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1. INTRODUCTION

Over the past decade many challenges have arisen in biopolymer separation as
a consequence of advances in molecular biology, protein engineering, recombi-
nant DNA methods and cell culture technologies. Central to these developments
has been the redefinition by governmental regulatory agencies of the require-
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ments for the quality control of peptides and proteins intended to be used as
therapeutic products. With the availability of many proteins through the advent
of genetic engineering techniques, the criteria for establishing protein purity are
currently undergoing substantial re-examination. The potential now exists, due
to the emergence of rapid, high-resolution chromatographic and electrophoretic
techniques, to address systematically the quality control of peptides and proteins
at analytical levels hitherto not feasible and also to develop new strategies for the
purification of a specific peptide or protein from complex mixtures.

The attainment of very high purities for peptides or proteins can only be
achieved by the application of several high-resolution separation techniques.
Integral to the definition of the final purity of a protein or peptide are the detec-
tion limits set for the analysis of contaminants. Different analytical separation
and detection methods are required depending on whether these contaminants
are proteinaceous, nucleic acids, lipids or polysaccharides. Even with the most
sensitive analytical methods based on polyacrylamide gel electrophoresis (PAGE)
with silver or gold staining, detection of contaminants under the most favourable
staining conditions down to 5-10 ppm represent currently feasible limits [1-5].
With some enzyme-linked immunoassays it is possible to improve the limits of
detectability by a further order of magnitude [6,7]. However, further significant
improvement is required if the detection limits for biological contaminants are
to approach the ppb ( <ng/g) level now made mandatory by public and govern-
mental concern with therapeutic proteins.

In order to purify a biopolymer to near homogeneity and satisfy the stringent
limits of contaminant detection, a battery of sophisticated analytical and prepa-
rative separation techniques are required by the biochemist. For these reasons it
is not surprising that extensive research is currently under way to refine and
extend existing chromatographic and electrophoretic procedures in order to allow
improved resolution and recovery. In this article, some of the options currently
available for protein separation by high-resolution chromatographic methods are
examined. The article’s theme has been deliberately developed as a general over-
view with the biologist, who has only recently initiated an interest in modern
separation techniques, kept in mind. In the other chapters of this Special Volume,
various application areas of high-resolution chromatographlc methods in the life
sciences are summarised in detail.

Nearly all modern high-performance liquid chromatographic (HPLC) meth-
ods lend themselves to the requirements of either analytical separation or scale-
up preparative separation. In the research laboratory setting the advantages of
electrophoretic procedures, judiciously used in a purification procedure or in the
case of capillary zone electrophoresis for high-sensitivity analysis, should not be
overlooked. By combining the potentials of the various separation techniques, it
is now feasible to achieve purification factors between 100 000 and 500 000 for
bioactive substances present in only trace amounts in biological fluids. The recent
purification of the gonadal protein hormone, inhibin, is typical of these current
possibilities. A 58 000-Da form of inhibin has been purified [8-10] from follicular
fluid to near homogeneity by a five-stage purification procedure involving gel-
permeation chromatography, weak hydrophobic-interaction chromatography
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under low pH conditions, reversed-phase HPLC and preparative sodium dodecyl
sulphate (SDS) PAGE in conjunction with electrophoretic elution of the bioac-
tive protein zone. The 58 000-Da protein was recovered with a purification factor
of 150 000 in sufficient microgram quéntities to allow partial amino-terminal
sequencing of the A- and B-subunit polypeptide chains, thus leading to the sub-
sequent cloning and full nucleotide sequence analysis of the corresponding cDNA
species.

The above study is representative of many other research investigations related
to the isolation and characterisation of the myriad of biological substances now
of interest in life science research. Importantly, this study on the purification of
inhibin embodied the five basic tenents of modern purification approaches. These
principles are: (1) combine separation techniques (and associated analytical
methods) into rational hierarchial schemes which amplify at each stage known
biological or chemical properties of the protein, such as affinity for the stationary
phase, so that selectivity differences are optimised; (2) use in the early stages of
fractionation simple techniques and progressively increase the level of sophisti-
cation in the resolving power; (3) work fast and minimise as much as is possible
the manipulative handling of the samples; (4) keep flexibility in the purification
strategy so that the unanticipated result can be capitalised upon; (5) anticipate
the level of abundance and recovery of the desired protein on the basis of a rig-
orous assessment of the known biology of the substance. In the following sections
of this review different aspects of the separation parameters involved in protein
purification will be examined and recommendations made on how they can be
successfully linked at either the micropreparative or the macropreparative levels
into an integrated purification strategy.

2. SEPARATION PARAMETERS IN PROTEIN PURIFICATION
2.1. Bulk properties

The chemical structure and the surface topography of a peptide or a protein
are the two key parameters around which most separation skills must be devel-
oped. Table 1 lists factors known to control chromatographic stability and reso-
lution of peptides and proteins. Classical fractionation methods which manipulate
either the temperature stability or solubility of a protein tend not to provide high-
resolution discrimination except in very specialised cases, e.g. thermal denatur-
ation of high-molecular-weight proteins during the recovery of low-molecular-
weight bioactive peptides. Despite this low level of resolving power, exploitation
of solubility product differences remains the routine method for the initial frac-
tionation of many proteins in the research laboratory, and still forms the basis of
the commercial biorecovery of most therapeutic proteins, i.e. plasma proteins,
insulin from tissue extracts.

Several options are available for the manipulation of protein solubility and
include techniques based on salt precipitation (ammonium sulphate, sodium sul-
phate, etc.), organic solvent precipitation (typically ethanol), organic polymer
precipitation (polyethylene glycols or polyvinylpyrrolidone), isoelectric precip-
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TABLE 1
FACTORS CONTROLLING CHROMATOGRAPHIC STABILITY OF PROTEINS

Mobile phase Stationary phase
1. Organic solvents 1. Ligand composition
2.pH 2. Ligand density
3. Metal ions 3. Surfaee heterogeneity
4. Chaotropic reagents 4. Surface area
5. Oxidising or reducing reagents 5. Pore diameter distribution
6. Temperature

7. Buffer composition
9. Ionic strength
10. Loading concentration

itation by pH gradation or extraction/partitioning in aqueous-aqueous or
aqueous-non-aqueous two-phase liquid-liquid systems. All of these procedures
take advantage of solute hydration effects and a bulk property of the solute such
as its ability to form a finite or infinite intermolecular network or aggregate under
a particular set of ionic strength or solvent dielectric conditions. Although these
processes clearly involve the participation of solution chemical equilibria, and
hence have the potential to allow modulation of separation selectivity or zone
broadening processes, the interaction of solvent molecules or ions with biopoly-
mers has until recently been explored largely by conventional methods in terms
of differences of the induced physical characteristics of the solutes. For example,
the differential migration of biopolymers in gravitational or thermal fields (the
basis of all centrifugation procedures, thermal denaturation methods or thermal
field flow fractionation) largely reflects the physical characteristics of the solute
in terms of its molecular mass, hydrodynamic volume, state of self-aggregation
or association with other biopolymers. Differences in size and shape of the bio-
polymers, which reflect molecular mass and sequence differences, also form the
basis of ultrafiltration. SDS-PAGE and gel-permeation chromatographic sepa-
rations. Again, such separation procedures largely reflect a bulk property of a
biopolymer in terms of its average molecular mass, average Stokes radius, etc.
Although such bulk properties are often taken to imply a fixed physical property
of a biopolymer, in fact all biomacromolecules undergo dynamic changes in shape,
self-association and mobility in response to variations in the surrounding liquid
environment. In most cases these environmental changes affect the chemical
potential of the biopolymer and involve reversible solution equilibria processes.
Knowledge of solute-solvent interactions and their optimisation thus represents
one of the essential requirements behind the development of general strategies
for biopolymer separation, based on either non-interactive or interactive chro-
matographic media.

2.2, Chromatographic modes

In recent years, a large amount of developmental effort has been expending in
transferring knowledge gained with chemically modified soft polymeric gels such



TABLE 2
CRITERIA FOR THE SELECTION OF CHROMATOGRAPHIC MEDIA

Chemical and physical stability

Particle uniformity

Mechanical strength and resistance to deformation
Hydrophilicity and wettability

Sterilisability

Cost

Reproducibility between batches

High capacity

High resolution or selectivity

10. High mass and biological recoveries

11. High product throughput

12. Potential for good manufacturing practice scale-up

el R al ol A

as the cross-linked dextrans, agaroses or acrylate copolymers into the selection
and chemical modification of mechanically more robust stationary phases with
narrow particle and pore size distributions. Many of the criteria listed in Table 2
apply equally to analytical separations as they do to large-scale preparative sep-
arations. Clearly in the latter case the issues of column productivity, in terms of
kilograms of product resolved at a defined purity level per unit time per unit cost
of operating the overall separation system, and the potential of the purification
approach to satisfy good manufacturing practice, scale-up procedures, and thus
to meet governmental regulatory agency guidelines, are of major importance in
industrial application of protein purification methods. It has been appreciated
for many years that the so-called non-interactive modes of separation do not
exhibit the same level of resolution as adsorption techniques. The most successful
separation techniques are those capable of probing the topography of a biopoly-
mer and, in particular, the asymmetry of coulombic charge or hydrophobicity on
the biopolymer surface through selective interaction between an immobilised
ligand on the surface of the stationary phase and the biopolymer in question. A
number of separation techniques are capable of resolving biopolymers on the basis
of differences in net charge. These include zone electrophoresis, isotachophoresis
and most importantly ion-exchange chromatography. Under conditions in which
a transient or static pH condition can be generated, such that the pH at a point
within the separation system corresponds to the isoelectric point, pl, of the pro-
tein of interest, further extensions of the net charge separation approach are
found in chromatofocusing and isoelectrofocusing.

Just as ion-exchange chromatographic separations take advantage of the net
charge and charge distribution on the surface of the biopolymer, hydrophobic-
interaction chromatography exploits the accessibility and surface distribution of
lipophilic or non-polar residues. Because of its historical origin the term hydro-
phobic-interaction chromatography is frequently attributed to separations
affected by a decreasing salt concentration whilst the term reversed-phase chro-
matography has become identified with separations involving an increasing con-
centration of organic solvent in the eluent. However, the underlying
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physicochemical basis for both these separation methods is common and is largely
aresult of incremental changes in the microscopic surface tension associated with
the solute-solvent-stationary phase interaction [11-15].

Further examples of separation techniques which exploit the asymmetric dis-
tribution of amino residues at the surface of folded proteins, for example access
to exposed histidine residues or a coordination site of a metal ion cofactor, include
ligand-exchange chromatography and other various forms of chelate affinity
chromatography. Similar regioselective discrimination is also observed with
hydroxyapatite chromatography and with group-specific affinity chromatogra-
phy such as dye affinity and borate affinity as well as other forms of ligand inter-
actions based on generic biological ligands (i.e. biotin-avidin system, protein
A-immunoglobulin G system, nicotinamide-adenine dinucleotide-oxidoreductase
systems, oligosaccharide-lectin systems).

The final group of separation parameters, and the ones which give the highest
selectivity, are methods which exploit functional properties of a biopolymer such
as a specific ligand binding site, antigenicity or a structural element such as a
lipid-binding amphiphatic non-polar domain in lipoproteins or subunit contact
regions of multimeric protein complexes. With appropriate immobilisation
chemistries and ligand choice, biospecific affinity chromatography and immu-
noaffinity chromatography both have the potential to generate separation peak
capacities more than two orders of magnitude greater than observed with adsorp-
tion methods based on simple chemical ligands such as those typically employed
for ion-exchange or reversed-phase chromatography. Table 3 summarises exam-
ples of the separation parameters used in protein purification and the ranges of
purification factors which can be expected in typical single-stage procedures.

Proper utilisation of the specificity inherent in biological phenomena can form
the basis for very elegant immunoaffinity separations with, for example, mono-
clonal antibodies or biospecific affinity separation with the appropriate biological
ligand. The recent purification [16] of the murine transferrin receptor is illus-
trative of the latter case. This receptor specifically interacts with the iron-binding
protein transferrin and is an integral membrane glycoprotein located on the sur-
face of all proliferating cells. The murine transferrin receptor is a glycoprotein
existing as a dimer composed of two similar or identical polypeptide chains (rel-
ative molecular weight, M, =95 000) joined by disulphide bonds. Small quantities
(200 pmol) of the murine transferrin receptor were purified to homogeneity from
NS-1 myeloma cells (total protein 100 g) with a total purification factor of 200 000.
The key step in the purification hinged on the changing affinity of transferrin,
when depleted of iron by a pH step, for its receptor. In this sense the immobilised
transferrin affinity chromatography method functioned as a retrometal chelate
support. In the presence of iron (III) the immobilised transferrin bound strongly
to its corresponding receptor at pH 5.0. By simply changing the pH of the eluent
to 2, the iron (III) dissociated from the transferrin resulting in a conformational
change in the ligand protein and the concommitant dissociation of the receptor
protein from the immobilised biological ligand. Crucial to the success of this puri-
fication method was the investigators’ ability to mimic with laboratory proce-
dures what nature does continuously. The ability to exploit at different stages of



TABLE 3
SEPARATION PARAMETERS USED IN PROTEIN PURIFICATION

Parameter Process Typical purification
factor range™
Temperature stability Heat denaturation 2-20
Solubility Salt precipitation 2-20
Solvent precipitation 2-15
Polymer precipitation 2-15
Isoelectric precipitation 5-20
Partitioning in aqueous two-phase system 5-20
Size and shape Gel permeation 2-20
Ultrafiltration 2-5
Gel electrophoresis 2-10
Net charge Free electrophoresis 2-5
Zone electrophoresis 2-5
Isotachophoresis 2-10
Ion-exchange chromatography 2-40
Isoelectric point Isoelectric focusing 2-40
Chromatofocusing 2-10
Hydrophobicity Hydrophobic-interaction chromatography 2-30
Reversed-phase chromatography 2-200
Function Bioaffinity chromatography 50-10 000
Antigenicity Immunosorption (e.g. monoclonal 20-10 000
antibodies)
Carbohydrate content Lectin affinity chromatography 2-10
Content of free sulphydryl Covalent chromatography 2-10
groups
Exposed histidine Metal chelate affinity chromatography 2-20
Exposed metal ion Chelate affinity chromatography 2-10
Other Hydroxyapatite chromatography 2-10
Dye affinity chromatography 2-40

*Data compiled from refs. 52, 124, 125.

a purification procedure the known cellular biochemistry of a protein can be read-
ily appreciated as a crucial component behind many successful biospecific affin-
ity chromatographic purification attempts. Other recent examples, where
information gained from studies on the cellular biology have proved fundamental
to the purification of a very potent bioactive protein, inciude the heparin-binding
growth factors [17-20], the insulin receptor [21,22] and the epidermal growth
factor receptor [23], and a variety of peptide and protein hormones including
the haemopoietic growth factors [24], epidermal growth factor [25], platelet-
derived growth factor [26,27], angiogenin [28], B-transforming growth factor
[29,30], insulin-like growth factor 1 [31], interleukin 2 [32], nerve growth fac-
tor [33], colony-stimulating factor 1 [34], interleukin 3 [35], colony-stimulat-



10

ing factor 2 [36], a-transforming growth factor [37], pro-opiomelanocortin
(POMC) peptides [38], gonadotropin-releasing hormone [39], cholecystokinin
[40], follicle stimulating hormone (FSH) releasing protein [41,42] and netro-
physins [43].

2.3. Combination of separation parameters

Because of the inherent requirements for high resolution in biopolymer puri-
fication, it is routine to utilise combinations of all of the separation parameters
listed in Table 3 at different stages in the process. Irrespective of whether the
peptide or protein components of interest are to be isolated from a natural tissue
source or from genetically engineered cell types, the early stages of biorecovery
invariably involve a combination of cell distintegration and clarification tech-
niques. Modest purification factors (of the order of 2-10 fold) can be achieved
at this stage by appropriate choice of cell disruption, homogenization and clari-
fication methods. In the case of recombinant proteins, expressed in prokaryotic
cells often as refractile bodies, the use of low-spread centrifugation leads to a
recovered precipitate considerably enriched in the protein of interest. Similarly
the judicious use of appropriate detergents can greatly enhance solubilities of
particular components, not only in the case of hydrophobic membrane proteins,
but also for more polar proteins which, due to their low abundance, may self-
aggregate or associate with other substances. Even at these initial stages of bio-
recovery the issue of separation selectivity is clearly important. Although such
methods as cell distintegration, homogenisation, clarification by filtering aids,
etc. have relatively poor discrimination power for proteins in the same molecular
mass range, the important benefit of these early stages is that they are capable of
removing other classes of biopolymers and macromolecules, such as lipid, poly-
saccharide or nucleic acid components. For the successful purification of a nat-
ural peptide or protein, the correct choice of the tissue is a crucial prerequisite.
In the case of eukaryotic organisms the total number of different proteins, if all
permutations associated with protein-protein macromolecular structures, phen-
otypic heterogeneity and protein-lipid, protein—nucleic acid or protein-lipid
structures are taken into account, is probably in the range 90-100 million. In a
particular tissue all of these combinations will not be present in equal abundance,
due to inherent controls over cellular expression and processing. Nevertheless,
isolation studies for biologically important proteins present in low abundance
routinely require purification factors in excess of 10° before a component can be
considered to be in “in near homogeneous” form. Equally challenging, of course,
is the assessment of residual contaminants which in many cases require detection
at levels below 100 ppb. Similar requirements for the correct choice of cell type
and expression vector also apply to the early stages of biorecovery of proteins
available by recombinant DNA techniques.

~ The subfractionation of a cell supernatant usually requires initial stages of
precipitation, batch adsorption techniques and/or ultrafiltration. Phase parti-
tioning and in particular affinity partitioning methods with immobilized ligands
in an aqueous two-phase system are increasingly finding application as unit oper-
ations in the recovery of commodity proteins such as industrial enzymes. The
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resolving power of these initial fractionation stages again tends to be relatively
modest with a purification factor between 2 and 20 being the norm for more abun-
dant proteins such as bulk enzymes [44-48] of bacterial or yeast origin, and some
plasma proteins, e.g. albumin [49,50], of commercial interest.

2.4. Interactive stationary phases

A full knowledge of the mechanistic processes underlying biopolymer separa-
tion selectivity and the kinetics of solute transport under the separation condi-
tions is an ideal scenario rarely attainable in practice. Much of the research effort
associated with the development of new chromatographic separation media, the
introduction of improved preparative electrophoretic methods, and the applica-
tion of additional principles such as magnetised bed extraction or field flow frac-
tionation, has nevertheless addressed the same questions central to the
physicochemical nature of biopolymer separation selectivity and biopolymer
kinetics. Particularly with adsorptive chromatographic systems the molecular
dynamics associated with multi-site interaction of biopolymers with the station-
ary phase control not only the retention and zone broadening behaviour but also
the mass and bioactivity recovery.

For several practical reasons, e.g. cost or difficulties with column regenerabil-
ity, high-resolution purification methods are usually not brought into play with
sub 10-um microparticulate adsorption media of narrow particle diameter (d,)
distributions and narrow pore size (P,) distributions until clarification is com-
plete and partial fractionation has been carried out. Considerable activity is now
under way at both academic and industrial centres, exploring different options
for improving stationary phase characteristics to allow enhanced separation
selectivity and improved kinetics with mesoparticulate media (d,>30 ym) in
preparative separations of biopolymers. Because interactive stationary phases
have the potential to probe the topography of a biopolymer and in particular
surface accessible regions or binding sites unique to the protein of interest, puri-
fication strategies based on a rational mix of ion-exchange chromatography,
affinity chromatography and hydrophobic-interaction chromatography repre-
sent the core methods for high-resolution separation. Exploitation of the inter-
play between hydrophobic and coulombic interactive phenomena forms the basis
of the so-called mixed-mode chromatographic procedures. For example, under
appropriately chosen eluent conditions proteins can be efficiently separated on
stationary phases with immobilised coulombic ligands with hydrophobic selectiv-
ity [51,52], i.e. in order of increasing hydrophobicity under conditions of decreas-
ing displacing salt concentration from high ionic strengths typically y=38-5 down
to #=0.5. Similarly, under appropriately chosen solvent conditions hydrophobic
supports such as n-alkylsilicas can be induced to exhibit polar phase selectivity
with peptides and proteins eluting in order of increasing polarity [53-56]. As a
consequence, retrogradients based on eluents of high organic solvent content
(90%) to lower organic solvent (50%) can be used [57,58] to separate hydro-
phobic peptides and proteins on reversed-phase packing materials with polar phase
selectivity.
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2.5. Retention behaviour

The composite interplay between size exclusion phenomena, solvophobic and
coulombic interaction processes is a feature of all current chromatographic sta-
tionary phases. Depending on the magnitudes of these retention dependencies
retention behaviour in interactive systems can be formalised in terms of the sum-
mation of the corresponding size exclusion, hydrophobic and coulombic-polar
contributions to the overall retention process. Which of these terms makes the
greatest overall contributions to retention of the biopolymers depends not only
on the permeability, ligand composition and ligand density of the stationary phase,
but also on the mobile phase characteristics in terms of water content, pH, ionic
strength, organic solvent content, the buffer composition and whether such addi-
tives as ion-pairing reagents, organic dissociating reagents or surfactants are
present in the eluent.

The general form of the retention relationship in adsorption HPLC methods
can be written in terms of the empirical expression

k' = pseck;ec +prk;- +Pck£ + phk’,’
k,.= psack;ec +prk({.ie—sf + pPkF"e_D(l—O

where p,..k... corresponds to the size exclusion term, pk, = pkye~5¢ to the
solvophobic term and p,k;, + p.k. = pkye~?1~% to the polar coulombic term
for different mole fraction values, & of the solvent or ionic modifier (for more
formal mechanistic and non-mechanistic treatments of biopolymer retention in
adsorption HPLC see refs. 59-65). The coefficients S and D correspond to solute-
specific parameters and are related to the slope of the plots of the logarithmic
capacity factor for a particular biopolymer versus the reciprocal logarithmic con-
centration of organic solvent modifier in the case of reversed-phase separations,
or versus reciprocal logarithmic concentration of displacing ion in the case of
hydrophobic interaction and coulombic separations, whilst the & and %, corre-
spond to the solute capacity factors in neat water.

Depending on the magnitude of the S, D, k, and k, parameters a variety of
solute retention versus mobile phase elutropic strengths scenarios can be calcu-
lated. Fig. 1 represents four limiting cases of such retention dependencies. Case
(a) is typified by shallow log k&’ versus & (or log —1/[c}) dependencies with small
log k' values at & (or [¢] = 0) and represents a commonly observed situation with
small polar peptides separated under reversed-phase or ion-exchange HPLC con-
ditions [66-70]. Case (b) which again exhibits shallow log k' versus ¢ (or log
1/[c]) dependencies but with large values of log k; is more representative of
situations found with middle molecular mass but very hydrophobic peptides under
some reversed-phase conditions; in affinity displacement ion exchange or sub-
strate analogue displacement elution in affinity chromatography where the sub-
strate analogue or displacing species is again typically of low molecular mass
[71-73]. Some examples of peptide displacement chromatography correspond
also to this case. Case (c) represents a typical scenario for polypeptide and glob-
ular protein purification in reversed-phase and hydrophobic-interaction tech-
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Fig. 1. Schematic representations of the retention dependencies for peptides or proteins chromato-
graphed on mixed-mode support media. The figure illustrates four case histories for the dependency
of the logarithmic capacity factor (log k') on the mole fraction, £ (or concentration, [c]) of the
displacing species. As the contact area associated with the solute-ligand interaction increases the
slopes of the log k' versus £ plots increases resulting in a narrowing of the elution window over which
the solute will desorb under isocratic (and often gradient) elution conditions.

niques and with most polymer- and silica-based anion- and cation-exchange HPL.C
stationary phases [74-80]. From practical considerations the limiting chromat-
ographic conditions are frequently chosen such that the minima of the plot of log
k' versus & (or log 1/[c]) correspond to k' values equal to or less than unity.
Typically this criterion is easier to achieve in ion-exchange than reversed-phase
separations. In situations associated with the purification of large globular pro-
teins or hydrophobic proteins such retention behaviour has not been observed
with reversed-phase or ion-exchange HPLC. In these cases retention dependen-
cies approaching case (d) are experienced. From the point of view of a generalised
purification strategy it is desirable to select chromatographic conditions in which
the retention dependencies approximate case (a) or case (c) rather than cases
(b) and (d) where clearly the affinity of the solute for the stationary phase is
too high, the elution window for desportion too narrow, the solute solubility
parameters of the protein too low and the mass (or bioactivity) recovery poten-
tially impaired. However, from a selectivity point of view such situations should
not necessarily be excluded out of hand. Exploitation of the potential offered by
the case (b) and case (d) scenario has proved very useful for the removal of
undesirable contaminants during the purification of a number of therapeutic pro-
teins, for example the removal of trace components of Hageman factor and asso-
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ciated plasminogen activator — prekallikrein proteins from therapeutic-grade
human immunoglobulins based on a tandem dye-affinity — anion-exchange chro-
matographic method [81].

2.6. Gradient elution

Because of the pronounced dependencies of retention and zone broadening
phenomena on chromatographic conditions, a behaviour which reflects the mag-
nitude of the distribution coefficients and the complexity of the retention kinetics
established between the bipolymer and the stationary phase, the most commonly
adopted method for elution of biopolymers from adsorptive media involves gra-
dient or step elution procedures. Such conditions take advantage of the severity
of the log k' versus & (or log 1/[¢]) dependencies but do not necessarily address
the important requirements of desorption kinetics and conformational dynamics
of the solute. Although optimisation of chromatographic resolution with low-
molecular-mass solutes is now a mature area of the separation sciences [82,83],
similar endeavours with biomacromolecules are still relatively in their infancy.
However, important progress has recently been made in the application of gra-
dient elution theory which allows gradient retention data for peptides and pro-
teins to be predicted from the corresponding retention data with the same solute
in isocratic systems and vice versa [82-86]. Furthermore, it is feasible in circum-
stances of regular retention and recovery behaviour with for example peptides
and small globular proteins to apply data derived from small-scale or analytical
experiments as normalised integrals of the elution volume, column performance,
etc., to the scale-up of the chromatographic bed configuration and the choice of
the physical characteristics of the separation media [87-90].

2.7. Recovery of bioactivity

With low-molecular-mass solutes, the conventional approach to purification
has been based on scale-up extensions of analytical column systems which allow
very high resolution through optimisation of chromatographic selectivity and zone
bandwidth. When similar methods are applied to proteins, their biological activ-
ity may be lost. Inherent to all bipolymer purification strategies is the question
“how will the purified biopolymer be used?” If the task involves purification solely
for the purposes of subsequent primary structure determination then the require-
ments of adequate control over bioactivity are not necessarily relevant. Obviously,
in the case of a new or partially characterised protein the recovery of the com-
ponent with high mass and bioactivity balance is essential.

Similarly, in preparative approaches where subsequent biological uses are con-
templated it is mandatory that the design of the separation system specifically
addresses the issue of recovery of bioactivity. By proper attention to the physi-
cochemical and biological consequences of the dynamic behaviour of the solute
in bulk solution and at liquid-solid interfaces the criterion of high recovery of
bioactivity can usually be satisfied. Where conformational requirements impinge
on a purification strategy then other data, gained from time course solution spec-
troscopic measurements, on-line chromatographic measurements (e.g. refs.
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91-93) and from evaluation of biological/immunological activity profiles (e.g.
refs. 94 and 95) in response to changes in separation variables in batch experi-
ments are essential prerequisites.

The major challenge here is to obtain sufficient information to allow a proper
understanding of the factors controlling the stability of the biopolymer structure
during the chromatographic distribution process such that high mass and high
bioactivity recovery can be achieved on elution. System residency effects, the
nature of the binding heterogeneity associated with the overall distribution pro-
cess and the participation of entropic effects associated with solute binding or
permeation through the stationary phase internal surfaces are all important
parameters in preparative HPLC separations if proteins are to be recovered in
bioactive form. If these parameters are.to be adequately included in the chroma-
tographic optimisation process, then clearly quantitative structure-retention
relationships must be developed.

2.8. Retention mechanisms

Such mechanistic approaches based on stochastic prediction models require an
extensive data base before adequate response function and factor design analyses
can be carried out. Ultimate selection of the optimal chromatographic strategy
will hinge very much on the ability of the response function approaches to iterate
structure-function data into the overall chromatographic optimisation scheme.
From a chromatographic point of view the assessment of the quality of the sep-
aration in response to a change in a chromatographic variable, such as the mobile
phase composition, stationary phase particle diameter or column configuration,
or alternatively a solute variable such as net charge or charge distribution, can be
based on evaluation of the system peak capacity and system productivity in terms
of bioactive mass throughput per unit of time. Since the peak capacity (PC)
depends on both the relative selectivity and bandwidth, i.e. for a chromatographic
system with an average resolution R, of 1, peak capacity can be defined as
PC=(t,—t,)/40., where t, is the solute retention time, #, is the column dead time
and g, the average standard deviation of the peak, optimisation of peak capacity
must of necessity take into account knowledge of kinetic behaviour associated
with conformational or secondary chemical equilibria mediated by the stationary
phase surface or alternatively components in the mobile phase. Biopolymer con-
formational interconversion associated with unfolding and refolding pathways
thus represents a unique set of resolution challenges, from both theoretical and
experimental aspects not experienced with low-molecular-mass, conformation-
ally rigid solutes.

Although at present the empirical recipe, for reasons of practical expediency,
dominates most purification studies with peptides and proteins using HPLC or
electrophoretic systems, the trend is already evident for more systematic
approaches based on computer-aided analysis of retention and kinetic data in
terms of different mechanistic models for biopolymer retention in high-resolu-
tion adsorption chromatography. Preliminary approaches to the classification of
retention and kinetic data in terms of different mechanistic pathways have already
been described [96,97] for reversed-phase and ion-exchange HPLC of a number
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of enzymes and globular proteins. The ability of modern HPLC techniques to
yield quantitative data on rate constants for protein folding and unfolding tran-
sitions as well as to resolve conformers with relaxation half-times “¢>10 s has
important ramifications in the selection of a purification procedure.

For example, if a protein were to undergo a two-stage interconversion in both
the mobile phase and at the stationary phase surface, then a retention cycle rep-
resents a process of distribution of the protein in its native form, P, and two
unfolded forms, P} and P, between the two chromatographic phases can be
writ,ten as shown below:

ks ks

kg - ksq
Mobile Phase

klZJ [ Ry ——m e - ka3 j [kaas ———————— k53l [ Rgg ~------mmmemmemnnnmeee

Stationary Phase

ko3 ksg

Pn.s P:,s _ Pu s
ks, kes

Based on such a distribution cycle, a number of different retention mechanistic
pathways can be envisaged. Table 4 identifies some of these interconversion pos-
sibilities. Whether the retention mechanism of a particular biosolute can be
described in terms of these or other retention models will depend on the respec-
tive rate constants for the various distribution and interconversion pathways.
The impact of these kinetic processes escalates rapidly in multi-step purification
procedures where the disastrous effect of low repetitive yields can result in unac-
ceptable purification productivities. For example, if the average yield per step in
a ten-step purification method was 60% (a relatively favourable situation), then
the overall yield would be only 0.6%. Should the average yield per step drop to
30% due to partial denaturation, then the overall recovery reaches the disastrous
value of 0.0006%, i.e. 1000 times as much raw material would have to be processed
to yield the same mass of purified protein.

2.9. Multi-zoning

As is evident from Table 1 a large variety of mobile phase and stationary phase
factors can influence the chromatographic stability and recovery of proteins. The
effect of most of the mobile phase characteristics, such as the nature and concen-
tration of organic solvent or ionic additives, the temperature or the pH can be
ascertained very readily from batch test tube pilot experiments. However, more
subtle mobile phase effects, such as the influence of loading concentration on the
stability of the protein or the influence of other protein components at the
solid-liquid interface, are much harder to assess. Similarly, the influence of many
stationary phase variables, such as ligand composition, ligand density, surface
heterogeneity, surface area and pore diameter distribution, can be ascertained
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TABLE 4

CLASSIFICATION OF SEVERAL DIFFERENT RETENTION PATHWAYS IN BIOPOLYMER
ADSORPTION CHROMATOGRAPHY

This classification is based on the P, > P*> P, interconversion. More complexed branched intercon-
versions can be similarly described using the notation (isobi)y,. The classification of the pathways
when the solute, in its various conformational forms, binds to the same class of ligand can be noted
as an ‘ordered’ pathway. When binding of the solute to a heterogeneous stationary phase surface
occurs the notation of a ‘random’ pathway is used. In this manner, an N-dimensional retention net-
work can be identified for the different conformational/secondary equilibrium processes which pro-
teins and other biopolymers undergo at adsorptive interfaces.

1. Uni-uni pathway: typified by simple distribution process and kinetics, narrow bandwidth
with high mass and biological recovery; may be characterised by very rapid
interconversion kinetics as the solute transverses the chromatographic bed as a single,
averaged structure.

2. Isouni-uni pathway: typified by solvent induced solute unfolding-refolding phenomena in
the mobile phase with both solute species binding to the stationary phase with the
same distribution coefficient; single elution zone with high mass recovery possible but
time-dependent loss of biological activity in the mobile phase evident.

3. Uni-isouni pathway: typified by ligand induced solute unfolding-refolding phenomena at
the stationary phase surface; single elution zone but time-dependent loss of mass and
bioactivity possible when kg3 > ks,.

4. Isouni-isouni pathway: typified by solvent and ligand induced solute unfolding-refolding
phenomena in both phases; may be characterised by impaired mass recovery of two
species, i.e. native and non-native, with time-dependent loss of bioactivity when %,,,
ko3> Ry, kss.

5. Isobi-uni pathway: typified by solvent induced, time-dependent biphasic
unfolding-refolding of solute in the mobile phase but stabilisation of structure by the
ligand surface if k,5> k,4; charcterised by high mass recovery, elution of a single zone
with apparent half-life for loss of bioactivity larger than in the mobile phase alone.

6. Uni-isobi pathway: typified by ligand-induced, time-dependent biphasic
unfolding-refolding of the solute at the stationary phase surface with further
destabilisation of structure; characterised by time-dependent loss of mass and activity.

7. Isobi-uni pathway: typified by mobile induced and ligand induced biphasic
unfolding-refolding of the solute: characterised by the time dependent loss of mass and
bioactivity with the emergence of a second, often latter eluting, inactive zone of non-
active solute if k,,, k43> oy, Rsy.

from small-scale batch experiments. However, it is clear that the behaviour of
many proteins in such static batch systems can vary significantly from that
observed in dynamic systems as usually employed in column chromatography.
This behaviour is not only related to issues of different accessibility of the bio-
solute to the stationary phase surface area and hence different loading capacities
but also involves the complex relationships between diffusion kinetics and
adsorption kinetics in the overall mass transport phenomenon. Conformational
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reordering of a protein structure can occur in both the mobile phase and station-
ary phasge and leads to multi-zoning of a component into active and/or inactive
zones. Other phenomena, however, can also lead to multi-zoning of a biopolymer
with adsorptive chromatographic stationary phases. Probably the easiest of these
phenomena to remedy is the so-called split peak breakthrough effect, very often
seen in bioaffinity chromatography [98,100] and to lesser extents in ion-exchange
and hydrophobic-interaction chromatography [89,93]. This effect is manifested
as a non-retained (or weakly retained) peak and a retained peak with the bound/
free ratio dependent on the solute’s diffusion kinetics and adsorption kinetics.
The amount of protein in the breakthrough zone is influenced by the flow-rate,
stationary phase nominal pore diameter and ligand density, and the injection
volume. This effect can be circumyented by the choice of a lower flow-rate, the
selection of stationary phases with better surface area-ligand accessibility char-
acteristics for the particular protein of interest and more appropriate loading
volumes and concentrations, A second type of multi-zoning phenomena is asso-
ciated with non-linear isotherm behaviour due to matrix heterogeneity and non-
uniformity of the ligand distribution over the stationary phase surface. This effect
is very noticeable between virgin and conditioned columns and is problematic
during the first few cycles of use of a particular column at preparative loadings.
At the micropreparative level this effect can lead to catastrophic results where
irreproducible recoveries may occur. Other forms of multi-zoning, associated with
slow equilibria between the monomeric form and higher oligomeric forms of the
protein, also are known te affect resolution and recovery.

2.10. Resolution optimization

Since multiple chromatographic steps are the norm in protein purification
strategies, the stage at which a particular chrematographic selectivity mode is
employed requires careful planning. Previous experience with the systematic
optimisation of resolution for low-molecular-mass solutes based on the solvent
selectivity triengle concept can be used as a basis for multi-step chromatographic
optimisation involved with the purification of peptides and proteins. Resolution
contour plots for each of the peak zones can be obtained from the experimental
data ebtained with different binary/ternary mobile phage combinations under
either isocratic or gradient elution conditions. By integrating this information
with data on bioactive contour profiles, derived for example from on-line manip-
ulation of spectroscopic data accumulated with multi-channel or photodiode array
spectrometers such as second derivative spectra [91-93,101], it is feasible to
explore a variety of separation variables with single-column or multi-column sys-
tems. Importantly, these approaches offer considerable potential for the optimi-
sation of resolution of very complex mixtures of proteins using the same stationary
phase operating under different elution conditions. Such methods have been widely
used as multi-dimensional techniques in reversed-phase HPLC of peptides and
proteins for a number of years [66,67]. Integral to this approach has been the
application of mobile phases of different composition, notably different ion-pair-
ing systems.
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Similar procedures are equally pertinent to ion-exchange HPLC separations
with ions of different solvated radius and electronegativity [51,79]. For example,
in a recent study [94] the separation and purification of the isohormones of
lutropin, follicotropin and thyrotropin was based on the sequential use of size-
exclusion chromatography, preparative isoelectrofocusing and anion exchange,
exploiting the selectivity advantages of the latter step with ions of different dis-
placing characteristics. Two observations of general applicability to protein frac-
tionation by ion-exchange HPLC are evident in this study. Firstly, by employing
ion-exchange supports after a preparative isoelectrofocusing stage protein com-
ponents with the same p7 value can be resolved by taking advantage of the Don-
nan effect on ionisation equilibria within the micro-environment of the stationary
phase and the ability of the coulombic ligand to act as a molecular probe for the
asymmetric distribution of charge on the protein surface. Secondly, by utilising
mobile phases of different ion compositions multidimensional separation strat-
egies can be readily automated and efficiently carried-out with tandem columns
packed with the same ion exchanger. The potential for resolution optimisation
exploiting ions of different electronegativity and solvation stage along the Hoff-
meister series has been utilised extensively in salting-in and salting-out phenom-
ena with biopolymers. The availability of rapid, high-resolution ion exchangers
and hydrophobic-interaction media will lead to further development of this
potential into much more predictive capabilities for purification of specific pro-
teins in complex mixtures.

2.11. Positive-negative affinity mode

One avenue of current research which offers considerable versatility with tan-
dem columns is the so-called positive—negative affinity mode. In this strategy, the
chemical characteristics of the immobilised ligand are so selected that compo-
nents of interest are either absorbed or not absorbed by sequential or tandem
columns [96,102]. Such approaches are particularly suited to group-specific
affinity, metal chelate systems and also form the basis of the immobilised dye
affinity approaches. Typical of this approach has been the integration of dye
affinity and ion-exchange methods as positive-negative modes into an automated
protocol for the preparation of immunoglobulins from Cohn fractions, which has
lead to the development of general strategies for the purification of other plasma
proteins [81].

2.12. Batch methods

With batch adsorption methods the effective peak capacity may be only between
2 and 10 per stage. Intercalation of batch methods with gradient elution- tech-
niques, where peak capacities in excess of 200 can be realised, has many desirable
features for biopolymer fractionation. Tandem batch methods when used at an
early stage of a purification scheme frequently improve overall recoveries. Because
greatly decreased protein masses are loaded onto chromatographic beds following
batch fractionation, their use allows:substantially higher peak eapacities to be
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achieved at subsequent chromatographic stages. Batch methods are readily incor-
porated into a purification strategy using both chemically modified silica-based
and polymer-based media. Such a batch approach has recently been employed in
the purification of amino-terminal truncated variants of the basic fibroblast
growth factor where a three-stage method based on cation exchange, dye-ligand
affinity and heparin affinity fractionation was employed [17] with a minimum
of handling procedures and without the necessity of concentration or desalting
prior to the next fractionation stage. Similar tandem strategies based on the
sequential use of different immobilised dye ligands have been applied for the
purification of nucleotide-dependent oxido-reductases, phosphokinases and gly-
colytic enzymes [102-108]. In the case of the dye affinity systems the partici-
pation of multiple retention mechanisms is again evident, with the features of
both cation exchange and hydrophobic interaction particularly noticeable under
neutral or weakly acidic pH conditions. For the purification of hormonal peptides
from endocrine tissues a number of tandem column approaches have been pro-
posed based on cartridges or columns packed with chemically modified silicas
[38,54,58,66,67,97]. '

2.13. Mixed-bed separation

Whether a particular stationary phase functions in a single elution mode is
clearly not an essential requirement for its successful application in high-reso-
lution purification of biomacromolecules. The logical extension of mixed-mode
interactions is, of course, biospecific chromatography and its immunological
counterpart, immunoaffinity chromatography, where the composite interplay of
coulombic, hydrogen-bonding and hydrophobic forces determines the magnitude
and nature of the association and dissociation phenomena. As currently manu-
factured all micro- and mesoparticulate chromatographic media, irrespective of
the nature of the ligand or the chemical functionality of the matrix, exhibit sep-
aration features characterised by these composite phenomena. Exploitation of
secondary retention capabilities of a stationary phase should not thus be dis-
counted out of hand since it may potentially provide the solution to difficult sep-
aration tasks. For example, mixed chromatographic beds containing hydrophobic-
interaction and ion-exchange media have been successfully used [109-112] for
the purification of a variety of proteins under conditions where the relative selec-
tivity was significantly different from that observed with a single type of station-
ary phase. Extensions of this mixed-bed approach underly the recent further
development of multimodal or mixed-ligand separation media and salt-promoted
adsorption media [ 112-118]. In the case of hydrophobic adsorption phenomena,
the salt-mediated changes in retention are largely entropically driven with changes
in the associated water structure or bound ions providing a mechanism to either
stabilise or destabilise the three-dimensional structures of proteins. Although
there is useful information at hand on the effects of different salt species on
protein conformation in bulk solution [119-121] as noted before, the systematic
extension of these studies to adsorption chromatography with micro- and meso-
particulate HPLC media requires substantial investigation before it reaches a
similar level of predictive maturity. For example, the salting-in or salting-out
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behaviour of chaotropic salts can be quantitatively described in terms of the
empirical Setchenow equation such that,

log (solubility) = C—S* X (concentration of salt)

where S* is the so-called Setchenow constant, which is a characteristic of the salt
and protein in question, whilst C is a system constant. Although the form of the
empirical Setchenow equation is remarkably similar to the empirical retention
equation used to describe reversed-phase; hydrophobic-interaction and ion-
exchange chromatography, namely log k' =log ky—S¢, the demonstration of a
direct physical relationship in terms of mechanistic pathways between precipi-
tation and adsorption parameters S* and S has yet to be firmly made. Such stud-
ies will certainly be a fruitful avenue of research over the next several years because
of their impact on preparative biopolymer separation by chromatographic
methods.

3. CONCLUSION

Since a purification strategy for a protein is predicted by the ease or difficulty
of resolving to a predéfined level of purity the desired component from other
substances, many of which may exhibit similar separation selectivities at the dif-
ferent fractionation stages and may be present in different abundance levels, for
high-resolution purification procedures to be carried out it is self evident that
rapid, multi-stage high-recovery methods must be utilised. In order to minimise
losses and improve productivity, on-line evaluation of each of the recovery stages
is an important objective if the overall optimisation and automation of the indi-
vidual unit operations is to be achieved. For these steps to be properly integrated
detailed assessment of the fractionation data using computer-aided methods for
factor analysis are required at each stage to monitor the separation selectivity
and biorecovery contours of the purification procedure. The development of new
generations of on-line detectors capable of monitoring these struc-
ture—function-retention characteristics of biopolymers represents a pressing
challenge for spectroscopists. In preparative chromatography, improved methods
to evaluate the relationship between mass loadability to productivity, i.e. the
product throughput in terms of grams (or kilograms) of bioactive protein per
cycle per currency unit are also relevant. The early recognition of unacceptable
conditional effects associated with time-dependent denaturation or degradation
of the protein in question or with secondary equilibria such as protein aggregation
also will have an important impact on the outcome of a purification approach.
Although non-specific proteolytic degradation can be minimised by the use of
generic inhibitors for serine or thiol proteases, such procedures may not achieve
the inhibition of much more specific degradative enzymes present in trace amounts
and packaged in co-purifying cell debris, lipid membrane micelles or adsorptively
bound to the protein. Careful inspection of the analytical data generated during
the purification strategy, e.g. SDS-PAGE or analytical HPLC data, can, however,
give early warning of such difficulties and suggest likely remedies. For example,
the use of a multiple “tea bag” affinity chromatographic approach for the removal
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of cell proteases, anti-toxins, nucleic acid fragments or particles can be particu-
larly effective at the initial stages of a purification procedure.

A routine approach to preparative scale-up adopted at this and other labora-
tories has been to optimise separation selectivity with a particular type of sta-
tionary phase under conditions which are known not to lead to significant loss of
bioactivity and then progressively increase the sample load until a change in rel-
ative retention of approximately 5% occurs. A totally different approach to selec-
tivity optimisation is deliberately to introduce into the protein structure a unique
purification handle. Such methods form the basis of most substrate bioaffinity
chromatographic procedures including bioaffinity elution in. the ion-exchange
mode. A recent development which has arisen as a logical extension of recombi-
nant DNA technology is to introduce into the protein of interest a fusion peptide
which exhibits a unique binding characteristic for a defined type of stationary
phase. The concept behind this approach is relatively simple. Certain amino acids
by virtue of their intrinsic hydrophobicity or polarity, when clustered together
provide a direct binding region or handle for interaction of the fusion protein
with either a hydrophobic or coulombic ligand immobilized onto a polymeric
matrix. The recently described polyarginine insert [122] into urogastrone is rep-
resentative of this approach. The incorporation of such fusion handles into a
biosynthetic protein changes its pJ, polarity and solubility properties such that it
can be more readily resolved on reversed-phase or ion-exchange media from other
protein components.

If the amino acid sequence corresponding to the fusion cluster represents a
portion of the binding domain of another functional protein, e.g. the protein A
subunit domain, then the specificity of this biomimetic handle can be exploited
by interaction with its complimentary bio-specific ligand, e.g. IgG, immobilised
as a biespecific chromatographic support. The recent application [123] of this
approach with a protein A domain fusion and generic IgG immunoaffinity col-
umns in the production of several biosynthetic proteins including insulin-like
growth factors has documented their feasibility.

Although conceptually attractive the fusion synthesis approach is not without
some difficulties. For example, the fusion handle must subsequently be removed
chemically, for example by cyanogen bromide cleavage, or enzymatically with
carboxypeptidases or with specific endopeptidases. The prospect of success for
these cleavage processes will depend markedly on the primary amino acid sequence
of the protein in question. With further work on the development of reagents
which allow more selective cleavage of proteins at a unique processing site, and
the use of cell lines with improved stability and product secretory capabilities the
use of the fusion purification approach should find wide application, particularly
with therapeutic products where high stringency requirements apply to their
purity. These and other challenges in the high-resolution separation of biopoly-
mers will certainly be met over the next decade if the current level of research
activity in the field of biochemical separation is a reliable indicator of future
developments. -
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5. SUMMARY

General fractionation strategies for the high-resolution purification of proteins
are described. The impact of different separation parameters and resolution
optimisation approaches with tandem-based systems on retention and recovery
behaviour is reviewed. Procedures for the successful linkage of different chro-
matographic steps into a preferred sequence of operations are discussed in terms
of the underlying principles and modus operandi of high-performanc liquid chro-
matographic purification of proteins and related biomacromolecules.
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