein Long-R3-IGF-

I (Greenwood et al., 1994). Studies need to be carried out to determine the role of

environmental conditions such as pH, temperature, and chaotropic agent concentration on

solubilisation.

Alternative methods that have been used for solubilising specific inclusion bodies include

extremes of pH (Fischer et al., 1993) and the cationic surfactant n-

cetlytrimethylammonium chloride (Puri et al., 1992). The reducing agents dithiothreitol

(DDT) and B-mercaptoethanol are often required for the solubilisation of proteins

containing cysteine residues. The reducing agents prevent the formation of disulphide

bonds that could cause aggregation and prevent complete denaturation.

1.2.5 Purification and renaturation.

The soluble recombinant protein that results from the primary separation steps

(l-rornogenisation, centrifugation and dissolution) is usually in a denatur-ed form and is

contaminated with components of the bacterial host cell. This material usually requires

lefolding back to its native configuration prior to recovery by a series of purification steps.

Plior to renaturation, an initial purification step is usually incorporated to remove low

molecular weight contaminants that can intedere with the renaturation step. Size

exclusion chromatography or ultrafiltration are often applied.
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Renaturation is then carried out to obtain the correct native conformation. Conditions used

for renaturation vary greatly and are dependant on the specific protein (excellent reviews

of protein refolding techniques include those by De Bernardez-Clark and Georgiou (1991),

and Rudolph and Lilie (1996).

The final purification strategy tends to vary greatly due to the wide variety of separation

techniques available to the biochemical engineer. The choice and order of the purification

and renaturation methods applied to the protein is dictated by the required level of purity

and the conformation of the final protein product, the nature of the protein, the nature of

the key contaminants, and the final product formulation. While the range of available

separation processes is large, there are several heuristics that aid in selection a suitable of

purification strategy. Typical heuristics given by Asenjo and Patrick (1990) are:

l. Choose separation methods based on different properties of the protein.

2. Choose conditions that exploit the greatest differences between the protein and the key

contaminants.

3. Separate the most plentiful impurities first (usually achieved during the primary

separation steps).

4. Use a highly selective step as soon as possible.

5. Carry out the most arduous or expensive step last.

The separation methods and principles for their action are outlined in Table 1.3. Selection

of the purification steps also needs to take into account the amenability of the methods to

scale-up. Purification steps have to be gentle to the protein product. Proteins can be

sLrsceptible to deterioration by denaturation, aggregation, enzymatic or chemical

modification, and adhesion to surfaces. Final selection of a purification method is often

heavily influenced by the preference of the individual purification scientist and the

method's availability. As the biotechnology industry matures, economic and engineering

considerations need to be taken seriously to assure the processes suitability in a

increasi ngly conrpetitive environment.
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Table 1.3 Separation principles and techniques in biotechnology (modified from

Janson and Ryden, 1993).

Separation Principle Separation Technique

Temperature stability Heat denaturation

Solubility Salt precipitation

Solvent precipitation

Polymer precipitation

Isoelectric precipitation

Partitioning in aqueous two-phase systems

Partition chromatography

Size and shape Size exclusion chromatography

Ultrafiltration

Net charge Ion exchange chromatography

Hydrophobicity Hydrophobic interaction chromatography

Reverse phase chromatography

Biological function Biospecific afhnity chromatography

Antigenicity Immunosorption

Carbohydrate content l,ectin affi nity chromato graphy

Content of free -SH Covalent chromatography

Metal binding Immobilised metal chromatography

MiscellaneoLrs Hydroxylapatite chromatography

Dye ligand affinity chromatography
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1.3 Alternative recoverystrategies

1.3.1 Expression

Genetic engineering has been used to aid the recovery of recombinant proteins from host

bacteria. One strategy involves cloning the protein-encoding sequence onto an

endogenous secretory signal sequence, facilitating secretion of the protein into the bacterial

periplasmic space. Recovery strategies for periplasmic material are significantly different

fl'om those used in the extraction of cytoplasmic material as discussed in section 1.3.2.

Export into the periplasmic space has advantages and disadvantages (Simmons and

Yansura, 1996). Advantages include a natural N-terminal amino acid sequence, enzymatic

catalysis of disulphide bond formation, and physical separation from the bulk of the

endogenous molecules. Disadvantages include low levels of secretion, incomplete

processing of the precursor, and aggregation of proteins secreted at high levels in the

periplasm.

Secretion into the periplasm is accompanied by proteolytic cleavage of the leader

sequence. Once inside the periplasm (an oxidising environment) the protein can refold.

The endogenous foldases (Dsb A, B, C, and D) catalyse disulphide bond formation, and

the rearrangement or isomerisation of incorrect disulphide bonds. Correct disulphide bond

formation can be enhanced by coexpression of the eukaryotic enzyme DPI that catalyses

cysteine oxidation and hence disulphide bond isomerisation. It also acts as a chaperone.

This strategy has been used to correctly fold proteins like pectate lyase C and tPA

(Georgiou and Valax, 1996).

Secretion levels can be enhanced by the optimisation of translational levels to match

secretion levels (Simmons and Yansura,1996).

Insulin-like growth factor has been expressed in a constluct that secletes the growth factor

irrto the periplasmic space (Hart et aL, 1994). The recombinant protein accumulates as a
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mixture of soluble protein and aggregates within the periplasm The recovery protocol

used chemical permeabilisation (urea and cysteine) and an aqueous two-phase extraction

step (PEG/phosphate) to recover a relatively pure product.

Another strategy is to produce soluble correctly-folded protein in the bacterial cytoplasm.

Over-expression of endogenous chaperone proteins has been used to prevent aggregation

of unfolded recombinant products. This strategy has been used to assemble complex

nrultirneric as well as monomeric proteins (Georgiou and Valax, 1996). Recovery

protocols for correctly folded cytoplasmic proteins need to be designed so the correct

conformation of the protein is maintained. Soluble cytoplasmic proteins will be

contaminated by a wide array of endogenous molecules on extraction from the bacterial

cell. The purification of such a product would benefit from a highly specific purification

step to minimise process complexity.

1.3.2 Chemical permeabilisation

An alternative to mechanical disruption for product extraction is chemical

permeabilisation. A wide variety of chemical treatments have been used to permeabilise

the cell walls of bacteria r¡r,ith mixed success. Chemical permeabilisation has been used

for the extraction of a range of different proteins. These include native E. coli proteins,

correctly refolded recombinant protein located in the periplasm, recombinant inclusion

bodies located in the periplasm, and recombinant protein located in the cytoplasm. Native

and correctly refolded recombinant proteins require extraction without alteration of their

structure, while the recombinant proteins that are not in their native conformation often

require denaturation to be released into the aqueous phase. These constraints often

influence the choice and success of the chemical extraction procedure chosen. Many

chemical extraction procedures also attempt to achieve a degree of selectivity during

extraction and do not aim to maximise total protein release (i.e. they do not aim to

maximise cell wall permeabilisation). These factors need to be taken into account when

evaluating chemical permeabilisation techniques.
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Cell wall barrier

For a chemical permeabilisation technique to be successful, the barrier presented by the

cell wall needs to be overcome. The cell wall of E. coli comprises three structural

components, the outer membrane, the peptidoglycan layer, and the inner (or cytoplasmic)

membrane (see Figure 1.1).

The outer membrane envelopes the bacterium covering the structural peptidoglycan layer.

It presents the first barrier between the environment and the E coli cytoplasm. The major

components of the outer membrane are shown in the Table 1.4

Table 1.4 Major components of the outer membrane of Escherichia coli (modified

table from Nikaido, 1996).

Lipopolysaccharide (LPS) plays a strong role in the barrier function of the outer membrane

and protects the bacterium against surface-active agents such as bile salts. Wild-type outer

memblanes demonstrate low permeability to hydrophobic molecules, while some

mutations affecting the structure of the LPS result in dramatic increases in permeability to

Component Molecules per cell Surface area (pm2)

Lipopolysaccharide 34.6 x 10s 4.9 (outer surface)

Proteins (Porins & OmpA) 2 x 10-s 1.8 (outer & inner sulface)

Lipoprotein 7x105 0.5 (inner surface)

Phosopholipid 87 x 10s 4.I (inner surface)
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hydrophobic molecules. Phospholipid bilayers alone present a poor barrier to these

molecules (Nikaido, 1996).
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Figure 1.1 Simplified schematic representation of the sttucture of the Escherichia coli

cell wall viewed as a cross section.
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The peptidoglycan layer (or murein sacculus) is the rigid shape-determining structure in

the cell wall and is located in the periplasmic space between the outer and inner

membranes. The peptidoglycan polymer is made up of two amino sugars and four amino

acids (Park, 1987). The thickness of the peptidoglycan layer varies depending on the

growth phase of the culture. The thickness measurements for stationary and logarithmic

cells correspond to four to five layers and two to three layers of peptidoglycan,

respectively (Leduc et aI., 1989).

The inner (or cytoplasmic) membrane is predominantly a phospholipid bilayer containing

l57o of the cell's phospholipid and 6 to 9Vo of total cell protein. The inner membrane is

only permeable to water and small hydrophobic molecules. Many of the proteins involved

in the cell's bioenergetic and biosynthetic reactions are located in this membrane. This

membrane is relatively weak, relying on the outer membrane for defence against molecules

such as surface active agents like bile salts (Cronan et a\.,1987).

A range of chemical agents have been used to modify, permeabilise or dislupt E. coli cell

walls. These methods can be broken down into two main groups; those that release

periplasmic protein by permeabilising the outer membrane only, and those that release all

protein by permeabilising both the inner and outer membranes.

Periplasmic Þrotein release

To release protein from the periplasm of E. coli, only the outer membrane of the bacterium

has to be permeabilised. The bulk of the host cell protein can be contained in the intact

plotoplast thus providing a useful degree of selectivity. This simplifies the subsequent

purification requirements.

The chelating agent ethylenediaminetetraacetate (EDTA) has been used to permeabilise the

outer membrane of E. coli. EDTA removes divalent cations that stabilise the LPS matrix

in the outer-menìbrane of E. coli. Quantities of LPS shed from the outer membrane

(Marvin et aI., 1989). The outer membrane nevertheless maintains its structure, possibly
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by the filling gaps with phospholipid. The EDTA-treated outer membrane is permeable to

a range of hydrophobic molecules unable to penetrate the untreated membrane (Leive,

1974). EDTA has been used in conjunction with other chemical agents for the release of

protein located in the periplasm. The chaotropic agent guanidine HCI plus EDTA has

been shown to successfully release the periplasmic protein penicillin acylase from E. coli

(Novella et al., 1994). Lysozyme combined with EDTA was used for the extraction of

RNase associated with the inner membrane of E. coli (Neu and Heppel, 1964).

Polymyxin B is a polycationic agent that disrupts or disorganises the outer membrane.

This antibiotic has been used to selectively release protein from the periplasm of actively

growing E. coLi (Cerny and Teuber, I91I). Polymyxin B, however, is an expensive option

for the rclease of periplasmic protein and is limited to laboratory applications.

The chaotropic agent urea has been used in combination with the reducing agent

dithiothreitol (DTT) to extract recombinant IGF-I from inclusion bodies located in the

periplasmic space of E. coli (Hart et al., 1994). The reducing agent DTT has a role in

solubilising inclusion bodies. It weakens intermolecular covalent disulphide bonds formed

between IGF-I molecules. The role of DTT, if any, in permeabilising the outer membrane

is not known.

The solvents toluene and chloroform have also been used to release periplasmic proteins

(Teuber, 1970, Ames et al.,1984). Toluene treatment, however, also releases a proportion

of the cytoplasmic contents due to damage caused to the inner membrane (Jackson and

Demoss, 1965).

Total protein release

To release both periplasmic and cytoplasmic proteins, both the inner and outer membrane

have to be permeabilised. Several methods for the release of protein from the cytoplasn-r

of E. coli have been examined. These include treatment with chaotropic agents (urea,

gLranidine HCl, and ethanol), solvents (toluene), and detergents (such as the anionic
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detergent sodium dodecyl sulphate (SDS), the non-ionic detergent Triton-XlOQ, and the

cationic detergent cetyltrimethylammonium bromide (CETAB)).

Chaotropic agents have the ability to denature proteins and disrupt membrane structures

(Hatefi and Hanstein, 1974). Low concentrations of chaotropic agents have been used to

lyse log-phase E. coli (Ingram, 1981). However, urea proved to be relatively ineffective.

The mechanism causing lysis in this case is probably weakening of the growing

peptidoglycan structure. The chaotropic agent guanidine-HCl used in combination with

tlre non-ionic detergent Triton X-100 released approximately 50Vo of total cell protein

from chilled logarithmic-phase E. coli (Hettwer and 'Wang, 1989, Naglak and Wang,

l99l). The mechanism for this combination is unclear.

A wide range of detergents compromise the cell wall of E. coli with limited success

(Vaara, 1992). The detergents can be classified into the following categories: non ionic,

anionic, cationic, and type B surfactants. Detergents alone usually show little effect on E

coli cells but when combined with EDTA and lysozyme can result in considerable lysis.

The effectiveness of the detergents at lysing E. coli spheroplasts is as follows (Birdsell

and Cota-Robles, 1968):

Br¡ 58 (non-ionic) > Triton X-100 (non-ionic) > Duponal (anionic) > Deoxycholare (rype B)

The following detergents are effective at solubilising the inner membrane but ineffective

against the outer membrane: sodium-lauryl sarcosinate (anionic) (Filip eÍ al., 1973),

sodium dodecyl sulphate (anionic) (Woldringh, 1970), Triton-X100 (non-ionic)

(Schnaitmann, 1971a), and Brij 58 (non-ionic) (Birdsell and Cota-Robles, 1968). The

cationic detergent cetyltrimethylammonium bromide (CETAB) has been used to release

transaminase B from E. coli for analytical purposes, and must therefore have some effect

ou the outer nìembrane (Whittaker and Jackson, 1980). The outer membranes of gram-

negative enteric bacteria can be permeabilised by monocationic detergents such as

benzalkoniun-r chloride (BAC) and CETAB although the mechanism is not known (Vaara,

1992).
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Toluene is the solvent that has been most investigated for the permeabilisation of E. coli.

It is a well known antimicrobial agent and has been used in a variety of research protocols.

Treatment with toluene damages the inner membrane of the bacteria (DeSmet et al., l97B).

Observation of freeze fractured cells by electron microscopy shows considerable damage

to the inner membrane while the outer membrane remains intact. Treatment with 5Vo (v/v)

toluene releases up to 257o of total cell protein and 857o of RNA (Jackson and Demoss,

1965). Treatment wtth I7o (v/v) toluene is enhanced by the addition of EDTA with 28Vo

of the total cell protein released (DeSmet et aI., 1978). EDTA permeabilisation of the

outer membrane complements toluene's action on the inner membrane. The application of

solvents for the permeabilisation of E. coli have generally been for the release of

periplasmic proteins, which is difficult to justify as the solvents are berrer suited to

permeabilisation of the inner membrane (Teuber, L9J0, Ames et a|.,1984).

The enzyme lysozyme can be utilised to digest the peptidoglycan layer of the cell wall. The

outer membrane must be weakened (EDTA is often used) to provide the enzyme with

access to the peptidoglycan layer (Schnaitmann, 1971b). This treatment, however, does

not compromise the inner membrane and requires further augmentation to release

cytoplasmic material.

Chemical permeabilisation of bacterial cells has found very few large-scale applications.

An exception is the recovery of cholesterol oxidase from Nocardia using 0.57o Triton X-

100 (Asenjo and Patrick, 1990). Use of chemical permeabilisation in the laboratory is

wide-spread and several processes have been suggested for industrial use. The full

potential of this technique is yet to be realised.

Chemical pretreatments can be used to weaken the cell wall prior to mechanical

disruption. A pre-treatment using a combination of EDTA and lysozyme on E. coli cells

prior to mechanical disruption results in marginally greater levels of disluption (Lutzer et

ttl., 1994). The lysozyme digests the peptidoglycan which is an important structural

component of the cell wall. Peptidoglycan has been shown to be an important factor

alfecting homogenisation efficiency (Middelberg et al., 1992).
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Extraction of Recombinant n from the Cvtonlasm of E. coli.

High concentrations of the chaotropic agent guanidine-Hcl (7M) have been used to release

recombinant interferon (INF-y) from the cytoplasm of E. coli (Kung, 1934). The product

was presumably in the liquid phase as sonication (with no additional dissolution step) was

able to release active protein. The effectiveness of the chemical treatment was compared

with sonication. Protein extraction by sonication resulted in proteolytic breakdown of the

interferon, while chemical extraction resulted in release of correct-length protein. The

fractional product release was not determined, so the effectiveness of this treatment is not

known. A combination of the chaotropic agent urea and the reducing agent cysteine (7M

and 50 mM respectively), has been used to extract recombinant AE-IGF-I from E. coli

(Hejnaes et a1.,1992). No details were given for this procedure.
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1.4 Project aims and thesis structure

1.4.1 Project aims

Processes for the recovery of recombinant proteins from inclusion bodies located in the

cytoplasm of Escherichia coli tend to follow a highly conservative set of process steps

(Fischer et aJ., 1993). The scarcity of feasible alternatives can be of concern when

technical, legal, or economic difficulties arise that render the selected manufacturing route

non-viable for a given protein. This project attempts to develop a novel alternative

technology that will help redresses this shortcoming.

The specific project aims are:

discover an alternative extraction technology for the recovery of recombinant

protein from inclusion bodies located in the cytoplasm of genetically

engineered Escherichia coli;

investigate the role of the components that make up the novel extraction

procedure;

model the kinetics of the novel extraction procedure;

characterise the end product of the novel extraction procedure and compare it

with that produced by traditional extraction procedures;

assess the suitability of the novel extraction procedure for application to snall

and large scale biotechnology processes.

2

J

4

5
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1.4.2 Bacterial stain and encoded protein

The genetically engineercd E. coli strain used in this project is used for the commercial

production of an insulin-like growth factor-I analogue. The details of the strain and its

encoded recombinant protein are as follows:

Bacterial strain E. coli strain JMlOl (laclc) conraining the plasmid

p[Met']-pGH( I l)-Val-Asn-[Arg3]-IGF-I with the IpTc

inducable lac promotor.

Recombinant protein Met'-pGH(11)-Val-Asn-[Arg3]-IGF-I subsequenrly

referred to as Long-n3-IGF-I, is an 83 amino acid

analog of human insulin-like growth factor-I (IGF-I)

(King et al., 1992).It is comprised of 13 amino acids

from the N-terminus of porcine (met) growth hormone

followed by the complete human IGF-I sequence with a

glutamate substitution for the asparagine at position 3.

The protein contains 3 intramolecular disulphide bonds

in its native state and has a molecular weight of 9110

Daltons. On expression, the protein should accumulate

in the bacterial cytoplasm as no secletion signal

sequence is present.

Protein Expression. Long-R3-IGF-I is only detectable in rhe insoluble phase

after homogenisation and separation by centrifugation

as demonstrated by HPLC and PAGE analysis (PAGE

analysis is shown in this thesis in Figule 4.12).

Inclusion bodies are visible using phase-contrast

microscopy and are consistent with cytoplasmic

accumulation (personal observation).
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1.4.2 Thesis strucfure

To achieve the aims detailed in section 1.4.1 the research followed the steps shown below

1. Permeabilise the cell walls of the host bacteria. (Chapter 2)

2. Extract soluble recombinant protein from inclusion bodies

located in the permeabilised E. coli cell. (Chapter 3)

3. Develop a two stage extraction protocol in which the bacteria

are permeabilised during the first step, and the inclusion bodies are

solubilised during the second step. (Chapter 4)

4. Construct a prototype selective extraction plant and test the

procedure's performance. (Chapter 5)

5. Characterise the new procedure. Determine the kinetics for

the technique and analyse the levels of the contaminating

macromolecules. Compare with traditional extraction methods.

(Chapter 5)

6. Assess the advantages and disadvantages of the new

procedure for incolporation into the manufacture of recombinant

proteins at small and industrial scale. (Chapter 6)

I

I

I

I

I
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Summary

Permeabilisation of the cell wall of Escherichia coli was determined by measuring the

plotein levels released from treated bacteria into the extracellular-phase. Treatment with a

combination of the chelating agent ethylenediaminetetraacetate (EDTA) and the chaotropic

agent urea is highly effective at releasing protein from Escherichia coli. 6 M urea in the

prcsence of 3 mM EDTA can release cytoplasmic protein from both logarithmic-phase and

stationary-phase E. coli cells at levels equivalent to mechanical disruption. The

concentrations of the two chemical agents were the major variables affecting protein

release. Several minor variables and interactions were also identified. The kinetics of

protein release was first order. The time constant \¡/as approximately 2.5 min and was

independent of the urea concentration.
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2.L Introduction

The first stage in the recovery of recombinant proteins that have accumulated in the

cytoplasm of the host bacterium is to overcome the bar¡ier presented by the bacterial cell

wall. The bacterial cell wall is comprised of an outer membrane, layers of peptidoglycan

(the murein sacculus), and an inner membrane. Traditionally the cell wall is broken using

urechanical disruption, a procedure that fragments the cell wall and releases the cellular

contents

Chemical permeabilisation of the cell wall of E. coli is a widely studied alternative to

mechanical disruption. A wide range of chemical agents have been used including

detergents, solvents, chaotropic agents, and chelating agents (see section L3.2 of this

thesis). These chemical agents are effective as they either compromise the membrane

structures or weaken the peptidoglycan layer. Chemicals such as EDTA and Polymyxin B

specifically weaken the outer membrane. Other permeabilising agents such as bile salts

are effective against the inner membrane but are ineffective against the outer membrane.

The peptidoglycan layer can be enzymically degraded by lysozyme or its construction

compromised by the presence of the chaotropic agent ethanol. The chemical

permeabilisation protocols presented in the literature, however, do not match the

effectiveness of mechanical disruption at releasing intracellular protein. The chemical

permeabilisation techniques release only a fraction of the cellular constituents and are

often effective against particular growth phases of the bacteria (Naglak et al., 1990). To

match mechanical disruption as an extraction procedure a method has to give total release

of the cellular components. It would also be advantageous if it were independent of the

growth-phase of the bacteria, was rapid, used cheap components, and was amenable to

scale-up.

The research presented in this chapter attempts to establish a chemical permeabilisation

procedule that can replace mechanical disruption for the extraction of molecules located in

the cytoplasm of E. coli.
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2.t.1 Research Goals

The research presented in this chapter aims to:

o select an analytical technique suitable for monitoring permeabilisation of E. coli cells;

o select a combination of chemical agents that permeabilise E. coli cells releasing levels

of intracellular components into the extracellular phase at levels similar to mechanical

disruption;

¡ determine the significance and role of the chemical and environnrental parameters on

permeabilisation;

. determine the kinetics of the permeabilisation process.
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2.2 Selection of analytical techniques and initial screen

The analytical techniques used for monitoring chemical treatment of E. coli cells need to

provide qualitative and quantitative information on the operation of the process. Three

assays were selected for assessment. Particle size analysis using a Joyce-Loebl disc

centrifuge has been applied to the analysis of mechanical cell disruption (Middelberg,

1992) and can provide useful information on the particle sizes created by disruption. This

is particularly informative when assessing the disruption of cells containing inclusion

bodies where the cells and the inclusion bodies can be quantitated during the same assay.

Optical density is a simple analytical tool that has the advantage that it can be easily

incorporated into continuous monitoring of the process at laboratory and industrial scale

(used by Ingram, (1981) for the monitoring of bacterial tysis). Intracellular protein release

is an effective method for monitoring bacterial cell permeabilisation (Hettwer and Wang,

1989; Naglak and Wang, 1991). It provides directly-useful data as protein release is the

ultimate aim of this process.

The chemical agents trialed in this section are the chelating agent

ethylenediaminetetraacetate (EDTA) and the chaotropic agent urea. EDTA is a well

known agent for permeabilising the outer membrane of E. coli and allows a range of

different molecules access into the bacterial cell (Leive, I9l4). Urea is a commonly used

denaturant of proteins (Kamoun, 1988) and could help destabilise the menbrane structure

like other chaotropic agents (Hatefi and Hanstein, 1974). The combination of the two

chemical agents was thought to have a high probability of success due to EDTA's capacity

to compromise the integrity of the outer membrane and urea's potential to destabilise the

inner membrane. The chemicals are compatible with subsequent processing of

reconbinant proteins where product denaturation is not of concern.

2.2.1 Method

A glycerol stock of E. coli strain JM101 (laclc) containing the plasmid p[Metr]-pGH(11)-

Val-Asn-[Argr]-IGF-I was streaked onto a Cl minimal media agar plate (Appendix Bl)
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and incubated at 37"C for 24 h. A shake flask containing 10 mL of sterile modified Cl
media (Appendix B1) was inoculated with a colony from the plate and then incubated at

37"C for 6 h. 0.1 mL of broth was used to inoculate3 x2 L flasks each containing 660

mL of sterile modified Cl media. The flasks were incubated at 37"C and agitated for 17 h.

The E. coli samples were harvested (10000 xg, 4"C, 30 min) and resuspended in

phosphate-buffered saline (Appendix 83) to give an A66e of 80.

The test solutions containing 10 mM EDTA, 0.1 M Tris and various concentrations of urea

were adjusted to pH 9.0 using conc. HCl. The test solutions (4.75 mL) (see Table 2.I fot

composition) were placed in a 25 mL MacCartney bottle. The E. coii sample (0.25 mL)

(prepared following the protocol detailed above) was added to each test solutions and

agitated in a shaking water bath, set at3J"C. Test solutions were sampled at 30 min. The

samples were analysed using particle size analysis (Appendix Al), optical density

monitored (Appendix A2), and protein estimated (Appendix A3).

Table 2.1 Composition of the chemical treatment groups used in the initial screen.

Treatment Group Composition

I PBS see Appendix B3

2 0M Urea 0M Urea, 10mM EDTA, 0.lM Tris, pH 9.0

3 lM Urea lM Urea, 10mM EDTA,0.lM Tris, pH 9.0

4 2M Urea 2M Urea, 10mM EDTA, 0.lM Tris, pH 9.0

5 3M Urea 3M Urea, 10mM EDTA, 0.lM Tris, pH 9.0

('¡ 6M Ulea 6M Urea, l0mM EDTA, 0.lM Tris, pH 9.0
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2.2.3 Results and Discussion

2.2.3.I Particle size analysis

Particle size analysis using the Joyce-Loebl analytical disc centrifuge has been applied to

the analysis of cell disruption by mechanical methods such as high-pressure

homogenisation (Middelberg, 1992) and to the estimation of inclusion body size (Taylor,

e[ uL., 1986). The method separates the particles by centrifugation. Sedimentation of the

particles is monitored spectrophotometrically. The time for the particle to reach the

detector, r, is described by a modification of Stokes' law (Taylor et al., 1986),

r = l8u.ln(rJri) / Lp d2 r:f - (2.r)

where p is the spin fluid viscosity, ro is the radius at / = 0, r¡ is the radius at the detector, Ap

is the difference between the density of the particle and the density of the surrounding

medium, d is the diameter of the particle, and o is the disc's angular velocity. This

method is able to resolve particles such as cells, inclusion bodies, and cell debris. The

absorbance measured by the detector is used to quantify the levels of the different sized

particles.

Results for the analysis of chemically-treated cells by particle-size analysis are shown in

Figures 2.1. The lesults show that a significant change is made to the cells by the chemical

treatment. The quantity of cells observed as a peak of I.2 pm is diminished by the

treatment with urea. The analysis does not, however, provide a clear indication of what is

actually happening, If the chemical treatment of the cells did increase cell permeability the

buoyant density of the cells would be expected to change. The Ap value could approach

zero as the intracellular component diffuse out of the cells. The analysis is sensitive to

buoyaut density as well as particle size (equation 2.1). Interpretation of the result is

s ubsequently difficult.
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Particle size analysis does demonstrate that chemical treatment is having an effect on the

bacterial cells. However, as the technique does not provide much information as to the

changes occurring to the cell it was not used in subsequent experiments.
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FigLrre 2.I Particle size analysis of chemically treated E. coli cells. The treatment

groups comprise PBS or various concentrations of urea plus 10 mM EDTA and 0.1 M Tris

at pH 9.0 (as detailed in Table 2.1).
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2.2.3.2Absorbance at 6(X) nm

The results of the analysis of chemically permeabilised cells using absorbance

measurement at 600 nm (466¡) are shown in Figure 2.2. These results show that the

chemical treatment did have an effect on the 4666 value. However, the assay does not

provide any real insight into what is happening at the cellular level.

Measurement of optical density is a commonly used assay for the quantitation of bacterial

cells in solution. Changes in optical density can be due to changes in the cell size and in

the density of their intracellular constituents. The absorbance of a culture has a complex

functional relationship to particle size, depending on the extinction coefficient at low

particle sizes. Absorbance may therefore increase or decrease depending on optical

properties and the absolute particle size. Interpretation of turbidity readings is also

complicated by the number of factors that can alter the optical density reading (Russell er

aL., I9l3). Aggregation of intracellular components can increase the suspensions

absorbance. Cell permeabilisation or lysis can result in a decrease (Ingram, 1981), while

cell fragmentation can increase or decrease the optical density. Changes in the

extracellular phase, salt concentration, refractive index and temperature can also effect the

results (Russell et a1.,1973).

Absorbance measurement remains a particularly useful method for monitoring a bacterial

suspension as it is very simple, rapid, and is easily adapted for on-line process monitoring.

The absorbance measurement provides evidence that the chemical treatment does have an

irnpact on E. coli cells. The limitation is that the assay does not directly determine the

nature of the changes taking place. The assay is inappropriate for the investigation of the

effectiveness and nature of chemical permeabilisation treatments as it is unable to

distinguish between the range of effects that could be occurring.

Clrapter 2 Perrneabilisation of Escft¿ richict coli. 35



4.0

3.5

0.5

0.0

PBS OM lM 2M

Treatment

3M 6M

Figure 2.2 Absorbance at 600 nm of chemically treated E. coli cells. The treatment

groups comprise PBS or various concentrations of urea plus 10 mM EDTA and 0.1 M Tris

at pH 9.0 (as detailed in Table 2.1).

2.2.3.3 Protein estimation

The total protein concentration in solution can be measured by the colourimetric change

that occurs when protein comes into contact with the dye Commassie Blue (Bradford,

1916). This assay is referred to as the Bradford assay and is available as a commercial kit

from BioRad (Sydney, Australia). During disruption or permeabilisation of a bacterial

cell, intracellular protein is released into the surrounding solution. Measurement of the

intracellular protein that diffuses into the extracellular phase should provide a direct

neasurement of the effectiveness of the chemical treatment at compromising the iutegrity

of the bacterial cell wall. This analytical technique has been used for monitoring

permeabilisation studies (Hettwer and Wang, 1989; Naglak and Wang, 1991).
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The results for the analysis of chemically-treated cells are shown in Figure 2.3. This

analytical method was selected for quantifying permeabilisation during chemical

treatments for the remainder of this chapter. It has the advantage that total protein release

into the extracellular phase is a parameter that must be measured to characterise process

effectiveness.
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Figure 2.3 Protein lelease into the extracellular phase from chemically treated E. coli

cells. The treatment groups comprise PBS, or various concentrations of urea plus l0 mM

EDTA and 0.1 M Tris at pH 9.0 (as detailed in Table 2.1).

1

100

J
o)
E
co
(g

cooco
C)
tr'õ
o
o-

004

350

300

50

250

200

Cha¡rter 2 Per¡neabil isation of Esche t'ic hia coli. 'tl



2.2.3.4 Protein estimation on-line

Further experimentation was conducted to see if the suspension absorbance could be

directly related to protein release from the cells (measured using the method reviewed in

section 2.1.3). Data were analysed using the Jandel Scientific Table CuryerM 2D program

(AISN Software) to fit a curve to the data, calculate the constants for the equation, and

conduct the statistical analysis.
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Figule 2,4 Protein release from chemically treated E. coLi against the absorbance at

600nnr of the bacterial suspension. The solid line is the fitted curve (equation 2.2) and the

broken lines are the 957o confidence limits.
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An equation was selected as it satisfactorily described the relationship between the protein

release and the optical density of the E. coli solution with various chemical treatments.

The correlation between Aooo and protein release is described by equation (2.2),

Y = a+ b exp (-cx) - (2.2)

where x is the 4666 value and f is the percentage protein released. a, b, and c are

constants. The results, the fitted curve, and the 95Vo confidence limits are shown in Figure

2.4. The R2 value for this curve is 0.96.

The relationship between 4666 and the protein release from the cells treated with the

chemical agents does indicate that the measurement of optical density could be utilised for

the on-line measurement of the permeabilisation process.

2.2.3.5Initial screen

The results of this experiment show that treatment with a combination of urea and EDTA

has a significant impact on E. coli. Analysis by each of the analytical techniques used

detected some change in the cells following treatment.

Palticle size analysis detected a decrease in the amount of material between 0.5 and 1.5 pm

size on addition of urea to the test solutions (Figure 2.i). Increasing the concentration of

urea resulted in less material detected between 0.5 and 1.5 pm. This change could be due

to a dectease in cell size, or a decrease in buoyant density due to an increase in cellular

permeability.

Chemical treatments resulted in a decrease in optical density of the bactelial solutions

(Figure 2.2). Treatment with l0 mM EDTA and 0.lM Tris had very little effect on the

bacterial solution's optical density. The presence of urea, however, caused a marked

decrease in optical density. The drop in absorbance has been used as a measure of cellular

lysis (Ingram, l98l) but can be due to several changes in the cells. Optical density of a
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particulate solution has a complex dependence on particle size (see section 2.2.3.2), so a

decrease in absorbance does not guarantee that a change in cell size has taken place. A

change in the composition of the cell could also change its optical density.

Permeabilisation could reduce a suspension's optical density due to the removal of the

cellular contents into the extracellular phase. This assay illustrates that changes are

occurring in the bacterial solution but, like particle size analysis, it is not particularly

informative as to the nature of these changes.

Measurement of the protein levels released into the extracellular-phase provides a clear

indication that the treatment of the cell suspension with urea and EDTA is compromising

the integrity of the bacterial cell wall (Figures 2.3). The protein comes from the interior of

the bacterial cells and requires the loss of integrity of the cell wall to be released into the

solution. The results for protein release after the chemical treatment observed in this

experiment indicate that these treatments are worth further investigation. The levels of

plotein release from the cell need to be directly compared to that obtained using

mechanical disruption to determine the effectiveness of the treatments.
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2.3 Multifactorialexperiment

The composition of the extraction buffer used in section 2.2 included the chaotropic agent

urea, the chelating agent EDTA, and the buffer Tris. The role of these different

components needs to be determined. Other variables that could effect permeabilisation

include the bacterial growth phase and reaction time. A multifactorial experiment was

used to determine the significance of the variables on protein release. Such an

experimental design allows statistical analysis of the results to be carried out to prove the

significance of a given variable. Protein release can be directly compared to that achieved

by mechanical disruption.

2.3.1 Method

Two multifactorial experiments were conducted using cells produced in two separate

fermentation runs. The fermentation protocol is described in Appendix Cl . The E. coli

cells were stationary phase or logarithmic phase, and contained no measurable levels of

recombinant protein. Reaction temperatures for the first and second experiment were

20oC and 3J"C, respectively. The following variables were tested for each experiment:

l. bacterial growth phase (logarithmic or stationary)

2. buffer (0.1 M Tris or 0.1 M borate)

3. EDTA concentration (0 or 3 mM)

4. ulea concentration (0,2,4, or 6 M)

5. time (30 or 90 nin)

Each of the potential combinations were tested; a total of 64 for each experiment. Each

test solution was adjusted to pH 9.0 using conc, HCl. In all cases, 4.75 mL of the test

solution was placed in a 25 mL MacCartney bottle. The negative control was PBS

(Appendix B3). The E. coli sample (0.25 mL) was added to each test solution which was
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then agitated in a shaking water bath. Reactions were sampled at 30 and 90 min. Protein

release was determined as described in Appendix 43.

The IÙOVo protein release value was determined using untreated cells passed three times

through an APV-Gaulin homogeniser at 56 MPa with debris removed by centrifugation at

10,000 xg for 15 min prior to protein estimation. All data for chemical ¡elease

experiments are expressed as a percentage of the protein released by mechanical

disruption.

Initial analysis demonstrated that a linear scale was inappropriate. Experimental data were

therefore converted to the logit scale and subjected to statistical analysis. A value of

I09.3Vo was used fol the maximum protein release. This value was derived from the

analysis and may be greater than IO}Vo due to the solubilisation of insoluble membrane-

associated protein during the chemical treatment. For each urea and EDTA concentration

an average was calculated over several factors: the reaction temperature, bacterial growth

phase, buffer system, and reaction time. The difference between the mean values was

calculated for the factors that the statistical analysis showed to be important: bacterial

growth phase, reaction time, the interaction between urea and EDTA, and the interaction

between urea concentration and time. Averages for the urea and EDTA concentrations

were adjusted by the difference between the mean values for above factors. Results were

then converted back to the original (linear) scale, The analysis gave the fitted results for

protein release for the four urea concentrations in the presence or absence of EDTA for

logarithmic and stationary phases bacteria and the 30 and 90 min reaction times.

2.3.2 Results and Discussion

The most important observation from this experiment is that virtually all of the total

cellular protein fì'orn the E. coli suspension is released at 6 M urea concentration in the

presence of 3 mM EDTA. The method of determining total available protein for release is

mechanical disruption using three passes through an APV-Gaulin homogeniser set at 56

MPa with debris removed by centrifugation prior to protein estimation. The total available

protein was 481 + 48 mglL for the stationary-phase cells and 570 + 22 m/l for
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logarithmic-phase cells. Chemical treatment with 6 M urea plus 3 mM EDTA for 90 min

released 499 + 29 mgtL for the stationary-phase cells and 559 + 42 mg/I- for logarithmic-

phase cells. This indicates that the chemical treatment method can match the level of

protein release achieved by mechanical disruption. The recovery of protein by this

chemical permeabilisation technique is superior to those previously published (Naglak er

al.,1990).

Figures 2.5 and 2.6 show experimental results for a typical treatment group from the

multifactorial experiment. Urea and EDTA concentrations have a clear impact on total

protein release from the treated cells.
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tr3 mM
EDTA

24
Urea Conc.(M)

Figure 2.5 Protein release frorn chemically treated logarithmic-phase E. coLi. The

treatment groups contained urea (0, 2, 4, oÍ 6 M), EDTA (0 or 3 mM), 0.1 M Tris, pH 9.0,

and operated at 31"C for 90 min.
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Figure 2.6 Protein release from chemically treated stationary-phase E. coli. The

treatment groups contained urea (0, 2, 4, or 6 M), EDTA (0 or 3 mM), 0.1 M Tris, pH 9.0,

and operated at 37'C for 90 min.

Results from the statistical analysis of the multifactorial experiment are shown in Tables

2.2 and 2.3. Minor interactions that were not significant are not included in the tables.

Varying the urea and EDTA concentrations has by far the largest effect on the efficiency of

bacterial permeabilisation (accounting for 530 of the 610 total sum of squares). Tables 2.2

and 2.3 show that several other variables and interactions are important. Clearly, reaction

time, the intelaction between EDTA and urea, and the interaction between urea and time

are important. Growth phase of the bacteria appears to be an important term (accounting
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for 19 sum of squares) but the design of the experiment did not allow the significance of

this to be assessed. Interactions between the other variables did not prove to be

significant. Interestingly, the choice of buffer did not have any significant effect. The

significance of the different reaction temperatures could not determined by this experiment

due to the physical constraints on the experiment (each reaction temperature was tested

using different fermentation batches). The remaining sum of squares (after the above

factors are taken into account) represents 7.27o variation. This could be due to random

variation in the system. The fitted means using the results from this experiment are

snmmarised in Table 2.4 (logarrthmic-phase bacteria) and Table 2.5 (stationaly-phase

bacteria).

The chelating agent EDTA is a well known agent for the permeabilisation of the E. coli

outer-membrane and it is not surprising that its role in permeabilising E. coli is significant

under the conditions of this experiment. EDTA allows access into the bacterial cell of a

range of different molecules that would not otherwise penetrate the outer membrane

(Leive, 1914). Urea is a commonly-used denaturant of proteins (Kamoun, 1988) and could

help destabilise the membrane structure like other chaotropic agents (Hatefi and Hanstein,

1974). Presumably, having gained access to the inner (or cytoplasmic) membrane due to

the permeabilisation of the outer membrane by EDTA, the urea was able the permeabilise

this barrier and allow the release of the cytoplasmic contents. The combination of the two

agents is clearly complementary and very effective.

Clremical treatment with 6 M urea and 3 mM EDTA results in approximately I00Vo

release of the bacterial protein from both stationary and logarithmic-phase cells. This

differs from many permeabilisation techniques which are sensitive to the bacterial growth-

phase. Treatment of E. coli with the antibiotic Polymyxin-B can cause autolysis resulting

in the release of 687o (w/w) of the total protein in logarithmic cells. Stationary-phase cells

were quite stable (Cerny and Teuber,l91I). The use of low concentrations of chaotropic

agents alone can cause cell lysis but is <lependant on the growth-phase; antibiotics that

inhibited cell growth also prevented lysis (Ingram, 1981). The reason fol the dependence

of these treatments on the growth-phase of the bacteria is unlikely to be due to the

composition of the cell wall. The cell wall does change with the growth-phase of the
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bacteria (the structural component, peptidoglycan has been shown to increase from a two

to three layer structure to a four to five layer structure when passing from exponential to

stationary-phase growth (I-educ et al., 1989)), and does effect mechanical disruption

(Middelberg et al., 1992). Autolysis, however, usually requires active synthesis of the cell

wall. It is the weakening of the growing cell wall structure that causes the lysis.

Treatment with urea and EDTA is not so subtle. Urea and EDTA directly compromise the

integrity of the inner and outer membrane components of the cell wall. This process is

independant of the bacterial growth rate.

The choice of buffer had no significant effect on protein release in this experiment. Tris

buffer has been shown to increase the outer membrane permeability of E. coil although this

phenomenon was minimal at a Tris concentration of 0.i M (Irvine et aI., 1981). This

suggests that buffer selection can be made on economic grounds.

Variables that were not tested in this experiment such as cell concentration, pH, and redox

potential will need to be tested and optimised prior to this technique's commercial

application.
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Table2.2 Statistical analysis of the multifactorial experiment. Abbreviations are Df
Degrees of freedom, Pr (F) Probability of similarity.

Df Sum of Squares Pr (F)

*x-highly significant

Urea

EDTA

Buffer

Time

Growth Phase

Total

ôJ

I

1

1

1

266.6

262.9

0.9

6.2

19.0

610

< 0.001*+

< 0.001**

0. i86

< 0.001*+

0.086

Table 2.3 Minor, significant interactions in the multifactorial experiment.

Abbreviations are Df Degrees of freedom, Pr (F) Probability of similarity.

Df Sum of Squares Pr (F)

Urea: EDTA

Urea:Time

EDTA:Time

J

J

I

8.3

2.8

0.9

0.003

0.006

0.049
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Table 2.4 Fitted mean values of percentage protein release from logarithmic-phase

cells at the tested urea and EDTA concentrations.

Time

(min)

0MUrea 2MUrea 4MUrea 6MUrea

0 mM EDTA

3 mM EDTA

30

90

2.0 5.0 15.5 44.8

3.0 1.6 22.3 56.8

30

90

14.8 68.9 83.0 100.7

2r.3 19.3 90.8 r 03.6

Table 2.5 Fitted mean values of percentage protein release from stationary-phase cells

at the tested urea and EDTA concentrations.

Time

(min)

0MUrea 2MUrea 4MUrea 6MUrea

0 mM EDTA

3 mM EDTA

30

90

1.0 2.4 1.8 26.6

r.4 3.1 I 1.6 36.4

30

90

1.4 48. r 64.9 92.3

11.0 60.1 75.8 97.1
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2.4 Interaction between EDTA and urea

Both urea and EDTA concentration were shown to be the most important factors affecting

protein release from treated cells in section 2.3. The interaction between urea and EDTA

was significant. This section presents a more detailed study of the effect of EDTA and

urea on protein release. EDTA concentrations between 0.001 and 3 mM, and urea

concentrations between 0 and 6 M, were used to permeabilise the cells. The amounts of

the chemical reagents required to permeabilise the cells directly affects the cost of the

procedure.

2.4.1 Method

Test solutions were prepared for every combination of the following urea and EDTA

concentrations: 0, 0.5, 1.0, 2.O,4.0, and 6.0 M urea; and 0.01, 0.03, 0.1, 0.3, 1.0, and 3.0

mM EDTA (36 test solutions total). All test solutions were buffered with 0.1 M Tris and

adjusted to pH 9.0 using conc. HCl. The negative control was PBS (Appendix B3). Each

test solution (4.75 mL) was held in a 25 rnL MacCartney bottle. E. coli used in this

experiment were stationary phase and originated from a single fermentation run (Appenclix

Cl). The E. coLi sample (0.25 mL) was added to each test solution that was then agitated

in a shaking water bath at 31"C. Reactions twere sampled at 30 min.

Samples were analysed for total protein release into the extracellular phase (Appendix A3).

The I007o protein release value was determined using untreated cells passed three times

tlilough an APV-Gaulin homogeniser at 56 MPa with debris removed by centrifugation at

10,000 xg for 15 min prior to protein estimation. All data for chemical release

expetiments are expressed as a percentage of the protein released by mechanical

disruption.
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2.4.2 Results and Discussion

Results for protein release from E coli cells treated with various urea and EDTA

concentrations are shown in Figure 2.7.

As indicated by the multifactorial experiment, the interaction between urea and EDTA is

not simple. The curve for protein release against urea concentration is non-linear for both

low (0 to 0.03 mM) and high (greater than 0.1 mM) EDTA concentrarions. The

relationship between protein release and urea concentration is also different for low and

high EDTA concentrations. At low EDTA concentrations the protein release is low until

high urea concentrations (4 and 6 M) are used; however at high EDTA concentrations the

lower urea concentrations (0.5 to 2 M) do stimulate protein release.

Maximum levels of protein release were achieved at a urea concentration of 6 M in the

presence of greater than 0.1 mM EDTA. This demonstrates that the EDTA concentration

in the previous sections was in excess by 30 fold and that excess EDTA does not play any

further role in permeabilisation.
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Figure 2.7 Protein release from chemically treated stationary-phase E. coli at a range

of urea and EDTA concentrations. The treatment groups contained urea (0, 0.5, 1, 2,4, or

6 M), EDTA (0, 0.01,0.03,0.1,0.3, 1, or 3 mM),0.1 M Tris, pH 9.0, and operated at3l"C

for 90 min.
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2.5 Kinetics of protein release

Reaction time is an important consideration when assessing a technique's suitability for

application to commercial processes, especially where a product is unstable or where

process delay causes an economic penalty. In the multifactorial experiment, reaction times

of 30 and 90 min were used (see section 2.3). Analysis showed that these times

constituted a significant but small variable. In this study sample times as short as 1 min

were used to study this variable in greater depth.

2.5.1 Method

Test solutions were prepared containing 3 mM EDTA, 0.1 M Tris buffer, and 0, 2, 4, or 6

M urea. The pH was adjusted to 9.0 using conc. HCl. The negative control was PBS

(Appendix B3). Each test solution (4.15 mL) was held in a25 rnl- MacCartney bottle. E

coli used in this experiment were stationary phase and originated from a single

fermentation run (Appendix C1). The E. coli sample (0.25 mL) was added to each test

solution that was then agitated in a shaking water bath at 37"C. Reactions were sampled at

I,2, 5, 15, and 60 min. The PBS negative control sample provided the time zero value.

Samples were added to PBS (to give a 1:10 dilution) as described in Appendix 83. The

dilution effectively quenches the reaction. Urea and EDTA are diluted, isotonic conditions

are provided that reduce further lysis, and the salts constitute antichaotropic agents that

fr-rrther inhibit the action of urea.

Samples were analysed for total protein release into the extracellular phase (Appendix A3).

The l0O7o protein release value was determined using untreated cells passed three times

through an APV-Gaulin honogeniser at 56 MPa with debris removed by centrifugation at

10,000 xg for 15 min prior to protein estination. All data for chemical release

experiments are expressed as a percentage of the protein released by mechanical

disruption.
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Data were analysed using the Jandel Scientific Table CurverM 2D program, (AISN

Software) to fit a curve to the data, calculate the constants for the kinetic equation, and

conducted the statistical analysis.

2.5.2 Results and Discussion

The results for protein release against time are shown in Figure 2.8 along with the fitted

curve. The kinetics of protein release during chemical treatment are assumed to be first-

order. The fractional protein release at time t is given by equation (2.3),

Y =(YO-Y^u*)exp( -t/r) *Y.o* - (2.3)

where Y6 and Y,nu* are the initial and maximum fractional releases, respectively, and t is

the time constant.

Table2.6 Parameters for the equation describing protein release from stationary phase

E. coli cells treated with urea and EDTA.

Urea Conc. (M) Y 
^u* 

(Vo ) Yç¡ (7o) t (minutes)

0

2

4

6

15.4 + 0.6 8.2 + O.4 12.3 + 3.0

55+1 8.0 + 1.7 2.3 + 0.3

12+ r 6.6 + 2.6 2.6 + 0.3

t02+2 6.4 + 3.2 2.7 + 0.3

Regression results are shown in Table 2.6. The time constants (t) for the different urea

concentrations are very close, approximately 2.5 min. However, when no urea was present

the time constant increases to 12.3 min. Increasing the urea concentration clearly has a
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definite effect on the maximum protein release (as demonstrated in sections 2.3 and 2.4),

but did not have a major influence on the speed of reaction.
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Figure 2.8 Protein release from chemically treated stationary-phase E. coli against

time. The treatment groups contained urea (0, 2, 4, oÍ 6 M), 3 mM EDTA, 0.1 M Tris, pH

9.0, and operated at 3J"C for 90 min.

The reaction rate does not constitute a limitation on the use of this permeabilisation

technique in commercial applications. A treatment time (of approximately 30 min) to

t'elease cellular plotein compares favoulably with mechanical disruption, where the flow

rate tht'ough tire homogeniser causes a bottle-neck when large process volumes ale being

treated and multiple passes are required.

2 M UREA

O M UREA
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2.6 Conclusion

Chemical treatment of E. coli with a combination of urea (a chaotropic agent) and EDTA

(a chelating agent) is a potent method for the release of intracellular protein from both

logarithmic-phase and stationary-phase cells. The level of protein release achieved with

chemical treatment using 6 M urea and greater than 0.1 mM EDTA is comparable to that

achieved by high-pressure homogenisation. An important feature of this permeabilisation

technique is that it is applicable for both logarithmic and stationary cells. Many chemical

permeabilisation techniques have been limited in their application due to their dependence

on the growth phase of the bacteria.

The success of this chemical permeabilisation technique will be vely dependent on the

type of product being extracted from the bacteria. The presence of urea can be detlimental

when the native structure of macromolecule needs to be maintained. Urea's action as a

protein denaturant is well documented (Kamoun, 1988). Denaturation, however, is not of

concern during the extraction of most recombinant proteins from the cytoplasm of E. coti.

Recombinant proteins are usually not in their native configuration inside the E. coli cell,

and require denaturation and subsequent renaturation to attain a biologically-active

conformation. The presence of urea is often desirable during the processing of

recombinant proteins as it can maintain protein solubility especially at high protein

concentratrons.

The pulity of an extracted product will be effected by the technique used to extract it from

tlre E. coli cell. Extraction of soluble proteins from the cytoplasm of E. coLi using a

mechanical or chemical technique is unlikely to result in radically different levels of

ploduct purity. The chemical method could, however, result in the solubilisation of higher

levels of macromolecules associated with bacterial membrane. Extraction of insoluble

ploteins (including recombinant protein inclusion bodies) from the cytoplasm of E. coli ts

likely to a more complex process than that developed for soluble proteins. The role of the

chemical agents on cell permeabilisation and protein solubilisation needs to be

Chapter 2 Permeabilisation of Escherichia coli. 55



experimentally determined in each case before the suitability of the chemical extraction

technique is known.

The potential advantages of this chemical treatment are its simplicity, potential economic

benefits, and relative speed. The replacement of the high-pressure homogeniser or ball

mill with a stirred tank or plug-flow reactor can present economic advantages. The

chemical agents (urea and EDTA) are reasonably cheap and should not constitute a major

component in the overall costs associated with product recovery. The speed of the reaction

is also advantageous. In practice, chemical treatment should take a fraction of the time

required for mechanical disruption and is more amenable to continuous process

development. This will be of benefit where the disruption step constitutes a process

bottleneck.
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Cnnprrn 3

NONSBTnCIvE BxrrucTIoN or RncoMBINANT PnoTEIN

Summary

Chemical permeabilisation was applied to the extraction of the recombinant protein Long-

R3-IGF-I from intact E. coli cells. Treatment with the basic permeabilisation solution (6

M urea, 3 mM EDTA, 0.1 M T¡is at pH 9.0 developed in chapter 2) plus 20 mM of the

reducing agent dithiothreitol (DTT) proved effective at extracting the recombinant protein.

The kinetics of nonselective extraction of the recombinant protein was first-order with a

time constant of 3 min. Urea plays an important role in both permeabilisation of the cell

wall and dissolution of the inclusion body. Conversely, EDTA was only involved in cell

wall permeabilisation while DTT enhanced recombinant protein ext¡action. pH proved to

be important with lower levels of protein release achieved at low pH values (<9). An

increase in cell concentration had a minor effect on recombinant protein release and

caused an observable increase in viscosity.

Nonselective extraction recovered comparable levels of recombinant protein to that

achieved by conventional extraction (mechanical disruption followed by centrifugation).

However, the relative concentration of directly-extracted recombinant protein was low

(167o (w/w) of the total protein) due to contamination by bacterial cell components.
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3.1 Introduction

Recovery of recombinant proteins from the cytoplasmic inclusion bodies usually requires a

series of steps including cell disruption, separation of the insoluble inclusion bodies from

the soluble fraction, inclusion body washing, solubilisation of the inclusion bodies,

refolding, and purification of the protein (Fischer et al., 1993). Release of inclusion bodies

from the confines of the cell is usually achieved by mechanical disruption, using

equipment such as high-pressure homogenisers, bead mills, or sonicators (Middelberg,

1995). Inclusion bodies are then separated from the soluble host-cell components by

centrifugation or diafiltration. Further removal of the insoluble host-cell components can

be achieved using washing steps that can include the addition of various chemical agents

to solubilise any contaminating material. The inclusion body is then dissolved using

denaturants such as the chaotropic agents urea or guanidine hydrogen chloride. Reducing

agents such as dithiothreitol (DTT) or p-mercaptoethanol are often used to eliminate

intermolecular disulphide bonds when cysteine residues are present in the protein. The

resulting product is in a denatured state and requires refolding back to its native

configuration. Further purification steps are often necessary to meet final product

specifications.

Direct extraction of recombinant protein from intact cells is rarely reported. An exception

is the solubilisation of interferon-y inclusion bodies located in the host bacteria described

in US Patent 4,476,049. Guanidine hydrogen chloride was used to release the protein into

the extracellular phase (Kung, 1984). Details of the process such as the level of

contamination, the kinetics of release, and the role of the chemical agents are not given.

The research presented in this section adapts the permeabilisation technology (developed

in chapter 2) for the direct extraction of the recombinant protein Long-R3-IGF-I from

inclusion bodies located in the cytoplasm of E. coli. Long-R3-IGF-I is only detected in the

insoluble phase after homogenisation and separation by centrifugation as demonstrated by

HPLC and PAGE analysis (see Figure 4.12 for PAGE analysis), inclusion bodies are

visible using phase-contrast microscopy. The chemicals tested were the chaotropic agent

Chapter 3 Nonselective Extraction of Recornbinant Protein 58



urea, the chelating agent EDTA, and the reducing agent DTT. Urea is known to solubilise

Long-R3-IGF-I inclusion bodies in-vitro (Greenwood, et al., Igg4) and is involved in cell-

wall permeabilisation. EDTA aids permeabilisation of bacterial cell walls. DTT is known

to effect the dissolution of inclusion bodies that contain cysteine residues.

3.1.1 Research goals

The research presented in this chapter aims to:

discover a combination of chemical agents that can extract insoluble recombinant

protein from the cytoplasm of E. coli at levels similar to traditional procedures

(mechanical disruption, centrifugation, followed by in-vitro dissolution);

determine the role of the chemical and environmental parameters on in-situ dissolution;

a

a

a

a

establish the kinetics of in-situ dissolution;

determine the process yield and product purity.
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3.2 Role of the chemical agents

For in-situ dissolution to succeed, a series of reactions need to take place. The cell wall

barrier has to be permeabilised for the denaturant to diffuse to the inclusion body, the

inclusion body has to dissolve, and the solubilised protein has to diffuse into the

extracellular phase.

This section investigates the role of chemical agents in the extraction of the recombinant

protein Long-R3-IGF-I from inclusion bodies located in the cytoplasm of intact E. coli.

The chemical agents are the chaotropic agent urea, the chelating agent EDTA, and the

reducing agent DTT. Urea plus DTT has been shown to be effective at dissolving Long-

R3-IGF-I inclusion bodies already extracted from E. coli cells (Greenwoo d et al., lgg4).

Urea is also effective at permeabilising E. coli cell walls, a phenomenon that is enhanced

by the addition of EDTA (chapter 2). Combinations of these three chemical agents are

therefore tested for the extraction of Long-R3-IGF-I from inclusion bodies located in the

cytoplasm of intact E. coli.

Direct comparison of in-situ and in-vitro dissolution demonstrates the role of the chemical

agents in inclusion body solubilisation, as well as the permeabilisation- solubilisation

process. This procedure was used to study the roles of urea, EDTA, the reducing agent

DTT, and the protease inhibitor ZnClz on in-situ inclusion body dissolution.
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3.2.1 Method

3.z.L.IPartA

Test solutions were prepared containing each combination of the following: urea (0,2, 4,

or 6 M), EDTA (0 or 3 mM), DTT (0 or 20 mM), and 0.1 M Tris buffer. The pH was

adjusted to 9.0 using conc. HCl. A total of 16 combinations were examined. The test

solution (4.15 mL) was held in a 25 mL MacCartney bottle. E. coli used in this

experiment were induced for the expression of Long-R3-IGF-I which accumulated as

inclusion bodies in the host cytoplasm (Appendix C2). E. coli sample (0.25 mL) was

added to each test solution which was then agitated in a shaking incubator set at 37'C.

Test solutions were sampled at 30 min.

Samples were analysed for total protein release into the extracellular phase (Appendix A3)

and recombinant protein release into the extracellular phase (Appendix A4).

3.2.I.2 PaÉB

Test solutions were prepared containing 6 M urea, 20 mM DTT, and 0.1 M Tris buffer,

and the following additions: no addition, 3 mM EDTA, and 5 mM ZnCl2. The pH was

adjusted to 9 using conc. HCl. The test solution (4.75 mL) rvas held in a 25 mL

MacCartney bottle. E. coli and extracted inclusion bodies were used in this experiment.

Both were from E. coli induced for the expression of Long-R3-IGF-I which accumulated as

inclusion bodies in the host cytoplasm (Appendix C2 and C3). E. coli or inclusion body

extract (0.25 mL) were aclded to each test solution which was then agitated in a shaking

incubator set at 37"C. Test solutions were sampled at 30 min.

San-rples were analysed for total protein release into the extracellular phase (Appendix A3)

and recombinant protein release into the extracellular phase (Appendix A4).
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3.2.2 Results

3.2.2.1PartA

Combinations of the chemical agents urea, EDTA, and DTT were tested on E. coli

containing inclusion bodies of the recombinant protein Long-R3-IGF-I (as described in

section 3.2.I.1) and the total and recombinant protein levels in the extracellular phase

quantified. The results for total protein release are shown in Figure 3.1, and for

recombinant protein release in Figure 3.2.

Measurable quantities of the recombinant protein (Long-R3-IGF-D were released into the

exttacellular phase by chemical treatment. The presence of urea, EDTA, and DTT had a

positive effect on the levels of both recombinant and total protein released. Maximal

dissolution occurred in the presence of 6 M urea, 3 mM EDTA, and 20 mM DTT. This

tu'eatment released 73 mg/L Long-R3-tGF-I and 464 mE/I- total protein into the

extracellular phase. Recombinant protein constituted 167o (w/w) of the total protein in

solution.

The urea concentration directly affected the level of recombinant protein and total cellular

protein released into the extracellular phase (this phenomenon was consistent for all urea

treatments whether EDTA or EDTA and DTT were present). The presence of both DTT

and EDTA was important for maximising release of recombinant protein from the cell.

Removal of either EDTA and/or DTT resulted in a drop in the release of recombinant

protein and total cellular protein to the extracellular phase.
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Figure3.l Recombinant protein (Long-R3-IGF-I) release from E. coli containing

inclusion bodies following treatment with a combination of urea, DTT and EDTA in 0.1 M

Tris (pH 9.0) for 30 min at31"C. (Note 0 M urea released no Long-Rt-tCn-¡.
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Figure 3.2 Total protein release from E. coli containing recombinant protein inclusion

bodies following treatment with a combination of urea, DTT and EDTA in 0.1 M Tris (pH

9.0), for 30 min at31"C.
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3.2.2.2PartB

A comparison of the chemical treatment of inclusion bodies extracted from E. coli cells

(in-vitro dissolution) and inclusion bodies still located inside intact bacterial cells (in-situ

dissolution) is shown in Figure 3.3 (recombinant protein release) and Figure 3.4 (total

protein release).

The results demonstrate that treatment with the combination of 6 M urea, 3 mM EDTA,

and 20 mM DTT was as effective at solubilising Long-R3-IGF-I inclusion bodies while

still located inside the cell as it was at solubilising extracted inclusion bodies (Figure 3.3).

This indicates that direct extraction of recombinant protein from E. coli cells can be used

as a replacement for in-vitro inclusion body dissolution (after extraction using mechanical

disruption and centrifugation) without significant loss in the amount of product recovered.

The major difference between direct extraction from cells and in-vitro inclusion body

solubilisation was the purity of the end product (Table 3.1). The total protein released from

treated whole cells was significantly higher than that released from extracted inclusion

bodies (Figure 3.4). This is due to the separation of the inclusion bodies from the soluble

plrase by centrifugation for the in-vitro method.

Chemical treatment of intact cells without EDTA present released a significantly lower

level of both recombinant protein and total protein into the extracellular phase (Figures 3.3

and 3.4, respectively). Removal of EDTA, however, had no effect on the solubilisation of

extracted inclusion bodies. The presence of the protease inhibitor ZnCl2 had no significant

effect on inclusion body solubilisation whether in-vitro or in-situ (Figure 3.3). The

recombinant protein used in this trial Long-R3-IGF-I is therefore not obselvably

susceptible to degradation by ZnClz-inhtbited proteases (such as OmpT) under the

conditions used in this study. The level of OmpT coextraction can be critical to the

sLrccess or failure of ilany processes for the recovery of active recombinant proteins

(Grodberg and Dunn, 1988). Testing with a protease-susceptible protein is required to

evaluate differences between the two processes regarding the level of protease

coextraction.
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Figure 3.3 Comparison of the recombinant protein release (Long-R3-IGF-I) from

chemically-treated E. coli containing inclusion bodies (itt-situ solubilisation) and from

extracted Long-R3-IGF-I inclusion bodies (in-vitro solubilisation). All treatments

contained 6 M urea, 20 mM DTT, 0.1 M Tris (pH 9.0) and operated at37"C for 30 min.
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Figure 3.4 Comparison of the total protein release from chemically-treated E. coli

containing inclusion bodies (in-situ solubilisation) and from extracted Long-R3-IGF-I

inclusion bodies (in-vítro solubilisation). All treatments contained 6 M urea, 20 mM DTT,

0.1 M Tris (pH 9.0) and operated at3J"C for 30 min.
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Table 3.1 Comparison of in-situ dissolution with mechanical disruption followed by

in-vitro dissolution for the release of the recombinant protein (Long-R3-IGF-I) from

inclusion bodies.

Total Protein

(me[')

Recombinant

Protein (mg/L)

7o Recovery

(w/w)

Vo Relative

Concentration

(w/w)

ht-situ

dissolution

435 79+3 95 18

In-vitro

dissolution

t61 83+3 100 50

3.2.3 Discussion

The role of the chemical agents urea, EDTA, and DTT in extracting Long-R3-IGF-I from

intact E. coli cells can be discussed in light of the experimental results shown in Figures

3 .I , 3 .2, 3 .3 , and 3 .4 , and from the known properties of the chemicals.

EDTA is known to permeabilise the outer membrane of E. coli (Leive, 1974), and

enhances the action of urea in permeabilising both stationary and logarithmic phase cells

(chapter 2). The role EDTA plays in permeabilising the cell wall of intact bacteria is again

demonstrated by the enhanced levels of total protein release in the presence of EDTA.

However, it has little or no effect on protein release from extracted inclusion bodies

(treatments I and 2 in Figure 3.4). The presence of EDTA does allow access for

denaturant into the cell and enables solubilised protein to leave, but played no direct role in

solurbilising the inclLrsion body.

DTT is a reducing agent and is known to enhance the solubilisation of many inclusion

bodies afterextraction fromtheirbacterial hosts (Chang and Swartz,1993). This is dne to
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its ability to weaken disulphide bonds that arise due to air oxidation of the exposed

inclusion bodies. The experimental results shown in Figure 3.1 indicate that DTT plays a

significant role in the extraction of Long-R3-IGF-I from E. coli cells. DTT enhances the

level of Long-R3-IGF-I released into the extracellular phase by approximately 307o (it has

a lesser effect on total protein release from the cell, see Figure 3.2). The cytoplasm of an

E. coli cell is a reducing environment (Tuggle and Fuch, 1985) where disulphide bond

formation is unlikely. Disulphide bond formation could, however, take place due to air

oxidation of the protein on lysis of the cells. The presence of DTT prevents air oxidation

fì'om taking place. While intramolecular disulphide bond formation would be expected to

have little impact on Long-R3-IGF-I release, the formation of intermolecular bonds could

give rise to insoluble aggregate formation or stabilise already-present inclusion body

structures, and would directly reduce the levels of Long-Rt-IGF-t in the extracellular

phase.

The chaotropic agent urea plays a dual role in the release of Long-R3-IGF-I ftom E. coli

cells. Urea concentration plays an important role in the solubilisation of Long-Rt-IGF-I

inclusion bodies in-vitro (Greenwood et aJ., 1994). Urea has also been shown to play an

irnportant role in the permeabilisation of the E. coli cell wall (chapter 2). The levels of

recombinant protein and total protein release shown in Figures 3.1 and 3.2, respectively,

show that the proportion recombinant protein to total protein differs for the different

treatment combinations. Intermediate urea concenffations (2M) are moderately effective at

releasing total protein but are ineffective at releasing recombinant protein. This could be

due to urea's ability to permeabilise the cell wall at low concentrations, but it's inability to

dissolve the inclusion body. 2 M urea and 3 mM EDTA is capable of releasing 233 mg/L

total protein (5OVo of that released by 6 M urea, 3 mM EDTA, and 20 nrM DTT), while

only releasing 8 mg/L recombinant protein (Il7o of that released by 6 M urea, 3 mM

EDTA and 20 mM DTT). This indicates that urea's role is more complex than simply

perrneabilising the cell wall, and that its function in the solubilisation of the inclusion

bodies itt-siru is also inrportant.
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3.3 Role of pH

This experiment aims to determine the effect of pH on cell permeabilisation and

recombinant protein extraction from intact E. coli cells. Solution pH is a factor that has to

be taken into account when working with biological systems. The charge on

macromolecules comprising the bacterial cell wall and the inclusion bodies is dependant

on pH. This is likely to effect the cohesiveness of these structures.

3.3.1 Method

Test solutions were prepared containing 6 M urea, 3 mM EDTA, 0 or 20 mM DTT, with

0.1 M Tris buffer for pH 9, 8, and 7; and 0.1 M Acetic acid for pH 6, 5, and 4. The pH

was adjusted to 9, 8, and 7 using conc. HCl, and to 6, 5, and 4 using 2 M NaOH. The test

solution (4.75 rl:,L) was held in a 25 mL MacCartney bottles. The E coli used in this

experiment were induced for the expression of Long-R3-IGF-I which accumulated as

inclusion bodies in the host cytoplasm (Appendix C2). E. coli sample (0.25 mL) was

added to each test solution which was then agitated in a shaking incubator set at 31"C.

Reactions were sampled at 30 min.

Samples were analysed for total protein release into the extracellular phase (Appendix A3)

and recombinant protein release into the extracellular phase (Appendix A4).

3.3.2 Results and discussion

pH of the chernical treatment has a dramatic effect on both recombinant and total protein

release from treated cells (Figures 3.5 and 3.6, respectively). Reduction in the treatment

solution pH resulted in a decline in both recombinant and total protein release. At acidic

pH the treatment solution (6 M urea and 3 mM EDTA) has virtually no effect on the

permeability of the bacterial cell wall. Above pH 6 an increase in pH results in an increase

in the protein released. This release is further enhanced by the presence of the reducing

agent DTT.
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Detailed elucidation of the role pH on permeabilisation and inclusion body solubilisation

is limited in this study due to the experimental design. pH obviously plays a role in cell

wall permeabilisation, as total protein release is dramatically affected by the solution pH.

Why this effect happens is not demonstrated. The role of the charge of components of the

bacterial wall, or the effect of pH on the chemical permeabilising agents, could result in

the alteration of cell-wall permeabilisation.

The enhancement of both recombinant and total protein release from treated cells by DTT

is dependant on solution pH. While DTT shows little enhancement of total protein release

at pH 9.0 it does have a sizeable impact at pH 7.0 and 8.0. This increase in permeability

could be due to an increase in cell-wall permeability (possibly due to denaturation of the

protein component of the cell wall) or due to enhanced mobility of the cellular proteins

when in a reduced state.

Adjustment of the treatment pH below 9, did not enhance either the release of recombinant

protein nor the purity of the recombinant protein released into the extracellular phase.
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inclusion bodies as a function of pH. Treatment groups contained 6 M urea, 3 mM EDTA,

0 or 20 mM DTT, 0.1 M Tris (for pH between 7 and 9) or 0.1 M sodium acetate (for pH

between 4 and 6) buffer, and operated at37"C for 30 min.
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of pH. Treatment groups contained 6 M urea, 3 mM EDTA, 0 or 20 mM DTT, 0.1 M Tris
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3.4 Role of cell concentration

Experimental data shown in preceding sections were obtained using a cell concentration

with an absorbance reading at 600nm (Aoool) of 4. The cell concentration used during the

chemical treatment has a direct impact on process economics. It dictates the size of vessel

that can be used for the reaction, and the amount of the chemical reagents needed to

extract a given amount of product.

This experiment aims to study the role of cell concentration on release of recombinant

protein and total protein release from E. coli containing recombinant inclusion bodies,

usirig cell concentrations from 4666 of 4 to 20.

3.4.1 Methcd

Test solutions were prepared containing 6 M urea, 3 mM EDTA, 20 mM DTT, and 0.1 M

Tris buffer. The pH value was adjusted to 9 using conc. HCl. The test solution (4.15 mL)

was held tn a 25 mL MacCartney bottle . E. coli used in this experiment were induced for

the expression of Long-R3-IGF-I which accurnulated as inclusion bodies in the host

cytoplasm (Appendix C2). The cell pellet was resuspended in 0.1 M Tris buffer (pH 9.0).

The following volumes of cell concentrate were added to test solutions: 0.25, 0.375,0.5,

0.75,1.0,1.25 rnl- (with the total volume made up to 5 mL using 0.1 M Tris buffer). The

samples were then agitated in a shaking incubator set at 37"C. Reactions were sampled at

30 min.

Samples were analysed for total protein release into the extracellular phase (Appendix A3)

and for recombinant protein release into the extracellular phase (Appendix A4).
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3.4.2 Results and discussion

In this study the chemical extraction of Long-R3-IGF-I was carried out using cell

concentrations from A66s of 4 to 20. The increase in cell concentration had no measurable

impact on the proportion of total cell protein released per unit of cells (Figure 3.8).

Increased cell concentration did, however, have an impact on the release of recombinant

protein from the treated cells (Figure 3.7).

The reason for the decrease in the proportion of recombinant protein released into the

extracellular phase with increased cell concentration is not apparent. It is unlikely to be

due to EDTA limitation as previous studies have shown that this is in excess by about 30

fold (section2.5 of this thesis) and the fact that permeabilisation, as demonstrated by total

protein release, was unaffected. The level of urea available to enter the cells could be

reduced due to binding to the abundant protein in solution. This is possible though it has

not interfered with urea's ability to permeabilise the cell walls, as evidenced by the release

of total protein from the cells. A reduction of urea available for dissolution of the

inclusion bodies would decrease the levels of recombinant protein released into the

extracellular phase.

The increase in cell concentration caused a visually-detectable rise in viscosity of the test

solution. The increase in viscosity is probably due to a release of nucleic acid. Increases

in viscosity of the process solution can directly affect the operation of the chemical

extraction step through its effect on mixing and on subsequent steps such as centrifugation,

pumping, and tangential flow filtration. This problem could be resolved by mechanically

or enzymically breaking the causative polymers.

The results from this study indicate that increasing the cell concentration during chemical

extractiot-t without compromising performance is not a simple procedure. The qr-rantity of

the recotnbinant product will not always remain proportional to the amount of cells added.

The viscosity also has to be considered. The viscosity increase due to released DNA can

interfere with mixing during the extraction process and interfere with subsequent process

steps. Both these problems need to be resolved at higher cell concentrations.
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Figure 3.7 Recombinant protein (Long-R3-IGF-I) release from E coll containing

inclusion bodies at various cell concentrations (A600nm). Treatment groups contained 6

M urea, 3 mM EDTA, 0 or'20 mM DTT, 0.1 M Tris buffer (pH 9.0), and operated at 37'C

for 30 min.
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Figure 3.8 Total protein release from E. coli containing inclusion bodies at various cell

concentrations (A600nm). Treatment groups contained 6 M urea, 3 mM EDTA, 0 or 20

mM DTT, 0. I M Tris buffer (pH 9.0), and operated at 37"C for 30 min.
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3.5 Kinetics of total protein release and, in-situ dissolution

Reaction kinetics are an important consideration when assessing a technique's suitability

for application to commercial processes. The kinetics of cell permeabilisation containing

no recombinant inclusion bodies has already been investigated in section 2.6. The reaction

was described by a first-order equation (Table 2.6). Kinetics of in-situ dissolution,

however, is potentially more complex. For recombinant protein to be released from the E

coli cell the following events must occur:

cell-wall permeabilisation;

urea penetration of the cytoplasm;

inclusion body dissolution;

release of solubilised recombinant protein to the extracellular phase.

The presence of the inclusion body could interfere with the metabolic function of the cell.

This in turn could effect the composition and strength of the bacterial cell wall and thus

effect the kinetics of in-situ dissolution. Many chemical lysis methods do rely on cell

growth to be effective as they interfere with cell wall construction. This is unlikely to be a

major factor for this procedure as growth-phase is a minor factor affecting

permeabilisation of the cell wall (section 2.4 of this thesis).

3.5.1 Method

Test solutions were prepared containing 2,4, or 6 M urea, 3 mM EDTA, 20 mM DTT, and

0.1 M Tris buffer. The pH was adjusted to 9 using conc. HCl. The test solution (4.75 mL)

was held in a25 mL MacCartney bottle. E. coli used in this experiment were induced for

the expression of Long-R3-IGF-I, which accumulated as inclusion bodies in the host

cytoplasn (Appendix C2). E. coLi sample (0.25 mL) was added to each test solution that

was tlren agitated in a shaking incubator set at 37"C. Reactions were sarnpled al3,6,9,

12,15,40, 80, and 120 min.
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Samples were analysed for total protein release into the extracellular phase (Appendix A3)

and the recombinant protein release into the extracellular phase (Appendix A4).

3.5.2 Results and discussion

The release of recombinant protein and total protein against time during treatment with

urea, 3 mM EDTA,and20 mM DTT are shown in Figures 3.9 and 3.10, respectively.

The kinetics of protein release during chemical treatment can be described using equation

3.1, which is a simplified version of equation2.l used to describe permeabilisation (see

section 2.6):

C= C^, (1 -exp(-t/"c)) - (3. 1)

where C is the protein concentration in the extracellular phase, Crno* is the maximum

protein concentration into the extracellular phase, / is time, and t is the time constant.

The curves shown in Figures 3.9 and 3.10 were determined by regression to equation 3.1.

Parameters are shown in Table 3.2. Measurement of the concentrations of recombinant

and total protein in the extracellular phase of cell suspensions treated with urea, EDTA,

and DTT, indicates that this formula is satisfactory for describing the kinetics of

recombinant and total protein release. Treatment with 6 M urea, 3 mM EDTA, and 20

mM DTT quickly released recombinant and total protein into the extracellular phase, with

time constants (t) of 4.1 and 2.9 min, respectively. The time constants for the 2 and 4 M

urea treatments are significantly higher than the 6 M urea treatment. This phenomenon

differs from that observed for protein release from uninduced cells (section 2.6 of this

thesis), where the time constants were not significantly different. The presence of the

inclusion body (or the addition of DTT) could play a role in determining the kinetics of the

pfocess.

The short period of time taken for chemical extraction of recombinant protein from E. coli

cells is clearly advantageous as it minimises overall process time anüor unit size. This
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procedure has the potential to be significantly quicker to operate than conventional

homogenisation.

Table3.Z Parameters for equation 3.1 describing protein release from E. coli cells

containing Long-R3-IGF-I inclusion bodies treated with urea, 3 mM EDTA, and 20 mM

DTT (standard error is in brackets).

Recombinant Protein Total Protein

C,"* (mg/L) t (min) C,no^ (mglL) t (min)

6 M UREA 76.8 (1.1) 2.9 (0.3) 36s (e) 4.1(0.s)

4 M UREA 43.0 (r.4) 9.1(1.0) zee (7) 1s.e ( 1.1)

2 M UREA 22.8 (0.6) 27.r (2.r) 183 (5) 18.4 (1.5)
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Figure 3.9 Recombinant protein (Long-R3-IGF-I) release from ð. coll containing

inclusion bodies as a function of time. The treatment groups contained wea (2,4, or 6 M),

3 rnM EDTA, 20 mM DTT, 0.1 M Tris buffer (pH 9.0), and operated at 37"C.
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Figure 3.10 Total protein release from E. coli containing inclusion bodies as a function

of time. The treatment groups contained urea (2, 4, or 6 M), 3 mM EDTA, 20 mM DTT,

0. 1 M Tris buffer (pH 9.0), and operated at 37"C.
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3.6 Completion of extraction

This section aims to determine the proportions of recombinant protein (Long-R3-tCn-¡

and total protein that were released into the extracellular phase by nonselective extraction.

The kinetics of nonselective extraction showed that equilibrium was reached quite rapidly

and that after approximately 15 min no significant further protein release occurred. At

equiliblium, however, some protein probably remained associated with the bactelia either

as insoluble material or as soluble material still located within the cells.

In this experiment, cells were treated using the nonselective extraction procedure

developed in section 3.2 of this chapter. Nonselective extraction was then repeated on the

insoluble fraction remaining after the first application of the nonselective extraction

procedure. The insoluble fraction was resuspended by either vortex mixing or sonication

prior to retreatment. Sonication is likely to disrupt the already compromised bacterial cell

wall and thus facilitate the release of any entrapped material. An intermediate wash step

was used to ascertain the efficiency of separating the soluble and insoluble fractions by

centrifugation.

The first nonselective extraction step was conducted with and without the reducing agent

DTT present. This further tests the requirement for reducing agent to achieve maximal

recovery of recombinant protein.

3.6.1 Method

E. coli used in this experiment were induced for the expression of Long-R3-IGF-I which

accumulated as inclusion bodies in the host cytoplasm (Appendix C2). The reactions were

carried out in 20 mL centrifuge tubes agitated in a shaking incubator set at 37"C. The

standard solution used to trear the bacteria contained the following: 8 M urea, 4 mM

EDTA,0.l M Tris buffer, with or without 27 mM DTT. pH was adjusted to 9.0 using

conc. HCl.
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The treatments were divided into two groups depending on the presence of DTT in the first

stage of the treatment (groups A having 0 mM and group B 20 mM DTT).

The following treatments were conducted, with samples taken for analysis at the steps

indicated.

Treatment 1.

1. Commence nonselective extraction with the addition of 4.'75 mL of standard solution

(+/- DTT) for 30 min.

2. Centrifuge at 10,000 xg for i5 min.

3. Remove supernatant (sample collected).

4. Resuspend in L.25 mL of 0.1 M Tris.

5. Repeat nonselective extraction with the addition of 4.75 mL of standard solution

(+DTT) for 30 min.

6. Centrifuge at 10,000 xg for 15 min.

1. Remove supernatant (sample collected).

Treatment 2

L Commence nonselective extraction with the addition of 4.75 mL of standard solution

(+/- DTT) for 30 min.

2. Centrifuge at 10,000 xg for 15 min.

3. Remove supernatant (sample collected).

4. Resuspend in 2 mL of 0.1 M Tris and mix for 5 min.

5. Centrifuge at 10,000 xg for 15 min.

6. Remove supernatant (sample collected).

I . Resuspend in 1.25 mL of 0. I M Tris.

8. Repeat nonselective extraction with the addition of 4.75 nrl- of standard solution

(+DTT) for 30 min.

9. Centrifuge at 10,00C xg for 15 min.

10. Remove supernatant (sample collected).
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Treatment 3

1. Commence nonselective extraction with the addition of 4.75 mL of standard solution

(+/- DTT) for 30 min.

2. Centrifuge at 10,000 xg for 15 min.

3. Remove supernatant (sample collected).

4. Resuspend in 1.25 mL of 0.1 M Tris.

5. Homogenise with sonicator for 2 seconds.

6. Commence nonselective extraction with the addition of 4.75 mL of standard solution

(+DTT) for 30 min.

7. Centrifuge at 10,000 xg for 15 min.

8. Remove supernatant (sample collected).

Table 3.3 Strategies for the recovery of the Long-R3-IGF-I from E. coli cells (where

BPS is the basic permeabilisation solution consisting of 6 M urea, 3 mM

EDTA, and 0.1 M Tris at pH 9.0).

Samples were analysed for total protein and recombinant protein release into the

extracellular phase (Appendices A3 and 44, respectively).

First Stage Additional Treatment Second Stage

AI BPS BPS+20 mM DTT

A2 BPS additional wash step BPS+20 mM DTT

A3 BPS pellet resuspension by
sonication

BPS+20 mM DTT

B1 BPS+20 mM DTT BPS+20 mM DTT

B2 BPS+20 mM DTT additional wash step BPS+20 mM DTT

B3 BPS+20 mM DTT pellet resuspension by
sonication

BPS+20 mM DTT
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3.6.2 Results and Discussion

Figures 3.11 and 3.I2 present the results for repeated nonselective extraction.

Nonselective extraction with DTT present (treatments B I to 83) was effective at releasing

95+4Vo (w/w) of the recombinant protein from cells. This means that at equilibrium only a

small percentage of the protein was still associated with the insoluble fraction, either as

insoluble material or as soluble material located within the bacterial cell structure.

The presence of DTT in the extraction buffer enhanced the extraction of recombinant

protein from the bacteria, confirming the observations in section 3.2. It raised the

recombinant protein levels in the extracellular phase from 371+14 ltg to 433+13 Fg

(equivalent to l4 and 8'7 mgll-, respectively). The effect on total protein release was much

smaller, raising levels ftom 2l7O+16 pg to 2280+13 ¡rg (equivalent to 434 and 456 mgll-,

lespectively).

The addition of a wash step after nonselective extraction both with and without DTT

present (treatments A2 and B2) recovered little recombinant protein. Less than I7o (wlw)

of the recombinant protein and approximately 5Vo (w/w) of the total protein was recovered

by this step. It can be concluded that the separation of the soluble and insoluble fractions

by centrifugation was an effective procedure,

The use of sonication to disperse the pelleted insoluble fraction after the initial

nonselective extraction (treatments A3 and B3) had a significant effect on the release of

recombinant and total protein duling the repeat nonselective extraction. Sonication of the

insoluble fraction resulting from nonselective extraction without DTT present (treatment

A3) increased recombinant protein release from 42 to 75 pg and total protein from 272 to

575 pg during the repeat extraction. The effect was less pronounced when DTT was

present in the initial nonselective extraction. This is expected as nonselective extraction

with DTT present achieves a high extraction on the first stage. Sonication probably

disrupts any remaining cell wall structure and liberates the entrapped material.
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Figure 3.11 Recombinant protein release from E coli during repeated nonselective

extraction procedures. The treatment contained 6 M urea, 3 mM EDTA, 0.1 M Tris (pH

9.0), with 0 or 20 mM DTT (groups A and B, respectively), and operated at 37"C.

Treatment subgroups A2 and B2 included a wash step and treatment subgroups A3 and B3

included pellet resuspension by sonication, prior to the repeat nonselective extraction step.
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Figure 3.12 Total protein release from E. coli duúng repeated nonselective extraction

procedures. The treatment contained 6 M urea, 3 mM EDTA, 0.1 M Tris (pH 9.0), with 0

or 20 mM DTT (groups A and B, respectively), and operated at 3'7"C. Treatment

sr"tbgror-rps A2 and B2 included a wash step and treatment subgroups A3 and 83 included
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3.7 Conclusion

The use of a chemical treatment comprising 6 M urea, 3 mM EDTA, 20 mM DTT at pH

9.0 is effective for the extraction of the recombinant protein Long-R3-IGF-I from intact E.

coli cells. This process has a series of advantages and disadvantages that influence its

suitability for incorporation into manufacturing applications. As shown inTable 3.1, the

process compares favourably with the traditional approach (mechanical disruption,

centrifugation followedby in-vitro dissolution) in terms of recombinant protein recovery.

The purity of the end product is, however, significantly lower due to the presence of

endogenous host-cell proteins.

The lower purity is a significant draw back for the processing of many recombinant

products. The addition of extra chromatography steps into a process (to overcome the

poorer purity of the starting material) would add significantly to the overall process costs.

The extraction process for interferon-Ydescribed in USP 4,476,049, overcomes the lower

purity of the extraction product by the use of a highly-selective purification step (affinity

chromatography) in subsequent processing (Kung, 1984). Incorporation of a crude

purification step such as precipitation or aqueous two-phase extraction after the direct

extraction step could be utilised to raise the purity of the recombinant protein without

lendering the process uneconomic.

This technique could find direct application in the extraction of recombinant protein from

intact E. coli for analysis by techniques such as HPLC, PAGE, ELISA, and RIA. This

could be used fol monitoring recombinant protein expression levels during fermentation.

The benefits and shortcomings of this technology for the extraction of the recombinant

protein Long-R3-IGF-I have been illustrated. Application of this technology to other

reconbinant ploteins could result in different process characteristics. The requilements

for solubilisation of inclusion bodies are dependant on the specific protein and the culture

conditions, and will impact on the direct extraction process. Only after application of the
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technology described in this chapter to a wide range of recombinant proteins will the broad

applicability be proven.
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Summary

A novel selective extraction procedure was developed by modifying the nonselective

procedure described in chapter 3 that was used to extract the recombinant protein Long-

R3-IGF-I from intact E. coli cells. The selective extraction procedure consisted of two

stages. Both stages use the basic permeabilisation solution (6 M urea, 3 mM EDTA, 0.1

M Tris at pH 9.0) developed in chapter 2. In the first stage the cells are permeabilised

without release of the recombinant protein (Long-R3-IGF-I). This was achieved by the

addition of 2-hydroxyethyldisulphide (2-HEDS), a promoter of disulphide bond formation,

to the basic solution. This prevented solubilisation of the Long-R3-IGF-I while allowing

the release of the soluble cytoplasmic protein. The soluble fraction was discarded after

centrifugation and the Long-R3-IGF-I was then solubilised by the addition of

pelmeabilisation solution containing dithiothreitol (DTT). This breaks the disulphide

bonds and frees the protein. The 2-HEDS concentration must exceed 10 mM during the

first stage for maximal retention of the Long-R3-IGF-I in the insoluble fraction. Effective

resuspension of the insoluble pellet is important for maximal release of Long-R'-IGF-I

into the extracellular phase during the second stage.

The selective extraction procedure recovered. 837o (w/w) of Long-Rt-IGF-I with 467o

(w/w) purity (results comparable to conventional extraction). Conventionally and

selectively extracted material differed in their protein profile, as illustrated by PAGE

analysis. Reduced contamination by outer-membrane components was apparent for the

selective techniq r"re.

Chapter 4 Selective Extraction of Recolnbinant Protein 9l



4.1 Introduction

Selective release of recombinant protein from its bacterial host provides an obvious

advantage over a non-selective release process such as that described in the previous

chapter. The purity of the starting material entering downstream processing can affect

purification costs as it dictates the number purification steps required, the cost of chemical

reagents, and the total process time.

The traditional strategy for recombinant protein recovery provides a degree of selectivity,

as its sepalates inclusion bodies from the bulk of the host cell components using

centrifugation. The recovery does result in the coextraction of some contaminants from

the host bacteria. Contaminants include components of the inclusion body, materials that

adhere to the surface of the inclusion body, and cell debris that cosediments with the

inclusion body preparation. The contaminants of most concern that commonly coextract

with inclusion bodies include the outer-membrane components, including a protease that

can degrade many recombinant products (OmpT), and the endotoxin lipopolysaccharide.

Protein and lipopolysaccharide contaminants are not desirable in parenteral recombinant

protein therapeutic products. The level of the adhering and the cosedimenting

contaminants can be reduced by the incorporation of a washing steps prior to inclusion

body solubilisation. Plocesses that rely on multiple washing steps to remove key

contaninants can prove awkward to implement cost-effectively at commercial scale.

An alternative to this traditional approach is the recovery of recombinant protein that has

accumulated in the bacterial periplasmic space. Secretion of the product into the

periplasm is possible where the gene for the protein of interest is ligated to an endogenous

secretion signal sequence. A degree of selectivity in the recovery process is possible as

periplasn'ric material can be recovered without contamination by the cytoplasmic contents.

Tl-ris approach h¿rs been applied to the extraction of IGF-I from E. coli (Harf- et al., 1994).

The construct was designed so the recombinant IGF-I was secreted to the bacterial

periplasm. Chemical i.n-situ solubilisation was applied to the periplasmic inclusion bodies,

and aqueous two-phase extraction was used to purify the resulting solution.
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In-situ cytoplasmic inclusion body dissolution as described in chapter 3 of this thesis is a

non-selective procedure. The purity of recombinant protein in the resulting in-situ

solubilisation solution is low compared with that achieved using the traditional extraction

processes. The research detailed in this section describes the modification of in-situ

solubilisation to provide selectivity to the procedure. This improves the purity of the

recombinant protein extracted from the cells.

4.lJ Research goals

The research presented in this chapter aims to:

develop a technique that stabilises cytoplasmic inclusion bodies while permitting cell

wall permeabilisation and the release of soluble cell components;

. develop a technique for releasing the recombinant protein from the stabilised inclusion

bodies as monomeric protein;

o determine the lole of the chemicals on inclusion body stabilisation;

¡ develop a selective release procedure for the extraction of Long-Rt-IGF-I fi'orn the

cytoplasm of E. coli and determine the process yield and the product purity.
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4.2 Development of a two-stage extraction procedure

This study investigated various modifications of the in-situ inclusion body solubilisation

procedure to achieve selective release of the recombinant product. Modification of the

levels of urea, EDTA, DTT, and pH (described in chapter 3) failed to provide any

significant increase in purity of the extracted recombinant protein.

A two-stage chemical extraction procedure is proposed for the selective release of the

recombinant protein. During the first stage permeabilisation of the bacteria is

accomplished without solubilisation of the recombinant inclusion body (releasing the host

cell protein into the aqueous phase). Selectivity is achieved by separating the insoluble

and soluble fractions using a procedure such as centrifugation. During the second stage,

the inclusion bodies are solubilised to release the recombinant protein into the aqueous

phase.

To achieve cell wall permeabilisation without inclusion body solubilisation, the following

stratagem was employed. Chemicals known to promote disulphide bond formation where

added to the permeabilisation buffer. During treatment the formation of intermolecular

(rather than intramolecular) disulphide bonds would be favoured due to the high

recombinant protein concentration within the cell (whether as inclusion bodies or recently-

solubilised material). This would result in either stabilised inclusion bodies or the

formation of insoluble aggregates that could be separated from the soluble fraction by

centrifugation.

Disulphide bonds are easily broken by the addition of a reducing agent, providing a sirnple

procedure for the solubilisation of recombinant protein during the second stage.

The fbrmation of disulphide bonds is a common feature in the renaturation (or refolding)

of proteins and several methods of promoting disulphide bond formation have been used.

In renaturation of a protein the aim is to achieve collect intramolecular disulphide
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bonding. The following promoters of disulphide bond formation were considered as they

are represent different approaches for the renaturation of proteins:

I Air-oxidation in the presence of Cu2* catalyst (Ahmed et al., 1975);

2. Mild oxidising agent dehydroascorbic acid (Steiner and Clark, 1968);

3. Disulphide reagent 2-hydroxyethyldisulphide (2-HEDS) (King er al., 1992)

Air oxidation is a widely-used method for the renaturation of thiol-containing ploteins.

The reduced cysteine residues are oxidised by oxygen to form disulphide bonds. The

presence of the catalyst Cu2* enhances the air-oxidation of many proteins, including RNase

(Ahmed et al., ß15). Cu2* concentrations of 0.1 to 1 pM were shown to be effective.

Cu2*-catalysed air oxidation is, however, a slow and low yielding method when used to

refold some proteins. It is also incompatible with the use of EDTA in the lysis buffer

developed in Chapter 3.

The mild oxidising agent dehydroascorbic acid is used as an alternative to oxygen to

oxidise the reduced cysteine residues. This technique is an unconventional method of

refolding proteins that has been used in the renaturation of rat proinsulin (Steiner and

Clark, 1968). Renaturation of rat proinsulin was achieved using 1 mM dehydroascorbic

acid.

Disulphide reagents are commonly used in the renaturation of many recombinant proteins.

Usually they are used in conjunction with the reduced form of the reagent where they aid

in facilitating thiol-disulphide exchange. The refolding of IGF-I and its analogues has

been successfully achieved using 2-HEDS in the presence of its reduced folm (B-

nrercaptoethanol) (King et al., 1992). The concentration of 2-HEDS used to refold the

IGF-I's was 0.1 mM. Later refolding strategies for Long-R3-IGF-I used I mM 2-HEDS

with only trace quantities of the reducing agent DTT (Greenwood et al., 1994).
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Alternative reagents for disulphide bond formation that were not tested include air

oxidation with Co2* catalyst, the disulphide reagents oxidised glutathione and cysteine

(either alone or in combination with their reduced form), Na-tetrathionate, and possibly

other mild oxidising agents. These reagents could be effective at stabilising the

recombinant protein within the bacterial cytoplasm by promoting disulphide bond

formation, and are worthy of consideration if no success was achieved using the stated

chemicals for a given protein.

4.2.1 Method

The method screened for use in the selective extraction of Long-R3-IGF-I was comprised

of two stages. The first was a general protein release step, and the second a recombinant

protein release step.

The test solutions tested for the first stage contained the following: 6 M urea, 3 mM

EDTA, and 0,1 M Tris buffer, plus for treatment A, 2-HEDS, (0, 5, 10, 20, 50 mM);

treatment B, 5 ¡rM Cu2* 10, 0.5, I.5, 3, 5 pM) and no EDTA, and treatment C,

dehydroascorbic acid (0, 5, 10, 20, 50 mM). The pH was adjusted to 9.0 using conc. HCl.

The test solution (4.75 mL) was held ina25 mLMacCartney bottle. E. coli used in this

experiment wele induced for the expression of Long-R'-IGF-I which accumulated as

inclusion bodies in the host cytoplasm (Appendix C2). E. coli sample (0.25 mL) was

added to each test solution which was then agitated in a shaking incubator set at 37"C.

Reactions continued for 30 min. The test solution was centrifuged at 10,000 xg for 15 min

and the supernatant removed from the pellet.

In the second stage the pellet was suspended in 5 mL of 6 M urea, 3 mM EDTA, 20 mM

DTT, and 0.1 M Tris. The pH value was adjusted to 9.0 using conc. HCl. The centlifuge

tubes containing the solution were agitated in a shaking incubator set at 37"C. Reactions

continued for 30 min. The test solution was centrifuged at 10,000 xg for 15 min and the

supernatant removed from the pellet.
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Supernatant samples were analysed for total protein release into the extracellular phase

(Appendix A3) and recombinant protein release into the extracellular phase (Appendix

A4).

4.2.2 Results and Discussion

4.2.2.I4ir-oxidation in the presence of Cu2* cataþt

E. coli cells were treated with disruption buffer (minus EDTA) plus the Cu2+ catalyst (in

the first stage) and with disruption buffer plus DTT (in the second stage). The

recombinant and total protein release during the each stage is shown in Figures 4.1 and

4.2, respectively.

The presence of Cu2* catalyst to enhance the air oxidation of cysteine residues had littte

effect on the levels of either Long-R3-IGF-I or total protein released into the extracellular

phase during the first stage of treatment. There is no evidence of any stabilisation of the

inclusion bodies by disulphide bond formation. Air oxidation is often slow at producing

disulphide bonds in recombinant proteins (De-Bernardez and Georgiou, 1991). It is

possible that solubilisation of the recombinant protein is much faster than the formation of

intermolecular disulphide bonds by this procedure. The Cu2*-catalytic air oxidation

process had too little time to operate in a measurable manner. The lack of EDTA could

also have reduced the effectiveness of cell-wall permeabilisation sufficientl¡r, thus

minimising the entry of the catalyst into the bacterial cytoplasm.

The lack of inclusion body stabilisation due to intermolecular disulphide bond folmation

rvas confirmed duling the second stage of the process as there was no significant

difference in the level of Long-R3-IGF-I released between treatments with and without the

Cu2* catalyst. Total protein levels were slightly different, but this result is not relevant to

this project.
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Figure 4.1 Recombinant protein release from E coli during the first stage and second

stage of the selective release trial using the catalyst Cu2* as a promoter of disulphide bond

formation in the first stage. The treatment groups contained CuSOa (0,0.5, 1.5,3, or 5

¡rM) during the first stage, and 20 mM DTT and 3 mM EDTA during the second stage.

Both stages included 6 M urea,0.1 M Tris, and operated at37"C for 30 min.
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Figure 4.2 Total protein release from E coli duríng the first stage and second stage of

the selective release trial using the catalyst Cu2* as a promoter of disulphide bond

folmation in the first stage. The treatment groups contained CuSO¿ (0,0.5, 1.5,3, or 5

¡tM) ctuLing the first stage, and 20 mM DTT and 3 mM EDTA during the second stage.

Both stages included 6 M urea,0.1 M Tris, and operated at3J"C for 30 min.
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4.2.2.2 Dehydroascorbic acid

E. coli cells were treated with disruption buffer plus the mild oxidising agent

dehydroascorbic acid (DHA) (in the first stage) and with disruption buffer plus DTT (in

the second stage). Recombinant and total protein release during each stage is shown in

Figures 4.3 and 4.4, respectively.

During the first stage of treatment DHA resulted in a significant reduction in the level of

recombinant protein released into the extracellular phase. At DHA concentrations of 5,

10, and 20 mM a significant reduction in recombinant protein release was achieved

without any reduction in total protein release. The reduction in recombinant protein release

with no reduction in total protein release implies that a proportion of the material in the

inclusion body is not being released from the E. coli cells. 50 mM DHA, however,

reduced both recombinant and total protein release. This could be due to interference with

permeabilisation of the cell, or the precipitation of both recombinant and cellular proteins.

During the second stage of the treatment the reducing agent DTT was not successful at

releasing the recombinant protein into its soluble monomeric form. The inability of this

procedure to solubilise the recombinant protein implies that it was not stabilised by the

formation of intermolecular disulphide bond formation. The recombinant protein

insolubility is possibly due to protein precipitation. The technique could be used in a

selective release procedure if a suitable procedure for resolubilisation of the protein is

discovered.
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Figure 4.3 Recombinant protein release from E. coli during the first stage and second

stage of the selective release trial using the mild oxidising agent dehydroascorbic acid

(DHA) as a promoter of disulphide bond formation in the first stage. The treatment groups

contained DHA (0, 5, 10, 20, or 50 mM) during the first stage and 20 mM DTT during the

second stage. Both stages included 6 M urea,3 mM EDTA,0.1 M Tris, and operated at

31"C for 30 n-rin.

70

160
èt
E

E50o
o
Ë40
c
(ú
c'õ 30
Eoo
#20

10

0

Chapter 4 Selective Extraction of Recombinant Protein r0l



400

350

300

250

200

J
o)
E
c'õ
o
È
(ú

ot-
150

E 1st Stage

E 2nd Stage

05102050
Dehydroascorbic Acid Concentration i n

Stage 1 (mM)

Figure 4.4 Total protein release from E. coli during the first stage and second stage of

the selective release trial using the mild oxidising agent dehydroascorbic acid (DHA) as a

promoter of disulphide bond formation in the first stage. The treatment groups contained

DHA (0, 5, 10, 20, or 50 mM) during the first stage and 20 mM DTT during the second

stage. Both stages included 6 M urea, 3 mM EDTA, 0.1 M Tris, and operated at 37"C for

30 min.
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4.2.2.3 2-hydroxyethyldisulphide

E. coli cells were treated with disruption buffer plus the disulphide reagent 2-

hydroxyethyldisulphide (2-HEDS) (in the first stage) and with disruption buffer plus DTT

(in the second stage). The recombinant and total protein release during each stage is

shown in Figures 4.5 and 4.6, respectively.

During the first stage of treatment 2-HEDS resulted in a significant reduction in the level

of recombinant protein released into the extracellular phase. 2-HEDS treatment caused

only a minor reduction in the levels of total cellular protein release. It did not interfere

with cell wall permeabilisation, but did maintain the recombinant protein in the insoluble

fraction.

The treatment of the insoluble fraction with disruption buffer plus the reducing agent DTT

resulted in the release of a considerable proportion of monomeric recombinant protein into

the extracellular phase (as demonstrated in Figure 4.5). The evidence indicates that the

presence of 2-HEDS in the disruption buffer does result in the formation of intermolecular

disulphide bonds which are readily broken by the addition of reducing agent. This

treatment shows much promise as a method of stabilising recombinant protein inclusion

bodies during the first stage of a selective release procedure.

The levels of recombinant protein and total protein in solution after the second stage of the

treatment with l0 mM 2-HEDS were 60 mg/L and 130 mg/L, respectively. The purity of

this nraterial was 46Vo (w/w) and the overall recovery was J57o (w/w). The purity of

material released by treatment of the E. coli cells with disruption buffer containing 20 mM

DTT was l87o (w/w). The resulting improvement in purity resulting from this selective

release procedure was 2.6 fold.
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Figure 4.5 Recombinant protein release from E. coli during the first stage and second

stage of the selective release trial using the disulphide reagent 2-hydroxyethyldisulphide

(2-HEDS) as a promoter of disulphide bond formation in the first stage. The treatment

groups contained 2-HEDS (0, 5, 10, 20, or 50 mM) during the first stage and 20 mM DTT

dr-rring the second stage. Both stages included 6 M urea, 3 mM EDTA, 0.I M Tris, and

operated at37"C for 30 min
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Figure 4.6 Total protein release from E coli during the first stage and second stage of

the selective release trial using the disulphide reagent 2-hydroxyethyldisulphide (2-HEDS)

as a promoter of disulphide bond formation in the first stage. The treatment groups

contained 2- HEDS (0, 5, 10, 20, or 50 mM) during the first stage and 20 mM DTT during

the second stage. Both stages included 6 M urea, 3 mM EDTA,0.l M Tris, and operated

ar"37"C for 30 min.
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4.2.3 Conclusion

2-HEDS proved to be the most promising promoter of disulphide bond formation that was

tested for the stabilisation of recombinant protein inclusion bodies in-vivo (Table 4.1). 2-

HEDS is known to promote intramolecular disulphide bond formation in Long-R3-IGF-I

during the renaturation of this protein (King et al., 1992). The results of this experiment

indicate that 2-HEDS promotes intermolecular disulphide bond formation at the high

Long-R3-IGF-I concentrations found within the E. coll cytoplasm. Stabilisation by

intermolecular disulphide linkage is a promising method of retaining recombinant protein

in the insoluble fraction, as the disulphide bond can be subsequently eliminated by the

simple addition of a reducing agent, thus allowing easy recovery of the product.

Table 4.1 Comparison of the two-stage procedures tested using the different

treatments to promote disulphide bond formation.

1st Stage 2nd Stage

Disulphide bond

promoter

Total Protein

(mg/L)

Rec. Protein

(mg/L)

Total Protein

(mg/L)

Rec. Protein

(mg/L)

None

cu2* i5pM;

DHA (20 niM)

2HEDS (5ntM)

393

350

383

324

61

53

34

I2

6l

8l

93

150

11

t9

ll

60
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4.3 Modification of the fîrst stage

The disulphide reagent 2-HEDS was able to limit the release of the recombinant protein

Long-R3-IGF-I during the permeabilisation of E. coli. Addition of DTT was able to

subsequently release the recombinant protein into the aqueous-phase (see section 4.2). To

develop this into a selective release method the impact of the 2-HEDS concentration on

tlie stabilisation of recombinant protein must be quantified. This variable could have an

effect on product purity and recovery.

4.3.1 Method

Two experiments were conducted to cover the wide range of 2-HEDS concentrations used

in this experiment.

First experiment

The test solutions used for the first stage contained the following: 6 M urea, 3 mM EDTA,

0.1 M Tris buffer, plus the following concentrations of 2-HEDS (1 pM, 3 pM, 10 pM, 30

¡rM, 100 pM, 300 pM, 1 mM, 3 mM, or 10 mM). pH was adjusted to 9.0 using conc. HCl.

The test solution (4.15 mL) was held in a 25 mL MacCartney bottle. E. coli used in this

experiment were induced for the expression of Long-R3-IGF-I which accumulated as

inclusion bodies in the host cytoplasm (Appendix C2). E. coli sample (0.25 mL) was

added to each test solution which was then agitated in a shaking incubator set at 37"C.

Reactions continued for 30 min. The test solution was centrifuged at 10,000 xg for i5 min

and the supernatant removed from the pellet.

Li the second stage the pellet was suspended in 5 mL of 6 M urea, 3 mM EDTA, 20 mM

DTT, and 0.1 M Tris. The pH was adjusted to 9.0 using conc. HCl. The centrifuge tubes

containing the solution were agitated in a shaking incubator set al 37"C. Reactions
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continued for 30 min. The test solution was centrifuged at 10,000 xg for 15 min and the

supernatant removed from the pellet.

Supernatant samples were analysed for total protein release into the extracellular phase

(Appendix A3) and recombinant protein release into the extracellular phase (Appendix

A4).

Second experiment.

Differs from the first experiment in that different 2-HEDS concentrations were used for

the first stage (300 pM, I mM, 3 mM, 6 mM, 10 mM, 15 mM, 20 mM, 25 mM, or 30

rnM).

4.3.2 Results and Discussion

The levels of reconrbinant and total protein released during the first and second stages of

the extraction procedure are clearly affected by the concentration of 2-HEDS present

during the first stage of the procedure.

The plesence of 2-HEDS had the desired negative effect on the level of Long-R3-IGF-I

released from the permeabilised cells in the first stage (Figure 4.1). 2-HEDS

concentrations greater than 15 mM had no additional effect on the reduction of Long-R3-

IGF-I release. Between 0.1 and 15 mM 2-HEDS concentration, additional reagent further

reduced Long-R3-IGF-I release. With a 2-HEDS concentration of less than 0.1 mM, the

reagent had no measurable effect.

Long-Rr-IGF-I release during the second stage of the extraction process was enhanced by

tlie addition of 2-HEDS during the first stage. Figure 4.8 shows Long-R3-IGF-I release

during the second stage, along with a fitted line for the level of Long-R3-IGF-I expected

assuming complete recovery of the insoluble material (determined using the values for the

first stage of the process). The results for Long-R3-IGF-I release are variable between
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treatment groups and do not match the levels of Long-R3-IGF-I release expected assuming

complete release of the material stabilised during the first stage. The incomplete recovery

is possibly due to the difficulty in effectively resuspending the insoluble material after the

centrifugation step. The resultant poor mixing during the second step might reduce the

effectiveness of solubilisation. The presence of strands of nucleic acid in the insoluble

material probably stabilises the pelleted material and makes resuspension difficult.

Total protein release during the first stage is shown in Figure 4.9. The 2-HEDS

concentration during the first stage of the procedure only had a minor impact on total

protein release. The minor effect is possibly due to recombinant protein retention during

the first stage ofthe process.

The process as it stands does not recover all of the Long-R'-IGF-I that should be available

for solubilisation during the second stage of the process (determined by mechanical

disruption). The Long-R3-IGF-I concentrations recovered during the second stage were

also highly variable. The recovery and relative concentration of Long-R3-IGF-I (as a

percentage of total protein) were calculated and compared to the maximum expected

values (assuming complete solubilisation of the stabilised Long-R3-IGF-I during the

second stage of the procedure). The results from the second stage of the selective release

procedure are shown inTable 4.2. Of the Long-R3-IGF-I present in the E. coli celll4Vo

(w/w) is available for recovery following optimisation of the second stage of the

procedure. The figures also show that an appreciable purification of the reconbinant

protein is achieved during the procedure (improving from approximately lSVo to 5IVo

(w/w) of the total protein). The purification of the product using this procedure matches

Ievels commonly reached using traditional recovery processes (Table 3.1).

Optimisation of the second stage of the procedure to achieve recovery levels closer to the

maximum possible is important.
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Table 4.2 Actual and theoretical recombinant protein purity (expressed as relative

concentration) and recovery levels from the second stage ofthe selective release process.

2-HEDS

Concentration in

Stage I

(mM)

Relative Concentration of

Recombinant Protein in

Extracellular Phase after

Stage 2.

(Vo w/w)

Recovery of Recombinant

Protein in Extracellular

Phase after Stage 2.

(Vo w/w)

Actual* Availablexx Actual* Available**

0 14 L4 l0 10

0.1 28 25 30 39

1.0 32 52 35 5l

3.0 51 62 51 69

10 38 6l 42 74

30 51 67 57 14

* Actual release after stage 2.

dr:F Maximurn possible based on stage I results (i.e., total Long-R'-tGF-t extracted using nonselective

extraction less tl.re amount extracted at the stated 2-HEDS concentr-ation.
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4.4 Refünement of the second stage

The research detailed in section 4.3 demonstrated that the addition of 10 mM or more 2-

HEDS during the first stage resulted in maximal Long-R3-IGF-I released during the second

stage. The levels of Long-R'-IGF-I released during the second stage were, however,

variable and the recovery was incomplete. To improve the selective extraction procedure

the recovely of Long-Rt-IGF-I during the second stage must be maximised.

The research detailed in this section attempts to maximise Long-R'-IGF-I release during

the second stage of the extraction process. The following modifications were tested to

determine whether they improved the recovery of the retained recombinant protein.

Resuspension of the insoluble pellet was conducted using the relatively mild vortex

mixing and by the more vigorous action of a sonicator. Improvement in pellet dispersion

will presumably aid mixing and increase the surface area to volume ratio of the insoluble

fraction, enhancing solubilisation. A wash step was included prior to the second stage to

ensure adequate removal of the soluble fraction. The third stage was a repeat of the second

stage to check that the dissolution step was effective.

4.4.1 Method

E. coli used in this experiment were induced for the expression of Long-R3-IGF-I which

accumulated as inclusion bodies in the host cytoplasm (Appendix C2).

Standard solutions

Solution A consisted of 8 M urea, 4 mM EDTA, 20 mM 2-HEDS, 0,I M Tris at pH 9.0

Solution B consisted of 8 M urea, 4 mM EDTA,2J mM DTT, 0.1 lr4 Tris at pH 9.0.
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The E coli sample (0.25 mL) was added to 20 mL centrifuge tubes. The following

treatment steps were taken and samples taken for analysis.

Treatment 1: Standard Protocol

1. Commence the first stage with the addition of 4.15 mL of solution A, agitate at 3J"C

for 30 min.

2. Centrifuge at 10,000 xg for 15 min.

3. Remove supernatant (sample collected).

4. Resuspend tn 1.25 mL of 0.1 M Tris.

5. Commence the second stage with the addition of 435 mL of solution B, agitate at

37"C for 30 min.

6. Centrifuge at 10,000 xg for 15 min.

7. Remove supernatant (sample collected).

8. Steps 5 to 7 were repeated for the additional third stage.

Treatment 2: Standard Protocol plus a 0.1M Tris Wash Step

l. Commence the first stage with the addition of 4.75 mL of solution A, agitate at 37"C

for'30 min.

2. Centrifuge at 10,000 xg for 15 min.

3. Remove supernatant (sample collected).

4, Resuspend in2 mL of 0.1 M Tris and mix for 5 min.

5. Centrifuge at 10,000 xg for 15 min.

6. Remove supernatant (sample collected).

1. Resuspend in I.25 mL of 0.1 M Tris.

8. Commence the second stage with the addition of 4.'75 mL of solution B, agitate at

37"C for 30 min.

9. Centrifuge at 10,000 xg for 15 min.

10. Remove supernatant (sample collected).

I L Steps 8 to i0 were repeated for the additional third stage.
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Treatment 3: Standard Protocol plus Pellet Dispersion by Sonication

1. Commencethefirststagewiththeadditionof 4.T5 mLof solutionA,agitate at37"C

for 30 min.

2. Centrifuge at 10,000 xg for 15 min.

3. Remove supernatant.

4. Resuspend in I.25 mL of 0.1 M Tris.

5. Homogenise with sonicator for 2 seconds.

6. Commence the second stage with the addition of 4.75 mL of solution B, agitate at

37"C for 30 min.

7. Centrifuge at 10,000 xg for 15 min.

8. Remove supernatant (sample collected).

9. Steps 6 to 8 were repeated for the additional third stage.

Treatment4: Standard Protocol plus 0.lM Tris Wash and Pellet Dispersion by

Sonication

l. Commence the first stage with the additionof 4.15 mL of solution A, agitate at3J"C

for 30 min.

2. Centrifuge at 10,000 xg for 15 min.

3. Remove supernatant (sample collected).

4. Resuspend in2 mL of 0.1 M Tris and mix for 5 min.

5. Centrifuge at 10,000 xg for 15 min.

6. Remove supernatant (sample collected).

7 . Resuspend in I.25 mL of 0.1 M Tris.

8. Homogenise with Sonicator for 2 seconds.

9. Commence the second stage with the addition of 4.75 mL of solution B, agitate at

37"C for 30 min.

10. Centrifuge at 10,000 xg for 15 min.

I l. Remove supernatant (sample collected).

12. Steps 9 to I I were repeated for the additional third stage.
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Analysis

Samples were analysed for total protein release (Appendix A3) and recombinant protein

release (Appendix A4).

4.4.2 Results and discussion

Recombinant and total protein release from the valious tleatment groups are shown in

Figures 4.10 and 4.11, respectively. The results are expressed as the total micrograms of

protein released into the extracellular phase (to enable an overall mass balance to be easily

constructed).

First stage

The first stage of treatment resulted in the release of 70-80 pg (equivalent to 15-16 mgtL)

Long-R3-IGF-I. Total plotein release was 1660-1610 ¡tg (equivalent to 332-334 mgil-).

Tlrese levels are similar to those achieved in section 4.3 of this thesis.

Intermediate steps

Washing of the insoluble fraction after centrifugation by resuspension of the insoluble

fraction in 0.1 M Tris buffer followed by recentrifugation (treatments 2 and 4) resulted in

the lelease of little Long-R3-IGF-I and total protein from any of the treatment groups. This

procedure does not provide any significant advantage to this procedure. A wash protocol

r.rsing a another solution could not provide a reduction in total protein without sacrificing

much Long-R3-IGF-I.

Suspension of the insoluble fraction in 0.1 M Tris buffer followed by brief sonication was

ef'fective at dissipating the insoluble fraction though the solution. Visual observation
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showed the solution transformed from a irregular pellet to a homogenous cloudy

suspension following approximately 2 seconds of treatment. Non-sonicated pellets were

difficult to resuspend and could not be evenly resuspended by agitation.

Second stage

The second stage of treatment resulted in the release of varying quantities of recombinant

protein into the extracellular phase. The major difference within the treatment groups was

due to the resuspension of the pellet. The two non-sonicated treatment groups (l and 2)

released 190-280 pg (equivalent to 37-57 mEtL) Long-R3-IGF-I compared to the 360-380

pg (equivalent to12-16 mgll-) Long-R3-IGF-I for the two sonicated treatment groups (3

and 4). The non-sonicated groups (1 and 2) only recovered SIVo and 607o (wlw),

respectively of the available Long-R3-IGF-I during stages I and 2. This indicates that the

remaining Long-R3-IGF-I is still located in the insoluble fraction after completion of the

second stage.

Third stage

Some of the missing Long-R3-IGF-I was recovered by the repetition of the second stage,

demonstrating that the material was still in the insoluble fraction and could be solubilised

by solution B. The major difference within the treatment groups was due to the

resuspension of the pellet. The two non-sonicated treatment groups (1 and 2) released 70-

110 pg (equivalent r.o 14-22 mg/L) Long-R3-IGF-I during the third stage compared to only

l6-19 pg (equivalent to 3-4 mgll) Long-R3-IGF-I for the two sonicated treatment groups

(3 and 4).

Discr,rssion

This experiment demonstrates that the selective extraction procedure can result in the

recovery of 82 to 81Vo (w/w) of the Long-R3-IGF-I during the second stage of the

procedure (Table 4.4). Effective resuspension of the insoluble fraction prior to the second
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stage proved important for the efficient recovery of the insoluble Long-R3-IGF-I.

Sonication is very effective at resuspending the insoluble fraction. This operation could be

satisfactorily undertaken by other procedures such as high shear mixing or by avoiding

pellet formation in the first instance.

The purity of the Long-R3-IGF-I extracted during the second stage is 42 to 5OVo (wlw)

based on total protein (Table 4.5) and constitutes a purification factor of 2.5 fo 2.9

compared to the nonselective extraction method.

The selective extraction procedure can be used for the recombinant protein Long-R3-IGF-I

at the laboratory scale with recovery of the bulk of the recombinant protein and with

significant purification. The procedure as reported is not amenable to direct scale-up, as

operations such as batch centrifugation and sonication are included. The procedure still

requires development before it can be considered a practical commercial alternative.
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Table 4.3 Percentage recovery of Long-R3-IGF-I during the processing of E. coli cells

treated with 15 mM 2-HEDS during the first stage.

Recovery of Long-R3-IGF-I
(Vow/w)

Treatment lst Stage 2nd Stage 3rd Stage

Standard Protocol ( l) t6 65 r6

Standard Protocol plus 0.1M Tris
Wash (2)

I7 43 26

Standard Protocol plus Pellet
Dispersion (3)

T7 80 J

Standard Protocol plus 0.1M Tris
Wash and Pellet Dispersion (4)

l6 79 4

Tab\e 4.4 Relative concentration of Long-R3-IGF-I (expressed as a percentage of total

protein) during the processing of E. coli cells treated with 15 mM 2-HEDS during the first

stage.

Relative Concentration of Long-R3-IGF-I
(%w/w)

Treatment 1st Stage 2nd Stage 3rd Stage

Standard Protocol (1) 4 50 23

Standard Protocol plus 0.1M Tris
Wash (2)

4 47 32

Standarcl Protocol ph-rs Pellet
Dispersion (3)

5 42 7

Standard Protocol plus 0.1M Tris
Wash and Pellet Dispersion (4)

5 46 8
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4.5 Comparison of selective, nonselective, and conventional extraction

In this section, the two extraction techniques, namely nonselective extraction (chapter 3)

and selective extraction (this chapter), were compared to conventional extraction. The

conventional extraction technique used here includes the following steps: mechanical

disruption using a high-pressure homogeniser, centrifugation, and in-vitro inclusion body

solubilisation. The cell samples all originated from the same fermentation. The extraction

procedures were carried out simultaneously using the same reagents to allow the

techniques to be directly compared. The samples were analysed quantitatively for

recombinant (HPLC) and total protein (Bradford), and qualitatively by PAGE. The

qualitative analysis provides visual confirmation as to the relative purity of the

preparations. It also can be used to estimate the presence of particular bacterial proteins

associated with the outer-membrane such as OmpA, OmpC, and OmpF. As the outer-

membrane is the source of the important contaminants OmpT and lipopolysaccharide, a

measure of removal is useful.

4.5.1 Method

E. coli used in this experiment were induced for the expression of Long-R'-IGF-I which

accumulated as inclusion bodies in the host cytoplasm (Appendix C2).

Selective extraction

E. coli cells (the equivalent of 5 mL at A66s 4) were centrifuged (10,000 xg, 15 min, 4"C),

and the pellet resuspended in I .25 mL of 0.1 M Tris-HCl and 3.75 mL of 8 M urea, 4 mM

EDTA,0.l M Tris-HCl, and 20 mM 2-HEDS (adjusted to pH 9.0) to promote inclusion

body stability. The solution was agitated in a shaking incubator set at 37"C for 30 min

then centrifuged at (10,000 xg, 15 min,4oC). The second stage involved taking the pellet

(lì'om stage l) r'esuspending it in I.25 mL of 0.1 M Tris-HCI (using 1 second of

sonication) and 3.75 mL of 8 M urea, 4 mM EDTA, 0.1 M Tris-HCl, and 27 mM DTT

(adjusted to pH 9.0) to promote inclusion body solubilisation. The solution was agitated in
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a shaking incubator set at 37"C for 30 min and was then centrifuged at (10,000 xg, 15 min,

4"C). The recombinant protein was located in the supernatant.

Nonselective extraction

E. coLi cells (the equivalent of 5 mL at Aooo 4) were centrifuged (10,000 xg, 15 min, 4oC),

arrd the pellet resuspended in 1.25 mL of 0. 1 M Tris-HCl and 3.7 5 mL of 8 M urea, 4 mM

EDTA,0.1 M Tris-HCl, and27 mM DTT (adjusted to pH 9.0). The solution was agitated

in a shaking incubator set at 37"C for 30 min. The solution was then centrifuged at 10,000

xg for 15 min at 4"C. The recombinant protein was located in the supernatant.

Conventional Extraction

E. coli suspension (lL) was homogenised by three passes through an APV Gaulin 15MR

high-pressure homogeniser (CD valve) set at 56 MPa. Cell homogenate (the equivalent of

5 mL at Aooo 4 prior to homogenization) was centrifuged (10,000 xg, 15 min, 4"C) and the

pellet resuspended in I.25 mL of 0.1 M Tris-HCl and 3.75 mL of 8 M urea, 4 mM EDTA,

0.1 M Tris-HCl, and 2l mM DTT (adjusted to pH 9.0). The solution was agitated in a

shaking incubator set at 37"C for 30 min. The solution was then centrifuged (10,000 xg,

l5 min, 4"C). The recombinant protein was located in the supernatant.

Anal)¡sis

Samples of the supernatant fractions collected during operation of the extraction processes

were subjected to analysis for recombinant protein by HPLC (Appendix A4), total protein

by Bradford analysis (Appendix A3), and PAGE analysis (Appendix A5).
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4.5.2 Results and Discussion

The levels of recombinant and total protein recovered during the operation of

conventional, nonselective, and selective extraction procedures are shown in Table 4.5.

These results can be directly compared as the extraction procedures were carried out using

the same fermentation broth, using the same stock solutions, at the same time, and using

the same volunetlic measurements.

The levels of recombinant protein (Long-R'-tCf-t¡ extracted by each procedure are

comparable. Conventional extraction results in a soluble fraction and an insoluble

fraction. The combined Long-Rt-IGF-I from the two fractions is 105 mgil,. Nonselective

extraction has a single extract containing II3 mgllr of Long-Rt-IGF-I. The combined

extracts from selective extraction gave 110 mg/L. This confirms that the results for the

recombinant protein extraction techniques can be directly compared. The figure of 113

mgll- was used as the estimation of I00Vo (w/w) recovery for the following assessment.

Table 4.5 Recombinant and total protein release during conventional, nonselective,

and selective extraction procedures operated in parallel.

Total Protein Conc.

(mg/L)

Recombinant Protein Conc

(mg/I-)

Conventional Extraction
Soluble Fraction

Conventional Extraction
Insoluble Fraction

414

242

6

99

Nonselective Extraction 663 113

Selective Extraction
l" Stage

Selective Extraction
2nd Stage

421

t9l

r9

9r
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The conventional extraction procedure achieved an 88Vo (w/w) recovery of the

recombinant protein at a purity of 4lVo (w/w) in the solubilised insoluble fraction.

Nonselective extraction achieved l00%o (w/w) recovery of the recombinant protein at a

purity of lTVo (w/w). Selective extraction achieved 837o (w/w) recovery of the

recombinant protein at a purity of 467o (w/w) in the second-stage extract. The selective

extraction has a purification factor of 2.7 compared to the conventional extraction

purification factor of 2.4. This indicates that, by these criteria, selective extraction

provides an extract with comparable purity and rccovery to that achieved by the

conventional approach.

The product of the extraction techniques can be seen in the PAGE analysis shown in

Figure 4.I2. The ba¡rds corresponding to the soluble fraction from conventional extraction

(41), to nonselective extraction (B), and to the first stage of selective extraction (C1) are

Ioaded at the same level to allow direct comparison. The lanes corresponding to the

insoluble fraction from conventional extraction (42) and to the second stage of selective

extraction (C2) are loaded at six times the level of the others to allow visualisation of the

contaminating proteins. These lanes can be directly compared with each other.

The PAGE analysis of the nonselective extract shows that it is similar to the soluble

fraction from conventional extraction, and to the first stage of selective extraction with the

addition of a band corresponding to Long-R3-IGF-I. This is not surprising as this

technique does not provide any significant selectivity.

The lanes in Figure 4.I2 conesponding to the insoluble fraction from conventional

extraction and to the second stage of selective extraction show that the protein profiles are

reasonably similar. The most obvious difference between the two lanes is the significantly

lower levels of the bands corresponding to OmpCÆ and OmpA in the selective extract.

This decrease in the levels of outer-membrane protein (Omp) could be due to the inability

of'the procedure to solubilise Omp's from the outer-membrane fraction. OmpT is a serine

protease located in the outer-membrane that degrades many recombinant proteins during

and after their extraction. If further work proves that selective extraction results in

reduced levels of OmpT in the extract, then this method would offer a significant advance
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over current technology for the recovery of susceptible recombinant proteins such as IGF-

2.

B1 CIA1 c2 Standard

200kd +
ll6.3kd --l>
66.3kd -J>
55.4kd -

36.5kd -->

3rkd --->

<-
<-

OrnpC/F

OmpA

2l.5kd ---> 'l¡^v-Jrä**

l4.4kd___>> 4ß,.k:&*

6kd g> <- LR3-IGF-I

Frgwe 4.12 PAGE analysis of fractions for the three extraction methods operated in

parrallel.

Al: conventionalextraction, solublefraction;

A2: conventionalextraction,insolublefractron;

B1: nonselectiveextract;

C1: selective extraction, first stage extract;

C2: selective extraction, second stage extract.

Note samples A2 and CZ were loaded at 6x the amount to allow clear visualisation of the

contaminating protein bands.
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4.6 Conclusion

Addition of 2-HEDS to the basic permeabilisation solution (6 M urea, 3 mM EDTA, 0.1 M

Tris at pH 9.0) was effective at limiting the release of the recombinant protein (Long-R3-

IGF-Ð while not compromising the cell permeabilisation process. 2-HEDS probably

promotes intermolecular disulphide bond formation that maintains the Long-R3-IGF-I in

an insoluble form. It is unclear whether the inclusion bodies are maintained or new

aggregates are formed. The product-containing insoluble fraction is easily separated from

the soluble fraction by centrifugation. Addition of the reducing agent DTT to the basic

solution allowed subsequent Long-R3-IGF-I solubilisation fi'om the insoluble fraction.

The two-stage process using 15 mM 2-HEDS in the first stage and 20 mM DTT in the

second stage was able to recover 837o (w/w) of the available Long-R3-IGF-I with a

purification factor of 2.1. This performance is comparable to conventional extraction.

The two-stage selective extraction process described in this chapter uses laboratory

equipment (such as a batch centrifuge and sonicator) and was carried out at a small scale

(5 mL). As a laboratory procedure this techniques shows immediate promise and would be

of interest to research personnel carrying out the small scale extraction of recombinant

ploteins from E. coli. It has a great advantage that it does not require expensive pieces of

equipment used for mechanical disruption. Resuspension of the insoluble fraction after

centrifugation is the only factor that can present a problem. Sonication is effective but

plobably leads to the release of material entrapped inside the remaining cell structures. A

milder procedure could prove superior.

Selective extraction is significantly different from conventional extraction. The

procedures lely on different principles to achieve selectivity. Conventional extraction is

selective as the soluble fraction (under the conditions in the homogenate) is removed by

centrifugation. Selective release separates the recombinant protein from the bulk of the

contaminants using the recombinant protein's ability to form intermolecular disulphide

bonds and thus remain insoluble during permeabilisation of the cell wall. Contaminants in
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the selective release procedure are likely to be those that are trapped in the inclusion body

(or formed aggregates), inefficiencies in the permeabilisation procedure, and material that

is also able to form intermolecular disulphide bonds. The protein profile as illustrated by

PAGE analysis is significantly different for the two extraction procedures. The most

important difference is the reduced levels of outer membrane proteins in the selectively-

released material. If further work proves that the level of the outer membrane protease

OmpT is also reduced, this process could prove invaluable for the extraction of OmpT-

sensitive proteins such as IGF-2 (Wong, 1996).

The selective extraction process as it stands is not amenable to scale-up for industrial

application. Batch centrifugation and sonication are not procedures that are easily scaled-

up. These need to be replaced with alternative units before pilot or production scale

application can be envisaged.
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Summary

The selective extraction procedure developed in Chapter 4 was modifred to make the

procedure amenable to scale-up. A prototype pilot-scale system was developed to test the

procedure. Diafiltration was used to replace batch centrifugation. The permeabilisation and

solubilisation steps were carried out in a stirred reactor with a I.45 L working volume (in

place of the tubes with a 5 mL working volume).

The recovery and purity of the recombinant protein extracted using the prototype system did

not match the levels achieved using the lab-scale procedure. A recovery of 5IVo (w/w) of

product at a purity of 327o (w/w) was obtained without any optimisation studies. On

optimisation, it was estimated that this procedure has the potential to recover 79Vo (w/w)

Long-R3-IGF-I at a purity of 697o (w/w). The improved purity relative to the small-scale

procedure is due to the selectivity provided by the final filtration step. The optimised pilor

scale selective extraction process would be capable of processing large quantities of Long-

R3-IGF-I at high efficiency
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5.1 Introduction

The two-stage procedure developed for the extraction of the recombinant protein Long-R3-

IGF-I from intact E. coli cells (described in chapter 4 of this thesis) is an effective laboratory

procedure. It is effective at the extraction of recombinant protein from intact E. coli

recovering 837o (w/w) of the recombinant protein, while providing a degree of selectivity

with a purif,rcation factor of 2.1 .

The laboratory-scale selective extraction procedure needs to be modified to give a procedure

that is amenable to scale-up. Equipment such as batch centrifuges and sonicators are

satisfactory for laboratory work but are not generally suitable for industrial applications. At

the industrial scale, separation of insoluble and soluble fractions is often performed using a

continuous-flow centrifuge (e.g., a disc-stack centrifuge) or by diafiltration. Disc-stack

centrifuges separate the fractions according to their differences in size and buoyant density,

while diafiltration separates material according to size. The effectiveness of centrifugation is

reduced by increases in solution viscosity, a scenalio that is likely with permeabilisation as

the cell concentration is increased to achieve an economic process. Diafiltration is less

sensitive to increases in viscosity and was deemed the most appropriate separation

technology for incorporation into a pilot-plant prototype.

The use of sonication to resuspend insoluble material is impractical at an industrial scale.

However, pellet resuspension should not be necessary. Both continuous centrifugation and

diaf,rltration are unlikely to lead to tightly-packed pellets of insoluble material generated

during laboratory batch centlifugation.

TI-re prototype system described in this chapter uses a stirred tank in place of the 25 mL

MacCartney bottle used in the earlier experiments. Separation is achieved using a 100

kilodalton molecular weight cut-off tangential flow filter in place of batch cenirifugation.

The compositions of the permeabilisation buffer and the solubilisation buffer are identical to

those used in the laboratory process. An in-line high-shear mixer was employed to break the

nucleic acid polymers and reduce solution viscosity. However, this proved unnecessary at
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the low cell concentrations used to test the system. The laboratory-scale and pilot-scale

selective extraction procedures a¡e shown in detail in Figure 5.1, allowing comparison of the

corresponding process steps.

5.1.1 Research goals

The research presented in this chapter aims to:

o design a procedure (based on work in the preceding chapters) that will selectively extract

the recombinant protein L,ong-R3-IGF-I from intact E. coli cells using technology that can

be applied at a commercial scale;

. build a prototype rig for the selective extraction of t ong-R3-IGf'-I from intact E. coti

cells;

r determine the operational characteristics of the prototype rig;

e modify the system to reach the performance achieved in the laboratory-scale procedure.
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A. Lab-scale Procedure

Harvest fermenter

Centrifuge, disposing of fermentation
liquor; resuspend in PBS

Perrneabilise using 6 M urea, 3 mM
EDTA, & 15 mM 2-HEDS

Centrifuge, dispose of soluble fraction

Solubilise insoluble fraction using 6 M
ulea, 3 mM EDTA, & 15 mM DTT

Centrifuge, collect soluble fraction

Further purification

B. Pilot-scale Procedure

Harvest fermenter

Bufïer exchange ( l00kDa
diafi ltration), replacing fermentation

liquor wirh 0.1 M Tris buffer

Permeabilise using 6 M urea, 3 mM
EDTA, & 15 mM 2-HEDS

Buffel exchange ( 100kDa
diafi ltration), replacing contarninatin g

protein solution with 0. I M Tris
buffer

Solubilise retentate using 6 M urea, 3

mM EDTA, & 15 rnM DTT

B uffel exchange ( I 00kDa
diafiltration), recovering product in

the perrneate

*

Further pulitìcation

IJ

+J

JI

I ',1

JJ

J

Figure 5.1 Comparison of the laboratory and the pilot-scale selective extraction

procedufes.
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5.2 Design of the selective extraction prototype

5.2.L Equipment specifications

The following equipment was used to construct the selective extraction pilorscale system.

The process flowsheet is detailed in Figure 5.2.

Stirred tank

New Brunswick Scientific Microferm@ fermenter (5 L vessel)

Diafiltration equipment

Pall Filtron Minisette stainless steel cassette hardware

Pall Filtron Minisette cassette

' open channel

o 100 kilodalton molecular weight cut-off

o polyethersulfone

. 0.07 m2 surface area

In-line mixer

Rushton turbine l0 mm diameter (4 blades)

Electric motor (192 Watts)

Speed 1400 rpm

Peristaltic pump

Masterflex Easy load model 1529-20
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In-line mixer

Diaf,rltration
equipment

Stirred tank

Figure 5.2 Layout of the prototype selective extraction rig.
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5.3 Operationalqualification

The operation of the prototype pilot-scale selective extraction procedure is studied in detail in

this section. A mass balance was constructed for the procedure and the individual process

steps were studied in detail.

5.3.1 Method

E. coli used in this expeliment were induced for the expression of Long-R3-IGF-I that

accumulated as inclusion bodies in the host cytoplasm (Appendix C2). The fermentation

broth received no treatment prior to its use in the operation of the prototype.

5.3.1.1 Operation of the prototype selective extraction equipment

Step 1 Diafiltration 1

0.1 M Tris (1 L) was added to the reactor, pumped through the lines and over the filter

nrembrane. Fermentation broth was added to the reactor (a volume equivalent to 145 L at

Aooo 4.0). The volume in the reactor was reduced to 100 mL by ultrafiltration (permeate to

waste). Buffer exchange was carried out (with 2Lof 0.1 M Tris) by reducing the reactor

volume to 100 mL and then increasing to 600 mL with 0.1 M Tris, repeatedly. The volume

in the reactor was reduced to 100 mL (i.e., 450 mL total volume due to the additional volume

remaining in the pipe work). Samples of the pooled spent broth were collected for

recombinant protein and total protein estimation.

Step 2 Permeabilisation

Permeabilisation solution A (8 M urea,4 mM EDTA, 0.1 M Tris, at pH 9.0) plus 20 mM 2-

HEDS was added to the reactor via the pipe work to initiate permeabilisation. The reactor

was mixed by the Rushton turbine rotating at 100 rpm and by pumping the solution tlu'ough

the inline mixer at 3 l-lmin. Samples were collected from the reactor at time 5, 10, 15, and
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30 min (for recombinant protein and total protein estimation). After 30 min, the next step

was commenced.

Step 3 Diafiltration 2

The volume in the reactor was reduced to 100 rnl- by ultrahltration. Buffer exchange was

camied out using I L of permeabilisation solution B (6 M urea, 3 mM EDTA, 0.1 M Tris) by

reducing the reactor volume to 100 mL and then increasing to 600 mL with permeabilisation

solution B, repeatedly. Buffer exchange was then repeated using I L of 0.1 M Tris. The

volume in the reactor was reduced to 100 mL. The permeate was collected during

diafiltration providing four 0.5 L pools which were sampled for recombinant protein and

total protein estimation. The fîltrate samples were then pooled and a sample collected for

recombinant protein and total protein estimation.

Step 4 Solubilisation

Permeabilisation solution A (8 M urea, 4 mM EDTA, 0.1 M Tris, at pH 9.0) plus 27 mM

DTT was added to the reactor via the pipe work to initiate solubilisation, and the solution

was mixed using the Rushton turbine operating at 100 rpm for 30 min. Samples were

collec[ed from the reactor at time 5, 10, 15, and 30 min (for recombinant protein and total

protein estimation).

Step 5 Diafrltration 3

The volume in the reactor was reduced to 100 rnI- by ultrafiltration. Buffer exchange was

carried out using 2 L of permeabilisation solution B (6 M urea, 3 mM EDTA, 0.1 lr4 Tris)

plus 5 mM DTT by reducing the reactor volume to 100 mL then increasing to 600 mL with

permeabilisation solution B, repeatedly. The perrneate contained the extracted Long-R3-IGF-

L The retentate was sent to waste, Permeate was collected during diafiltration providing

four 0.5 L pools, and samples were collected for analysis. The filtrate pools were combined

and a sample was collected. A sample of the retentate was also collected. All samples 'ù/ere

assayed for recombinant protein and total protein.
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Process Steps

Buffer exchange (100kDa
diafi ltration), replaci ng fermentation

liquor with 0.1 M Tris buffer

Permeabilise using 6 M urea, 3 mM
EDTA, & 15 rM 2-HEDS

Buffer exchange (l00kDa
d i afi I tration), replacing contaminating

protein solution with 0.1 M Tris
buffer

Solubilise retentate using 6 M urea, 3

mM EDTA, & 15 mM DTT

Buffer exchange ( l00kDa
diafiltration), recovering product in

the permeate

Samples

le the pooled

Collected samples at time 5, 10, 15,

and 30 min.

t

I

+

J

Collect samples of the l*t, 2nd, 3'd, and
4ú 0.5 L volurnes of permeate; and
sample the pooled permeate.

Collected samples at time 5, 10, I5,
and 30 min.

Collect sarnples of the 1", 2"d, 3'd, and
4'h 0.5 L volurnes of permeate; sarnple
the pooled permeate and the pooled
retentate.

Figure 5.3 Samples collected during the operation of the prototype pilot-scale procedure.
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Anal]¡sis

The samples collected during the operation of the prototype are detailed in Figure 5.3

Samples collected during the operation of the extraction process were subjected to analysis

for recombinant protein by HPLC (Appendix A4), total protein by Bradford analysis

(Appendix A3), and PAGE analysis (Appendix A5).

5.3.1.2 Control 1 - Laboratory-scale selective extraction

This control allows direct comparison of the prototype with the laboratory-scale selective

extraction procedure developed in Chapter 4.

E. coli cells (the equivalent of 5 mL at Aøoo 4) were centrifuged (10,000 xg, 15 nrin, 4"C),

and the pellet resuspended in I.25 mL of 0.1 M Tris-HCl and 3.'15 mL of 8 M urea, 4 mM

EDTA,0.l M Tris-HCl, and20 mM 2-HEDS (adjusted to pH 9.0) to promote inclusion body

stability. The solution was agitated in a shaking incubator set at 37"C for 30 min then

centrifuged (10,000 xg, 15 min, 4"C). The second stage involved taking the pellet (from

stage l) resuspending it in I.25 mL of 0.1 M Tris-HCl (using I second of sonication) and

3.75 mL of 8 M urea,4 mM EDTA, 0.1 M Tris-HCI, and2l mM DTT (adjusted to pH 9.0)

to promote inclusion body solubilisation. The solution was agitated in a shaking incubator

set at 37"C for 30 min and was then centrifuged at (10,000 xg, 15 min, 4"C). The

recombinant protein was located in the supernatant.

Samples of the supernatant fractions collected during the operation of the extraction process

were subjected to analysis for recombinant protein by HPLC (Appendix A4) and total protein

by Bladford analysis (Appendix A3).
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5.3.1.3 Control2 - conventional extraction

This control allows direct comparison of the prototype with the conventional extraction

procedure used for the extraction of recombinant proteins from inclusion bodies in the

cytoplasm of E. coli (mechanical disruption, centrifugation, and dissolution).

E. coli suspension (lL) was homogenised by three passes through an APV Gaulin 15MR

high-pressure homogeniser (CD valve) set at 56 MPa. Cell homogenate (the equivalent of 5

mL at 4666 4 prior to homogenization) was centrifuged (10,000 xg, 15 min, 4"C) and the

pellet resuspended in 1.25 mL of 0.1 M Tris-HCl and 3.75 mL of 8 M urca, 4 mM EDTA,

0.1 M Tris-HCl, and 27 mM DTT (adjusted to pH 9.0). The solution was agitated in a

shaking incubator set at 37"C for 30 min. The solution was then centrifuged (10,000 xg, 15

min, 4"C). The recombinant protein was located in the supernatant.

Samples of the supernatant fractions collected during the operation of the extraction process

were subjected to analysis for recombinant protein by HPLC (Appendix A4) and total protein

by Bradford analysis (Appendix A3).
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5.3.2 Results and discussion

5.3.2.1lMass balance

The details of the mass balance are shown in Figure 5.3. The total values of recombinant and

total protein used here a¡e the combined values for the soluble and insoluble fractions

resulting from conventional extraction (Control 2). The protein component of the E. coli

cells that is measured in this experiment is separated during the three diahltration steps.

Diafiltration I (spent media removal)

During the first diafiltration step the E. coli cells are intact. The aim of this step is to remove

the salt component of the spent fermentation broth that could interfere with subsequent

permeabilisation. The protein concentration in the permeate in this step was below the

sensitivity of the Bradford assay.

Diafiltration 2 protein removal)

The second diafiltration step followed the permeabilisation step and aimed to remove soluble

plotein from the treated cell suspension prior to solubilisation of the inclusion bodies. The

permeate from this step contained l97o (w/w) of the total protein (162 mg) and 4Vo (w/w) of

the recombinant protein (5 mg).

of solu

The third diafiltration step followed solubilisation of the inclusion bodies. The aim was to

collect the recombinant protein in the permeate, hence separating it from the rernaining cell

debris. The permeate from this step contained 607o (w/w) of the recombinant protein (75 mg)

and 28Vo (w/w) of the total protein (236 mg). The retentate contained 8 7o (w/w) of the

recombinant protein ( 10 mg) and 38Vo (w/w) of the total protein (323 ntg) .
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A signif,rcant amount of the recombinant and total protein was not accounted for in this mass

balance (337o (w/w) of the recombinant protein (33 mg) and l5%o (w/w) of the total protein

(123 mg)). This material was probably adsorbed to equipment surfaces. Ultrafiltration

membranes are conìmonly associated with protein adsorption. It may also remain as

insoluble material in the cell debris (the retentate) following the third diahltration step.

PAGE analysis results of permeates from the second and third diafiltration steps, and the

retentate from the thild diafiltration step, are shown in Figure 5.5. The permeate from the

second diafiltration step showed only weak protein bands (some of the material detected by

the Bradford assay may not have been detected by the PAGE assay). The Long-R3-IGF-I in

the pelmeate from the third diafiltration step was free of gross protein contamination and had

virtually no outer-membrane protein (OmpAÆ and OmpC) contamination. The bulk of the

host-cell protein remained in the retentate of the third diafiltration step.
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Fermentation Broth
(O, 124 mg recombinant protein)

(0,843 mg total protein )

t
Diafìltration 1

Permeabilisation

Diafiltration 2

Solubilisation

Diafiltration 3

Permeate

I fO,0 mg recombinant protein)
(0, 0 mg total protein )

Permeate

+ (5, 0 mg recombinant protein)
(162, 0 mg total protein )

Permeate

+ (75,0 mg recombinant protein)
(236,0 mg total protein )

J

.,1 Onn.o^ .28, g6mg recombinant and 332, 5I t mg total protein

I

.,1 Opnro*. 74, ? mgrecombinant and 485, ? mg total protein

I
Retentate

( 10, ? rng recombinant protein)
(323, ? mg total protein )

FigLrre 5.4 Mass balance for the selective extraction prototype. The quantity of

intracellular protein is show in italics and extracellular protein in normal letters. (Note that

33 mg of the recombinant protein (267o w/w) and 123 rng of the total protein (157o w/w) is

unaccounted for).
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52 53 54 IVIWM A1 A2

.ltf*çtu

++ OmpCÆ
OmpA

,t.too*

,o.ooo*

+ LR3-IGF-I

6kd+

Figure 5.5 PAGE analysis of samples from the operation of the prototype pilot-scale

selective extraction rig. The samples are ¿ìs follows:

52 permeate from the 2nd diafiltration step

53 permeate from the 3'd diafiltration step

54 retentate from the 3'd diaf,rltration step

MWM molecular weight markers

Al soluble fraction from conventional extraction

A2 insoluble fraction from conventional extiaction
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5.3.2.2 Procedure ste¡x

Diahltration 1

Fermentation broth (1.178 L) was added to the reactor and the volume reduced to 450 rnl- by

diafiltration, 500 mL of 0.1 M Tris was then added to the cell concentrate and the volume

reduced to 450 mL (i.e., 100 mL in the reactor and 350 mL in the pipe work). This

procedure was repeated 4 times providing a 2O-fold dilution of the spent fermentation broth.

The aim was to remove the salts, sugars, and metabolites from the extracellulal phase as

these components might retard the action of urea and EDTA during permeabilising of the E

coli cells.

Permeabilisation

The permeabilisation step was designed to release the intracellular bacterial protein while

lninimising the solubilisation of recombinant protein. Permeabilisation was commenced

by the addition of permeabilisation solution containing 8 M urea, 4 mM EDTA, 20 mld2-

HEDS, and 0.1 M Tris at pH 9.0 to the 450 mL of washed cells suspended in 0.1 M Tris

buffer at pH 9.0. The reactor was stired using the Rushton turbine (set at applox. 100

rpm) and the solution was pumped through the inline mixer at 3 L/min. The solution

formed a stable foam due to air becoming entrapped in the liquid phase.

Protein release from the bacteria inside the reactor can be described using equation 5.i, a

variant of equation 2.3, used to describe permeabilisation kinetics (Section 2.5).

P = ( Po- P'.o* ) exp ( -t I r) * P.o* - (s.l)

where P is the amount of protein in the extracellular phase, P6 is the initial amount of

protein in the extracellular phase, P*u*, is the maximum amount of protein in the

extracellular phase, / is time, and t is the time constant.
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Recombinant and total protein concentration were analysed during the permeabilisation step

(Figures 5.4 and 5.5, respectively). The curves shown in Figures 5.4 and 5.5 were

determined by regression to equation 5.5. The parameters for equation 5.1 describing the

release of total protein during permeabilisation are provided in Table 5.1.

Table 5.1 Parameters for equation 5.1 describing protein release from E. coli cells

during the permeabilisation step of the operation of the prototype selective extraction

procedure (standard eror is in brackets).

Parameter* Value

Recombinant protein Pr,o

Pr,."*

xf

omg

28.5 (1.6) mg

5.9 (1.0) min

Total Protein Pqo

DI t,max

l¡

omg

332 (6) mg

5.0 (0.3) min

x' Where Pr,o, Pr,n *, and Í, are the protein level at time zero, the maximum protein level, and the

tirne constant for recombinant protein release, respectively; and P,,0, P,,*^, and f, are the protein level

at time zero, the maximum protein level, and the time constant for total protein release, respectively.

The concentration of protein in the reactor can be directly compared to the levels released

during the first stage of laboratory-scale selective extraction (the first control). The prototype

leleased 332 mg total protein and 28 mg recombinant protein compared to the control release

ol 492 mg total protein and 22 mg recombinant protein. Total protein release by the

prototype was significantly lower than the control (only 67Vo w/w of the amount released by

the control). This indicates that the cells were not fully permeabilised during this step. The

build r.rp of foam during the prototype operation is a key change between the two processes

tliat could be partly responsible for this difference.
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Figure 5.6 Recombinant protein release into the extracellular phase during the

permeabilisation step.
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step.

Total protein release into the extracellular phase during the permeabilisation
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Diafiltration 2

The second diafiltration step aimed to remove the protein-rich extracellular phase and replace

it with 0.1 M Tris buffer. The diafiltration used in this experiment used stepwise reduction

of the volume by tangential flow filtration followed by replacement of the lost volume with

fresh solution.

Equation 5.2 can be used to describe the operation of diahltration where a constant volume is

maintained in the reactor:

ln(CúQ = (1-R) (V/Vo) - (s.2)

where C6 is the initial concentration in the reactor, C is the concentration in the reactor after

the diahltration, Vs is the initial volume in the reactor, V is the cumulative volume of

permeate, and R is the retention factor (Costa and Cabral, 1991).

The diafiltration procedure used in this experiment used cycles of concentration by

diafiltration followed by dilution of the contents of the reactor. Several changes to equation

5.1 were made to make it applicable for the cyclic diafiltration procedure. The I//Vo is

replaced with a dilution factor calculated using equations 5.3 and 5.4. The dilution factor for

each step of the cyclic diaf,rltration procedure is defined as:

Xt=VolVt - (5.3)

where X ¡ is the dilution factor for the first diafiltration cycle. The accumulative dilution

factor is:

X=XtxXzxXr. - (5.4)

where Xt,Xz,Xzetc. are the dilution factors calculated for each diafiltration cycle and X is

the accumulative dilution factor.

Clrapte15 Prototype Selective Extraction Plocess r48



The concentration in the reactor constantly changes during cyclic diafiltration, so equation

5.5 expresses the operation of the procedure in terms of the quantity of protein in the reactor.

Equation 5.5 is the modihed version of equation 5.2 which is applicable for cyclic

diafiltration:

lnP=lnP6-(1-R)lnX -(5.5)

where Po is the initial quantity of protein in the reactor and P is the quantity of protein in the

reactor after diafiltration. The retention factor used in this equation is the avelage retention

factor during the diafiltration operation.

At the start of the second diahltration step the protein level in the reactor was 332 mg total

protein and 28.5 mg recombinant protein. The amount of recombinant and total protein in

the filtrate was measured for each dilution step. This amount was subtracted from the

amount previously in the reactor to determine the amount remaining. The levels in the

reactor are shown in Figures 5.8 and 5.9. The curves shown in the Figures 5.8 and 5.9 were

determined by regression to equation 5.5. The parameters for equation 5.5 describing the

second diafiltration arc shown in Table 5.2.

Table 5.2 Parameters for equation 5.5 describing the second diahltration step during

opelation of the prototype selective extraction procedure (standard error is in brackets).

Parameter * Value

Total Protein P,,o

Rr

332m9

0.78 (0.03)

" Where P,.o and R, are the initial quantity of total protein in the reactor and retention of total

protein, respectively.
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The total protein retention factor during the second diafiltration stage was 0.78. The

molecular weight of most E. coli proteins in their monomeric form falls between 30 and 100

kilodalton (as determined by PAGE analysis with a denaturing gel). While the protein does

pass through the membrane the proportion crossing the membrane is lower than the solute.

The slow removal of the total protein from the retentate slows the operation of this step and

requires a large amount of buffer exchange. To achieve a S-fold reduction of total protein in

the soluble phase in the reactor buffer exchange would be required using 7.3 reactor volumes

of solution. To render this operation more economic a different membrane could be used

(with a larger pore size), or solution recycling could be employed. Recycling could be

achieved using diafiltration with a low molecular weight cut-off membrane (around 5

kilodalton cut-off). The permeate would be returned to the reactor and the retentate

(containing the macromolecules) sent to waste.

The level of recombinant protein measured in the permeate was only 5.3 mg, a significantly

lower amount than expected based on the quantity of recombinant protein found in the

reactor after the permeabilisation step (approximately 28 mg). The molecular weight of

Long-R3-IGF-I is 9 kilodaltons and it should therefore pass freely through a 100 kilodalton

cut-off filter. Retention is unlikely to explain the low Long-R3-IGF-I concentration in the

permeate. It is quite probable that the recombinant protein loss is due to adsorption to the

hlter membrane during diafiltration.
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Figure 5.8 Reduction of total protein in the reactor during the second diafiltration step.
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Solubilisation

The solubilisation step aimed to release the recombinant protein from the insoluble fraction.

Solubilisation was started by the addition of the solubilisation solution containing 8 M urea,

4 mM EDTA, 2l mM DTT, and 0.1 M Tris at pH 9.0 to the 450 mL of washed

permeabilised cells suspended in 0.1 M Tris buffer at pH 9.0. The reactor was stirred using

the Rushton turbine (set at approx. 100 rpm).

Recombinant and total protein concentration were analysed during the permeabilisation step

(Figures 5.8 and 5.9, respectively). The curves shown in Figures 5.8 and 5.9 were

determined by regression to equation 5.1. The parameters for equation 5.1 describing the

release of total protein during the solubilisation step are provided in Table 5.3.

Table 5.3 Parameters for equation 5.1 describing protein release from E coli cells

during the solubilisation step of the prototype pilot-scale selective extraction procedure

(standard error is in brackets).

Parameter* Value

Recombinant protein P.,o

P.,nro*

xf

omg

74.3 (2.3) ms

1.8 (1.0) min

Total Protein P.,o

Dr t.nrax

"E¡

170 mg

a85 (16) mg

1.3 (1.8) min

Where P,.0, P.,nr*, and T, are the protein level at time zero, the maximum protein level, and the

time constant for recombinant protein release, respectively; and P'0, P,.,,u,*, and f, are the

protein level at time zero, the maximum protein level, and the time constant for total protein

release, respectively.

a
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Figure 5.10 Recombinant protein release into the extracellular phase during the

solubilisation step.
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The concentration of the protein in the reactor can be directly compared to the levels released

during the second stage of laboratory-scale selective extraction (the first control). The

prototype released 315 mg total protein and 74 mg recombinant protein compared to the

control release of 236 mg total protein and 107 mg recombinant protein. A major factor

affecting the difference in the levels of total protein release was incomplete permeabilisation.

A greater amount of total protein remained in the E. coli cells and was extracted during the

solubilisation step. The level in the reactor was also supplemented by soluble material

remaining after the second diafiltration (170 mg of total protein).

Diafiltration 3

The third diafiltration step aimed to extract the solubilised recombinant protein from the

residual solid material derived from the E. coli cells.

At the sta¡t of the third diafiltration step the protein levels in the reactor were 485 mg total

protein and'74 mg recombinant protein. The levels in the reactor are shown in Figures 5.10,

5.11, and 5.12. The curves shown in Figures 5.10,5.11, and 5.12 were determined by

regression to equation 5.5. The parameters for equation 5.5 describing diaf,rltration are

provided in Table 5.4.

A total of 74 mg recombinant protein was present in the reactor at the end of solubilisation.

Recombinant protein measured in the permeate resulting from the third diaf,rltration was 75

mg. The retention factor for L-ong-R3-IGF-I was 0.05 (close to the theoretical minimum),

showing that the membrane did not signihcantly retard the protein's progress. Long-R3-IGF-I

molecular weight is only 9 kilodaltons and would be expected to pass freely through a 100

kilodalton cut-off fîlter. The total protein retention factor during the third diafiltration stage

was 0.76 which was similar to the second diahltration stage. The difference in retention for

recombinant and total protein allows the recombinant protein to be removed while the

majority of the total protein remains in the retentate.
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Table 5.4 Pa¡ameters for equation 5.5 describing the third diafiltration step during

operation of the prototype selective extraction procedure (standard error is in brackets).

Paramete¡ Value

Recombinant Protein Pr,o

R,

74 mg

0.05 (<0.01)

Total Protein R,o

Rr

485 mg

0.76 (0.04)

á' 'Where 
P,,o and R, are the initial quantity of recombinant protein in the reactor and retention

of recombinant protein, respectively; and P'o and R, are the initial quantity of total protein in the

reactor and retention of total protein, respectively.
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Figure 5.12 Redrrction of recombinant protein in the reactor during the third diafiltration

step.
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Figure 5.13 Reduction of total protein in the reactor during the third diafiItration step.
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Control Extraction Procedures

The amounts of recombinant and total protein in controls (lab-scale selective extraction) and

control 2 (conventional extraction) can be directly compared to those in the prototype reactor

as shown in Table 5.5 (all the figures are converted to a 1 L working volume with a cell

concentration equivalent to 4666 of 4.0).

The recovery and the relative concentration of recombinant protein resulting from the control

procedures were superior to those achieved by the prototype pilot-scale selective extraction

procedure.

The reasons for the inferior performance of the prototype pilot-scale selective extraction

procedure are as follows:

incomplete protein release during the permeabilisation step (possibly due to foam

formation preventing uniform mixing of the cell suspension);

a

a incomplete protein removal during the 2nd diahltration step. Retention of the bacterial

protein rendered the diaf,iltration step ineff,rcient at the volumes used.

loss of recombinant protein during operation of the prototype, possibly due to adsorption

to membrane surfaces.

The prototype pilot-scale selective extraction procedure did recover 60Vo (w/w) of the

reconbinant protein with a purification factor of 2.2, but should be able to match the

performance of the lab-scale procedure. The recombinant protein purity is superior to that

achieved by nonselective extraction. The operation of the prototype is open to optimisation

that should improve its performance signihcantly.

a
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Table 5.5 Performance of the control extraction procedures ca¡ried out in parallel with

the prototype selective extraction procedure. To allow direct comparison of the results for

the prototype selective extraction procedure with the lab-scale selective extraction and

conventional extraction the results are calculated for a 1 L working volume with an initial

cell concentration of A6s6 of 4.0.

Total Protein

(mg/L)

Recombinant Protein

(mg/I-)

Control I -

Lab-scale

Selective

Extraction

l" Stage

2n'lstage

339

t62

t6

74

Recovery

Purity

83Vo (w/w)

467o (w/w)

Control2 -

Conventional

Extraction

Soluble Fr.

Insoluble Fr.

385

r91

5

80

Recovery

Purity

94Vo (wlw)

407o (w/w)

Prototype

Selective

Extraction

znd Diafiltr.
Permeate

3"1 Diafiltr.
Permeate

3"i Diafiltr
Retentate

111

1 63

230

4

52

7

Recovery

Purity

60% (w/w)

327o (wlw)
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5.4 Potential of the prototype pilot-scale system

5.4.1 Optimisation of the existing procedure

The potential performance of the prototype pilot-scale system can be estimated using the

results of the laboratory technique and from operational data of the prototype equipment.

The release of recombinant and total protein during the laboratory permeabilisation and

solubilisation steps should be achievable using the prototype equipment. Modif,rcation to

eliminate foam formation and the implementation of temperature control would aid

optimisation. The performance of the diafiltration steps determined by the data recorded in

sections 5.3 can be extrapolated to the operation of an optimised prototype system.

Alternative membranes with reduced protein binding can also be examined.

Assumptions used to determine the possible performance parameters after optimisation of

tlie prototype system include the following:

the release of recombinant and total protein from the permeabilisation and solubilisation

steps match that achieved by the laboratory procedure;

a

a

a

a

a

the filtration rates for recombinant and total protein diafiltration follow the relationships

determined in Sections 5.3.3.3 and 5.3.3.5;

the second diaf,rltration step achieves an 807o (w/w) reduction of total protein (requiring

J .3 reactor volumes of washing solution);

the third diaf,iltration step achieves 907o (w/w) of the available recombinant protein in the

permeate, with approximately 507o (wlw) of the available total protein also passing into

the pernreate (requiring2.3 reactor volumes of washing solution);

the protein loss observed during operation of the prototype selective extraction rig is

eliminated.
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Fermentation Broth
0r 86 mg recombinant protein

0, 581 mg total protein

I
Diahltration 1

Permeabilisation

I

Permeate

+ 0,0 mg recombinant protein
0r 0 mg total protein

I

15,71 mg recombinant protein (19,6D
395, 186 mg total protein (229, 352)

Diafiltration 2

Solubilisation

I

Permeate
l5r 0 mg recombinant protein (4, 0)

316,0 mg total protein (112,0)
-)

I

71, 0 mg recombinant protein (51, ?)

265,0 mg total protein (334, ?)

Diafiltration 3

Permeate

), 67,0 mg recombinant protein (52,0)
128, 0 mg total protein (163, 0)

I
Retentate

7, 0 mg recombinant protein (7, ?)

137, 0 mg total protein (223, ?)

Figure5.15 Mass balance for the selective extraction prototype showing the potential

peformance of the system (in bold type). The mass balance assumes a operational reactor

volume of 1 litre and a cell concentration equivalent to A6e6 of 4.0. Intracellular protein is
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show in italics and extracellular protein in normal type. The actual performance of the

prototype is shown in brackets.

Actual performance of the prototype pilot-scale selective extraction procedure had a low

level of recombinant protein recovery and purity when compared to the lab-scale procedure

(Table 5.5). The potential of the prototype was estimated using the assumptions on page

158. This illustrates the potential the prototype procedure has following optimisation.

As shown in Table 5.6, the prototype system has the potential to extract 75% (w/w) of the

recornbinant protein at a purity of 617o (w/w) compaled to total protein. The recovery levels

almost match those achieved by lab-scale selective extraction (Table 5.5). The purity of the

product derived from the prototype system has the potential to exceed that achieved by lab-

scale selective extraction and conventional extraction (Table 5.5). This is due to the

selectivity of the third diaf,rltration step. The recombinant protein experiences almost no

retention by the membrane, whereas the total protein is significantly retained. This allows

957o (w/w) recovery of the available recombinant protein with only approximately 4O%

(w/w) of the total protein entering the permeate.

Table 5.6 The actual and the potential performance of the prototype selective extraction

procedure showing the recovery of the recombinant protein and its purity measured as the

relative concentration against total protein.

Potential Performance Actual Performance

Recovery 64/86 =157o 52/86= 60%

Purity 64llO5 = 617o 52/163 =32Vo
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5.4.2 Development of a commercial procedure

Several modifications could be made to the prototype pilot-scale system to improve the

effectiveness and economy of operation. The concentration of the starting material processed

in the prototype system is an important va¡iable as it affects the ratio of product to reagent

used and the reactor volume required. The ratio of product to reagent affects the operational

cost of the procedure and the reactor volume affects equipment costs. Operational costs

associated with reagent purchase and disposal could be minimised by the recycle of solutions

during the second and third diafiltration steps. Membrane selection for the diafiltration steps

can have a significant impact by improving product purity and minimising protein loss

through membrane binding.

5.4.2.1 Membrane selection

As viewed on a PAGE gel the bulk of the bacterial protein range is of molecular weight

between 30 and 100 kilodaltons. The choice of membrane will play an obvious role in the

retention of host-cell protein. As the nominal molecular weight cut-off (NMWC) is reduced

the retention of host cell proteins will be increased. The test recombinant protein used in this

thesis was l-ong-R'-IGF-I, which has a molecular weight of approximately 9 kilodaltons. It

passes thlough a 100 kilodalton NMWC filter freely (its retention factor being close to zero)

and would be likely to pass through a filter with a smaller cut-off (e.g., 20-30 kilodaltons).

The reduction in cut-off would prevent a significant proportion of the host proteins from

passing through the membrane and would provide a significant purification factor, but at the

expense of reduced flux rates. The requirement for a permeabilisation step could be negated

by this development making the nonselective extraction process suitable for smaller proteins

and peptides.

Application of this prototype selective extraction procedure to larger molecular weight

recombinant proteins would be unlikely to present any purihcation factor during the third

diafiltration step as the size difference between the protein of interest and the bacterial

proteins would not allow any selectivity.
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Selection of a membrane that has low protein binding characteristics is important to

minimise this source of loss during operation of the system. Many membranes are

commercially available that are designed to minimise protein binding. These would need to

be screened to determine their applicability for filtration of specific recombinart proteins.

5.4.2.2 Recycle

The diafiltration steps require multiple reactor volumes of solutions to be effective (the

example used in Table 5.6 required about 10 reactor volumes during its operation). The cost

of purchase and disposal of these reagents (and for the associated storage tanks and mixing

equipment) could represent a signihcant fraction of the overall costs.

Recycle of the solutions used during the second and third diahltration steps could be

achieved using another diahltration system. This second diafìltration system would be

designed to separate the bacterial contaminants from solution. A low nominal molecular

weight cut-off membrane (such as 5 kilodaltons) could separate the solution from the

macromolecules. All the reagents a¡e of low molecular weight and would pass through such

a membrane freely. The permeate could then be recycled into the reactor. I.ow molecular

weight components of the bacteria such as metabolites and salts could limit the extent of

recycle. These components could interfere with the solubilisation step if in high enough

concentration (the action of chaotropic agents like urea can be compromised by the presence

of salts).

5.4.2.3 Cell concentration

The amount of starling material added to the system directly affects the required reactor

vollrme. Reactor volume will have an impact on equipment cost and also affects the amount

of solution required for each plocess step. The proportion of material lost due to adsorption

to surfaces or membranes drops as the amount of starting material relative to membrane

surface area increases.
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The cell concentration that can be added to the reactor at the start of the procedure will firstly

affect the permeabilisation step. The effect of cell concentration on permeabilisation was

tested for the nonselective extraction of recombinant protein (section 3.4). Increasing the

cell concentration from A6ee 4 to 20 had a negligible affect on permeabilisation efficiency.

The cell concentration should be tested for A566levels of up to 100 as these concentrations

ar€ commonly encountered in commercial fermentations. The ability of 2-HEDS to stabilise

the recombinant protein will also need to be demonstrated at these higher cell concentrations.

The cell concentration that is possible will be limited by one of a series of factors. Urea is

known to bind macromolecules in solution. An increase in cell concentration will increase

the concentration of a wide range of macromolecules that could bind sufficient urea to

compromise the permeabilisation process. The available EDTA concentration will also be

reduced if the concentration of divalent cations in the media is too high. 2-HEDS availability

might also be too low at high cell concentrations.
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5.5 Conclusion

The prototype system used in this chapter was able to extract recombinant Long-R3-IGF-I

from E coli ce\ls. It recovered 607o (w/w) of the Long-R3-IGF-I at a purity of 327o (w/w)

(compared to total protein).

The performance of the prototype was hampered by incomplete protein release during the

pelmeabilisation step, the incomplete removal of bacterial protein during the 2"d diafiltration

step, and the loss of recombinant protein possibly due to adsorption to the membrane.

A study of the diafiltration steps illustrated their performance and demonstrated the

n-rodifications that are required to optimise these steps. The recombinant protein Long-R3-

IGF-I (9 kilodaltons) was not significantly retained by the 100 kilodalton NMWC membrane.

Bacterial protein (mainly between 30 and 100 kilodaltons) was, however, significantly

retained by the membrane. A sizeable volume of buffer will therefore be needed during the

second diaf,rltration step to make it effective at reducing the total soluble protein

concentration in the reactor. The third diafiltration is able to use this phenomenon to provide

a degree of selectivity, as the bulk of the recombinant protein can be recovered with some

retention of the contaminating total protein.

The permeabilisation step was not as effective as that achieved during the lab-scale selective

extraction procedure. This step should be able to match the performance of the lab-scale

procedure. Elimination of foam formation and implementation of temperature control could

resolve this problem.

With optimisation the prototype selective extraction system is capable of l57o (w/w)

recovery of the recombinant product at a purity of 6l%o (w/w) purity. While optimisation

will provide significant improvements to performance, the existing prototype design did

demonstrate the concept and potential. It recovered most of the recombinant protein and

provided a purif,rcation factor that provides significant advantages over systems based on

nonselective extraction. The recombinant protein is recovered in the permeate from the 3d
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permeabilisation step. It is soluble and separated from the remaining cell debris, and is in a

form suitable for subsequent purification by adsorption to an ion-exchange resin using a

previously-published purification procedure (Falconer et al., 1994).

To create a commercially viable selective extraction procedure from the pilot-scale system

described in this chapter the following developments may be necessary. Buffer recycle could

be implemented during the operation of the second and third diafiltration steps to reduce the

cost of chemicals and minimise waste-treatment costs. The concentration of cells during the

permeabilisation and solubilisation steps could also be increased to reduce the reactor size

and the amount of chemicais required to process a quantity of recombinant protein. The

choice of membrane is also important to enhance the selectively of the diafiltration steps, to

reduce the protein loss due to adsorption to the membrane surface, and to improve the

physical performance of the diafiltration steps.
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CoNcr.usroN

The plocedures developed in this thesis are for the extraction of recombinant proteins from

inclusion bodies located in the cytoplasm of E. coli cells. They represent an effective set

of alternative procedures to the methods commonly used at laboratory and commercial-

scale. The advantages and disadvantages of the new procedures are discussed and

comparison is made with the traditional approaches. Applications for the new technology

are described along with any further developments that could be required before full

commercial exploitation.

Traditional extraction

The production of recombinant proteins is commonly carried out in the host bacterium

Escherich.ia coli. Following expression, the recombinant protein needs to be extracted

from the cell prior to renaturation and purification. Extraction of recombinant proteins

fi'om inclusion bodies located in the cytoplasm of E. coli cells is usually undertaken using

a conservative set of process steps. Traditional extraction uses mechanical disruption,

centrifugation and dissolution to release monomeric denatured protein from the bacteria.

This protocol has been applied to the extraction of a wide range of recombinant proteins.

It provides a degree of selectivity as most of the soluble host cell components are removed

during the centrifugation step. It is usually reliable and uses widely available technology.

During traditional extraction some host-cell macromolecules are extracted along with the

recombinant product. The most important of these are the outer-membrane components

Iipopolysaccharide and the serine-protease OmpT. OmpT is responsible for the

degradation of a significant number of recombinant proteins containing dibasic residues.

Traditional extraction procedures have been modified to reduce the coextraction of outer-

nembrane components. Multiple centrifugation steps or wash steps using a range of
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components have also been used. Multiple homogenisation steps are often included to

ensure complete cell disruption and adequate cell debris fragmentation to aid

centrifugation. The resultant procedure becomes reliant on over-sized process units when

the batch schedule is constrained by the fermentation cycle time.

High-pressure homogenisation is usually used to disrupt the bacteria. It is comprised of

one or more piston pumps and a disruption valve. Centrifugation is usually undertaken

with a disc-stack centrifuge. Production of veterinary or medical recombinant proteins has

to comply with the code of Good Manufacturing Practice (GMP) and various guidelines

for handling genetically manipulated organisms. This equipment needs to be contained,

steam sterilise-able in-place, clean-able in-place, its component parts composed of suitable

materials, and its operation validated. This grade of equipment is expensive to purchase

and validate.

Alternative procedures that are less costly to establish and operate will become

increasingly important as the manufacture of agricultural, industrial, and generic medical

recombinant proteins becomes more competitive. The procedure provided in this thesis

aims to provide such an alternative. Simpler technology could also provide the techniques

for use by scientists or engineers at the laboratory-scale without the need for specialised

equipment. This has obvious advantages for under-equipped laboratories world-wide.

Pern-reabilisation

The barrier presented by the bacterial cell wall has to be overcome for extraction of

intracellular proteins. This was achieved by chemical treatment of the E. coli cells with a

combination of the chaotropic agent urea and the chelating agent EDTA. By themselves,

eaclr chenrical has a modest capacity to release protein from E. coLi. In combination,

synergistic effects enhances intracellular protein release. The combination of 6 M urea, 3

mM EDTA, 0.1 M Tris buffer', at pH 9.0 became the standard permeabilisation buffer used

throughout this thesis due to its ability to release all of the intracellular protein from both

exponential and stationary-phase E. coli.
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EDTA's ability to permeabilise the outer-membrane of E. coli is well documented (Leive,

1974, Marvin et al., L989). It weakens the outer-membrane by chelating the divalent

cations that stabilise the lipopolysaccharide structure. The resultant outer-membrane is

permeable to a range of chemicals including urea. Urea gains access to the inner-

membrane and is able to disrupt its structure, allowing the intracellular components to leak

into the extracellular phase.

Experimental results showed that the interaction between urea and EDTA is complex. The

choice of buffer had little impact on permeabilisation. The kinetics of protein release were

first-order. The reaction was relatively quick with a first-order time constant of 2.5 min.

Treatment of E. coli cells with a combination of urea and EDTA performs differently to

previously published permeabilisation techniques. Historically, most permeabilisation

techniques were developed for the release of native proteins from bacteria. The aim was to

selectively release the protein of interest without denaturing the protein. Treatment with

ulea and EDTA in this study was designed with recombinant protein extraction in mind,

where total cell wall permeabilisation (measured by total protein release) was the goal and

denaturation of the protein accepted.

Nonselective extraction

Nonselective extraction of recombinant protein from intact E. coli cells was developed for

a strain of E. coli K12 that expressed an analogue of insulin-like growth factor I (Long-R3-

rGF-r).

The urea concentration used to permeabilise the E. coli cells is known to dissolve Long-

R3-IGF-I inclusion bodies in-vitro (Greenwood et al., 1994). The permeabilisation

procedure was applied for the nonselective release of recombinant protein from inclusion

bodies located in the cytoplasm of E. coli. The permeabilisation buffer was effective at

extracting recombinant protein from the bacteria. This was enhanced by the addition of

the reducing buffer dithiothreitol. The combination of permeabilisation buffer and 20 mM

DTT was able to extract comparable levels of recombinant protein to the traditional
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procedure based on mechanical disruption and centrifugation. The purity was much lower

due to the coextraction of all the bacterial intracellular protein.

EDTA played no role in solubilisation of inclusion body in-vitro, but was required for

permeabilisation of the bacterial cell wall and hence urea's access to the inclusion body.

Urea, however, played a dual role in permeabilisation and dissolution of the inclusion

body. Solution pH proved important for permeabilisation with a value of less than 9

resulting in reduced protein release. The kinetics of recombinant and total protein release

were filst-order with time constants of approximately 3 min.

Nonselective extraction of recombinant proteins other than the model protein Long-R3-

IGF-I does require testing before its effectiveness can be guaranteed. Some recombinant

protein inclusion bodies may require the use of a stronger chaotropic agent such as

guanidine-HCl or urea concentrations greater than 6 M for complete solubilisation. The

nonselective extraction procedure would require modification for successful use with these

lecombinant proteins.

This nonselective procedure has direct application for scientists or engineers wanting to

analyse recombinant protein levels in intact cells during fermenter operation. This

procedure can extract recombinant protein making it available for analysis by niethods

such as PAGE, HPLC, ELISA, and RIA.

Commercial application of this procedure is limited by the low purity of the recombinant

plotein after extraction. The procedure would need to be combined with a selective

separation method. The process described in USP 4,416,049 (Kung, 1984) used affinity

chromatography to improve product purity after the nonselective extraction of imrnune

interferon using guanidine-HCl. Clever usage of tangential flow filtration could provide

significant irrprovement of purity for small proteins (less than l0 kilodaltons) and

peptides. The bulk of the host cell proteins are between 30 and 100 kilodaltons (as

estimated by PAGE analysis) and could be radically reduced in concentration by the use of

an appropriate nominal molecular weight cut-off membrane.
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Selective extraction - laboratorv procedure

Addition of the disulphide reagent 2-hydroxyethyldisulphide (2-HEDS) to the standard

permeabilisation buffer reduced the level of recombinant protein release into the aqueous-

phase while allowing permeabilisation to occur. This phenomenon allowed the

development of a selective two-stage extraction procedure. The procedure used

permeabilisation buffer plus 15 mM 2-HEDS during the first stage, centrifugation to

separate the soluble and insoluble fractions, and permeabilisation buffer plus 20 mM DTT

during the second stage. The recovery and purity of the material extracted in tlie second

stage was comparable to that extracted by the traditional procedure. Levels of outer-

membrane components (OmpA and OmpC/F) in the selective extract were significantly

lower for extraction by the traditional procedure, as observed by PAGE analysis. If this is

true for the troublesome outer-membrane protease OmpT, then this procedure may prove

invaluable for the extraction of OmpT susceptible proteins like IGF-2 (Wong, 1996).

Selective extraction of recombinant proteins other than the model protein Long-R3-IGF-I

by the procedures developed here must be tested prior to use. The action of 2-HEDS at

pleventing solubilisation of the recombinant protein relies on the presence of cysteine

residues in the protein. This procedure has a reduced probability of success for

recombinant proteins where the proportion of cysteine residues is low and no chance of

sLlccess for proteins with no cysteine residues. Some recombinant protein inclusion bodies

may also require the use of a stronger chaotropic agent such as guanidine-HCl or higher

concentrations of urea for complete solubilisation during the second stage. The selective

extraction procedure may require some modification for the successful extraction of

different recombinant proteins.

Selective release has immediate application for the recovery of recombinant proteins at the

laboratory-scale. This procedure can be easily adapted for the extraction of small amounts

of recombinant protein produced from experiments at the shake-flask scale. The

traditional procedure would rely on a laboratory having mechanical disruption equipment

such as a lab-scale high-pressule homogeniser or a large French press, as well as a
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centrifuge. The selective extraction procedure only requires a centrifuge to separate the

insoluble from the soluble fractions after the first stage.

Selective extraction - scaleable procedure

The scaleable selective extraction procedure differed from the lab-scale procedure in the

use of tangential flow filtration rather than batch centrifugation as the method for

sepalating the insoluble and soluble fractions after the permeabilisation and solubilisation

steps. The permeabilisation and solubilisation reactions were carried out using a I.45 L

stirred reactor rather than the 5 mL tubes used in the previous experiments. The reactor

and tangential flow filtration are amenable to scale-up and could be utilised at an

industrial-scale.

The prototype system effectively extracted Long-R3-IGF-I from E. coli celIs. It did not

match the recovery nor the purity achieved at the lab-scale, but the performance

parameters allowed the potential of the system to be estimated. The prototype's potential

was estimated using the operating parameters from the experimental tests and the values

from the lab-scale selective extraction procedure. It has the potential to recover nearly the

same level of recombinant protein as the lab-scale procedure but with a higher level of

purity. The improved purity is due to the selectivity that can be attained with the third

diafiltration step.

For a new separation or extraction step to be competitive with the existing procedures it

has to have the following characteristics:

. high recovery of the recombinant product

o relatively high product purity

. ability to reduce the concentration of specific problem contaninants (e.g. OmpT)

. reduced operation costs

o be amenable to integration with other process steps

. utilise equipment that is amenable to cGMP operation
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For the recovery of Long-R3-IGF-I from E. coli cel\s, selective release can meet some of

these requirements. It is can recover a significant proportion of the product at a relatively

high level of purity (when compared to the conventional extraction procedure). The

operation costs are yet to be proven to be competitive with conventional extraction.

Selective release does not rely of expensive pieces of equipment such as disc-stack

centrifuges, but the costs associated with reagents could be high especially if operation at

high cell concentration and reagent recycle is not possible. Selective release would

integrate easily with the existing purification process used for Long-R3-IGF-I (Falconer er

nL., 1994) and has the potential to significantly increase the throughput of the existing

process. The filtrate from the third diafiltration stage could be concentrated on a ion-

exchange resin affording purification and concentration prior to refolding and further

purification. The equipment for selective release includes a stirred reactor and tangential

flow tiltration. Both these pieces of equipment are simple to validate, easy to scale-up,

and can be operated in compliance with cGMP.

Like the lab-scale procedure this operation would have to be modified for specific

recombinant proteins. It is also dependant on the presence of cysteine residues for the

effectiveness of 2-HEDS. The molecular weight of the protein will influence the choice of

the nominal molecular weight cut-off of the tangential flow membrane. With peptides or

low molecular weight proteins of less than 30 kilodalton, a significant selectivity can be

gained during the third diafiltration step.

The quantity of cells that can be processed by the selective extraction procedure without

compromising recovery or product purity will affect the cost effectiveness of this

procedure. Solution recycle could also reduce operational costs of the system reducing the

anÌount of reagents required and the size of tanks required for mixing and holding the

solutions. An industrial process could use on-line absorbance measurements (4666) to

monitor the permeabilisation reaction, as a correlation between protein release and 4666

has been obseryed.
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Summar]¡

Three procedures are described in this thesis. They have potential applications at both the

laboratory and the industrial scale. These processes are shown in Table 6. 1.

Table 6.1 Procedures arising from the research in this thesis.

These procedures have been demonstrated with the recombinant protein Long-R3-IGF-I.

The procedures need to be tested for the extraction of wide range of recombinant proteins

before the fLrll potential of this approach will be realised.

Procedure Potential applications

Nonselective extraction

(Chapter 3)

Preparation of samples for analysis.

Extraction of rec. protein

(in combination with a selective step)

Selective extraction - lab-scale

(Chapter 4)

Small-scale extraction of rec. protein

(containing cysteine residues).

Selective extraction - scaleable

(Chapter 5)

Large-scale extraction of rec. protein

(containing cysteine residues).
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Maximum protein concentration in the extracellular phase (mgl--')
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Constant (eq.2.2)
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Gravitational acceleration (ms-2)

Relative centrifugal force (N)

Protein in the extracellular phase (mg)
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Appn¡urcns

Appendix A Analytical procedures

.{1, Particle size analysis

The Joyce-Loebl analytical disc centrifuge has been used for particle-size analysis. Details

on the operation of this procedure are recorded in Middelberg, (1992). When operated

with a I}Vo (wlw) glycerol spin solution it can be used to measure the size of bacteria.

Solutions

Spin fluid was l)Vo (w/w) glycerol in RO water.

Buffer fluid was RO water.

Sample fluid was 20 mM sodium phosphate and 30 mM sodium chloride (pH 7.0)

Operation

Set the disc speed at 8000 rpm and the gain at 6.0. When the disc is rotating inject 15 mL

spin solution into the rotor. At time 60 seconds inject 1.0 mL buffer fluid. At time 300

seconds inject 0.5 mL of sample.

Calculation

The Stokes diameter is calculated using equation 8.1

t= 18ï'ì ln (r¿lr) / (d, x 10 
6¡2 apo2 - (8.1)

Where t is the time for the particle to reach the detector, d. is the Stokes diameter (pm),

Ap is the density difference between the particle and the fluid (84 kg .-'), õ is the disc
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angular velocity, t1 is the fluid viscosity (1.36 cP), ro is the particle start radius (4.30 cm),

and r¿ is the detector radius (4.82 cm). Absorbance is plotted against Stokes diameter.

^2 
Optical density

The concentration of bacterial suspensions were estimated by measurement of absorbance

at 600 nm using a Unicam 8625 UV/Vis Spectrophotometer. Note that bacterial

suspensions with an optical density of greater than I required dilution with PBS prior to

measurement

A3 Total protein estimation @radford Nay)

Total soluble protein was estimated using a commercial kit based on the Bradford assay

(Bio-Rad, Sydney, Australia) with bovine serum albumin as the standard. Samples for

analysis were diluted 1:10 with PBS + 0.02Vo formaldehyde (the dilution halts the

reaction), then centt'ifuged for 15 min at 10,000 xg and the supernatant collected. 0.8 mL

of the supelnatant was mixed with 0.2mL of dye reagent and the adsorption read at 595

nm after 5 min. Each sample was analysed in duplicate.

Note. Trails demonstrated that interference to the Bradford assay by reagents such as urea

and EDTA was negligible after the 1:10 dilution with PBS + O.O2Vo formaldehyde.
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A4 Recombinant protein estimation (IIPLC anaþis)

Solvents

O.I7o TFA. Add approximately 200 mL of MQ water to a 500 mL volumetric flask. Add

500 pL of TFA to the volumetric flask. Make up the volume to 500 mL with MQ water.

Immediately prior to use filter the reagents using the Millipore filtration rig and 0.2 pm

GV filter paper.

8070 Acetonitrile / 0.08% TFA. MQ water (100 mL) was added ro a 500 mL volumerric

flask. TFA (400 pL) was then added to the volumetric flask. The volume was made up to

500 mL with Acetonitrile. Immediately prior to use the reagents were filtered using a

Millipore filtration rig and 0.2 ¡tm GV filter paper.

Sample preparation.

The samples were centrifuged after collection (10,000 xg for 2 min), and stored frozen till

HPLC analysis took place. DTT (0.5 mg) was added to 150 pL of thawed sample, mixed

and left for 5 min, Immediately prior to injection 5 pL TFA was added and the sample

mixed.

HPLC operation.

Tlre column was a C4, aquapore, reverse phase column, (Brownlee Laboratories, Santa

Clara, CA). A 20 to 50Eo (v/v) acetonitrile gradient over 30 min was used to separate the

proteins. Plotein was detected using a UV/Vis in-line spectrophotometer set at 215 nm. A

Long-R3-IGF-I standard (GroPep, Adelaide, Australia) was used to calculate the

conversion factor for the HPLC analysis.
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A5 Polyacrylamide gel electrophoresis (PAGE)

Polyacrylamide gel electrophoresis (PAGE) is able to separate proteins according to their

molecular weight. It is a qualitative assay that can be rendered semi-quantitative when

combined with image analysis or densitometry.

Solutions

Buffer A. Tris base Ø5.a Ð was dissolved in 250 mL MQ water and the pH adjusred ro

8.8 with conc. HCl.

Buffer B. Tris base (6 g) was dissolved in 100 mL MQ water and the pH adjusted to 6.8

with conc. HCl.

l07o SDS. Sodium dodecyl sulphate (SDS) (5 g) was dissolved in 50 mL MQ warer

I)Vo Ammonium persulphate. Ammonium persulphate (100 mg) dissolved in I mL MQ

water (immediately prior to use).

5 x Running buffer. Tris base (15 g), glycine (12 g), and SDS (5 g) were dissolved in 1L

MQ water.

Stain. Coomassie Blue R-250 (0.5 g), methanol (200 mL), and acetic acid (50 mL) made

Lrp to 500 mL with MQ water.

De-staiu. Methanol (400 mL) and acetic acid (50 mL) made up to I L with MQ water

Sample buffer'. Buffer B (12.5 mL), glycerol (20 mL), B-mercaptoethanol (5 mL), and

bromophenol blue (0.5 g) made up to 100 mL with MQ water.
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Gel preparation

The clean glass plates and spacers were assembled, and clamped in place onto a rubber

gasket. Acrylamide/bis (50 mL), buffer A (25 nú-),I}vo SDS (l mL), and Me water (23.5

mL) were combined to form the separating gel and degassed by application of a vacuum

for 15 min. l}Vo Ammonium persulphate (0.5 mL) and TEMED (50 pL) were added to the

solution immediately prior to pouring the slab. Butanol (approximately 10 mL) was run

onto the top of the separating gel to provide a linear edge. The gel was given 30 min to

set. Buffer B (2.5 mL), acrylamide/bis (i.3 mL), 10% SDS (0.1 mL), and Me water (6.1

mL) were combined to form the stacking gel and degassed by application of a vacuum for

15 min. l)Vo Ammonium persulphate (50 pL) and TEMED (10 ¡rL) were added ro rhe

solution immediately prior to pouring the stacking gel. The butanol was tipped off the gel

and the top of the separating gel rinsed with MQ water. A comb was placed above the

separating gel and the stacking gel poured to fill the space above the separating gel. The

gel was given 30 min to set. The comb was removed and the wells rinsed with MQ water.

The PAGE gel assembly was removed from the gel setting platform and fixed to the

electrophoresis tank cooling core. Running buffer (1.5 L) was added to the electrophoresis

tank.

Sample preparation

To 2 parts of the sample 1 part of 307o trichloroacetic acid was added and the solution left

for 5 min. The solution was then centrifuged at 10,000 xg for 5 min. The supernatant

discarded and the pellet resuspended in sample buffer. The sample was then heated to

100"C for 5 min. The sample was then cooled prior to loading in the wells in the stacking

gel.
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PAGE operation

The complete with PAGE gels were attached to the electrophoresis tank cooling core.

Approximately 100 mL running buffer was added to the top of the cooling core. Samples

were then loaded to the wells in the stacking gel using an autopipette. After loading is

finished the lid is placed on the electrophoresis tank and the cables attached to the

1000/500V power supply. The power supply was set to maximum voltage and power, and

tlre current set to 40 Amps (for 2 gels). Run was pressed to start electrophoresis. It ran for

approximately 4.5 h. On completion the gels were removed from the electrophoresis tank,

then from the cooling core and from the glass plates. The gels were place in Coomassie

Blue stain for over 4 h. To destain the gels they were placed in 500 mL destain solution

for 30 min (this process was repeated till the background of the gel became clear).
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Appendix B Media composition

B1 Shake flask media

D-Glucose (3.125 g/L), NHaCI (2.42 g/L), KH2PO4 (2.38 g/L), Na2HPO4 (3.9 glL), K2SOa

(1.82 glI-), MgSOa.TH2O (0.625 gll-), FoSO+.7HzO (20 mgil-), MnSOa.H2O (5.1 mg/I_),

znso+.7H2o (8.6 mgll'), cuSo¿.5Hzo (0.76 mg/L), trisodium cirrare (88mg/L), and

Thiamine (40 mg/L).

The D-glucose and the MgSO4.7H2O were dissolved in RO water (half the final volume),

and stored in a Schotte bottle. The remaining components except thiamine were dissolved

in RO water (half the final volume), and 25 rnl added to each 100 mL conical shake flask.

Cotton wool bungs were placed in the mouths of the flasks, and the top wrapped with

aluminium foil. The glucose/ MgSOa solution and the flasks were autoclaved at 121oC for

20 min. The glucose/ MgSOa solution (25 mL) was added aseptically to each flask. The

thiamine solution was filter sterilised and aseptically added to each flask to give a final

concentration of 88 mg/I-.

B2 Fermentation media

The fermentation media used the same recipo as the shake flask media except D-Glucose

was 6.25 g/L.

83 PBS

NaCl (6.5 g/L), K}ì2PO+ (1.37 m/1,). pH was adjusted to 6.9 with 2 M NaOH
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Appendix C Fermentation operation parameters

C1 Standardfermentationprocedure-uninduced

A glycerol stock of E. coli strain JM101 (lacla) containing the strictly-regulated plasmid

p[Met']-pGH(11)-Val-Asn-[Arg3]-IGF-I was streaked onto a CI agar (plus 100 mg/l

A-p) plate and incubated ar.3J"C for 24 h. A shake flask containing 50 mL of sterile

modified Ci media (Appendix B1) was inoculated with a colony from the plate and then

incubated at 3J"C for 8 h. A volume from the shake flask was used to inoculate the

fermenter (Chemap CF2000) containing 12 L of modified Cl media (Appendix B2) to

give an initial absorbance at 600 nm (Aooo) of 0.00025. The pH of the fermenter was

controlled at 6.9 using 2 M NaOH, the temperature at 3J"C, and the dissolved oxygen

above 50Vo saturation. Samples were collected from the fermenter and the A6s6 measured,

At an 4666 of 4.0 (logarithmic phase cells) and 4 h after the culture exhausted the glucose

in the media (stationary phase cells), the E. coli samples were harvested. The samples

were centrifuged at 10000 xg, 4"C, for 30 min, and the cell pellet resuspended in

phosphate-buffered saline (Appendix B3) to give an Aooo of 80.

CZ Standard fermentation procedure - induced

A glycerol stock of E. coli strain JM101 (lacll) containing the strictly-regulated plasmid

p[Metr]-pGH(11)-Val-Asn-[Arg3]-IGF-I was streaked onto a C1 agar (plus 100 mgiL

A-p) plate and incubated af" 37"C for 24 h. A shake flask containing 50 mL of sterile

modified C1 media (Appendix Bl) was inoculated with a colony from the plate and then

incubated at 37"C for 8 h. A volume from the shake flask was used to inoculate the

fermenter (Chemap CF2000) containing 12 L of modified Cl media (Appendix B2) to

give an initial absorbance at 600 nm (46¡6) of 0.00025. The pH of the fernenter was

controlled at 6.9 using 2 M NaOH, the temperature at 37"C, and the dissolved oxygen

above 507o saturation. Samples were collected from the fermenter and the A6ss measured.

At an A6¡6 value of 2.0, recombinant protein expression was induced by the addition of 16

mg/I- IPTG. The fermentation proceeded for another 4 h then the cells were harvested.
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The samples were centrifuged at 10000 xg, at 4"C, for 30 min, and the cell pellet

resuspended in phosphate-buffered saline (Appendix B3) to give an A6¡6 value of 80.

C3 Preparation of an inclusion body extracl

The cells produced following the procedure detailed in Appendix C2 werc collected after 4

h induction prior to the centrifugation step (note, these were used immediately after

harvesting, they were not treated with a killing agent nor frozen prior to use). The

harvested cells were homogenised using 3 passes through an APV-Gaulin model l5MR-

STBA with an operating pressure of 56 MPa. The homogenate 'was centriguged at 10000

xg, 4"C, for 30 min, and the cell pellet resuspended in phosphate-buffered saline

(Appendix B3) to give a cell concentration equivalent to A6¡6 value of 80. This resulted in

a suspension of inclusion bodies (plus cell debris) at the same proportions as in the whole

cell preparation in Appendix C2.
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