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CHAPTERI
BACKGROUND AND RATIONALE

Introduction

-

High performance liquid affinity chromatography (HPLAC), which was first
introduced by Ohlson and collaborators! in 1978, is now emerging as a powerful
preparative as well as analytical separation method for a wide variety of biological
substances.2-3

High performance metal interaction chromatography (MIC), a relatively new
branch of HPLAC, is increasingly used in the separation and purification of proteins and
peptides. It employs rigid microparticulate stationary phases in which a metal ion is
immobilized to the stationary phase via chelating functions bound to the surface (e.g.,
iminodiacetic acid (IDA)). This technique which was initially introduced by Porath and
collaborators in 19756, using low pressure chromatography on agarose-based sorbents,
offers a selectivity different from that of other biopolymer HPLC techniques such as ion-
exchange and hydrophobic interaction chromatography. The separation of solutes is based
on their different affinities to the immobilized metal ions on the surface of the stationary
phase.”

Metal interaction chromatography with soft metal chelate-gels such as iminodiacetic
acid-agarose (i.e., low pressure chromatography) has found many applications. Typical
examples include the purification and fractionation of various serum proteins,$ 9
interferons, 10 11 phosphoproteins, 12 and basic nuclear proteins of human sperm!3 as well

as the determination of intact lactoferrin found in the urine of human milk-fed preterm



infants.14 Other applications using agarose-based metal chelate sorbents have been well
documented in recent reviews.”> 15-19

Recently, it has been shown that MIC is a suitable HPLC technique for the
separation and purification of human erythrocyte glycophorins20 where traditional
approaches by size exclusion?! and ion-exchange chromatography22 were ineffective in
purifying the different forms of these membrane proteins. In addition, MIC has been
found to be more effective than hydroxyapatite chromatography for the separation of the
site specific variants of subtilisin.23 Another important application of MIC by HPLC has
been the separation of synthetic peptide hormones.24, 25

Furthermore, the technique has proved useful in topological studies aimed at
determining the number and location of histidine residues exposed on the surface of protein
molecules26, 27 as well as in characterizing and locating the metal ion-specific binding
domains on the surface of the DNA-binding forms of the estrogen receptor protein.28 Due
to the avid affinity of some proteins to the immobilized metal, iminodiacetic acid-metal
chelate sorbents have found applications in immobilization of enzymes (e.g. alkaline
phosphatase, malate dehydrogenase and lactate dehydrogenase)2? or lectin affinity ligands
such as concanavalin A.30 Also, Smith and collaborators3! applied the principle of MIC to
the purification of recombinant proteins from host organisms by cloning a specific
chelating peptide onto the N-terminus of a recombinant protein.

The main objective of the present study was to further developing MIC.
Systematic studies directed toward (i) the development and characterization of rigid porous
and non-porous stationary phases having novel metal chelating ligands, (ii) the
examination of the retention behavior of well characterized proteins over a wide range of
elution conditions and (iii) the introduction of rapid HPLC separation schemes for proteins
by MIC were plausibly the route to this objective.

In this chapter, a general background of metal interaction chromatography is



provided first and then the basic principles of rapid HPLC are discussed. Also, a detailed
description of the rationale, significance and scope of the study is provided at the end of
this chapter. For clarity, a more specific background on various aspects of packing

materials will be given in some of the introductory parts of the remaining chapters.

Metal Interaction Chromatography

Protein-Metal Chelate Interactions

In MIC, the underlying principle of the binding of proteins to the metal chelate
stationary phase is believed to be the result of the ability of electron-rich ligands on the
surface of proteins to substitute weakly bonded ligands such as water or mobile phase ions
in the metal complexes on the surface of the stationary phase.5 15, 19,29, 32,33 [p this
process, the chelated metal plays the role of accepting unshared pair of electrons from the
side chains of the amino acids at the surface of the protein molecule, see Fig. 1.

According to Porath,5- 33 the strength of interactions of proteins with the
immobilized metals is largely influenced by the number of exposed histidine residues on
the surface of the protein molecule and, to a lesser extent, by the number of cysteine or
tryptophan residues. In fact, the results of several studies conducted by Porath's group
using various model proteins have indicated that the affinity of the analytes increases with
increasing histidine content.27. 28,34 This histidine-retention dependency has been further
substantiated by Sulkowski's33 findings that the adsorption of bovine serum albumin on
Ni(II)-IDA column greatly decreased at pH < 6.5, indicating the involvement of imidazole
group of histidine residues having pKj of 6.5. Also, the sensitivity of protein retention to
amine ions suggest that the primary binding site for the protein is a nitrogen containing
group.36 As a typical example, Figueroa and co-workers37 have recently illustrated the

histidine implication in MIC retention by studying the retention behavior of three types of
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Figure 1. Protein Interaction with the Chelated Metal on the Stationary Phase.
M, immobilized metal.



myoglobin on a silica-based Cu(II)-IDA column. In this study, dog myoglobin (having
one exposed histidine residue) eluted first followed by horse myoglobin (two exposed
histidine residues), and sperm whale myoglobin (three exposed histidine residues) eluted
last.

Although histidine implication in metal interaction chromatographic event has been
well illustrated,27- 28, 34-37 several other factors have been shown to influence the relative
contributions of potential histidine residues on the surface of a protein toward the affinity
of that protein for immobilized metal ions on the surface of the stationary phase.38 In the
absence of protein denaturation, geometrical constraints appear to demand that not all
surface-exposed histidines may participate in protein-metal chelate associations.38 In
addition, because of variations in the local microenvironment of surface interaction sites
(e.g. pKj of histidine groups) caused by neighboring groups, not all 1-histidine or 2-
histidines type of interaction may be of equal or even similar affinity.

Although it was reported that there was no evidence for any significant contribution
of tryptophan or cysteine residues to the adsorption of several serum albumin on various
IDA stationary phases with chelated Co(II), Ni(II), Cu(Il) or Zn(II),39 the binding of
human B-interferon to the same metal chelate stationary phases was attributed to the
presence of cysteine-17,40 and the slight retention exhibited by a Peking duck lysozyme
(no histidine residues) on Cu(II)-IDA at neutral pH was attributed to the presence of
tryptophan residues.15 Besides the fact that tryptophan is a weak ligand when present on
the surface of a protein,28 this hydrophobic residue is not an abundant amino acid
constituent of proteins and is usually sequestered in the interior of a protein molecule.4!
On the other hand, the ruling out of the cysteine contribution to retention was explained by
the possibility that the free thiol groups in the extracellular proteins may not be accessible
to the metal-IDA function. This is not the case for intracellular proteins, the surface of

which may frequently contain free thiol groups (i.e., cysteine).28 Under these



circumstances, the histidine-retention dependency would fail since it has been postulated
that a protein containing free thiol groups may scavenge the immobilized metal during
chromatography.28 The scavenged metal ions may occupy the protein's surface accessible
metal binding sites thus rendering it unretained by the column.

Other groups on the surface of proteins have been shown to enhance or reduce
protein-metal interactions. Phosphate groups have been shown to strengthen protein
interactions with the immobilized metal. For instance phosvitin, a phosphorylated protein,
was found to be retained avidly on Fe(III)-IDA, a borderline "hard" metal chelate
stationary phase.42 This was apparently caused by the high affinity of phosphate for ferric
ions. This is in agreement with another report regarding the contribution of phosphates to
an overall binding strength of differently phosphorylated ovalbumins on Fe(III)-IDA
sorbents using an increasing pH gradient.43 These ovalbumins were eluted and separated
according to the number of phosphate residues, i.e., the ovalbumin with the greatest
number of phosphate groups was retained the most.

On the other hand, glycosylated proteins have been shown to exhibit less affinity
toward the chelated metal on the surface of the chelating stationary phase than their non-
glyscosylated counterparts.36 This was illustrated by the higher retention exhibited by
ribonuclease A on Cu(II)-IDA column when compared with ribonuclease B. The glycan
moiety or the high mannose oligosaccharide in the latter protein was suggested to cause the
shielding of its two histidine residues from interacting with the metal chelate on the surface
of the stationary phase. Also the finding that aj-acid glycoprotein did not show a
significant retention on Fe(II)-IDA was explained by the electrostatic repulsion caused by
the presence of multipic sialic acid residues and the steric hindrances caused by the
oligosaccharide envelope on the interacting sites of the glycoproteins.42

The above considerations regarding MIC retention are in some cases

oversimplified. They do not take into account net charge and hydrophobic character of the



separated proteins.
tationary Ph in MI

Solid Support, The solid support for the preparation of metal chelate stationary
phases for MIC of proteins must satisfy certain basic requirements such as hydrophilicity,
rigidity, insolubility, inertness to the solutes and ease of functionalization.44 Agarose,
which fulfill most of these requirements has been the support of choice for low pressure
MIC.32 Due to the low mechanical strength of agarose, it can not withstand the high
pressure used in HPLC.32 Therefore, rigid microparticulate stationary phase supports
were introduéed for use in HPLC of proteins by metal interaction chromatography. They
are based on silica gels35: 45 or hydrophilic macroreticullar resin (TSK chelate).46 Very
recently, rigid polystyrene of relatively large particle size having a hydrdphilic coating to
which IDA ligands were attached has become commercially available47 for rapid

preparative MIC of proteins by HPLC; see below for more details.

Nature of the Chelating Liggndsh, The selection of the metal chelating functions for
bonding to the solid support is another significant factor in the design of chemically
bonded phases for protein separations by MIC. Generally, the metal chelating ligands
fixed at the solid surface should hold the metal of interest sufficiently strongly so that it
does not leach out under the operating conditions used in MIC, but not so strongly so as to
shield the metal completely from interacting with the solutes. 19

In both low and high pressure liquid chromatography, the most commonly used
chelating ligand has been iminodiacetic acid (IDA).18 It has always been the chelating
ligand of choice because, when complexed with transition metals, the stability constants of
the metal-IDA chelates are relatively high. The strong binding of metals to the IDA
chelating groups aids in minimizing bleeding of the metal from the column. Despite the

availability of other chelating ligands which can give higher stability constants when



chelated with metal, these ligands were only briefly explored on agarose supports. For
example, a pentadentate tris(carboxymethyl) ethylenediamine (TED) has been successfully
attached to an epoxy-activated agarose in order to immobilize various metal ions.43, 49
Although they were prepared in the same manner, the properties of TED-gels were found
to differ from those of IDA-agarose sorbents. In contrast with IDA-gel, TED-agarose
exhibited stronger affinity to metal ions than to proteins. For this reason, columns packed
with metal-free TED-gel have been used to trap metals during affinity elution from columns
packed with immobilized metal-IDA-gel. Furthermore, owing to its strong affinity for
metal ions, TED was able to remove zinc from the active site of carboxypeptidase,
resulting in a loss of peptidase activity.49 However, the pentadentate TED has lesser
available sites for proteins compared to the tridentate IDA, hence carboxypeptidase A was
found to be retained on Cu(II)-IDA agarose but not on Cu(II)-TED agarose.

Also, agarose-based stationary phases containing fixed mono-, di-, tri-, and
hexahydroxamate metal chelating functions were explored using Fe(III) as the immobilized
metal.’0-52 A novel metal chelate sorbent having surface bound nitriloacetic acid (NTA)
was also introduced.53 It is a quadridentate chelating ligand and especially suitable for
metal ions with coordination number of six, since two coordination sites remain for the
reversible binding of biopoelymers. An attempt was also made to prepare a novel chelating
ligand having a hybrid carboxyl/sulphonic acid function.34 However, this chelating ligand
met with only qualified success in view of the considerably weaker chelation with the metal
ion Cu(Il).

It is also believed that aside from the nature of the chelating ligands, the surface
concentration seems to influence the adsorption of metal ions on the surface of the
support.16 The adsorption capacity is enhanced at higher concentration in most cases, but
there is also a possibility of reducing the retention of analytes because a significant portion

of the metal ions may be adsorbed via multipoint attachment.



Nature of the Chelated Metal. The nature of the immobilized metal is also an
important parameter to be considered in MIC. The selection of metal ions to be used in
MIC is dictated by the ability of the metal to form stable complexes with the chelating
ligand and also to rctain some adsorptivity toward the solutes.

Metal ions such as Zn(II), Cu(I), Ni(II) and Co(II) have been the most commonly
used in MIC.34, 55 In addition to the these metals, Andersson and Porath!2 also tested the
following metals: Ce(III), Cr(IIT), La(III), Lu(III), Sc(III), Yb(III), Th(IV) and UO,(ID).
With the exception of Cr(IIT) and UO(II), stable metal chelates were formed on the gel.

A study made with various metal chelates revealed that the adsorption capacity for
serum albumin decreased in the following order: Cu(II) > Zn(II) > Ni(II) > Mn(II), with
Cu(Il) being very effective and Mn(II)-gel having almost negligible adsorption capacity.42
The strong affinity of Cu(II) with serum albumin was also found to hold true for
transferrin, carbonic anhydrase and ribonuclease A. However, Ni(II) was less interactive
when compared with Zn(II), contrary to the results obtained for the serum albumin. In
general, the extent of protein retention varies from one metal(I)-IDA column to another.27 _

Another metal which was investigated by many researchers is Fe(IIT). The unusual
retention of acidic, neutral and basic proteins on Fe(III)-IDA, puts this sorbent in its own
category.42 It was suggested that both ionic interaction and coordinate covalent bonding
are present in protein-Fe(III) interaction, but because of the concept of hard-soft ions
which will be discussed later, the former is more important than the later.50 56, 57

To facilitate the selection of the metal ion, as far as the protein-metal association is
concerned, the concept of hard-soft ions of Pearson38 based on the polarizability of
interacting metal ions was employed by Porath and co-workers.6:7 Accordingly, "hard"
metal ions such as Mg(II), Ca(Il), Fe(II), A1(III), Ga(IIl), and In(III) tend to coordinate
with hard ligands, i.e., oxygen-containing ligands, whereas "soft" metals, such as Cd(II),

Hg(Il) and TI(II), prefer to associate with sulfur-containing ligands.5® Metals of the
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intermediate type like Cu(II), Zn(II), Ni(II) and Co(II) preferentially coordinate with
nitrogen but also interact with oxygen and sulfur. In fact, chelates of borderline "hard"
metal ions, e.g., Fe(III)-IDA have been found to bind very strongly with phosphoproteins
such as ovalbumin,!2 phosvitin and phosphorylated histones.’0 On the other hand,
chelates of the intermediate type, such as Cu(Il) or Zn(II)-IDA, bind protein rich in
histidine such as sperm whale myoglobin!5 and lymphotoxin.36 Thiol-containing human

p-interferon was reported to bind specifically to intermediate or "soft" metal chelates.40
Elution Schemes in MI

The choice of appropriate elution conditions in MIC is rather tedious and more
complicated than in any other type of interactive chromatography. For instance, in ion-
exchange chromatography, a gradient of increasing salt concentration is the most efficient
elution scheme®0 whereas in hydrophobic interaction chromatography a gradient of
decreasing salt concentration is widely used.1 On the other hand, in reversed-phase
chromatography a gradient of increasing organic solvent concentration is usually employed
to bring about elution and separation.62 However, since in MIC metal interaction and to a
lesser extent electrostatic and hydrophobic interactions are operating on the solute
retention, the superimposition of several interactive forces may complicate the elution and
separation of multicomponent mixtures. Therefore, the elution of proteins from a metal
interaction column may necessitate a series of mobile phases varying in amount and nature
of salts as well as in pH and competing agent content.

Only scarce data are available on the effects of the nature and concentration of
neutral salts on MIC retention. For example, a study on the effect of sodium chloride
concentration on protein retention performed on a Cu(II)-IDA column showed that high
salt concentration enhanced the retention of calmodulin, an acidic protein, but decreased the

retention of cytochrome c, a basic protein.40 These observations could be explained by the
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repulsion between the negatively charged protein (i.e., calmodulin) and the stationary
phase surface at low salt concentration. However, at high salt concentration, the
coulombic repulsion is screened, thereby resulting in an increased protein retention.
Another study was conducted to investigate the effect of the salt concentration on the
retention behavior of cytochrome c, lysozyme and p-lactoglobulin on a silica-based Fe(III)-
IDA column.45 The retention of these proteins first decreased and then increased with
increasing ammonium sulfate concentration. These findings are indicative of the presence
of different adsorptive forces, i.e., metal and/or electrostatic interactions at low salt
concentrations and hydrophobic interactions at high salt concentrations. Due to the limited
availability of retention data, no generalization regarding the effect of salt concentration on
the retention behavior can be made.

Another parameter that can alter the retention of proteins in MIC is the eluent pH.
The pH affects the ionization of side chain groups of proteins and consequently their
associations with the metal on the surface of stationary phases. Since histidine groups are
the most reactive metal binding sites, the use of low pH will cause the protonation of the
histidine group thereby lessening its interaction with the metal.1® Indeed, gradients of
decreasing pH have been frequently employed in MIC.14, 20, 63-65 However, with "hard"
metals, such as Fe(III), Ce(IIT) or AI(III), proteins were found to exhibit higher interaction
at slightly acidic medium, i.e., pH around 5.0.

Another way of achieving the selective elution of proteins would be the addition of
ligands to the mobile phase which will effectively compete with the proteins for adsorption
on the immobilized metal ions. The incorporation into the eluent of small amounts of
competing agents, such as histidine,%0 histamine,67 imidazole%8 or phosphoserine,59 has
been shown effective in affecting protein elution from MIC columns.

The use of strong displacers, however, could lead to metal stripping. When a

small amount of glycine (a bidentate ligand) was added to the eluent a large change in the
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UV absorbance during gradient elution was observed and it is believed to be due to the
bleeding of metal ion from the Cu(I)-IDA column.!® Likewise, the presence of
tris(hydroxymethyl) aminomethane , a primary amine, was also found to cause metal
leakage.5® The loss of significant amounts of metal during chromatography requires that
the column be reequilibrated with high concentrations of metal after each run. The
reloading of the column with the metal can be troublesome, since it is not always possible
to load the column with high concentrations of metal at the pH of the starting
chromatographic conditions due to the precipitation of the metal hydroxide.20 When
reloading the metal at low pH to avoid its precipitation, many column volumes of mobile
phase will be required to return to the starting conditions, thus increasing the time between
runs.

Various effects could also be obtained by inclusion of denaturants in the eluent.
Little or no adsorption was observed in 7 to 8 M urea.31 Sodium dodecyl sulfate at
concentrations above 0.1% abolished the adsorption of all serum proteins on a Ni(I[)-IDA
column. On the other hand, low concentrations of non-ionic detergent did not influence

the adsorption of proteins.
Rapid High Performance Liquid Chromatography

Since its introduction, the aim of high performance liquid chromatography (HPLC)
has been to achieve rapid separations on the time scale of minutes and seconds. This need
has prompted researchers to introduce short columns packed with non-porous stationary
phases in the particle size range of 1-2 um. Indeed, non-porous silica-,70-78 resin-79-87
and agarose-based38. 89 stationary phases were introduced for the rapid high performance
ion-exchange,?9: 81, 85, 87 reversed-phase,”0 73 hydrophobic interaction’4: 84 and affinity
chromatography?3. 77. 78 of peptides, proteins, oligonucleotides and large DNA

fragments.
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These newly developed rapid analytical separation schemes have been the results of
recent advances in particle technology. They have been engendered by the growing
demand for rapid analytical techniques in monitoring clinical analyses90 as well as
industrial processes.9!

Obviously, to achieve rapid separation by HPLC, high mobile phase flow
velocities must be utilized. Under these conditions, with packed columns and porous
sorbents, the limiting factor will be the increased mass transfer resistances in the stagnant
mobile phase in the retentive material (i.e., intraparticle diffusional resistances), and
concomitant decrease in column efficiency. To diminish diffusional resistance to mass
transfer, the path length in the solid sorbent (i.e., in the porous structure) through which
the solute undergo diffusion, was reduced by introducing small particle diameter supports
(3-5 um). This strategy worked well for the rapid HPLC of small molecules92 due to their
relatively high diffusivities. Conversely, due to the low diffusivities of large molecular
weight substances such as proteins and large DNA fragments, reducing the particle
diameter is essential but not sufficient. The slow diffusion of these macromolecules in the
stagnant mobile phase is not favorable for rapid separation at high flow-rates. Although
increasing the pore diameter may alleviate the restricted mass transfer in the porous interior
of the column packings, small particle with macroporous structure (> 1500 A) do not
possess the required mechanical strength to be used at high flow velocities customarily
used in rapid HPLC. Thus, in order to eliminate band broadening arising from
intraparticle mass transfer resistances, the concept of pellicular sorbents,93- 94 was revived
by Unger and collaborators by introducing and evaluating non-porous monodispersed
octadecyl-silica microparticles (1.5 um) for rapid reversed-phase chromatography of
proteins.’0, 71 ‘With non-porous packing materials, the totally exposed retentive layer on
the outer surface of the particle is readily accessible to the biomacromolecules, hence

separations can be carried out at high flow-rates without sacrificing column efficiencies.94
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In addition the absence of pores obviates the entrapment of large solutes, thus leading to
high recoveries.”. 96

When utilizing non-porous sorbents, the specific surface area of the rigid support is
relatively low (< 5 m2/g) thereby resulting in a decrease in the linear sample capacity as
well as the phase ratio, which is defined as the ratio of the volume of the stationary phase
(i.e., the retentive layer) to that of the mobile phase. The reason is that less stationary
phase is available per unit volume of column, and this available stationary phase volume is
more quickly overloaded with the injected samples.

While the decrease in sample capacity would limit the system to microscale and
analytical purposes, the decrease in phase ratio can be in many instances regarded as a gain
in terms of bringing retention to practical range such as in affinity chromatography or in
reversed phase chromatography, whereby, proteins can undergo multipoint attachment to
the surface which would require harsh elution conditions or high organic solvent to bring
about their elution, respectively. This can bring denaturation and loss of biological activity
as well as low mass recovery.

The low sample capacity of non-porous microparticles can be alleviated by
reducing the particle size to 1-2 um. In fact, Kato and co-workers80 have shown that the
maximum loading capacity at the highest resolution for proteins with non-porous
hydrophilic resin-based cation exchanger (2.5 pm particle size) was about 5 pg of pure
sample. Also, the same authors have shown that with crude sample of proteins up to 100-
200 pg could be applied to a short column of 75 x 7.5 mm L.D. with little decrease in
resolution.80

Although decreasing the particle diameter of the non-porous stationary phases had
alleviated the problem of sample capacity and had led to more efficient columns, problems
associated with the use of particles smaller than 1.5-2.0 um in diameter seem to arise. One

very evident problem is the lowering of the column permeability since B°, which is the
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specific permeability coefficient, is proportional to the particle diameter, dp , and the

interstitial column porosity, €, by the Kozeny-Carman equation:97

3
B° = _422_%; (1)

T 180(1—,)2

Lowering column permeability as a consequence of reducing the particle diameter

leads to a high pressure drop, AP, across the column, as predicted by Darcy's Law:98

V= T @

where v is the superficial flow velocity, 1| is the viscosity, L is the length of the column.
In this regard, the length of the column must be decreased and/or less viscous mobile
phases must be utilized. With aqueous buffers or hydro-organic eluents, 4.0 to 6.0
mL/min can be achieved with columns of 30 x 4.0 mm L.D. packed with 2.0 to 3.0 pm
particles without exceeding the pressure limit of most modern pumping systems, which is
5000-6000 psi pressure drop across the column. Therefore, rapid separations with
particles of less than 1 pm are awaiting further progress in HPLC hardware, as far as
pumping technology, sampling valves and fittings are concerned.

Short columns packed with 2 to 3 pm non-porous supports have the merit of
allowing rapid solute equilibration with the stationary phase and rapid column regeneration
in gradient elution. These features would permit high speed analysis of biomolecules
without significant loss in separation efficiency.

The above concept of non-porous stationary phase supports is purely for analytical
and microscale rapid HPLC. To produce rapid preparative separations of large molecular

weight substances at moderate sample loading capacity, reduced stagnant mobile phase
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mass transfer and low pressure operation, flow-through particles having relatively large
diameter (> 20 pm) have been introduced, and the technique has been termed perfusion
chromartography.47- 99, 100 This has been accomplished with 6000-8000 A pores which
transect the particle (these pores are called throughpores). The surface area of this very
large pore diameter-material has been enhanced by the presence of 500-1500 A pores or
interconnecting pores at the wall or between the throughpores, respectively. This concept
which combine the favorable mass transfer of non-porous supports to the high loading
capacity of porous packing materials allowed the separation of an amount of protein
equivalent to that of conventional HPLC columns as well as low performance agarose-

based media at 10-100 times higher mobile phase velocity with no loss in resolution.100
Rationale, Significance and Scope of the Study

High perfomance metal interaction chromatography (MIC) is a relatively new
branch of HPLC. Despite its increasing use in protein and peptide separations, many
aspects of MIC still require further development. Prior to 1986 (the date at which the
principle of metal interaction was adapted in HPLC by introducing rigid microparticulate
metal chelate stationary phases), most of the fundamental studies were performed in low
pressure chromatography with agarose-based sorbents. This lengthy process yielded only
qualitative information regarding MIC selectivity and retention and the amount of
systematic studies regarding the effects of various operating parameters is rather limited.
With the advent of HPLC (i.e., precision instrumentation and advanced column
technology), more quantitative retention data can be generated and thus, a better
understanding of the physico-chemical phenomena underlying the MIC retention may be
possible.

Thus far, most of the studies in both low and high pressure MIC have dealt

virtually with a single chelating ligand, i.e., iminodiacetic acid (IDA), and other useful
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chelating ligands were given little or no attention. Although IDA chelating sorbents have
proved useful in many separations, the scope of applications of MIC can be certainly
enlarged by evaluating and introducing sorbents bearing chelating ligands that would
afford various degreeé of analyte-metal chelate affinities. The conventional approach has
favored affinity ligands with high avidity for the analytes. This has necessitated the use of
strong eluents that are often denaturing to the analyte or harmful to the column, thus
reducing its life span. In addition, harsh elution conditions lump closely related but
different analytes into a single broad peak. Metal chelating ligands of various level of
affinities are needed to suit the separation of a wider range of species. Affinity ligands
with low association constant would allow high speed and higher separation efficiencies in
a manner similar to other modalities of HPLC such as reversed-phase and ion-exchange
chromatography.

The need for rigid microparticulate stationary phases of wider pH range stability
than silica-based sorbents is widely recognized. Highly crosslinked poly(styrene-
divinylbenzene) microparticles (PSDVB) with rigid structures are the most suitable
supports in that regard. This organic support has found only few applications in non-
denaturing protein HPLC, and its potential in MIC of proteins is yet to be explored. The
major difficulty in adapting highly crosslinked PSDVB-based stationary phases to protein
HPLC has been the hydrophobic nature of the support which may cause surface-induced
denaturation of the analyte. Only scarce attempts have been made to overcome this
limitation by introducing rather physically attached hydrophilic coatings to the surface of
the polyaromatic support.47-99 These physically coated hydrophilic layers have the
drawback of possible leakage from the surface of the column when harsh elution
conditions are used.

Presently, there is a growing interest in rapid analytical high performance liquid

affinity chromatography for studying the relationship between structure and function at the
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molecular level and for understanding important interactions at the surface of
biomacromolecules (i.e., molecular chromatography). Rapid HPLC with non-porous
supports is well suited for such studies whereby pore mass transport is absent. Rapid high
performance MIC of proteins has not yet been fully developed.

Although some of the underlying principles of MIC retention have been ilustrated,
systematic studies concerning the effects of important variables such as the nature and
concentration of salts in the eluent and the type of the chelating ligands on the surface of
the stationary phases are lacking.

To further develop MIC , we have made the following contributions:

(i) Introduced and evaluated a novel tetradentate metal chelating ligand, the
ethylenediamine-N, N'-diacetic acid (EDDA), over a wide range of conditions including
eluent pH, nature and concentration of salts in the eluent, competing agents, type of
chelated metal, and nature of the stationary phase matrices.

(i) Developed and characterized non-porous highly crosslinked poly(styrene-
divinylbenzene) microparticles in terms of their mechanical strength over a wide range of
‘mobile phase flow-rates and composition customarily used in rapid HPLC.

(iii) Introduced simple and reproducible hydrophilic coatings on the surface of
wide-pore and non-porous poly(styrene-divinylbenzene) by covalently attaching long
polyether chains to the surface of the copolymeric organic packing materials. These
hydrophilic surfaces could be readily activated with bifunctional groups for the subsequent
attachment of metal chelating ligands such as IDA and EDDA as well as other affinity
ligands or functional groups for biospecific interaction or general interactive HPLC,
respectively.

(iv) Established chromatographic procedures for the characterization of the surface
coverage of hydrophilic PSDVB with surface-bound IDA or EDDA metal chelating ligands

and evaluated their retention properties via hydrophobic interaction toward small non-polar
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probes, and via metal interaction with proteins.

(v) Introduced and tested empirical ways for ranking the eluting strength of
various salts in MIC with different metals and metal chelating ligands.

(vi) Studied the retention behavior of well characterized and considerably differing
proteins over a wide range of elution conditions.

(vii) Established novel elution schemes for rapid MIC of proteins on both non-
porous silica- and PSDVB-based metal chelate stationary phases, on the time scale of
seconds and minutes.

| Some of above contributions may also find use in other modalities of

chromatography and consequently improve biopolymer HPLC at large.
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CHAPTER II

HIGH-PERFORMANCE METAL CHELATE INTERACTION
CHROMATOGRAPHY OF PROTEINS WITH
SILICA-BOUND ETHYLENEDIAMINE-
N,N'-DIACETIC ACID

Introduction

As discussed in Chapter I, the selectivity and retention in MIC can be conveniently
modulated and adjusted (i) by changing the type of the metal on the stationary phase,1-3
(ii) by varying the eluent pH,2-4 (iii) by the nature and concentration of the salt,1-5-7 and
(iv) by the nature and concentration of the competing agent in the eluent.!-8 Thus far, little
attempt has been made to manipulate retention and selectivity by the nature of the chelating
functions on the surface of the stationary phase.2: 9> 10 Indeed, with agarose or rigid
microparticulate stationary phases, iminodiacetic acid chelating functions (IDA) have been
the most widely used. This indicates that the potential of MIC has not been fully explored
so that the technique will have a common place in a wider range of applications.

This study addresses the need for investigating the potential of new chelating
functions in MIC of proteins. In this regard, large-pore silica-bound ethylenediamine-
N,N’-diacetic acid (EDDA) was developed in our laboratory. The chromatographic
behavior of standard proteins and glycosylated proteins was evaluated with metal-EDDA
chelates over a wide range of elution conditions including eluent pH, salts, and competing
agents. A comparison with iminodiacetic acid (IDA) stationary phases is also presented.

This work was published in J. Chromatogr. 1990, 512, 237.
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Experimental

Instrumentation

The chromatograph was assembled from an ISCO (Lincoln, NE, U.S.A.) Model
2350 solvent delivery pump and a Model 2360 gradient programer, with a variable-
wavelength detector Model V4. A Rheodyne (Cotati, CA, U.S.A.) Model 7010 sampling
valve with a 100-ul sample loop was used for injection. Chromatograms were recorded

with a Shimadzu (Columbia, MD, U.S.A.) Model C-R5A integrator.

Reagents and Materials

The following materials were purchased from Sigma Chemical (St. Louis, MO,
U.S.A.): cytochrome ¢ from horse heart, lysozyme from chicken egg white, iron-free
(approx. 90% substantially iron-free) and holo (approx. 98% iron saturated) transferrins
from human, lactoferrin from bovine colostrum, p—casein from bovine milk and
ethylenediamine-N, N'-diacetic acid. Iminodiacetic acid (IDA) was obtained from W.R.
Grace (Nashua, NH, U.S.A)). Reagent grade sodium hydroxide,
ethylenediaminetetraacetic acid (EDTA) disodium salt, acetic acid, ferric chloride, zinc
chloride, cupric chloride, cobalt chloride, nickelous nitrate, phosphoric acid, sodium
acetate, sodium formate, monobasic sodium phosphate, methanol, and acetonitrile (both
HPLC grade) were obtained from Fisher (Pittsburgh, PA, U.S.A.)). -
Glycidoxypropyltrimethoxysilane was obtained from Aldrich (Milwaukee, W1, U.S.A.).

lumn

Zorbax PSM 300, a spherical silica, having mean particle and pore diameters of
7.5-um and 300 A, respectively, was obtained from DuPont (Wilmington, DE, U.S.A.).
The EDDA and IDA stationary phases were made by first reacting the silica gel with y-
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glycidoxypropyltrimethoxysilane in aqueous solution, pH 6.0, for 2 hours at 95°C.1! The
products thus obtained were allowed to react with EDDA or IDA using well established
procedures.! The surface coverage with EDDA or IDA functions was found to be
approximately 2.0-2.2 umoles/m2, which correspond to 1.2-1.3 umoles/mL of packed
silica gel, as calculated from the nitrogen content measured by elemental analysis at
Galbraith Laboratories, Inc (Knoxville, TN, U.S.A.). The approximate structures of both
stationary phases in metal chelate forms are shown in Fig. 2. The stationary phases thus
obtained were packed from an aqueous sucrose-NaCl slurry containing 50% sucrose (w/v)
at 8000 psi with 1.0 M NaCl solution and using Shandon column packer instrument
(Keystone Scientific, Bellefonte, PA, U.S.A.). All columns were made of 100 x 4.6 mm

No. 316 stainless steel tubes (Alltech Associates, Inc., Deerfield, IL, U.S.A.).
Procedur

Freshly packed columns with IDA or EDDA siliceous stationary phases were first
conditioned with water and then loaded with the appropriate metal by injecting 10 ml of 50
mM metal salt solution using a sampling valve equipped with 10 ml sample loop. This
amount was enough to saturate the column with the desired metal since we have found that
the retention of standard proteins did not change for concentration above 50 mM. After
loading the column with a given metal, the excess unchelated metal was subsequently
removed from the column by washing it with an ample amount of water followed by the
equilibrating mobile phase in order to ensure reproducible results during the ensuing
chromatographic separation. The column was unloaded from the metal by washing it with
20 ml of 50 mM EDTA disodium salt. After regeneration with water, the column regained

its naked form (without chelated metal), and was ready for reloading with a different metal.
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Figure 2. Schematic Illustration of the Surface-Bound Metal Chelates.
(A) tridentate IDA and (B) tetradentate EDDA. M, metal; X, protein molecule,
salt ion, water molecule, or any competing agent.
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Results and Discussion
mparison of Metal-EDDA and Metal-IDA Column

Columns packed with silica-bound EDDA functions chelated with Cu(II), Co(1I),
Ni(II), Zn(II) or Fe(IIT) metal ions were evaluated in protein HPLC over a wide range of
elution conditions. These metal-EDDA stationary phases were also compared to metal-IDA
columns. Phosphorylated and dephosphorylated p—caseins, lactoferrin, iron-free and holo
transferrins, cytochrome c, and lysozyme were used as model solutes. These proteins
which are well characterized in many aspects form an attractive set of solutes for
elucidation of protein-metal chelate stationary phase associations. Horse heart cytochrome
¢ and egg white lysozyme, each having one surface exposed histidine residue, may serve
to evaluate the extent to which proteins that have the samé histidine content but are slightly
different in molecular weights and plI values (cytochrome c: MW = 12 200, pI = 10.6;
lysozyme: MW =14 314, pI = 11.0) will interact with different metal chelate sorbents.
Phosphorylated and dephosphorylated B—caseins may be useful to ascertain the
involvement of phosphate groups in metal interaction chromatography. Human serum
transferrins and bovine lactoferrin, which are iron-binding proteins12 (two ferric ions per 1
molecule of protein) of similar molecular weights (about 80 000 for lactoferrin and 75 000
for transferrin), yet differing in their isoelectric points (about 6.0 for human transferrin and
10.0 for bovine lactoferrin), may be regarded as model proteins to assess the implication of
the net charge of protein in MIC.

In this study, the chromatographic behavior of two chelating ligands, namely, IDA
and EDDA were evaluated. As expected, metal-EDDA columns exhibited weaker
interactions with the proteins investigated than their counterparts metal-IDA columns under
otherwise identical elution conditions. As illustrated in Fig. 2 metal-IDA columns provide

more coordination sites for interaction with the protein molecule, than do metal-EDDA
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columns. On the other hand, as a result of one fewer donor atom in IDA molecule, metal-
IDA complexes are less stable than metal-EDDA chelates; cf. Table I, which compiles the
logarithmic stability constants of both metal complexes as measured in free solution.13
Indeed, certain metal-IDA stationary phases such as Zn(II)-IDA4 and Cu(Il)-IDA14 are
unstable under most elution conditions and change in retention time from run to run is
common. In order to circumvent this problem, Corradini et al.14 added small amount of
salt of the chelated metal to the mobile phase.

Table I. Stability Constants, log K, of Metal-EDDA and Metal-IDA Complexes in Free
Solutions. Data taken from Ref. 13.

Logarithm of the stability constants

Metal EDDA DA
Zn(II) 11.22 7.24
Ni(I) 13.65 8.13
Co(ll) 11.25 6.94
Cu(l) 16.20 10.57
Fe(TI) - 10.72

Particularly noticeable is the strong binding of most proteins to Cu(II)-IDA
column.l-2 The elution of proteins from the cupric-IDA column necessitated the use of
either a linear gradient at increasing both salt and glycine (a bidentate competing agent) in
the eluent or a gradient at decreasing pH and increasing imidazole (a monodentate
competing agent), which often lead to leaching out of the metal and contamination of the
separated proteins. It has been demonstrated that the contamination of the protein with

metal ions removed by the competing agent from the stationary phase may be avoided by
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loading the first two-thirds of the column with the metal only.15 Another alternative may
be the use of a naked IDA post column. However, in both cases a metalloprotein may lose
its metal to the naked IDA and consequently its biological activity may be reduced as it has
been found for holocarboxypeptidase A.16 In contrast, with Cu(II)-EDDA column the
proteins under investigation were readily eluted and separated with gradient at increasing
sodium chloride concentration in the eluent. On the other hand, the proteins studied could
be eluted from both Co(II)-IDA and Co(II)-EDDA columns using the same salt gradient.
The retention data obtained on both stationary phases are shown in Table II in terms of
selectivity. As can be seen in Table II, Co(II)-EDDA column exhibited higher selectivity
than Co(II)-IDA column and in particular toward holo and iron free transferrins.

However, Co(Il)-IDA stationary phases yielded higher retention for the proteins than did

Table II. Comparison of a—Values of Proteins Measured with Porous Co(II)-IDA— and
Co(II)-EDDA—Silica Columns.

Columns, 100 x 4.6 mm LD.; flow-rate, 1.0 mL/min; temp., 25°C. Linear gradient in 15
min from 0 to 1.0 M NaCl in 10 mM acetate buffer, pH 5.5, followed by 5 min isocratic
elution with 1.0 M NaCl in 10 mM sodium acetate.

Selectivity, o

Pairs of proteins Co(II)-EDDA Co(ID-IDA

Iron-free transferrin/holo

transferrin 8.79 1.00
Cytochrome c/iron-free

transferrin 1.23 1.06*
Lysozyme/cytochrome ¢ 1.15 1.12
Lactoferrin/lysozyme 1.32 1.45

%k . .
Reversal in elution order
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Co(II)-EDDA column. As aresult, peaks were broader on the former column than on the
latter.

As stated above, the elution of the different proteins from the various metal-EDDA
columns was carried out using linear salt gradient at increasing sodium chloride
concentration in the eluent. Different selectivities were obtained when going from one
metal chelate column to another under otherwise identical elution conditions. Figure 3,
which depicts the separation of five proteins on Co(II)-EDDA column, demonstrates the
high selectivity and high efficiency that can be obtained with such columns.

Figure 4 illustrates the separation of phospho- and dephosphorylated B-caseins on
Fe(II)-EDDA column using linear gradient at increasing sodium chloride concentration in
the eluent. Whereas dephosphorylated casein eluted from the ferric-EDDA column with
practically little or no retention, phosphorylated casein was retained by the metal chelate
column. This is not unexpected since it is well known that phosphate forms complex with
ferric ions.

In another set of experiments phosphoserine, a phosphorylated amino acid, was
added to the eluent and the retention of cytochrome c, lysozyme, and iron-free transferrin
on Fe(III)-EDDA column was measured using isocratic elution. As can be seen in Fig. 5,
a few mM of this amino acid were a useful adjunct for modulating protein retention.
Indeed, when adding 20 mM phosphoserine to the eluent, the retention factors of iron-free
transferrin, lysozyme, and cytochrome ¢ decreased by a factor of 0.2, 0.5 and 0.7,
respectively, from their values obtained in the absence of phosphoserine. This is another

indication of the predominance of metal interaction with ferric-EDDA stationary phase.

Effects of the Eluent pH

The effect of eluent pH on MIC retention was investigated with various metal-

EDDA columns using gradient elution with linearly increasing sodium chloride
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Figure 3. Chromatogram of Standard Proteins Obtained on Porous Co(II)-EDDA—Silica
Column.
Column, 100 x 4.6 mm LD. ; flow-rate, 1.0 mL/min; temp., 25°C. Linear
gradient in 15 min from 0.02 to 1.0 M NaCl in 10 mM sodium acetate buffer, pH
5.5, followed by 5 min isocratic elution with 1.0 M sodium chloride in 10 mM
sodium acetate. Proteins: 1, holo transferrin; 2, iron-free transferrin; 3,
cytochrome c; 4, lysozyme; 5, lactoferrin.
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Figure 4. Chromatogram of Phosphorylated and Dephosphorylated B-Caseins.
Column, porous Fe(III)-EDDA—silica, 100 x 4.6 mm L.D.; flow-rate, 1.0
mL/min; temp., 25°C. Linear gradient in 15 min from 0 to 1.0 M NaCl in 10 mM
sodium acetate, pH 5.0, followed by 5 min isocratic elution with 1.0 M sodium
chloride in 10 mM sodium acetate. Proteins: 1, dephosphorylated p-casein; 2, p-
casein.
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Figure 5. Plots of Retention Factor of Proteins Against Phosphoserine Concentration in the
Eluent.
Column, porous Fe(IIl)-EDDA—silica, 100 x 4.6 mm L.D.; flow-rate, 1.0
mL/min; temp., 25°C. Isocratic elution with 10 mM acetate containing 0.15 M
NaCl at different phosphoserine concentration, pH 5.0. Proteins: 1, iron-free
transferrin; 2, cytochrome c; 3, lysozyme.
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concentration in the eluent. The results are depicted in Fig. 6 by plots of adjusted retention
volume versus eluent pH. The adjusted retention volume (V'R) of a solute is by definition
the difference between the retention volume of that solute and the void volume of the
column. As expected, this effect varies from one metal chelate column to another for a
given set of proteins.] With the exception of Ni(II)-EDDA column, which did not exhibit
an affinity toward holo and iron-free transferrins in the pH range studied, the retention of
these two proteins decreased with increasing pH on all other metal-EDDA columns and
reached zero at pH values which were different from one column to another. Both
transferrins were retained to the same extent on Zn(II)-EDDA at pH 5.0 but eluted with no
retention at pH 5.5 and above. On the other hand, on Fe(IIT)-EDDA column the holo and
iron-free transferrins were separated at only pH 6.25, whereas on Co(II)-EDDA they could
be separated at pH ranging from ca. 5.2 to 6.0 (¢f Fig. 6). The decrease in affinity of
transferrins toward the chelated metals on the surface of the stationary phase with
increasing pH may be explained by the increase in net negative charge of the proteins
leading to electrostatic repulsion from the sorbent having the same net charge. The equal
affinity of holo and iron-free transferrins toward some of the metal chelate columns at low
pH (below or equal to 5.0) may be explained by the dissociation of the iron-protein
complex at that pH!2 so that the holo transferrin will lose its iron and become iron-free
protein. Therefore, we believe that MIC will find use in studying protein-metal complexes
provided that the metal-binding site in the protein molecule is also involved in the
interaction process between the protein and the chelated metal on the surface of the
stationary phase. The monotonic increase in the retention of lactoferrin with eluent pH on
the various metal-EDDA columns (Fig. 6) may reflect the presence of imidazole groups on
the surface of the protein molecule. Indeed, with the high histidine content of such
moleculel7 and the high pI value (net positive charge over a wide range of pH) an

interaction of that kind may be favored. In contrast, due to their net negative charge at pH
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Figure 6. Plots of Adjusted Retention Volume versus pH, Measured with Different Porous
Metal-EDDA—Silica Columns.
Column, 100 x 4.6 mm L.D.; flow-rate, 1.0 mL/min; temp., 25°C. Linear
gradient in 15 min from O to 1.0 M NaCl in 10 mM acetate or phosphate buffer
at different pH, followed by 5 min isocratic elution with 1.0 M sodium chloride
in 10 mM acetate or phosphate buffer. Proteins: 1, holo transferrin; 2,iron-free
transferrin; 3, cytochrome c; 4, lysozyme; 5, lactoferrin.
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values above 5.5-6.0, acidic transferrins may be hindered from interacting with the
chelated metals of the stationary phases despite their high content of histidine. The plots of
retention vs eluent pH for cytochrome ¢ and lysozyme on Zn(II)-EDDA column are U-
shaped curvés (se¢ Fig. 6). This may be explained by the presence of both carboxyl and
imidazole groups in the binding site to the Zn(II)-EDDA column. These same proteins
showed little or no change in retention on other columns when varying the eluent pH. It
has been advocated that a cluster of groups rather than a single group18-19 may be involved

in the binding of proteins to the chelated metal on the surface of the stationary phases.
Effects of the Nature an ncentration of Sal

To study the effect of the nature and concentration of the salt in the eluent on MIC
retention and selectivity, isocratic measurements were carried out with various salts at pH
5.5. The salts studied were Na-chloride, Na-formate, Na-acetate, and Na-phosphate, and
the columns examined were Co(II)- and Fe(IIT)-EDDA. Cobalt is a representative of "soft"
metal ions, whereas Fe(IIl) is somewhat on the borderline of "hard" metal ions.17 In all
cases retention decreased with increasing salt concentration in the eluent in the
concentration ranging from 0 to 0.5 M. Typical results are shown in Fig. 6 by plots of
logarithmic retention factor versus the logarithmic salt concentration in the eluent. As
shown in Fig. 7 straight lines were obtained for all the proteins under investigation. The
intercepts of these lines with the ordinate (y-intercept), which are summarized in Table III
and IV, were used to rank the eluting strength of the different salts. A greater negative
intercept reflects a stronger eluting salt. According to this empirical consideration the
eluent strength with Fe(III)-EDDA column increased in the order of Cl- < CH3COO- <
HCOO- < H2PO4- (except for lysozyme), whereas with Co(II)-EDDA column it increased
in the order CH3COO- < HpPO4 < CI-. These results are in agreement with the

observation that "hard" metals such as Fe(IlI) coordinate preferably with oxygen
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Figure 7. Plots of Logarithmic Retention Factor of Proteins versus Logarithmic Salt

Molarity.

Column, porous Fe(III)-EDDA—silica, 100 x 4.6 mm 1.D.; flow-rate, 1.0
mL/min; temp., 25 °C. Isocratic elution with 10 mM acetate buffer, pH 5.5, at
different salt concentration. Proteins: 1, iron-free transferrin; 2, cytochrome c;

3, lysozyme; 4, lactoferrin.
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containing ions (e.g. phosphate, acetate, formate), whereas "soft" metal ions such as

cobalt have preference for large donor atoms, e.g. chloride ions in this study.

Table III. Values of y-Intercept of Plots of Logarithmic Retention Factor of Proteins
versus the Logarithmic Salt Molarity in the Eluent.

Column, porous Co(II)-EDDA—silica, 100 x 4.6 mm 1.D.; flow-rate, 1.0 mL/min; temp.,
25°C. Isocratic elution with 10 mM acetate buffer, pH 5.5, at different salt concentration.

y-Intercept
PROTEIN Na-ACETATE Na-PHOSPHATE Na-CHLORIDE
Iron-free
transferrin -3.54 -3.03 -4.73
Cytochrome ¢ -2.05 -2.81 -3.11
Lysozyme -1.29 -2.10 -2.53
Lactoferrin -0.97 -1.69 -2.01

Table IV. Values of y-Intercept of Plots of Logarithmic Retention Factor of Proteins
versus the Logarithmic Salt Molarity in the Eluent.

Column, porous Fe(IIT)-EDDA—silica, 100 x 4.6 mm L.D.; flow-rate, 1.0 mL/min; temp.,
25°C. Isocratic elution with 10 mM acetate buffer, pH 5.5, at different salt concentration.

y-Intercept

PROTEIN Na-CHLORIDE Na-FORMATE Na-ACETATE Na-PHOSPHATE

Iron-free

transferrin -2.07 -2.55 -3.36 -4.00
Cytochrome ¢ -2.04 -2.44 -2.84 -2.78
Lysozyme -1.94 -1.68 -1.41 -2.15

Lactoferrin -1.06 -0.88 -0.89 -1.51
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Table V. Selectivity, o, Measured with Two Salts of Comparable Eluting Strength.
Column, porous Fe(Ill)-EDDA—silica, 100 x 4.6 mm L.D.; flow-rate, 1.0 mL/min; temp.,
25°C. Isocratic elution with 0.12 M sodium acetate or formate buffer, pH 5.5.

Selectivity, o
Pairs of proteins Na-acetate Na-formate
Cytochrome c/transferrin 6.75 8.85
Lysozyme/cytochrome ¢ 2.66 5.29

Based on the above results, MIC selectivity can be varied by keeping the eluting
strength of the salt roughly the same while changing the nature of the salt in the eluent. As
shown in Fig. 7 and Table V, different selectivities were achieved on Fe(III)-EDDA
column by exchanging sodium acetate for sodium formate; both salts are about the same
eluting strength.

The slopes of the plots of log k' (i.e.; logarithm of the retention factor) vs log salt
molarity, which measure the magnitude of interaction between the protein and the metal
chelate stationary phases,! were also calculated. A greater negative slope reflects a
stronger inferaction. As determined from these slopes, lactoferrin exhibited the strongest
interaction with the Co(II)- and Fe(IlI)-EDDA columns, while all other proteins, i.e.
cytochrome c, lysozyme, and iron-free transferrin, interacted with the metal chelate
columns to a lesser extent than lactoferrin and at slightly different magnitude among each

others.
Conclusions

The utilization of wide-pore silica with surface-bound chelating ligands was found
to be very useful in the separation of proteins by high performance metal interaction

chromatography. The EDDA stationary phases in an appropriate metal form are very
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suitable for the separation and determination of proteins. Such stationary phases, can be
viewed as complementary to IDA stationary phases, since they afford different selectivity
and retentivity toward proteins. In addition, metal-EDDA stationary phases are stable as
manifested by the constancy of the retention of proteins under elution conditions used in

this study.
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CHAPTER III

RAPID HIGH PERFORMANCE METAL CHELATE
INTERACTION CHROMATOGRAPHY WITH
NON-POROUS SILICA-BASED
STATIONARY PHASES

Introduction

In the present study, the potentials of non-porous silica-based metal chelate
stationary phases are demonstrated for the rapid separation of proteins. These sorbents
having an average particle diameter of 1.8 pm were packed in short columns of 30 x 4.6
mm LD. This column configuration permitted the utilization of high flow velocity without
sacrificing column efficiency due to the absence of mobile phase intraparticle mass transfer
resistances. These stationary phases whose ligands are on the outer surface of the rigid
non-porous particles afforded rapid sorption kinetics and column equilibration. As a

result, separation on the time scale of few minutes and seconds were obtained.
Experimental

Instrumentation

The chromatograph was assembled from an LDC/Milton Roy (Riviera Beach, FL,
U.S.A.) Model CM4000 solvent delivery pump, and an LDC/Milton Roy variable-
wavelength detector Model SpectroMonitor 3100. A Rheodyne (Cotati, CA, U.S.A.)

Model 7125 sampling valve with a 20-uL sample loop was used for injection.
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Chromatograms were recorded with a Shimadzu (Columbia, MD, U.S.A.) Model C-R6A

integrator interfaced with a single floppy disk drive and a CRT monitor.
R n rial

The following materials were purchased from Sigma Chemical (St. Louis, MO,
U.S.A.): B-lactoglobulin A from bovine milk, carbonic anhydrase from bovine
erythrocytes, carboxypeptidase A, a-chymotrypsinogen A and ribonuclease A from bovine
pancreas, a-lactalbumin from bovine milk, myoglobin from horse skeletal muscle,
lipoxidase from soy bean, ovalbumin from chicken egg white, imidazole and sodium
dodecyl sulfate (SDS). All other proteins and reagents used in this study were described in

Chapter II.
lumn

Microspherical monodispersed non-porous silica particles in the 1.8-um particle
diameter were prepared in our laboratory by precipitating tetraethylorthosilicate (TEOS)
under alkaline conditions according to well established procedures.!-3 The preparation
was carried out as follows: anhydrous ammonia was bubbled into 45.8 mL of absolute
ethyl alcohol placed in a 500 mL three-neck round bottom flask until saturation at room
temperature. Thereafter, 19.5 mL of saturated ammonium hydroxide and 4.7 mL of TEOS
were added to the content of the flask. The solution was continuously stirred with a paddle
stirrer. To increase the solid weight fractions and to achieve larger particles than what can
be obtained with a one step growth process, a seeded growth technique was implemented.3
After 8 hours, the above seed suspension was supplemented with 9.4 mL of TEOS and 14
mL of water every 8-hour interval. The reaction was stopped after 10 additions.

The product thus obtained was used for the preparation of the metal chelate

interaction stationary phases. The EDDA and IDA chelating ligands were covalently
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attached to the non-porous silica by employing the same procedures outlined in the
experimental section of Chapter II. |

The non-porous silica with surface-bound EDDA or IDA were packed into columns
made of 30 x 4.6 mm No. 316 stainless steel tubes (Alltech Associates, Inc., Deerfield,
IL, U.S.A.) in the same manner as described in the experimental section of Chapter II.
The freshly packed columns with non-porous silica—Ile or -EDDA were first equilibrated
with water and then loaded with the appropriate metal by following the same method

described earlier (see Chapter II).

Results and Discussion

Table VI summarizes the adjusted retention volumes of widely different proteins
obtained on various non-porous IDA and EDDA metal chelate stationary phases at pH 6.0,
using gradients of increasing sodium chloride or imidazole concentrations in the eluent. o-
Lactalbumin showed little or no retention on the different metal chelate sorbents. It was
slightly retained on Cu(II)-IDA column, and its retention on Zn(II)-IDA column was
significantly enhanced by the presence of 1.0 M NaCl in the imidazole gradient. This can
be attributed to salting-out effect, a process in which the protein solute is repulsed from the
aqueous mobile phase into the proximity of the interacting sites on the surface of the
stationary phase.

On the other hand, some proteins could not be eluted from Cu(II)-IDA and Zn(II)-
IDA columns by simply increasing the ionic strength of the eluent. Their elution and
separation were brought about by a gradient of increasing imidazole concentration, a
monodentate competing ligand. As can be seen in Table VI, Zn(II)-IDA column is slightly
less retentive than Cu(II)-IDA column toward the proteins studied under otherwise

identical elution conditions.



Table VI. Adjusted Retention Volume of Different Proteins on Various Metal-EDDA or -IDA Columns. Column, 30 x 4.6 mm LD;
flow-rate, 4.0 mL/min.

Proteins Cu(ID-IDA?2 Cu(I)-IDA® Zn(l)-IDA2 Zn(I)-IDAY Zn(I[)-EDDA?3 Cu(Il)-EDDA2 Fe(Il[)-EDDA2
o-Lactalbumin 0.43 NM 0.0 1.05 0.0 0.0 0.0
a-Chymotrypsinogen A 1.24 NM 1.23 NM 1.03 1.31 1.28
Carboxypeptidase A 1.39 NM - 1.03 0.0 0.0/0.94 1.20 1.10
Ribonuclease A 1.57/1.70 NM 1.20 0.20 | 0.91 1.26 1.40
Cytochrome ¢ 1.86 NM 1.54 NM 1.07 1.39 1.49
Lysozyme 2.59 NM 1.78 0.16 1.24 1.47 1.38
Lactoferrin NE 1.03 2.18 1.02 1.55 2.38 245
Iron-free transferrin NE 1.86 NE 1.64 0.0 i.30 1.26
Myoglobin NE 1.63 NE 1.43 0.0 0.10 1.13

3.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM phosphate, pH 6.0
b 3,0 min linear gradient from 0 to 50 mM imidazole in 10 mM phosphate and 1.0 M NaCl, pH 6.0
NE, no elution

NM, not measured

Ly
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As we reported in Chapter II, under the same elution conditions, EDDA metal
chelate stationary phases are less retentive than their counterpart IDA metal chelate sorbents
(see Table VI). Proteins are usually eluted and separated by an increasing salt gradient as
in ion-exchange chromatography. This may be due to one fewer binding site on the
chelated metal with EDDA stationary phases. Indeed, IDA ligands are tridentate, whereas
EDDA ligands are tetradentate. Zn(II)-EDDA column is the least retentive toward the
proteins when compared to Cu(II)-EDDA and Fe(IIT)-EDDA stationary phases. The
coordination number of Zn(Il) is 4, that of Cu(ll) is either 4 or 6 and that of Fe(IIl) is 6.
This means that in Zn(II)-EDDA coordination sphere, the central metal ions would not
have sites to which other ligands or solutes can attach themselves. This may explain the
low retentivity of Zn(II)-EDDA towards the proteins under investigation.

An inherent property of non-porous stationary phases is their relatively low phase
ratio, which leads to milder elution conditions for the separation of biopolymers when
compared to porous stationary phases having identical immobilized metal chelating ligands.
For instance, ribonuclease A, cytochrome c and lysozyme were eluted and separated on
non-porous Cu(II)-IDA column by increasing salt gradient (see Table VI). The elution and
separation of these proteins from wide-pore Cu(II)-IDA microparticulate stationary phases
would require the use of gradients of increasing concentrations of competing agents in the
eluent and/or at decreasing pH.4

As mentioned in Chapter I, the lower phase ratio of the non-porous stationary
phases represents an advantage in analytical high performance affinity chromatography é.t
large as well as in metal affinity chromatography of biopolymers. Indeed, in many
instances high phase ratio lead to avid binding of some species to the stationary phase and
as a result harsh elution conditions would be required for the separation of biopolymer
solutes. Under these circumstances, the strong eluent could be viewed as a levelling eluent

in the sense that solute-stationary phase dissociations will occur to the same extent for
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otherwise different species, thus producing less resolution and decreased selectivity.
Lower phase ratio may be more useful in analytical afﬁnity chromatography whereby
milder elution conditions could bring about elution and separation. The mild eluent may be
regarded as differentiating eluent that permits solute-stationary phase dissociations to be
different for closely related but different biopolymers, thus producing widely different

selectivity.
Effe f the Nature an ncentration of Salt on Retention. f IDA column

As discussed above, wide-pore IDA metal chelate stationary phases exhibited in
general high retention towards proteins. Due to their low phase ratio, with non-porous
stationary phases, solute retention falls within the range of practical value, thus providing
the opportunity to evaluate the effect of salts on MIC retention in more quantitative term.

To study such effects, a non-porous Co(II)-IDA—silica column was chosen as a
typical intermediate "soft" metal chelate column. The retention of three typical proteins
was measured under isocratic elution conditions with mobile phases at various
concentrations of NaCl and NaH,PO4 in 10 mM phosphate containing 10 mM imidazole at
pH 6.0. Imidazole was added to the eluent to further decrease the strong affinity of Co(II)-
IDA towards the proteins under investigation. The results are depicted in Fig. 8a and b in
terms of logarithmic retention factor versus logarithm of the molar salt concentration in the
eluent. In all cases the retention of proteins decreased first and then approached zero at
high salt concentrations. An exception, howeyver, is the case of lysozyme when sodium
phosphate was used as the eluent. In this case the retention of lysozyme first decreased,
reached a minimum and then increased at high salt concentration in the eluent. Similar
behavior for lysozyme in the presence of sodium sulfate in the eluent was reported.5 This
behavior is explained by the interplay of two kinds of interactions: metal and/or

electrostatic interactions which dominate the retention process at low salt concentrations,
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Figure 8. Plots of Logarithmic Retention Factor of Proteins versus Logarithmic Sodium
Chloride Concentration.in (a) and Sodium Phosphate Concentratlon in(b)ona
Non-porous Co(II)-IDA—Silica Column.

Column, 30 x 4.6 mm L.D; flow-rate, 1.0 mL/min. Isocratic elution using 10
mM phosphate containing 10 mM imidazole at various salt concentration, pH
6.0. Proteins: 1, lactoferrin; 2, lysozyme; 3, cytochrome c.
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and hydrophobic interactions which are responsible for the retention at high salt
concentrations.

Table VII summarizes the y-intercept of the plots of logarithmic retention factor of
the proteins versus the logarithmic salt conncentration. As can be noticed in Table VII, with
the exception of lysozyme, the y-intercepts obtained with sodium phosphate salt are more
negative than those calculated with sodium chloride salt. As defined previously in Chapter
II, the more negative the y-intercept is, the higher the eluting strength of the salt. It
follows then that sodium phosphate is a stronger eluting salt than sodium chloride. This is
found to be a deviation from the earlier findings that "soft" metal ions such as cobalt have
preference for large donor atoms like chloride ions (refer to Chapter II). These differences
may be due to the effect of the nature of the metal chelating ligands of the stationary phase.
In the earlier study, the Co(II) metal was chelated by the tetradentate EDDA ligand whereas
in the present study, it was chelated by the tridentate IDA ligand.

Table VII. Values of the y-Intercept of Plots of Logarithmic Retention Factor of

Proteins versus the Logarithmic Salt Molarity in the Eluent.

Isocratic elution using 10 mM phosphate containing 10 mM imidazole at various

salt concentration, pH 6.0. Column, non-porous Co(II)-IDA—silica, 30 x 4.6 mm
L.D.; flow rate, 1.0 mL/min.

PROTEIN | y-Intercepts

Na-Chloride Na-Phosphate
Lactoferrin -0.25 -0.42
Lysozyme -0.68 0.13

Cytochrome ¢ -1.38 -1.68
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Novel Rapi ion Schemes- Ilustrative Exampl

Non-porous silica-based stationary phases with surface-bound IDA or EDDA metal
chelating ligands were evaluated in the rapid MIC of proteins. Novel elution schemes were
devised by taking into account the effects of various operational parameters on retention

and selectivity in MIC, e.g., salt, competing agents and pH.

EDDA Columns. Figures 9-11 illustrate typical chromatograms obtained on
various EDDA metal chelate columns. Figure 9 portrays the separation of three different
transferrins in less than three minute on a Co(II)-EDDA column. Holo-transferrin eluted
with little or no retention, whereas iron-free transferrin and lactoferrin eluted and separated
in the salt gradient. On Cu(II)-EDDA column, base line resolution for myoglobin, iron-
free transferrin and lactoferrin was obtained in less than 90 seconds (see to Fig. 10).
Figure 11a and b shows the separation of four proteins, namely, a-lactalbumin,
carboxypeptidase A, cytochrome ¢ and lactoferrin on an Fe(III)-EDDA column at two
different flow-rates. As can be seen, the resolution between the proteins is almost
unaffected by the flow velocity, and the analysis time is substantially reduced when going
from a flow-rate of 4.0 to 6.0 mL/min. In all cases linear gradients at increasing sodium
chloride concentrations in the eluent was sufficient to bring about elution and separation of

widely different proteins from the various EDDA metal chelate columns.

IDA_ Columns. Although the relatively low phase ratio of non-porous IDA
stationary phases favored the elution of some proteins under mild conditions, the elution
and separation of some other proteins still necessitated the use of competing agents in the
eluent. Lactoferrin, iron-free transferrin and carbonic anhydrase, as will be seen later, are
among those proteins which exhibited strong retention on metal-IDA columns, and hence,
were eluted only in the presence of competing agents. The use of imidazole or sodium

dodecyl sulfate have been reported to cause a decrease in protein retention because of the
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Figure 9. Rapid Separation of Proteins on Non-porous Co(II)-EDDA—Silica Column.
Column, 30 x 4.6 mm L.D.; flow-rate, 4.0 mL/min. Fast linear gradient in 3.0
min from 0 to 1.0 M NaCl in 10 mM acetate, pH 5.5. Proteins: 1, holo-
transferrin; 2, iron-free transferrin; 3, lactoferrin.
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Figure 10. Rapid Separation of Proteins on Non-porous Cu(Il)-EDDA—Silica Column.
Column, 30 x 4.6 mm L.D; flow-rate, 2.0 mL/min. Fast linear gradientin 2.0
min from 0 to 1.0 M NaCl in 10 mM phosphate, pH 6.0, injection was
delayed for 0.4 min. Proteins: 1, myoglobin; 2, iron-free transferrin; 3,
lactoferrin.
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Figure 11. Rapid Separation of Proteins on Non-porous Fe(IIN)-EDDA—Silica Column.
(2) 3.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM phosphate, pH
6.0; flow-rate, 4.0 mL/min and (b) 2.0 min linear gradient from 0 to 1.0 M
NaCl in 10 mM phosphate, pH 6.0; flow-rate, 6.0 mL/min. Column, 30 x
4.6 mm LD. Proteins: 1, a-lactalbumin; 2, carboxypeptidase A; 3,
cytochrome c; 4, lactoferrin.
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competition for the immobilized metal on the surface of the stationary phase or for the
metal chelate binding sites on the protein molecule, respectively.6 7

Figure 12a shows the rapid separation of three proteins, carboxypeptidase A,
lactoferrin and iron free transferrin on non-porous Cu(Il)-IDA—silica column using a
decreasing salt gradient at constant SDS concentration in the eluent. At low salt and in the
presence of SDS in the eluent, the proteins under investigation did not exhibit any
significant binding to the chelated metal. Sodium dodecyl sulfate binds to most proteins
and therefore compete with the metal chelate stationary phase to the binding sites on the
surface of the protein molecule. Under these circumstances and to bring about protein
binding to the metal chelate column, the proteins are first adsorbed to the stationary phase
at high salt concentration in the presence of SDS. The high salt decreases the binding of
SDS to the protein and strengthen the protein-metal chelate associations. The proteins are
then eluted by decreasing salt gradient at constant SDS concentration. As the amount of
salt is lowered the SDS would bind to the protein and therefore facilitates its elution from
the column. This novel elution scheme can be viewed as quite gentle as far as the stability
of the immobilized metal is concerned. Indeed, the column exhibited constant retention
from run-to-run and day-to-day when operated under these conditions. However, the SDS
obliterates the difference between the proteins for their affinity to the metal chelate
sorbents.

The peak capacity (defined as the number of peaks that can be separated with a
resolution of unity in a chromatographic run) of the Cu(II)-IDA column can be further
increased by combining two consecutive gradients. The results are illustrated in Figure
12b, whereby three proteins that exhibit relatively weak affinity toward the metal are first
eluted and separated in increasing salt gradient and the other proteins that are avidly bound
to the metal chelate column are eluted with a second linear gradient at increasing SDS and

decreasing sodium chloride concentrations in the eluent.
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Figure 12. Rapid Separation of Proteins on Non-porous Cu(II)-IDA—Silica Column.
Column, 30 x 4.6 mm L.D; flow-rate, 3.0 mL/min. (a) 3.0 min linear
gradient from 0.7 to 0 M NaCl in 10 mM phosphate containing 0.1% SDS, in
10 mM phosphate, pH 6.0. Proteins: 1, carboxypeptidase A; 2, lactoferrin;
3, iron-free transferrin. (b) two consecutive linear gradients: 3.0 min from 0
to 1.0 M NaCl and 3.0 min from 1.0 to 0 M NaCl and from 0 to 0.1% SDS
in 10 mM phosphate, pH 6.0. Proteins: 1, a-lactalbumin; 2, a-
chymotrypsinogen A; 3, cytochrome c; 4, iron-free transferrin; 5, carbonic
anhydrase.
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To further enhance the resolving power of the metal chelate column another
approach was introduced. It involved the use of a dual linear gradient consisting of an
increasing salt gradient followed by an increasing imidazole gradient at constant salt
concentration. Imidazole is a monodentate competing ligand known to exhibit affinity
toward the immobilized metal. Figure 13 represents the separation of 8 standard proteins
on a Cu(Il)-IDA column by employing the salt-imidazole consecutive linear gradient
system. Whereas lactoferrin, iron-free transferrin and carbonic anhydrase were strongly
retained, B-lactoglobulin A, a-lactalbumin, a-chymotrypsinogen A and cytochrome ¢
exhibited lower affinity toward the chelated metal and eluted with increasing salt
concentration gradient. As explained in Chapter II and as will be discussed in great details
in Chapter VI, the high retention of iron-free transferrin and carbonic anhydrase can be
attributed to their high histidine content whereas in the case of lactoferrin both the high
histidine content and basic pl value of the protein analyte are responsible for its
chromatographic behavior.8 On the other hand, the lower retention of the other four
proteins maybe due primarily to their lower content in metal binding sites (mostly
histidine).

The above separation scheme was also applied to the elution of proteins from a
Zn(ID-IDA column. Figure 14a and b represents the rapid separation of B-lactoglobulin A,
carboxypeptidase A, lysozyme and iron-free transferrin using a relatively high flow-rate
and a rapid dual linear gradient consisting of increasing NaCl concentration followed by an
increasing imidazole concentration at constant salt concentration. Besides effecting much
faster separation by increasing the flow-rate from 4.0 to 6.0 mL/min, the sharpness of
protein peaks had increased (see Figure 14b).

The Zn(II)-IDA column was also found to be particularly important in recognizing

different isoforms of biopolymers. Figure 15 shows the high selectivity obtained on that
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Figure 13. Rapid Separation of Proteins on Non-porous Cu(II)-IDA—Silica Column.
Column, 30 x 4.6 mm L.D.; flow-rate, 3.0 mL/min. Two consecutive linear
gradients: 3.0 min from 0 to 1.0 M NaCl in 10 mM phosphate, pH 6.0 and
3.0 min from 0 to 50 mM imidazole in 10 mM phosphate containing 1.0 M
NaCl, pH 6.0. Proteins: 1, B-lactoglobulin A; 2, a-lactalbumin; 3, a-
chymotrypsinogen A; 4, cytochrome c; 5, lysozyme; 6, lactoferrin; 7, iron-
free transferrin; 8, carbonic anhydrase.
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Figure 14. Rapid Separation of Proteins on Non-porous Zn(II)-IDA—Silica Column.
(a) two consecutive linear gradients: 2.0 min from 0 to 1.0 M NaCl in 10 mM
phosphate, pH 6.0 and 1.0 min from 0 to 50 mM imidazole in 10 mM
phosphate containing 1.0 M NaCl; flow-rate, 4.0 mL/min and (b) two
consecutive linear gradients: 1.5 min from 0 to 1.0 M NaCl in 10 mM
phosphate, pH 6.0 and 0.5 min from 0 to 50 mM imidazole in 10 mM
phosphate containing 1.0 M NaCl, pH 6.0; flow-rate, 6.0 mL/min. Column,
30 x 4.6 mm L.D. Proteins: 1, p-lactoglobulin A; 2, carboxypeptidase A; 3,
lysozyme; and 4, iron-free transferrin.



61

AZBU nm
0.010A U

Figure 15. Rapid Separation of Commercial Lipoxidase on Non-porous Zn(II)-IDA—
Silica Column.
Column, 30 x 4.6 mm LD.; flow-rate, 4.0 mL/min. Two consecutive linear
gradients: 2.0 min from 0 to 1.0 M NaCl in 10 mM phosphate, pH 6.0 and
0.1 min from 0 to 50 mM imidazole in 10 mM phosphate containing 1.0 M
NaCl, pH 6.0, and isocratic elution for 1.0 min at 50 mM imidazole in 10 mM
phosphate containing 1.0 M NaCl in 10 mM phosphate, pH 6.0.
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column toward the different isoforms of lipoxidase when the sodium chloride-imidazole
consecutive linear gradients was employed. |
It has to be noted that unlike with SDS, the chelated metal leached slowly from the
column when imidazole was used. This necessitated the reloading of the column with the
metal after prolonged use. However, these elution schemes represent selective elution of
widely differing proteins and are expected to find general use inr the field of rapid metal
interaction chromatography of proteins. In general, multiple gradient elution has the virtue
of increasing peak capacity and therefore allowing the rapid separation of a wider range of

proteins.
Conclusions

Rigid non-porous microparticulate siliceous stationary phases with surface-bound
metal chelating functions, EDDA or IDA, were developed for rapid high performance metal
interaction chromatography of proteins. The non-porous metal chelate sorbents allowed
rapid separation on the time scale of seconds and minutes instead of minutes and hours;
exhibited rapid sorption kinetics since the stationary phase ligands are totally exposed and
homogeneously distributed on the surface; yielded high separation efficiencies at elevated
flow velocities due to the absence of stagnant mobile phase intraparticle diffusional mass
transfer resistances; and permitted rapid column equilibration. In addition, the
development of a multiple gradient system resulted in a higher column peak capacity,
thereby enabling the separation of greater number of proteins in a single chromatographic

run.
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CHAPTER IV

PREPARATION AND CHARACTERIZATION OF
HIGHLY CROSSLINKED POLY(STYRENE-
DIVINYLBENZENE) MICROPARTICLES

Introduction

Silica-based stationary phases have been the most popular adsorbents in high
performance liquid chromatography due to their excellent mechanical strength and nearly
perfect pore and particle size distributions. However, silica packing materials have been
found to be unstable in alkaline solutions, and the Si-O-Si bond anchoring the stationary
phase ligands to the support cleaves in acidic media.l These limitations make the silica
columns inadequate for certain separations. As a consequence, the development of new
packing materials have been the subject of many recent studies.2-6

Ever since Sober and Peterson? introduced diethylaminoethyl (DEAE) derivatized
cellulose as polymeric anion-exchange sorbents for the liquid chromatography of proteins,
several organic sorbents such as carboxymethyl (CM) cellulose derivative,3 highly cross-
linked polydextran gel, polysaccharide and polysaccharide-acrylamidel0 have been also
developed. Although all of these materials are very useful for the preparative fractionations
of biomacromolecules in traditional low pressure liquid chromatography, they were not
suitable for high performance liquid chromatography where high pressures are usually
involved. In addition to their poor mechanical stability, the problems of non-specific
interactions, i.e., ionic-exchange and/or hydrophobic interactions have always been

encountered.11, 12
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Early attempts with poly(styrene-divinylbenzene) supports as alternatives to silica
gels failed because of the lack of rigidity and concomitant swelling and shrinking. For this
reason, a number of studies have focused on improving the mechanical strength and
solvent compatibility of these supports by introducing highly crosslinked particles.13-17

Highly crosslinked polymeric particles can be conveniently prepared by employing
one of the many available polymerization processes. The traditional method used to
prepare polymeric particles is suspension polymerization.18 However, this procedure
yields a broad particle size distribution because of the inherent size distribution in the
mechanical homogenization step. These particles, if used as chromatographic stationary
phases will give poor performance.

Another approach to preparing polymeric particles is based on dispersion
polymerization. It is a very simple and yet an efficient method of preparing micron size
particles.19

Emulsion polymerization is another method being used in the preparation of
polymeric particles. However, this type of polymerization usually produces submicron
particles with a rather broad size distribution.20 Ugelstad and co-workers2! developed an
improved method for the preparation of monodisperse particles through emulsion
polymerization. Itinvolves two-step swelling polymerization and is applicable for a wide
range of monomers and monomer binary mixtures. This process was reported to yield
polymeric particles which are much bigger than those obtained from an ordinary emulsion
polymerization.

In all these processes, either porous or non-porous particles can be produced. For
the HPLC of biomolecules, it is well documented that the support materials must be
monodispersed and possess relatively wide pores (> 300 A) and small particle sizes in
order to allow fast mass transfer in and out of the pores. It is even more ideal to have

totally exposed surface for the rapid equilibration of the solute between the mobile and
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stationary phases. Hence, the introduction of non-porous packing materials made
considerable contributions in improving the separation efficiencies at high flow
velocities.22-24 One of the apparent drawbacks, however, of non-porous beads is the
reduced surface area which leads to lower sample capacity. To alleviate this problem, the
particle size of these materials must be decreased to the 1-2 pm level.25, 26

The goal of this study is to prepare non-porous spherical poly(styrene-
divinylbenzene) microparticles which will exhibit the mechanical strength of silica gel and
an excellent chemical stability over a wide range of pH in order to achieve chromatographic

separations with high performance.
Experimental

Instrumentation

The liquid chromatograph was assembled from an ISCO (Lincoln, NE, U.S.A.)
Model 2350 solvent delivery pump and a Model 2360 gradient programmer with a variable
wavelength detector Model V4. A Rheodyne (Cotati, CA, U.S.A.) Model 7010 sampling
valve with a 20-uL sample loop was used for injection. Chromatograms were recorded

with a computing integrator Model C-R5A from Shimadzu (Columbia, MD, U.S.A.).

Reagents and Materials

Reagent grade styrene, 1,2-dichloroethane, acetone, acetonitrile and ethanol were
purchased from Fisher Scientific (Pittsburgh, PA, U.S.A.). Divinylbenzene was a gift
from Dow Chemical Company (Midland, MI, U.S.A.). Hydroxypropyl cellulose, methyl
cellosolve (2-methoxyethanol), benzoyl peroxide and potassium thiosulfate, were from
Aldrich (Milwaukee, WI, U.S.A.). Prepurified nitrogen gas was from Union Carbide
Corp. (Somerset, NJ, U.S.A.). Reagent grade 1-bromodecane was purchased from Alfa
Products (Danvers, MA, U.S.A.). PLRP-S, a spherical poly(styrene-divinylbenzene)

66



copolymers with 300 A and 15-20 pm mean pore and particle diameters, respectively, was

from Polymer Laboratories Limited (Amherst, MA, U.S.A.).
lumn

A slurry of poly(styrene-divinylbenzene) (PSDVB) particles was prepared and
packed at 6000 p.s.i. with a 50:50 (v/v) solution of acetonitrile-deionized water and using
a Shandon column packer instrument (Keystone Scientific, Bellefonte, PA, U.S.A.). All
columns were No. 316 stainless steel tubes obtained from Alltech Assoc. (Deerfield, IL,

U.S.A)) of dimensions 30 x 4.6 mm LD.
Polymerization by Dispersion Method

The procedure developed by Lok and Ober,27 which was originally described for
the polymerization of styrene, was adapted for the preparation of poly(styrene-
divinylbenzene) copolymers. In a three-necked round bottom flask containing 96.8 g
ethanol and 73.2 g methyl cellosolve, 3.0 g hydroxypropyl cellulose were dissolved. This
reaction mixture was stirred for 30 minutes at 65°C under nitrogen atmosphere. Then, a
solution containing 1.2 g benioyl peroxide, 21 mL styrene and 9 mL divinylbenzene was
added. After two hours, the temperature was raised to 75-80°C and allowed to react for
22-24 hours. The mixture was cooled and centrifuged. After washing the polymers with
ethanol, they were redispersed in water and later freeze dried using a Labconco freeze

dryer (Kansas City, MO, U.S.A.) Model Lyph-Lock 6.
Polymerization Two-St wellin h

The two-step swelling polymerization method developed by Ugelstad2! was
adapted for the synthesis of poly(styrene-divinylbenzene) microparticles. The first step

was the preparation of the monodispersed seed latex. This was carried out by dissolving
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72 mg of potassium persulfate (K2520g) in 92 mL of deionized water. Then 10 mL
solution of styrene:divinylbenzene was added. Instead of using a high pressure
homogenizer, the reaction mixture was homogenized at S000 rpm for 90 seconds using a
Brinkmann homogenizing unit (Westbury, NY, U.S.A.). Finally, the solution was stirred
at room temperature for several hours. In a separate reaction vessel, an emulsion of 1-
bromodecane was prepared as follows: 8.0 mL of 1-bromodecane were added to 46 mL of
deionized water containing 1.15 g of sodium dodecyl sulfate. To this emulsion 1.15 g of
benzoyl peroxide dissolved in 5.75 mL 1,2-dichloroethane were added. Following, the
reaction mixture was homogenized.

The monodispersed seed particles which were prepared in the first step were then
swollen with the 1-bromodecane emulsion by mixing 30 mL of the monodispersed seed
latex with 60 mL of 1-bromodecane emulsion. Acetone in the amount of 7.4 mL was
added to help in facilitating the transport of the emulsion. The solution was again
homogenized and stirred at 35°C for 10 hours.

In a second polymerization reaction, the previously swollen particles were further
swollen with the monomer as follows: to a homogenized mixture of 200 mL of deionized
water and 0.3 g of SDS, 20 mL of styrene:divinylbenzene and 30 mL of the swollen
particles were added. The solution was again homogenized and allowed to polymerize for

22 hours at 60°C.

Specific Surface Area, SgeT, of PSDVB-3

The specific surface area of the poly(styrene-divinylbenzene) microparticles
prepared from 60:40 styrene:divinylbenzene polymerization reaction (denoted PSDVB-3
throughout the remainder of this dissertation) was measured at Leeds and Northrup (St.
Petersburg, FL, U.S.A.) using the nitrogen adsorption method. The SggT of the product

was found to be 0.35 m2/g. This surface area is an indication of the non-porosity of the
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material and is in accordance with the literature values reported for non-porous materials of

similar particle size;28 see below for more details.
Results and Discussion
nthesis of Pol ne-divinylbenzen Dispersion Polymerization

Since the early stages of the development of HPLC, the major goal has been to
reduce the particle size of the stationary phases to below 5 um to favor rapid mass transfers
and consequently increase the separation efficiencies. In this regard, our goal was to
produce rigid and highly-crosslinked poly(styrene-divinylbenzene) copolymers of less than
5 um mean particle diameter. First, we adapted the dispersion polymerization introduced
by Ober and Lok?2 for the synthesis of microspherical polystyrene particles.

Returning to the procedure of Ober and Lok27 outlined in the experimental section
in which we have kept their original binary solvent mixture (methyl cellosolve-ethanol),
stabilizer (hydroxypropyl cellulose), initiator (benzoyl peroxide), and polymerization
temperature (75°C), the reaction mixture did not lead to the desired polymerization. This is
not unexpected since in addition to the styrene monomer we also have used the
divinylbenzene as crosslinking agent. Therefore, we have explored the possibility of
higher polymerization temperature while keeping all the other conditions the same. Indeed,
at 80°C (5°C higher than the original polymerization temperature utilized by Ober and
Lok?27), polymerization occurred as denoted by the appearance of an opaque-colored
reaction mixture. Although, increasing the reaction temperature was reported to increase
the particle sizes,29 the polymer produced was less than 1 um as revealed by scanning
electron microscopy.

Because of these findings, we have attempted to increase the polymerization time
from 22 hours to 24 hours at 80°C. Under these new conditions, the polymers precipitated

into very large particles which were not useful for our purposes.



Since increasing both the reaction time and temperature failed to produce the
desired polymer, we have undertaken the possibility of using the seeds produced in the
reaction for 22 hours to grow them into larger particles. Using 75°C and 50 hours
polymerization temperature and time, respectively, but keeping all other conditions the
same, yellowish plastic-like coagulates were formed. In another attempt, the
polymerization temperaturc was decreased by 15°C but keeping other conditions the same.
The resulting products were too big for our studies. By using the same polymerization
temperature (60°C) but decreasing the polymerization time from 50 to 24 hours, polymers
of a very broad particle size distribution were obtained.

This procedure which yielded either too small or too big particles, plastic-like
coagulates and particles of very broad particle size distribution was abandoned. Instead,
the two-step swelling polymerization method which will be discussed next was used as an
alternative for the preparation of the desired materials. |

Synthesis of Poly(styrene-divinylbenzene) Copolymers by Two-Step Swelling

Pol rization

Unlike the above method, the two-step polymerization method described in the
experimental part yielded rigid poly(styrene-divinylbenzene) copolymers in the particle size
range desired. This is because the two-step swelling polymerization carried out here and
originally described by Ugelstad and co-workers in 1979,21 is a seeded growth
polymerization process of styrene and divinylbenzene in an oil droplet whose size decides
the particle size of the poly(styrene-divinylbenzene) product. As can be noticed from the
experimental section, the first step was the swelling of the monodispersed submicron
particles prepared by ordinary emulsion polymerization with an insoluble compound (1-
bromodecane) containing an oil soluble initiator (benzoyl peroxide). This was followed by
the addition of water, emulsifier and monomers (styrene and divinylbenzene) and the seed

particles were allowed to swell with the monomers. This second swelling gave
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monodisperse oil droplets with the same amount of initiator in each droplet and the
sﬁbsequcnt polymerization led to quasi-monodispersed particles. Furthermore, the use of
oil soluble initiator reduced drastically the tendency of formation of new particles in the
aqueous phase.

Figures 16, 17 and 18 portray the scanning electron micrographs (SEM) of the
poly(styrene-divinylbenzene) microparticles at various degrees of crosslinking in order to
find the best composition for high rigidities. In the following discussion, PSDVB-1,
PSDVB-2 and PSDVB-3 denote the copolymers at 30%, 35% and 40% divinylbenzene,
respectively.

As can be in Figures 16, 17 and 18, by adapting the above method spherical
microparticles could be obtained in relatively high yield. The particle size ranged from 0.5-
4.0, 3.9-4.2 and 2.5-3.9 um for PSDVB-1, PSDVB-2 and PSDVB-3, respectively.
These results are in good agreement with those obtained by Ugelstad and co-workers,2!
who have demonstrated that polymers with particle sizes in the range of 2-20 um could be
easily produced. The relatively large particle size of the polymer is due to the fact that the
seed particles produced by the traditional emulsion polymerization20 were further swollen
with a water-insoluble compound (1-bromodecane, in our case) which resulted in oil
droplets containing much larger amount of monomers than ordinary particles which were
not previously swollen. |

Besides controlling the reaction conditions as described in the experimental part to
produce particles with high solid content, an important step in the polymerization reaction
is the production of homogeneous droplets that will lead to monodispersed particles. This

is usually achieved by using a high pressure homogenizer. In our studies we have utilized
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an ordinary low pressure homogenizer. Simple comparison of the scanning electron

micrographs of Figures 17 and 18 with that of Figure 16 reveals the importance of the

homogenization step. The particles shown in Figure 16 were obtained by omitting the



Figure 16. Scanning Electron Micrograph (SEM) of PSDVB-1.
PSDVB-1 was prepared from 70:30 (v/v) styrene:divinylbenzene using
two-step swelling polymerization. Homogenization step was omitted.
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Figure 17. Scanning Electron Micrograph (SEM) of PSDVB-2.
PSDVB-2 was prepared from 65:35 (v/v) styrene:divinylbenzene using
two-step swelling polymerization.
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Figure 18. Scanning Electron Micrograph (SEM) of PSDVB-3.
PSDVB-3 was prepared from 60:40 (v/v) styrene:divinylbenzene using
two-step swelling polymerization.
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homogenization step. It is clear that the particle size distribution is rather broad. It seems
wise to say that low pressure homogenizer used in our study is a good substitute for an
expensive high pressure homogenizing unit. Indeed, a simple inspection of Figures 17

and 18 shows relatively narrow size distribution.

Mechani ili

Before conducting any type of modern chromatography on these packing materials,
it was necessary to examine their mechanical strength at high flow-rates customarily used
in HPLC. The mechanical stability of the microspherical PSDVB were monitored through
the dependence of column pressure on eluent flow-rate. The PSDVB microparticles at
various degrees of crosslinking were packed in short columns (see experimental part) and
evaluated with different eluents at various flow velocities.

The PSDVB-1 which is 30% crosslinked did not withstand pressure and was not
amenable to packing into HPLC columns. This illustrates its weak mechanical strength
and the necessity of higher degree of crosslinking. In fact, both PSDVB-2 and PSDVB-3
of higher degree of crosslinking could be packed without difficulty even at 4000-6000 psi.
By operating the PSDVB-2 columns with pure organic solvent such as acetonitrile, the
packing underwent tremendous swelling as indicated by the occurrence of a very high
pressure even at a very low flow-rate. However, when these packing materials were
evaluated with aqueous solvents that are normally used in high performance metal
interaction chromatography and non-denaturing biopolymer HPLC, i.e., without organic
solvent, the column was found to be extremely stable as shown in Figure 19. As can be
seen, these materials are stable in pure water and in 10 mM phosphate solution at pH 6.0
containing 1.0 M NaCl over a wide range of flow-rates.

Similarly, the mechanical strength of the PSDVB-3 was also evaluated in terms of

pressure drop versus mobile phase flow-rates. The results are shown in Figure 20.
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Figure 19. Plots of Pressure Drop Obtained on PSDVB-2 versus Flow-rate.
Column, 30 x 4.6 mm I.D. Mobile phases: (1) 10 mM phosphate containing
1.0 M NaCl, pH 6.0 and (2) deionized water; temp., 25°C.
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Figure 20. Plots of Pressure Drop Obtained on PSDVB-3 versus Flow-rate.
Column, 30 x 4.6 mm L.D. Mobile phases: (1) acetonitrile and (2) deionized
water; temp., 25°C.
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Figure 21. Plots of Pressure Drop Obtained on PLRP versus Flow-rate.
Column, 30 x 4.6 mm LD. Mobile phases: (1) acetonitrile and
(2) deionized water; temp., 25°C.
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Straight lines were obtained over the flow rate range studied with both pure water and
organic solvents. These linear curves are an indication of the excellent mechanical stability
of these packing materials.

To further assess the mechanical strength of the packing materials developed in our
laboratory, similar experiments were performed on the commercially available PLRP
300A. Plots of the pressure drop at various flow-rates using water and acetonitrile are
shown in Figure 21. Using water as a solvent, a linear curve was obtained. However,
with acetonitrile, a non-linear curve resulted . This indicates the swelling of this polymeric
packing materials in the presence of organic solvents. This may be due to its porous
network that is more freely accessible to the solvent than the non-porous matrices
developed in this study.

The different rigidities exhibited by the polymeric supports with various degrees of
crosslinking were in agreement with the reported results,30 that is, a high degree of
crosslinking is necessary for good mechanical stability. A low degree of crosslinking

leads to substantial swelling and to collapse of the macroreticular network.
Conclusions

Highly crosslinked poly(styrene-divinylbenzene) microparticles were prepared via
a modified two-step swelling polymerization. The crosslinking of styrene monomer with
divinylbenzene monomer improved the mechanical strength of the resulting copolymers.
Based on the specific surface area measurement of the PSDVB developed in this study, the
supports can be classified as non-porous column packing materials. As will be shown in
the following chapters, the surface of these organic supports can be modified with suitable

functionalities to yield rigid stationary phases for the rapid HPLC of biomacromolecules.
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CHAPTER V

HYDROPHILIC COATINGS OF RIGID POLY(STYRENE-
DIVINYLBENZENE) MICROPARTICLES

Introduction

Several organic supports are currently utilized in HPLC of biopolymers.1-3 They
can be classified into two main categories, hydrophilic and hydrophobic supports. The
most hydrophilic supports are the polysaccharide types. Although these supports were
recently developed in a form suitable for HPLC,45 these new materials did not achieve the
hardness of other synthetic copolymers such as polymethacrylate-based hydrophilic
supports,® hydroxylated polyether copolymers,’ hydroxylated polyvinyl polymers8 and
polyvinyl alcohols.? In general, hydrophilic copolymeric supports have been less
mechanically stable than their hydrophobic counterparts which are essentially poly(styrene-
divinylbenzene). In fact, poly(styrene-divinylbenzene)-based stationary phases being the
most rigid organic copolymers have found wide use in HPLC.10-15 Their most extensive
applications have been in size exclusion chromatography (SEC) of non-polar species16: 17
and reversed-phase liquid chromatography (RPC) of polar and non-polar compounds
including biopolymers.18-21 However, the potentials of PSDVB as chromatographic
supports for the separation of proteins under non-denaturing conditions such as ion-
exchange and affinity chromatography have only been briefly explored21-25 due to their
strong hydrophobic backbone, which if not covered well by a hy&ophilic spacer would
give rise to low recovery and denaturation of the protein analyte.

The functionalization of organic polymeric supports can be carried out either by
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direct copolymerization of monomers already carrying the desired functionalities or by
subsequent modifications of the polymer beads.26> 27 In the former approach, since
polymerization occurs by a random process the amount of the functional groups may vary
from one batch to another. Therefore, subsequent modifications of the support is more
attractive because it allows a better control of the amount of functional groups available for
further modifications. The subsequent surface modifications of the polymeric supports can
be carried out by either physical adsorption or by a chemical reaction that links the desired
ligand to the matrix of the polymers. However, covalent surface modification is far
superior and should be used whenever possible.

Chemical modification of the polystyrene supports is rather tedious and entails
carefully chosen reaction conditions. Several chemical reactions have been reported for the
functionalization of polystyrene-based materials.27-30 Among these reactions,
chloromethylation and sulfonation have been particularly useful in preparing strong ion-
exchange resins for small molecules including amino acids, small peptides, constituents of
nucleic acids, and sugars. However, these stationary phases are not suitable for the
separations of proteins because their largely uncovered hydrophobic matrix can cause
denaturation. Therefore,‘ the addition of hydrophilic functionalities which can shield the
polymeric backbone from the solutes is necessary prior to the attachment of the interactive
ligands. Various types of hydrophilic functionalities can be readily attached to polymeric
supports when the surfaces of which are rich in hydroxylic or amino groups.31 Alcoholic
functionalities are, however, preferred because they would not introduce non-specific
interactions with the separated analytes.

Thus far, only a few reports have appeared on the hydrophilic coatings of PSDVB.
In one approach, the PSDVB was first functionalized with sulfonic groups and thereafter
polyethyleneimine coating was adsorbed to the negatively charged surface through ion-pair

formation to yield a hydrophilic strong anion exchanger.10 In another approach, polyvinyl
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alcohol was adsorbed to the surface of PSDVB4 32 and the hydroxyl groups were utilized
for covalent attachment of affinity ligand through bifunctional catalysts. Very recently, a
rigid and porous PSDVB with hydrophilic coating was introduced. The proprietary
procedure which was not disclosed entails the adsorption of a monomer to the PSDVB
resin followed by a polymerization reaction that led to a highly crosslinked hydrophilic
coating containing free hydroxyl groups.23

In this study, it is our intention to (i) introduce covalently attached hydrophilic
functionalities to the rigid poly(styrene-divinylbenzene) microparticles; (ii) to develop and
evaluate reaction schemes that involve the least number of steps while providing functional
groups for subsequent attachment of affinity ligands; and (iii) to develop stable stationary
phases over a wide range of elution conditions having surface-bound metal chelating

functions for high performance liquid affinity chromatography of proteins.

Experimental

Instrumentation

The HPLC system used in this study resembles that described in the previous
chapter. Likewise, the poly(styrene-divinylbenzene) stationary phases with surface-bound
IDA or EDDA were slurry packed using the same procedures and column packer
instrument described in Chapter IV. The infrared (IR) spectra of the polymeric samples
dispersed in KBr pellets were recorded using a Perkin Elmer Model 681 spectrophotometer
(Norwalk, CT, U.S.A)).

Reagents and Materials

In addition to the reagent grade chemicals and materials described in previous
chapters, the following chemicals were used. Horse y-globulin and human liver ferritin

were obtained from Sigma Chemicals (St. Louis, MO, U.S.A.), canavalia ensiformis
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agglutinin (concanavalin A) was from United States Biochemical Corporation ( Cleveland,
OH, U.S.A.). Reagent grade ethylbenzene, propylbenzene, butylbenzene, pentylbenzene,
1-phenylheptane, 1-phenylnonane, epichlorohydrin, anhydrous aluminum chloride, o,a-
dichloromethyl methyl ether, 1,4-butanediol diglycidyl ether, sodium borohydride, sodium
cyanoborohydride, glutaraldehyde, infrared grade potassium bromide, polyethylene glycol
of M.W. 200 (PEG 200), methyl-a-D-mannopyranoside and boron trifluoride etherate
were from Aldrich (Milwaukee, WI, U.S A.). Reagent grade N, N'-dimethylformamide
(DME), isopropanol and graﬁulated tin were from EM Science (Cherry Hill NJ, U.S.A.).
Methylene chloride, benzene, toluene, naphthalene, sodium nitrite and nitrate were from
Fisher Scientific (Pittsburgh, PA, U.S.A.). Technical grade polyethylene glycol
diglycidyl ether of M.W. 600 (diepoxy PEG 600) was purchased from Polysciences Inc.
(Warrington, PA, U.S.A.).

Hydroxylation of Polystyrene Supports vig Nitration

Commercially available and home made rigid poly(styrene-divinylbenzene)
supports were hydroxylated via nitration by adapting and modifying reaction schemes
which are typically used in free solutions of benzene-containing compounds.32 This
method which involves nitration, amination, diazotization and hydrolysis, has been
recently introduced for the surface hydroxylation of rigid PSDVB.34

In the nitration step, 3.0 g of the microspherical PSDVB particles were dispersed in
15.0 mL of DMF by sonication. To this mixture, a solution (24.0 mL) of 3:1 (v/v)
concentrated nitric acid:sulfuric acid was added in portions. The reaction mixture was
stirred for 3 hours at 5-10°C. Thereafter, the temperature was raised to 60°C and the
mixture was allowed to react while stirring for 3 hours. The nitrated product was washed
with water, 0.1 N NaOH, water and finally DMF.

The product thus obtained was dispersed in a three-neck round bottom flask
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containing 18.0 mL of DMF while cooling in an ice bath. To this mixture 1.2 g of
granulated tin were added. Following, 30.0 mL of concentrated hydrochloric acid were
added in portions. The reaction mixture was heated to 90°C for 9 hours. Finally, the
amino-PSDVB was washed with water, 0.1 N NaOH and water.

Twenty milliliters of an aqueous suspension of the amino-PSDVB were introduced
into a 3-neck round bottom flask containing 72.0 mL of 16 % (v/v) aqueous sulfuric acid.
Then, 80.0 mL of cold deionized water were added while stirring which continued for
about 15 minutes. Subsequently, a cold solution of 14.0 mL of water and 7.2 g of sodium
nitrite were added very slowly. After stirring for another 20 minutes in an ice bath, the
temperature was slowly raised to 45°C. After 2 hours the hydroxylated-PSDVB was

washed with water.

Hydroxylation of Polystyrene Supports via Formylation

Again, slightly modified reaction schemes normally used in free solution for the
hydroxylation of benzene rings3> were employed for the hydroxylation of the polyaromatic
rigid supports, i.e., PSDVB

The microspherical PSDVB particles (3.0 g) were washed and suspended in 30 mL
of methylene chloride and then cooled to 0°C. To this suspension, 2.25 g of a,a-
dichloromethyl methyl ether were added and stirred for about 30 minutes. This was
immediately followed by the addition of 2.61 g of anhydrous aluminum chloride. The
reaction mixture was heated at 35°C for 12 hours. The aldehyde containing product thus
obtained was poured into an ice bath, and was washed with water and isopropanol. This
product was then dispersed in 30.0 mL of isopropanol. After adding 2.0 g of sodium
borohydride, the reduction reaction was allowed to proceed at room temperature for 2

hours. The hydroxylated product thus obtained was washed with water.
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Hydrophilic Coating of Polystyrene Supports with PEG 200 and Attachment of Metal

Chelating Ligands

The hydroxylated PSDVB microparticles were first washed with 0.1 N NaOH and
then dispersed in 3.0 ml of the same NaOH solution. To this suspension, 2.0 mL of 1,4-
butanediol diglycidyl ether and 6.0 g of sodium borohydride were added. The reaction
mixture was stirred at room temperature for 8 hours.36 The epoxy-activated support was
then washed with water and dioxane and subsequently dispersed in 15.0 mL of dioxane.
To this reaction mixture, 3.0 mL of PEG 200 and 300 UL of boron trifluoride etherate
were added. The reaction mixture was allowed to react overnight at room temperature
with stirring. The PEG 200-modified support was washed with dioxane and then
suspended into a solution of 15.0 mL of dioxane, 2.0 mL of epichlorohydrin and 200 puL
of boron trifluoride etherate which was maintained at 55°C for 4 hours. To form an
epoxy-activated-PEG 200-PSDVB, the product of the reaction with epichlorohydrin was
first washed with water and then dispersed in 30.0 mL of 2 M sodium carbonate
solution.37 Thereafter, 0.5 g of 1,4-butanediol diglycidyl ether was added 10 minutes
prior to the addition of 3.0 g of IDA or EDDA. Then, the reaction mixture was heated at
60°C overnight. The metal-chelate stationary phases thus obtained were washed with

water and methanol and finally air dried.

Hydrophilic Coating of Polystyrene Supports with Diepoxy PEG 600 and Attachment of
Metal Chelating Ligands and Lectin

After dispersing the hydroxylated microspherical PSDVB particles in 30 mL
ofdioxane, 1.5 mL of diepoxy-PEG 600 and 300 UL of boron trifluoride etherate were
introduced into the round bottom flask containing the suspension. This mixture was
allowed to react at room temperature for 45 minutes. The product was finally washed with
dioxane, then water. The chelating ligands were attached to the hydrophilic support as

outlined above.
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Concanavalin A (Con A), a lectin affinity ligand, was also attached to the surface of
the diepoxy PEG 600-activated PSDVB.38 The epoxy-activated PSDVB (2.0 g) was first
suspended in 50 mL of 0.01 N HCI then heated to 90°C for one hour to yield a diol-
containing surface. The product was washed with distilled water until the pH became
neutral. The washed diol-PSDVB was then suspended in 50 mL of 90% (v/v) aqueous
acetic acid. To this suspension 1.0 g of sodium periodate was added. After the reaction
has been allowed to proceed for 2 hours at room temperature, the aldehyde-activated
product thus obtained was washed with 0.1 M phosphate buffer, pH 6.0. Thereafter, the
aldehyde-activated product was suspended in the same buffer containing 80 mg of Con A,
5 mg methyl-a-D-mannopyranoside and 20 mg of sodium cyanoborohydride. The
reaction mixture was allowed to react at room temperature for 4 hours and then continued
to react at 0°C overnight. The Con A-PSDVB product was first washed with distilled
water and then dispersed in 20 mL of 0.1 M phosphate buffer, pH 7.0, containing 100 mg
of sodium borohydride to scavenge the unreacted aldehyde groups. The Con A-PSDVB
was washed thoroughly with distilled water after one hour.

To increase the Con A surface concentration and to ensure that no leakage of lectin
will occur in the ensuing chromatographic step, additional Con A was adsorbed to the Con
A-PSDVB and thereafter crosslinked with glutaraldehyde. This was done by suspending
the Con A-PSDVB in 10 mM phosphate solution, pH 7.0, containing 50 mg of Con A.
To this suspension, 5 mL glutaraldehyde solution (1% v/v) were added. After allowing
the reaction to proceed for 3 hours, the product was first washed with water and then
suspended in 0.1 M tris buffer to scavenge the remaining aldehyde groups. Finally the

crosslinked Con A-PSDVB was washed with water.

Measurement of the Cu(I) uptake

The Cu(II) uptake of the various polystyrene-based metal chelate stationary phases
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was determined by frontal chiomatography using the HPLC system described in Chapter
II. In these experiments, extreme care was undertaken to ensure that the solvent delivery
lines were filled with the Cu(II) solution used in the experiment. Thereafter, the column
was connected to the HPLC system and the Cu(II) solution was fed continuously through
the column until the breakthrough was observed. The absorbance of the effluent was
monitored at 280 nm. The void volume of the column was measured by injecting an

aqueous solution of sodium nitrate.
Results and Discussion
roxylation of th DVB-B Microparticl

In order to attach a hydrophilic coating on the surface of the rigid poly(styrene-
divinylbenzene) microparticles, hydroxyl functional groups were first introduced as
described under the Experimental. As outlined above, the hydroxylation of the polymeric
supports was carried out using two different methods.

The first method involved three steps, nitration, reduction and diazotization/
hydrolysis as shown in the reaction schemes provided in Fig. 22. As can be seen in Fig.
22, this method involved three well established reactions frequently used in free solution
for the functionalization of aromatic materials.33 The only difference is that the reactions
between insoluble materials, i.e., the poly(styrene-divinylbenzene) microparticles, and
soluble chemicals are heterogeneous, and are therefore more difficult to control. In
addition, the reactions are more sluggish than in free solutions due to the porous structure
of the support especially in the case of the commercial PLRP. This porosity slows down
the reaction rate because of the presence of mass transfer resistances, i.e., diffusion-
controlled reactions.

Due to the multiplicity of the steps in the above surface-modifications, we have
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introduced and evaluated a simpler approach for the attachment of hydroxyl groups to the
polyaromatic support matrix. As can be seen in Fig. 23, this method is simpler and easier
to perform when compared to the nitration method. It involved the formylation of the
PSDVB surface and subsequent reduction (see reaction schemes in Fig. 23). The
introduction of the formyl groups as substituents for the aromatic ring usually involves the
use of Lewis acid and Friedel-Crafts catalysts such as boron trifluoride etherate,20 stannic
chloride,28 aluminum chloride35 and zinc chloride.39 They are all equally efficient
catalysts. In our case we used aluminum chloride. The second step involved the reduction
of the carbonyl groups into hydroxyl groups using sodium borohydride in the presence of
isopropanol. Although sodium borohydride has been utilized as a reducing agent primarily
in water or methanol, isopropanol was used instead because it has been reported that the

reducing agent reacts with the former solvents thereby complicating the reactions.#0

Hydrophilic Coatings and Attachment of Ligands

The substitution of the aromatic rings of the PSDVB beads with primary hydroxyl
groups is the first step in converting the support into a matrix that would be useful in
HPLC of proteins under non-denaturing conditions, i.e., aqueous mobile phases and
hydrophilic stationary phases. These primary hydroxyl groups constituted the sites for the
covalent attachment of hydrophilic coatings. The hydrophilic layer should be thick enough
and water-loving to keep the incoming protein solutes from interacting with the support
proper. Having this in mind, we have investigated the potentials of PEG 200 and diepoxy-
PEG 600 as the inert spacers. As noticed in the experimental section, the functionalization
with PEG 200 involved more reaction steps than the diepoxy-PEG 600.

The reaction schemes involving the hydrophilic coatings and the attachment of the

interacting sites are presented in Figures 24-26. As can be seen in Figure 24, the surface
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was first epoxylated with 1,4-butanediol diglycidyl ether. Although the epoxylated
polymer is now ready for the attachment of the ligand, an even larger spacer arm is needed
to render the surface highly hydrated when in contact with aqueous phases and to
effectively shield the polyaromatic network of the support. The PEG 200 with its long
polyether chain has provided the shielding of the hydrophobic matrix toward the solutes.
The conversion of the PSDVB-PEG 200 to an epoxylated support was achieved by
epichlorohydrin activation.

To investigate the effect of the spacer arm length and to reduce the number of
reaction steps, we have evaluated the hydrophilic coating based on diepoxy-PEG 600. The
diepoxy-PEG 600 provided a longer polyether chain than that of PEG 200, and with its
two epoxide groups, has led to a shorter pathway for attaining the final product (see Figure
25). In addition, in order to provide high surface concentration of metal chelating ligands
we have added 1,4-butanediol diglycidyl ether during the covalent attachment of the metal
chelate sites.

In both cases, the epoxy-activated hydrophilic polystyrene were reacted with IDA

or EDDA metal chelating ligands. The reaction schemes are shown in Fig. 26.
1 Analysis of the Hydroxylated-PSDVB by IR

Although chromatographic evaluations of surface modified supports provide direct
information on the performance of sorbents as far as the quality of separation and utility of
the stationary phases are concerned, extra chromatographic means are also useful in
monitoring the various steps involved in the chemical modifications of chromatographic
supports. We have selected infrared spectroscopy to assess the efficiency of the
hydroxylation steps of the various supports. Besides the simplicity of the infrared
spectroscopic technique, the spectrum provides a reliable means of identifying functional

groups based on their characteristic vibrational frequency within well-defined region 41> 42
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Figure 27-29 represent the infrared spectra of the untreated-PSDVB and hydroxylated-
PSDVB through nitration é.nd formylation, respectively. Despite the fact that the spectral
analysis of PSDVB is complicated by the amorphous nature of the support, useful
information regarding surface modification can still be obtained. All the spectra displayed
weak bands at about 3030 cm-1 and strong bands at 1600 and 1500 cm1 for C-H
stretchings characteristic of aromatic compounds. Strong bands at about 2940 cm-1 were
also observed in the three samples suggesting the presence of saturated C-H stretching.
One important point in these spectra is the presence of broad bands at about 3500 cm! in
the spectra of the two hydroxylated-PSDVB. These bands correspond to the O-H
stretching. As expected this band was found to be absent in the untreated-PSDVB. In
addition, the presence of a weak band at 1350 cm-1 in the PSDVB-OH via nitration can be
attributed to the asymmetrical and symmetrical stretching of the NO group, thereby
suggesting that not all of the nitro groups were converted into amino groups. These
findings would support that hydroxylation via formylation is not only a shorter reaction
pathway but also yield a more uniform surface as far as the subsequent hydrophilic coating

and ligand attachment are concerned.

Metal Uptake- Adsorption Isotherms

Multidentate chelating functions such as IDA and EDDA on the surface of the
stationary phases can form 1:1 complexes with metal ions.43 Thus, the metal uptake
measured by frontal analysis (see Experimental) can be utilized as means to compare the
extent of surface coverage with immobilized metal chelating ligands from column-to-
column.

Figure 30 shows a typical frontal chromatogram that was obtained with Cu(II) as
the metal solution. The amount of the chelated Cu(II) was calculated according to the

following equation:
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Figure 30. Typical Frontal Chromatogram.
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amount of Cu(Il) = (Ve-Vo) C (1)

where Ve is the frontal retention volume of the Cu(Il) solution, Vg is the void volume of
the column, i.e., retention volume of an unretained solute, and C is the molar concentration
of Cu(Il) in the feeding solution. V¢ was determined from the breakthrough curve at the
median bisector of the frontal curve as shown in Figure 30. As will be demonstrated
below, this method yielded accurate data and was useful in comparing the various
chemistry utilized to achieve the desired coatings.

Table VIII summarizes the Cu(Il) uptake of seven polystyrene-based columné
obtained by frontal analysis using 5 mM Cu(II) solution as described in the experimental
part. It can be seen that the commercial IDA-PLRP showed the highest uptake. This can
be explained by the greater surface area of the commercial PLRP-S (384 m2/g)2! when
compared to the home made non-porous polymeric supports (0.35 m2/g). It can also be
noted that both IDA-PSDVB obtained via the formylation method exhibited higher Cu(II)
uptake when compared to their counterparts which were hydroxylated via the nitration
method. This may indicate that the formylation method yielded higher surface coverage
with hydroxyl groups which may be attributed in part to the lesser number of reaction steps
involved as compared to the nitration method. In all cases, the stationary phases which
were coated with diepoxy-PEG 600 gave higher Cu(II) uptake with respect to those
columns coated with PEG 200. This implies that diepoxy-PEG 600 provided more active
sites for the attachment of the IDA or EDDA ligands and this may be due to the fact that the
polyether chains were already epoxylated and therefore reacted with the hydroxypolymeric
support to a greater extent.

Figure 31 shows the adsorption isotherms obtained for both IDA and EDDA-
PSDVB stationary phases. As can be seen in Figure 31, the IDA-PSDVB column
adsorbed less Cu(II) when compared to EDDA-PSDVB column. The EDDA-PSDVB
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column started to show its maximum adsorption at about 10 pM Cu(Il) in the mobile phase

whereas for IDA-PSDVB column it was at about 15 uM Cu(Il).

Table VIIL. Cu(II) Uptake of the Various Surface-Modified Polymeric Columns.

Stationary Phases Hydroxylation Spacer arm Cu(I) uptake,

method umole/column
PLRP-IDA nitration PEG 200 141.735
PSDVB-IDA nitration "~ PEG200 10.010
PSDVB-IDA nitration PEG 600 15.665
PSDVB-IDA formylation PEG 200 10.885
PSDVB-IDA formylation PEG 600 31.810
PSDVB-EDDA formylation PEG 200 12.320
PSDVB-EDDA formylation PEG 600 50.235
Evaluation of th VT ing Small Nonpolar Pro

The highly crosslinked PSDVB-3 was shown to undergo little or no swelling when
in contact with organic solvent, e.g., acetonitrile, see Chapter IV. To illustrate its potential
as a reversed-phase chromatography packing material, the retention behavior of benzene
and seven alkylbenzene homologs, namely, toluene, ethylbenzene, propylbenzene,
butylbenzene, pentylbenzene, 1-phenylheptane and 1-phenylnonane was examined using
native PSDVB as the stationary phase and hydro-organic solvent as the mobile phase. The
results are depicted in Figure 32 in terms of logarithmic retention factor (log k') versus the

number of carbon atoms in the homologs. The linear curve obtained in Figure 32 is typical
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of reversed-phase chromatography retention mechanism. Thus, native PSDVB-3 could bé
utilized in rapid RPC of proteins.

To evaluate the effectiveness of the hydrophilic coatings that we have developed
and described above in shielding the surface of the support proper, and to determine the
extent of surface hydroxylation through nitration and formylation procedures, small
hydrophobic molecules such as benzene and naphthalene were chromatographed under
reversed-phase chromatography conditions on the various metal chelate stationary phases.
The results are illustrated in Figure 33a and b by plots of log k' versus the % of
acetonitrilre (v/v) in the mobile phase. In all cases, these plots were linear indicating a
reversed-phase chromatography retention mechanism. As expected, both solutes exhibited
higher retentions on the untreated-PSDVB than on the two IDA-PSDVB stationary phases.
This shows that both hydroxylation methods and subsequent attachment of hydrophilic
spacers and metal chelating functions were quite successful since the hydrophobic
character of the surface decreased substantially. It has to be noted that the retention of both
probes were much less on the surface which was modified via formylation (see curves 3 in
Fig. 33a and b). These results further support the above findings (i.e., metal uptake) that
the metal-chelate stationary phases obtained via formylation had higher surface coverage in
metal chelating functions and consequently higher metal uptake.

Figure 34 illustrates the plots of log k' against the % of acetonitrile (v/v) obtained
with naphthalene on IDA- and untreated-PLRP. Again, the retention of the hydrophobic
probe decreased substantially when going from untreated-PLRP to IDA-PLRP stationary
phases. These results have proved that the hydrophilic coatings developed in this work
were equally effective in shielding the surface of the commercial wide-pore PLRP and
home made non-porous polystyrene-based materials.

'To shed light on the energetics of retention via hydrophobic interaction of small

hydrophobic solutes on the native and surface modified polystyrene stationary phases, the
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600. Column, 30 x 4.6 mm LD.; flow rate, 1.0 mL/min. Isocratic elution
at various acetonitrile; water concentration.
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logarithm of the retention factor (log k', denoted k) of naphthalene obtained on one

stationary phase, A, was plotted versus that obtained on another stationary phase, B, under
the same elution conditions. A typical example of x-x plots is shown in Figure 35.

For two columns A and B, the logarithmic retention factors, k, are written as:44-46

KA = 0a - AG°A/2.3RT 3)

KB

0B - AG'B/23RT @)

where R, T, ¢ and AG® are the gas constant, absolute temperature, logarithmic phase ratio
and Gibbs free energy, respectively. Subtraction and subsequent rearrangements of the

above equations give:

KA = kB + (0A - ¢B) + (AG’B-AG°A)/2.3RT 4

This equation expresses the relationship between the retention factors obtained on two
different columns (A and B). For any solute, the second term on the right hand side of
eqn. 4 is constant because it is the quotient of the phase ratios for two columns A and B.
The third term is also constant, but its value may depend on the solute used and will
depend systematically on kA or xp if the Gibbs retention energies for the two columns are
not identical for all solutes when for each solute the retention energy is the same for both
stationary phases, although the energies need not be the same for all solutes. If the
difference in the Gibbs retention energies of the two stationary phases is zero for all

solutes, equation 4 can be further simplified to:

KB = KA - A + 0B )]
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111

According to equation 5, in the case of homoenergetic retention, a x-x plot should
give a straight line with a unit slope and an intercept equal to the logarithm of the quotient
of the two phase ratios.47 If the corresponding Gibbs energies for the two
chromatographic phases are not identical at a fixed temperature, they may be proportional

so that:46

AG°A = oAG’B 6)

where o is a constant. Equation 6 can be combined with eqns. 2 and 3 to yield:

KA = OKB + 0A - 0¢B @)

Equation 7 shows that when the ratio of the Gibbs retention energies in the two
stationary phases are constant, linear x-x plots with slope of o are obtained. In this case,
the retention on a column pair can be termed homeoenergetic47 (i.e., like). It can be seen
that eqn. 5 is a special case of eqn. 7 when « is unity.

Table IX summarizes the results of the x-x plots obtained on the various sets of
stationary phases. In all cases, the correlation coefficients and the slopes were very close
to unity, hence, suggesting a quasi-homoenergetic retention. Also, Table IX lists the
quotient of the phase ratios which is the phase ratio of a column relative to that of the
reference column. They were evaluated as the antilog of the intercept of the k- plots. It
can be seen from Table IX that the hydrophobic phase ratio toward naphthalene of IDA-
PLRP was reduced by a factor of 0.18 with respect to the untreated-PLRP. The residual
hydrophobicity of the IDA-PSDVB-3 which was hydroxylated via nitration was less than
the hydrophobic surface of untreated-PSDVB-3 by a factor of 0.83, see Table IX. On the

other hand, the surface coverage of IDA-PSDVB-3 obtained by formylation was much



Table IX. Results obtained from the k- plots of the various polystyrene columns. Column, 30 x 4.6 mm L.D. Isocratic
elution with 75:25 (v/v) acetonitrile:water at a flow rate of 1.0 mL/min. Sample, naphthalene.

Column A Column B Slope r Quotient of phase ratio
dB/OA
PLRP-untreated PLRP-IDA 1.11 0.986 0.18
PSDVB-untreated PSDVB-IDA-nitration 0.95 0.999 0.83
PSDVB-untreated PSDVB-IDA-formylation 0.88 0.997 0.67
PSDVB-IDA-formylation PSDVB-IDA-nitration 1.10 0.996 1.30

(41!
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higher than that obtained via nitration as indicated by its lower hydrophobic phase ratio
relative to the untreated-PSDVB-3. In fact, IDA-PSDVB-3 obtained via nitration has a
hydrophobic surface which is 1.30 times higher than that of IDA-PSDVB obtained via

formylation, see Table IX.
Evaluation of the Porosity of PSDVB ize Exclusion Chromatograph

To further confirm the non-porosity of the home made PSDVB microparticles
toward biomacromolecules, PSDVB coated with hydrophilic diepoxy-PEG 600 was
packed into a 100 x 4.6 mm L.D. column and was used in the size exclusion
chromatography (SEC) of five proteins of widely differing molecular weights (see Table
X). In SEC, it is necessary that the support matrix is neutral as well as hydrophilic in
order to prevent the non-size exclusion partitioning between the support material and the
proteins.

Table X. Molecular Weights of the Five Model Proteins and their Corresponding

Retention Time.

Column, 100 x 4.6 mm 1.D.; flow-rate, 1.0/mL; mobile phase, 50 mM phosphate
containing 0.1 M NaCl, pH 7.0.

Proteins Mwa tr (min)
Myoglobin 17,400 1.9
o-Chymotrypsinogen A 25,500 2.0
¥-Globulin 33,500 1.9
Lactoferrin 80,000 1.9
Ferritin 149,900 1.9

aData from reference 48.
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Ideally, if the existing mechanism is size exclusion, the proteins would elute in the
order of decreasing molecular weight, i.e., the protein having the highest molecular weight
(ferritin) will be the first to elute whereas the protein having the lowest molecular weight
(myoglobin) will be the last to elute. As can be seen in Table X, the retention time (tr) of
the various proteins was almost the same (within the experimental error), indicating the
absence of pores that can be accessible for the penetration of biomacromolecules into the
PSDVB matrix. These results also indicate that the hydrophilic coating had no residual
adsorptivity and efficiently shielded the hydrophobic matrix toward proteins.

Chromatographic Evaluation of the Naked PSDVB-IDA and EDDA Stationary Phases with

Protein

To assess the hydrophilicity as well as the presence of metal chelating functions on
the surface of the stationary phases, EDDA- or IDA-PSDVB columns were evaluated in
their naked forms (i.e., absence of chelated metal) as cation exchangers. For both EDDA
and IDA columns (see Figure 36a and b), the 3 basic proteins tested eluted in the order of
increasing pl value (see Table XI), i.e., myoglobin, a-chymotrypsinogen A and
lactoferrin, when a linear gradient of increasing NaCl concentration in 10 mM phosphate,
pH 6.0, was employed. These proteins were more retained on EDDA-PSDVB column
than on IDA-PSDVB column indicating that the ligand surface coverage of the former
stationary phase is larger than that of the latter. This has also been confirmed by the metal
uptake, see Table VIIL

Furthermore, the above results have confirmed the effectiveness of the hydrophilic
coatings developed in this study. The three test solutes are hydrophobic proteins and
would not elute from the column with aqueous phases even if the hydrophobic surface
proper of the support would have still been slightly exposed to the biomacromolecule

solute.
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Figure 36. Chromatograms Obtained on Naked (a) EDDA-PSDVB-3 and (b) IDA-
PSDVB-3.

Column, 30 x 4.6 mm LD.; flow rate, 2.0 mL/min.
6.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM phosphate, pH 6.0.
Proteins: 1, myoglobin; 2, a-chymotrypsinogen A; 3, lactoferrin.
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Table XI. Molecular Weight and pI values of the Three Model Proteins.

Proteins pl2
myoglobin 7.1
o-chymotrypsinogen A 9.5
lactoferrin : 10
a Data from Reference 40.

Comparison of PSDVB-IDA and Silica-IDA Columns

To further demonstrate the hydrophilicity of the PSDVB-based metal chelate
stationary phases toward proteins, the chromatographic behavior of test proteins obtained
on the PSDVB packing materials was compared to that obtained on silica metal chelate
sorbent, a support known for its hydrophilic nature. Figure 37a and b represents the
separation of six proteins, namely, a-lactalbumin, cytochrome c, lysozyme, lactoferrin,
iron-free transferrin and carbonic anhydrase obtained on non-porous Zn(II)-IDA—silica
and Zn(II)-IDA—PSDYVB columns, respectively, using two consecutive linear gradients of
increasing NaCl concentration followed by a linear gradient of increasing imidazole
concentration at constant salt concentration. It can be seen that despite the large difference
between the two columns in terms of the support matrix these two columns having the
same chelating ligands and chelated metal exhibited comparable behavior towards the six
model proteins. However, sligﬁt differences in retentivities and selectivities can be
noticed. These can be attributed to the matrix effect on the properties of the metal chelate

proper, which in turn, might affect their affinities towards proteins.
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Figure 37. Chromatograms Obtained on (a) Zn(II)-IDA—Silica and (b) Zn(II)-IDA—
PSDVB-2.
Column, 30 x 4.6 mm LD.; flow rate, 2.0 mL/min. 6.0 min linear gradient
from 0 to 1.0 M NaCl followed by a 6.0 min linear gradient from 0 to 50 mM
imidazole in 10 mM phosphate containing 1.0 M NaCl, pH 6.0. Proteins: 1,
a-lactalbumin; 2, cytochrome c; 3, lysozyme; 4, lactoferrin; 5, iron-free
transferrin; 6, carbonic anhydrase.
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Conclusions

The development of new and efficient hydrophilic coatings for the rigid
poly(styrene-divinylbenzene) supports proved to be useful in providing a solution to their
most predominant limitation, which is, their strong hydrophobic character. As we have
demonstrated the hydrophilic poly(styrene-divinylbenzene) stationary phases can be
bonded with metal chelating functions, namely, iminodiacetic acid (IDA) and
ethylenediamine-N,N’-diacetic acid (EDDA) for high performance metal interaction
chromatography of biomolecules. It is interesting to note that non-porous PSDVB and
silica with surface-bound metal chelating ligands exhibited similar chromatographic
behavior toward proteins. It is anticipated that the hydrophilic coatings we have developed
will find its applications in the preparation of sorbents for other interactive chromatography
of biopolymers such as hydrophobic interaction, ion-exchange and thiophilic interaction

chromatography.
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CHAPTER VI

RAPID HIGH PERFORMANCE METAL INTERACTION
CHROMATOGRAPHY‘ OF PROTEINS USING
POLY(STYRENE-DIVINYLBENZENE)

MICROPARTICLES

Introduction

In this present study, it was our objective to evaluate the home made non-porous
poly(styrene-divinylbenzene) microparticles with surface-bound chelating functions in the
rapid MIC of proteins. The chelating ligands were attached to the non-porous polystyrene
packing materials using the surface modifications developed and described in Chapter V.
The effects of several operational parameters on MIC retention and selectivity such as
eluent pH, salt concentration and nature of salt have been investigated. In addition, the
chromatographic performance of non-porous PSDVB under various conditions have been
assessed using a commercially available and well characterized macroporous support as

reference.
Experimental

Instrumentation

Chromatographic measurements concerning the investigation of the effects of the
operational parameters were carried out either isocratically or by gradient elution using the

instrumental set-up described in Chapter II. On the other hand, all rapid separation studies

122
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were conducted by using the liquid chromatograph described in Chapter III. In the rapid
MIC, the chromatographic instrument must be appropriately designed in order to avoid
extra column effects (connection, sample introduction and detection) on band broadening.
The pre- and post-column connections, as well as the sampling loop and the detection cell
were of relatively low volumes. The pH of the eluents were adjusted by using a digital

pH/mV meter Model 701A from Orion Research Incorporated (Boston, MA, U.S.A.).
Reagen Materi

In addition to the list of proteins and reagents given in the earlier chapters,
peroxidase from horseradish was purchased from Sigma Chemicals (St. Louis, MO,
U.S.A.). Potassium thiocyanate and sodium perchlorate were from Fisher Scientific

(Pittsburgh, PA, U.S.A.).
lumn

The non-porous PSDVB or macroporous PLRP-S with surface-bound IDA or
EDDA were packed into 30 x 4.6 mm LD. No. 316 stainless steel tubes from Alltech
Associates, Inc. (Deerfield, IL, U.S.A.) in the same manner as described in the
experimental section of Chapter V. The surface modifications of the polystyrene supports
were carried out by using the procedures described in the experimental section of Chapter

V.
r Pr T

The columns were loaded and unloaded with the desired metals by following the
procedures described in Chapter II. This involved the washing of the columns packed
with IDA- or EDDA- PSDVB stationary phases with water and then loading with the
appropriate metal by injecting 10 ml of 50 mM metal salt solution using a sampling valve
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equipped with 10 ml sample loop. After loading the column with a given metal, the excess
unchelated metal was subsequently removed from the column by washing it with an ample
amount of water followed by the mobile phase used in the ensuing chromatographic
separations. The unloading of the column with the metal was carried out by washing it
with 20 ml of 50 mM of EDTA disodium salt. After regeneration with water, the column
in its naked form, i.e., without chelated metal, was ready for reloading with a different

metal.
Results and Discussion

To assess the chromatographic performance of the home made non-porous metal
chelate stationary phases, the results obtained on these phases were compared to those
generated on a wide pore and commercially available PSDVB support, the surface of
which was modified in-house using the same reaction schemes as with the non-porous
PSDVB. Ideally, this comparison would be more meaningful with well characterized

polymeric non-porous sorbents, but such supports are not yet commercially available.

Effects of Eluent pH

Although linear gradients of decreasing pH in conjunction with linear gradients of
increasing salt and /or competing agent concentrations have been frequently applied in
order to bring about the elution and separation of most proteins, 14 systematic studies on
the effect of pH with various proteins and different metal chelate stationary phases are
lacking.

The present study on the effect of pH on retention is an extension of the previous
investigations performed on wide-pore siliceous metal-EDDA columns (see, Chapter II).
Polymeric metal chelate sorbents have the advantage of permitting the study of pH's

greater than 7.0 which could not be explored with silica-based stationary phases owing to
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their chemical instability at pH above 7-8.

To evaluate the effect of pH, six widely differing proteins, namely, .a-
chymotrypsinogen A, carboxypeptidase A, lysozyme, iron-free transferrin, lactoferrin and
carbonic anhydrase were utilized as model solutes. These well characterized proteins can
be considered as an ideal set of solutes for the pH mapping of MIC retention. Table XII
provides information on the number of histidine residues (most reactive), for each protein
as well as their corresponding pl value and molecular weight. Carboxypeptidase A and
iron-free transferrin are slightly acidic proteins whereas carbonic anhydrase is nearly
neutral protein. On the other hand, a-chymotrypsinogen, lactoferrin and lysozyme are
basic proteins. a-Chymotrypsinogen A and lysozyme with approximately the same
number of histidine residues but with different pI values may serve as model proteins to
assess the influence of the net charge of proteins in MIC. Likewise, human iron-free
transferrin and bovine lactoferrin have about the same molecular weights but different
isoelectric points, hence, may again be used in evaluating the effect of the net charge of
protein in MIC. Iron-free transferrin and carbonic anhydrase may be regarded as model
proteins to determine the extent to which retention may depend on pH when both protein
solutes would have similar pI values but different number of interacting sites.

The above model proteins were utilized to evaluate Co(II)-EDDA and Fe(III)-
EDDA columns as well as Co(II)-IDA and Zn(II)-IDA columns. The former set of
columns was chosen to assess the retention dependency on pH on an intermediate "soft"
metal (Co*2) and a borderline "hard" metal (Fe+3) chelated by the same ligand. On the
other hand, the second set of columns represents a pair of sorbents with two different
intermediate "soft" metals, i.e., Zn(II) and Co(II). Also, the effect of the pH of the eluent
on the retention of proteins on the same metal, i.e., Co(I), but different chelating ligands

(EDDA or IDA) were evaluated.
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TableXII. Numbers of the Histidine Residues?, Molecular Weightsb and pIb Values of the
Six Model Proteins.

3,b Data taken from references, 5 and 6, respectively.

PROTEINS Histidine pl Molecular Weight
Lysozyme 1 11 14,314
a-Chymotrypsinogen A 2 9.5 25,666
Carbonic Anhydrase 11 6.9-7.2 29,182
Carboxypeptidase A 8 5.2 34,409
Iron-Free Transferrin 19 6 75,000
Lactoferrin 10 80,000

EDDA Columns. All proteins listed in Table XII except carbonic anhydrase were
chromatographed on Co(II)-EDDA— and Fe(III)-EDDA—PSDVB columns using a 12
min linear gradient from 0 to 1.0 M NaCl at various pH over the range 4-10. Carbonic
anhydrase was eliminated in this particular study because it yielded two peaks in all cases.
Table XIII and XIV summarize the adjusted retention volumes obtained on Co(II)-EDDA
and Fe(III)-EDDA columns, respectively. With Co(II)-EDDA column, the retention of
lysozyme and lactoferrin increased with increasing pH whereas the retention of iron-free
transferrin increased slightly in the pH range 4-6 and then approached zero starting from
pH 7.0. As expected, these results were in good agreement with those obtained on the
Co(II)-EDDA attached on silica support, see Chapter II.

With the Fe(III)-EDDA column, lysozyme and iron-free transferrin showed
retention behavior that followed the same trends as those obtained on the silica-based
sorbents (see Chapter II) whereas the retention of lactoferrin decreased with increasing pH,
a behavior that did not conform with that obtained on Fe(IlI)-EDDA-silica stationary

phases. This behavior, however, follows the generally observed trend in that "hard"
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Table XIII. Adjusted Retention Volume at Various pH on Co(II)-EDDA—PSDVB-3.
12.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM phosphate. Column, 30 x 4.6
mm L.D.; flow-rate, 1.0 mL/min.

pH

PROTEINS 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Iron-free transferrin 4.63 4.77 4.77 0.00 0.00 0.00 0.00
Carboxypeptidase A 4.85 474 4.70 0.00 0.00 4.62 0.00
a-Chymotrypsinogen A 4.30 4.69 4.76 4.66 434 4383 0.00
Lactoferrin 590 7.77 8.47 8.89 9.40 9.57 9.73
Lysozyme 4.60 4.76 | 5.29 5.46 541 580 5.63

Table XIV. Adjusted Retention Volume at Various pH on Fe(IIl)-EDDA—PSDVB-3.
12.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM phosphate. Column, 30 x 4.6
mm L.D.; flow-rate, 1.0 mL/min.

pH

PROTEINS 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Iron-free transferrin 4.63 5.91 4.57 4.42 0.00 0.00 0.00
Carboxypeptidase A 5.63 6.11 355 459 0.00 5.23 0.00
o-Chymotrypsinogen A  4.93 5.92 5.89 5.35 499 5.35 4.31
Lactoferrin 9.64 12.00 11.72 11.27 10.86 10.16 9.64
Lysozyme 4.86 5.63 6.22  5.90 5.69 5.82  5.57
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metals like Fe(III) bind proteins at low pH stronger than at high pH whereas soft metal
like Co(II) bind proteins at high pH stronger than at low pH.” The probable explanation
for the discrepant behavior between silica-based stationary phases and PSDVB-based
chelate sorbents is the absence of silanol groups in the latter supports. The residual silanol
groups make the silica support more negative at high pH thereby inducing greater retention
by mixed-mode mechanism, i.e., electrostatic and metal interaction.

The retention of a-chymotrypsinogen A on both Co(II)-EDDA and Fe(II)-EDDA
columns were found to fluctuate with pH. Carboxypeptidase A displayed an interesting
behavior in the sense that its retention first dropped to 0 at pH 8.0, increased at pH 9.0
and became unretained again at pH 10. One possible explanation for this peculiar trend
would be the possibility that carboxypeptidase A may have undergone some
conformational changes such that at pH 8.0 most of its metal interacting sites got buried
and were reexposed at pH 9.0.

In general, for both metal-EDDA columns, i.e., Co(II) and Fe(III) loaded columns,
lactoferrin exhibited the highest retention followed by lysozyme, a-chymotrypsinogen A,
iron-free transferrin and carboxypeptidase A. The stronger affinity exhibited by lactoferrin
toward the metal chelate sorbent with respect to that of iron-free transferrin is apparently
caused by the basic plI of the former. As explained in the Chapter II, the net charge of the
acidic iron-free transferrin would become negative at pH above its pI value and this may
induce electrostatic repulsion from the negatively charged sorbent with concomitant
decrease in retention. In addition, the steric hindrance caused by the oligosaccharide
envelope of iron-free transferrin is apparently sufficient to prevent its binding with the
metal although it has a very high histidine content (19 His/mole); see Table XII.8
Likewise, the difference in isoelectric points of lysozyme (pI = 11) and «-
chymotrypsinogen A (pI = 9.5) resulted in the higher retention of the former over the latter

although they possess about the same number of histidine residues. Despite its high
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number of histidine groups, the low retention of carboxypeptidase A on the two metal-
EDDA columns can again be explained by its acidic nature which caused the protein

analyte to be electrostatically repulsed from the sorbent at high pH.

IDA Columns. In another set of experiments, the effect of eluent pH on the
retention of the six model proteins on Co(II)-IDA and Zn(II)-IDA columns was
investigated. Tables XV and XVI summarize the adjusted retention volumes of the
proteins over the pH range 4-10 obtained on Co(II)-IDA and Zn(II)-EDDA columns. It
can be clearly observed that in most cases, the six model proteins exhibited stronger
affinities toward the Co(II)-IDA column than Zn(II)-IDA column in the pH range studied.
In fact, lactoferrin did not show any elution with a linear gradient of increasing NaCl
concentration at pH 6-8 on Co(II)-IDA column. As mentioned earlier (see Chapter III),
Zn(II) has a coordination number of four whereas Co(II) has a maximum of six.
Therefore, in the metal-IDA coordination sphere, the Zn(II) would have only one available
site for the proteins versus at least three sites in the case of Co(Il). Iron-free transferrin, o-
chymotrypsinogen A, carbonic anhydrase and lysozyme exhibited almost the same
retention trends on both columns. Carboxypeptidase A was also found to behave similarly
except that with Zn(II)-IDA column it did not have retention at 3 pH's, 7.0, 8.0 and 10.0
whereas with Co(II)-IDA column, the absence of affinity toward the immobilized metal
was only observed at pH 8.0 and 10.0. These results indicate that it would require more
hydroxide ions in the mobile phase to dissociate the protein from Co(II) column than from
a Zn(II) column since as mentioned above, there are three available sites with the former

metal chelate while there is only one site with the latter metal complex.

Co(ID-EDDA- versus Co(IN-IDA Columns. In almost all cases, the six model

proteins were more retained on the Co(II)-IDA column (Table XV) when compared with

Co(II)-EDDA column (Table XIII). Besides higher retention, some of the proteins under
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Table XV. Adjusted Retention Volume at Various pH on Co(II)-IDA—PSDVB-3.
12.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM phosphate. Column, 30 x 4.6
mm L.D.; flow-rate, 1.0 mL/min.

pH

PROTEINS 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Iron-free transferrin ~~ 4.69  4.83  4.92 0.00 0.00 0.00 0.00
Carboxypeptidase A 537 559 598 520 0.96 5.18 0.00
Carbonic anhydrase ~ 5.00 626 5.43 0.0 0.00 0.00 0.00
a-Chymotrypsinogen A 5.09 507 560 576 4.69 508 532
Lactoferrin 768 1130 NE NE NE 1037 8.43
Lysozyme 527 659 682 695 649 628 6.84

NE, no elution.

Table XVI. Adjusted Retention Volume at Various pH on Zn(II)-IDA—PSDVB-3.
12.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM phosphate. Column, 30 x 4.6
mm LD.; flow-rate, 1.0 mL/min.

pH

PROTEINS 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Iron-free transferrin 4.69 4.67 5.80 0.00 0.00 0.00 0.00
Carboxypeptidase A 507 483 472 0.00 0.00 4.74 0.00
Carbonic anhydrase 4.75 5.07 4.72 0.00 0.00 0.00 0.00
a-Chymotrypsinogen A 452 460 506 490 459 4.84 433

Lactoferrin 506 7.37 7.98 8.50 948 9.07 9.72
Lysozyme 4.60 5.93 6.43 6.36 6.12 6.31 6.19
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investigation exhibited different retention patterns 6n the two columns. In particular, the
elution of lactoferrin from Co(I)-IDA column required the addition of imidazole to the
eluent in the pH range 6-8. Furthermore, the monotonic increase in the retention of
lactoferrin with pH observed with the Co(I[)-EDDA was found to be missing with the
Co(II)-IDA column. Instead, after showing no elution from pH 6-8, the retention started
to decrease. Although iron-free transferrin, lysozyme, a-chymotrypsinogen A,
carboxypeptidase A and carbonic anhydrase were more retained on Co(II)-IDA than on
Co(II)-EDDA, these proteins exhibited more or less the same retention behavior on both
columns.

Under all conditions employed using metal-IDA columns, the elution order was
found to be almost identical with that of the metal-EDDA column, i.e., lactoferrin >
lysozyme > a-chymotrypsinogen A > carboxypeptidase A, iron-free transferrin, carbonic
anhydrase. In most cases, carbonic anhydrase A was more retained that iron-free
transferrin. It is clear then that with carbonic anhydrase and iron-free transferrin, the more
predominant factor in determining the retention with the metal chelates is the isoelectric

point and not the histidine content.

Macroporous versus Non-porous Columns. The retention data obtained on porous

stationary phases are summarized in Tables XVII-XX. They were obtained under the
same elution conditions as those with non-porous metal-chelate columns. Normally, one
would expect that the effect of the eluent pH will result in the same trend for the two types
of polymeric supports, while the magnitude of retention will be higher on the wide pore
sorbent considering the fact that the surface concentration in metal chelating ligands is
higher. However, based on the data obtained, the eluent pH affected the retention of
proteins on the porous support in a manner that was significantly different from that of the

non-porous material, depending on the proteins used.
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As expected, in all cases, the retention of the six model proteins were significantly
higher on the wide pore PLRP than on the non-porous home made PSDVB (see Tables
XIII-XX), which indicates the presence of higher surface ligand density in the porous
material (see Chapter V). In fact, with the non-porous stationary phases the model
proteins eluted with a linear gradient of increasing sodium chloride concentration, and did
not require the inclusion of a competing ligand such as imidazole in the eluent. The only
exception was lactoferrin on Co(II)-IDA column which showed no elution at pH 6-8 when
a gradient of increasing NaCl concentration was used. On the other hand, with the wide
pore PLRP-S, lactoferrin, iron-free transferrin and carbonic anhydrase did not elute unless
a relatively large amount of imidazole was added to the eluent at high concentration of salt.

To further assess the differences and similarities between the two types of sorbents
(i.e. porous versus non-porous) the results obtained on the two types of Co(I)-EDDA
polymeric supports (see Tables XIII and XVII) were compared. Lactoferrin, o-
chymotrypsinogen A, lysozyme and carboxypeptidase A exhibited similar retention
behavior on both sorbents. A significant difference was observed with iron-free
transferrin which did not elute at pH 4.0 from the macroporous Co(II)-EDDA column.
However, at higher pH the retention of this solute on the wide pore resembled that
obtained on non-porous Co(II)-EDDA, in that, its retention decreased sharply and
approached zero at high pH. Another difference between the two stationary phases is that
with Co(II)-EDDA—PLRP, iron-free transferrin was found to be more retained than
lactoferrin at pH 4.0. Likewise, carbonic anhydrase showed similar behavior. The higher
retention of iron-free transferrin and carbonic anhydrase at this pH may be attributed to
some residual hydrophobic adsorptivities with uncovered and accessible non-polar patches
of the polymeric supports. Hydrophobic interactions are favored at low pH because the

protein surface is less charged.
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Table XVII. Adjusted Retention Volume at Various pH on Co(II)-EDDA—PLRP.
12.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM phosphate. Column, 30 x 4.6
mm LI.D.; flow-rate, 1.0 mL/min.

pH

PROTEINS 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Iron-free transferrin NE 6.86 4.70 0.00 0.00 0.00 0.00
Carboxypeptidase A 692 6.65 558 512 4.67 5.60 0.00
Carbonic anhydrase NE 7.14 0.00 0.00 0.00 0.00 0.00
o-Chymotrypsinogen A 6.75  5.82  5.66  5.81 546 5.99 1.68
Lactoferrin 9.74  9.92 11.08 12.00 NE NE NE
Lysozyme 7.41 7.75 7.93 7.90 7.89 1.77 7.87

NE, no elution.

Table XVIII. Adjusted Retention Volume at Various pH on Fe(I)-EDDA—PLRP .
12.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM phosphate. Column, 30 x 4.6
mm I.D.; flow-rate, 1.0 mL/min.

pH

PROTEINS 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Iron-free transferrin NE NE 5.69 0.00 0.00 0.00 0.00
Carboxypeptidase A 7.58 17.63 6.59 5.63 5.53 6.71 0.00
Carbonic anhydrase NE NE 7.11 0.00 0.00 0.00 0.00
a-Chymotrypsinogen A 6.21 5.31 6.72 6.51 5.89 6.26 5.39
Lactoferrin 10.14 12.00 12.00 NE NE NE NE
Lysozyme 71.74 9.05 9.07 8.64 899 947 9.12

NE, no elution.



Table XIX Adjusted Retention Volume at Various pH Obtained on Co(II)-IDA—PLRP Column.
(a) 12.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM phosphate at various pH and (b) 12 min gradient from 0 to 50 mM
imidazole in 10 mM phosphate and 1.0 M NaCl. Column, 30 x 4.6 mm L.D.; flow rate, 1.0 mL/min.

PROTEINS 4.0 5.0 6.0 7.0 8.0 9.0 10.0

a-Chymotrypsinogen A 071 NM 033 NM 631 NM 58 NM 632 NM 632 NM 129 NM

Carboxypeptidase A 10.10 NM 850 NM 7.86 NM 557 NM 604 NM 698 NM 000 NM
Lysozyme 921 NM 845 NM 946 NM 833 NM 9.1 NM 823 NM 7.83 NM
Lactoferrin 1055 NM 1019 NM NE 560 NE 526 NE 759 NE NE NE NE
Iron-free transferrin NE NE NE 538 NE 670 NE 459 NE 417 NE 0.00 NE 0.00
Carbonic anhydrase NE NE NE 925 NE 821 NE 568 NE 469 NE 424 NE 423

NM, not measured.
NE, no elution.
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Table XX. Adjusted Retention Volume at Various pH Obtained on Zn(II)-IDA—PLRP Column.
(a) 12.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM phosphate at various pH and (b) 12 min gradient from 0 to 50 mM
imidazole in 10 mM phosphate and 1.0 M NaCl. Column, 30 x 4.6 mm 1.D.; flow rate, 1.0 mL/min.

PROTEINS 4.0 5.0 6.0 7.0 8.0 9.0 10.0

a-Chymotrypsinogen A 060 NM 036 NM 582 NM 620 NM 685 NM 7.16 NM 597 NM

Carboxypeptidase A 11.25 NM 971 NM l6.66 NM 593 NM 049 NM 000 NM 0.00 NM
Lysozyme 1003 NM 963 NM 825 NM 851 NM 004 NM 973 NM 975 NM
Lactoferrin 11,60 NM 1200 NM NE 451 NE 583 NE 1779 NE 4.01 NE. 4.12
Iron-free transferrin NE NE NE 638 NE 539 NE 440 NE 407 NE 411 NE 4.05
Carbonic anhydrase NE NE NE 789 NE 564 NE 543 NE 514 NE 433 NE 4.19

NM, not measured.
NE, no elution.

CEl
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With the two types of polymeric Fe(III)-EDDA stationary phases (i.e. porous vs
non-porous, see Tables XIV and XVIII), the retention trends exhibited by lysozyme,
carboxypeptidase A and a-chymotrypsinogen A were more or less the same. On both
columns, i.e., PLRP and PSDVB, iron-free transferrin displayed no retention at high pH,
i.e., starting from pH 7.0 and 8.0. Again, iron-free transferrin and carbonic anhydrase
weré found to be more retained than lactoferrin at pH 4.0 and 5.0. This can be explained
by the same reasoning as with Co(II)-EDDA columns; see above. The findings that non-
porous Fe(III)-EDDA stationary phases were more retentive than the Co(II)-EDDA
columns (see Tables XIV and XIII, respectively) were also found to hold true in the case
of wide pore PLRP (see Tables XVII and X VIII).

By comparing the two types of Co(II)- and Zn(II)-IDA columns, i.e., non-porous
and porous (see Tables XV and XVIII; Tables XVI and XX, respectively), it can be
noticed that the retention trends exhibited by lysozyme, a-chymotrypsinogen A and
carboxypeptidase A were more or less identical. As with EDDA metal chelate columns,
with Co(II)- and Zn(II)-IDA macroporous columns, both iron-free transferrin and carbonic
anhydrase were more retained than lactoferrin at pH 4-6 but less retained at higher pH.

With few exception, retention data obtained on PSDVB and PLRP metal chelate
sorbents had more or less the same energetics with the difference that retentions are higher
in magnitude on the latter than on the former columns. These data give confidence in the
reliability of the home made sorbents as far as their chromatographic behavior is

concerned.
Rapid aration Schemes With Wide Pore Metal Chel olumn

To illustrate the potentials of wide pore PLRP microparticles with surface-bound
metal chelating ligands in protein chromatography, and to evaluate the effectiveness of the

surface modifications that we have developed (Chapter V) several proteins were
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chromatographed on the macroporous poly(styrene-divinylbenzene) stationary phases
under a wide range of elution conditions.

Figure 38a-c shows the rapid separation of 3 model proteins, namely, iron-free
transferrin, a-chymotrypsinogen A and lysozyme on Fe(III)-EDDA-—PLRP column.
Figure 38a illustrates the separation obtained when a 12.0 minute linear gradient of
increasing sodium chloride at pH 9.0 was used. Figure 38b represents the separation
obtained when the gradient time was decreased to 6.0 min and the flow-rate was doubled,
i.e., the steepness of the gradient was conserved but the analysis time was decreased. In
fact, under these conditions, the separation was accomplished in 4.6 minutes instead of 9.7
minutes when compared to Fig. 38a without any loss in column efficiency. Fig. 38c
shows the resulting chromatogram when the injection time was delayed by 2.5 minutes.
Hence, proper manipulation of the operating parameters can lead to the desired rapid
separation.

In another set of experiments, the same polystyrene support was used, but having
surface-bound IDA chelating ligands. Four model proteins, a-lactalbumin, cytochrome c,
lysozyme and iron-free transferrin were eluted and separated in about 14.7 minutes by
using two consecutive linear gradients consisting of 9.0 minutes linear gradient from 0 to
0.75 M NaCl and 12.0 minutes linear gradient of increasing imidazole concentration at
constant NaCl concentration, pH 6.0, and a flow-rate of 1.0 mL/min (Fig. 39a).
Chromatogram 39b illustrates the rapid separation of the same set of proteins using the
same set of mobile phases but reducing the time of the first and second gradients to 4.5 and
6.0 minutes, respectively, with a concurrent doubling of the flow-rate. As can be clearly
seen, under these conditions the separation of the protein mixture was obtained in a shorter
time. Delaying the injection for 2.5 minutes has further reduced the retention without

affecting the separation efficiency of the chromatographic column.
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Figure 38. Rapid Separation of Proteins on Fe(III)-EDDA—PLRP Column.
Column, 30 x 4.6 mm L.D. (a) 12.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM boric acid, pH 9.0; flow-rate,
1.0 mL/min and (b) 6.0 min linear gradient from 0 to 1.0 M NaCl in 10 mM boric acid, pH 9.0; flow-rate, 2.0 mL/min and
(c) gradient as in (b) but the injection was delayed for 2.5 min. Proteins: 1, iron-free transferrin; 2, a-chymotrypsinogen
A; 3, lysozyme.
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Figure 39. Rapid Separation of Proteins on Zn(II)-IDA—PLRP Column.
Column, 30 x 4.6 mm L.D. (a) 9.0 min linear gradient from 0 to 0.75 M
NaCl followed by 12.0 min linear gradient from 0 to 50 mM imidazole in
10 mM phosphate containing 1.0 M NaCl, pH 6.0; flow-rate, 1.0 mL/min
and (b) 4.5 min linear gradient from 0 to 0.75 M NaCl followed by 6.0 min
linear gradient from 0 to 50 mM imidazole in 10 mM phosphate and 1.0 M
NaCl at pH 6.0; injection delayed for 2.5 min; flow-rate, 2.0 mL/min.
Proteins: 1, a-lactalbumin; 2, cytochrome c; 3, lysozyme; 4, iron-free
transferrin.
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Using the same column, Zn(II)-IDA-PLRP, a different set of model proteins
comprising of holo-transferrin, a-chymotrypsinogen A, lysozyme and iron-free transferrin
was separated at pH 8.0 (Figure 40). Again, two consecutive linear gradients were
utilized. A linear gradient of increasing NaCl concentration was followed by a linear
gradient of increasing imidazole at constant NaCl concentration with gradient times of 4.5
minutes and 6.0 minutes, respectively, at a flow-rate of 1.0 mL/min. As can be seen, even
when a relatively low flow velocity, i.e., 1.0 mL/min was used, a rapid separation of the
above-mentioned proteins was still accomplished. In addition, the stability of this

polymeric sorbent at high pH was clearly illustrated.
Effects of the N n ncentration of Sal

The magnitude of retention of proteins in MIC depends among other things on the
nature and concentration of salts in the eluent.9-11 Thus, a systematic study on its effect on
protein retention with various metal chelates and chelating ligands would provide an insight
into the dynamic behavior of proteins in MIC.

In this study, the salts were selected as to represent antichaotropic and chaotropic
types. According to Hofmeister series,!2 salts containing ions such as phosphates,
sulfates, acetates and chlorides are called antichaotropic, i.e., water-structuring salts,
whereas salts containing ions such as thiocyanates and perchlorates are called chaotropic,
i.e., water-destructuring agents. The former has the tendency of salting-out while the latter
has the tendency to bind to the proteins and consequently promote salting-in.

The studies concerning the effects of the nature and concentration of salt on MIC
retention was carried out using isocratic elution at pH 6.0 and employing lysozyme and
lactoferrin as model proteins. The salts studied on Fe(IlI)-EDDA and Co(II)-EDDA
columns were NaCl, NapSO4, KSCN and NaClO4. In another set of experiments, NaCl,
NaH3PO4, KSCN and NaClO4 were investigated on Co(II)-IDA column. The first two
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Figure 40. Rapid Separation of Proteins on Zn(II)-IDA—PLRP Column.
Column, 30 x 4.6 mm L.D.; flow-rate, 1.0 mL/min. 4.5 min linear gradient
from 0 to 0.75 M NaCl followed by 6.0 min linear gradient from 0 to 50
mM imidazole in 10 mM phosphate containing 1.0 M NaCl, pH 8.0.
Proteins: 1, holo-transferrin; 2, a-chymotrypsinogen A; 3, lysozyme; 4,
iron-free transferrin.
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salts are classified as antichaotropic while the last two salts are known as chaotropic salts.
On the other hand, Co(Il) and Zn(II) are representatives of intermediate "soft" metals
whereas Fe(IIl) is in the borderline of "hard" metal ions. Typical plots of the logarithm of
the retention factor (log k') of lysozyme versus logarithm of the molar salt concentration
obtained on Co(II)-EDDA, Fe(III)-EDDA and Co(II)-IDA columns are shown in Figures
41, 42 and 43, respectively.

As expected, in all cases, the log k' decreased linearly with log [salt] at relatively
low salt content in the eluent. The two model proteins showed no interaction with the
metal chelate stationary phases at relatively high salt concentration in the eluent. An
exception is the case of lysozyme with NaCl on Fe(IlI)-EDDA column whereby after the
initial decrease in retention, it passed through a minimum and then increased at high salt
concentration. It is hardly surprising that all metal chelate columns studied showed little or
no hydrophobic interactions since metals are known to bind water extensively, thus
rendering the stationary phase more hydrated than when naked (i.e. no chelated metal)
metal chelating sorbents are used.

At low concentration of salt, increasing the concentration of the counterions would
saturate the metal sites with electron-donor groups, hence, less binding sites are available
for the solutes, which result in decrease in protein retention. The exception observed with
lysozyme, where the retention first decreased and then increased at high salt concentration
can be attributed to the interplay of two kinds of interactions: metal and/ or electrostatic
interactions which dominate the retention at low salt concentrations and hydrophobic
interactions at high salt concentrations. The same behavior was also reported for lysozyme
when ammonium sulfate was used as an eluting salt.13

The intercepts of the linear plots of log k' vs log salt molarity with the ordinate (y-

intercept) are summarized in Tables XXI-XXIII, and were used to rank the eluting strength
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of various salts. It can be seen from these tables that the eluting strengths of the salts
depends on the type of the solute, chelated metal and chelating ligand.

As explained in Chapter II, a greater negative intercept will reflect a stronger eluting
salt. Based on this consideration, with Co(II)-EDDA the eluting strength of the salt for
lysozyme was in the following order: NapSO4 > NaCl > KSCN > NaClO4 whereas for
lactoferrin, the order was: KSCN > NaClO4 > NapSO4 > NaCl. With Fe(III)-EDDA, the
trend was found to be NaCl > NapSO4 > KSCN > NaClO4 for lysozyme and KSCN >
NaCl > NaClO4 > NapSOg4 for lactoferrin. With Co(II)-IDA, the eluting strength was
arranged as NaCl > KSCN > NaHPOy4 > NaClOy4 for lysozyme and KSCN > NaClO4 >
NaH2PO4 > NaCl for lactoferrin. In order to provide a brief comparison of the eluting
strengths of the salts under investigation on various metal chelate columns Tables XXIV-
XXV summarize their ranking with lysozyme and lactoferrin, respectively.

It can be noticed that with lactoferrin, the chaotropic salt KSCN was found to be
the strongest eluting salt on all the MIC columns tested. In addition, on both Co(II)-EDDA
and IDA, NaClO4 was ranked as second to KSCN in terms of eluting strength. From
Hofmeister series KSCN is more chaotropic than NaClO4. Chaotropic salts promote
salting-in by virtue of their tendency to bind to proteins, which in this case may be with the
metal binding sites of the proteins, thereby reducing metal-protein interaction. Another
possible explanation is that chaotropic salts are known to disrupt the native states of the
proteins,12 hence, there is a possibility that in the presence of these salts lactoferrin
underwent a conformational change which might led to the exposure of lesser amount of

metal interacting sites.
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Figure 41. Plots of the Logarithm of the Retention Factor of Lysozyme versus Logarithm
of the Salt concentration on Co(Il)-EDDA—PSDVB-3.
Column, 30 x 4.6 mm L.D.; flow-rate, 1.0 mL/min. Salts: 1, NapSOgy; 2,
KSCN; 3, NaClOg; 4, NaCl.
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Figure 42. Plots of the Logarithm of the Retention Factor of Lysozyme versus
Logarithm of the Salt Concentration on Fe(III)-EDDA—PSDVB-3.

Column, 30 x 4.6 mm L.D.; flow-rate, 1.0 mL/min. Salts: 1, NapSOy4; 2, NaCl; 3,
KSCN; 4, NaClOg4.
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Figure 43. Plots of the Logarithm of the Retention Factor of Lysozyme versus Logarithm
of the Salt Concentration on Co(II)-IDA—PSDVB-3.
Column, 30 x 4.6 mm I.D.; flow-rate, 1.0 mL/min. Salts: 1, NaCl; 2.
KSCN; 3, NaH7PO4; 4, NaClOg4.
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Table XXI. Values of the y-Intercept of Plots of Logarithm of the Retention Factor versus
Logarithm of the Salt Concentration Obtained on Co(II)-EDDA—PSDVB-3 Column.
Isocratic measurements in 10 mM phosphate buffer, pH 6.0. Column, 30 x 4.6 mm LD;
flow-rate, 1.0 mL/min.

y-Intercepts
SALTS
Lysozyme Lactoferrin
Na-SULFATE -4.72 -2.81
Na-CHLORIDE -3.20 -1.80
K-THIOCYANATE -2.82 -4.17
Na-PERCHLORATE -2.22 -3.14

Table XXII. Values of the y-Intercept of Plots of Logarithm of the Retention Factor
versus Logarithm of the Salt Concentration Obtained on Fe(IIlI)-EDDA—PSDVB-3
Column.

Isocratic measurements in 10 mM phosphate buffer, pH 6.0. Column, 30 x 4.6 mm 1.D;
flow-rate, 1.0 mL/min.

y-Intercepts
SALTS
Lysozyme Lactoferrin
Na-CHLORIDE -6.20 -3.04
Na-SULFATE -4.52 -1.84
K-THIOCYANATE -3.21 -3.74

Na-PERCHLORATE -1.98 -2.84
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Table XXIII. Values of the y-Intercept of Plots of Logarithm of the Retention Factor
versus Logarithm of the Salt Concentration Obtained on Co(II)-IDA—PSDVB-3 Column.
Isocratic measurements in 10 mM phosphate buffer, pH 6.0. Column, 30 x 4.6 mm L.D;
flow-rate, 1.0 mL/min.

y-Intercepts
SALTS
Lysozyme Lactoferrin
Na-CHLORIDE -3.14 -1.06
K-THIOCYANATE -2.99 -2.57
Na-PHOSPHATE -2.87 -1.84
Na-PERCHLORATE -1.69 -2.30

Table XXIV. Ranking of Salts on Various Metal Chelates Using Lysozyme as the Model
Protein.

Isocratic measurements in 10 mM phosphate buffer, pH 6.0. Column, 30 x 4.6 mm L.D;
flow-rate, 1.0 mL/min.

COLUMNS NazS04 NaCl KSCN NaClO4 NaH7PO4
Co(ID-EDDA ++++ +++ ++ + NM
Co(I)-IDA NM ++++ +++ + ++
Fe(IlI)-EDDA +++ ++++ ++ + NM

(++++, strongest eluting salt; +++, second; ++, third; +, least; NM, not measured)
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Table XXV. Ranking of Salts on Various Metal Chelates Using Lactoferrin as the Model
Protein.

Isocratic measurements in 10 mM phosphate buffer, pH 6.0. Column, 30 x 4.6 mm I.D.;
flow-rate, 1.0 mL/min.

COLUMNS KSCN NaClOg4 NaSO4 NaCl NaH7PO4
Co(II)-EDDA ++++ +++ ++ + NM
Co(ID)-IDA ++++ ++H+ NM + ++
Fe(IIT)-EDDA ++++ ++ + +++ NM

(++++, strongest eluting salt; +++, second; ++, third; +, fourth; NM, not measured)

In the case of lysozyme with the two metal-EDDA columns, the two antichaotropic
salts were found to be stronger eluting salts when compared with the two chaotropic salts.
It is also very interesting to point out that with Co(IT)-EDDA, NazSOy4 is a stronger eluting
salt when compared with NaCl but the reversal holds true with the Fe(III)-EDDA column.
Pearsonl4 classified SO42- as a soft Lewis base whereas CI- is a hard Lewis base. On the
other hand, Co(Il) is classified as a soft Lewis acid whereas Fe(III) is a hard Lewis acid.
Hard acids are assumed to bind bases with primarily ionic forces and the soft acids bind
bases by covalent bonds.15 Because of the different nature of the two types of
interactions, soft acids prefer to combine with soft bases and hard acids with hard bases.
Hence, it is not surprising that the hard base CI- exhibited greater affinity towards the hard
acid Fe(III) and the soft SO42- ions interacted more with the soft immobilized Co(II).

To compare with silica-based sorbents (see Chapter III), lactoferrin was
chromatographed with sodium phosphate and sodium chloride on Co(II)-IDA—PSDVB-2.

The results indicate that sodium phosphate is a stronger eluting salt on both types of
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sorbents, i.e., silica and PSDVB. However, with lysozyme, NaCl was found to possess a
greater eluting strength on the PSDVB-based Co(II)-IDA. This is in agreement with the
results obtained when similar study was conducted on Co(II)-IDA—silica (see Chapter
III).

From the above results the following conclusions can be made: (i) regardless of the
nature of the salt, protein-metal associations decrease with increasing salt concentration in
the eluent, (ii) the eluting strength of the salt is enhanced when the salt induces changes in
the conformation of the solute or when the salt anionic counterions bind to the protein
metal binding sites, (iii) with "hard" metal ions, retentiqn decreases with increasing
hardness of the salt anionic counterions whereas with "soft" metal ions, solute-metal
interaction decreases with increasing softness of the anions of the salts and (iv) for a given

metal, the eluting strength of the salts varies with the nature of the chelating ligand.

Rapid MIC with Non-porous Metal Chelate-PSDVB

In rapid HPLC of biomacromolecules, an ideal stationary phase should satisfy the
following major criteria: (i) small particle diameter, (ii) absence of intraparticle mass
transfer resistances, i.e., non-porous, and (iii) rigid structure. The highly crosslinked and
non-porous PSDVB with their excellent mechanical strength and small particle diameter
allowed the rapid separation of proteins at high flow velocity.

As demonstrated in Chapter IV, the PSDVB microparticles having 35%
divinylbenzene (PSDVB-2) proved to be stable at high flow velocities with aqueous
solvents only. This poses some limitations for PSDVB-2 since some studies have
demonstrated that the retention and selectivity of proteins in MIC can be modulated by the
addition of small amounts of organic modifiers to the eluent.3> 13 Nevertheless, as can be

seen in Fig. 44, PSDVB-2 having Zn(II)-IDA ligands permitted the rapid separation of
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four different proteins in less than 4.0 minutes using 6.0 minutes linear gradient of
increasing imidazole concentration at pH 8.0 and at a flow-rate of 2.0 mL/min.

On the other hand, PSDVB-3 column having 40% divinylbenzene was found to be
mechanically stable in both organic and aqueous eluents (see Chapter IV). This excellent
behavior has allowed the extensive use of PSDVB-3 in most of our studies. Figure 45a
and b illustrates the rapid separation of four different proteins on two Zn(II)-IDA—
PSDVB-3 columns having PEG 200 or diepoxy-PEG 600 as hydrophilic coatings,
respectively. Although these two columns exhibited comparable retention toward the
proteins, the analytes were better resolved on the column with diepoxy-PEG 600 coating
(compare Fig. 45a and b). As explained in Chapter V, this may be due to the fact that
diepoxy-PEG 600 coating provided higher metal chelating ligand concentration on the
surface of the stationary phase. Nevertheless, in both cases, sharp peaks were obtained
when two consecutive linear gradients consisting of 2.0 min gradient of increasing NaCl
concentration and 2.0 min gradient of increasing imidazole concentration in 1.0 M NaCl
were utilized at a flow-rate of 4.0 mL/min.

It has been demonstrated above that the wide pore PLRP microparticles can yield
relatively fast separations. However, it was clear that its performance can not surpass the
excellent performance of the home made non-porous metal chelating sorbents. Although
high flow velocities can be utilized on macroporous PSDVB owing to their high
permeability, rapid separation of proteins having low selectivity factor, i.e., relative
retention, can not be performed. This is due to the fact that with macroporous stationary
phases, stagnant mobile phase mass transfer resistances are present, hence lowering the
efficiency of separation. A very good illustration would be the result obtained in Figure
46a and b when six model proteins, a-lactalbumin, cytochrome c, lysozyme, iron-free

transferrin, carbonic anhydrase and lactoferrin were separated on Zn(II)-IDA—PSDVB-2
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Figure 44. Rapid separation of proteins on Zn(II)-IDA—PSDVB-2.
Column, 30 x 4.6 mm L.D.; flow-rate, 2.0 mL/min. 6.0 min linear gradient
from 0 to 50 mM imidazole in 10 mM phosphate, pH 8.0. Proteins: 1,
lactoferrin; 2, iron-free transferrin; 3, carbonic anhydrase.
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Figure 45. Rapid separation of proteins on Zn(II)-IDA—PSDVB-3 Column.
Column, 30 x 4.6 mm LD.; flow-rate, 4.0 mL/min. The attachment of the
ligand was carried out via (a) PEG 200 and (b) diepoxy-PEG 600. 2.0 min
linear gradient from 0 to 1.0 M NaCl followed by a 2.0 min linear gradient
from 0 to 50 mM imidazole in 10 mM phosphate containing 1.0 M NaCl, pH
6.0. Proteins: 1, a-lactalbumin; 2, cytochrome c; 3, lactoferrin; 4, carbonic
anhydrase.
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and Zn(II)-IDA—PLRP columns, respectively. Comparison of Fig. 46a and b clearly
demonstrated that iron-free transferrin, carbonic anhydrase and lactoferrin were much
better resolved on the non-porous stationary phase under otherwise identical elution
conditions. This proved that the presence of pores in the PLRP-S stationary phases will

indeed lower the separation efficiency of biomolecules at high flow rates.

Lectin-PSDVB for High Performance Liquid Affinity Chromatography of Glycoproteins

To demonstrate the usefulness of the hyélrophilic PSDVB developed in this study
as a chromatographic support for a different mode of HPLC, a lectin affinity ligand,
concanavalin A (Con A) was immobilized on the surface of the hydrophilic support.
Concanavalin A is a ligand which has a specific affinity towards glycoproteins.16 Figure
47a and b show the elution of two glycoproteins, ovalbumin and peroxidase from Con A-
PSDVB column using a 7.0 minute linear gradient from 0 to 50 mM methyl-c.-D-
mannopyranoside in 10 mM phosphate containing 0.1 M NaCl, pH 7.0.

This short study had shown that PEG coated polystyrene supports can be activated
with bifunctional ligands and the resulting surface can be utilized to immobilize affinity

ligand and other functionalities for the separation of proteins by various modes of HPLC.
Conclusions

The procedures previously developed (Chapter V) for the hydrophilic coating and
attachment of chelating ligands on both non-porous and macroporous poly(styrene-
divinylbenzene) proved to be particularly useful in this study. The results have
demonstrated that the chemically modified non-porous polystyrene supports are well suited
for the rapid and efficient separation of proteins. Also, this study showed that
macroporous polystyrene microparticles packed into short columns can be used for

relatively rapid separation of proteins. However, non-porous microparticles exhibited
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Figure 46. Rapid Separation of Six Model Proteins on (a) Zn(II)-IDA—PSDVB-2 and (b)
Zn(II)-IDA—PLRP Columns.
Column, 30 x 4.6 mm LD.; flow-rate, 2.0 mL/min. 6.0 min linear gradient
from 0 to 1.0 M NaCl followed by 6.0 min linear gradient from 0 to 50 mM
imidazole in 10 mM phosphate containing 1.0 M NaCl, pH 6.0. Proteins: 1,
a-lactalbumin; 2, cytochrome c A; 3, lysozyme; and 4, iron-free transferrin;
5, carbonic anhydrase; 6, lactoferrin.



156

a |,
=
A3
Sl
N8
d‘":
| I I
0 5
Min

Figure 47. Chromatograms of (a) Ovalbumin and (b) Peroxidase from Con A-PLRP-S
Column.
7.0 min linear gradient from 0 to 50 mM methyl-a-D-mannopyranoside in 10
mM phosphate containing 0.1 M NaCl at pH 7.0. Column, 30 x 4.6 mm
1L.D.; flow-rate, 1.0 mL/min.
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better performance than wide pore microparticles when utilized for rapid separation of

proteins especially for those having low relative retention factors.
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