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Abstract
Recombinant Ty virus-like particles (Ty-VLPs), expressed 

in the yeast Saccharomyces cerevisiae, have a number of 
potential applications, particularly as potent vaccines. In 
order to manufacture Ty-VLPs commercially it is essential 
that they can be efficiently purified on a large scale from 
the cells in which they are expressed. This thesis describes 
three studies which were carried out to provide a biochemical 
engineering foundation for the large scale purification of 
5620 Ty-VLPs.

À reversed phase (RP-) HPLC assay was developed to 
replace gel-scanning and immunoblotting for the measurement 
of 5620 Ty-VLPs. This assay was calibrated for quantitative 
measurement of 5620 Ty-VLPs, and its ability to measure 5620 
Ty-VLPs quantitatively was verified. Compared to the previous 
assay methods, the RP-HPLC assay was simpler to carry out, 
faster, and of equal of better quantitative capability. It 
was however inferior in terms of sensitivity.

Because 5620 Ty-VLPs are expressed as an intracellular 
product, cell disruption is required as a first step in 5620 
Ty-VLP purification. The use of a high pressure homogenizer 
and a bead mill for this purpose was investigated. 5620 
Ty-VLP release was most efficiently achieved with the 
homogenizer, and optimum conditions for release were 
determined. Freezing and thawing of the cells were found to 
increase their resistance to subsequent breakage in the 
homogenizer.

The use of flocculating reagents for the clarification 
of yeast homogenate containing 5620 Ty-VLPs was investigated. 
Flocculation with sodium tetraborate (borax) selectively 
removed cell wall debris from the homogenate, leaving 5620 
Ty-VLPs in the clarified liquor in high yield. Flocculation 
with polyethyleneimine (PEI) proved very effective for the 
selective removal of a range of non-protein contaminants from 
Baker's yeast homogenate. Soluble proteins remained in 
solution following flocculation, although high molecular 
weight proteinaceous material was removed. In agreement with 
this observation, 5620 Ty-VLPs were lost from solution when 
homogenate containing them was flocculated with PEI.
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1 General Introduction; Ty Elements and Ty-VLPs
Transposons are genetic elements that are able to move 

from one place to another within the genome of a cell 
(Alberts B. et al. 1983). Movement occurs by a process known 
as transposition, which leaves one copy of the transposon at 
the original 'donor' site, and inserts another copy at a new 
'target' site. Transposons have been identified in a number 
of prokaryotic and eukaryotic organisms (Berg D.E. and Howe 
M.M. 1989), including the yeast S.cerevisiae, where they are 
known as Ty (transposon yeast) elements. Ty elements have a 
number of similarities to retroviruses (Malim M.H. et al.
1987a, Garfinkel D.J. et al. 1989), and for this reason are
sometimes referred to as retrotransposons.

Ty elements are of great interest to geneticists, since 
they are the major cause of instability in the yeast genome. 
Following transposition, the insertion of a Ty element often 
alters the expression of a gene at the target site (eg 
Farabaugh P.J. and Fink G.R. 1980, Williamson V.M. et al. 
1983). In addition, Ty elements dispersed throughout the
genome act as areas of homology in recombination events,
which result in gross DNA rearrangements (Boeder G.S. and 
Fink G.R. 1983). The instability in the yeast genome that 
results from the presence of Ty elements produces the clones 
with adaptive mutations which predominate in yeast 
populations (Wilke C.M. and Adams J. 1992).

In this section the structure of Ty elements is 
considered, before looking at how they transpose by means of 
Ty-VLPs. The cloning of Ty-VLPs is discussed, with particular 
reference to the 5620 Ty-VLPs used in this study. Finally, 
the potential uses of cloned Ty-VLPS are reviewed.

1.1 Structure of Ty elements
There are four families of Ty elements in S.cerevisiae: 

Tyl (Cameron J.R. et ai. 1979), Ty2 (Kingsman A.J. et al. 
1981), Ty3 (Clark D.J. et al. 1988) and Ty4 (Stuka R. et al. 
1989). Since 5620 Ty-VLPs are derived from the transposon 
Tyl-15, which is a member of the Tyl family, only the 
structure of the Tyl transposons is discussed in detail in
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this section. À summary of the properties of the other 
transposon families is given in Table 1.1.

Table 1.1. Properties of Ty transposons.

Name Size (bp) Terminal Repeats Copy Number

Tyl 6 , 2 0 0 delta sequences 25 - 30
Ty2 6 , 2 0 0 delta sequences 1 0

Ty3 5,400 sigma elements 2 - 4
Ty4 6,300 tau elements 1 - 4

Tyl is the largest family of Ty elements; there are 
about 25 - 30 members per haploid yeast genome, accounting 
for about 2 % of the total cellular DNA (Cameron et al. 
1979). Although the Tyl transposons are scattered throughout 
the genome, they have preferential insertion into RNA gene 
regions (Hauber J. et al. 1988) and into 'hot spots' at the 
5' end of genes (Natsoulis G. et al. 1989).

As shown in Figure 1.1, Tyl elements consist of a 
central 'epsilon' region of about 5.6 kb flanked by 330 bp 
long terminal repeats known as 'delta' sequences (Cameron 
J.R. et al. 1979). The two delta sequences associated with a 
single Tyl element are usually identical (Boeke J.D. 1989), 
and are bordered on their exterior ends by a 5 bp duplication 
of host sequence (Gafner J. and Philippsen P. 1980). In 
addition to the delta sequences associated with Ty elements, 
the yeast haploid genome also contains at least 1 0 0  solo 
delta sequences (Cameron J.R. et al. 1979). Solo delta 
sequences are not able to transpose - they arise when a 
recombination event between the two delta sequences at either 
end of a transposon results in the excision of one of the 
delta sequences and of the epsilon region (Roeder G.S. and 
Fink G.R. 1983). The loss of Ty elements by this mechanism is 
probably responsible for limiting their copy number (Fink 
G.R. at al. 1986).

In yeast there are three polyadenylated RNAs that are 
homologous to Tyl DNA: a 5.7 kb major transcript (Elder R.T. 
at al. 1983), a 5.0 kb minor transcript (Elder R.T. at al.
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1983) and a 2.2 kb minor 
transcript (Taguchi À.K.W. 
et al. 1984). The major 
transcript starts at the Xho 
1 site in the 5' delta 
sequence and ends about 50 
nucleotides beyond the Xho 1 
site in the 3' delta 
sequence (Figure 1.1). Since 
the two delta sequences are 
identical, it therefore 
carries a copy of all the 
Tyl genetic information, 
allowing it to act as the

5’ Delta Epsilon 3' Delta
h - — h----------- -----------— H

1
Xhol

1
Xhol

TYl

RNA

TYA

intermediate 
transpos ition 
(section 1 .2 ). 
transcripts are 
abundant, and

TYB
pro int rt

in the 
process 

The minor 
much less 
appear to 

arise when transcription is 
terminated prematurely element. Areas of 
within the epsilon region. with retroviral 

The transcribed region

f rameshif t

pi P3
Figure 1.1. Structure of Tyl

homology 
protease

(pro), integrase (int) and 
of Tyl is divided into two reverse transcriptase (rt) are 
open reading frames, indicated by chequered boxes, 
designated TYA and TYB.
which overlap in different reading phases by 38 nucleotides 
(Clare J. and Farabaugh P. 1985, Mellor J. et al. 1985). TYA 
is expressed by simple translation of the 5.7 kb transcript 
to produce a 50 kD precursor protein known as pi (Dobson M.J. 
et al. 1984), whereas TYB is expressed as a TYA:TYB fusion 
protein, p3, which has a molecular weight of about 190 kD 
(Mellor J. et al. 1985a). The production of p3 is achieved by 
a ribosomal frameshifting event during the translation of the 
5.7 kb RNA, that leads to the avoidance of the TYA 
termination codon and a shift into the TYB reading phase 
(Wilson W. et al. 1986). Frameshifting occurs at a frequency 
of about 40%, by a mechanism involving tRNA slippage
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(Belcourt M.F. and Farabaugh P.J. 1990). These relationships 
between TYA. TYB. pi and p3 are shown in Figure 1.1.

1.2 Mechanism of Tyl Transposition
The probable process of Tyl transposition is illustrated 

in Figure 1.2. First, the Ty element is transcribed into RNA, 
which is packaged in the cytoplasm into a precursor Ty-VLP 
(pre-Ty-VLP). This is converted into a RNA containing Ty-VLP 
by proteolytic processing, and then into a DNA containing 
Ty-VLP by the action of reverse transcriptase. The resulting 
mature particle migrates to the nucleus, where the DNA is 
integrated at the target site. The steps of Ty transposition 
are described in more detail below.

A. Tyl at Donor Site

C. Pre-Ty-VLPB. Unassembled Components

pi ] piRNA

E. Nature VLPD. RNA Containing VLP

P2
rt P9 P2 P2 Jfrt

Ty DNA

F. Tyi at Target Site

Figure 1.2. Mechanism of Tyl transposition. Abbreviations 
protease, pr; reverse transcriptase, rt; integrase, in.
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1.2.2.1 Formation of Pre-Ty-VLP
Transcription of the Ty element appears to be similar to 

transcription of other cellular genes. The 5.7 kb RNA 
produced is transported to the cytoplasm, where it is 
translated to produce pi and p3 (section 1.1). The RNA from 
Ty elements is very abundant, accounting for between 5 - 10 % 
of the total polyadenylated RNA in laboratory yeast strains, 
however transposition frequencies are extremely low 
(Garfinkel D.J. et al. 1989). This suggests that 
transposition is regulated at a post-transcriptional level 
(see section 1 .2 .2 ).

By overexpressing Tyl elements, it was found that the
5.7 kb RNA is packaged into spherical particles of about 60 
nm diameter (Mellor J. et al. 1985b, Garfinkel D.J. et ai. 
1985). These Ty-VLPs are widely distributed in the cytoplasm, 
and are not excreted into the culture media (Garfinkel D.J. 
et ai. 1985). The process by which the RNA becomes packaged 
inside the Ty-VLP is unclear, but since pi protein alone is 
able to form particles (Adams S.E. et ai. 1987, Youngren S.D. 
et ai. 1988), it has been suggested that the RNA is first 
encircled by a coat consisting only of the pi protein, to 
produce a pre-Ty-VLP. The pi protein contains a proline rich 
hydrophobic domain and a lysine and arginine rich basic 
domain (Hauber J. et ai. 1985), which could stabilize this 
initial complex by protein-protein and protein-nucleic acid 
interactions respectively (Adams S.E. et ai. 1987).

The positioning of the p3 protein in the pre-Ty-VLP 
remains to be elucidated. It is possible that the amino- 
terminal part of p3, which is encoded by TYA, functions as a 
pi protein, and therefore ensures that the TYB derived 
protein sequences are packaged inside of the particle (Boeke 
J.D. 1989).

1.2.2 Maturation of Pre-Tv-VLP
Although the pi protein forms the coat of pre-Ty-VLPs, 

it is only a minor component of mature particles (Adams S.E. 
et al. 1987), which also lack the p3 protein (Mellor J. et 
al. 1985a). Instead, the mature particles contain an array of 
new proteins (see Table 1.2) and also, at a low
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concentration, a 6 kb linear duplex DNA (Eichinger D.J. and 
Boeke J.D. 1988).

Table 1.2. Mature Ty-VLP proteins.

Protein MW (kD) Reference

Structural 
Protein pi

50 Dobson M.J. et al. 1984

Structural 
Protein p2

48 Mellor J. et al. 1985a

Structural 
Protein p4

37 Malim M.H. et al. 1987a

Structural 
Protein p5

33 Malim M.H. et al. 1987a

Structural 
Protein p6

28 Malim M.H. et al. 1987a

Integrase See text Eichinger D.J. and Boeke 
J.D. 1988

Acid Protease Unknown Youngren S.D. et al. 1988
Reverse
Transcriptase

Unknown Mellor J. et al. 1985b 
Garfinkel D.J. et al. 1985

The maturation of the pre-Ty-VLP probably occurs in 3 
stages :

1. The pi protein is proteolytically cleaved to produce 
p2, which is the major component of the mature Ty-VLPs. 
A small proportion of p2 is processed further to produce 
the minor structural proteins p4, p5 and p6 (Adams S.E. 
et al. 1987).
2. Domains in the TYB open reading frame have amino acid 
sequence similarity to retroviral protease, reverse 
transcriptase and integrase (see Figure 1.1). It is 
thought that these activities are carried in the pre-Ty- 
VLP by the TYA;TYB fusion protein, p3, which is then 
broken down proteolytically when the particle matures. 
This generates pi protein from those sequences encoded
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by TYA (which is presumably processed as described 
above) and a 90 kD protein from those encoded by TYB 
(Garfinkel D.J. et al. 1985). The 90 kD protein is known 
to carry the integrase, and may also carry other TYB 
sequences (Eichinger D.J. and Boeke J.D. 1988). The 
proteolysis reactions involved in particle maturation 
are carried out by the TYB encoded protease (Youngren 
S.D. et al. 1988), which, like the reverse 
transcriptase, is of unknown molecular weight.
3. The 5.7 kb RNA is reverse transcribed to produce a 6 
kb linear duplex DNA, and, at a lower frequency, a one 
delta sequence circular DNA (Eichinger D.J. and Boeke 
J.D. 1988). This reaction is carried out by the TYB 
encoded reverse transcriptase that co-purifies with Ty- 
VLPs (Mellor J. et ai. 1985b, Garfinkel D.J. et al. 
1985). Ty DNA is limiting for transposition in vivo 
(Eichinger D.J. and Boeke J.D. 1990), which suggests 
that inefficient reverse transcription regulates Tyl 
transposition.

1.2.3 Integration of Reverse Transcript
Since Ty DNA is found within Ty-VLPs, which are located 

in the cytoplasm, Ty DNA must be transported to the interior 
of the nucleus before integration at the target site can take 
place. It is uncertain whether Ty-VLPs enter the nucleus in 
order to do this, or whether they "inject” the Ty DNA through 
a pore in the nuclear envelope.

The mechanism of the Ty integration event has yet to be 
determined. It is known that the Ty DNA generates a 5 bp 
duplication of host sequence during the process (Farabaugh 
P.J. and Fink G.R. 1980, Gafner J. and Philippsen P. 1980) 
and that only target DNA, a divalent cation and Ty-VLP 
components are required (Eichinger D.J. and Boeke J.D. 1988). 
Furthermore, it appears that integration proceeds by the 
linkage of the 3' hydroxyl residue of the reverse transcript 
to the target DNA (Eichinger D.J. and Boeke J.D. 1990).
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1,3 Exploitation of Ty-VLPs
Ty-VLPs can be adapted so that they carry foreign 

protein sequences on their surfaces (hybrid Ty-VLPs). The 
construction and uses of hybrid Ty-VLPs is considered in this 
section.

1.3.1 Construction of Hybrid Ty-VLPs
The observation that the pi protein alone is able to 

form Ty-VLPs (section 1.2.1) suggested that a pi fusion 
protein might also assemble into particles (hybrid Ty-VLPs), 
which would carry multiple copies of the protein fused to pi. 
In order to test this hypothesis, the E•coliS.cerevisiae 
shuttle vector pMA5620 was constructed, into which any coding 
sequence could be inserted to produce a TYA fusion gene 
(Adams S.E. et al. 1987a). pMA5620 is shown in Figure 1.3, 
together with a scheme illustrating the strategy for 
production of hybrid Ty-VLPs. This plasmid has the following 
features;

1. A fragment of the E.coli pBR322 plasmid bearing the 
origin of replication and the ampicillin resistance 
gene. This allows plasmid replication and selection in 
E.coli, which is the preferred host for manipulating 
genes and preparing plasmid DNA.
2. The origin of replication from the endogenous yeast 
plasmid the 2 /im circle. Plasmids containing this origin 
of replication are present at 50 - 200 copies per cell, 
and can be stably maintained in the absence of selection 
for at least 40 generations (Kingsman S.M. and Kingsman 
A.J. 1983).
3. The S.cerevisiae leu2 gene, that allows selection for 
cells containing pMA5620 following transformation of a 
leu2 defective strain (Beggs J.D. 1988).
4. A truncated copy of the TYA open reading frame 
(TYA-381), consisting of the first 381 of the 439 
codons. The protein product of this open reading frame, 
comprising the first 381 amino acids of pi, will be 
referred to in this thesis as pl-381.
5. A unique BamHl site for the insertion of additional 
protein coding sequences. Insertion at this site
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Figure 1.3. Construction of hybrid Ty-VLPs.

produces a fusion gene which has TYA at the 5' end 
(Figure 1.3). Provided that the reading phase with TYA 
is maintained, expression of this gene results in the 
production of a pl-381 fusion protein with the 
additional amino acids at the C-terminus.
6 . The TYA sequence and BamHl site are sandwiched 
between the constitutive yeast phosphoglycerate kinase 
(PGK) promoter and a PGK terminator fragment, that 
contains transcription and translation stop signals. 
This combination of promoter and terminator has been
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shown to result in markedly high levels of expression 
(Mellor J. et al. 1983). In most cases the expressed 
protein constitutes 1 - 5 % of total cellular protein, 
although particularly stable proteins can accumulate to 
much higher levels (Kingsman S.M. et al, 1987).
Cells transformed with pMA5620 contain Ty-VLPs, which 

are known as 5620 Ty-VLPs (Adams S.E. et al. 1987a). 5620 
Ty-VLPs are smaller and of more regular size than "wild type" 
Ty-VLPs (22 - 32 nm diameter compared to 30 - 78 nm diameter) 
and have a symmetrical, spherical structure (Burns N.R. at 
al. 1992). The formation of 5620 Ty-VLPs occurs despite the 
absence of amino acids 381 - 439 of pi and of the TYB 
proteins. Plainly, the 5620 Ty-VLPs do not package their own
5.7 kb RNA, and the presence of 5620 Ty-VLPs does not result 
in transposition.

When cells are transformed with pMA5620 constructs which 
carry additional coding sequences at the BamHl site they 
produce pi fusion proteins that assemble into hybrid Ty-VLPs 
(Adams S.E. at al, 1987a, Malim M.H. at al, 1987). Particles 
carrying foreign protein sequences ranging in size from 3 - 
42 kD have been produced in this way (Kingsman S.M. and 
Kingsman A.J. 1988). The hybrid Ty-VLPs are of irregular 
morphology compared to "wild-type" Ty-VLPs, exhibiting the 
foreign protein in a native conformation on the surface. 
Their size is dependant on the foreign protein that they 
carry; those bearing a fragment of the human immunodeficiency 
virus type 1 (HIV-1) gpl20 protein are about 60 nm diameter 
(Adams S.E. et al, 1987a), whereas those carrying part of the 
HIV-1 p24 protein are approximately 80 nm in diameter (Mills 
K.H.G. et al, 1990).

1.3.2 Uses of Hybrid Ty-VLPs
The commercial application of hybrid Ty-VLPs is under 

investigation by British Biotechnology Ltd. (Cowley, UK). 
Potential uses are briefly reviewed in this section.

1.3.2.1 Hybrid Ty-VLPs as particulate antigen carriers
Recent advances in molecular biology are expected to 

yield a new generation of vaccines against viral diseases
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(Edgington S.M. 1992). The most potent consist of recombinant 
particles which carry multiple copies of a viral antigen on 
their surface (this is because the immunological response to 
a viral antigen is greatly increased if it is presented to 
the immune system in a polyvalent form which mimics the 
"wild-type" virus). The recombinant particles formed by 
hepatitis B surface antigen (eg Valenzuela P. et al. 1985, 
Michel M.-L. et al. 1988), hepatitis B core protein (Riveros- 
Moreno V. and Beesley J.E. 1990), retroviral gag proteins 
(Weldon R.À. et al. 1990, Kingsman À.J. et ai. 1991) and Ty- 
VLPs (Mills K.H.G. et ai. 1990, Griffiths J.C. et ai. 1991) 
have been used as carriers for viral antigens.

The vaccines based on hybrid Ty-VLPs are directed 
against HJV-1. Hybrid Ty-VLPs carrying the last 33 amino 
acids of HiV-1 pl7 and the first 176 amino acids of HIV-1 p24 
stimulate the production of anti-p24 antibodies in a variety 
of laboratory animals and induce p24 specific T-helper cells 
in macaques (Mills K.H.G. et al. 1990). The safety and 
immunogenicity of this vaccine are currently under evaluation 
in Phase 1 clinical trials on healthy human volunteers. 
Hybrid Ty-VLPs have also been constructed which carry the V3 
sequence of HIV-1 gpl20 (Griffiths J.C. et ai. 1991). When 
rabbits are immunized with these particles (in conjunction 
with a aluminium hydroxide adjuvant) high titres of HIV-1 
neutralizing antibodies are induced and V-3 specific T-helper 
cells proliferate (Griffiths J.C. et al. 1991).

1.3.2.2 Hybrid Tv-VLPs as protein purification vehicles
Hybrid Ty-VLPs have been constructed in which the HIV-1 

p24 protein is joined to pl-381 by the recognition sequence 
for the blood coagulation factor Xa (Gilmour J.E.M. et ai. 
1989). These particles can be readily purified from other 
yeast cell components by the use of ultracentrifugation and 
gel filtration chromatography. The p24 protein can then be 
released from the surface of the particles by proteolytic 
cleavage using factor Xa, and separated from the residual 
particulate material by ultracentrifugation (Gilmour J.E.M. 
et al. 1989). This process provides a rapid means for the 
production of p24, although the requirement for
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ultracentrifugation restricts the scale of operation 
(section 5). Similar processes have been used to purify other 
retroviral proteins (eg Braddock M. et al. 1989, Burns N.R. 
et al. 1990). In some cases protein aggregation has resulted 
in poor recoveries (Kingsman A.J. et al. 1991).

1.3.2.3 Diagnostic kits usina hybrid Ty-VLPs
Hybrid Ty-VLPs which carry several HIV-1 and HIV-2 

antigens have been used as a basis for a novel immunoassay 
which is able to rapidly differentiate between HTV-l and 
HIV-2 infection (Gilmour J.E.M. et al. 1990). Because hybrid 
Ty-VLPs can be easily purified on a laboratory scale (section 
1.3.2.2), and because of their high antigenicity, it is 
expected that hybrid Ty-VLPs will also be employed in a large 
number of other diagnostic kits.
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2 Materials and Methods

2.1 Materials

2.1.1 Reagents
With the exception of the reagents listed in this 

section, all reagents were purchased from BDH (Poole, UK) and 
were of "Aristar" grade.

The following components of the fermentation medium were 
obtained from Sigma (Poole, UK); MgSO^.7H2O , CaClz, MnSO^.4H2O , 
CUSO4.5 H2O, NaaMoO^.2H2O , and thiamine. Yeast nitrogen base was 
obtained from Difco Laboratories (Detroit, USA).

The buffer reagents required for RP-HPLC were obtained 
from BDH (Poole, UK). The KH2PO4 and urea were of "Aristar" 
grade, the CH3CN and water were "HiPerSolv" grade.

Several of the reagents employed for SDS-PAGE and 
western blotting were purchased from Bio-Rad Laboratories 
(Richmond, USA) and were of electrophoretic grade. These 
were: ammonium persulphate, TEMED, acrylamide, Jbls-
acrylamide, glycine. Tris, sodium dodecyl sulphate (SDS), 
dithiothreitol, Tween 80 and Triton X-100. The methanol used 
in these methods was purchased from BDH (Poole, UK) and was 
of "GPR" grade.

Borax and PEI (MW 40 000 - 60 000) were obtained from 
Sigma (Poole, UK). Concentrations of PEI in this thesis are 
expressed as absolute w/v percentages, though this product 
contains 50 % PEI in aqueous solution.

2.1.2 Production Strain
S.cerevisiae strain BJ 2168 (a, Ieu2“, trpl, ura3-52, 

prbl-1122, pep4-3, pcrl-407) was used as a host for 5620 
Ty-VLP production. Untransformed cells had a growth 
requirement for leucine, tryptophan and uracil. Cells 
transformed with the plasmid pMA5620 had a growth requirement 
for tryptophan and uracil only, since the plasmid conferred 
leucine independence (section 1.3.1).

Frozen cell stocks (1 ml) were a gift from British 
Biotechnology Limited (Cowley, UK), and contained 
approximately 0.4 mg dew in 20 % glycerol. Cell stocks were
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stored at -70°C, and were kept for up to 8 months without 
loss of viability.

2.1.3 Antibodies
Rabbit anti-Ty antibody solution (0.5 ml) was a gift 

from British Biotechnology Ltd. (Cowley, UK). This solution 
had an ELISA mid-point titre of 1:30 000 and contained 0.1 % 
sodium azide as a preservative. It was stored as 10 /Ltl 
aliquots at -70®C. Goat anti-rabbit antibody (conjugated to 
Horseradish peroxidase) was purchased from Sigma (Poole, UK), 
and was stored as 30 ^1 aliquots at -70®C. No loss of 
antibody activity was detectable after storage at this 
temperature for over 1 2 months.

2.2 Pilot Plant Experimentation

2.2.1 Fermentation
Biomass for downstream processing studies was produced 

by a four step process. Shake flasks were grown up and used 
as the inoculum for a 14 L batch fermentation, which in turn 
was used as the inoculum for a 100 L fed-batch fermentation. 
The second fermentation was operated in fed-batch mode in 
order to increase growth yields by avoidance of the crabtree 
effect (De Deken R.H. 1966). The fermentation protocols were 
obtained from British Biotechnology Limited (Cowley, UK).

2.2.1.1 Shake flasks
Fermenter inoculum was prepared in 2 L shake flasks, 

containing either 250 ml or 500 ml of medium. The shake flask 
medium consisted of 6.7 g.L"^ yeast nitrogen base, 10 g.L"^ 
glucose, 20 mg.L"^ leucine (untransformed BJ 2168 only), 20 
mg.L“̂ tryptophan and 20 mg.L"^ uracil. The yeast nitrogen 
base and glucose were sterilized by autoclaving at 121®C for 
2 0 min, the leucine, tryptophan and uracil were filter 
sterilized through a 0.2 /nm sterile filter (Acrodisc, Gelman 
Sciences Inc., Ann Arbor, USA). Following inoculation, shake 
flasks were incubated at 30*C and 200 rpm in an orbital 
shaker (New Brunswick Scientific Co. Inc., Edison, USA). 
Non-inoculated controls were also incubated.
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The inoculum for the batch 14 L fermentation was 
prepared by the following procedure. A shake flask containing 
250 ml of medium was inoculated with a cell stock (1 ml), and 
after incubation for 48 h, the OD̂ oo of the culture was 
determined (section 2.2.1.5). Sufficient culture was then 
aseptically transferred to two shake flasks containing 500 ml 
media to give an ODgoo of 0.021. These flasks were incubated 
until an OD̂ oo of 1.0 was achieved (approximately 24 h) , and 
were then used to inoculate the 20 L fermenter (section 
2.2.1.3).

2.2.1.2 Batch 14 L fermentation
A 20 L glass fermenter (LH fermentation, Slough, UK), 

with a working volume of 14 L, was used as a seed vessel for 
the fed batch 100 L fermentation. The medium for this 
fermentation was as described for the shake flasks (section
2 .1 .1 .2 ), except that 0 . 2 g.L“̂ antifoam (polypropylene glycol 
2025) was also present. The yeast nitrogen base and antifoam 
were made up to 12.5 L with deionized water, were adjusted to 
pH 5.0 with a small volume of 20 % H3PO4, and were sterilized 
in the fermenter for 20 min at 1 bar gauge. The glucose was 
made up in 350 ml of deionized water and was autoclaved 
(20 min, 121®C) and the leucine (untransformed BJ 2168 only), 
tryptophan and uracil were made up in 150 ml of deionized 
water and were sterilized using a 0 . 2  /im sterile filter 
(Acrocap, Gelman Sciences Inc., Ann Arbor, USA). The glucose 
and growth supplements were added to the sterilized fermenter 
immediately before inoculation.

The fermenter was inoculated with 1 L of shake flask 
culture at OD«oo of 1 . 0 (section 2 .2 .1.3). A PID controller 
was used to maintain the fermentation temperature at 30®C, 
the pH at pH 5.0 (with 5 M NaOH), the air flow rate at 
7 L.min"^ and the stirrer speed at 800 rpm. Samples were taken 
during the course of the fermentation and analyzed as 
described in section 2.1.1.5. Diauxic growth was observed, 
with specific growth rates on glucose and ethanol of 0.165 h"̂  
and 0.025 h"̂  respectively. Normally the culture from this 
fermenter was used to inoculate the 150 L fermenter at the 
end of growth on glucose, which occurred at an OD̂ oo of
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approximately 3.5 (20 - 25 h). The growth yield on glucose at 
this point was 0 . 1 0  - 0 . 1 2  g dew.g glucose”̂ .

2.2.1.3 Fed batch 100 L fermentation
À 150 L stainless steel fermenter (LH fermentation, 

Slough, UK) was used as the main production vessel. This 
fermenter had a working volume of 100 L, which was made up of 
a defined medium ( 6 6 L), the inoculum (14 L), and the glucose 
feed (20 L):

Table 2.1. Components of trace elements and vitamins.
Trace elements Vitamins
Component Concentration̂

(mg.L"̂)
Component Concentration̂

(mg.L“̂)

(̂ 4̂)2^4 8300 D-Biotin 2

KH2PO4 1050 Calcium pantothenate 12.5
MgSOyTEgO 570 Pyridoxine HCl 12.5
CaCl2 (anhydrous) 11 Thiamine 10

HnSÔ .̂ jO 0.152 Nicotinic acid 10

CUSO4.5H2O 0.185 p-amino benzoic acid 0.8

ZnSÔ.THjO 0.046 meso-inositol 20

KI 0.0056
Na2Ho0 .̂2H20 0.0934
PeClj.ôHjO 0.0204

In 100 L of fenentation broth.

Defined medium
The defined medium consisted of "trace elements", 

"vitamins" and antifoam. The components of the trace elements 
and vitamins are shown in Table 2.1, the antifoam 
(polypropylene glycol 2025) was present at a concentration of
0.2 g.L~^ (in 100 L of fermentation broth). The trace elements
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and antifoam were made up in 6 6 L of deionized water and were 
sterilized in the fermenter for 20 min at 1 bar gauge. The 
vitamins were made up in 750 ml of deionized water, were 
sterilized using a 0.2 /im sterile filter (Acrocap, Gelman 
Sciences Inc., Ann Arbor, USA), and were added to the 
sterilized fermenter once it had cooled.

Inoculum and growth conditions
Culture (14 L, ODgoo = 3.5) was transferred from the 20 

L fermenter to the 150 L fermenter using a sterile transfer 
line and an overpressure of 1 bar. A PID controller was used 
to maintain the following growth conditions in the inoculated 
fermenter: temperature 30*C; pH 5.0 (with 5 M NaOH); air flow 
rate 50 L.min"^; stirrer speed 400 rpm.

Glucose feed solution and glucose feeding strategy
Glucose feed solution (20 L) contained 200 g.L'^ glucose, 

4 g.L"^ leucine (untransformed BJ 2168 only), 4 g.L"^
tryptophan and 2 g.L"^ uracil. The glucose was made up in 8 L 
of deionized water in a 20 L aspirator, which was then 
sterilized in an autoclave at 121®C for 1 h. The leucine, 
tryptophan and uracil were made up in 12 L of deionized water 
and were filtered into the aspirator through a 0 . 2 /im sterile 
filter (Millipax-40, Millipore Co., Bedford, USA).

During fermentation, the glucose feed solution was fed 
manually into the fermenter using a peristaltic pump (Watson 
Marlow 501U, Watson Marlow, Falmouth, UK), which had been 
previously calibrated with feed solution. The glucose was 
maintained as the growth limiting substrate by the use of the 
following feeding strategy:

1. The fermenter was sampled, the ODgoo was determined, 
and the cell concentration, X„, was calculated from it 
(section 2 .1 .1 .5).
2. The expected cell concentration in 1 h time (X„+i) was 
determined using the equation:

[5-1]
3. X„+i and X„ were used to calculate the glucose 
requirement for growth in the next hour (S):
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s = ^  [5.2]
X̂/S

4- The pump flow rate was set to deliver S g of glucose 
over the next hour. The culture volume was recalculated 
to take into account the volume of the added feed.
5. After 1 h, steps 1 - 5  were repeated.

Typical values for /i and Ŷ /s were 0.14 h"̂  and 0.25
g dew.g glucose"^ respectively (no differences were observed 
between transformed and untransformed cells). At British 
Biotechnology Ltd. (Cowley, UK) more precise glucose feeding 
was obtained by use of a microprocessor, and growth yields of
0.35 g dew.g glucose"^ were observed (with a similar specific 
growth rate).

Fermentations entered the stationary phase at a cell 
concentration of 5.0 g dcw.L"^, which was achieved after 
approximately 24 h of fermentation. Depending on the 
requirement of cell disruption studies, the fermenter was 
harvested either in the late-exponential or early-stationary 
phase of growth (section 4.2.1.3).

2.2.1.4 Fermenter harvesting and cell washing
At the end of the fermentation, the glucose feed and air 

flow were shut off, the agitator speed was reduced to 1 0 0  
rpm, and the culture was cooled, normally reaching 15 - 20*C 
at harvest. The culture was pumped at 250 L.h"^ through a 
tubular bowl centrifuge (Sharpies AS26, Pennwalt Ltd., 
Camberley, UK), fitted with a 6 L stainless steel bowl. The
centrifuge was operated at 17 000 rpm (19 000 g) and was
cooled by the passage of ethylene glycol coolant (-4*C)
through the centrifuge jacket. At the end of centrifugation 
the cells were collected by hand from the bowl. They were 
then washed by resuspending in 50 L of phosphate buffer (100 
mM KH2PO4, pH 7.4, 4*C), followed by centrifugation with
identical conditions to those employed for harvesting.

The supernatant produced by centrifugation was crystal 
clear, and had a temperature of 15 - 20®C. The percent dry 
weight of the cell paste was determined by the method
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described in section 2.3.1.6 (average of 5 duplicates), and 
was generally 21 - 23 %.

2.2.1.5 Fermenter sampling
Samples of culture (10 ml) were taken hourly during the 

14 L and 100 L fermentations. Aliquots were diluted with 
deionised water to give an OD̂ oo in the range 0 . 1 - 0 .6 , and 
the ODeoo was determined in duplicate against a blank 
consisting of an equivalent dilution of non-inoculated medium 
(all spectrophotometric measurements were made using a 
Phillips PU8800 UV/visible spectrophotometer, Phillips, 
Cambridge, UK). A glucose indicator strip (Dextrostix, Miles 
Ltd., Slough, UK) was used to measure the glucose 
concentration of samples (over the range 1 - 1 0  g.L"^), and 
samples were also checked for contamination by observation 
under a light microscope.

The relationship between OD«oo and dew was determined by 
the following procedure. Final culture (10 ml), of known 
ODgoo, was centrifuged at 20 000 g for 30 min in a weighed 
centrifuge tube. The pellet was washed by resuspending in 
distilled water ( 1 0 ml) followed by recentrifugation ( 2 0 0 0 0  
g, 30 min), and the washed pellet was dried in an oven at 
110®C to constant dryness. The centrifuge tube containing the 
dried pellet was then weighed, and the weight of the dried 
pellet was determined by difference. The relationship between 
ODeoo and dew was found to be as shown in equation 2.3 
(average of 6 duplicate experiments):

=Co.30 ± O.OSJ X ODeoo [2.3]

2.2.2 Cell Disruption

2.2.2.1 Disruption of Baker's yeast in a hiah pressure 
homoaenizer

A 1 kg block of frozen Baker's yeast (The Distillers Co. 
Ltd., Sutton, U.K.) was thawed and suspended in phosphate 
buffer (100 mM KH^PO^, 150 mM NaCl, pH 6.5) to a concentration 
of 750 g packed wt.L”̂ . The yeast suspension was then 
disrupted continuously at 4®C in a high pressure homogenizer
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(Mauton Gaulin model 15M 8 BÀ, APV-Gaulin, Crawley, UK) 
operated at a pressure of 50 MPa, and with the equivalent of 
4 discrete passes of the cell suspension through the 
disruption valve. The yeast homogenate produced was adjusted 
to pH 7.4 using 2 M NaOH.

2.2.2.2 Disruption of S.cerevisiae fstrain BJ 21681 in a hiah 
pressure homoaenizer

Cells were suspended in chilled phosphate buffer (100 mM 
KH2PO4, pH 7.4, 4*C) to give 2 L of cell suspension at a
concentration of 30 - 90 g dcw.L"^. They were then disrupted 
in an integrated cell disruption system (APV-Gaulin, Crawley, 
UK) consisting of two jacketed hoppers fitted with mixers, a 
CD30 homogenizer and a junior paraflow plate and frame hea6  

exchanger (the design of this system is described in detail 
by Keshavarz E. 1990). The homogeniser was operated at a flow 
rate of 70 L.h"^, an operating pressure of 34.5 - 68.9 MPa, 
and with 6 - 1 0  discrete passes of the cell suspension 
through the disruption valve. During cell disruption the cell 
suspension was cooled by the passage of chilled water (0*C) 
through the hopper jackets and the heat exchanger. Samples 
taken during disruption experiments were withdrawn from the 
filling hopper after approximately 1 L of cell suspension had 
been collected.

Homogenate stock was prepared for downstream processing 
studies by the disruption of a cell suspension at 90 g dcw.L"^ 
in the homogenizer, at an operating pressure of 50 MPa and 
with 6 discrete passes. The homogenate was then transferred 
to the cold room, where it was adjusted to pH 7.2 with 2 M 
NaOH, and was then aliquoted into 50 ml glass bottles to a 
level of approximately half full. The bottles were then 
stored at -70®C. Samples of homogenate stock were checked 
frequently for soluble protein and Agao/Aggo : no differences 
were observed after storage for periods of up to 3 months.

2.2.2.3 Disruption of S.cerevisiae (strain BJ 21681 in a bead 
mill

Cells were suspended in chilled phosphate buffer (100 mM 
KHgPO^, pH 7.4, 4®C) to give 0.5 L of cell suspension at a
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concentration of 45 g dcw.L"^. The cells were then disrupted 
in a batchwise fashion in a bead mill (Dyno Mill Model KDL, 
Willy A. Bachofen Maschinenfabrik, Basel, Switz.), fitted 
with a 0.6 L chamber and polyurethane impellers. The chamber 
was filled to 80 % of its volume with glass beads of 0.5 mm 
diameter (the bead filled chamber had a capacity for 
approximately 350 ml of cell suspension). The bead mill was 
operated at a tip speed of 1 0 m.s‘̂ , and during operation the 
chamber was chilled by the passage of ethylene glycol coolant 
(-4®C) through the bead mill jacket.

Bead milling was carried out in a "stop and start" 
manner for 120 s. At 15 s intervals milling was stopped and 
a 1.5 ml sample of cell suspension was withdrawn from the 
chamber. To prevent air entrainment in the mill, the sample 
was replaced by 1.5 ml of phosphate buffer (the calculation 
of protein and pl-381 release during bead milling was 
adjusted to take into account the dilution caused by the 
sampling procedure).

2.2.3 Flocculation of Borax-clarified Baker's Yeast 
Homogenate with PEI

Borax-clarified Baker's yeast homogenate (50 L, 56.25 g 
dcw.L'^) was prepared by the method of Bentham A.C. et al. 
1990, and was chilled to 4®C in a stirred tank. Homogenate 
(20 L) was then transferred to a second stirred tank (fitted 
with a 3-bladded paddle impeller operated at 250 rpm) where 
20 L of PEI solution (0.15 % PEI, 3 % NaCl, pH 7.5, 4*C) was 
added to it. The flocculated material was mixed for 30 min, 
and was then fed at 1 0 0 L.h"^ into a disc-stack centrifuge 
(Westphalia Separator, BSP7-47, Oelde, FRG) operated at 9 200 
rpm and with intermittent discharge of solids. Once the 40 L 
of flocculated material had been processed, the centrifuge 
was flushed with deionized water, and the PEI flocculation 
procedure and centrifugation were repeated, except that 20 L 
of deionized water was used instead of the PEI solution.

- 37 -



2.3 Laboratory Experimentation

2.3.1 Assays

2.3.1.1 Determination of protein by the Bradford method
Soluble protein was assayed by the method of Bradford

M.M. (1976). Sample was diluted with freshly prepared 
phosphate buffer (100 mM KH2PO4, pH 7.4) to a protein 
concentration of 0 - 1 mg.ml"^, and 0 . 1  ml of the dilution was 
mixed with 4.9 ml of Bradford reagent (0.01 % Coomassie 
Brilliant Blue G-250, 4.7 % ethanol, 8.5 % H3PO4). The À595 was 
read against a blank consisting of 0 . 1 ml of phosphate buffer 
in 4.9 ml of Bradford reagent, and the protein concentration 
was determined using a standard curve prepared with bovine 
serum albumin. The Bradford assay results given in this 
thesis are the average of 5 duplicate assays, the population 
standard deviation of these duplicate assays was generally 
5 - 10 %.

2.3.1.2 Determination of protein by the dual wavelength 
method

Soluble protein was also assayed by the dual wavelength 
method of Ehresmann B. et al. (1973). Sample was diluted with 
freshly prepared phosphate buffer (100 mM KH2PO4, pH 7.4) to 
a protein concentration of 0 - 0 . 2 mg.ml"^, and the À22S.5 and 
A234.5 of the dilution was determined against a phosphate 
buffer blank. The protein concentration (proportional to the 
difference between the two absorbances) was determined using 
a standard curve prepared with bovine serum albumin. All dual 
wavelength assay results are the average of 5 duplicate 
assays, the population standard deviation of which was 
generally 3 - 10 %.

When protein samples were assayed by both the Bradford 
and dual wavelength methods, the results obtained by the 
Bradford method were usually about 5 % higher. The dual 
wavelength method was generally preferred for the measurement 
of large numbers of samples, since it involved one less 
pipetting step, and could also be easily coupled to nucleic 
acid measurement by A280/A260 * It was determined that neither
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assay was affected by the presence in samples of 0 . 1 M borax,
1.0 % polyethyleneimine or 50 % sucrose.

2.3.1.3 Determination of pl-381 bv RP-HPLC on the standard 
assay

Apparatus
RP-HPLC was carried out on apparatus consisting of a 

Perkin Elmer Model 250 binary pump (Perkin Elmer, Norwalk, 
USA), a Rheodyne 7125 injector valve (Rheodyne Inc., Cptati, 
USA) and a LKB Bromma 2510 Uvicord SD UV detector (Pharmacia 
Ltd., Uppsala, Sweden). A 50 x 4.6 mm stainless steel 
chromatography column was employed, which was packed with 
PLRP-S stationary phase, with a particle size of 15 - 25 ^m 
and a pore size of 30 nm (Polymer Laboratories Ltd., Church 
Stretton, UK). The UV signal was processed and recorded using 
a Perkin Elmer LCl Laboratory Computing Integrator, and in 
later experiments was also processed and recorded on a 
microprocessor. This was done by use of a Perkin Elmer Series 
970 interface (Perkin Elmer, Norwalk, USA) and the Turbochrom 
2 Multitasking Advanced Chromatography System (Nelson P.E., 
Cupertino, USA). A water bath was used to maintain the column 
temperature at 60®C.

Procedure for packing of a RP-HPLC column
Stationary phase (0.8 g) was suspended in 35 ml of 80 % 

CH3CN and was degassed by sonication for 20 min. It was then 
packed into the RP-HPLC column using a Shandon HPLC packing 
pump (Shandon Southern Products Ltd., Runcorn, UK). Column 
packing was carried out according to the instructions given 
by the pump manufacturer. The packing pressure was 3000 psi 
and 80 % CH3CN was used as the packing solvent. Before use 
the packed column was back flushed with degassed HPLC grade 
water (2 ml.min'^, 2 0 min).

Procedure for RP-HPLC of samples
The buffers used to form the mobile phase for RP-HPLC 

were 2 M urea, 25 mM KH2PO4, pH 11.5 (buffer A) and 2 M urea, 
25 mM KH2PO4, pH 11.5, 50 % CH3CN (buffer B). They were made
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up on the day of use, the pH being adjusted with a small 
amount of freshly prepared 4 M NaOH. They were then filtered 
through a 0.45 /nm disc filter (Type HV, Millipore Co., 
Bedford, USA), and were degassed with helium for 10 min. 
Sample was pretreated before RP-HPLC by dilution (x5) with 
dissociation buffer (10 M urea, 50 mM KH2PO4, pH 11.5), and 
was then filtered through a 0.2 /nm sterile filter (Acrodisc, 
Gelman Sciences Inc., Ann Arbor, USA).

The column was equilibrated with buffer A for 10 min at 
2 ml.min"^. Sample was then applied to the column via a 20 /nl 
or 1 0 0 /nl injection loop (the volume of the injection was 
normally calculated to load approximately 1 0 0 /ng of protein 
to the column). Following loading, the sample was eluted at 
a flow rate of 1 ml.min"^, using a gradient of 1 0 0 - 0 % 
buffer A in 20 min, followed by 0 % buffer A for 10 min. 
Elution of solutes was monitored at 226 nm. After use the 
RP-HPLC system was washed with degassed HPLC grade water (0.5 
ml.min"^, 30 min).

2.3.1.4 Determination of pl-381 by scanning of a stained SDS- 
PAGE gel

SDS-PAGE protocols were obtained from British 
Biotechnology Ltd (Cowley, UK), and were generally as 
described by Hames B.D. (1990).

Apparatus
Two types of vertical slab gel apparatus were used for 

SDS-PAGE. Initially a Bio-Rad Protean™ II unit (Bio-Rad 
Laboratories, Richmond, USA) was employed, but later this was 
replaced by a Bio-Rad Mini Protean™ II unit, which enabled 
SDS-PAGE gels to be run in a much shorter time (in order to 
distinguish between gels run on these two systems, gels 
prepared with the Protean™ II unit are referred to as "macro" 
gels, those prepared with the Mini Protean™ II unit are 
referred to as "mini" gels). An electrophoresis power supply 
EPS 500/400 (Pharmacia-LKB Biotechnology, Uppsala, Sweden) 
was used to supply the current for electrophoresis. Stained 
gels were scanned using a UltaScan XL laser densitometer 
(Pharmacia-LKB Biotechnology, Uppsala, Sweden).
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stock solutions
À number of stock solutions were prepared for SDS-PAGE. 

Normally sufficient stock solution was prepared to run about 
1 0 "mini” gels.

1- The following stock solutions were required for the 
preparation of acrylamide gel solutions: 30 %
acrylamide, 1 % Jbis-acrylamide, 1 M Tris (pH 8.7), 1 M 
Tris (pH 6 .8 ) and 20 % SDS. These stock solutions were 
stored at 4®C, except for the 20 % SDS, which was stored 
at room temperature.
2. Reservoir buffer was made up as a lOx stock solution 
which contained 144 g.L"^ glycine, 30.3 g.L“̂  Tris and 10 
g.L"^ SDS, was stored at 4*C, and was diluted with 
deionized water before use.
3- Sample buffer was prepared as a 20 ml stock solution 
which contained 0.77 g dithiothreitol, 1.0 g SDS, 4.0 ml 
1 M Tris (pH 6 .8 ), 4.0 ml glycerol and 0.5 ml 0.2 % 
bromophenol blue ( in ethanol ). It was stored as 1 ml 
alequots at -20®C.
4. Coomassie Blue stain was prepared by dissolving 0.1 % 
Coomassie Blue R-250 in water:methanol:acetic acid 
(5:5:2 by volume). The stain was stored at room 
temperature, and was kept and reused for about 1 month.

Procedure
SDS-PAGE was carried out on a discontinuous gel system 

consisting of a 3 or 5 % acrylamide stacking gel and a 10 or 
15 % acrylamide running gel. The acrylamide gel solutions 
were prepared from the stock solutions according to the 
recipes given by Hames B.D. (1990), and were poured according 
to the instruction provided with the electrophoresis 
apparatus.

Sample was prepared for SDS-PAGE by dilution in sample 
buffer to produce 1 0 0 ^ 1  of solution at a protein
concentration of 1 ^g.^1"^. It was then heated on a boiling 
water bath for 5 min, and was centrifuged at 16 000 g for 5 
min. Normally 30 - 60 /nl of sample was loaded to a "macro" 
gel, and 5 - 10 /nl of sample was loaded to a "mini" gel. The 
gel was run at a constant current of 20 mA (under these
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conditions, a "macro" gel took about 5 h to run, and a "mini" 
gel took about 45 min).

Following electrophoresis, the gel was stained with 1 L 
of Coomassie Blue stain for 60 min, and was destained by 
3 X 500 ml washes with 30 % methanol, 10 % acetic acid. The 
destained gel was stored in deionized water. Gel-scanning was 
carried out according to the instructions provided with the 
gel scanner.

2.3.1.5 Determination of Pl-381 by immunodetection of protein 
bound to a western blot

The protocols for western blotting and immunodetection 
were obtained from British Biotechnology Ltd. (Cowley, UK).

Apparatus
Western blotting was carried out using a Bio-Rad 

Transblot SD semi-dry electrophoretic transfer cell and a 
Bio-Rad Model 200/2.0 constant voltage power supply (Bio-Rad 
Laboratories, Richmond, USA).

Stock solutions
Three stock solutions were required. Normally sufficient 

stock solution was prepared to blot and develop about 1 0  
"mini" gels.

1. Transfer buffer was made up as a lOx stock solution 
which contained 144 g.L"^ glycine and 30.3 g.L"^ Tris, 
was stored at 4®C, and was diluted with deionised water 
before use.
2. PBS-Tween was made up as a 20x stock solution which 
contained 160 g.L"^ NaCl, 4 g.L"^ KCl, 23 g.L"^ NaH^PO^, 
4 g.L"^ KH2PO4 and 12 ml.L"^ Tween 80. It was stored at 
4®C and was diluted with deionized water before use.
3. Diaminobenzidine was made up as a 2 % w/v suspension 
and was stored as 0.8 ml aliquots at -20*C.

Procedure
SDS-PAGE gels were run according to the method described 

in section 2.2.1.4, except that the sample was normally 
diluted to a protein concentration of 0.05 pig./il"̂  before
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loading to the gel (on "mini" gels, a linear assay response 
was obtained with pl-381 loadings below about 0.1 /ig). 
Following electrophoresis, the gel was washed with 1.0 L of 
transfer buffer for 30 min, and was western blotted onto 
nitrocellulose paper (Bio-Rad Laboratories, Richmond, USA) 
according to the instructions provided with the blotting 
apparatus ("macro" gels were blotted for 60 min, "mini" gels 
were blotted for 20 min). The western blot was removed from 
the blotting apparatus and was soaked for 1 h in 0.5 L of 
freshly prepared blocking buffer (9 g.L“̂ NaCl, 5 g.L"^ casein 
hammarsten, 0.5 ml.L'^ Triton X-100, 25 ml.L"^ 1 M Tris pH 
7.4). It was then incubated for 60 min with 10 /il of rabbit 
anti-Ty antibody in 30 ml of blocking buffer. Unbound 
antibody was removed by washing with 3 x 250 ml of blocking 
buffer, and the western blot was incubated for 60 min with 
30 /il of goat anti-rabbit HRP antibody in 30 ml of blocking 
buffer. Unbound antibody was again removed by washing with 3 
X 250 ml of blocking buffer. The western blot was then 
developed for 1 0 min with a solution containing 0 . 8  ml of 2 % 
diaminobenzidine and 100 /il of H2O2 in 50 ml of PBS-Tween.

2.3.1.6 Determination of percent dry weight
The percent dry weight of solids was determined by the 

following procedure. Approximately 10 g of wet solid was 
weighed accurately into a crucible of known weight. The 
solids were then dried to constant dryness in an oven at 
105®C. The weight of the dry solids was then determined, and 
the percent dry weight (dry solids/wet solids x 1 0 0 ) was 
calculated. Five duplicate assays were normally carried out.

2.3.1.7 Determination of DNA
The following procedure was used to isolate the DNA from 

a sample and then assay it by the method of Burton K.A.
(1956). 1 ml of 25 % SDS was added to 10 ml of sample and the 
mixture was incubated at 60®C for 10 min. It was then chilled 
on ice for 5 min, mixed with 4 ml of 5 M NaClO,, and was 
chilled on ice for a further 5 min. 15 ml of 
chloroform:isoamyl alcohol (24:1 by volume) was then added, 
the aqueous and organic layers were mixed on a vortex mixer
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for 5 min, were separated by centrifugation (3 000 g, 25 
min), and a 5 ml sample of the aqueous layer was carefully 
removed with a pipette. The aqueous phase sample was chilled 
on ice for 5 rain and the DNA contained in it was precipitated 
by the addition of chilled ethanol (20 ml, 95 %, 4®C). The 
DNA precipitate was sedimented by centrifugation (3 000 g, 5 
min). The pellet was then resuspended in 6 ml of perchloric 
acid solution (0.5 M HCIO,, 50 g.L‘̂ NaCl) and was heated at 
70°C for 60 min. Precipitate formed during heating was 
removed by centrifugation (3000 rpm, 5 min). The supernatant 
was recovered by décantation, and diphenylamine reagent (2 
ml) was added to it. The reaction mixture was incubated 
overnight in the dark, the Â oo was measured, and the DNA 
concentration was determined using a standard curve prepared 
with purified yeast DNA.

Diphenylamine was kept as a stock solution which 
contained 15 g of diphenylamine and 15 ml of H^SO^ in 1.0 L 
of glacial acetic acid. Immediately before use, the 
diphenylamine reagent was prepared from this stock solution 
by the addition of acetaldehyde to a concentration of
0.08 g.L"^.

2.3.1.8 Determination of RNÀ
RNA was isolated and assayed by the following method, 

which was based on that given by Plummer D.T. (1971). Sample 
(5 ml) was heated on a water bath at 37*C for 20 min. It was 
then transferred to the fume cupboard, where it was 
vigorously mixed for 5 min with 5 ml of 90 % phenol. The 
aqueous and organic phases were separated by centrifugation 
at 3 000 g for 15 min. The upper aqueous phase was removed 
with a syringe, and was recentrifuged at 10 000 g for 15 min. 
The supernatant was recovered by décantation, and RNA was 
precipitated by the addition 4 % sodium acetate (3.5 ml) and 
95 % ethanol (14 ml). After incubation on ice for 60 min, the 
RNA precipitate was sedimented by centrifugation (3000 g, 15 
min), and was washed sequentially with 5 ml of 75 % ethanol 
and 5 ml of 95 % ethanol. The washed pellet was resuspended 
in 30 ml of 30 g.L"^ NaCl. RNA solution (2 ml) was then mixed 
with 2 ml of orcinol reagent (the orcinol reagent was
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prepared on the day of use by dissolving 100 mg of FeCl^.GHgO 
in 100 ml of concentrated HCl, and then adding 3.5 ml of 6 % 
orcinol in ethanol). The reaction mixture was heated on a 
boiling water bath for 30 min. It was then cooled, the 
was read against a zero RNA blank, and the RNA concentration 
was determined from a standard curve prepared with purified 
yeast RNA.

2.3.1.9 Determination of enzyme activities
Alcohol dehydrogenase (B.C. 1.1.1.1) was assayed

according to the method of Bergmeyer H.U. (1983). Sample (25 
/il) was mixed with assay mixture (3 ml, 25®C), which 
contained 1.8 mM NAD, 1.0 mM glutathione, 0.62 mM 
semi-carbazide HCl, 600 mM ethanol and 50 mM Tris buffer (pH 
8 .8 ). The reaction was followed at 340 nm.

Glucose-6 -phosphate dehydrogenase (B.C. 1.1.1.49) was 
assayed according to the method of Bergmeyer H.U. (1983a). 
Sample (50 /il) was mixed with assay mixture (3 ml, 25®C), 
which contained 0.39 mM NADP, 5 mM maleimide, 6.9 mM MgClg,
1.0 mM glucose-6 -phosphate and 8 6 mM Tris buffer (pH 7.6).
The reaction was monitored at 340 nm.

Fumarase (B.C. 4.2.1.2) was assayed by the method of 
Racker B. (1950). Sample (0.5 ml) was mixed with assay 
mixture (2.8 ml, 25®C), which contained 20 mM malate in 100 
mM phosphate buffer (pH 7.4). The reaction was followed at 
240 nm against a blank comprising of 0.5 ml of sample in 2.8 
ml of 100 mM phosphate buffer (pH 7.4).

2.3.1.10 Determination of sedimentable solid
Sample (10 ml) was pipetted into a weighed centrifuge

tube and was centrifuged at 100 000 g for 90 min in an
ultracentrifuge chilled to 4®C (Pegasus 65, MSB, Crawley, 
UK). The pellet surface and tube were washed with distilled 
water, were dried to constant dryness in an oven at 105®C, 
and were weighed. The weight of the pellet was obtained by 
difference.
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2.3.1.11 Determination of lipid
Total lipid was assayed by a method based on the 

chloroform/methanol/water extraction technique of Folch J.
(1957). Chloroform (5 ml), methanol (10 ml) and 20 % MgCla 
(0.05 ml) were added to 15 ml of sample, and the aqueous and 
organic phases produced were vigorously mixed together for 2 
min. An additional 15 ml of chloroform was then added, and 
the two phases were vigorously mixed again, for a further 5 
min. The mixture was then filtered through a sintered 
crucible using gentle suction. The sample tube and solids 
residue on the sinter were washed with 2 x 2.5 ml of 
chloroform, and the washings were added to the filtrate in a 
50 ml centrifuge tube. This was centrifuged at 2 500 g for 5 
min to separate the aqueous and organic phases. A pasteur 
pipette attached to a suction line was then used to remove as 
much of the top aqueous phase as possible without disturbing 
the organic phase. Sodium chloride solution (10 ml, 1 g.L"^) 
was then mixed with the organic phase by gentle inversion. 
The tube was recentrifuged at 2 500 g for 5 min, and the top 
aqueous phase was again removed using a pasteur pipette 
attached to a suction line. The organic phase was dried by 
vigorously mixing with anhydrous NaaSO* (2 g), which was then 
removed by filtration through a sintered crucible using 
slight suction. The centrifuge tube and NagSO^ were washed 
with 2 X 2.5 ml of chloroform. The filtrate and washings were 
pooled and made up to 2 0 ml with chloroform, were transferred 
to a weighed crucible, and were left overnight for the 
solvent to evaporate. The crucible containing the lipid 
extract was dried in an oven at 105®C for 5 min and was 
allowed to cool in a desiccator. The weight of the lipid 
residue was obtained by difference. Lipid assays were 
normally carried out in duplicate.

2.3.2 Purification Methods

2.3.2.1 The "miniprep" process
Homogenate (15 ml) was centrifuged (9 000 g, 20 min, 

4*C) and the supernatant was recovered by décantation. A 
sample of supernatant (8 ml) was then transferred to a 14 ml
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centrifuge tube (graduated at 2 ml), where it was carefully 
layered on top of a 1 ml sucrose cushion (60 % sucrose, 1 0 0  
mM KH2PO4, pH 7.4). The tube was centrifuged at 190 000 g for 
180 min in an ultracentrifuge (Pegasus 65, MSE, Crawley, UK), 
which was chilled to 4®C, and was fitted with a swing out 
rotor (6 X 14 ml titanium swing-out rotor, MSE, Crawley, UK). 
After centrifugation, the supernatant was carefully removed 
down to the 2 ml graduation using a syringe and needle, and 
chilled phosphate buffer (4 ml, 100 mM KH^PO^, pH 7.4, 4®C) 
was added to the pellet, which was then resuspended by mixing 
on a vortex mixer for 2 0 s.

35 % sucrose (6 ml, in 100 mM KH2PO4, pH 7.4) was
pipetted into a second 14 ml centrifuge tube (also graduated 
at 2 ml), and a 1 ml sucrose cushion (60 % sucrose, 100 mM 
KH2PO4, pH 7.4) was introduced to the bottom of the tube using 
a syringe and long needle. A 4 ml sample of the resuspended 
pellet from the first ultracentrifugation was then carefully 
layered on top of the 35 % sucrose, and the tube contents 
were ultracentrifuged (190 000 g, 360 min, 4®C). The
supernatant was carefully removed down to the 2 ml graduation 
using a syringe and needle, and the 5620 Ty-VLP enriched 
pellet was resuspended by mixing on a vortex mixer for 2 0 s.

2.3.2.2 Gel filtration

Apparatus
Gel filtration was performed on a FPLC system 

(Pharmacia, Uppsala, Sweden), which consisted of a LCC500 
controller, two P500 pumps, a single path UVl monitor, a 
FRAClOO fraction collector and a two channel chart recorder. 
Two columns were used for gel filtration: gel filtration of 
5620 Ty-VLP preparations was carried out using a Pharmacia 
HR10/30 column packed with 20 - 25 ml of Sephacryl S-1000 
Superfine (Pharmacia, Uppsala, Sweden), and gel filtration of 
clarified Baker's yeast homogenate was achieved with a 
Pharmacia HR16/50 column packed with 115 ml of Superose 6 
(Pharmacia, Uppsala, Sweden).
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Procedure
Gel filtration of 5620 Ty-VLP preparations was carried 

out using chilled TEN buffer (10 mM Tris, 1 mM EDTA, 150 mM 
NaCl, pH 7.8, 4®C) and gel filtration of clarified Baker's 
yeast homogenate was carried out using phosphate buffer ( 1 0 0  
mM KH2PO4, pH 7.4). Buffer was filtered through a 0.2 /im disc 
filter (Millipore Co., Bedford, USA), and the column was 
equilibrated with buffer at 0.5 ml.min"^ for 180 min. Sample 
was prepared for chromatography by filtration through a
0.2 /im sterile filter (Acrodisc, Gelman Science Ltd., Ann 
Arbor, USA), and was loaded on to the column by means of an 
injection loop (0.1 - 1.0 ml). The sample was then eluted at 
a flow rate of 0.5 ml.min"^, elution was monitored at either 
254 or 280 nm, and fractions (1 or 2 ml) were collected. 
After use, the column was flushed with 0.02 % NaN, (0.5 
ml.min"^, 180 min), and was stored in this solution.

Columns were calibrated for molecular weight using the 
following molecular weight standards (Sigma, Poole, UK): blue 
dextran, bovine liver catalase, yeast ADH, bovine serum 
albumin, egg white lysozyme, horse heart cytochrome c. The 
total volume of columns was determined with acetone. The void 
volume of the Sephacryl S-1000 column was obtained with 
Serratia marcesens (The National Collections of Industrial 
and Marine Bacteria Ltd., Aberdeen, UK), which were heat 
killed (120 min, 60®C) before use (Hjorth R. and Moreno-Lopez 
J. 1982).

2.3.2.3 Flocculation with borax
Borax solution (5 ml, 0 - 100 mM borax, pH 7.4) was 

pipetted into a 14 ml centrifuge tube, and was chilled on ice 
for 5 min. Homogenate (5 ml, 90 g dcw.L"^, 4®C) was added to 
it, and the tube contents were mixed by inverting 1 0 times. 
The tube was then centrifuged for.1 min at 2500 rpm (600 g) 
in a bench top centrifuge (Denley BR401, Denley Ltd., 
Billingshurst, UK), which was chilled to 4®C. Supernatant was 
carefully recovered by décantation, and was vortex mixed for 
2 0 s before analysis.
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2.3.2.4 Flocculation with PEI
Samples of Baker's yeast homogenate were flocculated 

with PEI by the following procedure. Sample (5 ml) was placed 
in a 15 ml centrifuge tube which was chilled on ice, and 5 ml 
of PEI solution was added to it. The PEI solution contained 
0 - 0.5 % PEI, 3 % NaCl and 0 - 50 mM borax, and had been 
adjusted to pH 7.4 with 2 M HCl. The tube contents were mixed 
by inverting 10 times, and were then centrifuged for 30 min 
at 2 500 g (Centaur 2, MSE, Crawley, UK). The supernatant was 
removed by décantation, and was vortex mixed for 2 0 s.

Samples of 5620 homogenate were flocculated with PEI by 
the following procedure. PEI solution (0.5 ml, 0 - 1.0 %, pH
6.0 - 8.5) was pipetted into a 1.5 ml eppendorf tube and was 
chilled on ice for 5 min. Homogenate (0.5 ml, 90 g dcw.L"^, 
4*C) was added, and the tube contents were mixed on a vortex 
mixer for 20 s. The tube was then centrifuged at 16 000 g for 
10 min (Microcentaur, MSE, Crawley, UK). The supernatant was 
recovered by décantation, and was vortex mixed for 2 0 s 
before analysis.
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3 Development of a Quantitative Assay for the pl-381 Protein 
of 5620 Ty-VLPs Using RP-HPLC

In this section the development of an RP-HPLC assay for 
the pl-381 protein of 5620 Ty-VLPs is described (as shown 
shortly in section 3.2.4.5, pl-381 is only significantly
present in the form of 5620 Ty-VLPs, and so this provides a 
measure of the particles themselves). Firstly, as an 
introduction, the need for an HPLC assay, and the principles 
and practise of the RP-HPLC of proteins, are described 
( section 3.1). Then results which show how the assay was 
developed and tested are presented and discussed (sections
3.2 and 3.3). Lastly, some concluding comments are made 
(section 3.4).

In parallel with this work, alternative methods of 
measuring Ty-VLPs were under investigation by others : at
British Biotechnology Limited (Cowley, UK) an ELISA against 
the pl-381 sequences common to all hybrid Ty-VLPs was under 
development, and at UCL the use of dynamic light scattering 
to measure Ty-VLPs in the presence of cell debris was being 
examined (Holwill I., in preparation).

3.1 Introduction
This introduction is divided into 3 sections. In the 

first, the need for an HPLC assay to replace the existing 
methods of measuring 5620 Ty-VLPs is discussed. In the 
second, the fundamental principles of RP-HPLC are described, 
with particular reference to the RP-HPLC of proteins. In the 
third, the apparatus, mobile and stationary phases commonly 
used to carry out the RP-HPLC of proteins are outlined.

3.1.1 The Need for an HPLC Assay
In order to optimize any process for the purification of 

a protein, it is necessary to have a quantitative assay for 
the protein concerned. This allows yields over particular 
unit operations to be calculated, and purities at different 
stages to be assessed. Proteins that have a catalytic 
activity can often be easily assayed by measuring this 
spectrophotometrically. Those that have not, can be assayed 
by means of a Coomassie Blue stained and scanned SDS-PAGE gel
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(Hames B.D. 1990), or, if an appropriate antibody is 
available, by an immunological technique such as 
radioimmunoassay (Bristow À.F. 1990), ELISA (Friguet B. et 
al. 1989) or immunodetection of protein bound to a western 
blot (Scheidtmann K.H. 1989). Alternatively, for relatively 
pure proteins, analytical chromatography can be employed 
(Oliver R.W.A. 1989). For simplicity, the use of stained and 
scanned SDS-PAGE gels is referred to in this text as 
"gel-scanning", and the use of immunodetection of protein 
bound to a western blot as "immunoblotting".

The purification of "wild-type" Ty-VLPs can be monitored 
by the measurement of the reverse transcriptase activity that 
they contain (Mellor J. et al. 1985b, Garfinkel D.J. et al. 
1985), but this method cannot be employed for 5620 Ty-VLPs, 
since they lack a reverse transcriptase activity (section
1.2.3.1). Instead, 5620 Ty-VLPs can be assayed by measurement 
of pl-381, which has been achieved by the use of 
gel-scanning, along with immunoblotting when there is a need 
for increased sensitivity or selectivity (eg Adams S.E. et 
al. 1987a, Gilmour J.E.M. et al. 1989). While these methods 
give satisfactory results for molecular biology studies, 
their application to the monitoring of processes for 5620 
Ty-VLP purification has three principle drawbacks:

1. For reproducible data both require the consistent use 
of good laboratory technique involving the careful 
control of many variables. For example, the extent of 
Coomassie Blue staining of pl-381 fixed in a SDS-PAGE 
gel will depend on the quality of the stain and destain, 
the time period, temperature and degree of agitation 
used for staining and destaining, the gel thickness and 
the gel concentration (Hames B.D. 1990). Similarly, the 
intensity of the band observed following the 
immunoblotting of pl-381 is sensitive to the conditions 
used during the antibody incubation steps.
2. Although the pl-381 band is resolved successfully 
from other protein bands during SDS-PAGE (section
3.2.4.2), the measurement of the protein contained in it 
by subsequent gel-scanning or immunoblotting is only 
semi-quantitative. In the former case this is because
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different proteins bind Coomassie Blue to different 
extents (Hames B.D. 1990), and in the latter case it is 
because the visual comparison of the intensity of a 
pl-381 sample immunoblot band against standards can give 
only a gross approximation (this will become clear by 
examination of the immunoblots displayed in this 
thesis). Therefore, neither can accurately monitor 
biochemical engineering unit operations, where the 
differences in pl-381 between samples may only be of a 
few percent.
3. If an assay is to be used to monitor a production 
process, it is desirable for it to be rapid, so that 
faults in the process can be identified quickly, and 
then rectified before costly losses of product are 
incurred (Hoare M. and Dunnill P. 1989). However, both 
gel-scanning and immunoblotting are slow. If the 
protocols described in section 2.3.1 are followed, 
gel-scanning takes about 24 h, largely as a result of 
the time required for destaining, and immunoblotting 
takes about 10 h. It should be noted that the time 
required for gel-scanning can be reduced to a few hours 
if destaining is accelerated, or if automated 
electrophoresis apparatus, such as the Pharmacia-LKB 
PhastSystem, is available.
Because of these disadvantages with the use of gel- 

scanning and immunoblotting for the measurement of pl-381, it 
was decided to develop an HPLC assay for this purpose. It was 
hoped that this assay would prove simpler to carry out and 
more quantitative than the existing methods, and would be 
fast enough to allow rapid off-line analysis of samples from 
a production process. The use of HPLC analysis of proteins in 
such a role is appearing in the biotechnology industry, where 
it is starting to replace the use of methods such as SDS-PAGE 
(Garnick R.L. et al. 1988).

3.1.2 Theoretical Aspects of the RP-HPLC of Proteins

3.1.2.1 Fundamental HPLC equations
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The degree of separation of two solutes in a 
chromatographic system is usually measured by the resolution, 
Rg, which is defined as the distance between the two peak 
maxima divided by half the sum of the peak widths:

A, = [3.1](IVi + Wj)

As illustrated in Figure 3.1, the degree of resolution is 
dependent on two opposing effects. The first of these is the 
differential migration of the solutes, the extent of which 
specifies the distance between the two peak maxima (the 
numerator in Equation 3.1). The second is zone spreading, 
which determines the peak widths (the denominator in Equation
3.1). Clearly, resolution is improved by increasing the 
extent of differential migration, but is diminished by 
increasing the extent of zone spreading.

-c---------------------- &►

Zone S 3T e a. d □_ ng-
Figure 3.1. Factors affecting resolution.
Differential migration

During chromatography, a solute is partitioned between 
two physically distinct phases, one of which (the mobile 
phase) is moving relative to the other (the stationary 
phase). At equilibrium, the distribution of the solute 
between the mobile and stationary phase is described by the 
distribution coefficient, K̂ i

[3.2]
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When two solutes are chromatographed on the same system, 
differential migration occurs when the solutes have different 
distribution coefficients. This reflects the different 
affinities of the solutes for the stationary phase.

Zone Spreading
Zone spreading of a solute peak is caused by three 

factors: the longitudinal diffusion of the solute to the 
regions of lower solute concentration that border the solute 
peak, the failure of solute to obtain the equilibrium 
described in Equation 3.2, and eddy diffusion, which is a 
consequence of imperfections in the packing of the 
chromatographic bed. The extent of zone spreading is usually 
quantified by the number of theoretical plates, Np:

^  = 16 (-^)^ [3.3]

3.1.2.2 Principles of RP-HPLC
In RP-HPLC, solutes are partitioned between a solid 

stationary phase held in a stainless steel column (the column 
packing), and a liquid mobile phase (the eluent) that is 
passed through the column (these are described in more detail 
in section 3.1.3). Partitioning depends upon differences in 
the polarity of the stationary and mobile phases; the 
stationary phase has a non-polar surface, the mobile phase 
can be either polar or non-polar, of fixed composition or 
variable composition, depending upon the mode of elution that 
is employed. Two distinct modes of elution are available, 
isocratic and gradient elution:

Isocratic elution
In isocratic elution the composition of the mobile phase 

is kept constant. When a mixture of solutes of variable 
hydrophobicities is loaded onto the column, the more 
hydrophobic solutes have the greatest affinity for the 
stationary phase (larger K» values), differential migration 
results (section 3.1.2.1), and the solutes are eluted from 
the column in order of increasing hydrophobicity. Since
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partitioning occurs throughout the entire length of the 
column, separation is a function of column length.

Gradient elution
In gradient elution the composition of the mobile phase 

is changed with time by altering the proportion of an organic 
solvent (the modifier). When the solutes are loaded onto the 
column, the modifier concentration is low and the mobile 
phase is polar. Under these loading conditions, the solutes 
requiring separation partition entirely onto the stationary 
phase (those solutes that are not completely partitioned onto 
the stationary phase are eluted from the column in an 
isocratic manner). The proportion of the organic modifier in 
the mobile phase is then gradually increased so that the 
polarity of the mobile phase drops. For each of the bound 
solutes, there is a range of organic modifier concentrations 
(ie polarities) where the distribution coefficient drops 
sharply from its very large value to zero. When this point is 
reached, the solute partitions into the mobile phase, and is 
eluted isocratically from the column. The point at which the 
distribution coefficient falls sharply varies between 
solutes ; in general the more hydrophobic the solute the 
greater the concentration of modifier needed to coax it from 
the non-polar stationary phase. It is this variation which is 
the principle cause of differential migration, and solutes 
are eluted in order of increasing hydrophobicity. Therefore, 
with gradient elution, resolution does not primarily occur by 
a multistep partitioning process (although some isocratic 
separation does take place) and resolution is not a strong 
function of column length. Instead, resolution depends more 
on the steepness of the modifier gradient; the more shallow 
the gradient, the better the resolution.

The choice of whether to employ isocratic or gradient 
elution is usually decided by the size of the solutes 
undergoing chromatography. As a general rule, isocratic 
elution is preferred for the RP-HPLC of small molecules, 
where the interactions between the solute and stationary 
phase are relatively simple, while gradient elution is
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favoured for macromolecules, where these interactions are 
more complex.

3.1.2.3 RP-HPLC of proteins

Gradient elution is preferred for the RP-HPLC of most 
proteins

À number of the amino acids from which a protein is 
built have hydrophobic side chains, and these cause the 
protein to interact with a non-polar stationary phase at 
several sites (Jennissen H.P. 1976). As is shown in Figure 
3.2, this means that multiple solvent molecules are required 
for displacement of the protein to the mobile phase (Geng X. 
and Regnier F.E. 1984):

Solvent Q^Proteii^Q

oP-Q-Qo
g(protei^go o oo ooo# e##ooo

stationary Stationary
Phase Phase

Figure 3.2. Multiple solvent molecules (shaded circles) are 
required for protein elution.

Because of the multisite nature of the stationary phase- 
protein interaction, the free energy change for transfer of 
the protein from the stationary to the mobile phase is very 
large. As a result, the distribution coefficient of a protein 
in a RP-HPLC system can change from a very large number to 
zero over an unusually narrow range of modifier 
concentrations, often less than 1 % (O'Hare M.J. and Nice 
E.C. 1979, Terabe S. at al. 1981, Barford R.A. et al. 1982, 
Geng X. and Regnier F.E. 1984). This is very advantageous for
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gradient elution, favouring a sharp peak, but causes 
practical difficulties for isocratic elution by imposing very 
tight limits on the modifier concentration that can be used 
(O'Hare M.J. and Nice E.C. 1979). Therefore, RP-HPLC of 
proteins is normally carried out using gradient rather than 
isocratic elution. Operated in this way RP-HPLC is a very 
powerful technique for protein separation - it is possible to 
resolve very closely related proteins, such as E.coli 
ribosomal proteins (Ferris R.J. at al. 1984), calf thymus 
histones (Linder H. et al. 1986) and muteins of human 
interleukin-2, which differ by a single amino acid residue 
(Kunitani M. et al. 1986).

The gradient elution of proteins has been observed to 
have the properties predicted for gradient elution in section 
3.1.2.2: resolution is virtually independent of column length 
(Pearson J.D. et al. 1982, Burton W.G. et al. 1988), is 
improved by decreasing the steepness of the modifier gradient 
(Cooke N.H.C. et al. 1983, Nugent K.D. et al. 1988), and, for 
fully unfolded proteins (Mant C.T. et al. 1989) and short 
peptides (Meek J.L. 1980), there is a strong correlation 
between hydrophobicity and elution time. The correlation 
between hydrophobicity and elution time is generally not 
strong for those proteins which retain their native structure 
during RP-HPLC, since in this case most of hydrophobic 
residues remain buried in the protein interior, where they 
are unable to interact with the stationary phase (eg Isobe T. 
et al. 1984).

Dénaturation of proteins during RP-HPLC
Proteins are often denatured during RP-HPLC, either 

during binding to the non-polar stationary phase (Cohen S.A. 
et al. 1985), or by exposure to increasing amounts of organic 
modifier while bound to the stationary phase (Katzenstein 
G.E. et al. 1986). By producing multiple forms of a protein, 
protein dénaturation can greatly hinder analytical RP-HPLC. 
Homogeneous, monomeric proteins may give rise to two peaks on 
a RP-HPLC chromatogram (Cohen S.A. et al. 1984, Cohen S.A. et 
al. 1985), the earlier eluting peak corresponding to the 
native protein, and the later eluting peak to the denatured
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form, which has the stronger affinity for the stationary 
phase. By similar mechanisms, the existence of multiple 
protein forms occasionally causes a protein to be eluted as 
a single distorted peak, or to be eluted as a ghost peak in 
a subsequent blank chromatogram (Corran P.H. 1989).

To date a generic method for the RP-HPLC of native 
protein that avoids dénaturation has not been found; all that 
can be recommended is to minimize the protein residence time, 
and so keep the period over which dénaturation can occur as 
short as possible (Benedek K. et al. 1984). Where the 
recovery of biological activity is of little importance, an 
alternative approach is to carry out RP-HPLC under strong 
denaturing conditions (for example, by the inclusion of urea 
in the mobile phase). As this results in a single protein 
species (the fully denatured form), the difficulties 
associated with the existence of multiple protein forms are 
avoided, and 'ideal' RP-HPLC is favoured (Nugent K.D. et al.
1988).

3.1.3 Practical Aspects of the RP-HPLC of Proteins
In this section the apparatus, stationary and mobile 

phases commonly used for the RP-HPLC of proteins are 
described. A description of the "standard assay" employed in 
this study is then given.

3.1.3.1 Apparatus
The components of a typical RP-HPLC system for the 

gradient elution of proteins are illustrated in Figure 3.3a. 
The important features of this equipment are described 
briefly below, a more detailed account of HPLC apparatus is 
given by Oliver R.W.A. (1989).

1. A reciprocating piston pump (or pumps) is usually 
employed to generate the pressure required to drive the 
mobile phase through the HPLC column. During the 
withdrawal stroke of the piston the applied pressure 
falls considerably, and as a result the pump generates 
a series of pressure pulses. This effect can be reduced 
by the installation of a pulse dampener, or by the use 
of a dual piston pump.
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A. Orthodox Apparatus

Reservoirs

-o— ^
Sample Guard 

Column
Analytical
Column

Photometer
Valve

B. Standard Assay Apparatus

226 nm

Water Bath
Figure 3.3. Apparatus for the RP-HPLC of proteins.

2. Gradient elution requires two solvent reservoirs, and 
these are provided with a solvent degassing system 
(usually by sparging Helium). One of the solvent 
reservoirs holds the initial mobile phase (reservoir A), 
the other holds the final mobile phase (reservoir B), 
which normally contains the organic modifier.
3. A gradient is generated by increasing the proportion 
of the mobile phase flowing from reservoir B. In the 
system shown in Figure 3.3a, this is achieved by an
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automated valving system on the low-pressure side of a 
single pump. A less common (and more expensive) 
alternative is to have a separate pump for each of the 
reservoirs, and to generate a gradient by varying the 
flow rate delivered by each of the pumps.
4. À microsample valve is typically used for sample 
loading. An aliquot of sample solution is first injected 
using a syringe into a sample loop, which is 
disconnected from the flow of the mobile phase through 
the column. The microsample valve is then switched so 
that the flow of the mobile phase passes through the 
loop before reaching the column, consequently loading 
the sample.
5. The stationary phase is held in a stainless steel 
column, the mobile phase entering and leaving by means 
of stainless steel frits. The dimensions of the column 
are determined primarily by the adsorption capacity 
required, since for gradient elution resolution is not 
effected by column length (section 3.1.2.2). It is 
common practice to insert a short 'guard column' before 
an analytical column, in order to protect the latter 
from fouling.
6 . Elution of proteins is usually monitored using a 
variable or a fixed wavelength U.V. photometer. Variable 
wavelength detectors are more versatile, but are more 
expensive.

3.1.3.2 The stationary phase
While chemically bonded silicas are the most commonly 

used stationary phases for the RP-HPLC of proteins, 
hydrophobic polymer stationary phases are gaining in 
popularity as their retention characteristics and 
applications become better understood. Both types are 
discussed in this section, although more weight is given to 
the polymeric stationary phases than their current use would 
merit, since a polymeric stationary phase is used for this 
study.
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silica based stationary phases
Silica based stationary phases are normally derived from 

5 - 10 pm diameter silica particles, which are porous in 
order to provide a large surface area for solute adsorption. 
So that proteins can access the particle interior, 'wide 
pore' silicas, containing pores of 30 nm diameter, are most 
commonly used for the RP-HPLC of proteins. To provide a 
hydrophobic surface, the hydrophillic silica particles are 
coated with alkyl chains by reaction of surface silanol 
groups with an appropriate monochlorosilane, as shown in 
Figure 3.4:

Figure 3.4. Reaction of a surface silanol group with a 
monochlorosilane. R represents an alkyl group.

For steric reasons, it is not possible for all the silanol 
groups to react with the monochlorosilane, this being 
especially a problem when the monochlorosilane carries a 
bulky alkyl group. It is therefore common practise to follow 
the reaction by 'capping' residual silanol groups with a 
small silylating reagent, such as trimethylchlorosilane.

The behaviour of proteins during RP-HPLC on silica based 
stationary phase is strongly dependant on a number of 
properties of the stationary phase. The effects of pore size 
(Lewis R.V. at al. 1980), alkyl chain length (Cooke N.H.C. at 
al. 1983, Cohen K.À. at al. 1984), silica type (Pearson J.D. 
at al. 1982), surfaca coverage (Cooke N.H.C. at al. 1983) and 
capping (Cooke N.H.C. at al. 1983) have all been examined. 
For most proteins, best performance is achieved with 30 nm 
pore silicas coated with Ĉ  or C, alkyl groups, the shorter 
chains favouring retention of biological activity. Even 
capped silica stationary phases contain residual free silanol

- 61 -



groups which can act as adsorption sites, giving rise to poor 
peak shapes, low recoveries and ghosting (eg O'Hare M.J. and 
Nice E.C. 1979, Burton W.G. et al» 1988, Linde S. and 
Welinder B.S. 1991). These effects can be reduced either by 
protonation of the silanols at low pH (eg Cohen K.A. et al. 
1984, Mant C.T. et al. 1989), or by inclusion of a competing 
cation, such as triethylammonium phosphate (TEAP), in the 
mobile phase (eg Linde S. and Welinder B.S. 1991).

Hydrophobic polymer stationary phases
In recent years polymeric stationary phases have become 

available which are rigid enough to withstand the high eluent 
flow rates encountered during RP-HPLC, and which have plate 
numbers comparable with silica materials (Benson J.R. and Woo 
D.J. 1984). The majority of these polymeric stationary phases 
consist of crosslinked polystyrene-divinylbenzene particles 
of 5 - 10 pm diameter. They are made highly porous through 
the addition of a diluent to the polymerizing mixture of 
styrene and divinylbenzene (Sederel W.L. and De Jong G.J. 
1973), and the resulting high surface area accounts for the 
high column efficiencies that are observed during the 
isocratic elution of solutes (the polymeric stationary phase 
used in this study, PLRP-S, with a 30 nm pore size, has a 
surface area of 384 m^.g"^). Rigid, macroporous stationary 
phases of this type are now becoming available with pore 
sizes of up to 400 nm, and these are claimed to give high 
resolution protein separations in under a minute (Lloyd L.L. 
and Warner P.P. 1990).

Polymeric stationary phases have no charged groups that 
might give rise to secondary interactions with solutes, and 
are therefore finding particular application for protein 
separations where silanol effects with silica based 
stationary phases have proved a problem (eg Klapper D.G. at 
al. 1986, Burton W.G. at al. 1988). Also, unlike silica 
stationary phases, polymeric stationary phases are stable at 
high pH, allowing the use of alkali mobile phases (Salt D.E. 
at al., in preparation), and column regeneration with NaOH 
(Cartier P.G. at al. 1990). Polymeric stationary phases have 
two disadvantages when compared to silica based ones: they
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are more strongly hydrophobic and therefore require harsher 
elution conditions (Smith R.M. 1984), and, while polymeric 
stationary phases lack charged groups that can give rise to 
secondary interactions, the pi electrons associated with non
crosslinked polystyrene can act as secondary adsorption sites 
for aromatic solutes (Bowers L.D. and Pedigo S. 1986).

3.1.3.3 The mobile phase
The mobile phase used for the gradient elution of 

proteins consists of a mixture of water, organic modifier and 
dissolved buffers and salts. The organic modifier is required 
to bring about elution of solutes bound to the stationary 
phase (section 3.1.2.2), and the presence of some buffer is 
essential if proteins are not to become irreversibly bound to 
the column packing. In addition, salts and other components 
may be included in order to optimize the separation.

Because of their low cost, low viscosity and good U.V. 
transparency, the most commonly used organic modifiers are 
acetonitrile, methanol, propan-l-ol and propan-2-ol. As 
predicted by the theory of gradient elution (section 
3.1.2.2), the more hydrophobic organic modifiers are the most 
effective in eluting proteins, the order of eluting power 
being methanol < acetonitrile < propan-2-ol < propan-l-ol. In 
general, acetonitrile is favoured for the RP-HPLC of the 
majority of proteins, methanol is employed for very 
hydrophillic molecules, and the propanols are used where a 
low organic modifier concentration is required in the eluent 
(for example, to maintain a labile biological activity). 
While the propanols are much more viscous than the other 
solvents, this rarely results in significant backpressures 
with the short columns and moderate flow rates encounted in 
analytical RP-HPLC (Corran P.H. 1989).

For most protein separations, best resolution is 
achieved with mobile phases of acidic pH. To achieve these 
conditions, by far the most popular buffer is trifluoroacetic 
acid (TEA), which is normally used at a concentration of
0.1 % v/v. This reagent appears to help disperse proteins, 
and, by acting as an ion pairing agent, it can improve their 
elution characteristics (Guo D. at al. 1987). With silica
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based stationary phases, acidified triethylammonium phosphate 
(TEAP) is sometimes preferred to TEA because of its ability 
to mask residual silanol groups (eg Ferris R.J. et al. 1984). 
Where there is a need to maintain a labile biological 
activity, it may be necessary to use a mobile phase of near 
neutral pH. In this case, phosphate buffer and neutralized 
TEAP are common mobile phase additives (Corran P.H. 1989).

3.1.3.4 Standard assay for the RP-HPLC of pl-381
Time and cost considerations precluded an extensive 

examination of RP-HPLC apparatus, stationary and mobile 
phases, for the RP-HPLC of pl-381. Instead, it was decided to 
adapt an RP-HPLC system developed in our laboratory for the 
measurement of calf prochymosin (Salt D.E. et al., in
preparation) to the measurement of pl-381. The prochymosin 
used in these studies was synthesized by E.coli in the form 
of insoluble inclusion bodies (Emtage J.S. et al. 1983). 
Following purification, the inclusion bodies were solubilized 
in urea or Guanidine-HCl, so that monomeric prochymosin could 
be applied to the RP-HPLC column. As pl-381 also requires 
dissociation from a particulate form (5620 Ty-VLPs) before 
RP-HPLC, the prochymosin system was considered a very
suitable starting point.

Following a period of development work (section 3.2.2), 
an assay was developed from the prochymosin assay which could 
be used routinely to measure pl-381 in crude and purified 
preparations (sections 3.2, 4.2, 5.2). For convenience, this 
assay will be referred to as the "standard assay". The main 
features of the standard assay are outlined below, practical 
details are given in the materials and methods section
2.3.1.3:

Sample preparation
Native 5620 Ty-VLPs cannot be chromatographed on

conventional RP-HPLC stationary phases, since at 20 - 35 nm 
diameter they are too large to enter the matrix pores (30 nm 
diameter); when Ty-VLPs were applied to a Cg silica packing, 
they were eluted in the void volume (Braddock M. et al.
1989). It is therefore necessary to dissociate the 5620 Ty-
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VLPs to produce pl-381 monomer before loading a sample on the 
column. In the standard assay this was achieved by dilution 
of the sample (x5) with dissociation buffer (10 M urea, 50 mM 
KH2PO4, pH 11.5). To increase resolution (Verzele M. et al. 
1988), and extend column life, loadings of protein to the 
column were the lowest that would give a reasonable signal 
(typically 1 0 0 /xg).

Proteins are known to undergo partial hydrolysis and 
other reactions in alkali conditions, and also react with 
cyanate formed spontaneously from urea (Volkin D.B. and 
Klibanov A.M. 1989). Because of this, samples were diluted 
with dissociation buffer immediately before use, and all urea 
solutions were made up fresh.

Apparatus
The apparatus used in the standard assay is shown in 

Figure 3.3b. There are two important differences from the 
orthodox apparatus shown in Figure 3.3a:

1. Because fouled columns could be readily and cheaply 
repacked, no guard columns was employed.
2. It is common practise to carry out RP-HPLC at ambient 
temperature, despite reduced resolution, in order to 
maintain biological activity (eg Nice E.C. and O'Hare 
M.J. 1979). However, for the present application, where 
denaturing conditions were actually considered 
favourable, elevated temperature could be used. 
Therefore, the column was maintained at 60®C in a 
thermostatically controlled water bath (60®C is the 
maximum temperature recommended by the manufactures for 
the operation of the stationary phase). This increases 
mass transfer rates (which results in enhanced protein 
recoveries and smaller bandwidths) and reduces 
backpressures (Nugent K.D. et al. 1988).

Stationary and mobile phases
In the prochymosin study (Salt D.E. et al., in 

preparation), solubilized prochymosin was chromatographed on 
C4 and Ce silica based stationary phases, and on a PLRP-S 
hydrophobic polymer stationary phase (Polymer Laboratories
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Ltd, Church Stretton, UK). When samples were run in a mobile 
phase containing 0.1 % v/v TFA with an acetonitrile gradient, 
the prochymosin failed to elute from the silica based 
columns, and was eluted as a very broad peak from the polymer 
column. Better results were obtained when a mobile phase 
containing urea and phosphate buffer was used with an 
acetonitrile gradient on the polymeric stationary phase, the 
prochymosin being eluted as a single sharp peak. Because of 
the success of this partitioning system with the solubilized 
prochymosin, the standard assay stationary and mobile phases 
were based upon it:

1. The PLRP-S stationary phase employed in the standard 
assay had a 15 - 25 ^m particle size, with pores of 30 
nm diameter. As resolution is not a strong function of 
column length (section 3.1.2), this stationary phase was 
packed into the shortest available HPLC column, which 
had dimensions 50 x 4.6 mm. Since the capacity of this 
stationary phase for protein is 10 - 30 mg.ml"^ (Lloyd 
L.L. and Warner P.P. 1990), the 0.83 ml required to pack 
the column has a capacity for 8.3 - 24.9 mg of protein. 
This is much greater than the protein loadings applied 
(0.1 mg), which is a requirement for analytical RP-HPLC 
(Verzele M. 1990).
2. The two buffers used to form the mobile phase in the 
standard assay were 2 M urea, 25 mM KH^PO^, pH 11.5 
(buffer A) and 2 M urea, 25 mM KH2PO4, pH 11.5, 50 % 
CH3CN (buffer B). The urea was included in the mobile 
phase to ensure that the pl-381 remained in a monomeric 
and denatured state.
3. Following loading, sample was eluted at a flow rate 
of 1 ml.min'^ with a gradient of 100 - 0 % buffer A in 
20 min, followed by 0 % buffer A for 10 min. The second 
part of this gradient was to allow for the gradient 
delay, which was observed to be 8 min with the normal 
arrangement of apparatus.

3.2 Results
The results presented in this section are divided into 

four groups. In the first group, the results obtained for the
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RP-HPLC of protein standards and pl-381 on the standard 
assay, which was introduced in section 3.1.3.4, are 
described. In the second, the process of developing the 
standard assay is illustrated by showing the effects of 
changing some of its parameters. The third group of results 
shows how the assay was calibrated for quantitative 
measurement of pl-381, and the fourth shows how its ability 
to measure pl-381 quantitatively was tested.

Experiments were normally carried out with the 
apparatus, reagents and methods described in section 2 - any 
variations are noted in the text and/or Figure legends. Early 
chromatograms were recorded using a Perkin-Elmer LCl 
Laboratory Computing Integrator (Perkin-Elmer, Norwalk, USA). 
Midway through this study, the facility to log and print 
chromatograms using the Turbochrom 2 Multitasking Advanced 
Chromatography System (Nelson P.E., Cupertino, USA) became 
available. This explains the difference in quality between 
the chromatograms presented in sections 3.2.1 and 3.2.2, and 
those presented in sections 3.2.3 and 3.2.4. Similarly, the 
introduction of "mini" SDS-PAGE gels (section 2.3.1.4) 
accounts for the differences between the immunoblots shown in 
Figures 3.7, 3.8 and 3.10 and those shown in Figures 3.22 and 
3.24c.

3^2.1 RP-HPLC of Proteins on the Standard Assav
In this section chromatograms obtained using the 

standard assay (section 3.1.3.4) are presented. Chromatograms 
produced when the assay was tested with protein standards are 
shown first. Then, to illustrate the utility of this assay 
for the RP-HPLC of pl-381, results obtained with partially 
purified and crude pl-381 preparations are presented.

3.2.1 . 1  Elution of protein standards
Protein standard solutions (0.1 ml) were mixed with 

dissociation buffer (0.4 ml), filtered, and 20 - 100 /il (20 - 
500 /ig) were run on the standard assay. The chromatograms 
obtained with serum albumin (100 /ig), aldolase (300 jug), 
myoglobin (500 /ig) and catalase (100 /ig) are shown in Figures 
3.5a - 3.5d. None of the proteins ghosted in a subsequent
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blank chromatogram. Increased loadings of samples were found 
to give corresponding increases in peak height and area.

3.2.1.2 Elution of partially purified ol-381

Gradient elution
The "miniprep" process can be used to purify 5620 Ty- 

VLPs by sucrose density centrifugation (section 3.2.4.2). 
Following one such purification, the 5620 Ty-VLP enriched 
fraction contained approximately 18 mg.ml"^ total protein, of 
which about 30 % was pl-381, by far the most major component 
(section 3.2.4.2). A 0.1 ml aliquot of this "miniprep" 
material was diluted with 0.4 ml of dissociation buffer, 
filtered, and 20 nl (containing 72 fig of protein and 22 jug of 
pl-381) was loaded to the column. The chromatogram obtained 
during elution of this sample is shown in Figure 3.6b.

Blank gradients, in which no sample was loaded, were run 
before and after the miniprep sample. For comparison with 
Figure 3.6b, the resulting blank chromatograms are shown in 
Figures 3.6a and 3.6c. These contain peaks at 10.24, 16.64, 
22.95, 24.02 and 25.00 min, which also appear on the miniprep 
chromatogram. No ghosting of the miniprep peaks is observed 
in Figure 3.6c.

Peak fractions (1 ml) were collected at the positions 
shown on Figure 3.6b. Samples of these fractions were run out 
on a "macro" SDS-PAGE gel, which was then immunoblotted using 
rabbit anti-Ty antibody. The resulting immunoblot (Figure 
3.7) indicates that pl-381 is eluted in the peak at 22.86 min 
(37.2 % CH3CN). No pl-381 is present in the peak at the void 
volume (Figure 3.7, track 6 ), which indicates that 5620 
Ty-VLPs are fully dissociated under the standard assay 
conditions. It is apparent from Figure 3.7 that pl-381 has 
not undergone alkali hydrolysis under the conditions of 
RP-HPLC.

Isocratic elution
The gradient controller was reprogrammed so that the 

acetonitrile gradient was replaced by continued flow of 
buffer A (for 30 min at 1 ml.min"^). A blank and miniprep
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sample were then run on this isocratic system, and the 
chromatograms obtained are shown in Figures 3.6d and 3.6e. Of 
the peaks obtained with the gradient elution of miniprep 
material (Figure 3.6b), only the void volume peak is seen 
with the isocratic elution of the same sample in buffer A 
(Figure 3.6e). Therefore, with the exception of the void 
volume peak, the peaks observed in Figure 3.6b are not caused 
by solutes running isocratically in the 2 M urea, 25 mM 
KH2PO4, but rather are the result of gradient elution brought 
about by the increasing concentration of acetonitrile.

In order to remove solutes which remained bound to the 
stationary phase, a blank gradient was run immediately after 
the isocratic elution of the miniprep sample. The 
chromatogram produced is shown in Figure 3.6f. Despite their 
longer residence times on the stationary phase, solutes are 
eluted with the same retention times as observed in Figure 
3.6b. The peaks obtained in the gradient elution blank 
chromatograms (Figures 3.6a and 3.6c) are greatly enlarged in 
Figure 3.6f. This suggests that these peaks normally arise 
from impurities in buffer A, which accumulate on the 
stationary phase during column equilibration, and which are 
then eluted by the acetonitrile gradient. The additional 
loading of these impurities that occurs during the isocratic 
elution with buffer A accounts for the increases in peak size 
observed in Figure 3.6f. Blank chromatogram peaks are 
discussed in detail in section 3.3.2.2.

Recovery of pl-381
A miniprep sample (20 /il) was run on the standard assay 

with gradient elution, and a 2 ml fraction (35 - 40 % CH3CN), 
corresponding to elution of the pl-381 containing peak, was 
collected. An identical sample of the loaded miniprep 
material (20 /il) was then diluted in a mixture of buffer A 
(0.5 ml) and buffer B (1.5 ml), to produce a solution which 
mimicked the eluent fraction (2 ml, 37.5% CH3CN), except that 
it contained the total pl-381 amount loaded to the column. A 
dilution series of the eluent fraction and diluted sample 
were run out alongside each other on a "macro" SDS-PAGE gel, 
which was immunoblotted using rabbit anti-Ty antibody, to
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generate the immunoblot shown in Figure 3.8. By comparing the 
intensity of the eluent fraction and diluted sample 
immunoblot bands with equivalent loadings, it is apparent 
that the recovery of Ty antigen activity on the standard 
assay (assumed to correspond with recovery of pl-381 amount) 
was approximately 50 %.

3.2.1.3 Elution of crude homoaenate containing pl-381
An aliquot of 5620 homogenate stock (section 2.2.2.2) 

was defrosted, and the cell debris was removed by 
centrifugation in a microcentrifuge (16 0 0 0 g, 1 0 min). 
Supernatant (0.1 ml) was mixed with dissociation buffer (0.4 
ml), filtered, and 20 /il was loaded to the column. Since the 
supernatant contained about 35 mg.ml"^ total protein, of which 
15 % was pl-381 (section 3.2.4.2), the approximate loadings 
to the column were calculated as 140 /ig of total protein and 
21 /ig of pl-381. The chromatogram obtained from this sample 
is shown in Figure 3.9b, and the chromatograms obtained from 
blank gradients run before and after the sample are shown in 
Figures 3.9a and 3.9c. For comparison purposes, a miniprep 
sample (as described in section 3.2.1.1) was run before the 
first of these blanks, and the resulting chromatogram is 
shown in Figure 3.9d.

The blank gradients both give peaks at 9.38, 16.55,
23.21, 24.32 and 25.38 min, and these peaks are also observed 
in the crude homogenate and miniprep chromatograms. None of 
the additional peaks observed with the crude homogenate 
sample ghost in the subsequent blank chromatogram.

On the miniprep chromatogram, the pl-381 containing peak 
runs at 23.21 min (38.0 % CH3CN), and the crude homogenate 
chromatogram also contains a peak at this point. In order to 
show that this peak contains pl-381, peak fractions were 
collected at the positions indicated in Figure 3.9b. Samples 
of these fractions were run out on a "macro" SDS-PAGE gel, 
and the gel was immunoblotted using rabbit anti-Ty antibody, 
to produce the immunoblot shown in Figure 3.10. A band 
corresponding to pl-381 is only observed in the 23.21 min 
peak track.
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The crude homogenate chromatogram contains a number of 
peaks not found in the miniprep chromatogram, most strongly 
at 0.68, 2.60, 3.49, 14.76, 20.67, 21.33 and 22.27 min, which 
presumably correspond to solutes that are removed by the 
miniprep purification process. A more quantitative comparison 
of the chromatograms obtained with miniprep and crude 
homogenate samples is given in section 3.2.4.2.

3.2.2 Effect of Changing Standard Assay Parameters
Assay parameters (such as sample pretreatment procedure, 

mobile phase composition and gradient shape) were varied 
during the development of the standard assay. The results 
obtained are presented here.

3.2.2.1 Sample pretreatment and stationary phase
In early experiments, samples (1 ml) were prepared for 

RP-HPLC by addition of solid urea (0.48 g), which was 
dissolved by whirlimixing for 30 s, to give an 8 M urea 
solution. The chromatogram obtained with a miniprep sample 
prepared in this way is shown in Figure 3.11a (for 
comparison. Figure 3.11b shows the familiar chromatogram 
obtained with a miniprep sample on the standard assay).

The RP-HPLC of a protein may depend upon the pH and 
ionic strength at which it is loaded to the stationary phase 
(eg Nugent K.D. et al. 1988). Since samples from downstream 
processing studies requiring RP-HPLC analysis were expected 
to have a range of pH and ionic strengths, and the sample 
pretreatment method described above would be unable to 
standardize such samples to common pH and ionic strength, 
this method was considered unsuitable. As an alternative, 
samples were prepared by dialysis (24 h), against 8 M urea, 
50 mM KH2PO4, pH 11.5, using an 8,000 MW cut-off membrane on 
microdialyser apparatus (Pierce, Rockford, USA). While the 
samples obtained following dialysis gave satisfactory 
chromatograms (results not shown), the 'need to dialyse 
samples for 24 h would prevent the use of the assay for rapid 
off-line sample analysis (section 3.1.1). For this reason, 
the sample pretreatment method employed in the standard 
assay, where sample pH and ionic strength are quenched by
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dilution with dissociation buffer (10 M urea, 50 mM KH^PO^, 
pH 11.5), was adopted.

Experiments were carried out in which the composition of 
the dissociation buffer was modified from that used in the 
standard assay. Prior to chromatography, miniprep samples 
(0.1 ml) were diluted with dissociation buffer (0.4 ml) of 
more neutral (pH 8 ) and acidic (pH 4) pH. No improvement in 
resolution was observed, and at pH 4 the recovery of the pl- 
381 containing peak was greatly reduced. In addition, the 
presence of 10 mM dithiothreitol (DDT) in the pretreated 
sample did not effect the elution of the pl-381 containing 
peak. This is expected, since pl-381 contains no disulphide 
bridges.

Despite the increased loading, the resolution of the pl- 
381 containing peak in Figure 3.11a (Np = 9670^) is greater 
than that observed in Figure 3.11b (Np = 7350). This effect 
is not the result of the different sample pretreatment 
procedure, but occurs because the chromatogram shown in 
Figure 3.11a was obtained with a prepacked PLRP-S stationary 
phase, which had a smaller and more regular particle size 
than that used in the standard assay (8 pm diameter compared 
to 15 - 25 /Ltm diameter). As described in section 3.1.2.1, 
this results in reduced zone spreading, and consequently 
improved resolution. It was intended to use the RP-HPLC assay 
to measure pl-381 in crude homogenates, which quickly foul 
the stationary phase (a discussion of column lifetime is 
given in section 3.3.2.3). The 8 /nm PLRP-S stationary phase 
is only available in prepacked columns, which, at £ 195 each, 
were considered too expensive to be replaced routinely. It 
was therefore decided for the standard assay to buy in 
batches of the unpacked 15 - 25 /nm PLRP-S stationary phase, 
and to pack our own columns. While this gives much poorer 
resolution, the cost of a column was reduced to about £ 1 0 .

3.2.2.2 Mobile phase

^The use of plate numbers for gradient elution is 
justified in this case, since analogous peaks with the same 
elution time are being compared.
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Urea
À miniprep sample was run with gradient elution in an 

identical way to that described in section 3.2.1.2, except 
for the omission of the 2 M urea from the mobile phase. The 
resulting chromatogram is shown in Figure 3.11c. The peak at 
24.36 min was found to contain pl-381 by immunoblotting of 
collected fractions with rabbit anti-Ty antibody; pl-381 was 
absent from the other peaks (Figure 3.7).

By comparison of the chromatograms obtained with and 
without urea in the mobile phase (Figures 3.11b and 3.11c), 
it is apparent that better resolution of the pl-381 
containing peak is achieved when the miniprep sample is 
chromatographed with a mobile phase containing 2 M urea 
(plate numbers were calculated as: with urea, Np = 7350; 
without urea, Np = 5340). While this result suggests that 
resolution could be further improved by using an even higher 
concentration of urea in the mobile phase, this is not 
practicable because of the limited solubility of urea in 50 
% CH3CN.

pH
Stock solutions of buffer A (1 L, 2 M urea, 25 mM KH2PO4) 

and buffer B (1 L, 2 M urea, 25 mM KH2PO4, 50% CH3CN) were 
made up. These were each divided into 5 x 200 ml lots, which 
were adjusted to pH 11.5, 10, 8 , 6 and 4, using 4 M NaOH and 
5 % H3P04 .̂ Blank gradients and miniprep samples (diluted 
with dissociation buffer at the same pH as the mobile phase) 
were then chromatographed using the pH adjusted buffers, 
under otherwise the standard assay conditions. The 
chromatograms obtained are shown in Figures 3.12a - 3.12f.

Lowering the pH of the mobile phase reduces the size of 
the void volume peak, the blank gradient peaks, and the 
pl-381 containing peak (Figures 3.12a - 3.12e). Indeed, the 
pl-381 containing peak is not observed at all at pH 6 and 4 
(Figures 3.12d and 3.12e). The solutes that remained bound to

=Care should be taken in interpreting these pH values. 
The pH of an aqueous/organic solvent mixture is only an 
apparent one, since organic solvents tend to suppress 
ionisation (Bennett H.P.J. et ai. 1980).
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the column are not eluted as ghost peaks in subsequent blank 
chromatograms at the same mobile phase pH. However, these 
solutes can be recovered by switching the pH of the mobile 
phase to pH 11.5 - Figure 3.12f shows the chromatogram 
obtained when the elution of a miniprep sample at pH 4 
(Figure 3.12e) was followed immediately by:

1. Removal of residual CH3CN by column washing at pH 4 
(100 % buffer A, 10 min, 1 ml.min"^).
2. A blank gradient at pH 11.5 (this blank gradient 
consisted of: 100 % buffer A for 20 min at 1ml.min"^, 
then 100 - 0 % buffer A over 20 min at 1ml.min"^, then
0 % buffer A for 10 min at 1 ml.min"^).

With this gradient, solutes are eluted at the same 
acetonitrile concentrations as observed in Figure 3.12a.

In a separate experiment, a blank gradient and a crude 
homogenate sample were run on a mobile phase containing
0.1 % v/v TFA, 2 M urea, pH 2.5, with a CH3CN gradient (2.5 -
50 % CH3CN). A pl-381 peak was not resolved on this system
(result not shown).

3.2.2.3 Gradient Shape
When a crude homogenate sample is run on the standard 

assay, the pl-381 containing peak is poorly resolved from its 
neighbours (section 3.2.1.3). Attempts to improve resolution 
of the pl-381 peak using a variety of complex step gradients 
and isocratic elution were unsuccessful - a CH3CN 
concentration at which the pl-381 peak would run reproducibly 
from batch to batch could not be found. Better results were 
obtained when the CH3CN gradient was ramped at different 
slopes over the pl-381 containing peak; Figures 3.13a - 3.13d 
show the chromatograms obtained with crude homogenate samples 
(as described in section 3.2.1.3) when the gradients at the 
pl-381 peak were: 5 % CH3CN.min~^, 2.5 % CH3CM.min"^ (standard 
assay gradient), 1.5 % CH3CN.min"^ and 1.0 % CHaCN.min"^ (exact 
gradient details are given in the Figure legends). The marked 
pl-381 containing peaks were identified by running miniprep 
sample under identical gradient conditions.

The % CH3CN required to elute the pl-381 containing peak 
with the various gradients are shown in Table 3.1, together
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with the base-line peak widths (W). It can be seen from Table
3.1 that the pl-381 containing peak is eluted at the same 
CH3CN concentration regardless of gradient slope (the 
anomalous behaviour of the 2.5 % slope occurs because this 
sample was run with a different batch of buffer to the other 
slopes - see section 3.3.2.1). This is in agreement with 
gradient elution theory (section 3.1.2.2), and confirms the 
observation made in section 3.2.1.1 that elution of peaks in 
the standard assay is the result of gradient rather than 
isocratic elution.

Table 3.1. Dependence of the properties of the pl-381 
containing peak on gradient slope.

Slope
(% CH3CN.min-^)

Elution condition 
(% CH3CN)

W
(min)

5 36.6 1.5
2.5 38.0 2 . 2

1.5 36.9 2.7
1 . 0 36.1 2.9

Because other solutes are also eluted at the same CH3CN 
concentration regardless of gradient slope, decreasing the 
slope of the gradient increases the distance between peaks 
(Figures 3.13a - 3.13d). However, peak width increases with 
decreasing gradient slope (Table 3.1), since the range of 
CH3CN concentration at which a solute is eluted occurs over 
a longer time. Overall resolution is a compromise between 
these two opposing effects (section 3.1.2.1), and is not 
improved compared to the standard assay by changing the 
gradient slope (Figures 3.13a - 3.13d).

3.2.2.4 Wavelength of detection
With the fixed wavelength detector used in this study, 

filters were available to monitor solute elution at 206 nm, 
226 nm, 254 nm and 280 nm. A wavelength of 226 nm was used in 
the standard assay. Blank gradients and miniprep samples were 
chromatographed under standard assay conditions (as described
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in section 3.2.1.2), except that elution was monitored at 
either 254 nm or 280 nm (the 206 nm filter could not be 
employed with the standard assay mobile phase because of the 
high background absorbance at this wavelength due to the 2 M 
urea). Switching from 226 nm to the higher wavelengths 
avoided detection of the blank chromatogram peaks, which are 
caused by contaminating solutes in the buffers that absorb 
strongly in the far U.V. (section 3.3.2.2). Unfortunately, 
this benefit was outweighed by the much lower sensitivity of 
detection of the pl-381 containing peak at the higher 
wavelengths.

The lower sensitivity for detection of the pl-381 
containing peak at 254 nm, and to a certain extent at 280 nm, 
when compared to 226 nm is at first sight surprising, since 
purified 5620 Ty-VLPs have a similar absorbance at 226 and 
254 nm, which is about twice the absorbance at 280 nm 
(section 3.2.4.5). However, the high absorbance at 254 and 
280 nm of the purified particles is the result of bound RNA, 
which produces a strong absorbance peak at 260 nm (section 
3.2.4.5). During sample pretreatment, this RNA is presumably 
dissociated from the pl-381 protein by the 8 M urea. Without 
the bound RNA, the pl-381 protein has a much lower absorbance 
at 254 and 280 nm, since it contains few of the aromatic 
amino acid residues that absorb strongly at these wavelengths 
- the proportions of these amino acids in pl-381 are: 
tyrosine, 4.7 %; tryptophan, 0.8 %; phenylalanine, 3.4 % 
(Hauber J. et al. 1985). This accounts for the loss of 
sensitivity of detection of the pl-381 peak described above.

When 10 #ig of purified yeast RNA (BOH, Poole, UK) was 
run on the standard assay it was eluted in the void volume 
(result not shown). Apparently the RNA from the 5620 Ty-VLPs 
is also eluted in the void volume when a miniprep sample is 
run on the standard assay, since the sensitivity of detection 
of the void volume peak is less dependent upon the wavelength 
of detection than that of the pl-381 containing peak. It is 
likely that RNA is hydrolysed by the alkaline conditions used 
for the standard assay.
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3.2.3 Assay Calibration
Calibration of the standard assay required a 5620 Ty-VLP 

preparation that was substantially purer than that generated 
by the miniprep process. This was provided by the following 
procedure: miniprep material was purified by gel filtration 
(section 3.2.4.5) and the eluent fraction containing the 5620 
Ty-VLPs was dialysed against deionized water. It was then 
freeze dried, the residue was resuspended in 8 M urea, 50 mM 
KH2PO4, pH 11.5, and was filtered to produce a solution 
suitable for loading to the standard assay. This calibration 
solution was found to contain 598 ± 27 /ig.ml"̂  protein. The 
purity of the pl-381 protein was measured by gel-scanning as
61.3 % (the track corresponding to this measurement is shown 
in Figure 3.|^ , track 7).

Aliquots of calibration solution (25 - 100 /xl) were run 
on the standard assay. The pl-381 containing peak (identified 
by running a miniprep sample) obtained with 75 /xl of 
calibration solution is shown in Figure 3.14a. Chromatograms 
were recorded as data files on the Turbochrom 2 Multitasking 
Advanced Chromatography System (Nelson P.E, Cupertino, USA). 
Using this program, the pl-381 containing peak was integrated 
as follows:

1. In order to remove the peaks that appear in the blank 
chromatograms (section 3.3.2.2), a blank chromatogram 
was run immediately before each calibration solution 
chromatogram (Figure 3.14b). The blank chromatogram was 
then subtracted from the calibration solution 
chromatogram using the Ratdiff facility of Turbochrom 2, 
to produce a "difference" chromatogram. This operation 
is illustrated in Figure 3.14. While interference by 
blank chromatogram peaks was not a problem with the 
buffer solutions used in the calibration runs, with some 
buffer lots the generation of difference chromatograms 
was essential for successful integration.
2. The pl-381 containing peak of the difference 
chromatogram was integrated using the manual integration 
option in the Turbochrom Editor. The integrated area is 
shown in Figure 3.14c.
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À linear relationship exists between pl-381 loading and 
peak area (Figure 3.15), which can be expressed by the 
equation:
A = 0.186L [3.4]

Where:

A = Peak area (pV.s x 10=)
L = pl-381 loading (/ig)

By assuming that the integrated area contains only pl-381 
protein (section 3.3.3.1), this relationship was used to 
calculate pl-381 amounts in samples run on the standard 
assay. All samples were within the range of this calibration 
curve (0 - 36.7 /ig pl-381).

3.2.4 Validation of the Standard Assay
A number of experiments were carried out to test whether 

the standard assay, calibrated as described in section 3.2.3, 
could be used to measure 5620 Ty-VLPs quantitatively. These 
experiments are described in this section.

3.2.4.1 Crude homoaenate dilution series
Crude homogenate supernatant was prepared as described 

in section 3.2.1.3, and was then diluted by factors of 0.2 - 
1 with phosphate buffer (100 mM, pH 7.5). These dilutions 
(0 . 2 ml) were mixed with dissociation buffer (0 . 8 ml), 
filtered, and 20 /il was run on the standard assay. The 
chromatograms were recorded using Turbochrom 2, and 
difference chromatograms were produced by subtraction of 
blank gradients (section 3.2.3). The section of interest of 
the difference chromatogram (20 - 27 min) obtained with the 
undiluted sample (dilution factor 1) is shown in Figure 3.16.

Accurate integration of the pl-381 containing peak shown 
in Figure 3.16 is not possible; overlap occurs with the 
neighbouring peak eluting at 22.71 min, so that baseline 
resolution is not achieved. Two methods are commonly used to 
approximate the areas of overlapping peaks : perpendicular 
separation and tangent skimming (Dyson N. 1990). Neither is
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accurate; perpendicular separation tends to overestimate the 
peak area, while tangent skimming tends to underestimate it. 
The pl-381 containing peaks obtained with the dilution series 
samples were integrated by both of these methods. Most 
consistent results were obtained when the pl-381 peaks were 
integrated using tangent skimming, which was carried with the 
manual integrator option in the Turbochrom Editor (the 
tangent line used to integrate the pl-381 peak in Figure 3.16 
is shown).

The pl-381 amounts in the diluted samples were 
calculated from the areas obtained by tangent skimming using 
Equation 3.4, and corrected for dilution by dissociation 
buffer. A linear relationship was found between dilution 
factor and pl-381 amount (Figure 3.17).

Baseline noise is apparent on the difference 
chromatograms (see Figure 3.16). With the most dilute samples 
this blurs the peaks, making it difficult to define peak ends 
and starts for integration purposes, and this accounts for 
the scatter observed in Figure 3.17 with these samples. This 
problem was normally avoided by increasing the loadings of 
samples for which the signal to noise ratio was low.

3.2.4.2 Mass balance of the miniprep process
In order to test the ability of the standard assay to 

measure pl-381 quantitatively in samples of different pl-381 
purities, it was used to mass balance pl-381 purification by 
the "miniprep" process. The results obtained were compared to 
those acquired by gel-scanning and immunoblotting.

The miniprep process (which is described in detail in 
section 2.3.2.1, and is illustrated in Figure 3.18) provided 
a simple means for the laboratory scale purification of 5620 
Ty-VLPs. The starting material, designated SI, was crude 
homogenate from which the cell debris had been removed by low 
speed centrifugation (9 000 g, 20 min). The 5620 Ty-VLPs 
contained in this were purified from the soluble protein by 
two rounds of differential ultracentrifugation:

1. SI was spun in an ultracentrifuge (190 000 g, 180 
min) to pellet the 5620 Ty-VLPs onto a 60 % sucrose 
cushion - the supernatant (S2 ), which contained the
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SI
8 ml SI

1 ml 60 Sucrose52
Spin 1
190 000 g, 180 min 7 ml Supernatant

ml 5620 Ty-VLP Enriched Pellet

Resuspend Pellet 
in 4 ml Buffer

P2
ml P2

Layer 4 ml P2 on 
to 35 % Sucrose

ml P2
ml 35 % Sucrose

f1 ml 60 % Sucrose

Spin 2
190 000 g, 360 min 9 ml Supernatant

P3
2 ml 5620 Ty-VLP Enriched Pellet

Figure 3.18. Miniprep process for the purification of 5620
Ty-VLPs.

majority of soluble protein, was discarded (the 
centrifugation conditions were obtained from British 
Biotechnology Ltd., and had been calculated using Stokes
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Law). The 5620 Ty-VLP enriched pellet was then 
resuspended in phosphate buffer, to produce P2 (Figure 
3.18).
2. To remove remaining soluble protein contaminant, P2 
material was layered on top of 35 % sucrose and
recentrifuged (190 000 g, 360 min). The 5620 Ty-VLPs 
passed through the 35 % sucrose and were pelleted on to 
a second 60 % sucrose cushion, while the soluble
proteins formed a band at the P2/35 % sucrose interface 
(Leelavatcharamas V. 1991). The supernatant and pellet 
from this second ultracentrifugation step were 
designated S3 and P3 respectively (Figure 3.18). 
Samples (1 ml) were taken of each of the preparations 

shown in Figure 3.18 (SI, S2, P2, S3 and P3). This sampling 
does not effect the mass balance, since these preparations 
are all end points except P2, where spare material was 
generated by using only 4 ml of the 6 ml available in the 
subsequent ultracentrifugation step. The samples collected 
were analyzed in a number of ways:

Total Protein
Total protein was assayed using the Bradford and dual 

wavelength methods. Similar results were obtained with both 
methods, although the Bradford assay gave results which were 
consistently about 5 % higher. The results obtained by the 
dual wavelength method are shown in Table 3.2. Since the 
volumes of SI - P3 are known (Table 3.2), the protein assay
results (mg.ml'^) were used to calculate protein amounts (mg),
which mass balance across the two differential centrifugation 
steps (the error expresses the % difference in total protein 
between substrate and products):

Spin 1: 318 (SI) -4. 1 7 6  (S2) + 153 (P2) Error = 3.3 %
Spin 2: 102 (P2) 64 (S3) + 36 (P3) Error = 2.0 %
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Table 3.2 Miniprep process mass balance.

Component Volume
(ml)

mg. ml"^ mg

SI Total protein 8 39.8 318 N/A
pl-381 (SDS-PÀGE) 7.6 60.8 19.1

pl-381 (RP-HPLC) 6 . 0 48.0 15.1

82 Total protein 7 25.2 176 N/A

pl-381 (SDS-PÀGE) 1.4 9.8 5.6
pl-381 (RP-HPLC) 1.5 10.5 6 . 0

P2 Total protein 6 25.5 153 N/A
pl-381 (SDS-PÀGE) 5.6 33.6 2 2 . 0

pl-381 (RP-HPLC) 4.8 28.8 18.8

P2 Total protein 4 25.5 1 0 2 N/A
pl-381 (SDS-PÀGE) 5.6 22.4 2 2 . 0

pl-381 (RP-HPLC) 4.8 19.2 18.8

S3 Total protein 9 7.1 64 N/A
pl-381 (SDS-PAGE) 1 . 0 9.0 14.1
pl-381 (RP-HPLC) 0.7 6.3 9.9

P3 Total protein 2 17.8 36 N/A
pl-381 (SDS-PAGE) 4.5 9.0 25.3
pl-381 (RP-HPLC) 5.3 1 0 . 6 29.8

^pl-381 is expressed as a % of the total protein. 

Gel-scanning
Protein preparations (60 /ig) were run out on a "macro” 

SDS-PÀGE gel, which was stained with Coomassie Blue, 
destained, and scanned. This SDS-PÀGE gel is shown in Figure 
3.19, and the gel-scanning results are shown in Table 3.2 
(the output of the gel-scanner was the % values, pl-381
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amounts were calculated from these using the total protein 
data). In Figure 3.19 the band corresponding to pl-381, 
calculated to have a molecular weight of 54 kD, is marked. 
The band at 96 kD that copurifies with the pl-381 band 
corresponds to pl-381 dimer, produced by covalent cross- 
linking of amino acid side chains of pl-381 (Burns N.R., 
personal communication 1991). For mass balancing purposes, 
this dimer band was counted as pl-381.

From the data in Table 3.2, it can be seen that gel- 
scanning fails to mass balance the pl-381 protein 
successfully over the differential centrifugation operations, 
although the error (expressed as the % difference in pl-381 
between the substrate and products) is smaller with the purer 
samples:

Spin 1: 60.8 (81) 9.8 (82) + 33.6 (P2) Error = 40.1 %
Spin 2: 22.4 (P2) -+ 9.0 (S3) + 9.0 (P3) Error = 24.4 %

This work has recently been repeated, and similar results
were obtained (Leelavatcharamas V. 1991).

Immunoblotting
Protein preparations of 81 - P3 (20 and 40 /xg) were run 

out on a second "macro" SDS-PAGE gel, which was immunoblotted 
with rabbit anti-Ty antibody (immunoblot not shown). It was
evident from this immunoblot that pl-381 was present in all
of the samples, but was more concentrated in P2 and 
especially P3.

RP-HPLC on the standard assay
Sample (0.2 ml) was diluted with dissociation buffer 

(0 . 8  ml), filtered, and the following amounts of total 
protein were run on the standard assay: SI, 159 /ng; S2, 101 
fig; P2 128 fig; S3, 142 /ug and P3 71 /xg. The difference
chromatograms obtained are compared in Figure 3.20. The 
pl-381 containing peaks in these difference chromatograms 
were integrated by tangent skimming, with baselines as 
indicated on Figure 3.20, and the resulting areas were used 
to calculate the pl-381 amounts shown in Table 3.2.
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The purification of pl-381 protein by the miniprep 
process is apparent in Figure 3.20; the centrifugation steps 
produce from their substrates (SI and P2), products in which 
the pl-381 peak is diminished (82 and S3), or enhanced (P2 
and P3). These trends are reflected in the integrated areas 
and corresponding pl-381 amounts, which show rough agreement 
to the pl-381 amounts obtained by gel-scanning (Table 3.2). 
As with gel-scanning, the ability of the RP-HPLC assay to 
mass balance pl-381 is increased with the purer samples:

Spin 1: 48.0 (SI) 10.5 (S2) + 28.8 (P2) Error = 22.1 %
Spin 2: 19.2 (P2) -+ 6.3 (S3) + 10.6 (P3) Error = 13.6 %

While RP-HPLC appears to give a better mass balances than 
gel-scanning (reduced % errors), it is difficult to judge the 
relative guantitative ability of the 2 assays from this 
single set of results. Nevertheless, the ability of the 
standard assay to mass balance 5620 Ty-VLP purification by 
the miniprep process gives some degree of confidence in its 
use to mass balance biochemical engineering unit operations.

The overall yield and purification factor for the 
miniprep process were determined from the RP-HPLC data in 
Table 3.2:

Yield = 22.1 %
Purification factor = 1.97

Also, the data in Table 3.2 can be used to recommend 
improvements to the miniprep process, for example the losses 
of pl-381 in S3 are considerable, and could be reduced by 
increasing the length of the second spin.

3.2.4.3 Spiking experiments
Samples ( SKI and SK2), which contained a mixture of 

crude homogenate and miniprep material of known pl-381 amount 
(Table 3.3), were run on the standard assay. Appropriate 
blank chromatograms were used to generate difference 
chromatograms, which are shown in Figures 3.21b and 3.21c. 
For comparison, the difference chromatogram obtained with the
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crude homogenate material, determined to contain 18.6 /ig of 
pl-381, is shown in Figure 3.21a.

Table 3.3. pl-381 amounts in spiking experiment samples.
Known /Ltg pl-381 in loaded sample^ /ig pl-381 

determined 
by inte
gration

From crude 
homogenate

From
miniprep

Total

SKI 9.3 11.9 2 1 . 2 19.5
SK2 9.3 23.8 33.1 32.9

^Determined by RP-HPLC of component crude homogenate and 
miniprep material.

The pl-381 containing peaks were integrated as indicated 
in Figure 3.23, to give the pl-381 amounts shown in the last 
column of Table 3.3. Spiking crude homogenate with miniprep 
material gives both a qualitative (Figure 3.21) and 
quantitative (Table 3.3) increase in the size of the pl-381 
containing peak. Better agreement between calculated and 
determined pl-381 amount is seen with SK2 compared to SKI 
(Table 3.3), which is in accordance with the observation that 
the accuracy of the standard assay increases with sample 
purity (section 2 .2 .4.2 ).

3.2.4.4 RP-HPLC of untransformed BJ 2168 homoaenate
Untransformed S.cerevisiae (strain BJ 2168) was grown by 

fermentation, harvested, and homogenized in an identical way 
to the pMA 5620 transformed BJ 2168 cells used for 5620 Ty- 
VLP production (sections 2.2.1, 2.2.2.2 and 4.2.1). The
resulting homogenate was compared to that obtained from the 
transformed cells by SDS-PAGE, immunoblotting, and RP-HPLC on 
the standard assay:

Coomassie Blue stained SDS-PAGE gel
Total protein preparations from the transformed and 

untransformed homogenates were run out on a SDS-PAGE gel,
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which was then stained with Coomassie Blue, and destained 
with methanol/acetic acid (Leelavatcharamas V. 1991). 
Identical banding patterns are observed with the two samples, 
except that the transformed homogenate track contains a 
strong band at 50 kD, which is not present in the 
untransformed homogenate track (Leelavatcharamas V. 1991). 
This band presumably corresponds to pl-381.

Immunoblotting
Samples from the transformed and untransformed 

homogenates were run out on a second SDS-PAGE gel, which was 
immunoblotted with rabbit anti-Ty antibody, to produce the 
immunoblot shown in Figure 3.22.

At low total protein loadings (0.1 - 0.5 /Ltg) the
transformed homogenate sample gives strong immunoblot bands 
(Figure 3.22, tracks 8 - 10), while no bands are visible with 
the untransformed homogenate sample (Figure 3.22, tracks 1 - 
3). This confirms the identity of the 50 kD band observed in 
the stained SDS-PAGE gel as pl-381.

Interestingly, at very high protein loadings ( 5 - 2 0  
ng), the untransformed homogenate sample also produces 
immunoblot bands (Figure 3.22, tracks 5 - 7 ) ,  but these are 
distinct from those observed with the transformed homogenate 
(Figure 3.22, tracks 8 - 10). A possible explanation for this 
is that an impure Ty protein preparation was used to raise 
the rabbit anti-Ty antibody, which therefore contained anti
impurity antibody. At high protein loadings, enough anti
impurity antibody was bound by the impurities to give an 
immunoblot band. This would account for the strong background 
bands frequently observed in overloaded immunoblot tracks (eg 
Figure 3.7, track 10). Alternatively, Ty protein encoded by 
genomic Ty elements could have given rise to the bands 
observed with the untransformed homogenate - Capsey J.L. et 
al. (1990) have observed Ty-VLPs in untransformed cells. The 
fact that the molecular weights of the proteins responsible 
for these immunoblot bands are higher than that of pl-381 
supports this interpretation.
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RP-HPLC on the standard assay
Transformed and untransformed crude homogenate samples, 

both containing 140 jug of total protein, were run on the 
standard assay, as described in section 3.2.1.3. The 
difference chromatograms corresponding to these samples ( 2 0 - 
27 min) are shown in Figures 3.23a and 3.23b.

The transformed and untransformed homogenates give 
similar chromatograms, except for the absence of the pl-381 
containing peak with the untransformed homogenate (Figure 
3.23b), which is in agreement with the SDS-PAGE and 
immunoblotting results. Despite the absence of the pl-381 
protein, the untransformed crude homogenate sample still has 
a significant absorbance at the pl-381 elution time. This 
corresponds to other solutes that elute at this point 
(section 3.3.3.2). The presence of these solutes is taken 
into account when the pl-381 peak is integrated by tangential 
skimming, which explains why this integration method gives 
more consistent results than perpendicular separation 
(section 3.2.4.1).

3.2.4.5 Gel filtration
In common with gel-scanning and immunoblotting, the 

standard assay is unable to distinguish between pl-381 in the 
form of 5620 Ty-VLPs and monomeric pl-381, since 5620 Ty-VLPs 
are dissociated to pl-381 monomer during sample pretreatment. 
In order to show that the standard assay was measuring 5620 
Ty-VLPs and not monomeric pl-381 present in the original 
samples, it was necessary to show that monomeric pl-381 was 
absent from 5620 Ty-VLP preparations. This was achieved by 
gel filtration on Sephacryl S-1000 Superfine (Pharmacia, 
Uppsala, Sweden), which is known to separate Ty-VLPs (Gilmour 
J.E.M. et al. 1989) and viruses (Hjorth R. and Moreno-Lopez 
J. 1982, Hewish D.R. and Shukla D.D. 1983) from soluble 
protein of lower molecular weight.

Column calibration
Heat-killed (2 h at 60®C) Serratia marcescens (100 /ig), 

Blue Dextran (200 /xg), protein standards (200 /xg) and acetone 
(100 /xl) were run on a Sephacryl S-1000 column, as described
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in section 2 .3.2 .2 , and the elution volumes obtained are 
shown in Table 3.4. The elution volume of the heat-killed
S.marcescens was taken as the void volume of the column 
(Hjorth R. and Moreno-Lopez J. 1982), and the elution volume 
of the acetone was taken as the total column volume. With the 
exception of thyroglobulin, the protein standards are eluted 
together close to the total column volume. This is not 
unexpected, since their molecular weights are outside the 
fractionation range recommended by Pharmacia for Sephacryl 
S-1000 (500 - 100 000 kD).

Table 3.4. Sephacryl S-1000 column calibration.
MW
(kD)

Elution
volume
(ml)

S .marcescens - 9.5
Blue Dextran 2 0 0 0 20.4
Thyroglobulin 669 19.3
Ferritin 440 2 0 . 0

Catalase 232 21.3
Aldolase 158 2 0 . 1

Serum Albumin 6 6 2 1 . 1

Acetone 0.046 21.9

Gel filtration of miniprep material
A sample of filtered miniprep material (100 /il, 

containing 1780 /ig of protein) was run on the Sephacryl 
S-1000 column, elution was monitored at 254 nm, and fractions 
of eluent (1 ml) were collected. These were assayed for total 
protein, and aliquots were run out on a SDS-PAGE gel, which 
was immunoblotted using rabbit anti-Ty antibody. The 
chromatogram obtained with the miniprep sample is shown in 
Figure 3.24a, the protein assay results are shown in Figure 
3.24b, and the immunoblot is shown in Figure 3.24c. The yield
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of total protein over gel filtration was determined to be 
63 %.

The chromatogram obtained with the miniprep sample has 
two peaks; one at 9.5 ml, and one at 16.7 ml (Figure 3.24a):

1. The peak at 9.5 ml corresponds to the column void 
volume (Table 3.4), and presumably contains miniprep 
components too large to enter the chromatographic matrix 
(> 300 - 400 nm). Some of this material is proteinaceous 
(Figure 3.24b), but no Ty antigen activity is detectable 
(Figure 3.24c, fraction 3). This second observation is 
an important one, since it suggests that the 5620 Ty- 
VLPs in the miniprep material are not aggregated.
2. The peak at 16.7 ml corresponds to both the peak of 
protein elution (Figure 3.24b) and the peak of Ty 
antigen activity (Figure 3.24c, fraction 9). As 
described in sections 3.2.3, this 5620 Ty-VLP enriched 
peak was collected, concentrated into dissociation 
buffer, and used for calibration of the standard assay. 
A sample of this calibration solution was run on a SDS- 
PAGE gel, where the purity of the pl-381 protein was 
measured by gel-scanning as 61.3 % (Figure 3.19, track 
7). Using this result, the yield of pl-381 over gel
’ filtration was calculated to be 106 % (SDS-PAGE) and 
125 % (RP-HPLC). 5620 Ty-VLPs have a size distribution 
from approximately 20 - 35 nm diameter, and this
accounts for the broadness (N = 74) of the 16.7 ml peak 
(Burns N.R., personal communication 1991).
3. No peak in absorbance (Figure 3.24a), protein (Figure 
3.24b), or Ty antigen activity (Figure 3.24c, fraction 
13) is observed close to the total column volume (21.9 
ml). This indicates that the miniprep process has 
successfully purified 5620 Ty-VLPs from soluble protein 
contaminant, and that the miniprep material contained no 
monomeric pl-381.

Gel filtration of crude homogenate
An aliquot of 5620 homogenate stock (section 2.2.2.2) 

was defrosted, the cell debris was removed by centrifugation 
in a microcentrifuge (16 0 0 0 g, 2 0 min), and a sample of
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supernatant was filtered and run on the Sephacryl S-1000 
column (100 nl, containing 3650 /xg of protein). Elution was 
monitored at 254 nm, and eluate fractions (1 ml) were 
collected and analyzed as described above for the fractions 
obtained from the miniprep sample. The chromatogram obtained 
from the crude homogenate sample and the protein assay 
results of the corresponding fractions are shown in Figures 
3.24a and 3.24b, and the immunoblot is shown in Figure 3.24c. 
The yield of protein over gel filtration was determined as 
71 %.

The chromatogram obtained with the crude homogenate 
sample contains the two peaks observed with the miniprep 
sample (at 9.0 and 16.7 ml), and an additional peak, that is 
eluted at 19.5 ml (Figure 3.24a).

1. The new peak at 19.5 ml (which, as shown in Table 
3.4, corresponds to the elution volume observed for the 
protein standards), contains the peak of protein elution 
(Figure 3.24b); the peak eluting at 16.7 ml contains a 
much smaller amount of protein, which is represented in 
Figure 3.24b by a shoulder.
2. As with the miniprep sample, the peak eluting at 16.7 
ml contains the peak of Ty antigen activity (Figure 
3.24c, fraction 9). No Ty antigen activity is detectable 
in the void volume (Figure 3.24c, fraction 3), 
indicating that the 5620 Ty-VLPs in the crude homogenate 
are not aggregated. A small shoulder in Ty antigen 
activity is found in the soluble protein peak eluting at
19.5 ml (Figure 3.24c, fraction 13), which presumably 
corresponds to monomeric pl-381. However, judging by the 
relative intensity of the immunoblot bands in Figure 
3.24c, the proportion of pl-381 in the form of monomer 
is insignificant ( «  5%).

Nucleic assay analysis of purified Ty-VLPs
In Figure 3.24a, for the crude homogenate sample, the 

peak at 16.7 ml is very much larger than that at 19.5 ml, 
despite containing a much smaller quantity of protein (Figure 
3.24b). Furthermore, when elution was monitored by measuring 
absorbance at 280 nm rather than 254 nm, the size of the 16.7
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ml peak relative to the 19.5 ml peak was greatly reduced 
(result not shown). These observations suggested that the 
16.7 ml peak contains a substantial amount of nucleic acid, 
which is known to absorb strongly at 260 nm. In order to test 
this hypothesis, experiments were carried out with the eluent 
fraction corresponding to the 16.8 ml peak obtained from gel- 
filtration of a miniprep sample.

1. The absorption spectrum of the undiluted eluent 
fraction (determined against an elution buffer blank) is 
shown in Figure 3.25. It contains a peak at 206 nm 
(corresponding to the peptide bond) and a peak at 260 nm 
(corresponding to nucleic acid). No peak is observed at 
280 nm, since pl-381 contains only 0.8 % tryptophan 
(Hauber J. et ai. 1985). Burns N.R. et al. (1992) 
obtained a similar absorption spectrum for purified 5620 
Ty-VLPs.
2- The nucleic acid present in the eluent fraction was 
purified as described in section 2.3.1.7. A sample was 
then subjected to agarose gel electrophoresis, where it 
was determined to consist entirely of low molecular 
weight RNA; no DNA was present (Thomas O.R.T., personal 
communication 1991). The low molecular weight of the RNA 
(<75 bp) could have been caused by nuclease degradation 
during nucleic acid purification and storage, and cannot 
be taken to reflect the size of the RNA associated with 
the 5620 Ty-VLPs.
3. The eluent fraction was determined by reaction with 
orcinol reagent (section 2.3.1.8) to contain 65.3 ± 3.4 
/xg.ml“̂ RNA. For comparison, the extinction coefficient 
of yeast RNA at 260 nm was determined to be 25.7
L.g~*̂ .cm"̂ , and using this result the RNA concentration 
in the eluent fraction was calculated as 41.3 pg.ml"^. 
Since the eluent fraction was known to contain 91.3
/ig.ml”̂ of pl-381, and assuming that all of the RNA in
the eluent fraction was associated with 5620 Ty-VLPs, 
the 5620 Ty-VLPs in the eluent fraction were calculated 
to contain 34 % by mass RNA. This result is not
inconsistent with the RNA levels found in hybrid Ty-VLPs 
(Burns N.R. personal communication 1991).
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The presence of RNA in 5620 Ty-VLPs is not surprising, 
given that "wild-type” Ty-VLPs package RNA during the 
transposition process (section 1.2), and that the 5620 
Ty-VLPs used in this study were shown by south western 
blotting to bind nucleic acid (Leelavatcharamas V. 1991). The 
RNA associated with 5620 Ty-VLPs has been shown to be 
interparticulate, but is not protected from exogenous 
nucleases (Burns N.R. et al. 1992).

3.3 Discussion
The standard assay is an unusual system for the RP-HPLC 

of proteins: it uses buffers of alkali rather than acidic pH, 
these buffers contain 2 M urea and samples are treated with 
8 M urea prior to RP-HPLC, and a polymeric rather than silica 
based stationary phase is employed (section 3.1.3.4). 
Furthermore, the ability to readily and cheaply repack 
columns allowed chromatography of much cruder samples than 
those normally analyzed by RP-HPLC. In the first part of this 
discussion, an attempt is made to explain the behaviour of 
proteins on this unconventional system. In the second 
section, some aspects of the assay (its reproducibility, the 
existence of blank chromatogram peaks, and column lifetimes) 
are considered. Finally, future experiments are suggested.

3.3.1. Behaviour of Proteins on the Standard Assay
The behaviour of proteins on the standard assay is 

principly determined by the strong denaturing conditions. As 
described in this section, this effects peak shapes, protein 
recoveries, and protein elution times.

3.3.1.1 Peak shapes and ghosting
The RP-HPLC of a homogeneous, monomeric protein often 

results in a chromatogram containing multiple peaks, or a 
misshaped peak, or a peak which also appears in a subsequent 
blank chromatogram (ghosting), and these problems are brought 
about by the multiple protein forms produced by protein 
dénaturation under the RP-HPLC conditions (section 3.1.2.3). 
When protein standards (section 3.2.1.1) and pl-381 
preparations (sections 3.2.1.2, 3.2.1.3 and 3.2.3) were
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chromatographed on the standard assay, none of these 
difficulties arose; the proteins were eluted as solitary, 
undistorted peaks (eg Figures 3.5, 3.6, 3.9, 3.14), without 
ghosting. This is probably because prior to RP-HPLC on the 
standard assay, proteins were denatured by treatment with 
dissociation buffer, and were then kept in a denatured form 
during RP-HPLC by the elevated temperature of chromatography 
and the presence of 2 M urea in the mobile phase. Therefore, 
during RP-HPLC on the standard assay, proteins were present 
in only one (the fully denatured) form, and as a result the 
problems associated with multiple protein forms were avoided. 
The observation that strong denaturing conditions favour 
'ideal' RP-HPLC has been made by Nugent K.D. et al. 1988.

When urea was omitted from the mobile phase, pl-381 was 
still eluted as a single peak, without a change in elution 
time, although some loss in resolution was observed (section
3.2.2.2). It is possible that under these conditions pl-381 
is retained in a fully denatured form while bound to the 
stationary phase, but upon partition to the mobile phase 
partial refolding occurs, with a consequent loss in 
resolution.

Protein dénaturation is one mechanism by which ghosting 
of peaks occurs during RP-HPLC, another is secondary 
interactions between the protein and stationary phase 
(section 3.1.3.2). The use of a hydrophobic polymer 
stationary phase for the standard assay, rather than a silica 
based stationary phase, avoided the problem of secondary 
interactions through silanol effects, but introduced the 
possibility of secondary interactions involving the pi 
electrons associated with non-crosslinked polystyrene. While 
these are known to occur with the aromatic groups of small 
molecules (Bowers L.D. and Pedigo S. 1986), interactions with 
the aromatic side chains of proteins have not been found to 
cause ghosting (eg Burton W.G. et al. 1988, Lloyd L.L. and 
Warner P.P. 1990), and the results obtained with the standard 
assay support this observation.
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3.3.1.2 Protein recoveries
The recovery of pl-381 on the standard assay was 

determined by immunoblotting to be approximately 50 %
(section 3.2.1.2). Furthermore, when the area of the pl-381 
containing peak was compared to that of the protein 
standards, and the results corrected to take account of the 
different protein loadings, it was apparent that their 
recoveries were even lower, between 50 - 25 % of that
obtained for pl-381. These low yields probably occur because 
the proteins become very strongly bound to the stationary 
phase upon loading to the column, and this strong binding is 
a result of two of the unusual features of the standard 
assay. Firstly, when a protein is present in a RP-HPLC system 
in a native conformation (as occurs in most orthodox RP-HPLC 
systems), only a part of the protein is able to make contact 
with the stationary phase (Geng X. and Regnier F.E. 1984), 
but when the protein is denatured (as is the case with the 
standard assay), the entire protein sequence is available for 
binding, and, as a result, the interaction between the 
protein and the stationary phase is much stronger. Secondly, 
hydrophobic polymer stationary phases (including PLRP-S 
employed in the standard assay) are known to bind solutes 
much more firmly than silica based stationary phases (Smith 
R.M. 1984).

As described in section 3.2.2.2, lowering of the mobile 
phase pH from 11.5 was found to reduce pl-381 recovery, until 
at pH 6 and pH 4 pl-381 was not eluted (no improvement in 
recovery was observed when the mobile phase pH was increased 
from pH 11.5 to pH 12.5). This result is difficult to 
explain, since protein recoveries on PLRP-S at low pH are 
normally good (eg Klapper D.G. et al. 1986, Lloyd L.L. and 
Warner F.P. 1990, Burton W.G. et al. 1988), and the charge 
carried by pl-381 does not change significantly from pH 11.5 
- 4.0 (section 3.3.1.3). Since pl-381 bound to the column at 
acidic pH can be recovered by returning the mobile phase to 
pH 11.5 and running a gradient (section 3.2.2.2), whatever 
mechanism causes this effect is a reversible change (possibly 
a change in protein conformation), rather than an 
irreversible one (such as precipitation onto the stationary
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phase). It should be noted that when prochymosin was 
chromatographed on a system very similar to the standard 
assay, it was found to bind more tightly as the pH was 
reduced from 10.7 to 6.0, and was not eluted using a mobile 
phase containing 0.1 % v/v TFA (Salt D.E. at al., in
preparation). Furthermore, ribosomal proteins denatured by 
treatment with 6 M urea (12 h) have been reported to have low 
recoveries when chromatographed on silica based stationary 
phases at low pH (Ferris R.J. et al. 1984).

3.3.1.3 Correlation of protein hydrophobicity and elution 
time

The elution times of the protein standards and pl-381, 
their monomer molecular weights, and their hydrophobicities 
are shown in Table 3.5. The hydrophobicity of a protein was 
calculated from its amino acid sequence using the amino acid 
RP-HPLC retention coefficients listed by Meek J.L. 1980: the 
protein hydrophobicity was taken as the sum of the retention 
coefficients of its component amino acids. Amino acid 
sequence data was obtained from Dayhoff M.O. (1972), Dayhoff 
M.O. (1976) and Hauber J. at al. (1985).

Table 3.5. Hydrophobicities and elution times of protein 
standards and pl-381.
Protein Source MW

(kD)
Hydroph
obicity
(min)

Elution
Time
(min)

CH,CN
(%)

Serum
albumin

Bovine 6 8 . 0 5 21.41 33.52

Aldolase Rabbit
muscle

39.5 474 21.84 34.60

Myoglobin Sperm
whale

17.2 151 2 2 . 0 1 35.02

Catalase Bovine
liver

58.0 850 22.61 36.53

pl-381 Yeast 50.0 669 2 2 . 8 6 37.15
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As predicted for RP-HPLC under strong denaturing 
conditions (section 3.1.2.3), some correlation is observed 
between protein hydrophobicity and elution time (Figure 
3.26). However, there are a number of important differences 
between the RP-HPLC system used by Meek J.L. (1980) for the 
determination of the amino acid retention coefficients and 
the standard assay, and this probably explains why the 
correlation shown in Figure 3.26 is a poor one:

1. Meek J.L. (1980) employed a mobile phase of pH 7,4, 
whereas a mobile phase of pH 11.5 was used in the 
standard assay. As a consequence, the retention 
coefficients obtained by Meek J.L. (1980) for the amino 
acids cysteine, tyrosine and lysine, which have side 
chain pKa values between 7.4 - 11.5, are not applicable 
to the standard assay (these amino acids account for 
between 10 - 19 % of the total).
2. Other differences in the mobile phases between the 
two systems (the presence of 2 M urea and its effect on 
protein conformation, the use of different salts) could 
have effected the retention coefficients of all the 
amino acids.
3- Meek J.L. (1980) utilised a silica based stationary 
phase, and, especially at pH 7.4, the retention 
coefficients of basic amino acid residues may have been 
increased by silanol effects, which are not present with 
the hydrophobic polymer stationary phase employed in the 
standard assay (section 3.1.3.2).
An attempt was made to correlate elution time with 

hydrophobicity using the amino acid retention coefficients 
listed by Guo D. et al. (1986). However, the conditions used 
in this study were similar to those employed by Meek J.L. 
(1980), and no improvement in correlation was observed.

3.3.2 Some Characteristics of the Standard Assay
Three characteristics of the standard assay will be 

considered in this section: its reproducibility, the
existence of peaks on blank chromatograms, and column 
lifetimes.
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3.3.2.1 Reproducibility
During the course of this study, crude homogenate 

samples (as described in section 3.2.1.3, and from the same 
stock of frozen homogenate) were chromatographed on the 
standard assay on 17 separate occasions (these occurred on 
different days, with different batches of buffers, and using 
a total of 7 different lots of column packing). A note was 
kept of pl-381 elution time and peak area, and the range of 
the values obtained, their mean value, and the sample 
standard deviation (xa„_i) are shown in Table 3.6. No trends 
in elution time or peak area were observed.

Table 3.6. Reproducibility of pl-381 peak elution.
Range Mean xa„_i

Elution time 
(min)

22.22 - 
23.80

23.31 0.38

Peak area 
(jiiV.s X 10^)

100 - 136 122 12

The variation in elution time is probably the result of 
batch to batch differences in the acetonitrile concentration 
of Buffer B; acetonitrile was dispensed by volume rather than 
weight, and variable losses could also have occurred during 
degassing (variation in pl-381 elution time using the same 
batch of buffer was typically less than 0.05 min). The 
discrepancies in measured peak area are not surprising given 
the inaccuracy of integration by tangential skimming, 
especially where peak ends and starts were difficult to 
define (section 3.2.4.1).

3.3.2.2 Blank chromatogram peaks
An annoying feature of the standard assay was the 

existence of peaks on blank chromatograms (eg Figures 3.6a, 
3.9a). Blank chromatogram peaks occurred with freshly packed 
columns as well as previously used ones, were variable in 
size between buffer batches (but not within a buffer batch), 
could not be removed by extensive degassing (sonnication and 
prolonged sparging with Helium), and were increased in size
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by lengthening the time of column eguilibration (section
3.2.1.2). These observations suggest , that the blank 
chromatogram peaks were caused by impurities in buffer A, 
which accumulated on the stationary phase during column 
equilibration, and which were then eluted by the acetonitrile 
gradient.

Blank chromatogram peaks with these characteristics are 
a common problem in RP-HPLC, and have been accounted for by 
the presence of trace U.V. absorbing organic molecules in the 
water used for buffer preparation (Corran P.H. 1989). 
However, the source of the impurities responsible for the 
blank chromatogram peaks observed with the standard assay is 
uncertain. All solutions used for the standard assay were 
made up from commercially supplied HPLC grade water and 
reagents (section 2 .1 .1 ), and using water from other sources 
failed to prevent the appearance of blank chromatogram peaks. 
Furthermore, when urea was omitted from the mobile phase 
(section 3.2.2.2), the blank chromatogram peaks were still 
observed. An attempt was made to suppress the effects of 
blank chromatogram peaks by substantially increasing sample 
loadings, so that sample peaks were greatly amplified with 
respect to blank chromatogram peaks. However, this resulted 
in a dramatic loss of resolution.

3.3.2.3 Column Lifetime
Depending on sample purity, between 10 - 25 samples 

could be chromatographed on the standard assay before a 
deteriation in column performance was observed. This was 
characterised by a dramatic loss of resolution and a 
blackening of the stationary phase at the top of the column 
(the pressure drop across the column remained negligible even 
with severe column fouling). It has been suggested that 
column fouling reduces resolution during the RP-HPLC of 
proteins by causing flow disturbance (Regnier F.E. 1983).

Fouled columns could not be regenerated by prolonged 
backflushing with high concentrations of acetonitrile or 
propanol at extremes of pH, or by sonnication of the column 
frits in 50 % methanol - once column performance began to
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decline the only course of action was to repack the column 
(sections 2.3.1.3, 3.2.2.1).

3.3.3 Proposals for Future Work
The following suggestions for future experiments are 

given in rough order of priority.

3.3.3.1 Analysis of eluent fractions
Because of its high sensitivity, immunoblotting was used 

to analyze eluent fractions for pl-381 (present at < 20 
jLtg.ml”̂ ). À more detailed examination of the standard assay 
is required, in which the eluent fractions are analyzed by 
more accurate means:

Protein recoveries
Results obtained by immunoblotting were used to 

calculate the recovery of pl-381 on the standard assay, and 
from this result the recoveries of the protein standards were 
estimated (section 3.3.1.2). More precise protein recovery 
information is desirable, particularly if the standard assay 
was to be adapted for use as a preparative technique (section
3.3.3.3). Recovery data for protein standards could be 
readily obtained by U.V. measurement of eluate fractions and 
appropriately diluted sample. Interparticulate RNA would have 
to be removed from purified pl-381 preparations before 
recovery was measured by this method. This could be achieved 
by RP-HPLC on the standard assay (section 3.2.2.4), or by 
incubation with exogenous nucleases (Burns N.R. et al. 1992).

pl-381 purity
The absence of background bands on the immunoblot tracks 

corresponding to eluate fractions gives some indication of 
pl-381 purity in eluent fractions (eg Figure 3.7, tracks 2, 
7 and 10). However, for validation of the assay calibration, 
where 100 % purity was assumed (section 3.2.3), and for 
assessment of the possible use of the standard assay as a 
preparative method (section 3.3.3.3), more detailed purity 
information is required.
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Initial studies were carried out to assess the purity of 
pl-381 in eluate fractions obtained from miniprep and crude 
homogenate samples, but no reliable results were obtained. 
When eluent fraction and control samples were run on a 
SDS-PAGE gel and protein bands were detected by silver 
staining, pl-381 failed to stain, due to the small number of 
cysteine residues (Chuba P.J. and Palchaudhuri S. 1985). An 
attempt was made to concentrate the protein in eluent 
fractions by precipitation with trichloroacetic acid, prior 
to SDS-PAGE and staining with Coomassie Blue. No protein 
bands were observed on the resulting gels; presumably the 
proteins failed to precipitate in the presence of the urea 
and acetonitrile. It is recommended that this second 
experiment be repeated, but with an alternative concentration 
procedure (eg dialysis followed by freeze drying).

3.3.3.2 Improvements to the standard assay
During the development of the standard assay, the effect 

of changing a number of important standard assay parameters 
was determined (section 3.2.2), but once a satisfactory assay 
was developed this process was stopped. In order to further 
improve the standard assay (for example by obtaining base
line resolution of the pl-381 containing peak in crude 
homogenates, or by reducing the assay run length) this 
development process could be continued. The predicted effects 
of changing a number of other assay parameters are described 
below, and recommendations for future experiments are made.

The stationary phase
Apart from initial trials with a stationary phase of 

smaller particle size (section 3.2.2.1), the effect of the 
stationary phase upon the standard assay performance was not 
investigated. The adoption of a silica based stationary phase 
(necessarily at a low pH) is not expected to improve assay 
performance, since in the analogous prochymosin study 
solubilized prochymosin was not eluted from either C4 or C» 
silica based columns (Salt D.E. et al., in preparation), and 
in this study pl-381 was not recovered from columns at low pH 
(section 3.2.2.2). A more promising approach would be to test
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polymeric stationary phases with different properties to the 
30 nm PLRP-S packing used for the standard assay. In 
particular, the use of wide pore (400 nm) PLRP-S should be 
investigated. The open structure of this resin is claimed to 
give significantly improved mass transfer coefficients when 
compared to its 30 nm counterpart, with high resolution 
protein separations occurring in under a minute (Lloyd L.L. 
and Warner P.P. 1990). If the standard assay could be 
modified for use with such a packing, its application to 
rapid off-line sample analysis would be greatly enhanced. 
Alternatively, should there be a need to improve protein 
recoveries, a polymeric stationary phase of lower 
hydrophobicity could be employed. One possibility would be to 
use a hydrophobic interaction chromatography polymeric 
stationary phase, such as TSKgel Phenyl-5PW (Toya Soda Co., 
Tokyo, Japan).

The mobile phase
The effect of changing the mobile phase pH and of 

including urea in the mobile phase buffers was described in 
section 3.2.2.2. Most other modifications to the mobile phase 
composition are unlikely to bring about a significant 
improvement in the standard assay; switching from 
acetonitrile to another solvent would alter solute elution 
times but would probably not improve resolution (Corran P.H. 
1989, Salt D.E. et al., in preparation), using Guanidine-HCl 
in place of urea is anticipated to have no beneficial effect 
(Sharifi B.G. et al. 1985, Nugent K.D. et al. 1989), and 
lowering the mobile phase temperature would be expected to 
reduce resolution (Nugent K.D. et al. 1989). It is likely 
that protein recoveries could be improved by decreasing the 
mobile phase KH2PO4 concentration, since the phosphate acts 
as an ion-pairing agent, shielding the basic amino acid 
residues of proteins from the stationary phase (Guo D. et al. 
1987). However, reductions in KH^PO^ concentration are likely 
to be limited by the loss of buffering capacity.

— 101 —



Gradient shape
While modification of the gradient shape was unable to 

bring about an improvement in resolution (section 3.2.2.3), 
it could be used to improve the standard assay by reducing 
the assay run length. This could be achieved by starting the 
gradient at a higher acetonitrile concentration (since few 
solutes were eluted below 15 % acetonitrile, this would 
represent a sensible lower limit), or by sloping the gradient 
more steeply over the regions where pl-381 elution does not 
occur. Starting the gradient at a higher acetonitrile 
concentration may have the additional benefits of increasing 
protein recoveries and removing the blank chromatogram peaks 
(Corran P.H. 1989). By eliminating the need to run blank 
gradients for the generation of difference chromatograms, 
removal of the blank chromatogram peaks would considerably 
reduce the time taken to analyze a large number of samples.

3,3.3.3 Purification of pl-381 by the standard assay
Because of its ability to rapidly perform high 

resolution protein separations, there is increasing interest 
in the use of RP-HPLC for large scale protein purification 
(Verzele M. et al. 1988, Verzele M. 1990). À scaled up 
version of the standard assay appears at first sight to be 
particularly attractive, since it has the additional 
advantage of separating pl-381 from interparticulate RNA 
(section 3.2.2.4). However, owing to the high cost of the 
stationary phase, an extensive program of research would be 
required on the existing analytical scale and on a semi
preparative scale before scale up could be contemplated. 
Detailed information would be required on protein yields and 
purification factors, at analytical loadings (section 
3.3.3.1), and at the much higher loadings commonly employed 
in preparative RP-HPLC (Verzele M. 1990), and if necessary 
optimization studies would need to be carried out. An 
assessment would be needed of covalent modifications to 
protein structure occurring under assay conditions (Volkin 
D.B. and Klibanov A.M. 1989), including eluent reinjection 
experiments. Last but not least, the major problem of 
reassembling the denatured pl-381 protein eluted by the
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standard assay into native 5620 Ty-VLPs would need to be 
addressed.

3.4 Conclusion
An RP-HPLC assay (the 'standard assay') was developed to 

replace gel-scanning and immunoblotting for the measurement 
of the pl-381 protein of 5620 Ty-VLPs. Compared to the 
existing methods, the RP-HPLC assay was simpler to carry out, 
was faster (especially for small numbers of samples), and had 
equal or better quantitative capability. It was however 
inferior in terms of sensitivity (requiring about 10 /xg of 
pl-381 for accurate integration, compared to < 0.1 fig for 
assay by immunoblotting), and was less able to cope with very 
large numbers of samples.

While the ability of the standard assay to measure pl- 
381 quantitatively had been verified in a number of ways 
(section 3.2.4), the need to generate biochemical engineering 
results meant that the assay was adopted for the measurement 
of pl-381 before important authentication experiments were 
carried out (section 3.3.3.1). For this reason, during 
routine use of the standard assay, key results obtained by 
RP-HPLC were confirmed by an appropriate immunoblot. In all 
cases good agreement was found between the standard assay and 
the corresponding immunoblot (eg sections 4.2.1, 5.2.3.4).
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3.5a Albumin. 3.5b Aldolase.

3.5c Myoglobin. 3.5d Catalase.

Figure 3.5. RP-HPLC of bovine serum albumin (100 n q )  , rabbit 
muscle aldolase (300 /xg) , sperm whale myoglobin (500 /xg) and 
bovine liver catalase (100 n q )  on the standard assay. Peaks 
present in blank chromatograms (section 3.3.2.2) are 
marked B.
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3.6a Pre-miniprep sample 
blank chromatogram.

3.6d Blank gradient.

3.6e Miniprep sample (20 /il).3.6b Miniprep sample (20 /il). 
Peak fractions (1 ml) were 
collected at the positions 
indicated.

3.6c Post-miniprep sample 
blank chromatogram.

3.6f Gradient elution of the 
peaks bound in 3.6e.

Figure 3.6. Gradient (Figures 3.6a, 3.6b, 3.6c, 3.6f) and
isocratic (Figures 3.6d, 3.6e) elution of miniprep samples.
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Figure 3.7. Immunoblot of fractions from miniprep 
chromatograms. Tracks 1 - 6  correspond to fractions from a 
miniprep sample chromatographed on the standard assay (Figure 
3.6b), tracks 7 - 9  correspond to fractions obtained when a 
miniprep sample was chromatographed on the standard assay in 
the absence of urea (Figure 3.11c). Peak fractions (200 /il) 
were diluted with sample buffer (50 jul), and 80 /il was loaded 
to a "macro" SDS-PAGE gel. Track 10 corresponds to miniprep 
material (10 /il) diluted with sample buffer (190 /il); 5 /il of 
this dilution being run on the gel as a control.
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Figure 3.8. Recovery of pl-381 on the standard assay. 200 jul 
of eluent fraction (tracks 2, 4, 6, 8) and 200 /il of diluted 
sample (tracks 1, 3, 5, 7) were mixed with sample buffer
(50 /il) and 10 /il (tracks 1 and 2), 25 /il (tracks 3 and 4), 
50 /il (tracks 5 and 6) and 100 /il (tracks 7 and 8) were 
loaded on a "macro" SDS-PAGE gel. Tracks 9 and 10 correspond 
to the void volume eluate and a miniprep control, prepared as 
described in the legend of Figure 3.7.
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3.9a Pre-homogenate sample 
blank chromatogram.

3.9c Post-homogenate sample 
blank chromatogram.

3.9d Miniprep sample (20 /il).3.9b Homogenate sample 
(20 /il). Peak fractions 
(1 ml) were collected at 
the positions indicated.

w

Figure 3.9. Gradient elution of crude homogenate sample.
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Figure 3-10. Immunoblot of fractions from a crude homogenate 
chromatogram. Tracks 1 - 4  correspond to fractions from a 
crude homogenate sample chromatographed on the standard assay 
(Figure 3.9b). Peak fractions (200 /il) were diluted with 
sample buffer (50 /il), and 80 /il of the dilution was loaded 
to the gel. Track 5 corresponds to miniprep material (10 /il) 
diluted with sample buffer (190 /il), 5 /il of this dilution 
being run on the gel as a control.
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Figure 3.11a 
Miniprep sample 
(90 /Lil) prepared by 
addition of solid 
urea, and 
chromatographed 
using a 8 /im PLRP-S 
stationary phase.

Figure 3.11b 
Miniprep sample (20 
/il ) chromatographed 
on the standard 
assay using a 15 - 
20 /im PLRP-S 
stationary phase 
and a mobile phase 
urea concentration 
of 2 M.

Figure 3.11c 
Miniprep sample (20 
/il ) chromatographed 
on the standard 
assay, without urea 
in the mobile 
phase. Peak 
fractions (1 ml) 
were collected at 
the positions 
indicated.

Figure 3.11. Effect of sample pretreatment and stationary 
phase (Figure 3.11a) and of mobile phase urea (Figure 3.11c) 
on the performance of the standard assay. Blank chromatogram 
peaks are marked B.
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Figure 3.12a pH 11.5. Figure 3.12b pH 10.

Figure 3.12c pH 8. Figure 3.12d pH 6.

Figure 3.12e pH 4. Figure 3.12f Elution of peaks 
Dound at pH 4 at pH 11.5.

\oo7, a

Figure 3.12. Effect of mobile phase pH on standard assay 
performance. Top traces correspond to miniprep samples (20 
/il), bottom traces to blank chromatograms.
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Figure 3.13a Slope 5 % CH^CN.min^
Gradient: 100 - 0 % buffer À, 10 min; then 0 % buffer À, 10I Imin.

p. "■

Figure 3.13b Slope 2.5 % CH^CN.min"^.
Gradient: 100 - 0 % buffer À, 20 min; then 0 % buffer A ,  10 
min (standard assay gradient).

Figure 3.13c Slope 1.5 % CHaCN.min"^.
Gradient: 100 - 30 % buffer A, 10 min; then 30 - 0 % buffer 
A ,  10 min; then 0 % buffer A, 10 min.

V. /

Figure 3.13d Slope 1.0 % CHaCN.min"^.
Gradient: 100 - 40 % buffer A, 10 min; then 40 - 0 % buffer 
A, 20 min.

Figure 3.13. Effect of gradient slope on resolution, pl-381 
containing peaks are marked P.
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Figure 3.14a Calibration solution chromatogram.

14

/iV 1-

0

Figure 3.14b Blank chromatogram

2

14'
Figure 3.14c Difference chromatogram.

/iV
1-

0
Integrated area

20 21 22 23 24 25 26 27
Elution time (min)

Figure 3.14. Generation of a difference chromatogram for a 
calibration solution chromatogram (75 /il).
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Peak area (/iV.s x 10^)

260

200

150

100

50

0 4020 30
pl-381 loaded (/xg)

Figure 3.15. Standard assay calibration curve
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pl-381 peak

20 21 22 23 24 25 26 27
Elution time (min)

Figure 3.16. Crude homogenate sample difference chromatogram.
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pl-381 amount (/ig.ml

0.8 10.60 0.40.2
Dilution factor

Figure 3.17. Crude homogenate dilution series
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94̂

, - - J

54>

Figure 3.19. Coomassie Blue stained SDS-PAGE gel of miniprep 
samples. Protein samples (60 /ig) of SI (track 2), S2 (track 
3), P2 (track 4), S3 (track 5), P3 (track 6) and calibration 
solution (track 7) were loaded to the gel. Molecular weight 
markers (tracks 1 and 8) were: rabbit muscle phosphorylase b 
(97 kD) , bovine serum albumin (66 kD), hen egg white 
ovalbumin (43 kD) and bovine carbonic anhydrase (31 kD).
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SI (159 ^ i q protein) pl-381 peak

8 82 (101 /xg protein)

8
0

P2 (128 /xg protein).

S3 (142 /xg protein).

P3 (71 /xg protein).

20 21 22 23 24 25 25 27
Elution time (min)

Figure 3.20. Analysis of miniprep samples by RP-HPLC on the 
standard assay.
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101

0

3.21a Crude homogenate.

10. 3.21b SKI.

mv 5-

0-

3.21c SK2.

20 21 22 23 24 25 25 11
Elution time (min)

Figure 3.21. Spiking experiment difference chromatograms.
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Figure 3.22. Immunoblotting of untransformed and transformed 
S . c e r e v i s i a e  (strain BJ 2168) homogenate. Untransformed 
homogenate protein was loaded to track 1 (0.1 /ig), track 2
(0.25 /ig) , track 3 (0.5 /ig) , track 4 (1.0 /ig) , track 5 (5.0
/ig) , track 6 (10.0 /ig) and track 7 (20.0 /ig) . Transformed
homogenate protein was loaded to track 8 (0.1 /ig) , track 9
(0.25 /ig) and track 10 (0.5 /ig).
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3.23a Transformed BJ 2168 homogenate.

pl-381 peak

3.23b Untransformed BJ 2168 homogenate

20 21 22 23 24 25 26 27
Elution time (min)

Figure 3-23. Comparison of the chromatograms obtained with 
transformed andVtransformed BJ 2168 homogenate.
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Absorbance 
at 254 nm

Protein in 
fraction (/ig)

3.24a
16.7 ml

19.5 ml

3.24b
300

100

O 6 15 2010 26
Fraction (1ml)

Figure 3.24a and 3.24b. Chromatogram (Figure 3.24a) and 
eluent fraction protein amounts (Figure 3.24b) obtained 
during the gel filtration of miniprep material (traces 
labelled M) and crude homogenate (traces labelled H). For 
clarity the data points have been omitted from Figure 3.24b.

- 122 -



Miniprep fractions

C 1 2 3 4 5 6 7 9 10 11 12 13 14 15 16 17 18 19

■ " V  1

Crude homogenate fractions

1 2 3 4 5 6 7 9 10 20 19 18 17 16 15 14 13 12 11

--if'

Figure 3.24c. Immunoblotting of gel filtration eluent 
fractions. Miniprep fractions (80 /il) were mixed with 20 /il 
of sample buffer and 20 /il of the dilutions were run on the 
gel, crude homogenate fractions (20 /il) were mixed with 
sample buffer (80 /il) and 10 /il of the dilutions were run on 
the gel. The track marked C corresponds to a miniprep sample 
run as a control (5 /il of miniprep material was mixed with 40 
/il of sample buffer, and 5 /il was run on the gel).

- 123 -



Absorbance
2.4 r

1.2

0.8

0.4

320300200 220 240 260 280
Wavelength (nm)

Figure 3.25. Absorbance spectrum of gel filtration eluent 
against an eluent buffer blank.
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Elution time (min)23.6

23 pX-381

Catalase22.6

Myoglobin

22

Aldolase

21.5
Serum albumin

9000 300 450 600 750150
Hydrophobicity (min)

Figure 3.26. Correlation of protein hydrophobicity and 
elution time on the standard assay.
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4 Cell Disruption of S^cerevislae (Strain BJ 21681
In this section the cell disruption of S.cerevisiae 

(strain BJ 2168) is described. Firstly, an account is given 
of the two devices used for cell disruption: the high
pressure homogenizer and the bead mill (section 4.1). Results 
obtained for the disruption of untransformed cells and cells 
transformed with the plasmid pMA5620 are then presented 
(section 4.2). Important observations are discussed, and 
recommendations for future work are made (section 4.3).

4.1 Introduction
When 5620 Ty-VLPs are expressed in S•cerevisiae, they 

are not secreted to the culture media, but instead accumulate 
in the cytoplasm (section 1.2.1). Cell disruption is 
therefore required as a primary step in the purification of 
5620 Ty-VLPs. This is a common feature for the majority of 
recombinant proteins expressed in S•cerevisiae, although a 
number of mammalian proteins can be excreted from yeast by 
the use homologous signal sequences (Kingsman S.M. et al. 
1987).

À large number of methods are available for the 
disruption of yeast and other microorganisms, and several 
review papers have appeared in the literature (Wimpenny 
J.W.T. 1967, Hughes D.E. et ai. 1971, Engler C.R. 1985, 
Chisti Y. and Moo-Young M. 1986, Keshavarz E. et al. 1987, 
Schütte H. and Kula M.-R. 1990). Of the methods listed in 
these reviews, only two have proved economical on a large 
scale: the high pressure homogenizer and the bead mill. 
Originally this was because commercial equipment was 
available at relatively low cost, owing to the existence of 
established markets in the dairy and paint industries. 
However, high pressure homogenizers and bead mills can now be 
obtained that have been designed specifically for cell 
rupture (eg Keshavarz E. 1990, Gaver D. van and Huyghebaert 
À. 1990), and these machines can be operated in a contained 
fashion for the disruption of recombinant microorganisms.

The disruption of microorganisms using the high pressure 
homogenizer and the bead mill is described in this section. 
In each case, the operation of the disruption device is
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outlined, the effects of various operating parameters on cell 
disruption are examined, and the proposed mechanisms by which 
cell rupture occurs are discussed.

4.1.1 Cell Disruption Usina the High Pressure Homogenizer

4.1.1.1 Operation of a high pressure homogenizer

Hoppers

Heat
Exchanger

Positive
Displacement
Pump

Discharge
Valve

Figure 4.1. Apparatus for microbial cell disruption in a high
pressure homogenizer. Arrows indicate flow for discrete 
passes.

Typical apparatus used for the disruption of 
microorganisms in a high pressure homogenizer on a pilot 
plant scale is shown in Figure 4.1. This apparatus comprises 
of two hoppers, a positive displacement pump, a restricted 
orifice discharge valve, and a heat exchanger. On the 
withdrawal stroke of the pump piston, chilled cell suspension 
is drawn from one of the hoppers, is passed through a check 
valve, and enters the pump cylinder. When the piston returns, 
the cell suspension is forced through the discharge valve. 
The discharge valve (which is constructed from a hard 
material such as tungsten carbide or a ceramic composite) 
consists of a valve seat, a valve rod and an impact ring 
(Figure 4.2a). The cell suspension flows between the valve
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A. Flat valve seat

Valve Rod

Impact Ring

Valve Seat

B. Knife-edge valve seat

X

seat and the valve rod, and 
impinges upon the impact 
ring before leaving the
discharge valve assembly.
The pressure drop across the 
d i s c h a r g e  v a l v e  is
determined by the position
of the valve rod relative to 
the valve seat (the distance 
h in Figure 4.2b), which is 
adjusted by means of a
spring-loaded handwheel 
connected to the valve rod.
The homogenate ejected from 
the discharge valve is 
cooled by mean of the heat 
e x c h a n g e r ,  b e f o r e  
circulating to the second 
hopper (Figure 4.1). The use 
of two hoppers enables the 
cell suspension to be
disrupted by several Figure 4-2. Cross sectional
discrete passes through the view of discharge valve
discharge valve, although designs. Impact distance (X)
for small volumes of cell and valve gap width (h) are
suspension disruption by indicated,
continuous recycle may be
more practical (Hetherington P.J. et a l .  1971).

À number of methods have been used to monitor the 
process of cell disruption in the high pressure homogenizer. 
The most widely used approach is to measure the protein 
released from broken cells - samples taken during the 
homogenization experiment are centrifuged to remove whole 
cells and cell debris, and the supernatant produced is 
assayed for protein. With concentrated cell suspensions, the 
protein assay results are then corrected to account for the 
increase in the aqueous fraction that occurs because of the 
release of the cytoplasmic contents (Hetherington P.J. et al. 
1971, Engler C.R. and Robinson C.W. 1979). While this method
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has been used successfully to assess the disruption of 
bacteria (eg Gray P.P. at al. 1972, Agerkvist I. and Enfors 
S.-O. 1990, Harrison S.T. et al. 1990), yeasts (eg
Hetherington P.J. at al. 1971, Brookman J.S.G. 1974, 
Whitworth D.A. 1974), and filamentous fungi (eg Lilly M.D. 
and Dunnill P. 1969), misleading results are sometimes 
obtained, since micronized cell debris and other protein 
assay positive material generated during homogenization may 
avoid sedimentation, and then interfere with the protein 
assay reagent (Mosqueira F.G. at al. 1981, Keshavarz E. at 
al. 1990).

As an alternative to measuring the release of soluble 
protein, the release of an intracellular enzyme can be 
determined by an appropriate enzyme assay (eg Fellows M. at 
al. 1971, Gray P.P. at al. 1972, Agerkvist I. and Enfors 
S.-O. 1990). This approach avoids the problems associated 
with micronized cell debris (Keshavarz E. at al. 1990), but 
the enzyme assay results obtained require careful 
interpretation, since the rate of enzyme release is dependent 
upon cellular location (Fellows M. at al. 1971), enzyme 
activity may be reduced by the action of proteases, the 
presence of specific enzyme inhibitors, or by the temperature 
increase that occurs during homogenization (Hughes D.E. at 
al. 1971, Fellows M. at al. 1971), and it is probable that 
the breakage of the cell membrane inactivates membrane bound 
enzyme complexes (Augenstein D.C. at al. 1974).

During the disruption of a microorganism expressing a 
recombinant protein product, measurement of soluble protein 
release and product release enables both product recovery and 
purity to be determined and optimized (this is the approach 
taken in this thesis - see section 4.2.1.2). While the use of 
microscopy to monitor cell disruption is generally imprecise 
and time consuming (Hughes D.E. at al. 1971), it provides a 
useful way of checking the results obtained by other methods.

4.1.1.2 Effects of operating parameters on cell disruption
With a view to optimising the cell disruption process, 

several research groups have investigated the operating 
parameters which affect cell disruption in high pressure
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homogenizers. The main operating parameters that have been 
found to have an influence on cell breakage can be grouped 
into process factors (number of passes of the cell suspension 
through the discharge valve, operating pressure and 
temperature), mechanical factors (design of the discharge 
valve) and microorganism related factors (cell type, growth 
history, cell concentration, the effect of cell pretreatment 
with various reagents).

Number of passes, operating pressure and temperature
The disruption of microorganisms in a high pressure 

homogenizer, as monitored by measurement of soluble protein 
release, has been shown to be a first order process with 
respect to the number of passes of the cell suspension 
through the discharge valve (Hetherington P.J. et al. 1971, 
Gray P.P. et al. 1972, Harrison S.T. et al. 1990)^:

The constant Kr (known, rather misleadingly, as the 
"disruption yield") is principally a function of the pressure 
at which the homogenizer is operated (Hetherington P.J. et 
al. 1971, Gray P.P. et al. 1972, Brookman J.S.G. 1974, Doulah 
M.S. et al. 1975):
Kĵ = [4.2]

The power to which the pressure is raised (a) has been found 
to be a constant in all but two studies, where a dependence 
on the pressure range covered in the disruption trial was 
reported (Dunnill P. and Lilly M.D. 1985, Engler C.R. and 
Robinson C.W. 1981). The value of the disruption rate 
constant, k,, has been observed to increase with homogenizer 
operating temperature (Hetherington P.J. et al. 1971, 
Harrison S.T. et al. 1990). Combining Equations 4.1 and 4.2 
yields a general equation for cell disruption:

for Equations 4.1 - 4.4, and for Equations 4.6 - 4.8, 
both logarithms to the base 10 and natural logarithms are 
used in the literature. In this thesis logarithms to the base 
10 are employed, since this is the more common approach.
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log—  nL__ = kj,.N.P^ [4.3]

This equation is sometimes expressed in terms of the 
fractional protein release, F„:

log 3 F ) = k^-N.P‘ [4.4]

Since the value of the pressure exponent in Equation 4.4 
is virtually always greater than 1 (Table 4.1), cell 
disruption is more strongly dependent on the operating 
pressure than it is on the number of passes, and, as a 
result, is more efficiently carried out with a small number 
of passes at a high pressure, rather than a large number of 
passes at a lower pressure (Dunnill P. and Lilly M.D. 1975). 
Adopting this approach has the additional advantage of 
reducing the formation of micronized cell debris (Keshavarz 
E. 1990). Homogenizers have therefore been constructed that 
are capable of operating at pressures in excess of 100 MPa, 
and using these machines it is possible to obtain complete 
cell breakage with a single pass (Brookman J.S.G. 1974, 
Dunnill P. and Lilly M.D. 1975, Keshavarz E. 1990, Schütte H. 
and Kula M.-R. 1990). The difficulty with operating
homogenisers in this manner is that the temperature increase 
associated with cell disruption is strongly dependent on the 
operating pressure; Brookman J.S.G. et al. (1974) and
Harrison S.T. at al. (1990) have both reported that a 
temperature rise of 0.22®C is associated with a pressure 
increase of 1 MPa. Therefore, an efficient cooling system is 
required if a heat labile product is to be released by 
homogenization at extreme pressure.

Discharge valve design
Two early studies indicated that discharge valve design 

has a major effect on cell breakage in high pressure 
homogenisers. For the disruption of Baker's yeast, 
Hetherington P.J. at al. (1971) showed that the use of a 
"knife-edge" valve seat resulted in a faster disruption rate 
than that obtained with a "flat" valve seat (valve seat
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designs are shown in Figure 4.2). Gray P.P. et ai. (1972) 
obtained a similar result for the disruption of E»coli, and 
reported that a worn knife-edge valve seat was less efficient 
at cell disruption than a knife-edge valve seat in good 
condition.

More recently, a thorough investigation of the effect of 
discharge valve design on the disruption of Baker's yeast has 
been carried out (Keshavarz Moore E. et ai. 1990). Knife-edge 
valve seats were again shown to be superior to flat valve 
seats, coned valve rods were found to be superior to flat 
valve rods, and small bore impact rings had a greatly 
improved disruption performance when compared to wide bore 
impact rings. These results were interpreted in terms of the 
valve gap width and the impact distance present with the 
various valve seat and impact ring arrangements (Figure 4.2b) 
- for a given operating pressure, decreasing the valve gap 
width (h) or the impact distance (X) resulted in an increased 
cell disruption rate (section 4.1.1.3).

Cell type, growth conditions, pretreatment and concentration
The cell wall of a microorganism provides its principal 

resistance to breakage in a high pressure homogeniser. As is 
described below, differences in cell wall strength are 
largely responsible for the observed effects of cell type, 
cell growth conditions, and cell pretreatment on homogenizer 
cell disruption performance.

Values of the kinetic parameters k̂ , a and Kr that have 
been reported in the literature are shown in Table 4.1. In 
order to compare the performance of the high pressure 
homogeniser for the disruption of different cell types, it is 
best to compare the kinetic parameters reported within a 
particular study, where factors such as homogenizer valve 
seat design and operating temperature were kept constant. 
Keshavarz E. et ai. (1987) reported values of Kr for a 
variety of microorganisms, which were harvested near the end 
of exponential growth and disrupted in the same homogenizer 
at 50 MPa and 5®C (Table 4.1). These results indicated that 
Gram negative bacteria (Pseudomonas putida and Escherichia 
coli) were more easily disrupted than Gram positive ones
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(Bacillus brevis), which in turn were more easily disrupted 
than yeast. It is possible to explain this trend in terms of 
cell wall strength, since the peptidoglycan layer of the 
bacterial cell wall (which is responsible for providing 
mechanical strength) is much thicker in gram positive 
bacteria (15 - 50 nm) than in gram negative ones (1.5 - 2.0 
nm), and the cell walls of yeast are thicker (70 nm) and more 
resilient than those of bacteria. While Doulah M.S. et al. 
(1975) have suggested, on theoretical grounds, that cell size 
has a significant influence on the vulnerability of 
microorganisms to disruption in a high pressure homogenizer, 
the data in Table 4.1 indicates that, at least in the case of 
unicellular microorganisms, cell wall strength has the

Table 4.1. Reported values of k., a and K*.
Organisa Growth conditions k«

(MPa-")
a Kr Reference

Baker's yeast 3.5 X IQ-s 2.9 Hetherington P.J. et al. 1971

E.coli Defined aedia 
Complex media

2.2 0.050
0.017

Gray P.P. et al. 1972

B.brevis 1.8 Augenstein D.C. et al. 1974

Baker's yeast 1.72 Doulah M.S. et al. 1975

C.ütilis
C.ütilis
S.cerevisîae
S.cerevisiae
B.snbtilis

Batch, ji = 0.5 h'^ 
Continuous, |i = 0.1 h"^ 
Continuous, ji = 0.1 h’  ̂
Brewery
Continuous, n = 0.2 h'^

8.78 X 10-“ 
8.53 X 10"® 
2.24 X 10-1 
4.76 X 10"® 
4.93 X 10-3

1.17
1.77
0.86
1.87
1.07

Engler C.R. and Robinson C.W. 
1981a

P.putida
E.coli 
B.brevis 
S.cerevisiae
F.rhodochrous

0.41
0.39
0.28
0.23
0.01

Keshavarz E. et al. 1987

A.eutropks Exponential phase 
Stationary phase

1.35 X 10-® 
1.18 X 10"3

3.08
1.69

Harrison S.T. et ai. 1990
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predominant effect. However, for the disruption of 
filamentous microorganisms, it is probable that size and 
morphology considerations are of greater importance; the 
filamentous gram positive bacterium Nocardia rhodochrous has 
been shown to be particularly resistant to disruption (Table 
4.1), and it is not possible to describe the disruption of 
the filamentous fungi Rhizopus nigricans by Equation 4.3 
(Keshavarz E. et al. 1990).

The rate at which cells are grown during fermentation, 
and the stage at which the fermentation is harvested, have 
both been shown to influence the kinetics of subsequent cell 
disruption. For disruption in an impingement device similar 
to a high pressure homogenizer, Engler C.R. and Robinson C.W. 
(1981a) reported that Candida utilis grown at a high specific 
growth rate were more susceptible to disruption than those 
grown at a lower specific growth rate, the slower growing 
cells having the greater dependence of disruption upon the 
homogenizer operating pressure (Table 4.1). Similarly, 
Harrison S.T. et al. (1990) showed that cells of Alcaligenes 
eutrophus harvested in the exponential growth phase were more 
susceptible to disruption in a high pressure homogenizer than 
cells harvested in the stationary phase, although in this 
case the disruption of the faster growing cells showed the 
greatest pressure dependence (Table 4.1). These observations 
are readily explained in terms of cell wall strength, since 
slower growing cells have a longer average cell age, and 
consequently have accumulated thicker cell walls (Engler C.R. 
and Robinson C.W. 1981).

The composition of the media used for cell growth also 
influences ensuing cell disruption - Gray P.P. et ai. (1972) 
reported that E.coli grown on complex media were more 
resilient to disruption in a high pressure homogenizer than 
those grown on defined media (Table 4.1, K» values obtained 
at 20 MPa). Again, this effect has been explained in terms of 
cell wall strength, since complex media provides nutrients 
for cell wall synthesis that are not available with simple 
synthetic media (Keshavarz E. et ai. 1987). Using the 
disruption device employed by Engler and Robinson (1981a), 
differences were observed in the disruption kinetics of
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s .cerevisiae grown by continuous culture on synthetic media, 
and spent brewery S.cerevisiae, the latter being easier to 
disrupt (Table 4.1). This result could be attributed to a 
number of factors, including variation in specific growth 
rate, medium composition, the use of aeration during 
fermentation and the presence of alcohol.

In an attempt to increase the susceptibility of cells to 
breakage, pretreatment procedures have been employed to 
weaken the cell walls of A.eutrophus, prior to high pressure 
homogenization (Harrison S.T. et al. 1990, Harrison S.T.L. et 
al. 1991). The sensitivity of cells to disruption was 
increased by alkaline pH shock, the addition of an anionic 
detergent, EDTA or monovalent cations, or by enzymic 
digestion with lysozyme.

The effect of the cell concentration of Baker's yeast 
upon cell disruption in a high pressure homogenizer has been 
investigated by a number of research groups. Hetherington 
P.J. et al. (1971) reported that, over a range of 
approximately 100 - 200 g dcw.L"^, cell concentration had no 
effect on protein release, and Brookman J.S.G. (1974) 
extended this range to 35 - 240 g dcw.L"^. Later, Kula M.-R. 
and Schütte H. (1987) observed no effect of cell 
concentration on enzyme release for Baker's yeast 
concentrations of approximately 70 - 210 g dcw.L"^. At
concentrations greater than about 200 g dcw.L"^ (Hetherington 
P.J. at al. 1971), and for disruption at very low pressures 
(Doulah M.S. at al. 1975), some effect of Baker's yeast 
concentration on cell disruption has been reported, and in 
both cases this was attributed to viscosity effects.

4.1.1.3 Mechanism of cell disruption
Despite the widespread use of high pressure homogenizers 

for cell disruption, relatively few studies have been 
undertaken to determine the mechanism by which cell breakage 
occurs. Three theories have been proposed, and these are 
described below.

The first investigation into the mechanism of cell 
disruption in high pressure homogenisers was carried out by 
Brookman J.S.G. (1974), who studied the disruption of Baker's
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yeast in a specially modified homogenizer, which could be 
operated over a wide range of pressures, and was capable of 
accurate pressure measurement. The results obtained 
discounted a mechanism involving turbulence, cavitation or 
the formation of free radicals. Instead, it was proposed that 
the sudden dissipation of energy produced by the pressure 
drop was responsible for causing cell rupture. A further 
study (Brookman J.S.G. 1975) supported this conclusion, and 
suggested that the rate at which the pressure drop occurs was 
also of importance.

Doulah M.S. et al. (1975) proposed that turbulent eddies 
are generated by the pressure drop, and that these are able 
to bring about oscillations in the cell contents that have 
sufficient kinetic energy to cause cell rupture. Based on 
this theory, a mathematical expression for protein release as 
a function of pressure was derived, and, when this equation 
was tested empirically for the homogenization of Baker's 
yeast, a reasonable correlation was observed.

Engler C.R. and Robinson C.W. (1981) disrupted 
suspensions of C.utilis in a specially designed high pressure 
flow device, and with this apparatus they were able to study 
separately the contributions of normal, shear and impingement 
stresses to cell breakage. Their results clearly indicated 
that impingement stresses were very much more effective at 
cell disruption than normal and shear stresses. Because of 
the similarity between the kinetics that they observed for 
cell disruption in their machine and the kinetics observed by 
others for cell disruption in high pressure homogenizers, 
Engler C.R. and Robinson C.W. (1981) suggested that 
impingement of the cell suspension against the impact ring 
was the main mechanism responsible for cell breakage in the 
high pressure homogenizer. Evidence that this is indeed the 
case has recently been reported by Keshavarz Moore E. et al. 
(1990). In this study, an equation was derived relating the 
stagnation pressure. P., or the maximum wall stress, r., 
experienced by a cell suspension in collision with the impact 
ring to the distances X and h shown in Figure 4.2b (P. and 
are parameters which reflect the degree of impingement):
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When the operating pressure was kept constant and X and h 
were varied by the use of different disruption valve 
arrangements, the correlation between Kr and (X.h)“̂  was 
sufficiently good to suggest that impingement was responsible 
for 80 % of cell disruption. The remainder was accounted for 
by the valve geometry (the distance h is similar to the 
diameter of a yeast cell, and the resulting cell distortion 
may have contributed to cell breakage).

Engler C.R. and Robinson C.W. (1981) and Keshavarz Moore
E. et al. (1990) found no evidence for disruption by the 
pressure drop directly or by turbulent eddies. In contrast, 
both Brookman J.S.G. (1974) and Doulah M.S. et al. (1975) 
carried out there studies in high pressure homogenizers, 
where breakage by impingement could not be ruled out. Given 
this, disruption by impingement appears to be the most likely 
mechanism for cell disruption in high pressure homogenizers.

4.1.2 Cell Disruption Usina the Bead Mill

4.1.2.1 Operation of a bead mill
Bead mills are available for microbial cell disruption 

in a variety of sizes and designs. The most frequently used 
arrangement consists of a horizontally positioned cylindrical 
chamber and motor driven central shaft, which supports a 
series of agitators (Figure 4.3). To provide grinding action, 
the chamber is filled, typically to 75 - 85 % of its volume, 
with ballotini glass beads. Depending on the quantity of 
cells requiring disruption, the bead mill can be operated in 
either a batch or continuous fashion. During continuous 
operation, chilled cell suspension is pumped through the 
chamber in the direction indicated in Figure 4.3. The charge 
of beads is prevented from leaving with the disrupted cells 
by setting the rotating disc at the exit close to the chamber 
wall. The bead mill is fitted with a cooling jacket for the 
processing of heat labile biological materials.
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AgitatorChamber
Cell Suspension

Bearings

Coolant

Drive Shaft
Figure 4.3. Simplified diagram of a bead mill for microbial 
cell disruption.

In a similar way to that described for the high pressure 
homogenizer (section 4.1.1.1), the process of cell disruption 
in the bead mill can be monitored by measuring the release of 
soluble protein (eg Currie J.A. et al. 1972, Marffy F. and 
Kula M.-R. 1974, Limon-Lason J. et al. 1979, Schütte H. et 
al. 1983) or the release of a intracellular enzyme (eg Marffy
F. and Kula M.-R. 1974, Woodrow J.R. and Quirk À.V. 1982, 
Schütte H. et al. 1983) from broken cells. In addition, 
microscopy (eg Morgen H. et al. 1974, Deters D. et al. 1976, 
Rehacek J. and Schaefer J. 1977) and viable count 
determinations (eg Woodrow J.R. and Quirk À.V. 1982) have 
been used to access bead mill performance. As was observed 
for the high pressure homogenizer, measurement of protein 
release can give misleading results, owing to the generation 
of micronized cell debris and other protein assay positive 
materials during bead milling (Limon-Lason J. et al. 1979). 
Furthermore, enzyme release is again dependent upon cellular 
location (Marffy F. and Kula M.-R. 1974), while the
activities of several enzymes have been shown to be 
considerably reduced by prolonged beadmilling (Marffy F. and 
Kula M.-R. 1974, Woodrow J.R. and Quirk A.V. 1982).
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4.1.2.2 Effects of operating parameters on cell disruption 
Microbial cell disruption in a bead mill is a complex 

process which is affected by a large number of operating 
parameters. As with the high pressure homogenizer (section
4.1.1.2), these parameters can be conveniently grouped into 
process factors (disruption time, number of passes, the 
operating temperature, flow rate and agitator speed), 
mechanical factors (the orientation of the mill, the number 
and design of the agitators, the bead size and the bead fill) 
and microorganism related factors (the cell type, the effects 
of cell pretreatment and cell concentration).

Disruption time, number of passes, operating temperature, 
flow rate and agitator speed

Protein release during the batch disruption of Baker's 
yeast in a bead mill (or under conditions of continuous 
recycle that are equivalent to batch disruption) is a first 
order process with respect to the disruption time, t (Currie 
J.A. et al. 1972, Limon-Lason J. et al. 1979):

The disruption rate constant, k», is a weak function of the 
operating temperature, and is decreased as the temperature is 
raised (Currie J.A. et al. 1972).

When a bead mill is operated in a continuous fashion, 
protein release is again first order, in this case with 
respect to the mean residence time of the cell suspension in 
the disruption chamber, r (Limon-Lason J. et al. 1979, 
Baldwin C.V. and Moo-Young M. 1991):

If, instead of protein release, cell disruption is monitored 
by enzyme release (and enzyme location and inactivation are 
taken into account) or by microscopy, equations analogous to 
Equation 4.7 are obtained (Marffy F. and Kula M.-R 1974, 
Morgen H. et al. 1974). Also, in order to describe protein 
release by multiple passes, an additional term can be added
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to Equation 4.7 (Morgen H. et al. 1974, Baldwin C.V. and Moo- 
Young M. 1991):

log-;—   ̂ = kj^.z.N [4.8]

Limon-Lason J. et al. (1979) compared the reaction
characteristics of continuously operated 5.0 L and 0.6 L bead 
mills. The behaviour of the 5.0 L mill could be described by 
a CSTR-in-series model, with the number of stirred tanks 
equal to the number of agitators. However, in order to obtain 
a good agreement with experimental data for the smaller mill, 
this model had to be extended to incorporate back flow 
between the CSTRs.

The effect of operating flow rate upon cell breakage 
cannot be explained adequately by residence time alone. 
Schütte H. et al. (1983) and Kula M.-R. and Schütte H. (1987) 
found that flow rate had a smaller influence on cell 
disruption than expected, and, when cells were disrupted 
under conditions of continuous recycle (where residence time 
is independent of flow rate), Currie J.A. et al. (1972) 
showed that increased flow rate reduced cell disruption by 
disturbing the pattern of bead movement. The power consumed 
and heat generated by a bead mill has been reported to
increase dramatically with operating flow rate, owing to the 
packing of the beads towards the outlet (Rehacek J. and 
Schaefer J. 1977).

In general, the use of a faster agitator speed increases 
cell disruption (eg Currie J.A. et ai. 1972, Marffy F. and 
Kula M.-R. 1974, Morgan M.A. et ai. 1983, Baldwin C.V. and 
Moo-Young M. 1991), although the extent of this increase 
varies between reports, and in some cases a maximum
disruption rate is reached (Rehacek J. et ai. 1969, Limon- 
Lason J. et ai. 1979, Schütte H. et ai. 1983). The use of 
high agitator speeds for cell disruption is limited by the 
resulting high power consumption and associated heating of 
the product (Limon-Lason J. et ai. 1979, Woodrow J.R. and
Quirk A.V. 1982, Schütte H. et ai. 1983), and it has been
speculated that high agitator speeds may cause increased 
abrasion of the beads (Kula M.-R. and Schütte H. 1989).
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with a view to operating bead mills with the greatest 
possible efficiency (where the power consumed per kg of cells 
disrupted is at a minimum), the interrelated factors of flow 
rate, power consumption and degree of cell breakage were 
analyzed by Morgen H. et al. (1974), and it was concluded 
that highest efficiency was achieved with conditions than 
resulted in 90 % cell breakage. This approach was extended by 
Limon-Lason J. et al. (1979), who produced a series of 
efficiency curves that also took into account the agitator 
speed.

Chamber orientation, agitator design, bead size and bead fill
While bead mills in which the chamber had a vertical 

orientation were employed in early cell disruption studies 
(eg Rehacek J. et al. 1969, Currie J.A. et al. 1972), their 
use soon became superseded by horizontal machines of the type 
shown in Figure 4.3, which proved more efficient at cell 
breakage (Rehacek J. et al. 1969), and had other operational 
advantages (Dunnill P. and Lilly M.D. 1975). Recently 
however, vertically orientated bead mills, fitted with 
central rotors rather than agitators, have again been 
employed for cell disruption (Gaver D. van and Huyghebaert A. 
1990, Mao H.H. and Moo-Young M. 1990). By having a greatly 
reduced chamber volume for the same throughput and increased 
surface area for cooling, these machines are claimed to be 
more suitable for the processing of temperature labile 
biomolecules.

A large number of different agitator designs have been 
used in bead mills in order to bring about microbial cell 
rupture. The most systematic investigations on the effect of 
agitator design on bead mill performance were carried out by 
Kula M.-R. and Schütte H. (1983) and Schütte H. and Kula 
M.-R. (1990), who compared a wide range of ring, disc,
notched disc and pin designs, mounted in various numbers 
either centrically or eccentrically on the drive shaft. 
Agitator designs that promoted good mixing (and consequently 
a uniform exposure of microorganisms to the forces 
responsible for disruption) were generally the most effective 
at cell rupture. This is in agreement with an earlier

- 141 -



observation by Limon-Lason J. et al. (1979), who found that 
"open” agitator discs produced a higher degree of mixing and 
more rapid cell disruption than "closed" agitator discs. By 
mounting agitators alternately radially and obliquely to the 
drive shaft, the mixing in a bead mill can also be enhanced, 
since the angled agitators impart axial motion to a 
substantial part of the chamber (Rehacek J. and Schaefer J. 
1977). Improved disruption performance results, although this 
it is at the expense of increased power consumption and 
product heating.

For the disruption of Baker's yeast, a bead size of 0.45 
- 0.5 mm or 0.25 - 0.5 mm appears to be optimal (Marffy F. 
and Kula M.-R. 1974, Deters D. et al. 1976), although Currie 
J.A. et al. (1972) found that beads of this size had a 
reduced disruption efficiency because of a tendency to float, 
and Schütte H. et al. (1983) reported that beads of 1 mm 
diameter were most effective for the release of a periplasmic 
enzyme. The optimum bead size for the breakage of bacteria is 
smaller than that for the breakage of yeast (Woodrow J.R. and 
Quirk A.V. 1982, Schütte H. et al. 1983).

Currie J.A. et al. (1972) and Rehacek J. and Schaefer J. 
(1977) demonstrated that increasing the bead content of the 
grinding chamber resulted in an increase in cell disruption 
rate, although Rehacek J. and Schaefer J. (1977) recommended 
that an 88 % fill was optimal, owing to the power consumed 
and heat generated at higher loadings. For cell disruption in 
a bead mill of different design, Schütte H. et al. (1983)
found that an 80 % fill was optimal.

Cell type, pretreatment and concentration
In contrast with the high pressure homogenizer (section

4.1.1.2), the vulnerability of microorganisms to bead milling 
is strongly dependent on their size, as well as their cell 
wall strength. For this reason, bacteria have proved more 
difficult to disrupt than yeasts (Schütte H. et al. 1983) and 
filamentous microorganisms (Rehacek J. et al. 1969) when 
milled with beads of approximately 0.5 mm diameter. Also, 
because of differences in size and cell wall strength, 
C.utilis has been reported to be more difficult to disrupt by
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bead milling than S.cerevisiae (Morgen H. et al. 1974, 
Rehacek J. and Schaefer J. 1977). When the cell walls of 
Neurospora sitophila were weakened by enzymic lysis, the 
susceptibility of the cells to subsequent bead milling was 
increased (Baldwin C.V. and Moo-Young M. 1991a).

Reports on the effect of cell concentration on cell 
disruption in the bead mill have been inconsistent: with 
Baker's yeast increased cell concentration has been variously 
shown to increase (Marffy F. and Kula M.-R. 1974), decrease 
(Limon-Lason J. at al. 1979), or have no effect on (Morgen H. 
at al. 1974) the rate of cell disruption. For the bead 
milling of both Baker's yeast (Limon-Lason J. at al. 1979) 
and bacteria (Woodrow J.R. and Quirk A.V. 1982), R. (in terms 
of g protein.g dcw~^) has been shown to depend on cell 
concentration.

4.1.2.3 Mechanism of cell disruption
During the operation of a bead mill, the agitators cause 

the beads to move in an axial direction, forming stream 
layers of different velocities. It is thought that the 
resulting shear forces between the stream layers, in 
combination with collisions between the beads, are 
responsible for the disintegration of microbial cells 
(Rehacek J. et al. 1969, Kula M.-R. and Schütte H. 1987).

While this mechanism has not been rigorously tested, a 
number of observations have been made in support of it. 
Currie J.A. at al. (1972) concluded that the weak dependence 
of kp upon temperature that they observed for bead milling 
was indicative of a mechanism involving both impactation and 
shear, Rehacek J. and Schaefer (1977) showed that by 
increasing the frequency of bead collisions cell disruption 
could be enhanced, and Limon-Lason J. et al. (1977) observed 
that reductions in the viscosity of the bead mill chamber led 
to increased cell disruption rates, presumably by increasing 
shear.

4.2 Results
S.cerevisiae (strain BJ 2168) was grown by 100 L fed 

batch fermentation as described in section 2.2.1. The cells
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were harvested and washed with phosphate buffer as described 
in section 2.2.1.4 to produce a cell paste of approximately 
23 % dry weight. The cells were then resuspended in phosphate 
buffer and disrupted in either the CD 30 homogenizer (APV- 
Gaulin, Crawley, UK) or in the model KDL bead mill (Willy A. 
Bachofen Maschinenfabrik, Basel, Switzerland), as described 
in sections 2.2.2.2 and 2.2.2.3. Samples taken during 
disruption experiments were assayed for soluble protein and 
pl-381 by the methods described in sections 2.3.1.2 and
2.3.1.3.

4.2.1 Disruption of S.cerevisiae fStrain BJ 21681 in a High 
Pressure Homogenizer

The kinetics of protein and pl-381 release during 
disruption in a high pressure homogenizer were investigated, 
and the effects of cell growth conditions, 5620 Ty-VLP 
expression, and freezing the cell paste prior to disruption, 
were examined. Results are presented in this section.

4.2.1.1 Kinetics of protein release
An investigation was carried out into the kinetics of 

protein release during the homogenisation of pMA5620 
transformed S.cerevisiae (strain BJ 2168), harvested during 
the exponential growth phase. The cells were homogenized at 
a concentration of 30 g dcw.L'^, with 6 passes through the 
discharge valve at an operating pressure of either 34.5, 50.0 
or 68.9 MPa. The temperature of the cell slurry (measured in 
the hoppers) remained at about 8®C during the disruption 
experiments.

Samples of homogenate were taken after each pass, 
centrifuged to remove whole cells and cell debris, and 
supernatant protein concentrations (S„) were determined^. In 
order to obtain a maximum value for the supernatant protein 
concentration (S.), the disruption trial at 50 MPa was 
continued for 10 passes, by which time a constant value of S„

^The release of intracellular water was not taken into 
account during the calculation of S„ (section 4.1.1.1), since 
the cell concentration employed was too low for this to have 
a significant effect.
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had been achieved, and microscopic examination of the 
homogenate revealed essentially complete cell disintegration. 
This plateau value of Ŝ , which was 11.0 mg.ml”̂ , was taken as 
S„, and corresponds to 0.366 g protein.g dcw"^.

S„ values are plotted against N in Figure 4.4. The 
resulting curves suggest that protein release is a first 
order process with respect to N, and that is increased 
when the operating pressure is raised.

In order to show more rigorously that protein release is 
first order (and is governed by Equations 4.1 - 4.4 described 
in section 4.1.1.2), R. and R„ values were calculated from S„ 
and Sk by use of the equations:

K  = - S, [4.9]

R„ = - So

Then, for each of the operating pressures, values of 
log(R./(R. - R„) ) were plotted against N (Figure 4.5). As 
predicted for first order kinetics (Equation 4.1), linear 
relationships are obtained, the gradients of the lines 
(determined by regression analysis) giving the values of Kr 
shown in the legend of Figure 4.5.

Taking logarithms of Equation 4.2 yields the 
relationship:
logKj^ = logkj^ + a.logP [4.11]

By plotting logK* v's logP (Figure 4.6), logk» (the intercept 
at logP = 0 )  and a (the gradient) were determined to be -3.9 
and 2.1 respectively (the long extrapolation in Figure 4.6 is 
required since cell disruption is not practical at very low 
pressures). By substituting values for k, and a into Equation
4.3, a general equation for cell disruption (valid only for 
disruption under the conditions used in this experiment, and 
over a pressure range of 34.5 - 68.9 MPa) is produced:
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log-; —  r- = 1.3 X 10-4. [4.12]
-  Rn>

The values of Kr, Kr and a obtained in this experiment are in 
broad agreement to those reported in the literature for the 
disruption of S.cerevisiae (Table 4.1, section 4.1.1.2). It 
is not surprising that exact agreement is not attained, given 
that cell disruption is dependent on such a large number of 
operating parameters (section 4.1.1.2).

It was decided to carry out subsequent disruption trials 
using an operating pressure of 50 MPa. While optimal 
homogenizer performance is obtained at higher pressures than 
this (section 4.1.1.2), the slower rate of disruption at 50 
MPa yields more meaningful data for analysis.

4.2.1.2 Release of pl-381
Stationary phase pMA5620 transformed cells were 

homogenized at a cell concentration of 90 g dcw.L"^, with 6 
passes through the discharge valve at an operating pressure 
of 50 MPa. Samples were taken after each pass, centrifuged to 
remove whole cells and cell debris, and supernatant 
concentrations of soluble protein (S*) and pl-381 (Vr) were 
determined. Results are shown in Figure 4.7, together with 
the supernatant specific pl-381 amounts (V„/S«).

The data in Figure 4.7 can be used to optimize the cell 
disruption process in terms of pl-381 yield and purification 
factor:

pl-381 yield
From the plot of V* v's N, it is clear that V„ approaches 

V. at about N = 4, with only very slight increases in yield 
being achieved after this point. In view of the fact that 
homogenate quality deteriorates with number of passes because 
of the generation of micronized cell debris (section
4.1.1.2), four passes would therefore appear to be optimal 
for pl-381 recovery at an operating pressure of 50 MPa. Since 
5620 Ty-VLPs are not structurally damaged during the 
homogenization process, with » 9 5  % of the pl-381 protein 
remaining in the form of intact particles even after 6 passes
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at 50 MPa (section 3.2.4.5), this number of passes is also 
optimal for 5620 Ty-VLP recovery.

pl-381 purification factor
One interpretation of the plot of V„/S„ v's N (Figure 

4.7) is that the purity of pl-381 in the supernatant is 
optimal at N = 2, although the improvement over N = 3 - 6 is 
modest, and the recovery of pl-381 at N = 2 is compromised 
(« 70 %). However, given that the accuracy of the RP-HPLC 
assay used for pl-381 determination is only ± 10 % (section 
3.3.2.1), a more valid explanation of this plot is that at 
N = 0 no pl-381 is detectable, but during homogenization pl- 
381 release closely follows soluble protein release, the 
ratio of Vm/S» remaining at approximately 0.14 g pl-381.g 
protein"^. Evidence in support of this was obtained when 0.5 
nq of protein from the N = 0 - 7 supernatants was run on a 
SDS-PÀGE gel, which was then immunoblotted with rabbit anti- 
Ty antibody. No immunoblot band is observed in the track 
corresponding to N = 0 ( Figure 4.8, track 1 ), but bands of 
approximately equal strength are observed in the other tracks 
(Figure 4.8, tracks 2 - 7 ) .  Release of 5620 Ty-VLPs at the 
same rate as soluble protein is in agreement with their 
cytoplasmic location (Fellows M. at al. 1971), and suggests 
that the size of the particles does not inhibit their escape 
from cells disintegrated in the high pressure homogenizer.

4.2.1.3 Effect of organism related parameters on protein 
release

Experiments were carried out to examine the effects of 
5620 Ty-VLP expression, growth phase and cell concentration 
upon the vulnerability of cells to disruption in the high 
pressure homogeniser. The biomass for these studies was 
produced by three fermentations. In two of these, pMÀ5620 
transformed S.cerevisiae (strain BJ 2168) were grown, and 
harvested either during the exponential growth phase (cell 
concentration = 4.62 g dcw.L"^) or 2 h into the stationary 
phase (cell concentration = 6.85 g dcw.L”̂ ). In the third, 
untransformed S.cerevisiae (strain BJ 2168) were grown and 
harvested in the exponential phase of growth (cell
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concentration = 4.08 g dcw.L"^). Cell suspensions (30 or 90 
g dcw.L"^) were then homogenized at an operating pressure of 
50 MPa, and S., V_, and Kr values were determined as described 
in sections 4.2.1.1 and 4.2.1.2. Results are summarised in 
Table 4.2.

Table 4.2. Dependence of S., V, and Kr for high pressure 
homogenization upon harvesting growth phase, cell 
concentration and expression of 5620 Ty-VLPs.

Cell type Growth (Aase P
(h-i)

Cell cone, 
(g dcw.r^)

S.
(g.g dcw-i)

V.
(g.g dcv-i)

Kr

(#5620 transfoned 
BJ 2168

Exponential 0.13 30 0.37 0.062 0.27

90 0.25

Stationary 0.14 30 0.42 0.055 0.21

90 0.20

Dntransfoned BJ 2168 Exponential 0.14 30 0.43 0.000 0.25

The variation in V. between the exponential and 
stationary phase pMA5620 transformed cells (Table 4.2) is 
within the error of the RP-HPLC assay used for pl-381 
determination (section 3.3.2.1). No pl-381 was detectable in 
the untransformed cell homogenate (section 3.2.4.4). The 
variation in S. shown in Table 4.2 is discussed in section 
3.3.1.1. From the Kr values obtained with the pMA5620 
transformant (Table 4.2), it is apparent that stationary 
phase cells are more difficult to disrupt than exponential 
phase cells (lower Kr values), and that the disruption 
process is probably independent of cell concentration. While 
the amount of data to support these conclusions is limited, 
both are in agreement with reports in the literature for the 
disruption of S.cerevisiae and other microorganisms in the 
high pressure homogenizer (section 4.1.1.2). Comparison of 
the Kr values obtained with the exponential phase transformed 
and untransformed cells indicates that expression of 5620 Ty- 
VLPs probably does not effect the vulnerability of cells to 
disruption. This result is in contrast to the observation of
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Gardiner S.A.M. (1988) that recombinant E.coli expressing 
prochymosin are more susceptible to breakage in a homogenizer 
than the host strain. The fact that prochymosin is produced 
in the form of insoluble inclusion bodies (Emtage J.S. et al. 
1983), which fill a large volume of the cytoplasm, rather 
than as a soluble protein product (as is the case with 5620 
Ty-VLPs), might explain this difference (see section 4.3.2). 
It should be noted that, for disruption in a microfluidizer, 
recombinant E.coli have been reported to be more readily 
disrupted than non-recombinant E.coli, owing to differences 
in morphology (Sauer T. et al. 1989).

4.2.1.4 Effect of freeze/thawing cells on protein release
The effect of freeze/thawing cells on subsequent cell 

disruption was examined, using cells from the pMA5620 
transformant fermentation, which had been harvested during 
the stationary phase of growth (section 4.2.1.3). Following 
washing with phosphate buffer (section 2.2.1.4), biomass was 
divided into 7 batches of 60 g dew (= 255 g wcw). One of 
these batches (designated batch 1) was homogenized 
immediately, the others (designated batches 2 - 7) were 
stored frozen prior to homogenization, freezing times and 
temperatures being as indicated in Table 4.3. The frozen 
batches were subjected to different numbers of freeze/thaw 
cycles (Table 4.3): batches 2 - 6  were defrosted overnight at 
4®C in 1.5 L of chilled phosphate buffer, batch 7 was 
defrosted (without placing in buffer) overnight at 4*C, 
refrozen for 10 h at -20®C, and then defrosted as described 
for batches 2 - 6 .

All 7 batches were homogenized at a cell concentration 
of 30 g dcw.L"^, an operating pressure of 50 MPa, and with 8 
passes through the disruption valve. S„ values were 
determined, and values calculated, as described in section
4.2.1.1 (an S, value of 12.6 mg.ml"^, determined from the 
batch 1 disruption trial, was used in the calculations of 
K r ). The specific activity of the enzyme alcohol 
dehydrogenase (ADH) in the N = 0 supernatants from batches 
5 - 7  was also determined. So and Kr values and ADH specific 
activities are shown in Table 4.3.
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Table 4.3. Dependence of So and K, on freeze/thawing.

Batch Tine frozen 
(days)

Freezing
temperature
("C)

Freeze/thaw
cycles

So
(ng.il- )̂

ADH specific
activity
(units.ng"^)^

Kr

1 Mot frozen 0.1 Not determined 0.210

2 5 -20 1 2.8 Not determined 0.042

3 26 -20 1 3.4 Not determined 0.035

4 48 -20 1 2.6 Not determined 0.047

5 68 -20 1 3.2 7.5 0.044

6 68 -70 1 2.1 5.9 0.066

7 68 -20 2 5.6 7.6 0.021

'•ADH specific activity of coaplete disrupt = 4.5 units.ag"̂ .

Effect of freeze/thaw on So
It is evident from the data in Table 4.3 that freezing 

cells and then defrosting them results in an increase in Sq. 
This effect is independent of the time for which the cells 
are held in the frozen state (for a period of 5 - 68 days, 
see batches 2 - 5 ), but increases with the number of
freeze/thaw cycles (batches 1, 5, 7), indicating that it is 
the process of freeze/thawing that causes So to be raised. 
The presence of the intracellular enzyme ÀDH in N = 0 
supernatants (Table 4.3) shows that the increase in So is a 
consequence of the release of intracellular protein, rather 
than another mechanism (eg release of cell wall peptide). The 
observation that freeze/thawing cells results in the release 
of intracellular protein is not unexpected, indeed 
freeze/thawing has been used to extract intracellular 
products from yeast (eg Black S. 1951) and other 
microorganisms (eg Koepsell H.J. and Johnson M.J. 1942).

Protein preparations (0.5 /ig) from the N = 0
supernatants of batches 5 and 7 were run on an SDS-PAGE gel, 
which was immunoblotted with rabbit anti-Ty antibody. No Ty 
antigen activity was detectable in these samples (Figure 4.9,
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tracks 4 and 6) = , although Ty antigen activity was found in 
a homogenate control at the same protein loading (Figure 4.9, 
track 7). This result suggests that the leaching of protein 
from freeze/thaw damaged cells (which appear intact when 
viewed under the light microscope) is a selective process, 
with 5620 Ty-VLPs being retained, probably because of their 
size, by the cell wall or membrane. In contrast to this, ADH 
is preferentially released from freeze/thawed cells, having 
a higher specific activity in the S = 0 supernatants than in 
fully disrupted homogenate (Table 4.3). An effect similar to 
this is apparent in data presented by Agerkvist I. and Enfors
S.-O. (1990); when E.coli was freeze/thawed prior to
disruption, 6-galactosidase was released to a lesser extend 
than soluble protein.

It is interesting to speculate whether the retention of 
5620 Ty-VLPs inside of freeze/thawed cells could provide a 
novel means for their purification, at least on a small 
scale. With two freeze/thaw cycles, nearly half of the 
soluble protein is released from cells in which the 5620 Ty- 
VLPs are retained, and greater purification factors might be 
attainable with further freeze/thawing cycles.

Effect of freeze/thaw on K*
The plots of S„ v^s N for batches 1, 5 and 7 are shown 

in Figure 4.10. It is evident from this graph that disruption 
of freeze/thawed cells occurs at a much slower rate than that 
of cells which were not freeze/thawed. While first order 
kinetics are observed in all three cases, the plots of 
log(R,/(R. - Rw) ) v's N yielding linear relationships (Figure 
4.11), the Kr values obtained from these lines are much lower 
for the freeze/thawed cells (Table 4.3). As with the increase 
in So described above, this reduction in Kr is not a function 
of the time period for which the cells are kept frozen 
(batches 2 - 5 ,  Table 4.3) but increases with the number of 
freeze/thaw cycles (batches 1, 5, 7, Table 4.3), indicating

^Ty antigen activity was also absent from N = 0
supernatant obtained during the disruption of 
non-freeze/thawed cells (section 4.2.1.2).
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that it is the freeze/thawing process that causes the 
observed effect (section 4.3.2).

Dependence of freeze/thaw effects on temperature of freezing 
Batch 6 was frozen at -70°C rather than -20°C. When it 

was defrosted and resuspended in phosphate buffer. So was 
increased compared to batch 1 (Table 4.3), ADH was present in 
the N = 0 supernatant (Table 4.3), but no Ty antigen activity 
was detectable in this sample (Figure 4.7, track 5). 
Furthermore, when the batch 6 cells were homogenized, the Kr 
value observed was reduced compared to the non-freeze/thawed 
control (Table 4.3). In comparison to the batches frozen at 
-20®C, the increase in So and decrease in Kr caused by 
freeze/thawing are reduced for the cells frozen at -70*C 
(Table 4.3); a possible reason for this is discussed in 
section 4.3.2.

Dependence of freeze/thaw effects on cell type
Experiments were carried out to determine whether the 

freeze/thaw effects described above were caused by the cells 
being harvested during stationary phase of growth, whether 
they were a result of 5620 Ty-VLP expression, or whether they 
were a consequence of the fermentation, cell harvesting and 
washing procedures that were employed.

Batches of exponential phase cells (60 g dew) from a 
pMA5620 transformant fermentation and a untransformed host 
strain fermentation were frozen at -20®C. The cells were 
defrosted and homogenised as described earlier in this 
section, S© and Kr values were determined, and these are 
compared to values obtained with non-freeze/thawed controls 
in Table 4.4. Table 4.4 also shows Kr and So values obtained 
during the disruption of pMA5620 transformed S.cerevlsiae 
(strain BJ 2168) grown at British Biotechnology Limited 
(Cowley, UK). Identical fermentation conditions to those 
employed at UCL were used to produce these cells, except that 
computer rather than manually controlled glucose feeding was 
employed (section 2.2.1.3). The cells were harvested by 
filtration, and were then sent to UCL frozen on dry ice, 
where they were stored at -70®C for one week, before being
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defrosted and homogenized by the same procedure as employed 
with cells produced at UCL.

Table 4.4. Freeze/thaw effects as a function of cell type.

Cell type Growth phase So Kr
Not frozen Freeze/

thawed
Not frozen Freeze/

thawed

{iA5620 transformed BJ2168 Stationary 0.1 3.0̂ 0.21 0.042^

Exponential 0.1 2.2 0.27 0.084

Exponential^ - 0.6 - 0.008

Untransfonied BJ2168 Exponential 0.8 3.4 0.25 0.10

%erage result from batches 2-5, Table 4.3.
^Cells obtained as a frozen cell paste (dry weight = 28 %) fro: British Biotechnology Ltd. Non-freeze/thawed cells were 
not disrupted at UCL, however they were readily disrupted by bead milling at British Biotechnology Ltd.

Exponential phase cells grown at UCL exhibit freeze/thaw 
effects (Table 4.4), although freeze/thawed exponential phase 
cells are more readily disrupted than their stationary phase 
counterparts (this is also the case with non-frozen cells, 
see section 4.2.1.3). The observation that freeze/thaw 
effects also occur with the untransformed host strain (Table
4.4), indicates that they are not the result of 5620 Ty-VLP 
expression. In addition, cells obtained frozen from British 
Biotechnology Ltd. proved particularly resilient to 
disruption, having a very small value of K» (Table 4.4). This 
is an important result, since it demonstrates that this 
freeze/thaw effect is probably not a consequence of the 
fermentation feeding strategy, harvesting or cell washing 
procedures employed at UCL. The exceptionally low Kr value 
for the cells obtained from British Biotechnology Ltd. may be 
a consequence of their more complex freezing history.
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4.2.2 Disruption of S.cerevisiae (strain BJ 2168^ in a Bead 
mill

The same factors as examined for cell disruption in the 
high pressure homogenizer were examined for cell disruption 
in the bead mill, namely the kinetics of protein and pl-381 
release and the effect of cell type and the freeze/thawing of 
cells on their disruption. However, this investigation was 
much less detailed than the one described above for the 
homogenizer, since early on it became apparent that pl-381 
recovery with the bead mill was poor (section 4.2.2.2). The 
bead mill was operated in a batch rather than continuous 
manner, because this provided the simpler system in which to 
study disruption kinetics.

4.2.2.1 Kinetics of protein release
The kinetics of protein release during bead milling was 

investigated, using pMA5620 transformed S.cerevisiae (strain 
BJ2168), harvested during the stationary phase of growth 
(cells from this fermentation were also disrupted in the high 
pressure homogenizer; see sections 4.2.1.2, 4.2.1.3 and
4.2.1.4). Cells were bead milled at a concentration of 45 
g dcw.L"^ for a period of 120 s. Samples were taken from the 
bead mill chamber at 15 s intervals, centrifuged to remove 
whole cells, cell debris and beads, and supernatant protein 
concentrations (8̂ ) were determined. The plot of St v's t is 
shown in Figure 4.12. The value of St remained approximately 
constant for samples taken from 75 - 120 s, and the average 
value of St for these samples (which was 14.3 mg.ml'^) was 
taken to be S..

R. and Rt concentrations were calculated from S. and St 
using the relationships:

a* = %» - 0̂ [4.9]

Re = - So [4.13]

Values of log(R./(R. - Rt) ) were then determined, and are 
plotted against t (for t = 0 - 75 s) is Figure 4.12. À linear 
relationship is obtained, indicating that protein release is 
a first order process with respect to the bead milling time
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(this observation has been made by others for the bead 
milling of microorganisms; see section 4.1.2.2). Increased 
scatter is observed in Figure 4.12 for t > 45 s; errors in 
are increased at longer t (section 4.3.1.1), and, as Rt 
approaches R., a given error in Rt give rise to much larger 
error in log(R./(R„ - Rt)). For this reason, the disruption 
rate constant, kp, equal to the gradient of this plot 
(Equation 4.6), was calculated as the slope of the line from 
t = 0 - 45 s , where Rt < 0.95R.^. The value of kp obtained was 
0.0239 s'l. For the batchwise bead milling of Baker's yeast, 
at a cell concentration of 150 g dcw.L*^, but otherwise under 
identical disruption conditions, Limon-Lason J. et al. (1979) 
reported a value of kp = 0.0165 s"̂ .

4.2.2.2 Release of pl-381
Supernatant samples from the bead milling experiment 

described in section 4.2.2.1 were assayed for pl-381 using 
RP-HPLC, and the supernatant pl-381 concentrations (Vt) 
obtained are plotted, for t = 0 - 75 s, in Figure 4.12 (for 
t = 75 - 120 s, the value of Vt remained at approximately
0.85 mg.ml"^). The majority of pl-381 release occurs between 
t = 15 - 30 s.

The specific pl-381 amount in the completely disrupted 
samples was calculated to be 0.06 g pl-381.g protein"^. When 
cells from the same fermentation were fully disrupted in the 
high pressure homogenizer, the supernatant produced following 
centrifugation was determined by RP-HPLC to contain 0.14 g 
pl-381.g protein"^ (section 4.2.2.1). In order to confirm that 
greater pl-381 recovery was achieved with the high pressure 
homogenizer, protein preparations (0.1 - 2.0 /ixg) from the 
completely disrupted N = 6 and t = 120 s samples were run on 
an SDS-PAGE gel, which was immunoblotted with rabbit anti-Ty 
antibody, to generate the immunoblot shown in Figure 4.13. 
Over the linear range of the immunoblot, the intensity of the 
pl-381 band in the homogenizer tracks (tracks 3 - 5 )  is 
approximately twice that of the bead mill tracks (tracks 8 -

^Currie J.A. at al. (1972) also observed increased 
errors at extended milling times, and used only values of R^ 
< 0.60Rn in their calculations.

- 155 -



10). Possible reasons for this difference are discussed in 
section 4.3.1.2. Considerable losses of Ty-VLPs during bead 
milling and subsequent cell debris removal have also been 
observed at British Biotechnology Ltd. (Burns N.R. personal 
communication 1991).

4.2.2.3 Effect of organism related parameters on protein 
release

The experiment described in section 4.2.2.1 was repeated 
using cells from the untransformed host strain fermentation, 
which had been harvested during exponential phase of growth 
(cells from this fermentation were also disrupted in the high 
pressure homogenizer; see sections 4.2.1.3 and 4.2.1.4). The 
results obtained are compared with the earlier bead milling 
trial in Table 4.5.

Table 4.5. Dependence of So, S. and for bead milling on 
organism related parameters.

Cell type Growth phase So Si ka
(iig.iil"̂ ) (g.g dcw-i) (s-i)

pM5620 transfoned BJ 2168 Stationary 1.0 0.32 0.024

Untransfonied BJ2168 Exponential 1.0 0.38 0.022

The Kr values shown in Table 4.5 indicate that protein 
release during the two bead milling trials occurs at a 
similar rate: this limited evidence suggests that the
vulnerability of cells to bead milling is not significantly 
effected by the expression of 5620 Ty-VLPs, or by the growth 
phase at which the cells were harvested. The second of these 
observations is in contrast to disruption in the high 
pressure homogenizer, where stationary phase cells were found 
to be difficult to disrupt than their exponential phase 
counterparts (section 4.2.1.3). This difference is probably 
the result of cell rupture in the bead mill being less 
strongly dependent on cell wall strength than cell rupture in 
the homogenizer (section 4.1.2.2).
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4.2.2.4 Effect of freeze/thawing cells on protein release
In an analogous experiment to that described in section 

4.2.1.4, the effect of freeze/thawing cells on subsequent 
protein release during bead milling was examined. Biomass 
from the pMA5620 transformant fermentation harvested during 
the stationary phase of growth (the same cells as used in 
section 4.2.1.4) was divided into 4 batches of 23 g dew (96 
g wcw). One of these batches (batch 1) was disrupted 
immediately, the others (batches 2 - 4 )  were frozen at either 
-20®C or -70°C, for a period of 70 days (Table 4.6). Prior to 
bead milling, batches 2 and 3 were defrosted overnight at 4®C 
in 350 ml of chilled phosphate buffer, while batch 4 was 
subjected to 2 freeze/thaw cycles by the method described in 
section 4.2.1.4.

Table 4.6 Dependence of So and k» on freeze/thawing.

Batch Tine frozen 
(days)

Freezing
temperature
(*C)

Freeze/thaw
cycles

So kp
(s-i)

1 Not frozen 1.0 0.024

2 70 -20 1 2.3 0.014

3 70 -70 1 2.2 0.014
4 70 -20 2 6.5 0.011

Cells were bead milled at a cell concentration of 45 g 
dcw.L'^, samples were taken at 15 s intervals, and St values 
were determined (the plots of St v's t for batches 1, 2 and 
4 are compared in Figure 4.14). Values of R. and Rt were then 
calculated as described in section 4.2.2.1, and plots of 
log(R,/(R, - Rt) ) v's t (for batches 1, 2 and 4 and for t = 
0 - 4 5  s) are shown in Figure 4.15. The Sq and values 
obtained for the bead milling of all 4 batches are shown in 
Table 4.6.

It can be seen from the data in Table 4.6 that, as was 
observed for homogenization (section 4.2.1.4), the
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freeze/thawing process results in an increase in Sq®. Also, 
the rate of protein release is again reduced by
freeze/thawing, this effect being less apparent from the plot
of St v's t (Figure 4.14) than from the plot of
log(R„/(R„ - Rt)) v's t (Figure 4.15) and corresponding
values (Table 4.6). No significant differences were observed 
between cells freeze/thawed once at -20®C and -70®C (Table
4.6). These results are discussed in more detail in section 
4.3.2.

4.3 Discussion
The disruption of S,cerevisiae (strain BJ 2168) in the 

high pressure homogenizer (section 4.2.1), and in the bead 
mill (section 4.3.2), has a number of characteristics in 
common with reports in the literature for the disruption of 
other microorganisms using these devices (section 4.1). These 
similarities are listed below:

1. Protein release during disruption in the homogenizer 
is a first order process with respect to N, but is not 
first order with respect to P (over a pressure range of 
34.5 - 68.9 MPa).
2. Protein release during bead milling is a first order 
process with respect to the disruption time.
3. In both of the above cases, the values of the rate 
constants are similar to those reported in the 
literature.
4. During high pressure homogenization, the release of 
a cytoplasmic protein complex (5620 Ty-VLPs) closely 
follows soluble protein release.
5- Cell disruption in the homogenizer is not affected by 
cell concentration over the range 30 - 90 g dcw.L"^.
6. Stationary phase cells are more resistant to breakage 
in the homogenizer then cells harvested during the 
exponential phase of growth.

^Although So values in Tables 4.3 and 4.6 are similar, 
they cannot be directly compared. Different cell
concentrations were used in both cases, and the Sq values 
shown in Table 4.6 were probably effected by cell rupture 
during mill loading and absorbtion of protein onto glass bead 
surfaces.
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However, two important observations were made in this study 
which have not been previously reported in the literature, 
and these require further comment. Firstly, a significant 
difference in protein product recovery was observed between 
the bead mill and homogenizer, and this is discussed (along 
with values obtained for S„) in section 4.3.1. Secondly, the 
freeze/thawing of cells was found to effect the rate at which 
the cells were subsequently disrupted, which is discussed in 
section 4.3.2. Recommendations for future work are then made 
in section 4.3.3.

4.3.1 Maximum Supernatant Concentrations of Soluble Protein 
and pl-381

In this investigation, it was important that the maximum 
supernatant concentrations of soluble protein (S„) and pl-381 
(V«) that could be obtained by cell disruption were 
established, so that disruption rate constants could be 
calculated (sections 4.2.1.1 and 4.2.2.1), and pl-381 
recovery could be optimized (sections 4.2.1.2 and 4.2.2.2). 
The values of S. and V. that were obtained are discussed in 
this section.

4.3.1.1 Values of S_
The values of S„ determined for disruption of 

S.cerevisiae (strain BJ 2168) in the high pressure 
homogenizer and bead mill are shown in Tables 4.2 and 4.5 
respectively (for the disruption of non-frozen cells, where 
the value of So is very small, these S, values are 
approximately equal to the maximum protein released by 
disruption, R*). The average value obtained for S. was 0.383 
g.g dcw"^, which is in good agreement with values reported in 
the literature for the disruption of Baker's yeast and other 
microorganisms (Table 4.7). Furthermore, the proportion of 
the total protein present in the unclarified homogenate which 
was recovered in the supernatant following centrifugation was 
similar to values reported in the literature for yeast 
homogenate (section 5.2.1.1).
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Table 4.7. Reported values of S,.

Organism Method of Disruption s,
(g.g dcw'i)

Reference

Baker's yeast Homogenizer 0.343^ Hetberington P.J. at al. 1971

Bead mill 0.321 - 0.4291 Limon-Lason J. et al. 1979

Bead mill 0.286 Gaver D. van and Huyghebaert A. 1990

Bead beater 0.420 Huang R.-B. et al. 1991

E.coli Bead mill 0.450 Agerkvist I. and Enfors S.O. 1990

Leutropbus Homogenizer 0.330 Harrison S.T. et al. 1990

R.nigricans Homogenizer 0.290 - 0.440 Keshavarz E. et al. 1990

^Calculated using dry weight of packed yeast = 28 % (Duimill P. and Lilly M.D. 1975).

Under the extended disruption conditions at which S, is 
achieved in both the bead mill and the homogenizer (sections
4.2.1.1 and 4.2.2.1), variable amounts of micronized cell 
debris and other protein assay positive material are 
generated by the disruption process, and this material caused 
erroneous soluble protein determination (Limon-Lason J. et 
al. 1979, Mosqueira F.G. et al. 1981, Keshavarz E. et al. 
1990). The resulting inaccuracy in S. measurement is 
reflected in the literature in the ranges of S. values that 
have been reported for Baker's yeast and R.nigricans (Table
4.7), and also in plots of log(R./(R, - R» or t) ) V s  N or t, 
which sometimes fail to pass through the origin (eg Kula M - 
R. and Schütte H. 1987, Harrison S.T. et al. 1990). Imprecise 
S. measurement was also apparent in this study: plots of 
log(R./(R. - R„) ) v's N often failed to pass through the 
origin (eg Figures 4.5 and 4.11), and increased scatter of 
data points was observed on plots of log(R./(R. - Rt)) v's t 
at prolonged milling times (section 4.2.2.1). Given this, one 
must be careful about drawing conclusions from the S. values 
reported in Tables 4.2 and 4.5, which suggest variation in S. 
between transformed and untransformed, and stationary and 
exponential phase, cells.
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4.3.1.2 Values of V_
When viewed under the light microscope, samples of bead 

milled cell disrupt contained whole cell ghosts and large 
debris fragments, whereas samples of homogenate appeared more 
completely disintegrated. Observations similar to this have 
been made by others: the disruption of yeast (Rehacek J. et 
al. 1969, Gaver D. van and Huyghebaert A. 1990), Erwlnia 
carotovora (Quirk A.V. and Woodrow J.R. 1984) and E.coli 
(Agerkvist I. and Enfors S.-O. 1990) in a bead mill have been 
reported to occur by perforation of the cell wall which 
leaves the cell wall envelope largely intact, while 
disruption in the homogenizer causes the cell wall to become 
broken into fragments (Quirk A.V. and Woodrow J.R. 1984, 
Agerkvist I. and Enfors S.-O. 1990).

This difference in structure of cell wall debris may 
explain why the V, value obtained when stationary phase 
pMA5620 transformed S.cerevisiae (strain BJ 2168) was 
disrupted in a bead mill was found in this study to be 
approximately half of that obtained for the disruption of the 
same cells in the homogenizer (section 4.2.2.2). This is 
because the size of 5620 Ty-VLPs may restrict thejr escape 
through perforated, but not fragmented, cell walls. The 
observation that soluble protein release is less for bead 
milling than for homogenization (Tables 4.2 and 4.3) supports 
this theory, although S. values are subject to a large degree 
of error (section 4.3.1.1), and this observation has only 
once been reported in the literature (Woodrow J.R. and Quirk 
A.V. 1982).

It should be noted here that 5620 Ty-VLP release is also 
restricted during the cell lysis that accompanies the 
freeze/thawing of a cell paste (section 4.2.1.4).

4.3.2 Effect of Freezing and Thawing Cells on Subsequent Cell 
Disruption

If microbial cells are to be stored for a prolonged 
period between the harvesting of a fermenter and cell 
disruption for the release of an intracellular product, 
freezing of the cell paste is a usual procedure. In this 
study, when cells of S.cerevisiae (strain BJ 2168) were
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frozen and then thawed, they became much more difficult to 
disrupt using thé two most widely employed large scale 
disruption devices, the high pressure homogenizer (section
4.2.1.4), and the bead mill (section 4.2.2.4). This was the 
case for cells transformed with the plasmid pMA5620 and for 
the untransformed host strain, and for cells harvested both 
during the stationary and exponential phases of growth 
(section 3.2.1.4). The reduction in disruption rate constants 
caused by freeze/thawing was much greater for homogenization 
than for bead milling (% reductions for stationary phase 
pMA5620 transformant are given in Table 4.8); S„ was not 
achieved when freeze/thawed cells were disrupted in the 
homogenizer with 8 passes through the discharge valve (Figure 
4.10), but was achieved when cells were disrupted in the bead 
mill for 120 s (Figure 4.14).

Table 4.8. Percent reductions in rate constants caused by 
freeze/thawing.

Freezing
temperature
(*C)

Freeze/thaw
cycles

Reduction in rate constant 
(%)
Homogenizer Bead mill

-20 1 80 43
2 90 54

-70 1 68 43

A proposed mechanism by which the freeze/thawing of 
cells causes increased resistance to disruption, especially 
in the homogenizer, is as follows, supporting evidence is 
given in brackets. The freezing process disorganises the 
yeast cell wall structure (in the process causing some cell 
lysis and release of intracellular protein - see section
4.2.1.4), presumably by the formation of ice crystals inside 
of the cell wall complex (freezing to -20®C rather than -70*C 
gives a longer exposure to large ice crystals, this causes 
most damage to the cell wall structure, and the 
freeze/thawing effect is enhanced - see section 4.2.1.4).
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When defrosted, the freeze/thawed cells are more "flaccid” 
than cells which were not frozen owing to the damage caused 
to their cell wall structure, and this makes the cells more 
resilient to disruption by impingement (as discussed in 
section 4.1.1.3 and 4.1.2.3, impingement is probably the main 
mechanism for cell disruption in the homogenizer, but is of 
less importance in the bead mill - this explains why the 
freeze/thaw effect is more pronounced for disruption with the 
homogenizer).

It is possible that E.coli expressing recombinant 
protein in the form of insoluble inclusion bodies are more 
susceptible to disruption than the host strain (section
4.2.1.3) not because of differences in cell wall strength, 
but because the presence of inclusion bodies makes the cells 
more "turgid", and therefore vulnerable to disruption by 
impingement.

This effect of freezing/thawing cells has not been 
reported previously. Indeed, freeze/thawed cells of Bacillus 
brevis (Augenstein D.C. et ai. 1974) and E.coli (Agerkvist I. 
and Enfors S.-O. 1990) have been readily disrupted, and
commercial Baker's yeast, which has been stored frozen, is 
routinely homogenized in our laboratory without any apparent 
difficulty (although a direct comparison between unfrozen and 
freeze/thawed cells has not been made). Furthermore, the 
mechanism proposed above is in direct contradiction to the 
general observation that reduced cell wall strength increases 
the vulnerability of cells to disruption in the homogenizer 
(section 4.1.1.2). The only possible data corresponding to 
this freeze/thaw effect was reported by Schütte H. et al. 
(1983), who found that the release of glucose-6-phosphate 
dehydrogenase in a homogenizer occurred more readily from 
non-frozen S.cerevisiae than from freeze/thawed
S.carlsbergenis, and that the release of fumarase from 
freeze/thawed Brevibacterium ammoniagenes was greatly 
improved in the bead mill compared to the homogenizer. The 
freeze/thaw effect described here may therefore be limited to 
particular microorganisms, or strains of microorganisms (for 
example, enfeebled laboratory strains), where the cell wall 
structure is more susceptible.
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4.3.3 Proposals for Future Work

4.3.3.1 Disruption of pMA5620 transformed cells in the high 
pressure homogenizer

The study into the disruption of recently harvested 
pMA5620 transformed cells in the high pressure homogenizer 
(section 4.2.1.1) should be extended, with a view to 
obtaining optimum conditions for process scale release of 
5620 Ty-VLPs. In particular, cell disruption at high cell 
concentrations (100 - 200 g dcw.L"^) and with extreme
operating pressures (in excess of 100 MPa) should be 
examined, since under these conditions cell breakage is most 
efficiently achieved (section 4.1.1.2). This investigation 
would be greatly facilitated if biomass yields from 
fermentation could be increased. The cell disruption work 
described in this thesis was severely limited by a shortage 
of biomass, since fermentations entered the stationary phase 
at 5 g dcw.L"^ , and therefore produced only about 400 g dew 
for cell disruption (and other) experiments (improvements to 
the fermentation protocol, which was obtained from British 
Biotechnology Limited, was considered beyond the scope of 
this thesis).

4.3.3.2 Investigation of the freeze/thaw effect
The evidence presented in section 4.3.2 for the proposed 

mechanism by which the freeze/thawing of cells increases 
there resistance to breakage is very scant, and a large 
number of experiments could be carried out to confirm how 
this effect arises. For example, the effects of freezing 
cells to the same temperature at different rates, of 
weakening cell walls by chemical or enzymic means, or of 
making cells "turgid" or "flaccid" by suspending in 
appropriate disruption buffers* could be determined, and 
freeze/thawed cells could be viewed by electron microscopy 
for evidence of structural damage to the cell wall. However, 
an examination into whether this freeze/thaw effect is more

*Yeast were osmotically turgid when suspended in 
disruption buffer, and cells suspended in distilled water 
were disrupted at an identical rate (data not shown).
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widely observed for recombinant and non-recombinant 
microorganisms is of greater priority than these experiments.
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1
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660 4
N

Figure 4.4. S „ v ' s N  for cell disruption in a high pressure 
homogenizer at operating pressures of 34.5 MPa (V)/ 50.0 MPa 
(A) and 68.9 MPa (O).
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log(R„/(R. - R„))

2.5

0.5

650 432
Figure 4.5. Log(R./(R« - R») ) v's N for cell disruption in a 
high pressure homogenizer at operating pressures of 34.5 MPa 
(V) f 50.0 MPa (A) and 68.9 MPa (O). values were determined 
to be: 0.112 at 34.5 MPa; 0.274 at 50.0 MPa; 0.442 at 68.9 
MPa.
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Figure 4.6. LogR» v's logP for the determination of logk» and 
a.
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Figure 4.7. S„ (V) and V„ (A) v's N for the disruption of 
pMA5620 transformed cells in a high pressure homogenizer. 
Specific pl-381 amounts (Vn/S„) are also indicated (O).
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Figure 4.8. Immunoblot to indicate the release of pl-381 
during cell disruption in a high pressure homogenizer. 
Supernatant samples were diluted with sample buffer to a 
protein concentration of 0.05 /ig./il‘̂ , and 10 /il of these 
dilutions were run on a "mini" SDS-PAGE gel. Track 1, N = 0 
sample; track 2, N = 1 sample; track 3, N = 2 sample; track 
4, N = 3 sample; track 5, N = 4 sample; track 6, N = 5 
sample; track 7, N = 6 sample.
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Figure 4-9. Release of pl-381 by freeze/thawing. Samples of 
homogenate stock (tracks 1 - 3  and 8 - 10), the N = 0 
supernatant from batch 5 (track 4), the N = 0 supernatant 
from batch 6 (track 5), the N = 0 supernatant from batch 7 
(track 6) and the N = 8 supernatant from batch 5 (track 7) 
were diluted with sample buffer to a protein concentration of 
0.05 /ig./il‘̂ . 20 /Ltl (tracks 1 and 8), 10 /il (tracks 2, 4 - 7 
and 9) and 5 /il (tracks 3 and 10) of these dilutions were 
loaded to a "mini" SDS-PAGE gel.
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Figure 4.10. S„ v's N for the disruption of batches 1 (V) > 5 
(A) and 7 (O) in a high pressure homogenizer.
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Figure 4.11. Log(R./(R. - R„)) v's N for the disruption of 
batches 1 (V), 5 (A) and 7 (O) in a high pressure
homogenizer.
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Figure 4.12. St (V)/ Vt (O) and log(R,/(R, - Rt)) (A) v's t for 
disruption in a bead mill.
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1 2 3 4 5 6 7 8 9 10

Figure 4-13. Comparison of pl-381 release in a bead mill and 
high pressure homogenizer by immunoblotting. N = 6 
supernatant (tracks 1 - 5 )  and t = 120 s supernatant (tracks 
6 - 10) were diluted with sample buffer to a protein 
concentration of 0.1 /xg./il“̂ . 20 jul (tracks 1 and 6), 10 /il 
(tracks 2 and 7), 5 /il (tracks 3 and 8), 2 /il (tracks 4 and 
9) and 1 /il (tracks 5 and 10) of the dilutions were loaded to 
a "mini" SDS-PAGE gel.
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Figure 4.14. S, v's t for the disruption of batches 1 (V)# 2 
(A) and 4 (O) in a bead mill.
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Figure 4.15. Log(R./(R. - R«) ) v's t for the disruption of 
batches 1 (v) / 2 (A) and 4 (O) in a bead mill.
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5 Use of Selective Flocculating Reagents for the Purification 
of 5620 Ty-VLPs

In the laboratory, purified Ty-VLPs can by prepared by 
the four step purification process illustrated in Figure 5.1. 
Following cell disruption, cell debris is removed by 
centrifugation, the Ty-VLPs are purified from soluble protein 
contaminants by differential ultracentrifugation, and are 
then separated from high molecular weight contaminants by gel 
filtration using Sephacryl S-1000 Superfine (Pharmacia, 
Uppsala, Sweden). The purification of 5620 Ty-VLPs by this 
procedure is described in sections 3.2.4.2 and 3.2.4.5.

It is not possible to carry out this process for Ty-VLP 
purification on a production scale. In particular, 
differential ultracentrifugation cannot be scaled up 
efficiently!. Therefore, column chromatography steps are 
under development by British Biotechnology Ltd. (Cowley, UK) 
to perform the duty of Ty-VLP purification from soluble 
protein contaminant. Rules for the scale up of column 
chromatography are well understood (Jason J.-C. and Hedman P. 
1982), and column chromatography has been employed 
extensively for the large scale purification of recombinant 
proteins. Of the chromatography techniques that may be 
employed for Ty-VLP purification, affinity chromatography is 
potentially the most powerful (Bonnerjea J. et al. 1986). 
Given the high antigenicity of Ty-VLPs (section 1.3.2.1), 
affinity columns bearing anti-Ty-VLP antibodies as ligands 
may prove particularly effective for Ty-VLP purification.

While affinity chromatography is often capable of 
purification factors of over 1000 fold, this technique is 
generally employed late in a purification process, where the 
purification factor obtained is limited by the maximum 
theoretical purification available (Bonnerjea J. et al.
1986). Biochemical engineers are reluctant to employ affinity

^Viruses have been purified on a large scale by 
continuous density gradient centrifugation, for example the 
process described by Reimer C.B. et al. (1967) for the 
purification of influenza virus is capable of throughputs of 
150 L of allantoic fluid per day. However, the centrifuges 
used are both costly and sophisticated, and step yields are 
generally low.
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chromatography any earlier 
in a purification scheme 
because of the presence in 
crude protein solutions of 
non-protein contaminants, 
such as nucleic acids, 
lipids and fine cell debris 
particulates, which can 
severely foul high cost 
affinity supports. It is 
therefore desirable to 
selectively remove non
protein contaminants from 
crude homogenate, so that 
affinity chromatography can 
be employed as one of the 
first chromatographic steps 
in the purification process, 
where its purification power 
can be fully 
(Bonnerjea J. et al. 1986). 
The clarification of

Cell
Disruption

Cell Debris 
Removal

Gel
Filtration

Purified
Ty-VLPs

Secondary
Clarification

Differential
Centrifugation

Chromatography

Figure 5.1. Purification 
schemes for Ty-VLPs. L.H.S.,

exploited laboratory scale; R.H.S., 
large scale.

homogenate with respect to non-protein contaminants can be 
carried out either in conjunction with cell debris removal, 
or in sequence with it, as is illustrated in the scheme for 
large scale Ty-VLP purification shown in Figure 5.1.

Of the four steps illustrated in Figure 5.1 for the 
large scale purification of Ty-VLPs, the first (cell 
disruption) was considered in section 4 of this thesis, and 
the last (chromatography) is under investigation at British 
Biotechnology Ltd (Cowley, UK). The remaining two steps will 
be considered in this section. In particular, the use of the 
cheap, high capacity, selective, flocculating reagents sodium 
tetraborate (borax) and polyethyleneimine (PEI) for cell 
debris removal and homogenate clarification will be examined 
(alternative methods to the use of these reagents are 
discussed briefly in section 5.3.2). The mechanism of action 
and present uses in downstream processing of borax and PEI 
are first described in section 5.1, before results
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illustrating their application to the clarification of 5620 
homogenate and Baker's yeast homogenate are presented 
(section 5.2). Points arising from the results are briefly 
considered in section 5.3.

5.1 Introduction

5.1.1 Selective Flocculation with Borax

5.1.1.1 Mechanism of flocculation

HO—  C — OH
B —  OHB —  OH

—  C —  OH HO

OH

OH—  C

OH HO OH

—  G — OH HO OH

—  C

—  C

Spirane-type complex
Figure 5.2. Reaction of planar (A) and tetrahedral (B) boron
oxyanions with 1,2 cis-diols.

Solutions of borax contain two species of boron oxyanion 
in equilibrium: a planar trigonal form, and a tetrahedral 
form, which is favoured at high pH (Edwards J.O. et al.
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1954). As shown in Figure 5.2, both of these boron oxyanions 
react with 1 , 2 cis-diols to generate cyclic esters, and, at 
high d i d  to borate ratios, the tetrahedral form also 
produces a spirane-type complex (Mazurek M. and Perlin A.S. 
1963).

Borax has been shown to flocculate carbohydrates (Deuel
H. et al. 1948) and Baker's yeast cell wall debris (Bonnerjea 
J. et ai. 1988) by the formation of spirane-type complexes 
between 1 , 2 cis-diols in neighbouring macromolecules (mannose 
is a major component of the yeast cell wall, and is thought 
to provide the 1 , 2 cis-diols for cell wall debris 
flocculation). In both cases flocculation is inhibited under 
acidic conditions, presumably because of the formation of 
trigonal boron oxyanions that are unable to form spirane-type 
complexes.

5.1.1.2 Application in downstream processing
The removal of microbial cell debris is a difficult unit 

operation to carry out on a process scale. Centrifugation (eg 
Mosqueira F.G. et al. 1981), dead-end filtration (eg Gray 
P.P. et al. 1973), and cross-flow microfiltration (eg Quirk 
A.V. and Woodrow J.R. 1984) have all been employed for this 
purpose, but in each case success has been limited: 
industrial centrifuges capable of large throughputs cannot 
generate high enough g forces for complete clarification of 
the supernatant and the cell debris slurry produced by them 
is often poorly dewatered (Mackay D. and Salusbury T. 1988), 
dead-end filtration requires filter aids which risk product 
contamination, and fouling of cross-flow membranes by cell 
debris reduces flux rates and causes protein retention 
(Mackay D. and Salusbury T. 1988). The ability to flocculate 
yeast cell debris with borax is therefore an important 
advance, since the floes produced are readily removed by very 
low g centrifugation (Bonnerjea J. et al. 1988). Borax 
flocculated cell wall debris has been efficiently removed 
from yeast homogenate on a pilot plant scale using a scroll 
decanter centrifuge (Bentham A.C. et al. 1990). The cell 
debris containing sediment produced is highly dewatered 
(Bentham A.C. et al. 1990), and non-glycosylated proteins are
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recovered in the supernatant in high yield, owing to the 
selectivity of the reaction with 1,2 cis-diols (Bonnerjea J. 
et al. 1988).

5.1.2 Selective Flocculation with PEI

5.1.2.1 Structure of PEI
PEI is produced commercially by the ring opening 

polymerization of ethyleneimine. The product of this reaction 
has a broad range of molecular weight (Van den Berg J.W.A. 
1973), and is highly branched, containing primary, secondary 
and tertiary amine groups in the ratio 1:2:1 (Dick C.R. and 
Ham G.E. 1969). As shown in Figure 5.3, branch sites are 
separated mainly by secondary amine groups, and occur at a 
frequency of about one branch per 3 - 3.5 nitrogen atoms 
(Dick C.R. and Ham G.E. 1969). In aqueous solution, PEI 
adopts a compact, spherical tertiary structure (Van den Berg 
J.W.A. 1973).

N H

KH
NÏÏ

N H
Figure 5-3. Primary structure of PEI (protonated).

PEI is not charged in aqueous solution at pH 10.8 
(Linquist G.M. and Stratton R.A. 1976), but at pH values 
lower than this PEI carries a positive charge owing to 
protonation of the amine groups. Charge increases steadily 
with decreasing pH, and at pH 3 about 75 % of the amine 
groups are protonated (Linquist G.M. and Stratton R.A. 1976).
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Charge repulsion between neighbouring charged groups in the 
polymer chain prevents more complete protonation at low pH, 
and also causes the PEI molecule to expand as its overall 
charge increases (Dick C.R. and Ham G.E. 1969, Linquist G.M. 
and Stratton R.A. 1976).

5.1.2.2 Mechanism of flocculation

Figure 5.4. Flocculation of anionic particles with a
polycation. A, polymer bridging 
electrostatic patch flocculation.

flocculation; B,

Polycationic PEI interacts strongly with anionic 
materials and, under the correct conditions of pH, ionic 
strength and polymer dosage, flocculation may result (Horn D. 
1980, Gregory J. 1987). The flocculation of anionic inorganic 
particles by polycations has been widely studied, and two 
theories of flocculation mechanism have been proposed: the 
polymer bridging theory (Ruehrwein R.A. and Ward D.W. 1952), 
and the charge neutralisation theory (Mabire F. at al. 1984, 
Gregory J. 1987). Polymer bridging occurs when the polymer 
molecule binds electrostatically to two or more particles, 
thereby linking them together (Figure 5.4A), whereas charge 
neutralisation occurs when the flocculant molecule binds to 
a single particle, neutralizing its charge and thus 
eliminating the electrostatic repulsion between it and other 
particles. A development of flocculation by charge 
neutralization is electrostatic patch flocculation (Gregory 
J. 1973), which occurs when the flocculant molecule forms a
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two-dimensional area of high positive charge on the particle 
surface. When the particles carry no net charge, 
electrostatic attraction between positive patches and 
negatively charged areas on neighbouring particles results in 
flocculation (Figure 5.4B). In general, flocculation by the 
electrostatic patch mechanism is favoured when low charge 
density particles are treated with high charge density 
flocculants (Linquist G.M and Stratton R.A. 1976, Gregory J. 
1987).

Regardless of the mechanism of flocculation, surface 
saturation of particles at high polymer dosages causes 
particles to be restabilized (overdosing), and therefore an 
optimum dosage of flocculant exists (Horn D. 1980, Gregory J.
1987). A simple test to diagnose the mechanism of 
flocculation is to examine the shear resistance of the floes 
produced - floes formed by polymer bridging are broken 
irreversibly at high shear rates, whereas floes formed by 
charge neutralisation are broken reversibly at lower shear 
rates (Salt D.E. at al. 1992a).

5.1.2.3 Application in downstream processing
PEI has been reported in the literature to flocculate a 

variety of biological materials (Table 5.1). DNA and RNA can 
be flocculated with efficiencies of over 90 % owing to the 
high negative charge carried by their phosphate groups, and 
the floes produced are readily removed by centrifugation 
(Boehringer Mannheim 1972, Atkinson A. and Jack G.W. 1973). 
Removal of nucleic acids from microbial extracts by 
flocculation with PEI is often accompanied by loss of 
protein, although this effect can be reduced by increasing 
the ionic strength of the flocculation mixture (Atkinson A. 
and Jack G.W. 1973, Jendrisak J. 1987, Burgess R.R. 1991). A 
common method for the purification of DNA-binding proteins is 
to flocculate them as a PEI-DNA-protein complex under 
conditions where the majority of proteins remain in solution, 
and then to selectively elute the DNA-binding protein from 
the other flocculated material by washing with buffer of high 
ionic strength (Jendrisak J. 1987, Burgess R.R. 1991).
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Table 5.1. Flocculation of biological materials with PEI

Substrate Reference

Purified nucleic acid Boehringer Mannheim 1972 
Atkinson A. and Jack G.W. 1973

Nucleic acid in 
bacterial lysate

Atkinson A. and Jack G.W. 1973 
Parker D.E. et al. 1990

Nucleic acid in 
yeast lysate

Boehringer Mannheim 1972
Cordes R. 1986
Cordes R.M. et ai. 1990

Cytoplasmic enzymes Boehringer Mannheim 1972
DNA-binding proteins Jendrisak J. 1987 

Burgess R.R. 1991
Serum lipoproteins Heuck C.C. and Schlierf G. 1977
B-Galactosidase (with 
polyanionic fusion)

Parker D.E. et al. 1990

E.coli (whole cells) Treweek G.P. and Morgan J.J. 1977
E.coli cell debris Persson I. and Lindman B. 1987

The flocculation of E.coli by PEI is believed to occur 
by the electrostatic patch mechanism rather than polymer 
bridging, since bound PEI has been shown to extend by no more 
than 50 Â from the cell surface (Treweek G.P. and Morgan J.J. 
1977). While PEI has been reported not to flocculate yeast 
cell debris (Cordes R.M. et al. 1990), it does flocculate
E.coli cell debris, and the floes produced have been removed 
on a pilot plant scale using a disc stack centrifuge (Persson
I. and Lindman B. 1987).

5.2 Results
Yeast homogenate preparations were flocculated with 

borax and PEI, and the results obtained are presented in 
sections 5.2.2 and 5.2.3. The flocculation experiments were 
carried out by the method described in section 2.3.2, and the 
clarified supernatants produced following centrifugation of
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the flocculated mixtures were assayed for a range of 
biological substances by the methods described in section
2.3.1. The effect of flocculants was determined by comparison 
of flocculated samples with zero borax or zero PEI controls. 
In these controls, some loss of proteinaceous material and 
pl-381 from the homogenate is caused by centrifugation. This 
loss is assessed in section 5.2.1.

5.2.1 Protein and pl-381 Losses Purina Centrifugal Removal of 
Cell Debris

Experiments which investigate the losses of soluble 
protein and pl-381 during the centrifugal removal of cell 
debris from homogenate, and the proportion of this material 
that could be recovered by pellet washing are described in 
section 5.2.1.1. Since protein removal by centrifugation is 
known to be a function of the supernatant pH, a study was 
also carried out to determine protein and pl-381 removal over 
the pH range 2.0 - 10.0 (section 5.2.1.2).

5.2.1.1 Centrifugation of 5620 homogenate and pellet washing
An aliquot of 5620 homogenate stock (section 2.2) was

defrosted and a sample (1 ml) was centrifuged at 16 0 0 0  g for 
20 min in a microcentrifuge. The supernatant was decanted 
off, and the pellet was washed twice by resuspending in 
chilled washing buffer (1 ml, 100 mM KH^PO^, 150 mM NaCl, pH 
7.6), followed by recentrifugation. Samples of unclarified 
homogenate, supernatant, resuspended pellets and pellet 
washings (50 /il) were diluted 100 fold in phosphate buffer 
and assayed for protein using the dual wavelength method. 
Results (average of 5 duplicate experiments) are shown in 
Table 5.2. The percent dry weight of the initial pellet was 
determined to be 18.4 ± 0.4 %.

Following the centrifugation of unclarified homogenate 
at 16 000 g for 20 min, 77 % of protein assay positive 
material is accounted for in the supernatant (Table 5.2)=.

=A similar result was reported by Hughes D.E. et al. 
1971, who found that 80 % of the protein assay positive 
material present in fully disrupted yeast homogenate was 
recovered in a 6 0 0 0 g/ 1 0 min supernatant.
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The recovery of soluble protein in the supernatant was 
calculated from the percent dry weight of the pellet and the 
supernatant protein concentration to be 91 %, the amount of 
soluble protein entrapped in the pellet interstitial volume 
being 3.2 mg. Of the soluble protein in the pellet, 75 % is 
recovered in the first pellet wash, and 19 % is recovered in 
the second (Table 5.2). The final twice washed pellet 
contains 3.7 mg of protein assay positive material.

Table 5.2. Distribution of protein assay positive material 
and pl-381 following the centrifugal removal of cell debris 
from 1 ml of unclarified homogenate.

Sample Protein assay 
positive 
material (mg)

pl-381

(mg)

Unclarified homogenate 41.2 ± 3.9 6 . 2

Supernatant 31.7 ± 2.8 4.8
Pellet 7.3 ± 0.7 1.5
First pellet washing 2.4 ± 0.2 Not done
Second pellet washing 0.4 ± 0.1 Not done
Final washed pellet 3.7 ± 0.4 Not done

When centrifugation was carried out at 9 000 g instead 
of 16 0 0 0 g, the recovery of protein assay positive material 
in the supernatant was 84 % (determined by the dual
wavelength protein assay) and 83 % (determined by the
Bradford protein assay). Presumably recovery is increased at 
lower g forces, despite poorer pellet dewatering (Bentham 
A.C. at al. 1990), because of reduced sedimentation of 
protein assay positive material.

The concentration of pl-381 in the unclarified 
homogenate, supernatant and unwashed pellet were also 
determined. In order to extract pl-381 from cell debris 
material, samples were incubated with either 8 M urea or 5 % 
SDS, using the methods described below, before assay for
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pl-381 by RP-HPLC or immunoblotting. It was assumed that 
these treatments brought about complete pl-381 release.

1. Samples of unclarified homogenate (0.2 ml), 
supernatant (0 . 2 ml) and pellet (0 . 1 1  g wet weight 
resuspended to a volume of 0 . 2 ml) were vigorously mixed 
with RP-HPLC dissociation buffer (0.8 ml, 10 M urea, 50 
mM KH2PO4, pH 11.5). After 20 min at room temperature, 
the mixtures were centrifuged (16 0 0 0 g, 2 0 min), and 
aliquots of supernatant were filtered and assayed for 
pl-381 by RP-HPLC (section 2.3.1.3). Results (expressed 
on a basis of 1 ml unclarified homogenate) are shown in 
Table 5.2. The recovery of pl-381 in the supernatant is 
76 %.
2- Samples from the pellet washing experiment described 
at the beginning of this section were diluted with SDS- 
PAGE sample buffer to a concentration of protein assay 
positive material of 0.05 /ig.ml"̂ . The dilutions were 
boiled for 1 0 min and centrifuged (16 0 0 0  g, 2 0 min). 
Aliquots of supernatant (10 ^1) were then run on an SDS- 
PAGE gel, which was immunoblotted with rabbit anti-Ty 
antibody. The resulting immunoblot is shown in Figure 
5.5. The immunoblot bands corresponding to unclarified 
homogenate, supernatant and unwashed pellet (Figure 5.5, 
tracks 4, 5, 6 ) are of approximately equal intensity, 
which suggest that the distribution of pl-381 during 
centrifugation is not greatly different to that of 
protein assay positive material, which was 77 % in the 
supernatant.
The recovery of soluble protein on centrifugation 

(calculated from the percent pellet dry weight to be 91 %) is 
greater than that of pl-381 (determined by RP-HPLC to be 
76 %, and to be similar to this when determined by 
immunoblotting). This is so despite the close correlation of 
protein and pl-381 release during cell disruption (section
4.2.1.2). It appears that only partial recovery of the pl-381 
material in the pellet is achieved by pellet washing, since 
the intensity of the immunoblot pl-381 band of washed pellets 
remains strong (Figure 5.5, tracks 8 and 10).
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5.2.1.2 Effect of pH on the removal of protein and pl-381 
during centrifugation

Aliquots of unclarified 5620 homogenate stock (section
2.2.2.2) were defrosted, a sample (50 ml) was vigorously 
mixed in an ice bath, and the pH was adjusted from pH 7.0 to 
pH 2.0 or pH 10.0 by the gradual addition of 2 M HCl or 2 M 
NaOH. At pH increments of 0.5, samples of homogenate (1 ml) 
were taken and chilled on ice. These samples were centrifuged 
(16 0 0 0  g, 2 0 min), and supernatant concentrations of protein 
(Sk) and pl-381 (V») were determined. The experiment was then 
repeated, using 5620 homogenate from which the cell debris 
had been removed by centrifugation (6 000 g, 10 min). S„ and 
Vh are plotted against pH in Figure 5.6.

Sm is reduced as the pH of the homogenate is lowered 
below pH 6.5, reaching a minimum of approximately 30 % of the 
pH 7.0 concentration at pH 4.0 (Figure 5.6). This reduction 
is caused by the precipitation of proteins at their 
isoelectric points, and it is of interest to note that 
Baker's yeast homogenate has recently been reported to have 
zero net charge at pH 4.0 (Salt D.E. at al. 1992a). No 
difference is observed between the S„ values obtained in the 
presence and absence of cell debris (Figure 5.6). This 
indicates that ion exchange effects between protein and cell 
debris (as have been reported for yeast cell debris by 
Shaeiwitz J.A. et al. 1989) are not significant in the 
present system.

When the pH of the homogenate is lowered below pH 5.5, 
Vw is sharply reduced, reaching a minimum value of 0.5 g.L"^ 
at pH 4.5 (Figure 5.6). This result suggests that 5620 
Ty-VLPs have zero net surface charge at pH 4.5. As with 
soluble protein, no difference is observed between the 
solubility curves obtained in the presence and absence of 
cell debris (Figure 5.6). These observations were confirmed 
by immunoblotting (Figure 5.7).

Isoelectric precipitation has been widely psed for the 
purification of proteins by fractional precipitation (eg Salt 
D.J. et al. 1982, Bell D.J. et al. 1983). The data in Figure
5.6 were analyzed by means of a fractionation diagram 
(Richardson P. at al. 1990) in order to obtain the optimum
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conditions for the fractional precipitation of 5620 Ty-VLPs. 
The highest yield (92 %) is obtained by taking precipitation 
cuts at pH 5.5 and 4.5, the purification factor being 2.42. 
Slight improvement in purification factor can be obtained by 
taking the second cut at higher pH, although this is at the 
expense of reduced yield (eg at pH 5.0 the yield is 68 % and 
the purification factor is 2.83). While isoelectric 
precipitation would provide a simple and cheap method for 
5620 Ty-VLP purification, the purification factors obtained 
are modest, and there is a strong probability of irreversible 
modification to protein structure by exposure to low pH 
(Volkin D.B. and Klibanov A.M. 1989), although the latter 
could be reduced by careful selection of acid type and mixing 
conditions (Salt D.J. et al. 1982).

5.2.2 Flocculation of 5620 Homogenate with Borax
Aliquots of unclarified 5620 homogenate stock (section

2.2) were defrosted, and samples (45 g dcw.L*^)^ were 
flocculated with borax ( 0 - 5 0  mM, pH 7.4). The flocculated 
mixtures were centrifuged at very low speed (600 g/ 1 min), 
the supernatants were carefully removed by décantation, and 
their turbidities (Â so) were measured. The supernatants were 
then recentrifuged at 16 000 g for 20 min, the new
supernatant turbidities were measured, and S„ and V» values 
were determined. Results are shown in Figure 5.8.

The addition of borax to the homogenate causes the cell 
wall debris to form floes visible to the eye, and, at borax 
concentrations greater than 30 mM, these floes are readily 
removed by very low g centrifugation, to produce a clarified 
supernatant (Figure 5.8). This flocculation reaction is 
reversed when the pH of the flocculated homogenate is reduced 
to pH 6.5 by the addition of 2 M HCl (previously, Bonnerjea 
J. et al. 1988 have shown that the flocculation of Baker's

®Prior to flocculation the cell concentration was 90 
g dcw.L"^, but a dilution factor of x2 was introduced during 
flocculation by mixing with borax solution in a volumetric 
ratio of 1:1 (see section 2.3.2.3). A similar dilution 
occurred during the PEI flocculation experiments described 
later. It was decided to flocculate by mixing equal volumes 
of flocculant and homogenate in order to limit the local 
concentration of flocculant.
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yeast cell wall debris by borax is not effective below pH 
6.9).

The flocculation of cell wall debris by borax is a 
selective process, with no apparent removal of soluble 
protein, pl-381, or the fine cell debris material responsible 
for the turbidity of the higher g supernatant (Figure 5.8). 
As described in section 5.1.1.1, the basis of this 
selectivity is that borax reacts only with 1,2 cis-diols, 
which are provided in the cell wall debris by mannose 
residues, but are absent from the other materials. The 
observation that pl-381 was not removed from the supernatant 
by borax flocculation was confirmed by an appropriate 
immunoblot (Figure 5.9).

In a separate experiment, whole cells of S.cerevisiae 
(strain BJ 2168), resuspended in disruption buffer to a 
concentration of 90 g dcw.L"^, were found to form extensive 
floe structures upon the addition of an equal volume of borax 
(50 mM, pH 7.5). This result is not surprising, since the 
mannose residues responsible for cell wall debris 
flocculation are present on the surface of intact cells.

5.2.3 Flocculation with PEI
While flocculation with PEI has previously been used for 

the removal of nucleic acids from yeast cell lysates (section 
5.1.2.3), the use of PEI to remove a broader range of non
protein contaminants, to produce a clarified liquor suitable 
for column chromatography, has not been reported in the 
literature. The first study described in this section 
examines this (section 5.2.3.1), using unclarified Baker's 
yeast homogenate as a substrate (Baker's yeast homogenate was 
used instead of 5620 homogenate in initial investigations 
since it was readily available in large quantities, and was 
already partially characterised in our laboratory).

In the second study described in this section, the large 
scale processing of PEI flocculated yeast homogenate was 
investigated (section 5.2.3.2). Disc stack centrifuges have 
been used for the continuous, large scale removal of fine, 
highly hydrated biological materials such as E.coli cell 
debris PEI floes (Persson I. and Lindman B. 1987), Baker's
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yeast cell debris (Mosqueira F.G. et al. 1981) and protein 
precipitates (Bell D.J. et al. 1983), and it was decided to 
employ this machine for the removal of PEI flocculated 
material. Borax-clarified Baker's yeast homogenate, which has 
a low solids content, was used as a substrate for this study, 
since the performance of disc-stack centrifuges is known to 
be very poor with feeds of high solids content (Mosqueira
F.G. at al. 1981).

The removal of nucleic acid from yeast homogenate by PEI 
flocculation is known to result in the loss of some soluble 
protein from solution (section 5.1.2.3). In a third study, 
the nature of the protein removed by PEI flocculation was 
investigated (section 5.2.3.3). Baker's yeast homogenate 
clarified by ultracentifugation, which could be loaded 
directly onto a gel filtration column, was used in these 
experiments.

Once the potential usefulness of PEI for the 
clarification of yeast homogenate had been evaluated with 
Baker's yeast homogenate, the flocculation of 5620 homogenate 
was investigated. Results are shown in section 5.2.3.4.

5.2.3.1 Flocculation of unclarified Baker's yeast homogenate
Unclarified Baker's yeast homogenate (112.5 g dcw,L'^) 

was flocculated with PEI (0 - 0.25 %, pH 7.4). The
flocculated mixtures contained 1.5 % NaCl, and, in some 
experiments, 50 mM borax was also present, so that 
flocculation by PEI was accompanied by flocculation of cell 
wall debris by borax. Flocculated material was removed by 
centrifugation (normally at 2 500 g for 30 min) and the 
resulting supernatants were assayed for nucleic acids, 
protein, enzyme activity, sedimentable solids and lipid. The 
absorbance of the supernatants at 650 nm (turbidity 
measurement), 280 nm and 260 nm were also determined (the 
ratio of Aaso/Aaco provides a simple guide of the relative 
amount of protein and nucleic acid).

Removal of biological materials by PEI flocculation
Supernatant amounts of DNA, RNA and protein (expressed 

as a percentage of the 0 % PEI value) are plotted against PEI
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concentration in Figure 5.10. Plateau values corresponding to 
95 % DNA removal, 87 % RNA removal and 30 % protein removal 
are obtained at a PEI concentration of over 0.125 % (equal to
11.1 mg PEI.g dcw"^ or 3.3 mg PEI.g wcw'^) . For comparison, 
when Cordes R.M. et al. (1989) flocculated yeast homogenate 
with PEI, plateau values of 95 % nucleic acid removal and 20 
% protein removal were reached at a PEI concentration of 
approximately 2.0 mg PEI.g wcw"^.

While up to 30 % of the protein in the supernatant is 
removed by PEI flocculation, the total supernatant activities 
of the enzymes glucose-6-phosphate dehydrogenase (G-6-PDH), 
alcohol dehydrogenase (ADH) and fumarase are independent of 
PEI concentration over the range 0 - 0.25 % (Figure 5.11). 
This observation is in accordance with Boehringer Mannheim 
(1972), who showed that hexokinase and G-6-PDH were not 
removed by the flocculation of RNA in a yeast lysate using 
PEI.

Table 5.3. Comparison of unclarified Baker's yeast homogenate 
with supernatants produced by flocculation using 50 mM borax, 
0.2 % PEI and 0.2 % PEI, 50 mM borax.

Protein
(mg.ml- )̂

ADH activity 
(units.ml"'-)

RNA
(mg.ml- )̂

A280/A260 Turbidity Solids 
(% w/v)

Lipid
(mg.ir^)

Unclarified
homogenate'-

34 Not done 3.6 Not done >1.0 5.59 2.7

50 mM Borax 35 293 3.9 0.64 0.166 1.07 2.2

0.2 % PEI 24 321 0.6 0.72 0.011 0.03 <0.1

0.2 % PEI, 
50 mM Borax

26 310 0.6 0.74 0.007 0.03 <0.1

V̂alues corrected for the x2 dilution that occurs during flocculation.

The supernatant produced by clarification of homogenate 
with PEI is of exceptionally low turbidity (Table 5.3). It is 
virtually free of sedimentable solids, and has no detectable
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lipid content (Table 5.3). The removal of these materials by 
PEI treatment has not previously been reported, and it 
suggests that this flocculant can be used to prepare highly 
clarified supernatants, which are suitable for high 
resolution chromatography.

The data shown in Figures 5.10 and 5.11 were obtained 
when unclarified homogenate was treated with 0 - 0.25 % PEI 
in the presence of 50 mM borax. When unclarified homogenate 
is treated with PEI in the absence of borax, a supernatant 
with identical properties is produced (Table 5.3).

Centrifugation studies
Unclarified Baker's yeast homogenate was flocculated 

with 0.2 % PEI and with 0.2 % PEI, 50 mM borax. The
flocculated mixtures were centrifuged at 3000 g for 0 - 10 
min, or at 0 - 9000 g for 5 min, and supernatant turbidities 
were determined. Results are shown in Figure 5.12.

During centrifugation, the presence of 50 mM borax 
enables better initial clarification of the homogenate than 
with PEI alone (Figure 5.12À), since the borax floes settle 
out rapidly. However, the borax floes do not act as ballast 
for the sedimentation of PEI flocculated material, and the 
time taken or g force required for complete removal of the 
PEI flocculated material is independent of the presence of 
borax (Figure 5.12).

5.2.3.2 Flocculation of borax-clarified Baker's yeast 
homogenate

Borax clarified Baker's yeast homogenate (56.25 g 
dcw.L"^, prepared using 50 mM borax by the method described 
in section 2.3.2.3) was flocculated with PEI (0 - 0.125 %, pH 
7.4, 1.5 % NaCl), centrifuged (2 500, 30 min), and the
supernatant was assayed for nucleic acids, protein, enzyme 
activity, sedimentable solids, lipid and turbidity. 
Supernatant amounts of DNA, RNA and protein (expressed as a 
percentage of the 0 % PEI value) are plotted against PEI 
concentration in Figure 5.13, and the total supernatant 
activities of the enzymes ADH, G-6-PDH and fumarase are 
plotted against PEI concentration in Figure 5.14. Other
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properties of a 0 % PEI supernatant and a 0.075 % PEI
supernatant are compared in Table 5.4.

Above a PEI concentration of 0.05 % (8.9 mg PEI.g dcw"^), 
95 % of the DNA, 90 % of the RNA and 30 % of the protein 
present in borax-clarified homogenate are removed by PEI 
flocculation (Figure 5.13). In addition, 90 % of the solids 
and >90 % of the lipid remaining in the supernatant following 
borax flocculation are removed by treatment with 0.075 % PEI 
(Table 5.4). However, the total supernatant activities of the 
enzymes G-6-PDH, ADH and fumarase are independent of PEI 
concentration over the PEI concentration range studied 
(Figure 5.14).

Table 5.4. Comparison of the supernatants produced when 
borax-clarified Baker's yeast homogenate is treated with 
0.075 % PEI on a laboratory and pilot plant scale.
Supernatant Laboratory Pilot plant^

0 IPEI 0.075 % PEI Relative 
value (%)i

0 \ PEI 0.075 % PEI Relative 
value (%)i

Protein (ng.ar^) 15 11 73 12 10 83

ADS (units.al"̂ ) 162 174 107 187 197 105

G-6-PDH (units.ar^) 4.1 4.4 107 6.0 6.1 102

RNA (ag.ar^) 2.6 0.2 8 3.9 0.2 5

A2 80/A260 0.68 0.80 118 0.65 0.76 117

Solids (% w/v) 0.48 0.05 10 0.48 0.06 13

Lipid (ag.al"̂ ) 1.1 <0.1 <10 Not done

Turbidity 0.077 0.011 14 See text

R̂elative values express the 0.075 % PEI result as a percentage of the control without PEI.
^Data for saople taken after 10 kg of supernatant had been collected.

Borax-clarified homogenate was flocculated on a pilot 
plant scale using 0.075 % PEI, and the flocculated material 
produced was subjected to centrifugation using a Westfalia
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BSP7-47 disc stack centrifuge (practical aspects of this 
processing are described in section 2.2.3). As shown in Table 
5.3, the properties of the resulting supernatant are similar 
to that produced by flocculation on a laboratory scale. The 
data shown in Table 5.4 was obtained at a processing flow 
rate of 100 L.h"^. In a separate pilot plant trial, the 
turbidity of a 0.075 % PEI supernatant was increased from
0.009 to 0.029 when the processing flow rate was increased 
from 100 L.h"^ to 200 L.h"^ (the turbidity of the flocculated 
feed was 0.253). At 100 L.h“̂ , no clarification of the 0 % PEI 
control was observed during disk-stack centrifugation, the 
turbidity of the feed and supernatant being 0.108 and 0.106 
respectively.

5.2.3.3 Flocculation of centrifuaally clarified Baker's yeast 
homogenate

Baker's yeast homogenate (225 g dcw.L"^) was subjected 
to ultracentrifugation (52 000 g, 60 min, 4*C), and the
supernatant produced was separated from the lipid layer and 
pellet. The supernatant (112.5 g dcw.L“̂ ) was then flocculated 
with PEI (0 - 0.125 %, pH 7.4, 1.5 % NaCl), centrifuged
(2 500 g, 30 min) and the PEI clarified supernatant was 
assayed for DNA, RNA, protein and Aaeo- As is shown in Figure 
5.15, plateau values of DNA removal (84 %), RNA removal 
(86 %), protein removal (35 %) and reduction (76 %) are 
obtained at a PEI concentration of 0.063 % (5.6 mg PEI.g 
dcw"^). This plateau dosage compares to plateau dosages of
11.6 mg.g dcw“̂  for unclarified homogenate (section 5.2.3.1) 
and 8.9 mg.g dcw"^ for borax-clarified homogenate (section
5.2.3.2). Evidently clarification of homogenate by 
centrifugation or borax treatment removes substrate for 
flocculation, although yeast cell debris was reported by 
Cordes R.M. et al. (1990) not to be flocculated by PEI, and 
borax cell debris floes do not act as ballast for the removal 
of PEI floes during centrifugation (section 5.2.3.1).

Centrifugally clarified homogenate was treated with 
either 0 % or 0.125 % PEI and samples of the supernatants 
produced (1 ml) were filtered and subjected to gel filtration 
on Superose 6 gel filtration media (Pharmacia, Uppsala,
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Sweden), as described in section 2.3.2.2. After 60 min, 
eluate fractions (2 ml) were collected and assayed for 
protein, and the results obtained are shown in Figure 5.16.

Fractions 3 - 16 obtained from the PEI treated
homogenate contain 85 % less protein than the same fractions 
obtained from the untreated homogenate (Figure 5.16). By 
calibrating the gel filtration column with proteins of known 
molecular weight (section 2.3.2.2), it was determined that 
these fractions contain proteinaceous material of molecular 
weight greater than 10®. Fractions 18 - 28 (corresponding to 
proteins of molecular weight 500 000 - 26 500) from the PEI 
treated and untreated homogenate contain equal amounts of 
protein (Figure 5.16). PEI therefore removes proteinaceous 
material of high molecular weight, but does not remove the 
bulk of soluble protein, which has much lower molecular 
weight. This observation is in agreement with enzyme assay 
results (sections 5.2.3.1 and 5.2.3.2), with the finding that 
the yeast proteins flocculated by PEI have both high and low 
isoelectric points (Cordes R.M. at al. 1990), and with the 
general observation that PEI can be used to prepare 
DNA-binding proteins by the flocculation of a PEI-DNA-protein 
complex (section 5.1.2).

5.2.3.4 Flocculation of unclarified 5620 homogenate

The effect of PEI flocculation on pl-381
An aliquot of 5620 homogenate stock (section 2.2.2.2) 

was defrosted and diluted with phosphate buffer (100 mM, pH 
7.4) to concentrations of 90 - 22.5 g dcw.L"^. Homogenate 
(45 - 11.25 g dcw.L"^) was then flocculated with PEI (0 - 0.5 
%, pH 7.2). Flocculated material was removed by 
centrifugation (16 000 g, 10 min), and the supernatant 
produced was assayed for Â go®, S, and V, (45 g dcw.L"^ only). 
Values obtained (expressed as a percentage of the 0 % PEI

* ^ 2 6 0 was used as a measure of supernatant nucleic acid. 
Reduction in A260 had previously been found to correlate with 
the removal of DNA and RNA by flocculation (Figure 5.15), and 
the use of this method allowed rapid assay of a large number 
of samples.

- 197 -



control) are plotted against polymer dosage in Figures 5.17À 
- 5.17C.

At cell concentrations of 45 - 11.25 g dcw.L"^, plateau 
values of À260 reduction (70 %) and protein removal (35 %) are 
obtained at PEI concentrations of greater than 5.6 mg PEI.g 
dcw"^ (Figure 5.17A and 5.17B), and, at a cell concentration 
of 45 g.dcw^, a plateau value of pl-381 removal (65 %) is 
obtained at this PEI concentration. In addition, a slight 
overdosing effect (section 5.1.2) is observed at PEI dosages 
of greater than 8.9 mg PEI.g dcw’̂ (Figure 5.17). At PEI 
dosages between 5.6 and 8.9 mg PEI.g dcw“̂ , the supernatant 
obtained by flocculation is of sparkling clarity.

Immunoblotting was used to confirm the removal of 
approximately 65 % of pl-381 at PEI concentrations above 5.56 
mg PEI.g dcw"^ (at a cell concentration of 45 g dcw.L"^), and 
to show that similar losses were obtained at the other cell 
concentrations (Figure 5.18). The removal of pl-381 by PEI 
flocculation is in agreement with the observation that PEI 
flocculation removes high molecular weight proteinaceous 
material from yeast homogenate (section 5.2.3.3), since the 
pl-381 in 5620 homogenate is predominantly in the form of 
5620 Ty-VLPs (section 3.2.4.5). It should be noted that PEI 
did not effect the behaviour of pl-381 on the standard assay, 
although the void volume peak (known to contain RNA - see 
section 3.2.2.4) was considerably reduced by PEI treatment.

The effect of pH on PEI flocculation
The power of PEI as a flocculant of yeast homogenate is 

reduced at high pH (Cordes R. 1986, Cordes R.M. at al. 1990), 
presumably because of a lower degree of protonation of the 
PEI molecule (section 5.1.2.1). In an attempt to retain 
pl-381 in the supernatant, the effect of pH (6.0 - 8.5) upon 
flocculation was determined. Homogenate (90 g dcw.L"^) was 
adjusted to pH 6.0 - 8.5 by the method described in section 
5.2.1.2, and samples (45 g.dcw"^) were flocculated with PEI 
(0 - 0.5 %, pH 6.0 - 8.5). The supernatants produced by 
centrifugation (16 000 g, 10 min) were assayed for Aggo, S» 
and Vk, and results are shown in Figure 5.19. At polymer 
dosages below 3.3 mg PEI.g dcw"^,there is a trend towards less
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efficient flocculation (as indicated by À260 reduction and 
protein removal) at high pH (Figures 5.19À and 5.19B). 
However, at higher PEI concentrations, the reduction in 
and removal of protein caused by PEI flocculation are 
independent of flocculation pH (results for a PEI 
concentration of 6.7 mg PEI. g dcw"^ are shown in Figure 
5.19C). Over the range pH 6.5 - 8.5, the removal of pl-381 by 
PEI at a concentration of 6.7 mg PEI.g dcw~^ remains at 
approximately 60 %, but is greater at pH 6.0 (Figure 5.19C).

5.3 Discussion
In this study, the use of the selective flocculation 

reagents borax and PEI for the clarification of yeast 
homogenate was investigated. Four important observations were 
made:

1. Treatment of unclarified 5620 homogenate with borax 
was found to be a useful method for the selective 
removal of cell wall debris at low centrifugal forces 
(600 g, 1 min), leaving soluble protein and pl-381 in 
the supernatant in high yield (section 5.2.2).
2. Flocculation with PEI proved highly effective for the 
removal of a range of non-protein contaminants from 
unclarified Baker's yeast homogenate (5.2.3.1), 
producing a clarified homogenate suitable for direct 
loading to high resolution chromatography.
3. PEI flocculation could be employed on a pilot plant 
scale for the further clarification of a borax-clarified 
Baker's yeast homogenate, the floes produced being 
successfully separated from the clarified liquor using 
a disc-stack centrifuge (section 5.2.3.2).
4. Following the flocculation of Baker's yeast 
homogenate with PEI, soluble proteins (including marker 
enzymes) were recovered in the supernatant, whereas high 
molecular weight proteinaceous material (molecular 
weight >10*) were removed from solutiqn (section
5.2.3.3). In agreement with this observation, pl-381 
(known to be in the form of 5620 Ty-VLPs of molecular 
weight >10*) were removed from solution when 5620 
homogenate was treated with PEI (section 5.2.3.4).
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Because of the promising results obtained for the 
clarification of Baker's yeast homogenate with PEI, this 
study was continued by other workers at UCL, and a brief 
summary of the results obtained is given in section 5.3.1. 
Given that PEI cannot be used for the primary clarification 
of homogenate containing 5620 Ty-VLPs, an alternative method 
for the clarification of 5620 homogenate is required. 
Possible methods (which may be used in conjunction with borax 
flocculation for cell wall debris removal) are discussed in 
section 5.3.2.

5.3.1 Further Studies of PEI Flocculation
The flocculation of borax-clarified Baker's yeast 

homogenate was further investigated by Salt D.E. at al. 
(1992), using an identical system to that described in 
section 5.2.3.2, except that a lower cell concentration (50 
g wcw.L"^) was employed. Overdosing effects (section 5.1.2.2) 
were observed at PEI concentrations of greater than 50 mg 
PEI.g dcw“̂ (this is a much higher concentration than used in 
section 5.2.3.2), and the optimum dosage of PEI required for 
flocculation was found to be independent of PEI molecular 
weight (over the range 600 - 100 000). The removal of protein 
by PEI flocculation is known to be reduced at high ionic 
strength (section 5.1.2.3), and for this reason the Baker's 
yeast flocculation experiments described in sections 5.2.3.1 
- 5.2.3.3 were carried out in the presence of 1.5 % NaCl. 
Salt D.E. at al. (1992) showed that when no NaCl was added to 
the flocculation mixtures, the flocculation of high molecular 
weight proteinaceous material, DNÀ and lipid was unaffected, 
although the flocculation of lower molecular weight protein 
was increased.

In a second study of the flocculation of borax-clarified 
homogenate by PEI, Salt D.E. et al. (1992a) examined the
electrophoretic mobility and shear resistance of the 
flocculated material. It was found that the flocculated 
material had zero electrophoretic mobility at the optimum PEI 
dosage, and that the floes present were reversibly broken by 
low shear rates, but irreversibly broken by higher shear 
rates. These observation suggest a two step process for PEI
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flocculation of borax-clarified homogenate: first primary
flocculation particles are formed by polymer bridging, then 
these primary particles are brought together by charge 
neutralization to produce larger floes (polymer bridging and 
charge neutralization are discussed in section 5.1.2.2).

Bentham À.C. (1989) refined the clarification of PEI 
flocculated borax-clarified Baker's yeast homogenate by disk- 
stack centrifugation. The performance of the Westfalia 
BSP7-47 machine was compared to that a second machine of 
smaller settling area (Westfalia SÀOOH), and a wider range of 
flow rates to that used in section 5.2.3.2 was investigated.

The flocculation of Methylophylus methylotrophus lysates 
with PEI has also been studied (Bulmer M., in preparation). 
Phosphate (used as a buffer at a concentration of 100 mM in 
the experiments described in section 5.2) was found to be 
chelated by PEI, thereby reducing the ability of PEI as a 
flocculant. Attempts were made to develop an assay for PEI, 
which will be essential for successful commercial 
application.

5.3.2 Alternative Methods for the Primary Purification of 
5620 Ty-VLPs

Aqueous two-phase partitioning has been widely used for 
the purification of viruses from culture supernatants and 
cell lysates (Magnusson K.-R. and Stendahl O. 1985), and has 
also been employed for the large scale separation of 
recombinant proteins from cell debris and nucleic acid (eg 
Strandberg L. et al. 1991). Recently, this technique has been 
applied for the purification of recombinant VLPs that have 
been expressed as intracellular products in yeast (Merck & 
Co. Inc. 1989, Riveros-Moreno V. and Beesley J.E. 1990). The 
Merck & Co. Inc. (1989) process describes the use a 
polyethylene glycol (PEG)-dextran system for the separation 
of hepatitis B surface antigen particles from crude yeast 
homogenate, the particles being recovered in high yield in 
the PEG phase. In the process described by Riveros-Moreno V. 
and Beesley J.E. (1990) centrifugally clarified yeast 
homogenate containing hepatitis B core protein fusion 
particles was subjected to aqueous two-phase partitioning in
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a system composed of PEG and potassium phosphate. Purified 
particles were again recovered in the PEG phase, and were 
shown not to be structurally damaged by the partitioning 
process.

In both of the above examples, aqueous two-phase 
partitioning was followed by tangential-flow ultrafiltration, 
in order to separate the VLPs from the PEG. By careful choice 
of membrane pore size, cross-flow filtration could also be 
used to exploit the size of 5620 Ty-VLPs in their 
purification. A "cascade" filtration system can be envisaged 
in which 5620 Ty-VLPs are first separated from larger cell 
debris material by use of a microfiltration membrane, and are 
then separated from smaller soluble protein by means of a 
ultrafiltration membrane.

There is currently much interest in expanded bed 
absorption, which potentially allows the direct processing of 
unclarified microbial cell homogenates by chromatography 
(Chase H.A. and Draeger N.M. 1992). Should a suitable 
expanded bed matrix become available, the processing of 5620 
Ty-VLPs by this method should be investigated, since the 
process costs and product losses associated with homogenate 
clarification would then be avoided.
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Figure 5-5- Centrifugation and pellet washing experiment 
immunoblot. Samples were prepared as described in section
5.2.1.1, and 10 /ul of protein solution from unclarified 
homogenate (track 4), supernatant (track 5), unwashed pellet 
(track 6), first pellet washings (track 7), first washed 
pellet (track 8), second pellet washings (track 9) and second 
washed pellet (track 10) were loaded to a "mini" SDS-PÀGE 
gel. In addition, supernatant was loaded to track 1 (20 ^1), 
track 2 (10 /il) and track 3 (5 /il).
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Figure 5.6. Isoelectric precipitation of soluble protein 
(□,^) and pl-381 (A,V) in the presence (D,A) and absence 
(O'V) of cell debris.
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(A) pH
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(B)
5 5.5

7 7.5 Î.5 9 9.5 10 7 7 7

Figure 5.7. Immunoblot of samples obtained from the 
isoelectric precipitation of pl-381 in the presence (A) and 
absence (B) of cell debris. Supernatant samples (10 /il) were 
diluted with deionized water (990 /il) and 16.1 /il of the 
dilutions were mixed with 83.9 /il of sample buffer. Aliquots 
were loaded to "mini" SDS-PAGE gels: tracks 1 - 1 7 ,  pH 2.0 - 
10.0 (10 /il); track 18, pH 7.0 (10 /il); track 19, pH 7.0 (5 
/il); track 20, pH 7.0 (2 /il).

— 205 —



Turbidity S„, Vk (mg.ml'^)
0.2 2 0

0.2

0.15

0.05

0 10 20 30 5040
Borax concentration (mM)

Figure 5.8. Effect of borax concentration on the turbidity of 
a low g supernatant ( V  ) » the turbidity of a high g 
supernatant (A), S„ (□) and V„ (^),
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Figure 5-9. Immunoblot of borax flocculation supernatants. 
Supernatant samples were diluted in sample buffer to a 
protein concentration of 0.05 and 10 /il of these
dilutions were run on a "mini” SDS-PAGE gel. Track 1, 0 mM 
borax; track 2 ,  10 mM borax; track 3, 20 mM borax; track 4, 
30 mM borax; track 5, 40 mM borax; track 6, 50 mM borax.
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Figure 5.10. Removal of protein and nucleic acid from Baker's 
yeast homogenate by flocculation with PEI (in the presence of 
50 mM borax, 1.5 % NaCl). Protein (V)/ DNA (D) and RNA (O) 
amounts are expressed as a percentage of their value in the 
control without PEI (protein 235 mg, DNA 3.7 mg, RNA 40 mg).
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Figure 5.11. Total supernatant activities of the enzymes ADH, 
G-6-PDH and fumarase following the flocculation of 
unclarified Baker's yeast homogenate with PEI (in the 
presence of 50 mM borax, 1.5 % NaCl).
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Figure 5.12a. Turbidity

Figure 5.12b.
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Figure 5.12. Turbidity of the supernatants produced by 
treatment of unclarified Baker's yeast homogenate with either 
0.2 % PEI (A) or 0.2 % PEI, 50 mM borax (O), followed by 
centrifugation at 3 000 g for various times (Figure 5.12a) or 
for 5 min at various g forces (Figure 5.12b).
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Figure 5.13. Removal of protein and nucleic acid from borax- 
clarified Baker's yeast homogenate by flocculation with PEI. 
Protein (V) , DNA(Q) and RNA (O) amounts are expressed as a 
percentage of their value in the control without PEI (protein 
147 mg, DNA 3.2 mg, RNA 27 mg).
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Figure 5.14. Total supernatant activities of the enzymes ADH, 
G-6-PDH and fumarase following the flocculation of borax- 
clarified Baker's yeast homogenate with PEI (in the presence 
of 1.5 % NaCl).
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Figure 5.15. Removal of protein and nucleic acid from 
centrifugally clarified yeast homogenate by flocculation with 
PEI. Protein (V)» DNA (□) and RNA (O) amounts and Aĵ o (A) are 
expressed as a percentage of their value in the control 
without PEI (protein 359 mg, DNA 6.2 mg, RNA 36 mg, A„„ 207).
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Figure 5.16. Protein content of fractions obtained following gel filtration of 1 al of 0 1 PEI supernatant (0) and 0.125 
% PEI supernatant ([l|. The 0 1 PEI supernatant contained 36 ig of protein, the 0.125 % PEI supernatant contained 29 ig 
of protein, and in both cases a total of 26 mg of protein was eluted from the column. Values shown have been adjusted to 
give 100 % protein yields. Elution points of proteins of molecular weight 10®, 10® and 10* are indicated.
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Figure 5.17a.
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Figure 5.17b.
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Figure 5.17. Reduction in Azeo (Figure 5.17a), removal of 
protein (Figure 5.17b) and removal of pl-381 (Figure 5.17c) 
from 5620 homogenate by PEI flocculation at cell 
concentrations of 45 g dcw.L"^ (Û) / 33.75 g dcw.L"^ (A), 22.5 
g dcw.L*^ (O) and 11.25 g dcw.L"^ (V)- Values are expressed as 
a percentage of the control without PEI (45 g dcw.L

33.75 g dcw.L ,
À260 42, protein 7.4

protein 17.2 mg.ml"^, pl-381 2.4 mg.ml-1.
93, 
A,26068, protein 11.9 mg.ml"^; 

mg.ml"^; 11.25 g dcw.L"^,
22.5 g dcw.L"

22, protein 4.0 mg.ml"^) .
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Figure 5.18. Immunoblot of supernatants obtained from the PEI 
flocculation of 5620 homogenate. Supernatant samples (20 /il) 
were diluted with water (980 /il) and 14.9 /il of the dilutions 
were mixed with 85.1 /ig of sample buffer. Aliquots (10 /il) 
were loaded to "mini" SDS-PAGE gels. Tracks 1 - 1 0  correspond 
to a cell concentration of 45 g dcw.L'^, and PEI
concentrations of 0 - 11.1 mg PEI.g dcw"^. Tracks 13 - 20
correspond to 0 mg PEI.g dcw'^ (tracks 13, 15, 17, 19) and 6.7 
mg PEI.g dcw"^ (tracks 14, 16, 18, 20) supernatants, at cell 
concentrations of 45 g dcw.L'^ (tracks 13, 14), 33.75 g dcw.L' 
 ̂ (tracks 15, 16), 22.5 g dcw.L'^ (tracks 17, 18), 11.25 g
dcw.L'^ (tracks 19, 20). Tracks 11 - 12 are controls (as track
13, but at loadings of 20 /il and 5 /il).
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Figure 5.19a and 5.19b. Reduction in Kzeo (Figure 5.19a) and removal of protein (Figure 5.19b) .from 5620 homogenate by 
flocculation with PEI at pH 6.0 (□), pH 6.5 (^), pH 7.0 [A], pH 7.5 (V)i pH 8.0 (0) and pH 8.5 ( g .  Values are 
expressed as a percentage of the control without PEI (pH 6.0, 74, protein 12.5 ig.il"^; pH 6.5, protein
15.0 ng.ml"^; pH 7.0, K^eo 92, protein 15.4 ng.ml"^; pH 7.5, k^eo 91, protein 15.7 ug.ml"^; pH 8.0, K^eo 93, protein
16.1 ig.iil”^; pH 8.5, k^eo 93, protein 15.9 mg.ml"̂ ).
Figure 5.19c. Reduction in kzeo (A), removal of protein (V) and removal of pl-381 (Q by flocculation of 5620
homogenate with 6.7 mg PEI.g dcw'^, at pH 6.0 - 8.5.

- 217 -



6 References
Adaas S.E., Mellor J., Gull K., Sin R.B., Tuite M.F., Kingsaan S.M. and Kingsaan A.J. (1987). The functions and 
relationships of Ty-VLP proteins in yeast reflect those of laaaalian retroviral proteins. Cell, 49, 111 -119.
Adaas S.E., Dawson K.M., Gull K., Kingsaan S.M. and Kingsaan A.J. (1987a). The expression of hybrid HIV:Ty-VLPs in yeast. 
Nature, 329, 68 - 70.
Agerkvist I. and Enfors S.-O. (1990). Characterization of E.coli cell disintegrates froa a bead aill and high pressure 
hoiogenizers. Biotechnology and Bioengineering, 36, 1083 - 1089.
Alberts B., Bray D., Lewis J., Raff H., Roberts K. and Watson J.D. (1983). "Molecular Biology of the Cell", Garland
Publishing, New York, 247 - 250.
Atkinson A. and Jack G.W. (1973). Precipitation of nucleic acids with PEI and the chroaatography of nucleic acids and
proteins on imobilized PEI. Biochimicia et Biophysica Acta, 308, 41 - 52.
Augenstein D.C., Thrasher K., Sinskey A.J. and Wang D.I.C. (1974). Optiaization in the recovery of a labile intracellular 
enzyme. Biotechnology and Bioengineering, 16, 1433 - 1447.
Baldwin C.V. and Moo-Young M. (1991). Disruption of a filaaentous fungal organisa (S.sitophila) using a bead mill of novel
design. I General characteristics. Biotechnology Techniques, 5, 331 - 336.
Baldwin C.V. and Moo-Young M. (1991a). Disruption of a filaaentous fungal organisa (S.sitophila) using a bead aill of
novel design. II Increased recovery of cellulases. Biotechnology Techniques, 5, 337 - 342.
Barford R.A., Sliwinski B.J., Breyer A.C. and Rothbart H.L. (1982). Mechanism of protein retention in RP-HPLC. Journal
of Chroaatography, 235, 281 - 288.
Beggs J.D. (1978). Transformation of yeast by a replicating hybrid plasmid. Nature, 275, 104 - 109.
Belcourt M.F. and Farabaugh P.J. (1990). Ribosoial fraieshifting in the yeast retrotransposon Ty: tRNAs induce slippage 
on a 7 nucleotide minimal site. Cell, 62, 339 - 352.
Bell D.J., Hoare M. and Dunnill P. (1983). The formation of protein precipitates and their centrifugal recovery. Advances
in Biocheiical Engineering/Biotechnology, 26, 1 - 72.
Benedek K., Dong S. and Karger B.L. (1984). Kinetics of unfolding of proteins on hydrophobic surfaces in reversed-phase 
liquid chroaatography. Journal of Chroaatography, 317, 227 - 243.
Bennett H.P.J., Browne C.A. and Solomon S. (1980). The use of perfluorinated carboxylic acids in the RP-HPLC of peptides. 
Journal of Liquid Chroaatography, 3, 1353 - 1365.
Benson J.R. and Woo D.J. (1984). Polymeric columns for liquid chroaatography. Journal of Chromatographic Science, 22, 386 
- 399.
Bentham A.C. (1989). The formation, separation and dewatering of aggregated biological materials. PhD Thesis, University 
of London.
Bentham A.C., Bonnerjea J., Orsbom C.B., Ward P.M. and Hoare M. (1990). The separation of affinity flocculated yeast cell 
debris using a pilot-plant scroll decanter centrifuge. Biotechnology and Bioengineering, 36, 397 - 401.
Berg D.E. and Howe M.M. (1989). "Mobile DNA", American Society for Microbiology, Washington D.Ct
Bergieyer H.U. (1983). Alcohol dehydrogenase. Kethods of Enzymatic Analysis, Verlagcheaie, Weinheii, 139 -141.
Bergmeyer H.U. (1983a). Glucose-6-phosphate dehydrogenase. Methods of Enzymatic Analysis, Verlagcheaie, Weinheia, 202 - 
203.

- 218 -



Black S. (1951). Yeast aldehyde dehydrogenase. Arch. Biochia. Biopbys., 34, 86 - 97.
Boehringer Mannheia (1972). Process for the enrichment of proteins. I)K patent specification 1298431.
Boeke J.D. (1989). Transposable elements in S.cerevisiae. In "Mobile DNA", Eds. Berg D.E. and Howe M.M., American Society 
for Microbiology, Washington D.C., 335 - 374.
Bonnerjea J., Oh S., Hoare M. and Dunnill P. (1986). A systematic approach to the isolation of enzymes and proteins. 
Bio/technology, 4, 954 - 957.
Bonnerjea J., Jackson J., Hoare M. and Dunnill P. (1988). Affinity flocculation of yeast cell debris by carbohydrate- 
specific compounds. Enzyme Kicrobial Technology, 10, 357 - 360.
Bowers L.D. and Pedigo S. (1986). Solvent strength studies on polystyrene-divinylbenzene columns. Journal of
Chromatography, 371, 243 - 251.
Braddock M., Chambers A., Wilson W., Esnouf P.M., Adams S.E., Kingsaan A.J. and Kingsaan S.M. (1989). HI7-1 TAT
"activates" presynthesized RNA in the nucleus. Cell, 58, 269 - 279.
Bradford M.M. (1976). A rapid and sensitive method for the quantitation of aicrograa quantities of protein utilising the 
principle of protein-dye binding. Analytical Biochemistry, 72, 248 - 254.
Bristow A.F. (1990). Purification of proteins for therapeutic use. In "Protein Purification Applications. A Practical
Approach", Eds. Harris E.L.V. and Angal S., Information Press Ltd, Oxford, 29 - 44.
Brookaan J.S.G. (1974). Mechanism of cell disintegration in a high pressure hoaogenizer. Biotechnology and Bioengineering, 
16, 371 - 383.
Brookaan J.S.G. (1975). Further studies of the mechanism of cell disruption by extreme pressure extrusion. Biotechnology 
and Bioengineering, 17, 465 - 479.
Burns N.R., Craig S., Lee S.R., Richardson S.M.H., Stenner N., Adams S.E., Kingsaan S.M. and Kingsaan A.J. (1990). 
Purification and secondary structure determination of simian immunodeficiency virus p27. Journal of Molecular Biology, 
216, 207 - 211.
Burns N.R., Saibil H.R., White N.S., Pardon J.F., Timmins P.A., Richardson S.M.H., Richards B.N., Adaas S.E., Kingsaan 
S.M. and Kingsaan A.J. (1992). Symmetry, flexibility and permeability in the structure of yeast retrotransposon VLPs. The 

Journal, 11, 1155 - 1164.
Burgess R.R. (1991). Use of PEI in purification of DNA-binding proteins. Methods in Enzymlogy, 208, 3 - 10.
Burton K.A. (1956). A study of the conditions and mechanism of the diphenylamine reaction for the colorimetric estimation 
of DNA. Biochemical Journal, 62, 315 - 323.
Burton W.G., Nugent K.D., Slattery T.K., Summers B.R. and Snyder L.R. (1988). Separation of proteins by RP-HPLC. 1. 
Optimizing the column. Journal of Chromatography, 443, 363 - 379.
Cameron J.R., Loh E.Y. and Davis R.W. (1979). Evidence for transposition of dispersed repetitive DNA families in yeast. 
Cell, 16, 739 - 751.
Capsey L.J., Williamson D.H. and Banks G.R. (1990). Ty-VLPs in the S.cerevisiae strain NCY74. Current Genetics, 18, 485 - 
491
Cartier P.G., Deissler K.C., Maikner J.J. and Kraus M. (1990). The utility of polymeric reversed phase packings for the 
purification of peptides, proteins and antibiotics. In "Separations for Biotechnology 2", Ed. Pyle D.L., Elsevier Applied 
Sci., London, 275 - 284.
Chase H.A. and Draeger N.H. (1992). Affinity purification of proteins using expanded beds. Journal of Chromatography, 597, 
129 - 145.

- 219 -



Chisti Y. and Moo-Young M. (1986). Disruption of microbial cells for intracellular products. Enzyme Microbial Technology, 
8, 194 - 204.
Chuba P.J. and Palchaudhuri S. (1985). Requirement for cysteine in the colour silver staining of proteins in 
polyacrylamide gels. Analytical Biocbemstry, 156, 136 - 139.
Clare J. and Farabaugh P. (1985). Nucleotide sequence of a yeast Ty element; evidence for an unusual mechanism of gene 
expression. Proc. M L  Acad. Sci. USA, 82, 2829 - 2833.
Clark D.J., Bilanchone V.W., Haywood L.J., Dildine S.L. and Sandmeyer S.B. (1988). À yeast composite sigma element, Ty3,
has properties of a retrotransposon. Journal of Biological Chesdstry, 263, 1413 - 1423.
Cohen K.A., Schellenberg K., Benedek K., Karger B.L., Grego B. and Hearn M.T.W. (1984). Mobile { âse and temperature 
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