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HIC Hydrophobic interaction chromatography
HPLC  High-performance hiquid chromatography
IEC lon-exchange chromatography

M, Relative molecular mass

RPC Reversed-phase chromatography

SEC Si1ze exclusion chromatography

1 INTRODUCTION

Chromatography has played a major role in the recent advances made 1n our
understanding of the mechanisms involved in the synthesis and metabolism of
protemns. This role has always had two faces On the one hand, liquid chro-
matography provides a rapid, sensitive and very selective method of analysis
of proteins [1] On the other hand, it permits the 1solation or the purification
of most protein samples 1n the range of production most convenient for bio-
chemistry or pharmaceutical studies, between a few nanograms and a few kil-
ograms [1-15] This part has always been very important, because 1n vivo
assays are often required to ascertain that the proper protein has been 1denti-
fied and 1s analyzed

Recent breakthroughs 1n genetic engineering and the rapid development of
the biotechnologies have made possible the synthesis and recovery of the spe-
cific genes coding for a given protein and the cloning of these genes in micro-
organisms, mainly bacterias, 1n order to engineer enzymes and other proteins
1n host organisms 1n which they do not normally exist Unfortunately, these
hosts are most generally unable to excrete the proteins they are programmed
to manufacture and they store them inside their cells, from which they have to
be freed and recovered [16-18] The cells can be harvested from the cultures
and lyzed A complex mixture containing fragments of cell membranes and
organites, together with the host cell natural proteins and nucleic material and
the coveted proteins 1s recovered Performing separations and purifications of
biopolymers from these crude products on a process scale 1s one of the greatest
challenges facing the biotechnologists who are attempting to bring the labo-
ratory results to fruition 1n the world of practical applications [8,19]

The task 1s made all the more complicated by the severe requirements of the
regulatory agencies who demand extremely low trace levels of the residual ma-
tenal of bacterial origin Furthermore, defective protein molecules originating
from malfunctions of the overloaded cell machinery must be ehminated also
Finally, there are no two proteins alike Some are highly hydrophilic, other
hydrophobic, some are basic, other acidic, some are extremely stable, other
very sensitive to minor changes in their environment Some are individual
molecules, other agglomerates Their molecular mass span nearly two orders
of magnitude Accordingly, methods which give satisfactory results with some
proteins can absolutely not be used with others Thus, very powerful separa-
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tion methods must be used, and these methods must be easily adapted to changes
1n the nature of the product involved [20-23]. Liguid chromatography has long
been used for the analysis of protein mixtures [24]. It provides the separation
power and the flexibility required, but suffers from a serious drawback which
must constantly be kept i1n mind when developing new application methods.

The biological activity of a protein molecule characterizes one specific con-
former and disappears completely for apparently minor changes in the confor-
mation It depends essentially on the integrity of its three-dimensional struc-
ture, which, 1tself, 1s dependent on the chemical composition and the physical
properties of its environment {such as the possible presence of an organic sol-
vent and 1ts nature, the types of buffer solution, ionic strength, pH, etc ) Pro-
tein molecules are usually tightly coiled chains, kept stable by bridges and
interactions between side-groups. The structure tends to minimize the hydro-
phobicity of the groups or parts of the molecule at the outside (i e., in contact
with a saline solution) and to maximize the interactions between the hydro-
phobic groups placed inside the molecule. Physico-chemical interactions be-
tween a protein molecule and other chemical entities, especially the solid sur-
face of a stationary phase, whether adsorption 1s the main retention mechamsm
or not, 1s susceptible to trigger an 1somerization process which mimimizes the
free energy of the system When the protein molecule returns 1n solution, 1t is
not in the same conformation as when 1t was injected and has suffered total or
near total loss of 1ts biological activity. This change can be spontaneously re-
versible, 1n which case the separation scientist does not care. If it is not, and 1if
the transformation of the inactive conformer into the active one, by proper
refolding, does not take place or is too slow, the separation process investigated
cannot be used for preparative purposes [25]. So-called “soft” interactions,
including the use of stationary phases exhibiting surfaces whose chemical
properties are closely similar to that of the protein exterior surface or to water
(peptides, polyether chains, polyols, sugars or polysacchardes, etc.), of polar
solvents (water, hght alcohols) and of soft 1ons 1s therefore recommended.
Because of the variety and complexity of the problems which may arise, and
because of the huge differences in nature and behavior between proteins, no
one separation method or combination of techniques may be expected to work
well with all biopolymers. At any rate, an 1deal method of biopolymer 1solation
should be able to give high-purity material with a high production rate and a
good recovery yield, which includes total conservation of their biological activity

High-performance hiquid chromatography (HPLC) is the only separation
method which meets all these different requirements It 1s rapid and efficient
and 1t has been possible to develop phase systems which do not cause excessive
degradation of proteins. It has been widely used for analytical separations Its
preparative and process applications are undergoing rapid development for the
1solation and punification of peptides [1,26-30] and proteins [31-36]

The intense pace of the current development of the applications of prepa-
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TABLE 3

COMPARISON BETWEEN DIFFERENT TECHNIQUES USED FOR PREPARATIVE HPLC
OF BIOPOLYMERS

Method Retention mechanism Popularity Cost Specificity

IEC Electrostatic mteractions between ++++ High Intermediate
functional groups 1 the molecules and
on the surface of the 1on exchangers

RPC Strong hydrophobic interactions between + + Intermediate Intermechate
molecules and alkyl groups on the surface
of reversed-phase packings

HIC Soft hydrophobic interactions between  ++ + High High
molecules and hydrophihic groups bound
to the surface of adsorbent packings,
under salt gradient condition

SEC Difference of dynamic volume or s1ze of ++ Intermediate Intermediate
molecules

AFC Biospecific interactions between sample  + Very high Very high
molecules and affinity ligand bonded on
a support

Chromato-  Difference 1n 1soelectric point of + High High

focusing biopolymer molecules on 10n exchangers

CCC Difference 1n solubility of sample + Low Low

components 1 two immaiscible solutions

rative HPLC 1n biotechnology 1s demonstrated by a tremendous increase of
the amount of literature published A computer search hasindicated that around
1000 papers dealing with all aspects of preparative HPLC were published dur-
ing the period of 1967-1988 Of them, 800 have appeared since 1980 This huge
amount of information 1s difficult to review properly This paper does not at-
tempt to cover comprehensively all aspects of the preparative apphications of
HPLC to the 1solation and the punfication of peptides and proteins, but to
survey the main trends in current research

Several books discussing both the theory and the practice of preparative
HPLC have been published recently [37-39] They give a good survey of the
general literature on preparative HPLC Verzele and Dewaele [37] have writ-
ten an excellent review of the field. Wankat [38] described and discussed large-
scale separation and purification from the chemical engineering viewpoint It
1s excellent reading for the study of scaling-up problems, but contains little
material directly related to protein preparation The third book [39] contains
much practical information, most of which has, unfortunately, become obso-
lete because of the rapid development of the field

An excellent review on the various retention mechanisms available for pro-
tein separations, although written with analytical applications in mind, can be
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used for the selection of the best phase systems to be investigated further for
the solution of a new problem [25]. Many review articles [40-45] discussing
the applications of preparative liquid chromatography to the separation of bio-
polymers have appeared 1n the scientific literature

In the following, we discuss first the advantages of the elution and displace-
ment modes (see also Tables 1 and 2) and present briefly some results regard-
ing the optimization of the experimental conditions of a separation Then,
according to their retention mechanism, we describe the techniques used in the
preparative HPLC of peptides and proteins (see Table 3) Those are 10on-ex-
change, reversed-phase, hydrophobic interaction, size exclusion and biospe-
cific affinity chromatography A few other methods are also discussed. Table 4
summarizes the main features of the applications selected from the literature
to 1llustrate the most important approaches available

2 SEPARATION MODES IN PREPARATIVE HPLC OF PROTEINS

There are three modes of chromatography. frontal analysis, elution and dis-
placement The three have been used for preparative applications In some
cases, two of them have been combined After a frontal analysis or a displace-
ment run, however, the column must be cleaned and 1nitial conditions restored
before another run can be started, which is not required 1n 1socratic, 1sorheic
elution. For this reason, frontal analysis is rarely used, and never used alone.
The two modes of chromatography of practical importance for the develop-
ment of preparative chromatographic processes of peptides and proteins are
elution and displacement

In elution chromatography, a sample pulse 1s 1njected 1n a stream of mobile
phase, at the column 1nlet The pulse duration can be a fraction of a second, as
1t 18 1n analytical chromatography, or longer, but 1t is much smaller than the
retention time of the compounds investigated Otherwise, 1t would be frontal
analysis Experimentalists try to make the pulse profile as close to a rectangle
as possible, but axial dispersion relaxes the steep front and rear of the pulse,
which are more commonly exponential decays The elution mode can be fur-
ther subdivided 1nto 1socratic and gradient elution and into hinear and non-
linear (or overloaded) types The first classification 1s based upon the nature
of the mobile phase stream at the column inlet If the mobile phase composition
remains constant, 1t 1s 1socratic elution In gradient elution, the concentration
of one of several components of the mobile phase vares progressively during
the run The retention times of the analytes depend on the rate of variation of
the mobile phase composition The second classification depends whether, with
the loading amount of sample used, the column operates 1n the linear or 1n the
non-linear region of the equilibrium 1sotherm corresponding to the retention
mechanism used.

Production rate in elution mode increases with increasing volume (volume
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overload) and/or concentration (concentration overload) of the sample 1n-
jected 1n the column Because the band width of all the eluates increases in
both cases, there 1s a limit to the sample size which can effectively be used
When the sample size increases from the very low values typically used 1n
analytical applications, the recovery yield remains constant and the produc-
tion rate increases linearly with increasing sample size [37]. This takes place
as long as the bands are separated. When the band of the compound of interest
touches its neighbor, the recovery yield starts decreasing with increasing sam-
ple size, since the wings of the elution band must be chipped to eliminate con-
tamination The production rate keeps increasing but does so more and more
slowly. Eventually, a maximum value of the production rate 1s reached. How-
ever, simple determination of the optimum conditions through the extrapola-
t1on of the Gaussian profiles and the use of the classical procedures of analyt-
1cal chromatography 1s not possible as soon as the elution 1s carried out under
non-linear conditions [46]

When the sample size increases, the concentration of an eluate in the sta-
tionary phase at equilibrium does not increase m proportion to 1ts concentra-
tion 1n the mobile phase. It 1s a more complex function of the concentration of
this compound and of all the others. As a consequence, there 1s a velocity as-
sociated to each concentration, which 1s a function of the local concentrations
of all the eluates [47] The elution profiles of a pair of compounds, the influ-
ence of the experimental conditions on the production rate and yield and the
optimization of these conditions have been discussed [46-54].

Displacement 1s an alternative, non-linear mode using the same retention
mechanism as elution, but where the sample 1s pushed out of the column by a
stream of a solution of a compound which 1s more retained than all the sample
components, Under such conditions, the components of the sample are eluted
as a train of rectangular bands On the contrary of what 1s observed 1n elution,
the retention time of a band depends on the concentration of the compound in
the feed, while the heights of these bands depends on the nature of the corre-
sponding compound. By choosing suitable experimental conditions, 1t 18 pos-
sible to collect fractions which contain at least some of the mixture compo-
nents at higher concentrations than they are in the oniginal sample [55-57]
Large throughputs and high yields can be achieved by adjusting the various
experimental parameters, such as the displacer concentration, the mobile phase
flow velocity, the column length, the amount of feed injected, etc [58] There
has been no study published yet on the optimization of the mobile phase ve-
locity, the sample s1ze and the column length 1n displacement chromatography
It has been shown, however, that accurate predictions of band profiles can be
made, that, because a certain degree of overlap between the bands of the var-
1ous components of the feed at therr exit from the column does take place, 1t 1s
impossible to achieve a 100% yield in displacement chromatography and that
the production rate can be calculated [59].



439

The distinct advantage of displacement over elution 1s the possibility to col-
lect enriched fractions of certain components, at a concentration larger than
they are 1n the feed. This is interesting only for minor components, for which
interference with neighbor zones will be serious Then, 1t will be impossible to
achieve a good recovery yield and a multi-step process will become necessary.
A related advantage 1s the very limited extent of the dilution of the main com-
ponents of the mixture during the separation On the other hand, the short-
comngs of the method are the relatively long time needed for the regeneration
of the column, which reduces the production rate and the great difficulties
often encountered 1n finding a suitable displacer for a given multi-component
mixture, especially in the case of biopolymers, which increases the develop-
ment costs Moreover, most chromatographers involved 1in the development of
preparative HPLC applications are more famihar with elution than with dis-
placement mode. It 1s also simple and tempting to scale-up a separation which
has been successful at the analytical level. A convincing comparison between
elution and displacement chromatography has never been made The advan-
tages and drawbacks of both are rather well known. Some are quantitative,
other qualitative and 1t 1s difficult to peg a dollar figure on some of them. Cal-
culations of the optimum production rate for a certain component to be ex-
tracted from a feed of given composition, using either mode, have never been
carried out

All these problems explain why up to now most major applications of HPLC
to the purification of peptides and proteins have used elution rather than dis-
placement However, high-performance displacement chromatography hasbeen
recently employed for the isolation of peptides [60], proteins [57,61,62] and
other compounds [55,56,58]

3 OPTIMIZATION OF EXPERIMENTAL CONDITIONS IN ELUTION
CHROMATOGRAPHY

Many papers dealing with the optimization of the experimental parameters
of a chromatographic separation have been published. These parameters in-
clude the column dimensions, the particle size of the packing material, the
mobile phase velocity and the sample size. In many cases, 1t 1s not possible to
carry out the desired purification in a single step The impurities to be elimi-
nated are often too numerous and a single retention mode cannot afford the
desired separation Most studies are essentially empirical and tend to extrap-
olate observations beyond their range of vahdity [63,64] A limited number of
them only 1s reported here More information 1s reported elsewhere [46,65]

Optimization procedures for preparative hiquid chromatography of proteins
with emphasis on increasing the selectivity of the process rather than the col-
umn efficiency have also been reported [44,65-67] An economic analysis of
preparative HPLC of proteins takes into account the feed properties, the char-
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acteristics of the fractionation, the required product purity, the desired
throughput and the operating costs [68] Comparing conventional chromato-
graphy and HPLC, Berkowitz et al. [69] suggested a general strategy for the
solution of all protein purification problems, involving a three-step approach
and the use of silica-based packing matenals. During the first step of the pro-
cess no product is actually collected but necessary information is acquired.
Short columns, packed with 3-5 um particles are used to determine rapidly the
optimum experimental conditions for scaling-up the chromatographic sepa-
ration The second step utilizes a wide-bore preparative column, packed with
40 um particles, to treat large volumes of crude samples and to collect concen-
trated fractions containing the interesting species. The final step employs high-
efficiency columns, packed with 3-15 um particles, to purify the components
of interest and achieve the hugh purity requested

Two theoretical approaches based on the theory of non-linear chromato-
graphy have been described They give results which are 1n excellent agreement
[49,51,54] The first approach uses exact numerical solutions of the non-ideal
model of chromatography This model 1s based on the numerical solution of
the system of partial differential equations made of the mass balance equations
of the compounds involved. It permits (among other calculations) the predic-
tion of the band profile of a pure compound eluted by a pure mobile phase or
by a binary mixture. Experimental results are 1n excellent agreement with the
calculated profiles [53] The prediction of the profiles of the elution bands of
a mixture 1s also possible. The exact competitive equilibrium 1sotherms of the
compounds involved must be known, however, which has prevented up to now
the exact comparison with experimental results. Qualitative comparisons be-
tween experimental and calculated profiles show the best possible agreement
[53] Using this calculation procedure, and a Simplex optimization routine, 1t
1s possible to determine the experimental conditions for which the production
rate 1s maximum [49] Some additional constraints, such as the required pu-
rity of the product or a minmimum recovery yield, can be introduced.

The second approach 1s derived from the exact solution we have given to the
1deal model of chromatography, for a rectangular pulse of a binary mixture
[50]. The 1deal model assumes the column efficiency to be infinite. A correc-
t1on can be made to take into account the finite efficiency of real columns. The
advantage of this second approach is that it gives algebraic relationships be-
tween the production rate or the recovery yield and the parameters character-
1zing the separation problem investigated [51] Thus, trends can be securely
predicted and optimum localized Exact values can be calculated from the so-
lution of the exact semi-ideal model, by numerical integration The agreement
between the results of the two approaches demonstrates the vahdity of the
correction made for the effects of the finite column efficiency [49,51].

The main conclusions of this work are the following [51] The production
rate of a purified fraction of a certain compound, at constant degree of purity
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and from the same feed, increases as the square of (¢—1), where ¢ 18 the
relative retention of the prepared compound and 1ts closest impurity (1 e, the
ratio of the origin slopes of their equilibrium 1sotherms}. The production rate
increases rapidly with increasing inlet pressure, if the optimum column 1s used
mn each case There 1s an optimum value for the ratio dp®/L, of the square of
the packing particle diameter to the column length long columns packed with
coarse particles accommodate larger sample sizes, but give longer cycle times
than short columns packed with fine particles This optimum value depends
on the charactenistics of the separation problem and on the maximum inlet
pressure available Columns should be operated at very high flow velocities
The more efficient column permits a larger production rate because 1ts effi-
ciency may be traded for a shorter cycle time This 1s possible only if the pres-
sure available at the column inlet 1s sufficient to operate the column at the
high mobile phase velocity required for maximum production rate Calcula-
tions show that the column efficiency at the flow velocity which gives the max-
imum production rate 1s low With a very small, analytical-scale sample size,
this efficiency permits a resolution between the bands of the main compound
and 1ts closest impurity which 1s almost always smaller than unity

The most efficient columns, 1 e , those whach have the smallest constants A
and C of the traditional plate height equation, are those which give the highest
production rate In fact the most efficient column would always give the high-
est production rate, provided only that it can be operated at a high enough
mobile phase velocity, and thus that the equipment can be set at the required
pressure This conclusion, which 1s 1n agreement with some previous experi-
mental results, 1s at the opposite of “common wisdom” 1n the matter Some
have long submitted that low-efficiency columns are better in preparative
chromatography than high-efficiency ones, because their efficiency remains
constant 1n a much larger range of sample sizes [39] This phenomenon 1s
simple to explain, but has nothing to do with the optimization of production
rate Chromatographic bands broaden with increasing sample sizes and the
column efficiency, as 1t 1s conventionally measured 1in analytical chromato-
graphy, decreases This 1s not due to a kinetic problem, however, but to a ther-
modynamic one

The bands broaden at high column loading because the equilibrium 1sotherm
1s not linear and, consequently, the velocity associated to a concentration of
the compound 1investigated does not remain constant but varies with the con-
centration The resistances to mass transfers, which are responsible for the
finite efficiency of the column, have no reason to change as indicated by the
band broadening As a matter of fact, for low or moderate molecular masses
[below ca 1000 relative molecular mass (M.,) ], the molecular diffusion coef-
ficient does not vary much 1n the concentration range 0-5%, which 1s the most
common in preparative liqguid chromatography The contribution of the mass
transfer kinetics to band broadening does not vary much 1n this concentration



442

range, except for polymers, proteins included. This problem of the concentra-
tion dependence of the mass transfer kinetics on protein concentration should
be mvestigated further
The production rate depends on the cycle time and the throughput per cycle

The combination between the requirements for a large sample size, a short
cycle time and a high recovery yield results in the need to operate a rather
efficient column at high velocity This explains the importance of the maxi-
mum 1nlet pressure available These results apply to proteins as well as to other
compounds Because of the very low values of the diffusion coefficients of these
compounds, high reduced velocities are associated to much lower values of the
actual mobile phase velocity than for more conventional, low-molecular-weight
compounds This permits the use of small-particle packing materals with rea-
sonable inlet pressures

4 ION-EXCHANGE CHROMATOGRAPHY

For more than three decades, 10n-exchange chromatography (IEC) has been
an integral part of all the processes of 1solation, purification and identification
of proteins Classical 1on exchangers tend to exhibit low rates of mass transfers
for protein molecules They were weakly cross-linked resins, swelling 1n con-
tact with the mobile phase, and their swollen volume 1s often influenced by
changes of the experimental conditions, e g, depends on the type of buffer
used, the 1onic strength and the pH of the mobile phase, etc Finally, they were
unable to withstand the high flow velocities and pressures used in HPLC Ac-
cordingly, the column efficiencies were low and the quality of the separation
poor The principles of HPLC (columns packed with small-particle materials
and operated at high flow velocities) could not be used to improve them

Recently, new, high-performance 1on exchangers have been developed, which
are rigid, remain stable under high pressure, do not swell markedly in the pres-
ence of various salt buffers and, nevertheless, have good 1on-exchange capac-
1ty These 10n exchangers can be made 1into small particles and be used at high
flow-rate They permit the rapid 1solation of proteins, the use of large sample
volumes and can be operated under mild conditions {70] As a consequence,
high-performance IEC still constitutes by far the most popular technique for
achieving separations and purifications of biopolymers It has become widely
used 1n preparative applications

This popularity 1s also explained by some of the properties of the IEC reten-
tion mechanism These properties are very different from those of the various
modes of adsorption chromatography [hydrophobic interaction chromato-
graphy (HIC), reversed phase chromatography (RPC) etc | which are also
widely used for the separation and purification of proteins The number of
electrical charges carried by a protein molecule depends on 1ts 1soelectric point
and on the pH of the solution Thus, the retention i1n IEC which depends on
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the charge of the molecules of eluate can be modified by adjusting properly the
pH of the mobile phase Furthermore, the Coulombian forces which are re-
sponsible for the retention in IEC decrease as the square of the reverse of the
distance between the charge carriers Since proteins carry only a rather small
number of charges, and these charges are rather remote from each other, the
interaction energy in IEC remains of the same order of magnitude as with low-
molecular-mass organic ions. Admittedly, in IEC of proteins, mixed retention
mechanmsms take place Some molecular interactions, similar to the adsorption
interactions observed in HIC or RPC, take place, as demonstrated by the fact
that the retention of at least some proteins does not become neghgibly small
when the pH is such that they are neutral. Nevertheless, IEC 1s [with size
exclusion chromatography (SEC) for another reason] the only type of chro-
matography with which proteins may be eluted under isocratic conditions This
makes JEC a very simple separation method to develop when a new problem
arises.

The use of IEC for the purification of biomolecules, e.g., insulin, monoclonal
antibodies, animal growth hormones, enzymes, etc., has been reviewed [71,72].
Hupe and Lauer [73] have studied preparative applications of IEC for the
purification of proteins, with emphasis on column design and on the properties
of packing materials. Rounds et al. [74] have discussed the influence of the
physical properties of silica-based anion exchangers (including their pore size
distribution, specific surface area and surface density of charged sites) on the
mtrinsic loading capacity of the stationary phase 1n preparative protein chro-
matography. They have found that amon exchangers having wide pores, a high
specific surface area and a high density of positively charged sites provide the
largest loading capacity, and that the protein-binding capacity depends on the
accessible surface area of the anion exchanger, not on its total surface area.

Peptide mapping is a very important analytical problem encountered 1n the
control of the synthesis of proteins. A combination of IEC and of thin-layer
chromatography has been applied to analytical and preparative peptide map-
ping by Aromatorio et al. [75,76] Both analytical mapping and the prepara-
tive separation of the peptides from trypsin digests of proteins were performed
by high-performance IEC on a macroreticular anion exchanger [77].

In most cases, the use of ion-exchange packing materials having an average
particle s1ze between 10 and 30 um is advocated for preparative scale HPLC
[78]. The rationale for this recommendation 1s that the resolution obtained
with small-particle packing materials decreases rapidly when the column 1s
overloaded [39]. As explained 1n the previous section, this erroneous sugges-
tion results from a fundamental misconception regarding the nature of mass
transfer kinetics (which are measured by the column efficiency at infinite di-
lution of the eluate) and the nature of the phenomena responsible for band
broadening at large sample size (which originate 1n the non-limear behavior of
the equilibrium isotherm). Rejecting the use of small particles on the ground
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that the column apparent efficiency 1s going to be low anyway when 1t 1s
overloaded is tantamount to confusing kinetics and thermodynamics To
achieve the maximum production rate, rather small particle sizes should be
considered As explained in Section 3, there 1s an optimum value for the ratio
d,2/L for each separation problem and the particle size should be chosen
accordingly. .

Ion-exchange packing materials having small s1ze pores (ca. 300 A) are suit-
able for the preparation of low-molecular-mass proteins (with a molecular mass
up to ca 30-10° M,), while the purnification of larger-molecular-mass proteins
(up to ca 100:10® M,) and of protein aggregates, when they stable enough,
requires the use of materials with larger pores (ca. 1000 A) The pH of the
mobile phase and the nature of the counter 1on are two of the main factors
controlling the phase selectivity in preparative IEC. The optimization of the
mobile phase pH and the choice of the counter 10n should be performed in order
to maximize the differences between the retention of the proteins of interest
This operation 1s usually carried out by the trial-and-error method, since little
theoretical background material 1s available to guide 1n this choice.

As an example of application, a mixed-bed column, packed with a 4 1 mix-
ture of two 10n exchangers, SynChroprep-Q-300 and SynChroprep-S-300, was
used for the extraction of 47 3 mg of pure immunoglobin G1 (IgG1) from 1170
mg of bovine serum 1n 19 min Because 1n this case the proten does not bind
to either of the 10n exchangers, the nisk of denaturation 1s effectively elimi-
nated [79] This s an excellent example of the best approach to high produc-
tion rate of purified protein, with total conservation of biological activity If
experimental conditions can be found, under which the protemn of interest 1s
not retained while the impurities are, it 1s possible to imject large amounts of
feed solution (1.e.,1n frontal analysis ), until the impurities begin to elute Then
arapid gradient can regenerate the column, since little attention has to be paid
to the resolution between unwanted compounds

A selection of examples of applications of preparative high-performance IEC
for the 1solation and the punification of peptides and proteins 1s given 1n Table
4

5 REVERSED-PHASE CHROMATOGRAPHY

RPC was developed during the seventies for the analysis of polar organic
compounds, using a non-polar or weakly polar stationary phase and a polar
eluent In some cases, the stationary phase 1s a porous silica gel whose surface
has been grafted with n-alkyl chains (mainly octadecyl, to a lesser extent octyl-
and butyl-bonded silicas are used). The mobile phase 1s a solution of water and
methanol or acetonitrile. A variety of other solvents has been used. Additives
are also frequent. The use of salts of a bulky organic ion and a mineral counter
1on (e g., tetrabutyl ammonium chlornde or sodium dodecyl sulphate) 1s the
most notable example
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At the end of the seventies, RPC became the most popular method for the
analysis and 1solation of peptides and proteins [95-98]. Retention takes place
due to hydrophobic interaction between the protein molecule and the surface
of the porous packing material, chemically bonded with a hydrocarbon group
Because of the strength of these interactions and the large surface area of pro-
tein molecules (a single protein may 1nteract with tens of alkyl chains), the
retention 1s very strong In order to free the protein, hydrophobic interactions
should be weakened, by making the mobile phase more organic Due to the use
of acidic eluents containing organic modifiers, as well as under the influence
of the hydrophobic interactions on the stationary phase, many proteins are
denaturated during the chromatographic process A given protein can exist
under a huge number of conformers The original, biologically active protein
1s a well arranged, tightly coiled chain, with most of its polar groups oriented
towards the outside, where they interact with water molecules and the non-
polar groups oriented towards the inside where they interact together The
outside surface of the protemn 1s made of polar and non-polar patches This
minmimizes the free energy of the protein in the water solution and stabilizes
the system

When the protein comes in contact with the surface, the mmmum free en-
ergy would be achieved by maximizing the interactions between the non-polar
surface of the adsorbent and the non-polar groups, while orienting most of the
polar groups towards the polar mobile phase This corresponds to a structure
which 1s very different from that of the biologically active conformer. Thus,
the thermodynamically stable adsorbed state 1s an uncoiled, biologically 1nac-
tive protein conformer Since the protein backbone 1s rather flexible, 1t 1s usu-
ally a matter of a short time before a kinetic pathway permits the transfor-
mation Therefore, RPC tends to promote proten denaturation The
spontaneous recoiling 1n aqueous solution takes place sometimes rapidly, in
which case no problem arises In other cases 1t does take place slowly enough
to interfere with the chromatographic process and generate unbecoming band
profiles In many cases, the eluted protein will never recoil into 1ts biologically
active form within an acceptable time This 1s of little importance for analysis
but 15 unacceptable 1n preparative applications, hence the efforts to modify the
implementation of the retention mechanism, which eventually lead to the de-
velopment of HIC.

It 1s convenient to discuss separately the two closely related techmques, RPC
and HIC (next section) Stationary phases used in RPC include essentially all
n-alkyl-bonded silica, to which can be added perfluoropropyl silica and cy-
anoethyl sihica Other bonded phases, including aminopropyl silica and the diol
phases, belong to HIC Solvents used in RPC include methanol and acetoni-
trile, but 1sopropanol and acetone are the two main organic modifiers used 1n
preparative RPC of proteins The former 1s suitable for dissolving proteins
having small solubility 1n other solvents while the latter, which has a low vis-
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cosity, permits the achievement of a better resolution The 10n1c¢ strength of
the mobile phase and its pH have a strong influence on the retention Most
mobile phases contain a salt buffer Besides sodium phosphates and formate
buffers, ammonium bicarbonate has been recommended 1n the purification of
synthetic peptides because of 1ts excellent volatility. Ammonium bicarbonate
can be simply removed from the collected fractions by freeze-drying, leaving
pure peptides [99]

Gabriel et al. [100] have briefly reviewed the development of preparative
RPC of peptides and proteins Pearson and Regnier [101] have studied in
detail the effect of the length of the n-alkyl chain chemically bonded to a silica
support on the retention of proteins and on their separation and recovery in
preparative apphcations. They have found that the retention times were 1n-
dependent of the chain length or the carbon loading, but that protein resolu-
tion and the loading capacity of the column were influenced by the chain length
They concluded that short n-alkyl chains are better than octadecyl for protein
fractionation. Rubinstein [102] published a comprehensive review dealing with
the 1solation of proteins in amounts up to 50 mg, and compared results ob-
tained with two chemically bonded stationary phase, one typical of RPC,
LiChrosorb RP-8, and one considered now as a HIC phase, LiChrosorb Diol.

Synthetic, biologically active peptides were punified using radially com-
pressed cartridges (now, an obsolete technology ), handpacked with Vydac C,s,
Vydac C, or diphenyl-derivatized stlicas of different particle sizes (10-20 um)
[103] and mobile phases of different compositions Up to gram amounts of
hormone analogues and of other peptides could be prepared The use of dis-
posable Sep-Pak C,; cartridges as preparative columns was reported [104]
Proteins separated on the cartridge could be collected as pure fractions The
use of these immexpensive columns permitted the preparation of 38 mg of a pure
peptide from 150 mg of crude human endorphin [105] A Prep PAK-500 C4
cartridge packed with 75 ym particles was used to purify samples of 1-10 g of
L-Leu(Gly),, a recovery better than 95% was reported [106 ]

Applications of preparative RPC also include the 1solation and purification
of the following peptides S1-S5 (Synthetic, see Table 5) [107], enterotoxin
ST6 [108], various hepta- and octapeptides {109], ferricsocin [110], different
synthetic peptides [111-117], bovine insulin and bovine serum albumin [118],
human nsulin and human-like growth factor II [119], ribosomal proteins
[120], astroprotein [121], protein S6 [122] and parathyroid hormone antag-
omist [123] RPC at both the analytical (1 nmol) and the semi-preparative (1
umol) levels was also apphied for studies of peptide mapping and protein se-
quencing [124]

A survey of numerous applications of preparative RPC to the 1solation and
the purnification of peptides and protemns 1s given in Table 5
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6 HYDROPHOBIC INTERACTION CHROMATOGRAPHY

Although more recent than RPC, HIC has rapidly become more popular
because of the excellent results obtained with this method 1n analytical apph-
cations The development of the preparative applications of HIC are a normal
consequence of this early success The separation mechanmism used in HIC 1s
based on the use of the weak hydrophobic interactions which take place be-
tween the proteins and a stationary phase made by grafting weakly polar chem-
1cal groups on the surface of a porous silica gel Whereas in RPC very strong
interactions take place between protein molecules 1n aqueous solutions and
the alkyl (usually octadecyl) chains and extreme conditions (such as a solvent
gradient with acetonitrile) are needed to desorb them, 1n HIC the molecular
interactions between the protein molecules and the grafted groups are much
weaker To promote them, the proteins are “salted out” the aqueous solution
by a high salt buffer concentration, the proteins are then freed by a negative
1onic strength gradient,

Such experimental conditions are much less aggressive than those used in
RPC Therefore, the biological activity of the proteins separated by HIC 1s
retained, because the high salt concentration used in the mobile phase does
not change the protein structure during the separation In comparison with
RPC, HIC 1s a softer and gentler technique for biopolymer separations The
main disadvantage of HIC is that 1t requires the use of a mobile phase contain-
ing high concentrations of salt buffers, which has a high viscosity and etches
stainless-steel pumps and other parts of the chromatographic hardware This
can eventually cause leakage 1n the system, unless the chromatograph be very
carefully operated and maintained The use of a titanium pump or a metal-free
pump 1s preferable in HIC, but this 1s costly In preparative applications, the
hardware cost for HIC 1s going to be much higher than with other modes of
chromatography (except perhaps IEC) In order to extend the column life, a
clean-up procedure was developed [126] This procedure uses a gradient elu-
tion from pure 10 mM phosphoric acid aqueous solution to a solution of 80%
1sopropanol and 20% of the 10 mM phosphoric acid aqueous solution It was
used to remove periodically the column contaminants

The stationary phase used in HIC 1s made with either silica or a nigid cross-
linked polymer matrix, chemically bonded with groups which are more polar
than the alkyl chains used in RPC Oligomers of ethylene glycol have been
used, as well as peptides, heparin, sugars, etc While for over ten years octa-
decyl-bonded silica was considered as about the only important stationary phase
for hiquid chromatography, the mid-eighties have seen a considerable renewed
interest in the synthesis of chemically bonded phases and 1n the investigation
of the chromatographic properties of these phases A considerable variety of
substrates and reagents have been used In many cases, however, the study 1s
very limited and information on many of these phases of potential interest 1s
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limited to work originating from a single laboratory where 1t has been carried
out on only one batch of the material, may be on a single column

In HIC, the pH and the nature and concentration of the salt(s) contained
in the mobile phase are the most important factors affecting the chromato-
graphic behavior of biopolymers and especially their retention Ammonium
and sodium sulfate are two of the most common and most effective salts used
in HIC However, the sodium sulfate concentration must be adjusted carefully,
because of the limited solubility of this salt which may precipitate in the chro-
matographic system, and especially in the pump cylinder, when the pressure
1s raised This reduces the life time of valves and piston seals Optimization of
the mobile phase pH for maximum selectivity may be achieved by using the
method of pH retention mapping [127]

The following are typical examples of the use of HIC for the extraction and/
or the purification of proteins With a column packed with TSK Phenyl-5PW,
1t has been possible to punify 1n a single run, by preparative HIC, 50-200 mg
of lipoxidase, phosphoglucose 1somerase and lactate dehydrogenase and to re-
cover these proteins with a biological activity of 86, 70 and 93%, respectively
Substantially larger amounts, ca 1 g of crude sample could be treated 1n a
single day, by repeated injections [128] A 150 mm X 21 5 mm column, packed
with 15-20 um particles of Vydac silica-based ether-bonded packing, was used
for the punfication of up to 344 mg of a mixture of four proteins, while the
same column permitted also the punfication of 667 mg of a crude soybean
trypsin mhibitor [126] HIC, combined with other chromatographic tech-
niques, has been employed for the separation of the enzymes contained in a ca
200-mg sample of crude materials on a glass column [94]

Table 6 summarizes detailed experimental data on the 1solation or purifi-
cation of biropolymers by preparative HIC

7 SIZE EXCLUSION CHROMATOGRAPHY

In principle, size exclusion (also called gel filtration) chromatography al-
lows the separation of the components of a sample simply according to the size
or hydrodynamic volume of their molecules 1n a given solvent, used as mobile
phase It 1s specially useful as a preliminary 1solation procedure for concen-
trating the components of interest from crude maternals and/or as a final step
for the separation of pure proteins from their aggregates The column packing
15 a porous sohd (silica gel or rigid organic polymer or resin) The surface of
the pores must have chemical properties very similar to those of the solvent or
rather to the layer of solvent in direct contact with the proteins, in order to
avold any adsorption Ideally, the compounds 1njected should have no reten-
tion at all on the column The pore size distribution should be such that most
components of the mixture have access to part of the pores Separation 1s based
on the fraction of the total pore volume to which the various components have
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access The exact retention mechanism 1s discussed 1n the book by Yau et al
[136] The absence of retention 1s a hard condition to fulfill and 1n many prac-
tical cases there 1s some extent of mixed mechanism

The advantages of the method result from the retention mechamsm The
entire sample 18 eluted within one column volume No compound should be
more retained The elution 1s rapid and complete Separation is based on mo-
lecular size, 1 e , on a property very different from those used in IEC, RPC or
HIC, providing for the possibility to resolve interferences occurring on col-
umns of these types Finally, since the molecules of the compound separated
do not come 1nto contact with a surface, there 1s no opportunity for confor-
mation changes to take place, the method 1s extremely soft and retains very
well the bioclogical activity of the proteins

Conversely, SEC has two important disadvantages First, 1t has a low peak
capacity, only compounds which have a molecular size between two rather close
thresholds can be separated on a given column Those smaller than the lower
limit have access to the entire pore volume and are eluted with the solvent,
while those larger than the upper limit have no access to any pore and are
eluted together, with a retention volume equal to the column external porosity
The peak capacity of the method depends on the ratio of the column internal
and external porosity, a value which does not exceed 1 2 with the best column
packing materials available, except with the new Aligned Fiber Columns, whose
efficiency 1s still not sufficient in practice [137,138] Secondly, sihca and or-
ganic polymers, which are the two most widely used packing materials for high-
performance SEC, tend to adsorb proteins readily through ionic and hydro-
phobic interactions, respectively In other words, 1t 1s very difficult to prevent
any of various molecular interactions to take place between proteins and the
surface of the packing materials This adsorption interferes with an 1deal s1ze
exclusion mechanism In spite of various surface treatments, 1t 1s difficult to
avoid adsorption of some compounds In this case, these compounds may be
eluted later than the solvent peak and the determination of an approximate
molecular weight becomes impossible These deficiencies influence to some
extent the applications of SEC to the purification of proteins

In practice, another experimental problem, which does not exist 1n analyti-
cal applications, has often to be solved for preparative applications The sol-
ubility of the sample, or at least of 1ts main components, in the mobile phase
18 often limited On the other hand, rather concentrated solutions are injected
1n preparative chromatography in order to maximize the production rate
Guanmdinium hydrochloride, urea, Brij-35 and organic acids are commonly used
as solubilizing agents of proteins when needed There 1s not much information
available on the production rate 1n preparative SEC, nor on the relationship
between sample si1ze, concentration and band broadening

Among other applications, SEC 1s useful for the 1solation of plasma hipopro-
teins, due to their wide molecular mass distribution The enzymes f-galacto-
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sidase and urease have been extracted and purified from crude preparations on
a TSK-3000 SW column, the recovery of enzymatic activity was nearly quan-
titative and samples up to 100 mg could be injected [139] TSK-3000 SW col-
umns were also used for the 1solation of IgM and [gG [140], of human serum
apolipoproteins [141] and of 1soenzymes of lactate dehydrogenase [94] Ap-
plications of TSK-5000 SW and of other types of TSK size exclusion packing
materials for the purification of human factor III C [142], of sea worm chlo-
rocruorin and of other proteins [143] have also been reported The applica-
tions of SEC to protein separations include also albumin and IgG on GF-250
column [118], antibody conjugates on GF-250XL and GF-450XL [144], mem-
brane-bound alkaline phosphatase on Protein-PAK 300 SW [90] and other
proteins on Lichrosorb Diol [44] A combination of SEC with other chromat-
ographic methods for the 1solation of lactate dehydrogenase has been discussed
by Skabrahova et al [94] The purification of proteolipid protein [145] and
other proteins [146] by SEC has also been reported

Other examples of the applications of SEC to the extraction and separation
of proteins are described briefly in Table 7

8 BIOSPECIFIC AFFINITY CHROMATOGRAPHY

Biospecific affinity chromatography (AFC) 1s a type of chromatography for
which the retention mechanism 1s based on the formation of a specific complex
Ideally, only one protein in the sample can make this complex with the sta-
tionary phase This compound 1s very strongly retained, almost indefinitely
Other compounds, including proteins, are more or less retained by a combi-
nation of possible retention mechamsms, such as IEC, RPC and HIC Ther
retention 1s weak, at least. in comparison, and they can be eluted, possibly with
a solvent or an 10m¢ strength gradient which has no effect on the stability of
the specific complex Then, when the column 1s cleaned of all foreign materal,
the bonded protein 1s freed by washing the column with a solution of a reagent
which dissociates the complex and the protein 1s eluted and recovered pure
This mechanism has some obvious advantages but 1ts implementation requires
the satisfactory solution of several difficult problems [147]

AFC 1s a powerful tool for the separation and 1solation of proteins, provided
that a column has been designed which contains a high density of bonded spe-
cific complexation reagent [148-152] For this reason, 1t 1s unique among the
various modes of liqud chromatography It 1s the most discriminating of all
1solation procedures and, in principle, permits the selective extraction, the
concentration and purification of a single protein, provided a specific antigene
has been prepared previously For this reason 1t 1s the dream of many bioche-
mists The high column loadabilities and recovery yields which can potentially
be achieved, combined with the extreme selectivity of the mechanism, have
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rendered AFC the most powerful and most promising purification method
available [41,153-159]

On the other hand, some major disadvantages exclude AFC from wide ap-
plications 1n the extraction, separation and purification of proteins, especially
at the preparative scale First, the extreme selectivity means that a different
stationary phase must be used for almost every different separation. This re-
quires the synthesis of a new stationary phase and the design and packing of a
new column every time a new protein must be prepared Considerable inven-
tory problems are rapidly generated Secondly, there 1s a serious lack of suit-
able support media for the immobilization of these ligands Packing materals
which are commercially available are too expensive and are unstable under a
variety of potentially useful experimental conditions This prevents them from
being widely and routinely used in preparative and large-scale applications,
where cost and the need for skilled chemists 1s a much more serious obstacle
to the development of a new technology than in analytical applications.

Thirdly, the selectivity 1s not always as unique as expected Proteins having
the same active or binding site but different side-chains are not separated
Proteins are also strongly retained on AFC stationary phases by hydrophobic
interactions and can be very difficult to extract without dissociation of the
complex Finally, the kinetics of dissociation of the selective complex formed
may be very slow In his study of AFC for the extraction of concanavalin, Muller
and Carr [160a] have shown the dissociation reaction between the protein and
the substrate to be much slower 1n the chromatographic column, where the
substrate 18 bound to the stationary phase, than when the two compounds co-
exist in solution In some cases, the yield and the concentration of the prepared
protein are considerably improved by filling the column with the reagent used
for the dissociation of the complex and letting 1t stay overmight with no mobhile
phase flow than by washing the column under a constant stream

An empirical approach to the prediction of the biospecific affinity chroma-
tographic behavior of various proteins 1n both traditional and high-perform-
ance hquid chromatography has been discussed Good agreement between the
experimental data and the theoretical predictions has been reported [154]
Sada et al [160b] have studied the effect of the pH, the 10nic strength, the
nature and charge of the anion species and the antibody concentration on the
adsorption equilibrium n immuno-affinity chromatography with monoclonal
and polyclonal antibodies It has been found that the characteristics of the
binding affimty 1s heterogeneity for polyclonal antibodies and homogeneity for
monoclonal antibodies non-linear and linear Scatchard plots have been ob-
tained for the former and the latter, respectively A review of all the aspects of
AFC has been published [157 ], and also papers describing the purification of
rabbit muscle lactate dehydrogenase on a Procion Blue MX-R affinity column
[161], the 1solation of membrane flavoproteins on a 5 -ADP-agarose HR 10/
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10 column [91], the separation of plant hormones [162], of human serum
proteins [163] and of other proteins [164-166]

A few selected examples of the use of AFC for preparative applications are
described in Table 8

9 OTHER CHROMATOGRAPHIC METHODS

Besides the techniques discussed above, which are all classical and rather
widely used, a few other chromatographic methods or methods related to chro-
matography have been used for the purification of peptides and proteins [168-
172] We cite here HPLC with hydroxyapatite as a stationary phase, which 1s
a type of adsorption chromatography, chromatofocusing, which 1s a mode of
using an IEC column, and counter-current chromatography (CCC), which 1s
an mmplementation of hquid-liquid chromatography using no mert support
maternal for the stationary hquad

HPLC columns packed with hydroxyapatite particles have been employed
for the 1solation of antibodies, with a good recovery yield [82,173] The selec-
tivity of this adsorbent 1s different from that of all other modes of chromato-
graphy A much shorter life time than for other columns, however, 1s a big
problem and limits the applicability of these columns Nau [174] reported a
unique packing material of this type, used effectively for the rapid purification
of antibodies Other data are reported in Table 9

CCC was applied to 1solation of synthetic peptides and plant hormone, as
reported by Ito and co-workers [175,176] Recently a series of papers have
been published by Knight et al [177] on the application of the method to the
extraction and purification of peptides The use of multi-layer coil planet cen-
trifuge and compact horizontal flow-through coil planet centrifuge for the pu-
rification of [N-Ac, Ala <2 <9 |cholecystokinin 26-23 and of bovin insulin was
discussed With this approach up to 1 g polypeptides can be purified in single
run Putterman et al [178] have used both CCC and HPLC to separate syn-
thetic nona- and hexapeptides The former gives a preliminary purification of
the crude samples while the latter completes the final 1solation of pure com-
pounds without any risk of damaging the column A 100-mg sample amount
has been treated 1n one run One of the major advantages of the method 1s the
virtually total absence of solid surface on which the protein molecules could be
adsorbed and 1somerized The main drawback 1s the rather low column effi-
ciency achieved in CCC and the difficulties encountered 1n attempts made at
scaling-up the process, due to the slowness of the radial mass transfer by dif-
fusion As a consequence, the length of a transfer unit increases rapidly with
increasing column diameter

Chromatofocusing 1s another mode of elution chromatography used for
preparative separation of proteins on 10n exchangers, according to their daf-
ferent 1soelectric points [179] A stream of mobile phase with a pH gradient 1s
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flown 1into the column after the sample has been injected The nature of the
stationary phase and the direction of the gradient are arranged so that each
protein moves at 1ts 1soelectric pont, 1 e, the molecules of each protein con-
centrate 1n the column at the point where their 1soelectric point 1s equal to the
pH and move with this point in the gradient The zones are concentrated and
do not broaden as they do 1n classical chromatography The molecules which
tend to migrate faster than the mass center of the band enter a pH range where
they are 10onized with a charge such that they are now retained by the column
Hence they are slowed down and they stay with the pack Conversely, the mol-
ecules which tend to move more slowly than the mass center of the band, 1 e,
the 1soelectric point of the protein, get the opposite charge and tend to migrate
faster This explains why the process 1s focusing

10 CONCLUSION

The applications of the various modes of preparative HPLC to the extrac-
tion, 1solation and purification of peptides, enzymes, hormones and proteins 1s
generating great interest within the scientific and industrial communities The
strict purity requirements imposed on the biotechnology industry have made
preparative HPLC an essential separation process, almost always involved
somewhere 1n the long production processes of proteins Various techniques of
preparative HPLC have already been employed successfully for the achieve-
ment of high-purity peptides and proteins

It should be mentioned, however, that the classical methods of hquid chro-
matography still play an important role in this area [180], especially at the
beginning of the protein separation process, due to their ability to treat large
amounts of crude materials Besides, the requirements of the purchase of huge
amounts of expensive packing matenals for the packing of preparative col-
umns and of the use of a sophisticated technique for column operation and
maintenance still exclude preparative HPLC from major utilizations in indus-
trial purifications

At present, preparative HPLC and classical column chromatography sup-
plement each other, and none of them can completely replace the other Never-
theless, the reading of the many successful studies being presently published
on the development of new packing materials suggests that 1t 1s only a matter
of time until new high-efficiency and low-cost packing maternals for prepara-
tive HPLC be commercially available and preparative HPLC becomes apphed
routinely to the industrial 1solations and purifications of many peptides, pro-
teimns and other biopolymers This will contribute greatly to the development
of new and better drugs, as well as to a deeper understanding of the mecha-
msms through which cells and organs operate
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11 SUMMARY

The basic differences between the problems encountered in the development
of the analytical and preparative applications of high-performance liquid chro-
matography are analyzed and the principles of optimization of a preparative
separation outlined The application of these principles to the purification of
peptides and proteins are discussed with emphasis on the specific problems
raised by the separation of high-molecular-mass compounds The relative ad-
vantages and inconveniences of displacement and overloaded elution are pre-
sented The applications of the various retention modes of liquid chromato-
graphy (1on exchange, reversed-phase adsorption, hydrophobic interactions,
size exclusion and bioaffinity ) to the separation of various peptide and protein
muxtures and/or to the extraction and purification of some of these compounds
are reviewed Separation performance reported in the literature are summa-
rized in table form
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