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Abstract
The two techniques aqueous two-phase partitioning and expanded bed adsorption that both
are suitable for primary protein recovery were studied. Most of the work was focused on
partition in aqueous two-phase systems and in particular on the possibility to effect the
partition behaviour by fusion of short peptide tags or protein domains to the target protein.

The partitioning of fusion proteins between different variants of the domain tag Z and the
naturally occurring protein DNA Klenow polymerase were studied in Breox/Reppal aqueous
two-phase systems. Most studies were performed with cell homogenate. The Breox/Reppal
system was in focus because if the fusion protein can be partitioned to the Breox-rich top
phase the next step can be a thermoseparating aqueous two-phase system. When the Breox
phase is heated to 50°C it switches from a one-phase system to a two-phase system resulting
in an almost pure water rich top phase and highly concentrated Breox-rich bottom phase. The
Breox can then be reused and the protein recovered from the water phase. The Z-domain was
genetically modified in different ways to Zbasic1, Zacid2 and Ztrp12 and fused to the Klenow
protein to try to enhance partitioning to the Breox-rich phase. From the experiments it was not
possible to observe any effects on the partition behaviour irrespectively of tested properties of
the domain tag. Despite the absence of domain tag effects high K-values, i.e. partition to the
Breox-rich top phase, were observed in the Breox/Reppal system. However, the protein K-
values seemed to be rather sensitive to the cell homogenate load and showed a tendency to
decrease with increased cell homogenate load. Also increased phosphate concentration
reduced the K-values. The partitioning of cell debris also seemed to dependent on the cell
homogenate load. At higher homogenate load (≤ 20g DW/L) clear Breox-rich top phases were
observed with the cell debris collected in Reppal-rich bottom phases.

Two different tetrapeptides, AlaTrpTrpPro and AlaIleIlePro were inserted near the C-
terminus of the protein ZZT0. The Trp-rich peptide unit strongly increased both the
partitioning of ZZT0 into the poly(ethylene glycol) (PEG)-rich phase in a PEG/potassium
phosphate aqueous two-phase system and its retention on PEG and propyl hydrophobic
interaction chromatographic columns with potassium phosphate as eluent in isocratic systems.
Both the partitioning and the retention increased with increasing number of Trp-rich peptide
units inserted into ZZT0. Insertion of Ile-rich tetrapeptide units affected the partitioning and
retention to a much lesser extent. Partition and modelling data also indicated a folding of
inserted Trp and Ile tetrapeptide units, probably to minimise their water contact. It was also
investigated how to predict the partitioning of proteins in isoelectric PEG/phosphate aqueous
two-phase systems.

The capture of ß-galactosidase from E. coli cell homogentate (50g DW/L) by metal chelat
expanded bed adsorption was studied. These experiments showed that capture, with a certain
degree of selectivity, and clarification of ß-galactosidase could be achieved from a cell
homogenate. However, a rather low recovery of about 35 % was obtained at a capacity of
0.25mg/mL of gel. Thus, several parameters remain to be optimised like the load buffer
composition and the cell homogenate load.

Keywords: E.  coli, aqueous two-phase systems, fusion proteins, hydrophobic interaction
chromatography, expanded bed adsorption, ß-galactosidase, Klenow polymerase, Z-domain,
peptide tags
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1. Aim of the study

The aim of the study was to investigate the partitioning of fusion proteins
in aqueous two-phase systems. The idea was to use a fusion tag to
enhance solubilisation and partitioning of a target protein to the desired
phase when aqueous two-phase system are applied in protein primary
purification. The fusion tag can either be a short peptide or a protein
domain. Model proteins used in the study were the Z domain furnished
with short peptide tags and Klenow polymerase fused to Z domains with
different surface properties. The partition of fusion proteins both in
purified form and from Escherichia coli cell homogenate were
investigated.

A part of this work was to understand quantitatively how the modification
of a protein by the insertion of short peptide handles influences its
partition coefficient in an aqueous two-phase system. The model protein
selected for this study was ZZ, where Z is a synthetic IgG binding domain
derived from staphylococcal protein A. In order to study the effect of
hydrophobicity, and exclude potential effects of charge, an isoelectric
aqueous two-phase system was used, such that the pH of the system was
near the isoelectric pH of this protein and the pH difference between the
phases was small.

As an alternative to aqueous two-phase partition for primary protein
recovery expanded bed adsorption was investigated. In this study cell
homogenate from E. coli with ß-galactosidase was purified.
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2. Introduction

Man has utilised microorganisms for several thousand years.
Fermentation of wine, beer, milk, cheese, meat and fish are examples of
early applications of microorganisms. With increasing knowledge in the
fields of biology and biochemistry, it has become possible to produce
therapeutic proteins in genetically engineered cells. One of the most
commonly used organisms is E. coli. The reason for this part is that E.
coli supports growth to high cell densities and has been the “house pet” of
microbiology for many decades. Therefor substantial knowledge about
this microorganism is available. A few examples for recombinant
therapeutic proteins produced in E. coli are: hGH (human growth
hormone) (Bylund et al., 2000), IGF-I (Chung et al., 2000, Forsberg
1989), interleukin (Kolterman et al., 1997, Robbens et al., 1995) and
antibody fragments (Ayala et al., 1995, Forsberg et al., 1997).

2.1 Composition and organization of Escherichia coli
Prokaryotic cells are small, not more than 1µm in diameter and not more
than 5µm in length. They do not contain membrane-bound organelles.
Gram-negative bacteria, such as E. coli, have the following schematic
structure (Fig. 1):

  Outer membrane

          Cell wall

Cytoplasmic
membrane

Chromosomal DNA     Ribosome
Periplasmic space

Figure 1. Schematic structure of a gram-negative prokaryotic cell.

Around the cell there is a complex outer shell consisting of two lipid
based membranes and a cell wall. The inner membrane, the cytoplasmic
membrane, controls the uptake of all kind of substrates. The space
between the cytoplasmic membrane and the outer membrane is called the
periplasmic space. The interior of the cell is called the cytosol and is
densely packed with ribosomes. Most proteins are located in the cytosol.
However, some proteins are expressed with a leader peptide that regulates
the export to the periplasmic space. Many industrial interesting proteins
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are secreted to the periplasmic space by utilising a leader peptide
sequence. Furthermore, sometimes periplasmic and intracellular proteins
can be found in the bulk medium. The mechanism for this leakage is still
under investigation. Cell lysis, however, could be one of the mechanisms
responsible for the leakage. The complete genetic information of the
bacteria is contained on a single molecule of DNA, although extra
chromosomal DNA can be found on plasmids. A more thorough
description can be found in textbooks (Schlegel 1992).

Table 1
Overall macro molecular composition of an average E. coli cell. Adapted from
Neidhardt et al., 1990.
Macromolecule Percentage of total dry

weight
Molecular weight
Average, Da

Protein
23S rRNA
16S rRNA
5S rRNA
tRNA
mRNA
DNA
Lipid
Lipopolysaccharide
Murein
Glycogen
Soluble pool
Inorganic ions
Total dry weight

55
10.8
5.6
0.3
3.0
0.8
3.1
9.1
3.4
2.5
2.5
2.9
1.0
100

4.0x104

1.0x106

5.0x105

3.9x104

2.5x104

1.0x104

2.5x109

700
4500
(904)n

1.0x106

The DNA of E. coli, which has a molecular mass of 2.5*109 daltons, is
thought to encode some 3000 proteins (of which only about 1000 have
been identified), although not all of them are simultaneously present in a
given cell. Altogether an E. coli cell contains some 3 to 6 thousand
different types of molecules including proteins, nucleic acids,
polysaccharides, lipids and various small molecules and ions (Voet., D.
and Voet., J. 1995).

2.2 Primary Purification
After finishing the cultivation step a large number of units operations are
usually needed for the purification of a target protein. These operations
can be divided into primary recovery (Table 2) and final protein
purification.

The target protein produced in a microorganism can be retained inside the
cell, secreted into the periplasmic space or all the way out into the
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fermentation media. If the target protein is secreted the fermentation
media will be separated from the cells and used for further purification. In
this case large volumes of solution will have to be purified. For intra-
cellular proteins the cells are first separated from the fermentation
medium and thereafter disrupted so that the proteins present in the cells
can be recovered. In this case the total volume to be purified is smaller,
but the solution will contain cell debris and other released host cell
molecules. If the target protein is directed to the periplasmic space the
cells are first separated from the fermentation medium and thereafter
freezing and thawing or osmotic shock is used to destroy the outer
membrane. Then it is possible to separate the periplasmic target protein
from the rest of the E. coli cells. In order to provide a clarified and
concentrated solution for the following chromatographic steps the
primary recovery system must have the possibility of handling large
volumes, solid materials and high amount of host cell proteins. A
problem in the primary purification of intracellular proteins is the high
viscosity of the cell disintegrate in combination with the small size of
disrupted cells. DNA is a especially interesting molecule in this context,
since more than 3% of the cell dry weight consists of DNA and DNA has
the highest molecular weight of all macromolecules (Table 1). The
impact of high cell density and free DNA on the viscosity is well
documented in literature (Toda et al., 1998). DNA gives rice to an
increase in viscosity that is in proportion to the molecular weight of the
DNA molecules (Boynton et al., 1999, Tanigawa et al., 1994).

Table 2
Primary recovery operations.
Unit operation Equipment/method

example
Application

Centrifugation Disc stac separator Cell harvest, cell/cell homogenate
removal

Filtration Cross-flow
membrane

Cell harvest, cell/cell homogenate
removal

Homogenisation High-pressure
Bead-mill

For release of intracellular target
proteins

Precipitation Salt, polymer Protein concentration/fractionation
Expanded bed
adsorption

Column Combining solids removal, volume
reduction, partial target protein
purification

Extraction Aqueous two-phase Combining solids removal, volume
reduction, partial target protein
purification
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2.2.1 Expanded Bed Adsorption
Chromatographic separations are usually carried out using columns with
packed resin. An attractive alternative to the packed columns is to
perform the chromatographic separation by expanded bed adsorption
(EBA). It enables integration of capture and purification of biomolecules
directly from unclarified feed-stock with the removal of suspended
biomass (Chase, 1994; Hansson et al., 1994; Thommes, 1997). This
makes cumbersome methods for clarification, such as centrifugation or
microfiltration, redundant. The expanded-bed process is operated in a
similar manner to a packed-bed process. The main difference is that the
direction of liquid flow is upwards during the expansion, feedstock
application and washing of the bed. These operations are usually carried
out at a constant flow velocity of 300 cm/h. After unbound material has
been washed out, the flow is stopped and the bed allowed to settle.
Elution is usually performed in packed-bed mode using a downward flow
at a decreased velocity, usually 100 cm/h, to keep the volume of the
eluted fraction small (Hjorth, 1997).

Commercial EBA resins differ from standard resins developed for packed
bed chromatography in two important ways. First, they are made of a
composite material with a dense core consisting of e.g. quartz, which
prevents the particles from being transported out of the column with the
liquid flow. Second, there is a distribution of sizes and densities of the
individual particles in the gel, leading to the development of a size-
gradient in the column where the smallest particles are situated at the top.
Usually, adsorbent for expanded beds have particle sizes ranging from 50
to 400µm. Smaller particles result in overexpansion at low flow velocities
and larger particles require very high flow velocities to expand the bed
sufficiently. Densities in the 1.1-1.3g/mL range are required to be able to
operate the expanded bed at flow velocities that result in high
productivity (Hjorth, 1997). When a sufficient fast upward flow is applied
onto the column the bed-volume expands. In the ideal case, the net result
is that the individual particles become stationary in the gel. This leads to a
laminar plug-flow of the running buffer or the sample through the
column. If turbulence is induced in the gel it often results in lowering of
the binding capacity, which leads to an earlier product break-through.
When the EBA-resin is in the expanded mode the distance between the
particles allows complex media such as an unclarified feedstock, directly
taken from a fermentation tank, to pass through the column. In order to be
reusable over several cycles the column needs to be sanitised between the
purifications. Therefore, industrial implementation of EBA technology
has predominantly been focused on ion-exchange chromatography as
these resins can tolerate the harsh conditions employed in cleaning-in-
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place (CIP) protocols (Asplund et al., 2000). Bacterial and animal cell
surfaces are negatively charged, which allows them to interact with the
resin at the conditions of low conductivity commonly used in ion-
exchange chromatography (Anspach et al., 1999). Cation exchange
chromatography often leads to better results in EBA implementations
than anion exchange chromatography. In addition to less interaction with
the cells (Feuser et al., 1999), it also typically gives a better removal of
contaminating DNA and endotoxins due to the negative charge of both
contaminants (Garke et al., 2000).

Four different experimental stages are generally required to study the
parameters that are important for the successful development of an
expanded-bed process from laboratory to production-scale. These stages
are:
(1) small-scale experiments in packed bed mode
(2) small-scale experiments in expanded-bed mode
(3) pilot-scale experiments in expanded-bed mode
(4) production-scale experiments in expanded-bed mode

The first step studies the influence of product characteristics on the
purification process by using a small packed bed. Such experiments
require the use of a clarified feedstock to avoid blockage of the
chromatographic bed. At this stage the optimal conditions for binding and
elution of the product are determined. In addition, it is possible to obtain
and estimate the binding capacity for the protein. The next step in the
development process is the study of an unclarified feedstock in a small
scale expanded-bed column. Here, the influence of cells and/or cell debris
on the adsorption process is evaluated. At this stage it is important to
determine the amount of biomass that can be applied to the expanded bed
and to assess the ability of the process to remove cells and cell debris.
Data from previous studies show that it is possible to apply
approximately 5% dry weight of cells when working with yeast cells or
cell homogenates from E. coli (Hjorth, 1997).

2.2.2 Aqueous Two-Phase Systems
Molecular surface properties causing differences in partitioning
behaviour in aqueous two-phase systems can be used, for example, in the
separation and characterisation of biomaterials, macromolecules, viruses
and cells (Albertsson, 1986; Walter and Johansson, 1994).

Two main classes of aqueous two-phase systems can be recognised,
polymer1/polymer2 and polymer/salt. The formation of the two phases in
the polymer1/polymer2 system is enthalpy driven due to incompatibility
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between water-soluble polymers. At low polymer concentrations the
polymers are miscible and coexist in a single phase. Above a critical
polymer concentration they will separate into two phases, where each
phase is enriched in one of the polymers. The polymer/salt system is
formed due to a salting out effect on the polymer.

The phase system can be described in a phase diagram (Fig. 2). The
binodial curve describes the border between the one phase area and the
two-phase area. The area above the binodial describes all compositions
giving rise to two-phase systems. All systems on a tie-line give identical
chemical compositions in the top and bottom phases, respectively,
defined by the points a and c, (Fig. 2), respectively (Huddleston, J.,
1991). Aqueous two-phase systems are characterised by high water
content in both phases, typically between 70-99%.

The partition of biomolecules in an aqueous two-phase system is
described by a partition coefficient K, which is defined as the top to
bottom phase concentration ratio, Ct/Cb, for a biomolecule. The yield in
the top phase is calculated as Yt (%) =100/(1+1/KR), where R is the top to
bottom phase volume ratio. For example to obtain 95% yield at a volume
ratio R=5 theoretically a K-value of 3.8 is needed. The volume ratio,
R=Vt/Vb of the phases can easily be altered at the same time as the
polymer concentration in each phase is kept constant by using systems on
the same tie-line in the phase diagram.

An aqueous two-phase system can be applied as a primary recovery step
after fermentation. Most common systems for this application are based
on poly(ethylene glycol) (PEG) and an inorganic salt, e.g. potassium
phosphate. Typically the target protein is recovered in the light PEG-rich
phase while cells, cell debris and nucleic acids are left behind in the
heavy salt-rich phase. The target protein can be recovered from the PEG
phase in a second extraction step where the new salt phase has been
modified in pH and/or with addition of e.g. NaCl (Kula 1990). Other
techniques to recover the target protein from the PEG phase are
membrane filtration (Veide et al., 1987) and packed bed chromatography.

In aqueous two-phase system both soluble and solid materials as well as
large volumes will have to be processed. To achieve high product yield
and purity it is desirable that the target protein has a strong partitioning to
one of the phases in the system, while contaminating proteins, nucleic
acids and cell debris partition into the opposite phase. Use of this
separation technique in the purification of recombinant proteins, often
allows clarification, concentration and target protein purification unit
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operations to be combined in one primary recovery step (Veide et al.,
1983).

Figure 2. A schematic illustration of a phase diagram describing the equilibrium in an
aqueous two-phase system.

Another potentially attractive way for the primary extraction of a target
protein is based on thermopolymer phase systems that includes both the
recovery of the protein from the phase system and the recycling of the
thermopolymer (Persson et al., 2000). In the first extraction step a
thermopolymer/polymer system is used. This is followed by a second
extraction step where the recovered thermopolymer-rich phase from the
first step is heated to a temperature above the cloud point (CP) (Fig. 3).
The CP is the temperature at which an aqueous solution of a
thermopolymer becomes cloudy. Increasing the temperature a few

Protein

Polymer 2 or salt
Polymer 1

Centrifugation

Volume top, Vt

Volume bottom, Vb

a

b

c

Polymer 2 or salt, % (w/w)

Tie-line

Binodial

One phase region

Two phase region

Cloud 
point

Phase volume ratio, R = Vt/Vb ≈ bc/ab
Partition coefficient, K = Ct/Cb

Yield in top phase, Yt (%) = 100/(1 + 1/KR)
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degrees above the CP will give rise to the formation of two phases, one
heavy polymer-rich phase and one almost pure light aqueous phase. A
common thermopolymer used is a random copolymer based on 50%
ethylene oxide (EO) and 50% propylene oxide (PO), i.e. EO50PO50. The
thermoseparating temperature for EO50PO50 is 50°C, but by the addition
of sodium sulfate to the system the CP can be decreased (Harris et al.,
1991). An increase of the propylene oxide amount in EOPO will also
decrease the CP. The idea is that in the first extraction step the target
protein is recovered in the thermopolymer-rich phase while the
contaminants are collected in the polymer-rich phase. For the second
extraction step it has been shown that all most all proteins are partitioned
exclusively to the aqueous phase (Persson et al., 2000). Thus, the aqueous
phase including the target protein can be processed further downstream
while the concentrated polymer phase can be recycled (Fig. 3). Many
thermoseparating polymers contain ethylene oxide groups. PEG is a
thermoseparating polymer but its CP is too high (above 100°C) for use in
a thermoseparating process for the separation of biomaterials (Saeki et al.,
1976).

Starch polymer
and water

EO/PO copolymer 
and water

= Target protein Top phase

Protein
and water

HEAT 
TRANSFER
TOP PHASE

Recycling of EO/PO copolymer 

EO/PO copolymer 

= Contaminants

Figure 3. The concept of purification of a target protein and recycling of the polymer
by extraction in an EOPO/starch system (Persson et al., 2000).

2.2.3 Affecting the partitioning behaviour
The partitioning behaviour depends strongly on both the properties of the
phase forming components and on the surface properties of the protein
such as charge and hydrophobicity. Different ways to affect the
partitioning are summarised below.
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Polymer Concentration. The partitioning will become more extreme
towards one of the phases as the polymer concentration of the two-phase
system increases (Albertsson et al., 1987).

Molecular Mass of the Polymer. The higher the molecular mass of the
polymer, the less the partition of the protein to this phase (Albertsson et
al., 1987; Zaslavsky, 1995).

Charge effects. A protein has no net charge at its isoelectric point (pI),
but if the pH is increased or decreased, the net charge of the protein will
become negative or positive, respectively. This net charge can be used to
direct the protein partitioned in the system (Johansson, 1970, 1974). By
adding salt to the two-phase system in a concentration range of about
100mM, charged proteins can be directed towards the one or the other
phase. Different ions have different affinity for the two phases in the
system and these affinities follow the Hofmeister series (Johansson,
1974). Ions with low charge density, e.g. ClO4

- will partition more
strongly to the more hydrophobic phase than ions with higher charge
density, e.g. SO4

2-. The Hofmeister or lyotropic serie, describes the salting
out effect of ions on the proteins, as well as their effect on the surface
tension on water. The salting out effect or hydrophilicity of the ions
decreases in the following way (Creighton.,  1993):

SO4
2- > HPO4

2- > acetate > citrate > tartrate > Cl- > NO3
- > ClO3

- > I- >
ClO4

- > SCN-

Mg2+ > Li+ > Na+ > K+ > NH4
+

The anions are the dominating ones for affecting the partitioning in
aqueous two-phase systems. If the top phase is more hydrophobic
relatively to the bottom phase the partition coefficient increases in
combination with hydrophobic anions for proteins carrying positive net
charges. For proteins with a negative net charge the partition coefficient
is decreased if hydrophobic anions are added.

A specific salt will be dominating in the system if a concentration 10
times higher than the other salts present is added. The dominating salt
will determine the protein partition while the influence of the other salts
will be negligible (Johansson, 1974). Very common is to use 10mM
buffer salt and 100mM directing salt.
Another way to use charges is to use detergents in the system (Sivars et
al., 1996). Micelles of non ionic surfactants can be included into one of
the phases in a two-phase system, and by the addition of small amounts of
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charged surfactants the surfactant rich phase can be charged. Proteins of
opposite charge will be partitioned to this phase.

Affinity partition. The aqueous two-phase partitioning of a protein can
be strongly influenced by attaching a biospecific ligand to the polymer.
Numerous ligands have also been studied and recently metal chelators
were also applied as affinity ligands in two-phase systems to purify
genetically engineered proteins fused with a polyhistidine tag (Sivars et
al., 2000). The protein-metal chelator interaction is strengthened at high
salt concentrations, which makes it specially interesting to use in aqueous
two-phase systems (Kula, M-R., 1990). Even though these affinity
systems can provide extreme partitioning, applications of affinity systems
for large scale-purifications is expensive and is currently not used in
industry.

Fusion proteins. In order to improve partitioning one can use genetic
engineering and produce fusion proteins. The idea is that the fusion tag is
going to direct the target protein to one of the phases. The addition of a
tryptophane rich peptide tag to a protein has been shown to increase the
partition of the fusion protein to the PEG phase in a PEG/salt system
(Köhler et al., 1991). In the water/EOPO aqueous two-phase systems,
tryptophan has been shown to be the most hydrophobic amino acid,
which means that it partitions more strongly than other amino acids to the
EOPO copolymer phase (Johansson et al., 1995). Insertion of isoleucine
residues instead of tryptophane residues in fusion tags affected the
partitioning to a lesser extent in a PEG/salt system when the small protein
ZZ was used as a model protein (I).  Peptide tags containing tryptophan
residues have been fused to target proteins, e.g. cutinas (Bandmann et al.,
2000) and endoglucanse (Collén et al., 2001). In EOPO/dextran log K
increases linearly with the number of exposed tryptophan residues added
to the tag and the protein (Berggren et al., 1999).

Protein Conformation. Most water-soluble proteins are folded with the
hydrophobic amino acid residues buried in the core of the protein and the
charged and hydrophilic amino acids on the surface (Creighton, 1993;
Miller et al., 1987). If denaturing agents are added to the system, e.g. urea
or sodium dodecyl sulphate (SDS), the proteins will loose their native
three-dimensional structure. Thus, more of the hydrophobic amino acids
previously buried in the core of the protein will now become exposed.
This will result in a change in the protein partition. However, the
denaturing agents will affect all of the proteins present in the solution and
their partitioning properties will be affected. Thus, it is difficult to
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achieve a selective effect by the addition of denaturant (Rämsch et al.,
2000).

2.3 Chromatographic Principles
After the primary purification of the cell homogenate, chromatographic
techniques dominate in the final high resolution purification.
Chromatographic methods commonly used in process scale are
summarised below.

Ion exchange chromatography. Negatively charged proteins adsorb to
positively charged matrices (anion exchangers) while positively charged
proteins adsorb to negatively matrices (cation exchangers). The binding
strength is reduced by increased ion strength in the solvent and this may
be used to elute the proteins from the column by washing with an eluent
with increasing ionic strength. Alternatively elution may be made by
changing the pH. Elution may be performed with a gradient with respect
to ion strength or pH and the proteins are then eluted  from the column in
an order that is determined by their relative electric charge (Janson and
Rydén 1998).

Affinity chromatography. Agarose is a common packing material used
in affinity chromatography. A large number of ligands which are either
very specific to a protein, like monoclonal antibodies, or specific to
groups of proteins, like the triazine dies which bind NADH dependent
enzymes, are applied for the binding of the product in affinity
chromatography. The elution method depends much on the type of
binding between the protein and the ligand. Often pH or salt gradients
may be used but in other cases more specific and expensive chemicals
have to be applied. A new and very interesting way of creating novel
affinity ligands is to use combinatorial protein engineering (Nord   1999).

Hydrophobic interaction chromatography (HIC). Many proteins have
spots of hydrophobic surfaces and this property may be used for
adsorption to chromatographic materials, which had been derivatised with
hydrophobic ligands, like phenyl- and octyl groups (Janson and Rydén
1998).

Immobilised metal affinity chromatography (IMAC). Histidine,
cysteine and to some extent also tryptophan have affinity to transition
metal ions like Zn2+, Ni2+ and Cu2+ (Porath 1975, 1992). Proteins which
have such amino acids available at the surface may, in the presence of
these ions, be bound to chromatographic media  which have been
derivatised with a metal chelating agent. Nitrilotriacetic acid (NTA),
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iminodiacetic acid (IDA) and other chelators have been used for this
purpose and the technique is called immobilised metal affinity
chromatography (IMAC). The most common fusion tag for IMAC is
probably the polyhistidine tag. Particularly effective are pairs of histidine
residues in close proximity in the structure, not necessarily in sequence
(Sulkowski, E. 1989). Low pH or imidazole (competitor) can be used for
elution.

Gel filtration. Gel filtration is also called size exclusion chromatography,
which refers to the operation principle: small molecules diffuse into the
porous gel beads which retard their transport through the column, while
large molecules pass outside the gel beads and therefore are eluted faster
from the column (Janson and Rydén 1998).
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3. Materials and methods

3.1 Chemicals
Poly(ethylene glycol) 4000 (Mr 3500-4500) was purchased from
MERCK-Schuchardt. Yeast extract and casaminoacids were obtained
from Difco. The random copolymer Breox PAG 50 A 1000 (Mr 3900)
with 50% ethylene oxide and 50% propylene oxide (EO50PO50) was
obtained from International Speciality Chemicals Ltd. (Southampton,
England). The starch polymer Reppal PES 200 (Mr 200 000), ref.nr. 85
123 was a gift from Carbamyl AB (Kristianstad, Sweden). Na-phosphate,
K-phospate, Tris-HCl and Na-citrate were obtained from Merck. All salts
were of analytical grade. Tween 20, DOTAB and SDS were also
purchased from Merck .

3.2 Bacterial strains and cultivations
E. coli K-12 strain W3110 was used for expression of Z-Klenow protein
constructs and produced in shake flask cultivations (Gräslund, 2001). E.
coli RV308, which is a prototrof bacterial strain, was used for production
of ZZ-peptide fusion proteins (Köhler et al., 1991). E. coli ATCC 15224
was used to produce ß-galactosidase (KTH 2001).

3.3 ZZ-peptide fusion proteins
The short peptide sequence AlaIleIlePro (I) was fused to the model
protein ZZ (Fig.1, I). Z is a 58 amino acids derivative of staphylococcal
protein A (Nilsson, B. and Abrahamsén, L. 1990). The even distribution
of ZZ in the PEG4000/potassium phosphate system makes it suitable for
the analysis of partition coefficient enhancements. Z is a hydrophilic
robust protein and lacks Trp-residues. The IgG binding properties of Z
makes it easy to purify. The fusion to the ZZ target protein was made to
the C-terminus, knowing that the C-terminus of ZZ is not buried (Köhler
et al., 1991). The production and the purification of ZZ-peptide fusion
proteins are previously described (ref. 9, I). The purified proteins were
analysed using separation by SDS-PAGE under reducing conditions. The
Pharmacia LKB PHAST system was used with 20% homogeneous gels.
The gels were stained with Coomassie Blue.
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3.4 Z-domain tag and Klenow polymerase fusion proteins

Table 3
Z-domain tag and Klenow  polymerase fusion proteins. The isoelectric point, pI is
theoretically calculated.
Protein MW(Da) pI
Zwt

Zwt-Klenow
Zbasic1

Zbasic1-Klenow
Zacid2

Zacid2-Klenow
Ztrp12

Ztrp12-Klenow
Klenow

8695.6
76893.5
8852.9
77050.9
8454.2
76652.1
8592.5
76790.5
68215.9

4.94
5.54
10.86
6.19
4.34
5.33
4.5
5.45
5.65

Calculations are not based on Klenow-exo-. Klenow-exo- does not include the  3´-5´
exo nucleas activity. This does not affect the pI and MW of the proteins.

The Z-domain consisting of 3 alfa helices has been used as the scaffold to
construct different Z-domain variants (Gräslund, 2001). In Zbasic1 10
amino acid residues have been changed to Arg by site directed
mutagenes. In Zacid2 five amino acid residues have been changed to 2 Asp,
2 Glu and 1 Ala. In Ztrp12 13 residues have been changed to 4 Trp, 2 Ala, 1
Met, 1 Val, 1 Ser, 1 Asp, 1 Phe, 1 Glu and 1 Gln (Fig. 4) (Table 3).

DNA polymerase I is a multifunctional enzyme, found in all cells and the
major enzyme in DNA-synthesis. It does not only polymerise DNA but
edits and repairs it as well. The polypeptide chain of DNA polymerase I
from E. coli is divided into three domains, each having a specific catalytic
activity. The N-terminal domain of about 300 amino acids has 5´-
3´nuclease activity (36 kDa), can be cleaved off without impairing the
activities of the other two domains, i.e. the Klenow fragment. The C-
terminal domain of the Klenow fragment has the polymerase activity, and
the remaining 200 amino acids included the 3´-5´exo nuclease activity. In
this work a Klenow exo nucleas deficient mutant was used and refereed
to as Klenow (Branden and Tooze 1991).
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Figure 4. The different Z-domain tags are illustrated and show their amino acid
sequence and how they differ from unmodified Zwt  (shown in bold). The alpha helical
part of the protein is underlined. Compare with Figure 6.

3.5 Partition experiments
An investigation with E. coliW3110 clarified cell homogenate was
performed to investigate how the position of the binodial was affected. A
PEG4000/Na-phosphate (dibasic/monobasic phosphate mole ratio=1.42,
pH≈7) system with 50g DW/L (dry weight/L) clarified cell homogenate
was titrated with 0,1-0,5g 50g DW/L clarified cell homogenate at a time.
Then test tubes were incubated at 25°C in water bath (5 min.) followed
by rotation (1 min.), incubated again at 25°C. After this the phases were
separated by centrifugation at 3000 RPM (10 min.), incubated again and
finally phases were analysed.

The clarified cell homogenate was prepared as follows. E. coli cells, 100g
DW/L were disintegrated in a high-pressure homogeniser (French press
FA 073, Aminco, USA). The cell homogenate was diluted to 50g DW/L
with 10mM Na-phosphate, pH 7. Thereafter it was centrifuged at 35000g
for 25 minutes at 4°C. The supernatant was used for investigating effects
on the binodial. The reason for using clarified cell homogenate was to
simplify the analysis.

Aqueous two-phase partition experiments were performed mainly with
cell homogenate containing the different variants of the fusion proteins
Z-Klenow. The main phase system used was the Breox/Reppal system.
Phase systems were made from 100% (w/w) solution of Breox (EO50PO50

(w/w)) and a 35% (w/w) stock  solution of Reppal 200 000. All the time
the system 7% (w/w) Breox/11% (w/w) Reppal 200 000 was used. As
buffer salts sodium phosphate and Na-citrate at different pH were used.
To affect the partitioning of the target protein in the cell homogenate
different chemicals were added to the aqueous two-phase system, such as
NaCl, detergent and urea.

The phase systems were made up directly to their final total masses (5 or
10g) in graduated centrifuge tubes by weighing in stock solutions of
phase forming components and distilled water. Before the addition of the

Zwt  VDNKFN KEQQNAFYEILH LPNLN EEQRNAFIQSLKD DPSQS ANLLAEAKKLNDA QAPK

Zb1  VDNKFN KERRRARREIRH LPNLN REQRRAFIRSLRDD PSQS ANLLAEAKKLNDA QAPK

Za2  VDNKFN KEEQDAFAEILH LPNLNEEQENAFIQSLDDDPSQSANLLAEAKKLNDAQAPK

Zt12 VDNKFNKEWWAAMVEISDLPNLNAFQEQAFIWSLWDDPSQSANLLAEAKKLNDAQAPK
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sample, which were either cell homogenate or purified target protein, the
tubes were thoroughly mixed. The phase systems were chosen as to
obtain a top-to-bottom phase volume ratio of about 1:1, in order to
simplify the sampling procedures. After mixing the phase system with the
cell homogenate the tube was incubated at 25°C for 10 min., then mixed
for 10 min. and then incubated again at 25°C for 10 min. Finally the tubes
were centrifuged at 3000 RPM for 10 min. After reading the phase
volumes, samples from the top and bottom phases were carefully
withdrawn with Pasteur pipettes for analysis. The partitioning of Z-
Klenow fusion proteins was measured with the luminescence method.
TAE buffer was used for all dilutions. The total fusion protein
concentration in the two-phase systems was approximately 110-
4000µg/mL (20g DW/L) and 22-800µg/mL (4g DW/L). As a
complementary protein assay method SDS-PAGE (Pharmacia LKB
PHAST system) was performed on all samples under reducing conditions
with 12.5% homogeneous gels. The gels were stained with Coomassie
Blue.

For partition experiments with ZZ-peptide tag fusion proteins see paper I.

3.6 ds-DNA analysis
Two different methods to measure double stranded (ds)-DNA were
compared.

Hoechst 33 258 (bisbenzimide) is a fluorescing substance that binds to
the minor groove in DNA and preferentially to adenine-thymine (AT)
regions. Proteins, nucleotides and RNA do not interact with the method.
The sample was incubated with 3M NaCl for 30 minutes so that proteins
that bind to DNA are released. The excitation was performed at 365nm
and emission at 460nm (fluoremeter DynaQuant 200, Pharmacia). The
light emission is directly related to the amount of  AT  in  DNA. The
measuring range is 10ng/mL-5µg/mL.

The other method tested was based on the dye PicoGreen. Where
excitation was performed at 480nm and the emission at 520nm
(fluoremeter TD700, Scandinovata). With the PicoGreen method the
measuring range is 50pg/mL-1µg/mL. PicoGreen analysis ds-DNA and is
insensitive to ss-DNA. When PicoGreen binds to DNA there is a change
in the emitting wavelength. The binding mechanism of PicoGreen to
DNA is not known.

The two methods were tested on the 7% PEG (w/w)/13% (w/w) Reppal
aqueous two-phase system. To the experiments stock solutions of 35%
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(w/w) Reppal 200 000 and 40% (w/w) PEG 4000 were added. As starting
material 100g DW/L E. coliW3110 cell homogenate in 10 mM Na-
phosphate buffer, pH 7, was used. All the phase forming components and
cell homogenate were added to test tubes and then mixed and centrifuged.
Samples from cell homogenate, top phases, bottom phases and inter
phases were collected for DNA analysis. However, in one experiment the
phase forming components were added and mixed before the cell
homogenate was added. After that the total system was mixed again and
samples were withdrawn for analysis.

3.7 Assay of DNA Klenow polymerase activity
The DNA polymerase activity of Z-Klenow was used to analyse the
fusion protein concentration. The assay is based on three reaction steps
(Fig. 5). The release of PPi in the first step is proportional to the amount
of Z-Klenow present in the sample. In the second step PPi is converted to
ATP in the ATP-sulfurylase reaction. The final reaction utilises the
luciferin-luciferase system to produce stable light that is measured.
Luciferase is purified from firefly. The assay is not affected by inorganic
phosphate and it is suitable for routine applications (Nyrén and Lundin,
1985). The assay is very sensitive and yields linear response between 1.5
and 30µg/mL.

Figure 5. The three reaction steps to measure Klenow polymerase activity.

During the analysis first the background activity in 198µL mix (Table 4)
and 1µL dTTP, 5mM was checked. Then the sample was added to start
the reaction.

Z-Klenow
(DNA)n+dTTP     (DNA)n+1+PPi  (1)
(n=number of residues)

ATP-sulfurylase
PPi+APS      ATP+SO4

2- (2)

luciferase
ATP+luciferin+O2   AMP+PPi+oxyluciferin+CO2+hv (3)
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Table 4
This recipe is enough for 10 samples. The compounds in the stock solution is
confidential, that is also the concentration of the other ingredients in the assay mix
Assay mix for Z-Klenow

1725µL TAE100mM
10µL DTT
11.4µL sulfurylase
5µL luciferase
40µL APS
200µL stock
5µL dAdT

The template used for measurements consisted of poly-dA DNA with
annealed dT primers of 12-18 bp length (dAdT12-18). Incorporation of
bases (dTTP) in the template by the Z-Klenow release PPi that is
converted to light through a cascade of enzymes as described above. The
light produced was monitored by an LKB 1250 tube luminometer
(Biothema, Dalarö, Sweden). The polymerase activity of a commercially
available Klenow polymerase was also monitored.

3.8 Capture of ß-galactosidase from E. coli cell homogenate by metal
chelat expanded bed adsorption
For materials and methods, see paper III. ß-galactosidase is very
successfully purified in a PEG4000/phosphate aqueous two-phase system
with a K-value of 100 (Köhler et al., 1989). ß-galctosidase from E. coli
consists of four subunits, each of 1023 amino acid residues, of which 33
are histidines and therefore, it was expected to bind to metal chelat
adsorbents.

3.9 ß-galactosidase analysis
ß-galctosidase activity was determined by the rate of o-nitrophenyl-ß-
galactopyranoside hydrolysis, as described elsewhere (Bylund et al.,
1998).
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4. Results and Discussion

4.1 Partitioning of Klenow polymerase using protein domain tags
The aim here was to increase the partition coefficient for Klenow
polymerase in aqueous two-phase systems with the aid of fusion domains.
The fusion domains used were Zwt, Zbasic1, Zacid2 and Ztrp12 (Fig. 6)
(Gräslund, T., 2001). The tag is approximately one tenth of the whole
fusion protein (Table 3). The K-values are based on measurements of
activity with the luminescence method. SDS-PAGE is also performed on
all samples. The two methods are complementary to each other. The
luminescence method turned out to give a K-variation of approximately
±50%, when calculating K-values. Thus, K-values are not exact figures,
but rather gives the general partitioning trend.

Figure 6. Different domain tags are shown. The changes made on the Zwt-domain
have been indicated as follows. On Zbasic1 blue spots represents amino acid residues
changed to arginine. On  Zacid2 red spots represents residues changed to aspartic acid
and glutamic acid and green spots represents residues changed to other amino acids
but not aspartic acid and glutamic acid. On Ztrp12 yellow spots represent residues
changed to tryptophan and green spots represent residues changed to other amino
acids but not tryptophan. Compare with Figure 4.

4.1.1 7% (w/w) Breox /11% (w/w) Reppal systems
In this experiment the effect of the chloride ions on partitioning was
investigated (Table 5). Chloride ions are hydrophobic and used to
enhance the partitioning of proteins with positive net charge to the Breox-
rich phase (Berggren et al., 1995). Irrespectively of fusion partner used all
the constructs partitioned slightly in favour of the Reppal-rich bottom
phase as shown in Table 5.

Z wt Z basic1 Z acid2 Z trp12



21

Table 5

Partition coefficients in 7% (w/w) Breox/11% (w/w) Reppal, 20mM Na-phosphate at
pH 7 and 20mM Na-citrate at pH 5. In all experiments NaCl was the dominating salt
as indicated. Samples were added as cell homogenates or as purified fractions if
indicated. Together with added samples Tris-HCl, pH 7.5 or 8, was added to give final
concentrations indicated in the table.
pH K

Zbasic1- Klenow
(pI=6.19)

Zwt-Klenow
(pI=5.54)

Ztrp12-Klenow
(pI=5.45)

5 0.036a,e
7 0.2b 0.6c 0.44d
a. 5mM Tris-HCl, pH 7.5 and 200mM NaCl. b. Purified protein was added and
together with that Tris-HCl, pH 8, and NaCl giving final concentrations of about
10mM and 325mM, respectively. c. Purified protein was added and together with that
Tris-HCl, pH 7.5, and NaCl giving final concentrations of about 40mM and 280mM,
respectively. d. 10mM Tris-HCl, pH 7.5 and 8% (w/w) NaCl. e. Total yield <20 %.

All the proteins are carrying a negative net charge at pH 7 (Table 3).
Although the Zbasic1-part of Zbasic1-Klenow makes the protein rather polar
with its positively charged Arg-residues, the chloride ions did not seem to
recognise this by directing the protein towards the Breox-rich phase when
compared to Zwt-Klenow and Ztrp12-Klenow. In contrast the positively
charged Arg-residues on Zbasic1-Klenow can be used very efficiently for
binding the protein using cationic EBA although the net charge of Zbasic1-
Klenow is negative (Gräslund, 2001). Thus, this indicates that it is the net
charge of the protein rather than the polarity of it that is involved in the
charged directed partitioning (Berggren et al., 1999). Surprisingly at pH 5
the K-value of Zbasic1-Klenow was even lower than at pH 7 although the
protein now should have a positive net charge. However, from this
experiment it was difficult to draw any conclusions since the protein yield
was less than 20%. In addition the experiment at pH 7 showed that no
effect of Trp on partitioning could be observed.

As the final goal was to perform extraction on E. coli cell homogenate
only this was used as starting material in the following 7% (w/w)
Breox/11% (w/w) Reppal systems.

As shown in Table 6 with cell homogenate 4g DW/L, some high K-
values were achieved. Thus, by replacing NaCl as the dominating salt
with Na-phosphate at pH 7 (Table 5 and 6) the partitioning of Zwt-Klenow
and Ztrp12-Klenow towards the Breox-rich phase were significantly
enhanced. The phosphate ions are hydrophilic and are expected to direct
the partitioning of proteins with negative net charge towards the Breox-
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rich top phase. In the pH 5 system Na-citrat was used as the dominating
salt and Zbasic1-Klenow partitioned to the Reppal-phase with a K-value
similar to what was achieved in the presence of NaCl (compare with
Table 5). However one might have expected a lower K-value after
removal NaCl since the citrate--ion is more hydrophilic than the Cl--ion. It
should be noted that Zbasic1-Klenow at pH 5 still gave a low yield. A large
increase in the partition coefficient going from pH 6 and pH 7 for Zwt-
Klenow was observed. This might be explained by that the negative net
charge increases for the proteins and/or the HPO4

2-/H2PO4
- mole ratio

increases. The H2PO4
- ion is more hydrophobic compared to the HPO4

2-

ion. At pH 8 and pH 9 there is no difference for Zwt-Klenow and Ztrp12-
Klenow, which again indicated that Trp did not enhance the partitioning
to the Breox-rich top phase.

Table 6

Partition coefficients in 7% (w/w) Breox/11% (w/w) Reppal, 20mM Na-phosphate at
pH 6-9, and 20mM Na-citrat buffer at pH 5. Samples were added as homogenates.
With the cell homogenate Tris-HCl, pH 7.5, was added to give a final concentration
between 5 - 17mM as indicated in the table.
pH K

Zbasic1-Klenow
(pI=6.19)

Zwt-Klenow
(pI=5.54)

Ztrp12-Klenow
(pI=5.45)

5 0.09a,e
6 0.01c
7 6.9c 16.3b
8 5.3b 15c 12.4b
9 5.4b 15c 16.7b
a. 5mM Tris-HCl. b. 10mM Tris-HCl. c. 17mM Tris-HCl. e. Total yield <30 %.

Zacid2-Klenow is the most acidic construct of the fusion proteins used in
this investigation. Therefore, one might expect it to have the strongest
partition to the Breox-rich phase when using hydrophilic salts. Thus,
Zacid2-Klenow was also partitioned in the Breox/Reppal system with Na-
phospahte as dominating salt at different pH (Table 7). Surprisingly all K-
values obtained were below one. Important to notice is that compared to
the experiments with the other constructs (Table 6) the cell homogenate
concentration used was higher, i.e. 20g DW/L instead of 4g DW/L.
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Table 7
Partitioning data for Zacid2-Klenow (pI=4.34) in 7% (w/w) Breox/11% (w/w) Reppal
systems, 20g DW/L cell homogenate, 100mM Na-phosphate
pH K
6 0.1
7 0.3
8 0.3
9 0.2

One possible explanation could be that our target protein is bound to DNA
and is following DNA partitioning. Another reason could be that the
increased cell homogenate load might have effected the partitioning
behaviour. It has been demonstrated that at 20mM Na-phosphate DNA is
partitioning to the top phase and at 100mM Na-phosphate DNA is
partitioning to the bottom phase, in a 5% (w/w) Breox/13% (w/w) Reppal
PES 100 system  (Tjerneld, F., personal communication, 2001).

To investigate the effect of cell homogenate load on the other target
proteins they were partitioned as shown in Table 8. As can be seen all the
K-values for all constructs decreased significantly.

Table 8
7% (w/w) Breox/11% (w/w) Reppal system, K-values at pH 8, 20g DW/L cell
homogenate and 100mM Na-phosphate
Zbasic1-Klenow Zwt-Klenow Ztrp12-Klenow Zacid2-Klenow
0.03a 0.3b

0.03 0.08 0.2 0.09
a. pH 6.0 with Tween 20 (1.3%)+SDS (0.013%)
b. Tween 20 (1.6%)+DOTAB (0.079%)

Also detergents were tested to investigate charge effects on partitioning.
By adding the two detergents SDS and Tween 20 or DOTAB and Tween
20 to the Breox/Reppal system negatively or positively charged mixed
micelles are formed, respectively, that partitions to the Breox-rich phase
(Sivars et al., 1996).  However, no partition effects on Zbasic1-Klenow and
Zacid2-Klenow were observed (Table 8).

Tris-HCl at 100mM was compared to Na-phosphate in Table 9 as the
dominating salt. Tris-HCl and Na-phosphate gave the same results (Table
8 and Table 9). It was speculated above that the target proteins might be
bound to DNA and that this effects the protein partitioning. To test the
hypothesis Mg2+ ions where added to one system (Table 9) with the idea
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that the ions should replace the protein at the DNA. However, we got the
same results with or without Mg2+, which indicated that DNA did not
affect the partition of Zbasic1-Klenow.

Table 9
7% (w/w) Breox/11% (w/w) Reppal system, pH 8 with 100mM Tris-HCl and cell
homogenate 20g DW/L
Zbasic1-Klenow
       K

Zwt-Klenow
      K

Ztrp12-Klenow
       K

0.08 0.1 0.06
0.08a

a. In this system 20mM MgCl2 was added, indicates no DNA effect

To further investigate the effect of cell homogenate load on the
partitioning an experiment on Ztrp12-Klenow was performed. A high and a
low cell homogenat concentration was used in combination with different
Na-phosphate concentrations as well as additions of SDS (micellar charge
effects) and urea (protein conformation effects) (Table 10).

Table 10
The starting material was Ztrp12-Klenow (pI=5.45) which was cultivated in LB medium
and then harvested and after that the cell paste was diluted to 80g DW/L with 20mM
Na-phosphate, pH 7.5. The starting material was partitioning to 7% (w/w) Breox/11%
(w/w) Reppal system and different conditions were used. Ocular observation of the
Breox-rich top phases are included, c=clear; t=turbid.

Conditions K
4g DW/L cell
homogenate

Conditions K
20g DW/L cell

homogenate
21mM NaPO4

5mM SDS,
pH 8

49 (t) 25mM NaPO4

5mM SDS,
pH 8

0.5 (c)

21mM NaPO4

pH 8
10 (t) 25mM NaPO4

pH 8
0.08 (c)

101mM NaPO4

pH 8
0.85 (c) 105mM NaPO4

pH 8
0.3 (c)

21mM NaPO4

1M urea
pH 8

5 (c) 25mM NaPO4

1M urea
pH 8

0.2 (c)

1mM NaPO4

pH 7.5
280 (t) 5mM NaPO4

pH 7.5
0.2 (c)



25

At high cell homogenate load (20g DW/L) the partition of Ztrp12-Klenow
was rather independent of the Na-phosphate concentration where the
protein always preferred the Reppal-rich bottom phase. However, when
the cell homogenate load was lowered to 4g DW/L the Na-phosphate
concentration seemed to affect the phase preference of the protein.  At
1mM Na-phosphate a strong preference for the Breox-phase was obtained
for the protein with a K-value of 280. With increasing Na-phosphate
concentration the K-value dropped and was close to unity at 100mM Na-
phosphate. As can be seen in Table 10 the partitioning of cell debris
seemed to dependent on the cell homogenate load. At higher homogenate
load (≤ 20g DW/L) a clear Breox-rich top phase was observed with a
turbid Reppal-rich bottom phase, while the top phase also became turbid
at a lower load (4g DW/L). This coincides with the general observations
made of cell debris partitioning during the experiments. At a lower
homogenate load not only top phases became turbid but also the cell
debris tended to collect at the interface as an interphase.

4.2 Phase system and Klenow polymerase stability
4.2.1 Temperature stability of Zbasic1-Klenow
If the concept of thermoseparation is to be used with the Breox/Reppal
system the temperature stability of the target protein has to be carefully
considered since the CP for the recovered Breox-rich phase is around
50°C. A temperature sensitivity study of Zbasic1-Klenow showed that a
significant reduction in enzymatic activity was observed already at 37°C
(Table 11). A modification of the system to try to reduce the CP would be
needed and at least two methods are available. One can either change the
Breox polymer to an EOPO polymer with an increased proportion of
propylene units, e.g. EO30PO70, or try to lower the CP by adding a
hydrophilic salt, e.g. Na2SO4 (Harris et al., 1991).

Table 11
Temperature sensitivity for Zbasic1-Klenow .
Time point, Zbasic1-Klenow Percentage activity
Start 100
37°C, 1h 78
50°C, 1h 24 (precipitated)
start 100
37°C, 1h 47
50°C, 1h 26 (precipitated)

4.2.2 pH sensitivity for Zbasic1-Klenow, at pH 5
A study was done to investigate the pH sensitivity for Zbasic1-Klenow, at
pH 5. Zbasic1-Klenow turned out to be stable at pH 5 in this experiment
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(Table 12). The low yields obtained in the partition experiments earlier
(Table 5 and 6) might be explained by the presence of Breox in the system
that influenced the solubility at pH 5.

Table 12
Sensitivity for Zbasic1-Klenow, at pH=5
Zbasic1-Klenow, 2 g/L Percentage activity
1:100 in TAE, pH 7 100
1:100, 0.2M citric buffer, pH 5 114
1:100, 0.1M citric buffer, pH 5 124

4.2.3 Stability of starch as phase forming polymer
There are E. coli strains that can digest starch (Neidhardt et al., 1990).
Because of this a study was performed to investigate if E. coliW3110
could hydrolyse the phase forming starch polymer, i.e. Reppal 200 000
used in the aqueous two-phase systems. E. coliW3110 cell homogenate
(100g DW/L diluted with 10mM Na-phosphate pH 7) was added to a
system containing 7% (w/w) PEG 4000/13% (w/w) Reppal 200 000. The
systems contained 25g DW/L and 50g DW/L clarified cell homogenate,
respectively. Also a reference system was prepared without cell
homogenate (R=1.4). The systems were mixed for 15 min. and then
centrifuged for 10 min. at 4500 RPM. The procedure was repeated for 4-5
hours and during this time the systems were stable with respect to phase
volume ratio. The cell homogenate partitioned to the top phase for the 25
g DW/L system and to the interface for the 50g DW/L system. This
indicated that starch hydrolyses should not be a problem since the time
scale for the extraction is significantly shorter.

4.2.4 Cell homogenate effects on the binodial
Special attention should be given the displacement of the binodial by the
addition of the disintegrated microorganism (Veide et al., 1984). This
displacement of the binodial curve, for which cellular DNA seems
primarily responsible, may be compensated by reducing the amount of
phase-forming polymers or salts used to form the system (Huddlestone, J.
1991). An investigation with E. coliW3110 clarified cell homogenate to
see how it affects the binodial was performed (Figure 7). When PEG
4000/Na-phosphate (dibasic/monobasic phosphate mole ratio=1.42 which
give pH 7) system with 50g DW/L clarified cell homogenate was titrated
with 50g DW/L clarified cell homogenate to see how this affect the
position of the binodial, the binodial was moved towards origo compared
with a pure system without cell homogenate. This displacement of the
binodial movement probably depends on that DNA is organising water.
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Figure 7. Binodials for pure phase system (♦) (Collet, E., not published) and system
including a cell homogenate load of 50g DW/L (∆).

4.3 Partitioning of protein ZZ using short peptide tags (I and II)
The addition of the short Trp-rich peptide tag T (AlaTrpTrpPro) to the
model protein Z has been shown to effectively enhance the partition to
the PEG-rich phase in a PEG/K-phophate system (Köhler et al., 1991). In
this work the effect of the hydrophobic peptide tag I (AlaIleIlePro) on the
partitioning of the model protein ZZ was investigated. Also the behaviour
on hydrophobic interaction chromatography (HIC) columns was
investigated and compared for ZZ furnished with T or I peptide tags. The
phase system compositions used corresponded to different tie-lines. Tie-
lines describe the equilibrium in the phase system, i.e. in this instance
between PEG 4000-rich top phases and potassium phosphate-rich bottom
phases (dibasic/monobasic phosphate mole ratio = 1.42). With increasing
length of the tie-line the difference in the composition of the phases
increases. The results showed that the constructed partitioning peptide I
did affect partitioning in the phase systems and the retention on PEG and
C3 HIC columns to a much lesser extent than peptide T (I and Köhler et
al., 1991). This supports the hypothesis that it is a specific effect of the
aromatic amino acid tryptophan rather than a general hydrophobic
interaction that influences the partitioning behaviour.
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The peptide tags T and I and the ZZT and ZZI proteins were also used in
a theoretical study in collaboration with Mark Eiteman, University of
Georgia. Here the aim was to develop a mathematical model to predict
the hydrophobic effect on the partitioning of peptides and peptide-
modified proteins in a PEG/K-phosphate aqueous two-phase system. In
order to study the effect of hydrophobicity, and exclude potential effects
of charge, an isoelectric aqueous two-phase system was used, such that
the pH of the system was near the isoelectric pH of this protein and the
pH difference between the phases was small. The relationship between
the model and the surface exposure of peptide tags and the utility of the
model to aid in the design of peptide tags to enhance purification is
discussed in paper II. The basis for the model is that the hydrophobicity
and partition coefficients of peptides may be calculated from the
hydrophobicities of the individual amino acids. As expected, the observed
hydrophobicities were lower than the calculated hydrophobicities, which
is attributed to interactions between residues on the peptides and protein
resulting in a net decrease in the hydrophobicity exposed. In general,
increasing the length of a given peptide results in a lower surface
exposure factor.

4.4 Measurement of DNA concentration
It is important to remove DNA from the target protein and to be able to
follow DNA through the purification process. Therefore two different
methods to measure DNA was investigated. According to literature
(Neidhardt et al., 1990) an average E. coli cell contains 3.1% DNA of the
cell dry weight (cdw). Comparing the two methods gave the following
results when adding cell homogenate to the aqueous two phase system
(7% (w/w) PEG4000/13% (w/w) Reppal 200 000). Both methods gave
standard curve with regression coefficients of 1.0. Also very similar
results were obtained on phase samples from aqueous two-phase systems
containing E. coliW3110 cell homogenate and on a sample with only E.
coliW3110 cell homogenate. The latter gave values that corresponded to
literature data (Experiment 1, Table 13).

An additional observation concerning the behaviour of the phase systems
was made during the DNA assay test. In one of the experiments
(Experiment 1, Table 13) it was observed that cell material collected at
the interface causing the formation of an interphase. This occurred if cell
homogenate was added to a final concentration of 50g DW/L without
mixing of the system until all components had been added. However, if
the two phase components PEG and Reppal were mixed prior to the
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addition of cell homogenate no formation of an interphase was observed
(Experiment 2, Table 13).

Table 13
Comparison of the Hoecht (H) and PicoGreen (PG) methods for DNA assay in cell
homogenate, clarified cell homogenate and the two phases of a 7% (w/w) PEG
4000/13% (w/w) Reppal 200 000 aqueous two-phase system. The DNA concentration
in the separated phases was assayed at two different cell loads, 25g DW/L and 50g
DW/L. Values in brackets gives the yield values, calculated from the DNA
concentration achieved in the cell homogenate.

DNA, mg/ml
H PG

Sample Cell conc.,
g DW/L

Experiment 1 Experiment 2 Experiment 1
Cell homogenate 100 2.8  (100%) 2.8 (100%) 3.5 (100%)
Clarified cell homogenate 100 2.8 2.8 -
PEG-rich top phase 25 1.0 (83%) 1.1 (112%) 1.0 (66%)
Reppal-rich bottom phase 25 0.07 (3%) 0.064 (2%) 0.06 (2.1%)
PEG-rich top phase 50 1.0 (16%) 1.6 (98%) 1.06 (14%)
Interphase 50 2.6 (77%) - 2.7 (64%)
Reppal-rich bottom phase 50 0.17 (3.9%) 0.050

(0.65%)
0.17 (3.1%)

According to the DNA analyses the cell homogenate and the clarified cell
homogenate contained the same amount of DNA. The partition
coefficient of DNA for the 25g DW/L cell homogenate systems was
around 17. When the cell homogenate was increased to 50g DW/L the
partition coefficient decreased to 6. In the 50g DW/L system a lot of
DNA was collected in the formed interphase. If the phase components are
mixed prior to the addition of cell homogenate no interphase was formed
giving a partition coefficient of 32, 50g DW/L (experiment 2, Table 13).
The sodium phosphate concentrations in the phase systems were 10mM
or lower. Thus, the observed DNA partitioning corresponded to
observations made earlier (F. Tjerneld, personal communication, 2001)
and discussed above. The advantage with PicoGreen compared to the
Hoechst assay is that it is probably not cancer causing and that simplifies
the waste handling process. PicoGreen can be destroyed in 2M NaOH
during 24 hours.

4.5 Purification of ß-galactosidase in crude extract with EBA, (III)
Another interesting method to use in the primary recovery of proteins is
EBA. The purpose of this study together with Pharmacia Biotech was to
investigate the performance of a Streamline chelating Ni-IDA
(iminodiacetic acid)-gel in a Streamline 25 column for EBA of an
intracellular protein from an E. coli cell homogenate. As a target
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molecule ß–galactosidase was selected since it’s histidine (His) content is
rather high (3.2% of the total amino acid composition) compared to the
average occurrence in E. coli proteins (1% of the total amino acid
composition). These experiments showed that capture, with a certain
degree of selectivity, and clarification of ß-galactosidase could be
achieved from a cell homogenate. However, a rather low recovery of
about 35% was obtained at a capacity of 0.25mg ß-galactosidase/ml of
gel. The system needs to be further optimised and the problem with the
slow binding chemistry between ß-galactosidase and the gel has to be
solved.  Some of the reasons for the slow binding chemistry could be
linked to the properties of the gel, the size of ß-galactosidase (465 000
Da) and/or non-favourable exposure/orientation of His-residues. It has
been shown that addition of 1M NaCl in the load buffer significantly have
increased the capacity for ß-galactosidase on EBA using Streamline-IDA
Ni2+ (Clemmitt et al., 2000). Thus, by using a load buffer composed of
100mM Na-phosphate, pH 8.0, 1M NaCl, and 6mM imidazole they could
achieve a recovery of about 86% at a capacity of 0.39mg ß-
galactosidase/mL of gel. However, the addition of NaCl to the load buffer
was not the only major difference compared to our experiments. The cell
homogenate load applied was about 5 times lower compared to our load
that was 50g DW/L. This could of course also have affected the bed
expansion and binding behaviour.
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5. Concluding remarks

The two techniques aqueous two-phase partitioning and EBA that both
are suitable for primary protein recovery were studied. Most of the work
was focused on partition in aqueous two-phase systems and in particular
on the possibility to effect the partition behaviour by fusion of short
peptide tags or protein domains to the target protein.

Partition experiments in a Breox/Reppal aqueous two-phase were
performed almost exclusively in the presence of cell homogenate on the
model protein Klenow furnished with various Z-domain tags having
different surface properties. Since the reproducibility of the Klenow assay
was low the partition data gathered was only able to show trends and
therefore small effects of the modified Z-domains on partition could have
been missed. From the experiments it was not possible to observe any
effects on the partition behaviour irrespectively of tested properties of the
domain tag. Although the Zbasic1 and Zacid2 are decorated with a significant
number of positively and negatively charged amino acid residues,
respectively, their effect on the pI of the fusion proteins was rather small
when compared with the unmodified Klenow. The partitioning results
seemed to confirm the fact that charge directed partitioning in
polymer/polymer systems is governed by the protein net charge and not
the polarity of the protein molecule.  Despite the fact that the Trp-residue
has been shown to enhance partition in PEG/phosphate aqueous two-
phase system no such effect was observed in the Breox/Reppal system. In
the PEG/phosphate system short Trp-rich peptide tags were used as
fusion partner while in the Breox/Reppal system a Trp-modified Z-
domain was tested for the first time. To be able to better understand the
possibility of using modified protein domains as fusion partners to alter
partition of proteins experiments with purified domain tags with different
surface properties should be carried out. Despite the absence of domain
tag effects high K-values, i.e. partition to the Breox-rich top phase, were
observed in the Breox/Reppal system. However, the protein K-values
seemed to be rather sensitive to the cell homogenate load and showed a
tendency to decrease with increased cell homogenate load. Also increased
phosphate concentration reduced the K-values. The partitioning of cell
debris also seemed to dependent on the cell homogenate load. At higher
homogenate load (≤ 20g DW/L) clear Breox-rich top phases were
observed with the cell debris collected in Reppal-rich bottom phases.
Such cell debris partition behaviour should be favourable for the design
of a unit operation with high productivity.
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Protein partitioning in a PEG/phosphate aqueous two-phase system have
been described as a delicate balance between exclusion from the
phosphate-rich phase by the surface tension effect, exclusion from the
PEG-rich phase by the steric effect and/or a specific PEG-protein
interaction, a limiting factor being the maximum solubility of the protein
in the phase system. First, this work could confirm the previously
described salt-promoted PEG-protein interaction via the Trp side-chain.
Second, the addition of Trp-rich tetrapeptide units to a model protein
increased its retention on a PEG column with potassium phosphate as
eluent. Both the partitioning to the PEG phase and the retention increased
with increasing number of Trp-rich peptide units inserted. Third, insertion
of Ile-rich tetrapeptide units affected the partitioning and retention to a
much smaller extent. The results also illustrated a relationship between
PEG/phosphate partitioning and PEG HIC. The model proteins showed a
similar behaviour on C3 and PEG columns, the only major difference
being the stronger retention of each protein on the former. Partition data
and model calculations also indicated a folding of inserted Trp and Ile
tetrapeptide units, probably to minimise their contact with water.

The EBA experiments indicated that this technique potentially could be
interesting for primary protein recovery of E. coli ß-galactosidase.
However, several parameters remain to be optimised like the load buffer
composition and the cell homogenate load.
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6. Abbreviations

A=adenine
Ala=alanine
APS=adenosine 5´-phosphosulfate
ATP= adensosine tri phosphate
Cb=concentration in bottom phase
cdw=cell dry weight
CIP=cleaning-in-place
CP=cloud point
Ct=concentration in top phase
DNA=deoxyribonucleic acid
DOTAB=Dodecyltrimethylammonium Bromide
DTT=dithiotreitol
DW/L=dry weight per liter
EBA=expanded bed adsorption
E. coli=Escherichia coli
EOPO=ethylene oxide-propylene oxide random copolymer
HAc=acetic acid
HIC=hydrophobic interaction chromatography
IgG=Immunoglobulin G
I=AlaIleIlePro
IDA=iminodiacetic acid
Ile=isoleucine
IMAC=immobilized metal ion affinity chromatography
K=the ratio solute concentrations in top and bottom phase
LB medium=lactic broth medium
PEG=poly(ethylene glycol)
pI=point isoelectric
PPi=pyrophosphate
Pro=proline
R=phase volume ratio (top/bottom)
RPM=rotation per minute
SDS-PAGE=sodium dodecyl sulphate-polyacrylamide gel electrophoresis
SPA=staphylococccal protein A
TAE=Tris-HAc buffer with EDTA
T=thymine
T=AlaTrpTrpPro
Trp= tryptophan
ZZ=SPA derivative containing two IgG binding domain
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