CHAPTER 6

Engineering proteins for purification
S.J.BREWER

and H.M.SASSENFELD

1. INTRODUCTION
Protein chemists now have the technology to design and synthesize proteins with new
properties. Techniques of DNA synthesis and gene splicing are used to engineer cell
cultures which produce these proteins. A simple application of this technology is to
make proteins which are fused together. These fusion proteins can be given improved
stability and purification properties which assist their isolation from culture extracts.
Although the purified fusion protein may be used for its imrnuno- or enzymic activity,
it is normally a precursor for a native protein. Therefore, protein chemical techniques
are used to hydrolyse a specific peptide bond and release the native protein from the
fusion (Figure 1).
This chapter discusses the practical considerations needed to design fusion proteins
with improved stability and purification properties. However, the design features which
allow the native protein to be released from the fusion protein are critical and these
are discussed first. Methods are then given which allow the extraction, purification
and assay of the fusion protein and the production of the native protein from the fusion
protein precursor. Finally, examples are given illustrating these principles.
This technology is the result of the first application of protein engineering. It may
be applied in research laboratories to rapidly isolate proteins for structural and functional
studies. It may also be used by the biotechnology industry to produce bulk enzyme
catalysts and high-purity pharmaceuticals.
2. DESIGN OF FUSION PROTEL'{S
This section will assist in the design of a fusion protein with improved stability and
purification properties by referring to examples from the literature and providing practical
guidelines. Genetic engineering techniques can produce proteins fused with simple
polypeptides or complete proteins. The genetic manipulations required to produce these
engineered proteins are not the subject of this book (for background reading, see
ref. 1). However, the protein chemist must work with the genetic engineers to
introduce features, such as convenient restriction sites, which allow design changes
to be readily made.
The amount of engineered protein prodnced b cell culture is a product of genetic
and physiological factors. The optimizarion of :ulture conditions and the use of genetics
to modify cellular regulatory systems
ow a single protein to accumulate to 40%
of the total cellular protein (for background reading, see ref. 2). However, when even
small protein modifications are engineered, large changes in protein expression may
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1. Synthesis and isolation of fusion proteins produced by bacteria.

occur. If a fusion protein is expressed poorly when compared with the native protein,
then the problem is unlikely to be intrinsic to the protein itself. Instead, re-optimization
of culture conditions may be required. This is achieved by working with genetic engineers
and fermentation and cell culture technologists.

2.1 Fusion peptide hydrolysis
A primary consideration in designing a fusion protein is making provision for the ultimate
removal of the fusion to produce the native protein. This is required if the fusion protein
lacks the desired specificity or biological activity. Hydrolysis can be achieved by
incorporating a cleavage peptide which directs chemical or enzymic hydrolysis to the
junction of the fusion and protein. Proteases which cleave peptide bonds within
polypeptide chains (endopeptidases) or sequentially digest amino acids from the C or
N terminus (exopeptidases) and chemical methods can be used (Table 1).
In designing a cleavage peptide, the following factors should be considered. First,
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Table 1. Cleavage peptides used in fusion proteins.
Peptide

Method

Product

N-Met-C (5)
N-Asp-Pro-C (6)
N-Lys/Arg-C (7)
N-Glu/Asp-C (8)
N-Lys-Arg-C (9)
N-(Lys)n/(Arg)n
(10)
N-Asp-Asp-Lys-C
(11)
Glu-Ala-Glu-C (12)
N-lle-Glu-Gly-Arg-C
(13)
N-Pro-X-Gly-Pro-C
(14)

Cyanogen bromide
Acid
Trypsin
V -8 protease
Clostropain
Carboxypeptidase B
Enterokinase
Aminopeptidase I
Factor Xa
Collagenase

N-Met and C
N-Asp and Pro-C
N-Lys/Arg and C
N-Glu/ Asp and C
N-Lys-Arg and C
n(Lys)/n(Arg) and N
N-Asp-Asp-Lys and C
Glu-Ala-Glu and C
N-Ile-Glu-Gly-Arg
and C
N-Pro-X and Gly-Pro-C

The amino acid sequences above (where X indicates any amino acid) have been used in fusion proteins to
allow a specific hydrolysis reaction. Depending on the hydrolysis method, these cleavage peptides may be
used with fusion polypeptides linked at either or both their amino and carboxy termini. These are indicated
as Nand C polypeptides respectively.

the resistance of the native protein to the various cleavage reactions should be assessed.
The efficiency of both chemical and enzymic methods may be affected by the protein's
conformation. This can make a protein resistant, even though susceptible amino acids
are present. Resistance can be increased by replacing or deleting susceptible amino
acids from the native protein. The resulting mutant protein, however, may have altered
activity. Secondly, the effects of reaction conditions on the native protein must be
considered. Typically, chemical hydrolysis is performed in denaturing conditions which
will require the protein to be refolded. Proteases, however, can be used in non-denaturing
physiological conditions. Thirdly, the specificity of the reaction should be assessed.
Extremes of pH can modify amino acids, and impurities in proteases may cause
non-specific hydrolysis. Finally, if large quantities of protein are to be produced by
proteolysis, consider if a sufficient quantity of protease with the desired quality is
available.
2.2 Fusions for stability
Stabilization of proteins may be achieved by forming an intracellular inclusion body,
or exporting the protein into the periplasmic space or culture medium (Figure 2).
Proteolysis of small polypeptides in the intracellular soluble fraction of Escherichia
coli is a major factor causing poor yields of extracted protein. Polypeptide fusions can
encourage the formation of inclusion bodies in which the protein is denatured and
aggregated with other cellular components but stable (Table 2). To export proteins,
a fusion is made with an export leader sequence which results in its secretion into the
periplasm and culture medium. The secretion leader sequence is cleaved by an enzyme
in the cell membrane. Examples where proteins have been stabilized by forming fusion
proteins are given in Table 3.
To stabilize a protein by making a fusion protein which forms an inclusion body,
consider the following factors. An inclusion body may be formed by making a fusion
with a portion of a well expressed E.coli protein. The resultant protein is unable to
fold, and an aggregate, enriched in the fusion protein, forms. However, to maximize
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A primary consideration in designing a fusion protein is making provision for the ultimate
removal of the fusion to produce the native protein. This is required if the fusion protein
lacks the desired specificity or biological activity. Hydrolysis can be achieved by
incorporating a cleavage peptide which directs chemical or enzymic hydrolysis to the
junction of the fusion and protein. Proteases which cleave peptide bonds within
polypeptide chains (endopeptidases) or sequentially digest amino acids from the C or
N terminus (exopeptidases) and chemical methods can be used (Table 1).
In designing a cleavage peptide, the following factors should be considered. First,
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Table 1. Cleavage peptides used in fusion proteins.
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Product
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The amino acid sequences above (where X indicates any amino acid) have been used in fusion proteins to
allow a specific hydrolysis reaction. Depending on the hydrolysis method, these cleavage peptides may be
used with fusion polypeptides linked at either or both their amino and carboxy termini. These are indicated
as Nand C polypeptides respectively.

the resistance of the native protein to the various cleavage reactions should be assessed.
The efficiency of both chemical and enzymic methods may be affected by the protein's
conformation. This can make a protein resistant, even though susceptible amino acids
are present. Resistance can be increased by replacing or deleting susceptible amino
acids from the native protein. The resulting mutant protein, however, may have altered
activity. Secondly, the effects of reaction conditions on the native protein must be
considered. Typically, chemical hydrolysis is performed in denaturing conditions which
will require the protein to be refolded. Proteases, however, can be used in non-denaturing
physiological conditions. Thirdly, the specificity of the reaction should be assessed.
Extremes of pH can modify amino acids, and impurities in proteases may cause
non-specific hydrolysis. Finally, if large quantities of protein are to be produced by
proteolysis, consider if a sufficient quantity of protease with the desired quality is
available.
2.2 Fusions for stability
Stabilization of proteins may be achieved by forming an intracellular inclusion body,
or exporting the protein into the periplasmic space or culture medium (Figure 2).
Proteolysis of small polypeptides in the intracellular soluble fraction of Escherichia
coli is a major factor causing poor yields of extracted protein. Polypeptide fusions can
encourage the formation of inclusion bodies in which the protein is denatured and
aggregated with other cellular components but stable (Table 2). To export proteins,
a fusion is made with an export leader sequence which results in its secretion into the
periplasm and culture medium. The secretion leader sequence is cleaved by an enzyme
in the cell membrane. Examples where proteins have been stabilized by forming fusion
proteins are given in Table 3.
To stabilize a protein by making a fusion protein which forms an inclusion body,
consider the following factors. An inclusion body may be formed by making a fusion
with a portion of a well expressed E.coli protein. The resultant protein is unable to
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Table 2. Stability of urogastrone
Fusion polypeptide

Extracellular

Cell Wall

proteins in E. coli.

by inclusion bodies formed with basic polypeptide
Soluble

(%)
None
N-terminal- TrpE
C-terminal-Polyarg
TrpE and Polyarg

•••••••

>90
67
61
83

fusions.

Half-life
(min)

Insoluble
(%)

Stability

6
25
19
36

33
39
17

Stable
Stable
Stable

The effects of the addition of small, basic polypeptide fusions on the stability of urogastrone when expressed
in E. coli was studied using pulse-chase experiments (15). The percentage of the total urogastrone expressed,
soluble and insoluble, and their corresponding half-lives are shown. The results demonstrate that insoluble
proteins in inclusion bodies are stable.

culture productivity and minimize side reactions during release of the native protein,
small peptide fusions should be used to stabilize proteins. Also, improving the
purification should be considered, by using the isolated inclusion body as an enriched
source of fusion protein and enhancing the purification properties of the fusion protein
itself (see below). Finally, the protein in the inclusion body will probably be denatured
and require refolding. Often this is not a problem with small proteins, but if it is, secreting
the protein into the periplasm or culture media using bacterial or yeast expression systems
should be considered.
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Table 3. Protein fusions for stability.
Polypeptide

Mechanism

Protein

{3-Galactosidase (5)
{3-Galactosidase (16)
{3-Galactosidase (17)
TrpE (15)
Polyarginine (15)
Secretion signal (6) and protein A
Secretion signal (18)

Inclusions
Inclusions
Inclusions
Inclusions
Inclusions
Extracellular
Periplasmic

Somatostatin
Insulin A- and B-chains
(3-Endorphin
Urogastrone
Urogastrone
Insulin-like growth factor (IGF-I)
Urogastrone

Table 4. Protein fusions for improved
Purification

Purification fusion

method

Ion-exchange
Metal chelate
Substrate affinity

Poly(arg)/(lys)/(lys-arg)
(10)
Histidine-rich polymers (\9)
(3-Galactosidase (14)
Chloramphenicol aminotransferase
Protein A (6)
Flag peptides (24)
Rec A (8)

Immunoaffinity

These examples of purification

purification.

fusions have been taken from the literature.

2.3 Fusions for purification
Protein purification is achieved by exploiting physicochemical differences in charge,
hydrophobicity and size or by using bioaffinity methods based on specific structural
or functional properties. By designing fusion proteins to have a unique purification
property, a rapid and simple purification can be achieved. In addition, the potential
of using the purification fusion for detection or assay of the desired protein should be
considered. Spectral, chromatographic, enzymic and antigenic properties may all be
used to develop a simple assay. Examples of such purification fusion proteins are given
in Table 4.
In designing a purification fusion protein, the scale and purpose of the work should
first be considered. If a protein is to be isolated on a large scale, then the cost of the
purification matrix may be critical. Ion-exchange is particularly suitable for these
large-scale operations. If only small quantities are required for experimental evaluation,
or the protein has a high value, then more expensive affinity methods are acceptable.
Secondly, the presence of residues from the cleavage reaction on the purification of
the protein should be considered. Unless the native protein can be readily isolated from
the purification cleavage products, many of the advantages of the purification fusion
will be lost. Finally, if the protein is produced as an inclusion body, avoid fusions which
may interfere with the refolding process. For this reason, a small purification peptide
is preferred.
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3. EXTRACTION
Engineered proteins may be expressed at different amounts and in different locations
within a cell culture. The protein chemist must determine the quantity and location of
the desired protein during expression optimization, and be prepared to adapt protein
extraction protocols to cope with each possibility. This section will provide a number
of methods which can be used to form the starting point for fractionating, extracting
and assaying an engineered protein produced by bacterial or yeast cell cultures.
The choice of extraction method will depend on the location of the recombinant protein.
Secreted proteins from yeast or bacterial cultures are purified after the cells are removed
by either centrifugation or filtration. Proteins which accumulate in the cytoplasm,
periplasm, or inclusion bodies require cellular disruption and removal of cell debris
before purification. Proteolysis may be a problem with some proteins and low
temperatures or protease inhibitors (20) should be used. Centrifugation and disruption
give rise to aerosols, and precautions must be taken to avoid inhalation or contamination
of the environment.
3.1 Centrifugation

of cell cultures

Extracellular proteins will be in the supernatant. Periplasmic, membrane-associated
or intracellular proteins will be associated with the cell pellet.
(i)

(ii)

Analytical. Dispense 1 rnl samples of bacterial or yeast culture into 1.5 rnl
Eppendorf tubes and cap. Centrifuge at 6000 g for 3 min in a bench centrifuge
and immediately decant the supernatant.
Preparative. For up to a 10 litre culture, dispense 800 rnl of culture into 6 X 1
litre screw cap bottles. Centrifuge at 4 QCin a pre-cooled sealed rotor for 30 min
at 4000 g, for bacterial cultures and 10 min at 4000 g for yeast cultures. Decant
the supernatant fluid. If the cell fraction is being collected, add remaining culture
to the drained bottles and repeat until the culture is harvested.

3.2 Cell disruption
The bacterial or yeast cell pellets are resuspended in a suitable lysis buffer and disrupted,
as follows, to release intracellular soluble proteins (see ref. 21 for more details).
(i)

(ii)
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Osmotic shock. This method is primarily used for the selective release of proteins located in the bacterial periplasm. A sudden change in osmotic pressure
is used to disrupt the outer membranous cell envelope. It is useful for analytical
scale preparations. Resuspend up to 0.5 rnl of packed cells in 4 rnl of20% (w/v)
sucrose, 30 mM Tris-HCI pH 8.0,1 mM EDTA, 0.1 % Triton X-lOO and leave
for 5 min at room temperature. Collect cells by centrifuging at 10 000 g, 3 min
at room temperature. Resuspend in 2 rnl cold water. Swirl gently in ice bath
for 10 min, centrifuge at 5000 g for 3 min at 4 QC and collect the supernatant
fluid containing the solubilized protein.
Sonication. Sonication is primarily used for analytical-scale disruption of bacterial
cells. Intense ultrasonic waves cause the growth and collapse of vapour bubbles
in the cell suspension which lyse bacteria by mechanical shear forces. Efficienc
is reduced in highly viscous solutions, or if frothing occurs. A considerable
amount of heat is generated which can denature proteins and accelerate proteolytic
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(iv)
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degradation. Sonication should be in short bursts with intermittent cooling. For
analysis, resuspend not more than 0.3 ml of cell paste in 3 ml of ice-cold lysis
buffer. Place a 5 mm diameter probe just under the surface and increase the power
to the maximum possible without frothing. Sonicate in 3 X 1 min bursts in an
ice bath with 1 min intermittent cooling. For preparative work, suspend 5 ml
of cell paste in 50 ml of lysis buffer. With a 10 mm probe, sonicate twice for
4 min at 50 W on ice with cooling for 4 min.
Homogenization. Disruption is accomplished by pumping cells at high pressure
through a small orifice against an impaction plate. The pressure drop and stresses
cause cell disruption. Efficiency is reduced for high cell densities and about 20%
(v/v) packed cells is maximal. This method is particularly useful for pilot-plantscale extraction of intracellular proteins where large volumes can be pumped
from tanks through heat exchangers and into the homogenizer. For the laboratory
scale, it is best used in a discontinuous batch mode. Prepare 1 litre of a 20%
cell suspension in ice-cold lysis buffer, pump through an APV homogenizer (APV
Co.) at 6000 p. s.i., cool and repeat twice.
Milling with glass beads. Yeast cells are typically disrupted by milling with glass
beads. For a maximum of 1 ml of yeast cell paste, resuspend in 10 vols of 50 mM
Tris- HCI, pH 8 buffer. For each m1 of cell suspension add 0.4 ml of glass beads
(0.45 mm diameter) and lyse by vortexing 3 times for 30 sec, with intermittent
cooling on ice for 30 sec. For preparative work use 20% (v/v) suspension of
cells in a ball mill (Dynomill) filled with 0.1 mm glass beads operated for 5 min
at 2000 r.p.m. cooled to -20°C with glycol.

3.3 Centrifugation of cell lysate
After centrifugation of the cell lysate, the supematant will contain soluble intracellular
protein and the pellet will contain inclusion bodies and membrane-associated proteins.
(i)
(ii)

Analytical. Dispense 1 ml samples of cell lysate into 1.5 ml Eppendorf tubes
and cap. Centrifuge at 6000 g for 10 rnin and immediately decant the supematant.
Preparative. Dispense 200 ml of cell lysate into 250 ml bottles and cap.
Centrifuge in a rotor pre-cooled to 4°C at 10 000 g for 20 rnin at 4°C. Carefully
decant the supematant. Wash inclusion bodies or membrane preparations by
resuspending the pellets in cold water and repeating the centrifugation step.

3.4 Solubilization of proteins
Engineered proteins which are in the disrupted cell pellet are probably in inclusion bodies
(22). Membrane-bound proteins may be solubilized with non-ionic detergents (see
Chapter 4). However, extraction of a protein contained in an inclusion body will probably
require one of the protein denaturants discussed below. It is common practice to remove
soluble cytoplasmic proteins as described above before solubilization of the inclusion
body. This approach can result in an extract substantially enriched in the desired protein.
Because denaturants are used for solubilization, a protein refolding step will be required
either before or after purification (see Section 4).
(i)

Sodium dodecyl sulphate (SDS). This strong anionic detergent combined with
a reducing agent (to break disulphide bonds) and heat, will solubilize nearly all
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(ii)

(iii)

(iv)

proteins. SDS binds avidly to proteins and complete removal may be difficult.
Suspend a cell pellet (30% v/v maximum) in 5 % SDS, 40 mM dithiothreitol
in 0.1 M Tris-HCI,
pH 8.0. Mix thoroughly and heat to 100°C for 15 min.
Urea. High urea concentrations can be used to solubilize proteins. However,
urea will form cyanates at alkaline pH values which may derivatize lysine residues
in proteins. Use only freshly made ultra-pure urea or de-ionize by filtering through
a 100 rnl bed of Dowex AG 501-X8 per 10 litre of buffer. Resuspend a cell pellet
(20% v/v maximum) in 5 M urea, 40 mM Tris-acetate- NaOH, pH 9.5 and
sonicate or homogenize as described above. Centrifuge at 16 000 g for 60 min,
20°C. To store, adjust the supernatant to pH 6.0 with 1 M HCI and centrifuge
at 16 000 g for 60 min at 4°C. At pH values below 6 substantial precipitation
of E. coli proteins will be observed.
Low and high pH. Extremes of pH have been used to solubilize proteins. Such
treatment may cause degradation and modification of proteins and is therefore
only recommended when all other methods fail. To a cell pellet, add 10 vols
of 0.1 M NaOH. Stir with heating in a boiling water bath and clarify by
centrifugation. Adjust to pH 9.0 with acetic acid and centrifuge at 16 000 g for
60 min at 4°C.
Guanidine. This is probably the most frequently used solubilizer for inclusion
bodies. Guanidine is highly corrosive to stainless steel, thus glass vessels should
be used. Resuspend 20% cell paste in 0.6 rnl 6 M guanidine- HCI, 0.1 M
Tris-HCI,
pH 8.0. Sonicate at 25 W for 1 min on ice. For preparative scale,
solubilize by heating in stirred glass vessels. Clarify by centrifugation at 13 000 g
for 10 min, 20°C.

4. REFOLDING
The refolding of proteins is complex and seldom 100% efficient. Optimal conditions
are determined empirically. Protein concentration and redox potential are important,
as well as ionic strength, pH, time and temperature. Additives such as Tween-20,
,8-octylglucoside and glycerol have been successfully employed. The conditions below
provide starting points for experimentation. For further discussion, see refs 22 and 23.
(i)

(ii)

Denaturation. Dissolve protein at 1 mg ml" in 6 M urea, or 6 M guanidineHCI, heat in a boiling water bath for 5 min with 25 mM dithiothreitol, 50 mM
Tris - HCI, pH 8. Cool and clarify by centrifugation.
Renaturation. Rapidly dilute sample 10- or even lOO-fold to 0.1-1.0 mg rnl-1
into the following renaturation buffers at 3rC, each containing 10% glycerol,
5 mM glutathione (reduced), 0.5 mM glutathione (oxidized). Buffers: (1) 50 mM
Tris-HCI, pH 8; (2) 50 mM ,8-alanine, pH 3.8; (3) phosphate-buffered saline;
(4) 50 mM sodium phosphate, pH 6. Store unstoppered for 24 h to allow air
oxidation ofthiols. Measure biological activity and select optimum buffer. Repear
process to optimize for protein concentration and reducing agent.

5. PURIFICATION

OF FUSION PROTEINS

The methodology used will depend on the purification characteristics introduced at the
design stage. Details of these methods are described in the companion volume (2
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should be made to assist in the development

5.1 Ion-exchange chromatography
Polycationic fusions may bind nucleic acids, especially if a soluble intracellular protein
is to be purified. To avoid reducing the affinity of the fusion protein for an ion-exchanger,
pre-treat the sample as described below. Alternatively, HPLC ion-exchangers, such
as Mono S (Pharmacia), will usually bind the protein in the presence of excess nucleic
acid and enable a single-step purification.
(i)

(ii)

Precipitation. Polyethylenimine is a poly cation which binds strongly to nucleic
acids to form a precipitate. Excessive additions should be avoided to prevent
interference with subsequent ion-exchange steps. To a clarified lysate containing
10 mg rnI-1 protein in 0.1 M Tris-HCI,
pH 8, add 0.08% polymin P (w/v)
(BDH). Leave at 4°C for 5 min then clarify by centrifugation.
Digestion. At high salt concentrations, nucleic acids will dissociate from proteins,
allowing digestion with nucleases. To a clarified lysate containing 2 mg rnI-1
of protein, add an equal volume of 4 M NaCl and 100 p,g DNase I per mg of
protein (Sigma). Dialyse for 16 h at 4°C and clarify by centrifugation.

5.2 Affinity chromatography
In some cases the observed affinity will be less than expected. This may occur for several
reasons, including low ligand concentration on the column, steric hindrance, or an
incomplete binding site on the fusion protein. These problems can be mitigated by careful
column preparation and the use of high salt buffers to decrease non-specific interactions.
When using immunoaffinity, try to avoid antibodies which require harsh elution conditions.

5.3 Purification of denatured proteins
In some cases the fusion protein will have to be extracted with denaturants such as
urea or guanidine. If this occurs, renaturation will almost always be required before
undertaking an affinity purification. If the purification fusion does not refold efficiently,
then the yields will be reduced. For this reason, small simple fusions, such as
polyarginine and the flag peptide (see Section 8), may be advantageous.
In the case of ion-exchange, purification can be undertaken while the protein is
denatured in urea. Guanidine extracts can also be diluted with urea to enable binding.
After adsorption, protein re folding can be undertaken while the protein is still attached
to the ion-exchanger.

6. RECOVERY

OF NATIVE PROTEIN

The hydrolysis method used to release the native protein from the fusion protein will
have been chosen at the design stage. This section describes a selection of methods
for the specific hydrolysis of peptide bonds, along with their limitations. The conditions
should be viewed as useful starting conditions for further optimization.
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6.1 Chemical

cleavage

A limited number of chemical methods can be used to cleave peptide bonds. These
reactions usually work best under denaturing conditions. The use oflow pH and elevated
temperatures can cause substantial deamidation of asparagine and glutamine residues.
(i)

(ii)

Low pH. Asp-Pro peptidyl bonds are unusually susceptible to hydrolysis at low
pH. In the absence of denaturants, hydrolysis may be unacceptably slow, and
steric factors may cause the cleavage at other aspartic acid residues. Depending
on whether the fusion is at the carboxy or amino terminus, Asp or Pro will be
left on the protein. However, this method has the advantage that the Asp-Pro
bond is rare in proteins and selectivity is high. Incubate protein at 0.5 mg ml-1
in 7 M guanidine-HCl,
10% acetic acid (v/v) adjusted to pH 2.5 with pyridine,
at 56°C for 24 h. Neutralize sample in an ice bath with 1.0 M ammonium
hydroxide.
Cyanogen bromide (CNBr). This reaction hydrolyses the peptide bond on the
carboxyl side of methionine. Dissolve protein at 2 mg ml-1 in 6 M guanidineHCI, 0.1 M HCI, pH 1.0 and add an equal weight of cyanogen bromide. Leave
for 4 h and neutralize with 5 M ammonium hydroxide.

6.2 Enzymic

proteolysis

There are a large number of enzymes able to cleave peptide bonds. These proteases
have different optimal conditions for activity and some are even active in denaturants.
To achieve the desired specificity, highly purified proteases must be used, or
contaminating proteases must be inactivated with selective inhibitors. Immobilized
proteases are recommended to improve stability, allow re-use and reduce contamination
of the product with protease. Suppliers of these enzymes are Sigma, Boehringer
Mannheim, Cooper Biomedical & ICN Immunobiologicals, and Pierce.
6.2.1 Immobilization

of protease

Two methods are presented for immobilizing proteases on to agarose or silica (for
alternative methods see ref. 23). The latter substantially reduces leaching of the protease
and is preferred when proteins are intended for clinical use. To maintain immobilized
proteins in suspension without damaging the support matrix, slow end-over-end rotation
or gentle mixing with an overhead stirrer is recommended.
(i)

(ii)
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Sepharose. Dissolve 20 mg of protease in 10 ml of 0.1 M sodium bicarbonate
buffer, pH 8.3. Add to 10 ml of CNBr-activated Sepharose and react for 16 h
at 4°C. Wash with phosphate-buffered saline (PBS) and store in PBS and 0.1 %
sodium azide at 4°C.
Silica. Suspend 5 g of 50-micron 5000 Angstrom Lichrosphere (Merck) in 1 M
HCI, leave overnight, wash on a sintered funnel with water until neutral, then
wash with acetone and dry in a fume cupboard. Transfer to a round-bottomed
flask fitted with a calcium chloride plug, add 250 ml of 2 % aminopropantriethoxysilane dissolved in toluene and heat for 8 h in a 90°C ultrasonic water-bath with
2 min sonications every 30 min. Wash the silica over a period of 4 h with 150 ml
of toluene, 600 ml methanol and 100 ml of diethyl ether and dry. Add 80 ml
of 10% glutaraldehyde dissolved in 50 mM sodium phosphate buffer, pH 8.5
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and incubate for 4 h at 90°C in the ultrasonic bath as above, then wash in 1 litre
of water. Make up the protein coupling buffer of 0.1 M borate, 0.5 M NaCI,
0.01 M MgCl2 and 0.001 M CaCl2 adjusted to pH 8.5 with NaOH and
equilibrate the silica in this buffer. Dissolve 100 mg of enzyme in 100 rnl of
coupling buffer and incubate with the activated silica for 2 h at 25°C in the
ultrasonic water-bath as above. Wash with 50 mM sodium phosphate, pH 8.5
buffer, and react at 25°C for 2 h with 200 rnl of 5 mM cyanogen bromide then
200 rnl of 2 mM sodium borohydride. Store in PBS and 0.1 % sodium azide at
4°C.
6.2.2 Digestion
Exopeptidases sequentially digest amino acids from either the carboxy or amino terminus.
Digestion will stop when a non-reactive amino acid is encountered. In contrast,
endopeptidases cleave accessible amino acids within proteins. Careful monitoring of
hydrolysis is required to ensure that the correct specificity is achieved. Because acid
is released during hydrolysis, the pH needs to be controlled to maintain optimum activity.
(i)

(ii)

(iii)

(iv)

Carboxypeptidase B. This exopeptidase sequentially digests arginine or lysine
residues present at the C terminus. It is readily available without contaminating
proteases, and is very stable after immobilization. Use between pH 5 and 10
at NaCl concentrations of between 50 mM and 2 M. The enzyme is also active
in 5 M urea. Immobilize carboxypeptidase on Sepharose as described above.
At pH 8.1, use 100 J1.1 of carboxypeptidase-B (CPB)-Sepharose for every mg
of protein. Digest in a sealed bottle for 30 min at 22°C, by gentle end-over-end
rotation. Remove carboxypeptidase B-Sepharose from the digest by filtration on
a sintered glass funnel.
Trypsin. This endopeptidase cleaves on the carboxyl side of accessible arginine
and lysine residues. Treatment with tosyl-phenylalanine chloromethylketone, a
protease inhibitor, eliminates any contaminating chymotrypsin activity. It is also
active in 5 M urea. Cleavage can be limited to arginine by reversibly blocking
lysine residues with citraconic anhydride. Dissolve protein at 10 mg rnI-1 in
100 mM Tris-HCl, pH 8.0. Incubate at 3rC with 0.01-0.05%
(w/w) trypsin.
Store trypsin at 10 mg rnI-1 in 10 mM HCl.
V-8 protease. This enzyme cleaves on the carboxyl side of accessible glutamic
or aspartic acid residues. Assay, if required, using CBZ-Phe-Leu-Glu4-nitroanalide (Boehringer). Dissolve protein in 0.1 M sodium phosphate, pH
7.5,25 mM EDTA at 4 mg ml-I. Digest with 0.01-0.05%
(w/w) V-8 protease (25 nM, 0.1-1 mM protein) at 37°C for 6 h.
Enterokinase. This protein cleaves on the carboxyl side oflysine in the sequence
Asp-Asp-Lys-X and is an example of a protease with an extended active site.
Dissolve protein in 10 mM Tris - HCl, pH 8 at 2 mg rnI-l. Make reaction
mixture 40 mM in octyl glucoside and incubate with 0.02-0.2
mg rnI-1 of
bovine enterokinase (typically 0.2-2% by molarity) for 16 h at 37°C. Store
enterokinase in 10 mM Tris-HCl,
pH 8.0 at -70°C.

6.3 Analysis of digestion
If the protease digestion is not highly specific, the digestion reaction must be monitored.
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This is achieved by correlating the release of acid with the release of product on a pilot
scale, followed by a full-scale digestion. The protein sample must be in a low-molarity
buffer solution (less than 5 mM) and all solutions must be at controlled temperatures.
A pH-stat is used to monitor the kinetics of acid production, whilst incubating with
the protease. At suitable times, samples are removed and analysed for the appearance
of product using a suitable HPLC assay. The optimum digestion time for maximum
product is determined, noting the amount of base consumed at this time. The digestion
is repeated at the desired scale, stopping the reaction when the calculated equivalents
of base have been added.

7. ASSAY
Many purification fusions can provide a sensrtrve and quantitative assay for the
fusion protein. When affinity fusions such as chloramphenicol aminotransferase and
f)-galactosidase are used, this is accomplished by an enzymic assay with the appropriate
substrate. For ion-exchange fusions such as polyarginine, HPLC can be used, or
the arginine released after carboxypeptidase-B digestion can be measured directly.
Immunogenic fusions can be assayed by standard immunological methods. When
removal of the fusion is required, such assays can be used to determine the efficiency
of cleavage.
7.1 HPLC assay
HPLC assays will depend on the exact nature of the fusion protein. The following
protocol is suitable for charged purification fusions. For ion-exchange, urea-solubilized
proteins can be analysed directly.
(i)
(ii)

(iii)
(iv)

Dilute 0.1 ml of extract with 0.9 ml of an appropriate low-salt buffer and clarify
by centrifugation or filtration.
For basic proteins use a 5 X 50 mm SP- TSK-5PW (Bio-Rad) HPLC column
at 20°C. Equilibrate in 20 mM Mes-NaOH buffer, pH 6 and elute with a 30 ml
linear gradient (0 -1.5 M NaCl) at 1 ml min -1.
For acidic proteins use a DEAE-5PW column in 20 mM Tris-HCI,
pH 8.0.
For urea solubilized proteins, make each buffer up in 6 M urea, ultra-pure or
deionized, and use within 48 h.

7.2 Immunoassay
A typical ELlS A assay suitable for immunogenic peptides is described.
(i)
(ii)
(iii)
(iv)
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Apply sample and standard solutions to haemagglutination (HA) plates (Millipore)
at a concentration of 40 ng per well and incubate for 30 min at room temperature.
Block non-specific protein binding sites by incubating with Tris-buffered saline,
pH 7, in 3 % bovine serum albumin (BSA) for 1 h at room temperature.
Add a pre-determined quantity of mouse mono clonal antibody and incubate the
plates for 1 h.
Wash with PBS and add an alkaline phosphatase-labelled goat anti-mouse antibody
(Sigma).
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Following a 1 h incubation, wash the plates several times with PBS and then
add the colorimetric reagent (substrate tablets, Sigma).
Transfer contents of each HA plate to a polystyrene 96-well plate and measure
the absorbance at 405 nm on a Titerscan (Flow Laboratories).

8. EXAMPLES
This section describes the use of fusion proteins to assist purification. In the first example
both C- and N-terminal polypeptide fusions are used to stabilize and improve the
purification properties of a small polypeptide hormone, urogastrone, produced as
inclusions by E.coli. A purification scheme is described which yields highly purified
authentic human urogastrone suitable for clinical studies. The second example uses a
C-terminal Arg-Lys fusion to assist the purification of a soluble intracellular E. coli
enzyme using ion-exchange chromatography.
This technique is suitable for the
production oflarge quantities of highly purified proteins. The final example describes
the use of a small peptide fusion which allows the purification of a colony-stimulating
factor (CSF-1) from the extracellular media of yeast cultures by immunoaffinity
chromatography.
This method enables the production of high-purity proteins for
research.
8.1 Purification of iJ-urogastrone
Urogastrone (human epidermal growth factor) is a 53-amino-acid polypeptide hormone
with ulcer- and wound-healing properties. The protein can only be isolated in minute
quantities from human urine. E. coli has been engineered to produce this protein, but
it is rapidly degraded. Its stability and purification properties, however, are improved
when a modified gene is used to produce urogastrone with a N-terminal fusion from
the TrpE protein and a C-terminal fusion of six arginine residues.
A purification of iJ-urogastrone is illustrated in Table 5. The urogastrone fusion protein
accumulates in inclusion bodies, where it is resistant to proteolysis (Table 2). The fused
protein requires solubilization in urea when the C-terminal polyarginine fusion allows
a highly purified intermediate to be isolated by ion-exchange chromatography. Digestion with trypsin releases the native iJ-urogastrone from the fusion protein precursor
(Figure 3). Although the protein is resistant to trypsin, over-digestion can occur, and
careful monitoring is required. Final purification is achieved using preparative HPLC
to yield gram quantities of highly purified iJ-urogastrone.

Table 5. Typical purification

of urogastrone

Sample

Volume
(ml)

Protein
(mg)

2100
1700
116
130
56

15500
8600
820
820
268

Extract
Refold
Column 1
Trypsin digest
Column 2
The purification

method is described

from a fusion protein precursor.
Urogastrone
Fused

(mg)
Beta

890
760
730
360
270

in Section 8.1.

103

I

MET-GLN - THR- GLN- LVS- PRO- THR-SER-

,GLV-

ASP - HIS - SER- LEU - PRO -

cr-

SER-SER - LVS- LEU- LVS! LVS

J
I
I

~

---I TrpE Fusion

GLU - SER - ASP - SER - ASN

I

TVR-Cr-

LEU- HIS- ASP-GLV - VAL -CVS-MET

- TVR]
Urogastrone

[CVS-ALA

ASN

- TVR- LVS- ASP - LEU-ALA-GLU

-cr-

VAL- VAL - GLV- TVR

-ILE

J

TVR-GLN-CVS-ARG-GLU-GLV-ILE

~
[

.....J

Poly Arg
Fusion

ARG - ASP - LEU - LVS - TRP - TRP - GLU - LEU - ARG - ARG ARG ARG ARG ARG

t

I
I

Figure 3. Trypsin cleavage of {3-urogastrone fusion protein. The desired trypsin cleavage sites to obtain {3-urogastrone from a fusion protein precursor
(- - - -).

are indicated

S.J.Brewer

and H.M.Sassenfeld

8.1. 1 Extraction
(i)
(ii)

(iii)

Growth of cultures. Culture E. coli cells in 8-litre fermenters containing modified
M9 media (3) to an absorbance of approximately 3.0 at 670 nm.
Disruption of cells. Harvest cells by centrifugation, disrupt by homogenization
in 1 litre of 0.1 M Tris - HCI, pH 8.0, and recover inclusion bodies by
centrifugation as described in Sections 3.1 - 3.3
Solubilization. Suspend inclusion bodies in 1 litre of 5 M urea, 40 mM Trisacetate - N aOH, pH 9 lysis buffer, sonicate and clarify by centrifugation as
described in Section 3.3.

8.1.2 Refolding and oxidation
Urogastrone
(i)
(ii)

refolds and oxidizes in the presence of 5 M urea.

Leave solubilized inclusion bodies in lysis buffer at 4 QC for 24 h.
Adjust to pH 5.5 with HCI and clarify by centrifugation.

8.1.3 Pre-treatment
(i)
(ii)

(iii)

and chromatography

Pre-treatment. Precipitate nucleic acids with polymin P as described in Section
5.1.
Chromatography.
Apply to a 100 ml column of SP-Sepharose fast-flow
equilibrated in 40 mM Tris-acetate, 5 M urea, pH 5.5, wash with this buffer
and elute urogastrone with 400 mM NaCI in equilibration buffer.
Concentrate to 8 mg ml" I by ultrafiltration and dialyse against 40 mM Trisacetate buffer, pH 5.5.

8.1.4 Enzyme digestion and rechromatography
(i)

(ii)

Enzyme digestion. Perform pilot digestions with 10 mg of urogastrone with 1: 1000
trypsin to protein and analyse for urogastrone production using cation-exchange
HPLC (Figure 4) followed by a full-scale digestion as described in Sections 6.2
and 6.3.
Rechromatography. Purify (J-urogastrone by preparative HPLC (4).

8.2 Purification of aminotransferase
C-terminal poly-Arg-Lys fusions combined with carboxypeptidase B (CPB) digestion
allow native proteins to be isolated in a highly purified form by cation-exchange
chromatography (Figure 5). This fusion has been used to purify bacterial aspartate
aminotransferase (EC 2.6.1.1).
Aminotransferase has been cloned and expressed in E. coli fused to an additional seven
positively charged amino acid residues at the C terminus. A representative purification
of aspartate aminotransferase is shown in Table 6. The advantage with CPB digestion
is that it specifically digests C-terminal basic amino acids (Arg or Lys), then stops.
Therefore repeated CPB digestions of the fusion protein do not cause a significant change
in enzyme activity. The fusion protein also has the same specific activity as aspartate
aminotransferase. Possibly, this is because the C-terminal fusion does not interfere with
protein folding, which begins at the N terminus.
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digestion of fused {3-urogastrone protein. {3-Urogastrone product (shaded area) yield was optimal after 5 -7 min
of digestion. Further incubation resulted in degradation of the protein.

The effectiveness of this purification scheme is illustrated by the SDS - PAGE gel
shown in Figure 6. Most of the contaminants pass through the column without binding
because the pH value chosen is above the pI of most bacterial proteins. However, the
fusion protein is retained because of its unusual positive charge. All bound protein is
then eluted in a single step and treated directly with CPB. Following dialysis, the
aminotransferase passes through the same column unbound and essentially pure. When
this column is eluted for a second time, all the contaminants are seen, demonstrating
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Figure 5. Principle of the poly arginine purification fusion. (a) When an extract containing a mixture of basic (E!1), acidic (8) and polyarginine fused (of.) proteins
are applied to a cation-exchange column, only basic proteins bind. (b) The basic protein contaminants and poly arginine fused proteins can then be eluted with salt
or acid. (c) Carboxypeptidase B (CPB) digests the poly arginine purification fusion to produce the native protein, which becomes acidic (8). (d) The basic protein
contaminants still bind to the cation-exchange column while the native protein passes through the column and is purified.
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Table 6. Purification

of aspartate aminotransferase

with a basic C-terminal

purification

fusion.

Sample

Volume
(ml)

Protein
(mg)

Enzyme
(unit)

Activity
(unit mg-1)

Extract
Column I
Digest
Column 2

400
300
270
500

2460
662
575
275

70100
54300
46000
39800

28
82
80
145

The purification

method is described

in Section 8.2.

AspC-

Figure 6. SDS - PAGE illustrating the purification of aminotransferase.
Tracks labelled from left to right
contained the following samples. Crude, applied crude lysate; NA, unbound protein, first ion-exchange column;
0.4 M NaCl, eluate first ion-exchange column; CPB, carboxypeptidase B digested eluate; NA, digested,
unbound aminotransferase from second ion-exchange column; 0.4 M NaCl, eluate second ion-exchange column.
Last track, molecular weight standards. AspC indicates position of the aminotransferase band.

that only the fusion protein is affected by CPB digestion. When a control preparation
containing undigested aminotransferase is reapplied to the ion-exchanger, it binds and
elutes with the contaminants as before.
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8.2.1 Extraction
(i)

(ii)

Growth of cultures. Inoculate shake flasks (250 ml) containing M9 salts and
casamino acids (3) directly with 10 p.l of recombinant E. coli from a glycerol
stock. Grow cells overnight in an orbital incubator and use to inoculate a 10
litre fermenter. Grow in the same medium to an absorbance at 670 nm of 2.5.
Disruption of cells. Harvest culture by centrifugation, disrupt by homogenization
in 500 ml of 50 mM Mes-NaOH lysis buffer and clarify by centrifugation as
described in Sections 3.1 - 3.3. The supematant contains the soluble intracellular
enzyme for ion-exchange chromatography.

8.2.2 Ion-exchange
(i)
(ii)

chromatography

Apply clarified lysate (2 ml) at 20°C to a 50 x 200 mm SP-Sephadex cationexchange column at 10 ml min -1 .
Wash column with 1 litre of 50 mM Mes-NaOH, pH 6.5 (equilibration buffer)
and elute with 1 litre of this buffer containing 0.75 M NaCl.

8.2.3 Digestion of polyarginine
(i)
(ii)

and rechromatography

Digest partially purified aspartate aminotransferase with 50 ml of CPB-Sepharose
for 45 min at 20°C as described in Section 6.2.2.
Dialyse for 2.5 h against 10 litres of equilibration buffer and rechromatograph
as described in Section 8.2.2. The non-adsorbed fraction contains purified
aminotransferase.

8.3 Purification

of flag-peptide

colony-stimulating

factor 1

Flag peptide is designed for immunoaffinity purification. It has the sequence
AspTyrLysAspAspAspAspLys,
which includes the enterokinase cleavage site (Table
1). A fused protein containing the yeast secretion sequence, flag peptide and colonystimulating factor 1 (CSF-I) is secreted by yeast cells. The secretion sequence is cleaved
on export by a protease in the cell membrane and the flag-CSF-1 fusion protein
accumulates in the culture medium.
Immunoaffinity chromatography allows the purification of flag-CSF-I from a yeast
culture supernatant with a 300-fold increase in specific activity (Table 7). The native
protein can be produced by cleavage with enterokinase, but the fusion protein itself
shows full biological activity.

Table 7. Purification

of flag-colony-stimulating

factor by immunoaffinity

chromatography.

Sample

Volume
(ml)

Protein
(mg)

Units
(xloS)

Activity
(unit mg-J)

Supernatant
Non-adsorbed
pH 7 wash
pH 3 elution (peak)

1000
1050
50
1.5

150
148
0.2
0.6

5.5
1.8
1.3

3.7 X 103

7.0

1.2 x 106

The purification

method is described

in Section 8.3.
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As a result of the highly charged nature of the flag peptide, the antibody binding
is calcium-dependent. This has the advantage of allowing elution from the immunoaffinity
column to be achieved by removing calcium. Thus, proteins which are sensitive to pH
may be eluted at neutral pH in buffers free of calcium. The hydrophilic nature of the
flag peptide also ensures that it is accessible to immobilized antibodies for purification
and is available to cleavage by enterokinase.
8.3. 1 Extraction
(i)
(ii)

Growth of cultures. Culture recombinant Saccharomyces cerevisiae on complex
media in l O-litre fermentors at 30°C until stationary phase of growth.
Clarification. Centrifuge as described in Section 3.1 retaining the culture
supernatant. Filter the supernatant through a 0.45-J.tm cellulose acetate filter.

8.3.2 Immunoaffinity
(i)
(ii)
(iii)

chromatography

To the filtered supematant (1 litre) add Hepes-NaOH,
pH 7.0, CaC12 and NaO
to 50 mM, 0.1 mM and 0.15 M respectively and re-adjust to pH 7.0.
Apply to a 1 ml immunoaffinity column at 1 ml min -1 overnight.
Wash the column with 50 ml of PBS buffer containing 0.1 mg ml-1 CaC12 then
elute flag-CSF-l with 10 ml of 0.1 M glycine-HCl
buffer, pH 3.0.

8.3.3 Cleavage of flag peptide
(i)
(ii)

Make the pooled flag-CSF-l 10 mM in Tris-HCl,
pH 8.0, and adjust to pH
8.0 with 1 M NaOH.
Digest with enterokinase as described in Section 6.2.2.
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