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Abstract

The interactions of drugs with serum proteins are often stereoselective and can affect the
distribution, activity, toxicity and rate of excretion of these drugs in the body. A number of
approaches based on affinity chromatography, and particularly high-performance affinity
chromatography (HPAC), have been used as tools to study these interactions. This review
describes the general principles of affinity chromatography and HPAC as related to their use in
drug binding studies. The types of serum agents that have been examined with these methods are
also discussed, including human serum albumin, a.1-acid glycoprotein, and lipoproteins. This is
followed by a description of the various formats based on affinity chromatography and HPAC that
have been used to investigate drug interactions with serum proteins and the historical development
for each of these formats. Specific techniques that are discussed include zonal elution, frontal
analysis, and kinetic methods such as those that make use of band-broadening measurements, peak
decay analysis, or ultrafast affinity extraction.

Keywords

High-performance affinity chromatography; Drug-protein binding; Stereoselective interactions;
Human serum albumin; a1-Acid glycoprotein; Lipoproteins

1. Introduction

The interactions of drugs with proteins are often stereoselective [1-5]. When these
interactions involve agents such as serum proteins, they can play an important role in the
distribution, activity, rate of excretion, and toxicity of drugs in the body [6,7]. Information
on these interactions can be valuable in the design and optimization of chiral separations
[1,3,8-11], as well as in predicting how drugs may behave in the human body, in
understanding drug-drug interactions, and in determining the optimum dosages that should
be used with such agents for treating patients [6,7,12-17].
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The binding of drugs with serum agents is usually a reversible process and may involve
several possible proteins or related carriers. Common examples of these binding agents are
the proteins human serum albumin (HSA) and a.1-acid glycoprotein (AGP), as well as more
complex species such as lipoproteins [6,7,12-17]. The extent of these interactions is often
significant, with 43% of 1500 most common drugs having 90% or greater binding to serum
proteins and carrier agents [18]. As a result, obtaining data on these processes is an
important part of the absorption/distribution/metabolism/excretion (ADME) data that are
needed prior to the approval of a new drug in the U.S. [7,18].

There are many techniques that have been utilized to study drug interactions with serum
proteins. These methods have included equilibrium dialysis, ultrafiltration, absorption
spectroscopy, fluorescence spectroscopy, surface plasmon resonance spectroscopy, X-ray
crystallography, and nuclear magnetic resonance spectroscopy [19-21]. This review will
discuss an alternative group of techniques that are based on affinity chromatography and
high-performance affinity chromatography (HPAC) [6-8,22]. The general principles of these
methods and the types of serum proteins that these methods have been used to examine will
first be considered. This will be followed by an overview of the techniques that have been
developed and employed in affinity chromatography and HPAC to study drug-protein
interactions, with an emphasis on the historical development of these techniques and their
use in the study of stereoselective binding.

2. General principles of affinity chromatography and HPAC

Affinity chromatography can be defined as a type of liquid chromatography which uses a
biologically-related agent as a stationary phase for the analysis or separation of samples [23—
25]. This type of stationary phase, which is often referred to as the “affinity ligand”, makes
use of the reversible and specific interactions that are often present in biological systems,
such as the interaction of an enzyme with a substrate or the binding of an antibody with its
antigen. This same feature often allows an affinity column to selectively bind a given target
compound and makes this a valuable tool for the separation or detection of specific agents in
biological samples [23,24].

Affinity chromatography was first used in 1910 for enzyme isolation [26], but it was not
until 1968 that this technique became a popular method for compound purification [24,27—
29]. Work from the late 1960s through the early 1980s mainly used carbohydrate-based
supports such as agarose or cellulose for the immobilization of binding agents and
preparation of affinity columns [23,27-30]. This approach is still commonly used for
purification purposes and will be referred to in this review as traditional, or low-
performance, affinity chromatography [27,29]. Research then began in the early 1980s in
combining affinity chromatography with HPLC-grade supports such as silica. The resulting
method is now called high-performance affinity chromatography (HPAC), or high-
performance liquid affinity chromatography [23,29,31,32]. Other materials besides silica
particles that are now used in HPAC include modified polystyrene supports and monolithic
supports based on silica or organic polymers [32-36]. The ability to use these supports with
HPLC systems and detectors, as well as the speed and precision of the resulting methods,
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has been important in allowing affinity columns to be used in both analytical applications
and in the study of interactions such as drug-protein binding [6,8,11,13,17,23].

Figure 1 shows a few formats that can be used in affinity chromatography and HPAC for the
study of drug-protein binding [6,7,11,13,37,38]. Both of these methods make use of a
column that contains an immobilized agent such as a serum protein. A drug or solute is first
injected or applied onto this column in the presence of a mobile phase that has the desired
pH, ionic strength and solvent composition for the binding study [6,7,11,13,39]. In the
method of zonal elution, a small sample containing one or more solutes is applied onto the
column and the retention or shape of the resulting peaks is examined. In the technique of
frontal analysis, a solution of the solute is continuously applied to the immobilized binding
agent as the amount of solute that passes through the column is monitored. These and other
approaches (e.g., see Sections 4-6, which also include kinetic methods) can provide
information on such things as the binding constants and rate constants for the interaction, as
well as the number and types of binding sites involved in this process. After the study has
been completed, the bound solute can be eluted and the original buffer applied to regenerate
the column for the next experiment. Either traditional affinity chromatography or HPAC can
be used in such methods [6,13,39]. However, HPAC offers the advantages of being easier to
automate and allowing these measurements to be carried out with greater speed plus better
precision and with various types of on-line HPLC detectors [6,13,40].

3. Serum proteins examined by affinity chromatography

Affinity chromatography and HPAC have been used to study drug interactions with a variety
of serum proteins and serum binding agents. Many of these studies have dealt with HSA, or
the closely-related protein bovine serum albumin (BSA) [6,7,13,17]. This is due to the
importance of these proteins, their use as chiral stationary phases, and the availability of
various immobilization methods that can be used to prepare affinity columns that are good
models for the behavior of these proteins in their native form [6-11,40-43] (Note: related
chromatographic studies with albumin from other species have also been reported) [44-47].
HSA has a concentration in plasma of 35-50 g/L, a molar mass of 66.5 kDa, and an
isoelectric point of 4.7. It consists of a single chain of 585 amino acids which is stabilized by
17 internal disulfide bonds [16]. This protein has two major binding sites for drugs, which
are often referred to as Sudlow sites | and 11 [16,48]. Sudlow site I, also known as the
warfarin-azapropazone site, is a hydrophobic pocket in subdomain 1A of HSA. Sudlow site
I1, or the indole-benzodiazepine site, is located in subdomain I11A [13,16,48]. There are
additional binding sites for some other drugs and solutes on this protein (e.g., the digitoxin
and tamoxifen sites), as well as sites for fatty acids, metal ions, and endogenous solutes
(e.g., bilirubin) [13,16].

HPAC and affinity chromatography have been used to examine the binding by many chiral
and achiral drugs and solutes with HSA [6-8,13,17,21,49]. Examples of a few chiral drugs
that have been separated and studied in this manner, as is illustrated in Figure 2(a), include
barbiturates, benzodiazepines, benzothiadiazeines, coumarins (e.g., warfarin), a.-
arylpropionic acids (e.g., ibuprofen), tryptophan, and thyronines, among many others
[6,8,10,11,13,21,37,43,50-59]. This has included both measurements of the overall binding
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by such solutes with HSA, as well as more detailed studies of the equilibrium constants and
number of binding sites for these interactions [6,8,10,11,13,21,37]. In some cases, the rates
of these interactions have also been examined [22], along with the effects of varying
parameters such as the temperature, pH, ionic strength, or solvent polarity on these processes
[7,8,10,13].

AGP is another serum protein that has been the subject of many studies based on affinity
chromatography or HPAC [7,8,13]. This protein has been popular for use as a chiral
stationary phase, as shown in Figure 2(b) [8-10,38,60]. However, it has only been over the
last decade in which suitably mild immobilization schemes have been developed to place
AGP into affinity columns in a form that closely follows the behavior of this protein in its
original form [7,60-62]. AGP is a heterogeneous glycoprotein with a molar mass of 41 kDa
and a normal concentration in human serum of 0.5-1.0 mg/mL. This protein consists of a
single chain of 183 amino acids and has an isoelectric point of 2.7-3.9 [63-66]. AGP also
contains five N-linked glycan chains and has a carbohydrate content of 45% (w/w) [67,68].
AGP is believed to have one flexible binding site for many basic and neutral drugs, as well
as for some acidic drugs [63-66,69-71].

A number of reports based on HPAC have examined the chiral separation and binding of
drugs on AGP columns [7-10]. Some of these studies have looked at the effects of
temperature and mobile phase composition on the retention and chiral separation of such
drugs as atenolol, warfarin, verapamil, methadone, atropine, disopyramide, ketamine, and
various profens (e.g., ketoprofen and ibuprofen) [8-10,72—75]. In addition, detailed
thermodynamic studies have been carried out with this protein and such drugs as
propranolol, carbamazepine, and warfarin [61,62,76—78]. More recent studies have also
employed HPAC and affinity columns to examine the kinetics for some of these interactions
[79,80].

Plasma lipoproteins such as high-density lipoprotein (HDL), low-density lipoprotein (LDL)
and very low-density lipoprotein (VLDL) have also been successfully immobilized in recent
years and characterized by HPAC for their drug binding properties [81-84]. Lipoproteins are
soluble complexes of lipids and proteins (i.e., apolipoproteins) [85-87]. The general
structure of lipoproteins consists of a non-polar core of triacylglycerol and cholesterol esters
which is covered with a phospholipid monolayer that also contains apolipoproteins [86,87].
Lipoproteins such as HDL, LDL or VLDL have normal concentrations in human serum of
around 280, 410, or 150 mg/dL, respectively [86]. These lipoproteins bind and transport
hydrophobic compounds and lipids such as cholesterols and triacylglycerols throughout the
body [85,86,88]. However, these carrier agents can also bind and carry various basic or
hydrophobic drugs in the bloodstream [7,15,85,86,88].

Recent work with HPAC and lipoprotein columns have shown that drugs can interact with
these binding agents through several possible mechanisms, including both partitioning into
the hydrophobic core and saturable interactions (e.g., with sites on apolipoproteins) [81-83].
Both of these processes have been noted for propranolol with HDL, LDL or VLDL, as well
as for verapamil with HDL [81-84]. The binding parameters for these interactions have been
measured by HPAC, and the change in these binding constants with temperature has been
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investigated. In the case of LDL, stereoselective binding has been observed for /- and &
propranolol, which has been shown by HPAC to be due to the presence of both saturable and
non-saturable binding for the R-enantiomer but only non-saturable binding for the S
enantiomer [81].

4. Zonal Elution

The most common method that has been used with affinity columns to study drug-protein
interactions is zonal elution (see Figure 3 and top of Figure 1) [6-8,51,54,89,90]. This is
also the approach that is typically used for the injection and separation of drugs and other
solutes with HPLC columns that contain chiral stationary phases, such as those based on
HSA or AGP [8-11,13]. Work starting in the late 1980s and early 1990s used zonal elution
to measure retention factors, plate heights, separation factors and peak resolution to aid in
the separation of chiral solutes by these columns [8,13,43,53,89,90]. This was accompanied
by studies that examined the effects of the mobile phase pH, ionic strength, solvent polarity
and temperature on the nature of these separations and the overall degree of stereoselectivity
that they provided [89,90]. An example of such a study for /- and S-warfarin is shown in
Figure 2(a) [37]. Other reports have examined the stereoselective binding of
benzodiazepines or non-steroidal anti-inflammatory drugs with HSA [53,56,90,91], the
separation of vinca alkaloids on HSA or AGP columns [92], the stereoselective binding of
D/L-tryptophan with HSA [50,93,94], and the interactions of thyronines and thyroxine-
related compounds with HSA or BSA [51,52,95].

In the early 1990s, research began in which zonal elution was employed to obtain more
quantitative information on the interactions between drugs and proteins that were used as
chiral stationary phases [6-8,11,13]. These efforts built on work begun by Dunn and
Chaiken in 1974, in which it was shown how zonal elution could be used with low-
performance affinity columns to obtain binding constants for enzyme-inhibitor interactions
[96]. One way this type of experiment can be carried out is by using a column that has an
immobilized protein, onto which is injected a small plug of a solute or drug in the presence
of a mobile phase that contains a known concentration of a competing agent. The retention
factor for the injected solute is then measured as the concentration of the competing agent is
varied. The change in this retention as a function of the competing agent’s concentration is
then fit to various models to see how the injected solute is binding to the protein and the
extent to which this interaction is affected by the competing agent. It is further possible from
such a fit to obtain information on the type of competition and equilibrium constants that are
present for these solute-protein interactions [6,7,13].

Figure 3 shows some early experiments that were conducted in this manner with
immobilized HSA in HPLC columns [51,54]. The chromatograms in Figure 3(a) show how
the retention of an injected solute can shift in the presence of a competing agent on this type
of column [51]. Figure 3(b) illustrates how such data may then be plotted and analyzed to
determine the types of interactions that are present and to estimate some binding parameters
[54]. For instance, the results obtained in Figure 3(b) made it possible to determine that ~-
or Swarfarin and phenylbutazone (i.e., the injected solutes) had single-site competition with
octanoic acid (i.e., the competing agent) on the immobilized HSA column. It was further
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possible from these plots to determine the association equilibrium constants for octanoic
acid at its site of competition with each of these solutes [54]. Similar results and related
equations have been used to examine the interactions of many other drugs and compounds
with HSA, AGP, lipoproteins, and related binding agents [6,7,13,17,50,55,60,82-84,97—
102].

A variation of this approach appeared in 1992, when zonal elution competition studies were
carried out by using injected solutes that were probes for particular sites on a protein [52].
This work began with competition studies such as those shown in Figure 3(b), which used
R- or S-warfarin as probes for Sudlow site | of HSA [37,50-52,54]. It was then shown that
equations like the one provided in Figure 3(b) could be used to obtain binding constants for
the competing agent at specific regions on a protein by injecting separate probe compounds
for each region [6,51,52]. This led to the identification of other site-selective probes that
could be used for either HSA or AGP [50-52,60,76,103-105]. Some applications that
followed included the development of affinity maps for drugs on these proteins
[7,22,106,107] and reports that examined how modifications of these proteins affected local
drug interactions at given sites [22,108-110].

The shape of plots like those in Figure 3(b) also makes it possible to discriminate between
direct competition and other types of interactions that may occur between two drugs or
solutes on an immobilized protein [6,7,22,54]. For example, if this plot is linear with a
positive slope, such a result indicates that direct competition is occurring between the
competing agent and injected solute at a single type of binding site. A slope of essentially
zero indicates that no competition is present, and a negative slope is a signal that positive
allosteric effects are occurring. In addition, negative allosteric effects or multi-site binding
can be detected by the presence of a non-linear relationship with a positive slope [6,7,22]. It
was shown in 2004 how this same data can be used in a more quantitative manner to not
only identify the type of interaction that is taking place but to determine the coupling
constants and binding parameters that are present for this interaction [111,112]. This
quantitative approach has been used to examine the allosteric effects that occur between
tamoxifen and warfarin as these drugs both bind to HSA [113], the allosteric interactions
that occur between warfarin and S-propranolol on AGP [114], the interactions between
ibuprofen and benzodiazepines on HSA [115], and the effect of tolbutamide on the
interactions of A-warfarin with HSA [116].

Another approach that appeared in the early-to-mid 1990s was to use HPAC to study a
binding site on an immobilized protein by comparing the retention factors or retention times
that were seen for a series of related compounds [22,51]. Early work in this field involved a
qualitative evaluation to determine which structural features were the most important
contributors to retention [13,53]. This was followed by more detailed studies that compared
the changes in binding affinities that were seen for the related compounds or that examined
the forces that created such interactions [51,53,91]. This then led to the creation of
quantitative structure-retention relationships (QSRRs), or models of how a protein’s binding
site was interacting with a given class of solutes [22,91,117-119]. QSRRs have since been
employed to study the binding of AGP with antihistamines, beta-adrenolytic drugs, or other
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pharmaceutical agents [7,13,43,119-121] and the binding of HSA with benzodiazepines or
2,3-substituted and 2-(4-biphenyl)-3-substituted 3-hydroxypropionic acids [118,122,123].

A related application of zonal elution has been to see how the retention of a set of drugs or
solutes is changed as the structure of the immobilized protein is altered [7,22]. This method
has been utilized to see how the modification of HSA at specific amino acids (e.g., Tyr-411,
Trp-214 or Cys-34) will affect its ability to bind to drugs or site-specific probes [124-128].
This same method has been recently used to see how non-enzymatic glycation, as occurs
during diabetes, affects the ability of HSA to bind to sulfonylureas and other drugs or solutes
[108-110].

5. Frontal Analysis

Another method that is often used in affinity chromatography and HPAC for studying
stereoselective drug-protein interactions is frontal analysis, or frontal affinity
chromatography [6,7,22]. This approach was illustrated in the bottom portion of Figure 1
[37]. Frontal analysis was first used with low-performance affinity chromatography in 1975
by Kasai and Ishii to examine the interactions of trypsin and related enzymes with
immobilized peptides [129]. A similar low-performance approach was used in 1978 and
1979 to study the binding of salicylate with BSA [130,131]. This method was then used with
HPAC starting in 1992 through 1994 to examine the binding of HSA with various solutes
(see example in Figure 4) [37]. These studies originally involved characterization of the
stereoselective interactions of /- or S-warfarin and D- or L-tryptophan with HSA [37,50].
This method has now become a routine tool for characterizing the overall interactions and
binding sites of various drugs and solutes with proteins such as HSA, AGP, and lipoproteins
[7,11,13,22].

Figure 4 provides some typical results from these early frontal analysis studies that made use
of HPAC [37]. This type of experiment is usually carried out by continuously applying a
solution that contains a known concentration of the drug or desired solute to a column that
contained an immobilized binding agent, such as HSA or AGP. As the solute binds to the
immobilized agent, the column begins to become saturated and a breakthrough curve is
formed as more solute elutes from the column [6,22]. The mean position of this curve is then
determined at several solute concentrations. If sufficiently fast association and dissociation
rates are present between the applied solute and the immobilized binding agent, the resulting
data can be used to provide information on the equilibrium constants for the interaction and
the number of binding sites that are involved in this interaction [6,22].

Early work in this area focused on the examination of systems that could be described by
relatively simple single-site binding models and linear fits to the data [37,50]. However, it is
now also common to employ more complex models and equations that may involve non-
linear fits [7,22]. Examples of such models include those that involve multi-site binding,
non-saturable interactions, and combinations of saturable plus non-saturable interactions,
such as have been observed for the interactions of some drugs with modified forms of HSA
and with AGP or lipoproteins [6,22,76—78,80-84,108-110,132-134]. This approach has
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further been employed in the study of other systems, such as drug-receptor interactions
[135] and the binding of various solutes with lectins or enzymes [136-139].

An important advantage of this method over zonal elution is that the same experiments can
be used in frontal analysis to provide information on both the equilibrium constants and
number of binding sites that are involved in a solute-protein interaction [7,22]. In addition,
frontal analysis can be used to provide precise estimates of these values, especially when
this technique is carried out in the form of HPAC [6]. Like zonal elution, frontal analysis can
be used with various supports and detection methods [6,7,22]. One disadvantage of frontal
analysis is that it does tend to take longer to perform than zonal elution, and it requires a
larger amount of solute because studies must be carried out with many solutions of the
applied compound [6,22].

Besides providing information on the overall processes involved in a drug-protein
interaction, frontal analysis can be used to study the competition between two compounds
for a protein or binding agent in an affinity column [22]. This is usually done by combining
frontal analysis with mass spectrometry, giving a hybrid method known as frontal affinity
chromatography-mass spectrometry (FAC-MS), as is illustrated in Figure 5 [6,136,138,140].
This method appeared in the late 1990s through early 2000s and typically uses an applied
solution that contains both a solute and a competing agent [136,140]. The resulting
breakthrough curves are then examined to see how the concentration of the competing agent
affects binding by the solute to the column. This data, in turn, makes it possible to see if
either direct competition or allosteric effects are present between these applied solutes
[6,136,140-144]. This method can also be used to compare the binding of a set of competing
agents to the immobilized agent and to determine the equilibrium constants for these
interactions [136,138,140-144]. Recent examples of this approach have included studies of
the binding of drugs with receptor domains [135] and the binding and displacement
properties of flavonoids in the presence of histone deacetylase SIRT6 [141]. FAC-MS has
also been employed in several studies to screen mixtures of drug candidates such as
oligosaccharides, enzyme inhibitors and peptides for their binding and interactions with
targets such as lectins, enzymes, receptors, and antibodies [136,140,143-146].

6. Kinetic methods

Zonal elution and frontal analysis experiments usually focus on equilibria that occur
between an injected or applied solute and an immobilized binding agent. However, it is
further possible to use affinity chromatography and HPAC to examine the rate of this
interaction [22,39,147-149]. The earliest approach that was developed for this purpose is
one based on band-broadening measurements [39,147-149]. This approach was suggested as
early as 1975 [150] and was used with low-performance affinity columns to study the self-
association of neurophysin Il and its binding to a neuropeptide [151]. This method was then
explored for use with HPAC in the mid-1980s for the study of lectin-sugar interactions
[39,152,153] and was adapted for use in the study of drug or solute interactions with HSA
by the mid-1990s [93,154]. Band-broadening measurements have since been used in various
forms to study the binding of drugs and drug metabolites with both HSA and AGP [80,155-
157].
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A band-broadening experiment is usually carried out by measuring the plate heights for a
drug or solute at one or more flow rates on an affinity column and then comparing these
results to those that are obtained on an inert control column [147-149]. This comparison
makes it possible to find the part of the total plate height for the drug or solute that is a result
of stationary phase mass transfer (H). The plate height term that is obtained for this process
is related to the dissociation rate for the drug/solute as it is released from the immobilized
agent and can be used, through various approaches, to obtain the dissociation rate constant
[39,147-149]. An example of such a study is provided in Figure 6 [157].

Several variations on this band-broadening approach have been reported. One form is a
technique known as the plate height method [22,39,147-149]. In this method, a plot is made
of Hi versus the injection flow rate or linear velocity, or a combined function of the flow
rate/linear velocity and the retention factor for the solute. The slope of this plot can then be
used to provide the dissociation rate constant for the solute with the immobilized binding
agent [22,147-149]. The stereoselective interactions of HSA with D/L-tryptophan and R/S-
warfarin have been examined by this approach [93,154]. Another form of the band-
broadening approach is peak profiling, which makes use of the difference in plate heights
that are measured for a drug or solute on an affinity column and on an inert control column
(see Figure 6) [157]. This difference is determined at one or more flow rates and is used to
calculate the dissociation rate constant for the solute with the immobilized binding agent
[155]. Peak profiling has been used in recent years to estimate the dissociation rate constants
for a number of chiral or achiral drugs and solutes with both HSA and AGP [80,155-158].

Another method that can be used with HPAC and affinity columns to obtain rate constants is
the peak decay method [22,147-149]. The method makes use of small affinity columns and
elution conditions in which the solute is prevented from rebinding to the immobilized
binding agent as the retained solute is released from the column [159-161]. This method
was first reported in the mid-1980s and used displacing agents to dissociate solutes (e.g.,
fluorescent sugars) that had moderate-to-strong binding to an immobilized agent in the
column (e.g., an immobilized lectin) [39,159]. When this was done at a suitable high flow
rate, the elution profile of the solute was found to form a first-order decay curve with a slope
that gave the dissociation rate constant for the solute from the column [22,39,159]. An
alternative peak decay approach was described in 2009 that could be used for systems with
weak-to-moderate strength interactions and that did not require a displacing agent [160].
This second method has been employed to measure dissociation rate constants for various
chiral and achiral drugs with both HSA [79,160,161] and AGP [79].

An alternative approach that can be used with affinity columns for either equilibrium or
kinetic studies is ultrafast affinity extraction (see Figure 7) [149,162-169]. This method was
first used for equilibrium-related measurements in 2001 [166] and for both equilibrium and
rate constant measurements in 2014 [162]. This technique can be used to study a drug-
protein interaction in solution by using a secondary binding agent in a small affinity column
to quickly extract the non-bound form of the solute from an injected sample. This extracted
fraction is then measured and used to provide information on both the rate and extent of the
drug-protein binding. Both antibodies and more general binding agents such as HSA have
been used to extract the non-bound form of drugs in this method [162-169]. The column
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size and flow are selected to minimize or control the level of dissociation that occurs by the
solutes from soluble proteins as the sample passes through the column; these conditions
often involve the use of sample residence times in the affinity column that range from a few
hundred milliseconds up to a few seconds [149].

Systems with a wide range of binding strengths and dissociation rates have been examined
by ultrafast affinity extraction [149,165,167]. Initial work with this method used it with
small antibody columns to measure the non-bound fraction of warfarin in samples that
contained this drug and HSA [166] and the non-bound fractions of phenytoin and thyroxine
in serum [165,167]. This method was then adapted for use with small HSA columns to
estimate the equilibrium constants for soluble HSA with warfarin, ibuprofen and imipramine
[163] and to measure both the non-bound fractions and binding constants for /- and S-
warfarin in serum and in mixtures with HSA [169]. This method was then adapted for
kinetic studies and used with small HSA columns to study the interactions of several drugs
with HSA [162], along with the interactions of testosterone with both HSA and sex hormone
binding globulin [168].

7. Conclusions

This review examined the use of affinity chromatography and HPAC for the study of
stereoselective drug interactions with serum binding agents, within an emphasis on the
history of this field. The general principles of affinity chromatography and HPAC were first
discussed, as related to drug-protein binding studies. Various types of serum proteins and
binding agents that have been investigated by these methods were also examined. Several
formats by which affinity chromatography and HPAC can be used in drug-protein binding
studies were then described. These formats included zonal elution and frontal analysis
methods, as well as several approaches for kinetic studies. It was shown how this group of
methods could be used to examine and measure such things as the binding constants, rate
constants, and number of binding sites for drugs with agents such as HSA, AGP, and
lipoproteins. The use of these approaches in studying drug-drug competition, in
characterizing binding sites, and in examining the mechanism of a drug-protein interaction
was also discussed. In addition, several examples of these methods were provided. As HPAC
and affinity chromatography continue to be developed for such work; it is expected that even
more applications and formats will appear for these techniques in the study of
stereoselective interactions by drugs with serum proteins and other binding agents.
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Highlights
. The use of affinity chromatography in the study of drug-protein binding is
reviewed.
. The focus is on high-performance methods and serum proteins or related

binding agents.

. The use of these methods to examine stereoselective drug interactions is
considered.
. Important historical developments in this field are discussed.
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General approaches used in affinity chromatography and HPAC for the study of drug-protein
binding. The examples shown on the right are described in more detail in Figures 2(b) and
4(a) and are adapted with permission from Refs. [37,38].
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Figure 2.
Separation of (a) /- and S-warfarin on a high-performance HSA column and in the presence

of various mobile phase concentrations of 1-propranol, and (b) separation and detection of
R- and S-norketamine in plasma using a high-performance AGP column with detection
based on mass spectrometry. Adapted with permission from Refs. [37,38].

J Pharm Biomed Anal. Author manuscript; available in PMC 2018 September 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Li and Hage

Page 23

(a)
E s
c 1LY,
(=3 Ao ——-
& /
5 ‘4‘
g f
[
S
-4
@
[
o
T
s 10
Time (min)
om *
1 _ VK (1) Ve
s 4 ’ ” e ’ + .
kx = X) Kymy Kymy
anm s
; a2 2 ™
[
a | e po
= e d
- -
L4
P »*
= (b)
3 1 ’ . ] ] ’ L]

[Octanoic acid] (mM)

Figure 3.
Examples of competition studies carried out by zonal elution. The chromatograms in (a)

were obtained on an HPLC column containing immobilized HSA by using R-warfarin as the
injected solute and mobile phases that contained L-reverse triiodothyronine (L-rT3) at
concentrations (from right-to-left) of 0.0, 0.24, 0.49, 0.97 or 1.90 uM. The plot in (b) shows
the effects of adding octanoic acid to the mobile phase on the observed retention for (4) -
warfarin, () S-warfarin, and (H) phenylbutazone on an HPLC column containing
immobilized HSA. The terms used within the equation in (b) are defined as follows: &’ 4 is
the retention factor for the injected solute, Xis the retention for this solute due to sites other
than those involved in the competitive binding with the mobile phase additive (i.e., octanoic
acid), [I] is the mobile phase concentration of the additive, V4, is the void volume, m_is the
moles of sites that are involved in the competition process, and K3 or K5 are the association
equilibrium constants for the injected solute or mobile phase additive at the site of
competition. Adapted with permission from Refs. [51,54].
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Frontal analysis (a) chromatograms and (b) plots obtained for R-warfarin by HPAC on an
HSA column. The results in (a) were acquired at 4°C and by using solutions that contained
(from right-to-left) 0.22, 0.33, 0.55, 0.76, 1.10, 1.30 or 1.50 uM R-warfarin. The results in
(b) were generated at temperatures (from bottom-to-top) of 4, 15, 25, 37 or 45°C. The term
M app represents the moles of applied warfarin that were needed to reach the mean point of
the breakthrough curve at a given concentration of this drug. Adapted with permission from

Ref. [37].
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Figure 5.
General principles behind frontal affinity chromatography-mass spectrometry (FAC-MS).

Reproduced with permission from Ref. [140].
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Figure 6.
Use of band-broadening measurements to examine the interaction kinetics for the

enantiomers of phenytoin metabolites with HSA immobilized onto an HPLC column. The
chromatograms in (a) were obtained at flow rates (from bottom-to-top) of 0.25, 0.5, 1.0 or
2.0 mL/min for injections of racemic 5-(3-hydroxyphenyl)-5-phenylhydantoin (i.e., m-
HPPH; see structure given within this figure, were the asterisk shows the chiral center). The
solid lines in (a) show the results for m-HPPH and the dashed lines show the results for
sodium nitrate (i.e., a non-retained solute). The plot in (b) was obtained for the second
eluting enantiomer of 5-(4-hydroxyphenyl)-5-phenylhydantoin (i.e., »-HPPH). In (b), Hr is
the total plate height measured for an enantiomer on the HSA column, and Hj is the plate
height determined for the same enantiomer on a control column; s the linear velocity, kis
the retention factor for the enantiomer, Hy is the plate height due to stationary phase mass
transfer, and Ay is the dissociation rate constant for the enantiomer with HSA. Adapted with
permission from Ref. [157].

J Pharm Biomed Anal. Author manuscript; available in PMC 2018 September 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Li and Hage

(a) Inject drug/protein sample

A D

D

¢

b} Retain and separate
free drug fraction from
protein-bound fraction
at high flow rates
{Provides K or nk;')

ar

Allow complex
dissociation and retain
apparent drug fraction at
low-to-medium flow
rates (Provides kj)

Figure 7.

HSA microcolumn
AAA
—_—
oy il il
AHAHA a®
ot

Scheme for (a) the injection of a drug/protein sample onto an HSA microcolumn, and (b)
use of ultrafast affinity extraction with this sample and microcolumn to determine the
association equilibrium constant (Kj) or global affinity (n7K3") for the drug-protein
interaction in solution (middle panel) or the dissociation rate constant (4y) for the drug from
the soluble drug-protein complex (bottom panel). Reproduced with permission from Ref.

[162].
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