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Interrelations of Chemistry and Biotechnology—IIl.
Purification techniques for biological products
(Technical Report)

Abstract~ The purification of a blological product, e.g., an antibiotic,
a vitamin, or a recombinant protein, from fermentation broth or cell
culture supernatant 4is an important part of biotechnological
manufacturing, Downstream recovery represents a large part of the
product cost and therefore efficient and robust separation technigques
are essential for the production of kiological products. Recovering a
biological preoduct from the contaminants and impurities requires a
series of purification steps, each removing some of the impuritiss and
bringing the product closer to the final specifications.

The demand for improved purification techniquées has increased over the
past decade, following the successful molecular cloning and expression
of recombinant proteins for research, diagnostic or therapeutic
applicationa, In response to this demand, research activity in
downstream processing has inc¢reased. In this review some new and
innovative metheods for purification of recombinant préteins will be
discussed,

INTRODUCTION

When the technology for bicsynthesis of the product of interest has been
developed, it is the task of the chemist or biochemist to isolate the product
and convert it into a form suitable for its required purpose. First, various
methods of isolation and purification are tested on a laboratory scale, It is
important to become agquainted with the properties of the compound to be
isolated, such as its stability under wvarious conditicns and its solubility.
The isolation experiments must be based on suitable analytical methods,
chemical or biological, which make it possible to ascertain the concentration
of the product, its purity, toxicity, etec.

Isolation procedures differ considerably depending on whether the product in
guestion is contained inside the preducing cell or in the culture fluid and
depending on its ceoncentration and stability. Usually, in the biosynthesis of
antiblotics, vitamins etc., the culture liguid contains only small amounts of
the desired compound, (typically about 2 to 3 % of the soluble components).
Atkinson and Mavituna (1) have divided biotechnological precesses into three
categories;

Large scale processes

Typical large scale processes are alcchel or citrie acid production., The
downstream proc¢essing of the products is well understood. Recovery of aleochol
and similar products requires for example distillation (2). Disposal of by-
products and wastes presents severe problemg in large scale processes.

Medliurn seals processes

These processes are concerned with the production of commodity organic
chemicals such as Cephalosporin, Penicillin G, Streptomycin ox eéextracellular
enzymes, These products are chemically robust and conventional process
operations c¢an be used (3,4,5). The downstream processing problems are
essentially a matter of costs.
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Small scale processes

A wide range of materials and downstream processes are inveolved in small scale
processes. Typical preducts of small-scale processes are intracellular enzymes
or vaccines {6), Over the past decade there has been a rapidly increasing
demand foxr highly purified proteins, following the successful molecular cleoning
and expregsion of recombinant proteins. The production of such highly purified
proteins for use in research, diagnostic and therapeutic applications, requires
a complex series of operations. In response to this demand, research activities
in downstream pro¢essing have increased. In this paper some new and innovative
methods for purification of recombinant proteins will be reviewed and their
application potential will be illustrated with selected practical examples.

SPECIFIC PROBLEMS RELATED TO THE RECOVERY QOF RECOMBINANT PROTEINS

About 12 years agoe, the only way to obtain a protein for study was to isolate
it from its natural source. The mammalian proteins whose structures were known
were purified from easily obtainable tissue or blood extract. Today, it is
posaible to isclate a gene, put it inte an appropriate expression system and
produce the protein in a bacterial or animal ¢ell host. Most proteins can be
produced in amounts that are orders of magnitude higher than in their native
envirconment. Unfortunately, they are often produced in a denatured, inactive
form that accumulates intracellularly. The formation of these inactive proteins
in bacterial systems, for example, appears to be independent of the type of
protein (7). Eowever, the biological activity is dependent on whether or not
the protein has been correctly folded. The transition from a denatured and
inactive form of a protein to the native three-dimensional structure is called
protein folding. It is well known that a protein molecule can develop its
three-dimensional structure spontanecusly under physioclogical conditions {8).
However, certain proteins may assemble poorly in the cytoplasm of the host
organism. Many proteins contain disulfide bonds and the E.coli cytoplasm, for
example, does not seem to be favorable for disulfide bond formation(9). Degpite
intense research, a generalized mechanistic understanding of the folding
transition remains unclear (10). Protein folding during the manufacture of a
recombinant protein is still largely empirical. The problem is to find the
physiological conditions for a particular protein which allow spontaneous
formation of its correct three-dimensional structure.

The problems of protein purification are in principle the same whether the
protein is extracted from a natural source or from a recombinant organism.
However, the same genetic technigues used in cloning can also be used to modify
and control the location of a protein., It is possible for a pretein to be
produced intracellularly or to be secreted intoc the medium (11). An
intraceliular protein can occur in one of three forms; it may bhe scluble in the
cytoplasm (l2), it may occur in an aggregated form as inclusion bodies (13}, or
it may be secreted into the periplasm (14). In terms of downstream processing,
these different locations can have dramatic effects, as does the potential for
increasing the expression of the desired protein by using suitable promoter
seguences (15). A discussion of purification technigues for recombinant
preoteins makes only sense in connection with the different expression systems.
Gene expression and downstream processing are closely correlated; they are
integral parts of the manufacturing process,

SYSTEMS FOR HETEROLOGOQUS GENE EXPRESSION

Today five major expression systems are used routinely:

Escherichia coli, Bacillus subtilis, yeast, mammalian cells and the baculovirus
system in insect cells. Each of these systems has ics advantages and
disadvantages.
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Bacterial expression systems

Escherichia coifi

Over the past years a lot of knowledge has accumulated concerning E.coli
expression.

Genes expresged in the cytoplasm of E.coll characteristically accumulate to
levels ranging up to 25 % of total cell proteins,

For translation initiation in E. coli an ATG seguence must proceed the gene
coding sequence. Thus the primary products of translation contain an N-terminal
methionine residue. E.coli possesses enzymes which catalyse the efficient
removal ¢f the methionine residues from natural proteins when required, but
these enzymes do not work with the same efficiency on recombinant proteins and,
therefore, expressed proteins may have an non-natural N-terminus {16}.

This N-terminal methionine may affect the immuncgenicity of the protein.
However, almost any protein can be produced in E.cell as long as it is not too
long {optimal size 100-300 amino acids) and doss not contain toc many cysteins,
The reducing environment present in E.coli cells does not permit cysteine-rich
proteins £o form the disulfide bonds required for proper three-dimensional
structure (%), This preoblem can sometimes be overcome by seécretion into a more
oxidizing envircnment. Secretion from E.coli is still very difficult and is
most likely te work with a naturally secreted protein. High-level expression
and secretion of mammalian proteins, such as human growth hormone, into the
E.coli periplasm have been reported (14). Most secretory proteins in
prokaryotic as well as in eukaryotic cells are initially synthesized as
precursore that have an amino-terminal extension. This amino-terminal
extension, called the signal peptide, is capable o¢of directing the secretory
protein across the cytoplasmic membrane. During the tranglocation progess, the
signal peptide is cleaved and the mature protein is transported across the
membrane. For the secretion of human growth hormone inte the periplasm, a
vactor containing the genes coding for E.coli OmpA signal peptide and human
growth hormone was constructed. Purified product produced with this system was
properly felded with correct amince terminus and correct disulfide bonds.
Attempts to construct expression systems in E.coli to secrete heterclogous
proteins inte the culture medium have alse been succassful (11).

b two-component vector system was used. One plasmid expresses bacteriocin
release protein which renders the outer membrane permeable. The other encodes
the synthesis of human growth hormone fused to the CmpA signal peptide,
allowing the hormecne to enter the periplasm. There are advantages when a
heterologoulsy produced protein is secreted: problems with unwanted N-terminal
methionines are avoided, proteins tend to fold better and protein purification
can be much easier. However, secretion of recombinant proteins in E.coli quite
often does not work and the product is accumulated in the denatured form in the
cytoplasm.

Another problem with dramatic effects on downstream processing is the
proteolytic degradation of the recombinant product. Interferon 0-2Za synthesized
in E.c¢oli was purified by immunoaffinity chromatography. Beside the properly
folded product, misfolded and a truncated Interferon o-2a variants were
copurified on the affinity adsorbent. It could be shown that the truncated
variant, an Interferon 0-2z molecule lacking the 22 N-terminal amino acids {17}

is a product of proteolytic cleavage (18}). In E.coli some twenty proteases have
been characterized (19). The normal function of these enzymes are very diverse
and may in¢lude degradation of aberrant proteins, degradation or modificaticon
of proteins as a means of metabeolic control and removal of the signal peptide.
The traditional methoed of reducing the effeots of proteases during protein
processing are to apply low temperature and proteéase inhibitors. However,
precautions/measures already taken during the bicosynthesis stage, such as the
use of protease negative mutant hosts, may be impertant (20).
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Expression of recombinant proteins in E.coli quite often results in the
formation of inactive protein that accumulates intracellularly as inclusion
bodies. In this form the proteins are protected from proteolytic degradation
{21}, However, these insocluble products c<an only be solubilized using
denaturants such as urea or guanidine hydrochleride which unfeld the protein.
The unfolded protein must then be refolded by removal of the denaturant.
Denaturant removal is typically performed through the use of dialysis or rapid
dilution with a buffer. The primary refolding proklem is the reformation of
inactive protein aggregates. Therefore, it is essential to choose conditions
which minimize the formation of aggregates during refeolding. However, the
maximum protein concentration for efficient refolding often is very low; for
Interleukin=-2 the maximum was only 1lug/ml (22). The use of cosclvents in

agueous systems has been shown to enhance protein refolding and decrease
aggregation (23). Every protein contaminant extracted from the host organism
which is present during refeolding increases the total dilution necgessary to
avoid aggregation. In addition, partially denatured proteins are excellent
substrates for proteasss. Therefore purification steps that can be used in the
presence of the denaturants can be very effective. These include gel filtration
and metal chelate chromatography (24}. In vitro folding reactions are carried
out on completed polypeptide chains. In the cell, the N-terminus of a nascent
protein may start folding before the remaining C-terminus has been synthesized
in the ribosome, Proteins have been identifiled which assist in the mechanism of
folding of other proteins into their bhiclegically active forms(25).

The directed re-folding of a recombinant protein is still wvery empirical,
Bowever, by systématic variation of parameters influencing the folding and
agssociation of the constituent polypeptide c¢hains, high yields of active
eucaryotic proteins expressed in E.coli can be obtained., Recently, for example,
the renaturation, purificatien and characterigation ¢f recombinant muzine
antibody chains produced in E.coli were reported (26).

Bacillus subtiiis

Bacillus subtilis is a well studied prokaryote with an extensive genetic system
and well understood physiclogy. A further advantage of B, subtilis ils its
ability to secrete large amounts of proteins such as amylase and protease into
the culture medium. Secreted proteins can be isolated without lysing the
bacteria and therefore the purification should be easier, Expression systemg in
B. subtilis have been constructed., The E,coli B-lactamase was efficiently
secreted from this host organism with the aid of the O-amylase signal seguence
(27), However, soma proteins seem to be efficiently secreted while others are
poorly secreted. When human interferon o-Zb was expressed in B. subtilis and

secreted with the help of the o=amylase signal sequence, large amounts of the

uncleaved precursser protein were accumulated in the cells (28). B. subtilis
secretes several proteases into the culture medium which can potentially
degrade the recombinant proteins that are also secreted into the medium, This
problem of proteclytic degradation of the product can be solved by using a low
protease mutant as host organism (27).

Yeast expression systems

The development of yeast genetic engineering has made possible the expression
of heterologous genes and the secretion of their products from yeast (29).

Yeast, being eukaryotic, has much of the complex cell biclogy of multicellular
organisms, including a highly compartmentalized intracellular organisation and
& secretory pathway for proteins., Yeast grow rapidly, achieve high cell
densities and carries out post-translational modifications, such as
glycosylation, that bacterial systems are unable to do. Achieving high-level
expression of a heterologous gene in yeagt is possible at present. However,
recovering large amounts of the desired gene product 1is sometimes very
difficult., In yeast, the vacucle contains several ende- and exoproteinases.



174 COMMISSION ON BIOTECHNOLOGY

These enzymes gain access to heterologous gene products and the proteins may be
degraded after synthesis. Many of the genes that encodes these protease have
been cloned and null mutants have been constructad. Use of these mutants ¢an
improve the yields of recombinant proteins that initially were degraded during
purification.

The advantage of the yeast expression system is exemplified by the production
of recombinant human serum albumin (30). This blocod protein with a molecular
weight of 657000 has 17 disulfide linkages. It is misfolded and insoluble when
produced intracellularly, Human seéerum albumin produced in yeast and secreted
into the media is soluble and appears t¢o have the same disulfide linkages as
the human blood derived material.

Yeast is an excellent host system for heterologous gene expression but E.coli
is still the first choice. However, in cages where the gene product of interest
must be gecreted and pesttranslationally modified, yeast may be the next best
expression system,

Mammalian cell expression systems

Microbial ezpression systems can be very effective and economical but when the
proteins of interest are large and c¢omplicated in structure, the production of
correctly folded and glycesylated biclogically active molecules 1s very
difficult or impossible. Mammalian ¢ells secrete proteins very efficiently and
they have the machinery to add and modify sugar residues such as those found in
mammalian glycoproteins. These cell expression systems are therefore very
attractive for the production of large glycoproteins and cell surface receptor
proteins.

Chinese hamster ovary cells are ¢ften used for overexpression of recombinant
proteins. High level of gene expression can be obtained with the method where
gene amplification can be used to increase the vector copy number within the
host cells. Titers of 180 mg/l product in shake flask cultures with the chinese
hamster ovary c¢ells system have been reported (31). However, stable mammalian
cell expression is very time-consuming and the product titers usually are less
then 1 mg/l.

Baculovirus system in insect cells

The baculovirus insect cell expression system is the most recent successiul
method for production of recombinant proteins (32). In this method baculovirus
vectors are used for the expression of foreign genes in insect cell culture.
Recombinant proteins produced in insect cells with baculovirug vectors are
bicleogically active and seem to undergo post-translational processing to
produce recombinant products very similar tc the authentic proteins, In this
system recombinant proteins can be secreted, N=-glycosylated and O-glycosylated.
However, it is net c¢lear whether the difference in the oligosaccharide
processing pathways of insects and vertebrates is an important factor in the
production of authentic mammalian glycoproteins in insect cells (33).

The purification of a protein is much easier if it can be isolated from cells
that overproduce it. Therefore, the selection of the appropriate expression
system t¢ achieve high-level expression is very important for the purification
of the recombinant protein. In general, the production of each recombinant
protein presents its own peculiar set of problems that must be overcome to
achieve high-level expression,

SEPARATION TECHNIQUES

The development of technigues for the purification of proteins has been an
important prerequisite for many cf the advance made in biotechnology.
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Inprovements in materials and equipment as well as in separation methods have
made protein purification more predictable although it ig gtill more an art
than a science. Several ugeful reviaws covering protein separation and
purification have been written. In "Methods of Enzymology™, volume 182 (34),for
example, detailed application xeports c¢an be found,

With the development of a wide variety of chromategraphic celumn packing
materials such as gel-filtration media, ion exchanger, hydrophobic interaction
adsorbents and affinity chromatography adsorbents a set of tools for efficient
and selective protein fractionation are cormercially available today. However,
not all the problems in protein purification are solved by using these
sophisticated tools. Difficulties still remain, for example, in finding the
good conditions for protein extraction and for stabilizing the protein in
solution as well as in choosing suitable methods for monitoring protein and
biological activity. In addition, the physic¢o-chemical characterisation of
purified proteins is still not wvery sophisticated. Many minoer variations are
possible in protein molecules, such as deamidated asparagine or glutamine
residues (35) and these can be very difficult to detect analytically. Such
modifications c¢an affegt the bicleogical or immunoclogical propesrties of a
protein, However, one of the most exciting recent pretein characterisation
methods is electrospray ionization mass spectrometry (36)}. This technique
allows the determination of protein molecular weights down to an accuracy of
0,01 per cent mass units.

Extraction methods

Proteins which are secreted into the medium, e.g. proteins produced in
mammalian or insect ¢ells, can usually be o¢obtained as a clear or nearly clear
solution after removal of the cells by centrifugation or filtration. These
solutions may be suitable for dire¢t application to chromatoegraphy columns.
Proteins which are accumulated intracellularly, e. g. proteins produced in
bacteria, have to be extracted prior to purification by chromatography. Various
methods are available to release proteins from the cells ({37). Cell disruption
techniques currently useéed are mechanical desintegrators, such as glass bead
mills and high-pressure homoganizerg. The extraction ¢onditions are optimized
by systematic variation of e. g. the composition of the extraction buffer,
time, temperature and operating conditions of the desintegrator, The mechanical
protein release methods have several drawbacks. One problem iz that extensive
fragmentation of the cells can make the subsequent clarification difficult
(37}. In addition, the high viscesity of the solution due to the released
nucleic acids uswally makes a nuclei¢ agid removal step necessary (38)., 2&n
alternative to mechanical disruption is to utilize chemicalg which interact
with the cell structure in a manner which causes it to become permeable.
Guanidine hydrochloride is a chaotropic agent which is capable of solubilizing
protein from membranes. Triton X-100 is a non-ioni¢ detergent that has a high
binding affinity £for hydrophobic molecules. A combination of guanidine
hydrochloride and Triton X=-100 in the extraction buffer is a very effective
permaabilization method (39). In addition to the chemical permeabilization,
enzymatic lysis of microbial cells has found a number of important applications
(40). The use of enzymes shows promise as a method for controlled lysis and
selective product release.

The clarification of the cell homogenate or the crude extract obtained after
cell permeabilization is usually done with a high gpeed centrifuge (157000 x
g). As a complement to centrifugation, tangential microfiltration has received
increased attenticn {41} in recent years,

A5 a next step in protein purification, ultrafiltration has become an effective
technique. Ultrafiltration membranes are availbale with different cut-off
limits for separation of molecules from 1'000 Daltons up te 300'CC0 Daltons
{42). The method is excellent for the separation of salts and other small
molecules from a protein fraction with higher molecular weight. At the same
time, the proteins can be concentrated gently and fast.
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Chromategraphic steps

Chromatography has proved to be a very efficient technique for the separation
of proteins in biological extracts. Therefore the crude, clarified and
concentrated extract of a recombinant protein is usually further purified by
chromatographic steps. Separation by chromatography depends on the differential
partition of proteins between a stationary phase {the adsorbent} and a mobile
phase {(the buffer sclution). Normally, the stationary phase is packed into a
vertical column of plastic, glass or stainless steel, whereas the buffer is
pumped through this column, The sample to be fractionated is pumped on the top
of the column and the wvarious sample components travel with different
velogities through the column and are subseguently detected and collected at
the bottom of the column. A wide variety of adsorbents has been developed which
exploit various properties of the protein for fractionation, The important
techniques are summarized in Table 1.

Gel filtration

The use of column chromatography for the separation of proteins according to
size became possible with the introduction of a c¢ross-linked dextran material
by Porath and Flodin {43)}. The separation in gel filtratioen depends on the
different abilities of the warious sample moleculeg to enter pores which
contain the stationary phase. Very large mcelecules, which never enter the
stationary phase, move through the chromatographic bed fastest. Smaller
melecules, which can enter the gel pores, move more slowly through the column,
since they spend a portion of their time in the stationary phase. Molecules are
eluted according of decreasing molecular size. Gel filtration for the
separation of bioclegical meolecules is used in the research laboratory as well
as on a large scale with ceclumns containing up to 500 1 gel {44). Innumerable
applications of gel chromateography for protein purification have been reported
and reviewed in the literature (45).

fon exchange chromatography

The basig¢ for ion exchange chromatography is the competitive binding of
proteins with differences in charge, to an oppositely charged chromatographic
medium, the ion exchanger, The interaction betwesen the proteins and the ion
exchanger depends on several factors: net charge and surface charge
distribution of the proteins, the ionic¢ strength and the nature of the
particular ions in the buffer, pH and other additives such 4% detergents. It is
obvious that the more highly charged a protein is, the more strongly it will
bind to an oppositely charged ion exchanger. Similarly, more highly charged ion
exchangers bind proteins more effectively than weakly charged ones. Cenditions,
e.g. pH, which alter the effective charge on either the protein or the ion
exchanger will affect their interaction and may be used te influence the ion
exchange chromatography. Ion exchange chromatography for proteins was
introduced in the middle 1%50's with the cellulose ilon exchangers. Since then a
number of chromatographic media, such asg <¢ross-linked dextrans and agarose,
synthetic hydrophilic polymers, have been derivatized with ien exchanging
groups. A lot of empirical knowledge for this type of chromatography has been
accumulated and actually ion exchange chromatography is the technique most
often used in purification protocools (46).

Hydrophobic interaction chromatography

The knowledge of the three-dimensional structure of many proteins has revealed
that the surfaces of globular proteins can have extensive hydrophobic patches
in addition to the expected hydrophilic groups. In a solution faveuring
hydrophobic interaction, e.g. a sclution containing a high salt concentration,
these hydrophobic regions can bind to hydrophobic ligands such as alkyl or aryl
side chains on the gel matrix. Fractionation of protein mixtures according to
differences in the strength of interaction between the proteins and the
hydrophobic ligands on the gel matrix is usually done by decreasing the salt
concentration of the buffer system used. Hydrophobic interaction
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THRBLE 1: Chromategraphic technigues TABLE 2: Affinity
purification systems
Molecular property Typs of chromatography i d Target
exploited gan protein
- Size Gel filtration Inhibiter, Enzyme
cofactor
- Charge Icn exchange chromatography
Lectin Glycoprotein
- Hydrephcobicity Hydrophobic interaction cell surface
chromatography receptoxr
- Biolegical affinity Rffinity chromatography Hormonea Receptor
(Immunoaffinity chromategraphy,
Lectin affinity chromatography}| antibody Antigen
- Metal chelating Immobilized metal ion affinity
groups chromatography

chromatography was first described by Porath (47) and Hjerten (48). Due to the
stabilizing influence of salts, hydrophobic interaction chromatography is a
mild method and recoveries are often high. However, the method is mainly used
on a laboratory scale.

Affinity chromatography

Biological processes are related to specific interactions between molecules.
These interactions may occur between a protein and a low melecular weight
compound, e.g. an enzyme and an inhibitor or between two proteins, such as an
antibody and an antigen. In affinity chromatography such biolegical affinities
are exploited for the purification of proteins. One partner of the interaction
pair, the ligand, is ccovalently bound to a scolid matrixz. The resulting affinity
resin, packed inte a chromatographic column, is then used to adsorb the protein
of interest {(the ¢counterligand) from the crude extract that is passing the
chromatographic column. With an appropriate elution buffer the purified protein
can then be recovered from the afifinity resin. Examples of &affinity
purification systems are listed in table 2,

The idea of purifying proteins by using a specific interaction between
biclogiczl molecules was first published in 1910. Starkenstein attempted to
purify o-amylase with inscluble starch (49). However, the development of
affinity chromatography was delayed until satisfactory chemical methods for
attaching ligands covalently to the matrix became availabkle (S50). Since then,
very many proteins have been purified by affinity chromatography (51}, An
impressive example is the purificatien of 10 myg of the witamin Bis transport
protein from 40 kg of plasma using & column with immobilized cobalamin as
ligand {52}.

Lectins are proteins isolated from plant and animal sources which have a wide
range of carbohydrate binding properties. The ability of immobilized lectins to
interact specifically with sugars makes them excellent tools for purifying
glycopreteins (53). Immobilized lecting are often used for the purification of
recombinant glycoproteins from ¢ell cultures.

The high specificity of monoclonal antibodies for their antigens makes them
very useful ligands for affinity chromatography. Immobilized monoclonal
antibodies are known as immuncadsorbents. The high costs of immuncadsorbents
and the high risk of irreversible denaturaticn and proteclytic degradation,
which is a pre¢blem with all adsorbents based on immobilized proteins, are some
disadvantages o¢f this affintiy technique. However, immunoaffinitiy
chromatography has been widely used for the recovery of recombinant proteins.
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The manufacture ¢f recombinant Interferon ¢-2a synthesized in E.¢oli has been
facilitated by affinity chromatography using immobilized monoclonal antibodies
(54) . Hybridoma techniques have been used for the production of monoclonal
antibodies against partially purified human alpha interferons from induced
leukoeytes. Subsequently these antibodies were immobilized on crosslinked
agarose and Interferon ¢-2a synthesized in bacteria was purified on this
immunoadsorbent.
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Fig 1: Schematie structure of the interferon o-Za variants eluted from the
immunoadsorbent. The thick lines represents the segquence of the
antigenic determinant,

a: correctly structured molecule c: molecule with only one disulfide bridge
b: dimer d: fragment

During scale up of the production process it was found that the Interferon «-2a
eluted from the immunoaffinity column was not homogeneous. Analysis of the
preparations by non-reducing sodium dodecyl sulfate-polyacrylamide gel
electrophoresis revealed the presence of differsnt meolecular forms. Cligomers
{dimers, trimers, etc.) and two monomeric forms were observed. Furthermore an
interferon fragment was detected (17). The amino acid sequence of the antigenic
determinant of the interferon molecule was determined in binding experiments
using Interferon &-2a fragments prepared by cyanogen bromide cleavage. This

antigenic sequence was in all the different molecular forms of Interferon ¢-2a
eluted from the immunoadsorbent {figure 1), It ig therefore understandable that
the interferon fragment, the oligomers formed via intermolecular disulfide
cross-linkage and the mecnomer with incoerrect disulfide arrangement are
recovered together with the correct interferon a-2Za molecule. This example
demonstrates a general limitation of immunoadsorption chromatography. AR
immobilized antibody will always recognize and bind a fragment <f the target
protein. It will not discriminate between molecules which have been modified or
partially degraded. Therefore a one-step purification of a recombinant protein
igs wvery unlikely and other separation techniques have to be applied after
immincadsorption chromatography.

Immobilized metal ion affinity chromatography

Immobilized metal ion affinity chromatography ({(IMAC) for the purification of
peptides and proteins was introduced in 1%75 by Porath and co-workers (55}).

The principle of this technique is the coordination between the electron deoner
groups on a protein {peptide) surface and immeobilized transition metal ions.
The tridentate chelator, iminodiacetic acid or the quadridentate chelator
nitrilotriacetic acid (56}, are coupled via a spacer arm tc a solid support and
used for the immobilization of metal ions such as Wi, Cu ¢r Zn (figure 2}.
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Fig. 2: Schematic structure of metal chelate adsorbents,

a} The tridentate imincdiacetic acid adscorbent charged with a metal ion
having coordination number 4 {e.g. Cu 2¥). One valency is occupied
by Hz0 and remains for biopolymer interaction.

B The ¢uadridentate nitrilotriacetic acid adsorbent charged with a
metal ion of coordination number 6 {e.g. Ni 2+), Two valencies are
ogoupied by H2C and remain for bicpolymer interaction.

Porath postulated that the histidine, cysteine and tryptophan residues in
proteins (peptides) are most likely to form stable coordination bonds with
metal chelates at neutral pH, Present experience (57) indicates that histidine
residues on protein surfaces are the predominant eslectron donor groups.

We have used this affinity technique in our laboratory for the purification of
many proteins and peptides. A recent example is the purification of "Anantin®,
a peptide antagonist of the atrial natriuretic factor (ANF), on a copper
chelate affinity column {(58). Anantin is a peptide consisting of 17 amino acids
in¢luding one histidine.

IMAC is also used in industrial manufacture of recombinant protein drugs. A
copper chelate affinity step is used for the separation of misfolded and
truncated Interferon G-2a variants from the properly folded product {59).

Histidine is a rarely occcurring amino acid, accounting for about 2 % of the
amine acids in globular proteins (60). Only about half are expeged on the
protein surface and may be avallable for immobilized metal ion affinity
chromatography. Although this fact is limiting the utility of IMAC in the
purification of natural proteins, the use of metal-affinity separation for
purification ¢f recombinant fusion proteins containing an artificial histidine
affinity "tag" is becoming very attractive {(see bhelow).

GENETIC APPROACH TO FACILITATE PURIFICATION OF RECOMBINANT
PROTEINS

In recent years very attractive genetic approaches to fac¢ilitate purification
of recombinant proteins have been developed, The use of genetic engineering
techniques has allowed the synthesis of hybrid proteing. By fusing the <oding
sequence of a protein of interest with the coding sequence of a polypeptide
with high affinity to a ligand, a hybrid protein with an affinity tag can be
produced directly by a microorganism. The affinity tag can then be used to
recover the product from a culture medium or a cell lysate by affinity
chromategraphy. It is also possible to introduce a specific cleavage site at
the junction between the protein parts, which enables cleavage of the hybrid
molecule to yield the protein of interest free of affinity tag, The c¢ongept is
gshown schematically in figure 3.

Purification tags have been developed t¢ be applied in ion exchange,
hydrophobic interaction, affinity, immuncaffinity and immobilized metal ion
affinity chromato-graphy (IMAC). Table 3 lists some of the affinity tags and
chromatographic technigues used,
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Fig. 3. Schematic¢ illustration ¢of the purification system,

A crude extract containing a hybrid protein consisting of the desired
protein X fused with an affinity tag A is passed thrcugh an affinity
column containing a specific ligand L (1l). Only the protein molecules
vhich have an appreciable affinity for the immobilized ligand will be
retained (2) and all the contaminants are washed out (3) .After elution,
the purified fusion protein ¢an be cleaved at the designed cleavage
site (4) to give the desired protein X and the affinity tag A, which
can then be removed by a second passage on the affinity column.

One of the first applications of this approach was the use of a polyarginine
tag at the C-terminus of recombinant urogastrone which ¢aused the protein to
bind wvery strongly to a cation exchanger (61). In a similar manner
galactosidase tagged with polyphenylalanine was purified on phenylsepharose
(62). P-Galactesidase fusion proteings have been purified on a p-aminophenyl-f-
D-thiogalactosidase affinity resin (63}. Protein A fusion proteins rely on the
specific interaction between staphylococcal protein A and the constant region
of immunogleobulins. The fusicon proteins are purified using an immcbilized IgG
{64} . By using a short antigenic peptide at the N-terminus, proteins can be
purified by using an immobilized monoclonal antibody specifi¢ to the peptide
(65). The nitrilotriacetic acid metal chelate adsorbent charged with Ni 2+ ions
{(figure 1} binds proteins with surface-adjacent histidnes. The addition of
either an N-terminal ¢r a2 C-terminal polyhistidine tag permits purification of
the fusion protein on the metal chelate adsorbent (66). This chromatography
permits purification in the presence of high concentration of guanidinium
chloride and is, therefore, very useful for proteins extracted from inc¢lusion
bodies.

Ramoval of affinity tag

To split off the affinity tag from the protin of interest, a specific chemical
or enzymatic cleavage site may be engineered into the fusion proteins. Table 4
lists some possibilities.

These methods are successful in several instances, but are often limited by
poor cleavage yields or by unwanted cleavages that oc¢¢ur within the desired
protein segquence. If the desired protein already containg the amino acid
sequence of the cleavage site, the product will be degraded. When enzymatic
methods are used, there is the problem of purifying the desired product from
the contaminating protease. Chemical reagents in this respect can easily be
geparated from the ¢cleavage mixture; a dialysis or desalting step can separate
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TABLE 3: Affinity tags and separation techniques used to facilitate
purification of recombinant proteins

Affinity tag Typa of ochromategraphy Raferance
Polyarginine Ion exchange 6l
Polyphenylalanine hydrophobic interaction 62
p-Galactosidase affinity €3
Protein A IgG-affinity 64
Antigenic peptide Immunoaffinity 65
pelyhistidine IMAC 66

TABLE 4: Chemical and enzymatic methods to ¢leave fusion proteins

Cleavags zeagant Cleavage =itas Referance
Cyanogen bromide Met 1 {71}
Formie acid Asp {Pro {67
Bydroxylamine Asn lGly {64}
Collagenase Pro~Val LGly-Pro {62)
Pactor Xa Ile-Glu-Gly-2Arg | {69)
Enterokinase Asp-Asp-hsp-Lys | {65)
Renin His-Pro-Phe—His-Leu-Leu | (700
Carboxypeptidase A C-terminal arcomatic amino acids (66)
Carboxypeptidase B C-terminal basic aminc acids {61}

the reagent from the protein mixture. The affinity tag can then be removed with
a second run on the affinity column. From present experience it can be
¢oncluded that there is no generally applicable cleavage method. The optimal
procedure for each protein of interest must be selected on a case-by-case
basis, after analysis of the amino acid sequence. However, removal of the
affinity tag is not always required.

CONCLUSIONS

The purification of a bicleogical product from fermentation broth or cell
¢ulture supernatant is an important part of biotechnological manufacturing.
Efficient separation processes are essential for the production of biochemical
products. In recent years, the demand for improved techniques to purify
proteins for wuse in research, diagnostic and therapeutic applications has
increased following theé successful expression of recombinant proteins.
Following this need, research in downstream processing has been intensified,
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focusing on the improvement of existing techniques as well as on the
development of new and innovative methods.

Significant improvements in equipment using micreprocessor based instruments
and in materials such as new porous resgin supports and new cross-linked beaded
agarose have been made. However, the most exciting development in downstream
processing was made possible by genetic engineering. Genetic engineering now
provides means to tailor a protein in such a way that it can be purified more
efficiently. Genetic techniques can be used, on one hand, to modify and contrecl
the location of a protein in the host cell {e.g. periplasm, culture medium)}
and, on the other hand, to produce fusion proteins which can be purified by
specific chromategraphic¢ techniques. Many of these methods can be expected to
be included in future manufacturing procedures.
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