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Diabetes is a metabolic disease that can lead to the non-enzymatic glycation of
serum proteins such as human serum albumin (HSA). Previous studies have indicated
that glycation can affect the structure and function of these proteins. This dissertation
describes the development of tools and techniques based on high performance affinity
chromatography (HPAC) and multidimensional mass spectrometry to analyze the effects
of glycation on the function and structure of HSA.

A major portion of this research involved the utilization of HPAC to examine the
effect of glycation on the binding of three second-generation sulfonylurea drugs and one
third-generation sulfonylurea drug. These studies were conducted with HSA containing
various levels of glycation. Frontal analysis and zonal elution competition studies were
used to profile the binding properties of the drugs at the major and minor binding sites on
samples of normal HSA and glycated HSA. Various trends in the binding affinity were
observed for these drugs at the levels of glycation that were examined.

A second portion of this research involved the development of an on-line

immunoextraction format in HPAC for examination of drug-protein interactions with



normal and glycated HSA. This study utilized a polyclonal anti-HSA antibody HPAC
column to extract and bind normal HSA or glycated HSA. The adsorbed HSA or
glycated HSA columns were then tested and used in a number of chromatographic
formats to examine drug-protein interactions.

Finally, a third portion of this research involved the use of multidimensional mass
spectrometry to qualitatively profile the structure of HSA through sequence analysis.
This work obtained sequence analysis results that were comparable to those found in a
previous method involving matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry. In addition, collision-induced dissociation was used to confirm the identity
of several peptide sequences that could be used as internal calibrants for future work

involving glycated HSA.
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CHAPTER 1
GENERAL INTRODUCTION
Note: Portions of this chapter have appeared in R. Matsuda, J. Anguizola, K.S. Hoy, D.S.
Hage, “Analysis of drug-protein interactions by high-performance affinity: Interactions of

sulfonylurea drugs with normal and glycated human serum albumin”, Methods 1286

(2015) 255-277.

1.1  HPAC and the Analysis of Drug-Interactions with Glycated HSA

Many biological systems involve interactions between small solutes and proteins.
Examples include the binding of low mass antigens to antibodies, enzymes to substrates,
hormones to receptors, and drugs to plasma proteins [1,2]. Various techniques have been
developed to examine and characterize these interactions. These methods have ranged
from fluorescence spectroscopy [3-6], circular dichroism [5], ultrafiltration [6-8] and
equilibrium dialysis [4,9-12] to chromatographic and electrophoretic techniques such as
size exclusion chromatography, capillary electrophoresis, and affinity capillary
electrophoresis [13-24].

One type of chromatography that has been used to examine the binding of
proteins with drugs and small solutes is high-performance affinity chromatography
(HPAC). Fig. 1-1 shows a scheme of the basic operations of HPAC. Affinity
chromatography is a type of liquid chromatography that utilizes an immobilized and
biologically-related binding agent (e.g., an antibody, enzyme or transport protein) as the
stationary phase [1]. This method makes use of the specific, reversible interactions that
occur in many biological interactions by immobilizing one of the pairs of interacting

substances onto a support and placing this binding agent within a column. The



Figure 1-1.  General scheme of an HPAC column system for utilizing an immobilized
binding agent to recognize and separate a target from other non-retained

sample components.
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immobilized binding agent, or affinity ligand, is then allowed to interact with the
corresponding targets and binding partners as these are applied to the column in the
mobile phase or as injected samples [1,25].

In traditional affinity chromatography, large and non-rigid support materials such
as agarose or carbohydrate-based gels are typically used. These materials are
inexpensive and allow for separations to be performed under gravitational force or
through use of a peristaltic pump [1,26,27]. However, these same supports can have poor
mass transfer properties and often require the use of low back pressures or flow rates,
making them most useful for preparative work or sample pretreatment [1]. In HPAC, the
support is instead a more rigid and efficient material such as HPLC-grade silica, a
perfusion support or a monolithic medium. The better mass transfer properties and
improved stability of these materials to high flow rates or high back pressures allows the
use of these supports with HPLC systems [26,27].

Affinity chromatography and HPAC have been frequently used to separate,
purify, or examine specific analytes in biological samples [1,26-36]. It is also possible to
use these methods, and in particular HPAC, to examine drug- or solute-protein
interactions. Information that can be provided by affinity chromatography and HPAC on
these interactions include the number of sites that are involved in a binding process and
the equilibrium constants that describe this binding. It is also possible to determine,
through the use of site-specific probes, the equilibrium constants that are present for a
target at specific sites on a protein, the location of these sites, and the types of
interactions that one solute may have with another at these sites [1,21,37,38]. A major

advantage of using HPAC for these studies is that it is a high-throughput technique that



can be easily automated. In addition, HPAC has the capability of using the same
immobilized biological agent and column for up to hundreds of experiments. These same
features provide this method with good precision and allow short analysis times to be
obtained during binding studies [1,21].

The analysis of drug-protein interactions by HPAC has been of interest for some
time because of the information this method can provide on the transport, distribution and
metabolism of drugs [2,39]. It has also been found that HPAC can be used to
characterize changes in drug-protein interactions that can result from metabolic processes
or disease [13-20,40]. Diabetes is one metabolic disease whose effects on drug-protein
binding have been investigated by HPAC [13-20]. Diabetes is characterized by elevated
levels of glucose in the bloodstream, which can result in the glycation of serum proteins
[3,41-44]. Glycation is a non-enzymatic process that occurs through the addition of
reducing sugars to free amine groups on proteins. The initial product of this reaction is a
reversible Schiff base, which can later rearrange to create a stable Amadori product, or
ketoamine, as shown in Fig. 1-2 [45-47]. Additional processes such as oxidation,
dehydration and cross-linking can also occur to form advanced glycation end-products
(AGEs) on proteins [48].

Recent studies have suggested that glycation related-modifications can affect the
structure and function of transport proteins such as human serum albumin (HSA) [13-
20,49,50]. A structure of HSA is shown in Fig. 1-3. HSA is the most abundant protein
in plasma and is responsible for the transportation of many drugs and solutes in blood
[51]. Reports have indicated that there is a 2- to 5-fold increase in the amount of HSA

that is glycated in diabetic patients when compared to non-diabetic individuals [52].



Figure 1-2.  General reactions involved in the glycation of HSA to form an Amadori
product, or ketoamine. This figure was adapted and reproduced with

permission from Ref. [16]
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Figure 1-3.

A structure of HSA that includes the location of several lysines that often
take part in glycation and the location of the major drug binding sites of
this protein (i.e., Sudlow sites I and I1). Each subdomain of HSA is shown
in a different color. This structure was generated using Protein Data Bank

(PDB) file ID: 1A06 and reproduced with permission from Ref. [48].
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Mass spectrometric studies have shown that glycation can occur at or near Sudlow sites |
and 11, which are the major drug binding sites on HSA [49,50]. Binding studies using
methods like HPAC have also revealed that glycation-related modifications at these sites
can affect the binding of various drugs and solutes with HSA [3,13-20,42-44]. For
instance, some of these studies have shown that the affinity at Sudlow sites | or Il can
change by 0.6- to 6-fold for some drugs in the presence of glycated HSA versus normal

HSA [48].

1.2 Approaches for Preparing Normal and Glycated HSA Columns
1.2.1 Support Materials

HPLC-grade porous silica is commonly used as the starting support material for
many HPAC applications [1,25-27]. However, other HPLC supports that can be
modified for use with immobilized proteins could also have been employed, such as
perfusion supports, polymer-based monoliths, or silica monoliths [53,54]. There are a
variety of techniques that can be used to covalently attach a protein to silica or other
HPLC-grade supports [1,25-27]. One commonly used method is the Schiff base method
(see Fig. 1-4), which first involves conversion of the silica into a diol-bonded form
[55,56]. These diol groups create a support that has low non-specific binding for many
biological agents but can also be easily modified for the immobilization of proteins or
other binding agents [1,25-27]. For instance, in the Schiff base method these diol groups
are oxidized by periodic acid to form aldehyde groups, which can then react with free
amine groups on a protein [55,57]. The resulting Schiff base can then be reduced upon
formation by using a mild reducing agent like sodium cyanoborohydride to form a stable

secondary amine linkage. The remaining aldehyde groups can later be reduced to



Figure 1-4.

Reactions involved in the immobilization of HSA to diol-bonded silica.
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alcohols by adding a stronger reducing agent, such as sodium borohydride [57]. Studies
have indicated that both the glycation and the Schiff based method involve free amine
groups on HSA, however, studies based on mass spectrometry have shown that different
residues on HSA tend to be utilized for these two processes [49,50,58]. These studies
also indicated that immobilization through the Schiff base method also involves residues
other than those found at the N-terminus or the lysines that are located at Sudlow Site |

and Il [45].

1.2.2 Protein Isolation and Preparation

The degree of isolation and preparation that is needed for a protein as a binding
agent will depend on the specific protein that is to be examined by HPAC. Several
reports have utilized both normal HSA, in vitro glycated HSA, and in vivo glycated HSA
samples as immobilized binding agents [1-20]. In one of these studies, various
preparations of glycated HSA that had glycation levels similar to those found in
individuals with pre-diabetes, controlled diabetes, or advanced/poorly controlled diabetes
were prepared in vitro [13]. The in vitro glycated HSA sample with a glycation level
representative of a prediabetic state was prepared under proprietary conditions [13,45].
This method involved a mixture of a fixed concentration of glucose with HSA that was
incubated at 37 °C for a period of time that was less than one week [13,45]. The other in
vitro glycated HSA samples were prepared by using a modified version of previously
published methods [13,59,60]. In this procedure, glucose concentrations typical of those
seen in blood for patients with controlled diabetes or advanced diabetes (15 or 30 mM)
were incubated with a physiological concentration of HSA at 37°C for 4 weeks [13].

In a study involving in vivo glycated HSA, samples of glycated HSA were
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isolated from pre-existing plasma or serum samples that had been obtained from patients
known to have diabetes [20]. A polyclonal anti-HSA antibody column was used to
extract HSA and glycated HSA from plasma or serum, according to the scheme shown in
Fig. 1-5 [20]. The extracted HSA and glycated HSA was then dialyzed against water or a

neutral pH buffer, lyophilized, and stored at -80°C until further use.

1.3 Frontal Analysis Studies

Frontal analysis is a commonly used HPAC chromatographic format that can be
used to obtain drug-binding parameters. A typical chromatographic system for use in a
frontal analysis experiment is shown in Fig. 1-6(a). This type of system and experiment
can be used to obtain information on the binding strength and binding capacity of a
column that contains an immobilized affinity ligand as this ligand interacts with a
solution of the analyte that is applied in the mobile phase [1,25-27]. A typical HPAC
system like the one in Fig. 1-6(a) contains two pumps, a switching valve, a column, and a
detector. This particular system can be used for a situation in which the analyte can be
eluted in the presence of the application buffer under isocratic conditions, as was true for
the various drugs and probes that were examined within the cited examples [13-20]. In
this situation, one of the pumps is used to apply the analyte solution and the other pump
is used to pass only an application buffer through the column. Additional pumps can be
added to the system for experiments that involve more than one analyte or if a buffer with
a different pH or composition is required for analyte elution. The valve in this system
functions to switch between the application of the analyte solution and the buffer, or
eluting solution, to column. An absorbance detector is often used to monitor the analyte

elution in this type of system; however, detection based on fluorescence, near-infrared
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Figure 1-5.  Scheme for the immunoaffinity purification and isolation of HSA and in
vivo glycated HSA (gHSA) from the serum or plasma of patients with

diabetes, as described in Ref. [20].
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Figure 1-6.
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(a) A typical chromatographic system used in frontal analysis experiments
and (b) representative results for the application of tolbutamide to an
HPAC column containing normal HSA. In (a) a valve is used to switch
the mobile phase from the application buffer to a solution that contains the
analyte to be applied to the column. A second valve change is used to
change the mobile phase back to original buffer and allow regeneration of
the column. The results in (b) were obtained by using a 2.0 cm x 2.1 mm
i.d. HSA column at 0.50 mL/min. The concentrations of tolbutamide in
(b) were 200, 100, 50, 20, and 10 uM (top-to-bottom). The plot in (b) is

reproduced with permission from Ref. [15]
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fluorescence, chemiluminescence, or mass spectrometry could also be utilized in some
cases [2].

Some typical chromatograms that have been obtained by HPAC and frontal
analysis are shown in Fig. 1-6(b). This type of study involves the continuous application
of a known concentration of the analyte to the column, with the analyte then being
allowed to bind and eventually saturate sites on the immobilized binding agent within the
column. As shown in Fig. 1-6(b), this process results in the formation of a breakthrough
curve. If a local equilibrium is present between the applied analyte and the immobilized
binding agent (i.e., relatively fast association and dissociation kinetics are present on the
time scale of the experiment), the position of the mean point of this breakthrough curve
can be related to the concentration of the applied analyte, the equilibrium constant(s) for
the analyte with the immobilized binding agent, and the number and amount of binding
sites for the analyte within the column [1,25-27].

The mean position of the breakthrough curves obtained from frontal analysis
experiments that have been carried out over a suitable number and range of analyte
concentrations can be analyzed according to various binding models. For example, if a
single-site interaction occurred between the analyte (A) and the immobilized binding
agent (or affinity ligand, L), the data for this type of interaction can be described by the

expressions shown in Egs. 1 and 2 [1,25-27,64].

_ mMmiKq [A]
Miapy = {11k lA) @
1 1 1

)

Miapy | KamylAD © my
Eq.1 provides a non-linear description of this binding model, and Eq. 2 is a linear double-

reciprocal transform of Eqg. 1. In both of these equations, m, represents the total moles of
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binding sites for the analyte in the column, Kj is the association equilibrium constant for
the analyte at these sites, and m .y, is the moles of applied analyte required to reach the
central point of the breakthrough curve at a given molar concentration of the analyte.
Equivalent expressions can be derived and used for the situation in which the
concentration and volume of the applied analyte are used in place of the moles of the
applied analyte [1,25-27,61].

A fit of either Egs. 1 or 2 to the data for a single-site system can allow the values
of Ky and m_ to be obtained. For instance, a plot of 1/miap vs. 1/[A] that is made
according to Eqg. 2 should provide a linear relationship for a single-site system, giving a
slope that is equal to (1/K; m.) and an intercept that is equal to (1/m.). The value of K, in
this situation can be determined by dividing the intercept by the slope, while m_ can be
found by taking the inverse of the intercept [1]. Fig. 1-7(a) shows some frontal analysis
data that were examined by using a double-reciprocal plot. A non-linear plot fit to Eq. 1
can also be used to obtain the equilibrium constants and moles of sites that are involved
in a drug-protein interaction, as shown in Fig. 1-8(a).

Similar expressions to those in Egs. 1 and 2 can be developed for systems that

involve multisite interactions.

__ mp1Kgq[A] mpKqz[A]
Miapp = ik [AD T (+KazlAD (3)

1 1+Kg1[Al+B2Kq1[Al+B2Kq1 % [A]
Mpapp B Mytor{ (@1+B2—a1P2)Ka1 [Al+B2Ka1%[A]2}

(4)

Examples for a two-site system are shown in Egs. 3 and 4 [62,63]. In these equations,
Kar and Ky, represent the association equilibrium constants for the highest and lowest
affinity binding sites for analyte A on the column, respectively, while m; and m,; are the

moles of these two types of binding sites. In Eq. 4, S, represents the ratio of the
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Example of double-reciprocal plots for frontal analysis studies examining
(@) the binding of warfarin to HSA at various levels of glycation, and (b)
the binding of acetohexamide to normal HSA. The inset in (b) shows the
linear fit for the lower values of 1/[acetohexamide]. Reproduced with

permission from Refs. [13,18].
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Figure 1-8.
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Fit of frontal analysis data obtained for glibenclamide on an HPAC
column containing normal HSA when analyzed by (a) a single-site binding
model based on Eq. 1 or (b) a two-site binding model based on Eq. 3. The
insets show the corresponding residual plots, where each point represents
the average of four experiments. Reproduced with permission from Ref.

[19].
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association equilibrium constants for the low vs. high affinity sites, where S, = K;o/Kai.
The fraction of all binding regions that are the high affinity sites is represented by as,
where a; = mpa/my ot [1,25-27,62].

Fig. 1-7(b) shows an example of a double-reciprocal plot that was obtained for a
system with multisite binding [14]. Unlike a single-site system, a multisite interaction
would be expected to have deviations from a linear response at high analyte
concentrations (or low 1/[A] values), as shown in the inset of Fig. 1-7(b). However, at
low analyte concentrations (or high values of 1/[A]), the relationship of 1/myap, vs. 1/[A]
does approach a linear response, as indicated by Eq. 5 [62,63].

2 2
lim[A]_)O 1 1 + ai1+B2"—a1 B, (5)

Mrapp  Mrtot(@1+B2—a1B2)Ka1[Al ~ mygor(@+B2—ayB2)?

As the concentration of the analyte approaches zero and the value of 1/[A] increases, the
apparent value of K, that is obtained from the slope and intercept of this linear region has
been shown to provide a good estimate for the association equilibrium constant of the
high affinity site in a multisite binding system [62,63]. A non-linear plot of the data
according to Eq. 3 can be used to provide information on the equilibrium constants and

moles of active binding for the two-sites of interaction, as shown in Fig. 1-8(b).

1.4, Zonal Elution Competition Studies

Another commonly used technique in HPAC is zonal elution competition studies,
which can also be used to examine the interactions between a drug and a protein
[1,25,61]. A typical chromatographic system that could be used for this type of
experiment is shown in Fig. 1-9(a). This type of system and experiment can be used to
obtain information on the site-specific binding of a drug with a protein or immobilized

agent, and on the type of competition this drug may have for other drugs or solutes at this
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(@ A typical chromatographic system for zonal elution competition
studies and (b) representative results obtained for injections of R-warfarin
in the presence of acetohexamide in the mobile phase on an HPAC column
containing normal HSA. In (a) the competing agent is in the mobile
phase, while the different probes are injected onto the column. The results
in (b) are for acetohexamide concentrations of 20, 10, 5, 1 or 0 uM (top to
bottom), using a 2.0 cm x 2.1 mm i.d. HSA column at 0.50 mL/min. The
vertical dashed line is shown for reference and demonstrates how the
retention time for the injected probe changes as the concentration of
acetohexamide is varied in the mobile phase. The plot in (b) is reproduced

with permission from Ref. [14].
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site [1,25-27]. A chromatographic system for zonal elution competition studies usually
contains at least one HPLC pump, an injector, a chromatographic column, and detector.
The pump functions to apply an injected sample of the probe or a mobile phase
containing a competing agent through the column under isocratic conditions. Additional
pumps may be used to allow for the automated application of various concentrations of
the competing agent, the use of more than one competing agent, or the use of gradient
elution for removal of a retained solute from the column. In these latter situations, a
valve can be included to switch between the various mobile phases or competing agent
solutions. Injection of the sample can be carried out with a manual system or by using an
autosampler [13-20]. Various detection modes can be utilized to monitor elution of the
probe, including absorbance, fluorescence, chemiluminescence or mass spectrometry
[61].

In a typical zonal elution competition study, a small plug of a site-specific probe
is injected onto the affinity column in the presence of a known concentration of a
competing agent in the mobile phase. Fig. 1-9(b) shows a typical zonal elution
competition experiment. The retention factor (k) for the injected probe is found by using
Eq. 6, where tg or Vg are the measured retention time or retention volume of the probe,
and ty or Vy represent the measured void time or void volume of a non-retained solute

[1].

g = r-tm _ Vr=VM (6)
tm Vm

As shown in Fig. 1-9(b), as the concentration of the competition agent is
increased, the retention time for the probe decreased. A shift in the retention factor for

the probe as the concentration of the competing agent is varied could be used to
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determine if direct or allosteric competition is occurring between the probe and the
competing agent at their sites of interaction on the column [45]. For example, if direct
competition is present for these agents at a single site on an immobilized protein, Eq. 7
can be used to describe the interaction of the probe and competing agent at their common

site of interaction.

1 _ KaVm[I] 4 Y
k Kgamp, Kgamy,

()
According to this equation, such a system should result in a linear relationship between
1/k for the probe and the concentration of the competition agent, [I] [1,25,61]. In this
equation, Kya and Ky represent the association equilibrium constants for the probe and
competing agent, respectively, and all other terms are as defined previously. Fig. 1-10
provides examples of plots that were obtained by using Eq. 7 [20]. The ratio of the slope
to the intercept for a linear fit to this plot can be used to determine the association

equilibrium constant for the competing agent at its site of competition with the probe

[1,61].

1.5  Overview of Dissertation

The purpose of this chapter was to provide the reader with an overview of the
methods in HPAC for examining the binding by sulfonylurea drugs and other solutes
with normal HSA and glycated HSA. The methods for preparing the chromatographic
supports and samples were discussed as well as the different chromatographic approaches
for using these columns, were considered. This dissertation will further discuss the
utilization and development of tools based on HPAC for the analysis of drug-protein

interactions with normal and glycated HSA. In addition to these HPAC methods, a
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Figure 1-10. Analysis of results for zonal elution competition studies between (a)
tolbutamide and R-warfarin and (b) acetohexamide and L-tryptophan on
columns that contained in vivo glycated HSA samples. These results are
for two different in vivo samples of glycated HSA, as represented by (m)

and (e®). Reproduced with permission from Ref. [20].
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structural analysis method based on multidimensional mass spectrometry will also be
described.

Chapter 2 is a review that describes the techniques and methods that can be used
to profile metabolite-protein interactions, as well as a summary of the information that
can be obtained by examining these interactions. In addition, the effects of metabolic
disease on these interactions are described.

Chapters 3-6 describe the use of HPAC to profile the binding of various second-
generation sulfonylurea drugs (i.e., gliclazide, glibenclamide, and glipizide) and a third-
generation sulfonylurea drug (i.e., glimepiride) to normal HSA and samples of HSA with
various levels of in vitro glycation. Frontal analysis will be used to determine the overall
binding of these sulfonylurea drugs to normal and glycated HSA. Various site-specific
probes will be used in zonal elution competition studies to determine the site-specific
binding of these sulfonylurea drugs to the different forms of HSA. The data from these
experiments will be fit to various binding models to determine the types of interactions
that can occur between these drugs with normal and glycated HSA. The results from
these studies will indicate how the effects of glycation can affect the binding of these
sulfonylurea drugs to HSA.

Chapter 7 discusses the development of an on-line immunoextraction technique
for examining drug-protein interactions. The goal of this work will be to develop a
method that can be used to directly use serum samples for HPAC studies with in vivo
glycated HSA. The extraction and chromatographic techniques used to evaluate this
method will be described.

Chapter 8 describes the use of multidimensional mass spectrometry and nano-
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electrospray ionization quadrupole time-of-flight mass spectrometry to qualitatively

examine the structure of HSA. Sequence analysis of the structure of HSA will be

conducted by this method, with the results being compared to those that were obtained in

previous studies involving matrix—assisted laser desorption/ionization time-of-flight mass

spectrometry. In addition to these results, analysis of several peptides on HSA will be

conducted through collision induced dissociation, in which these peptides could be used

for future work with glycated HSA.

1.6
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CHAPTER 2:
METABOLITE-PROTEIN INTERACTIONS
Note: Portions of this chapter have appeared in R. Matsuda, C. Bi, J. Anguizola, M.
Sobansky, E. Rodriguez, J. Vargas-Badilla, X. Zheng, B. Hage, D.S. Hage, “Studies of

metabolite protein interactions: A review”, J. Chromatogr. B 968 (2014) 49-63.

2.1 Introduction

Metabolomics is a field that involves the study of low mass compounds (i.e.,
metabolites) that are produced through metabolic processes [1,2]. Metabolites are part
of a collection of chemicals known as the “metabolome”, which can include small
molecules that are found in cells, tissues, organs, or biological fluids. The area of
metabolomics is of interest because the identity and concentration of metabolites can
provide information about cellular activity and can be directly related to processes such
as protein and gene expression [1-3]. This means that metabolomics can provide
information on the phenotypes of individuals at the molecular level [3]. In addition, the
characterization and examination of metabolites could lead to new discoveries in
biomedical research and personalized medicine [1,3].

Research in metabolomics began in the late 1990s and early 2000s, with the
emphasis at that time being on the effects of different metabolites on the gene expression
of bacteria and yeast [1]. The first examples of metabolomic studies utilized two-
dimensional thin-layer chromatography separations to characterize metabolites in
samples. This provided researchers with evidence that variation in the concentrations of
metabolites can affect cellular activity [1,4-6]. Further progress in the area of analytical

methods such as structural characterization and separation methods has resulted in the
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development of new instruments and techniques that can be used to provide high
resolution information and data from complex samples such as tissues and cells [1,2].

Research in metabolomics can involve either targeted or untargeted approaches
[7]. In a targeted approach, researchers use qualitative techniques such as nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) for the
identification, quantification, and structural characterization of specific metabolites. This
information can be used to examine specific classes of metabolites and to provide
information on the biochemical pathways that are involved in metabolism [2]. In an
untargeted approach, scientists use global profiling to analyze the group of chemicals in a
metabolome as a whole. This second approach is less specific and sensitive than the
targeted approach but allows for the highest possible coverage of the metabolites that
may be involved in biochemical pathways [7].

A significant amount of recent research has been devoted to metabolic profiling,
or the identification and measurement of the different metabolites that are present and
produced in the metabolome [8]. However, it is also important to consider the
interactions that occur between metabolites and biological agents, such as the binding of
cofactors to enzymes, hormones to receptors, and drugs or their metabolites to proteins
[8]. Information on these interactions can be combined with the structural data to provide
a better understanding of the regulatory networks and connections in biological pathways.
Such information, in turn, could provide a better understanding of how healthy and
disease states differ at the molecular level and could provide vital data that can be used
for pharmaceutical development [7,9].

This chapter will look at previous studies that have examined biological
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interactions as related to metabolites and proteins as binding agents. This will include an
overview of the various methods and techniques that have been used in this work to study
metabolite-protein interactions. A summary will also be provided of the different types
of metabolite-protein binding interactions that have been investigated with these
approaches. In addition, the possible effects that metabolic diseases may have on these

interactions will be considered.

2.2  Techniques for examining metabolite-protein interactions

The characterization of metabolite-protein interactions can provide a better
understanding in clinical diagnostics of the cellular activity and the biochemical
pathways that are present in various medical conditions [1-3,9]. There are many methods
that can be used to examine the binding of metabolites with proteins. These methods
may involve the direct examination of binding that occurs between proteins and low mass
drugs, hormones and their metabolites, or may involve an examination of the free
concentrations of these molecules [9-12]. The approaches that are used for this purpose

can be divided into three categories: in vitro, in vivo and in silico techniques [9,11-46].

2.2.1 Invitro methods for studying metabolite-protein interactions

In vitro methods are the most popular techniques used to characterize metabolite-
protein interactions. This approach involves the use of standard, well-controlled
conditions and reagents that are used in the laboratory to mimic conditions seen in
biological systems. To examine metabolite-protein interactions, in vitro methods may
use a binding assay (e.g., one based on ultrafiltration or equilibrium dialysis) to examine

an interaction or to identify the chemicals that are involved in this process [9]. This
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approach can provide information such as the strength of the interaction, as well as the
thermodynamics and kinetics of binding and possible conformational changes that occur
as a result of the interaction [13-15]. Alternatively, an in vitro study may make use of a
method that directly examines the structure of a protein and a bound metabolite, such as
occurs in X-ray crystallography or NMR spectroscopy [1,16-20]. Other methods may
examine the protein-metabolite complex, as demonstrated with mass spectrometry [24-
29].

There are many in vitro approaches that can be used to examine the binding of
proteins with small molecules and their metabolites. For instance, radiometry and
fluorimetry can be used with a binding assay by employing labeled metabolites that
contain either a radioisotopic label or fluorophore, respectively [10,21-23]. These labeled
metabolites are then incubated with proteins and the signal that is produced from the label
IS measured, such as through a displacement assay or a proteome microarray [10,23].
Radioisotopic labeling has been applied to enzymes to determine their activity in
metabolomic reactions [9]. An example involved the screening of potential inhibitors for
an enzyme, in which the substrate was radioactively labeled and the resulting metabolite
profiles were analyzed and measured [21]. Fluorescence labeling can provide similar
results to radiolabeling; however, this method can also be used to identify and determine
the location of a binding site for a metabolite on a protein, such as by observing the
displacement of specific probes that are bound to known locations on a protein [10].

Surface plasmon resonance (SPR) and calorimetry are two other methods that can
provide information on the strength of protein-metabolite binding and the

thermodynamics or kinetics of this interaction [13-15]. Studies based on SPR utilize an
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immobilized protein on a sensor chip, in which changes in the resonance energy (e.g.,
from binding of the protein with a target) are detected [9]. The change in this signal is
related to the mass of the bound metabolites and can be used to determine the equilibrium
constants for this process or, if examined over time, the association and dissociation
kinetics that occur between the metabolite and protein [9]. The reaction between a
metabolite and protein can result in heat being absorbed or given off [9,13]. Calorimetry
can be used to measure the overall enthalpy of the binding reaction between a metabolite
and a protein [13].

NMR spectroscopy and X-ray crystallography are two tools that have been used
to characterize the structures of metabolite-protein complexes [9,16-20]. NMR
spectroscopy has often been used in recent years for characterizing and identifying
metabolites in biological samples, but this method can also be used to examine
conformational changes that occur during the binding of metabolites with proteins [18-
20]. X-Ray crystallography can also give structural information on such interactions by
providing detailed information on the binding sites and active sites for hormones, drugs
and their metabolites or related compounds on proteins and enzymes [16-17], as is
illustrated in Fig. 2-1 [30].

Mass spectrometry can not only be used as a tool for analyzing the structure and
identity of metabolites, but it can be used to analyze metabolite-protein interactions in
which information about enzymatic processes or binding by small molecules is generated
[9]. Experiments utilizing various types of mass spectrometry, such as quadrupole mass
spectrometry or matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF MS), have allowed for analysis of the reaction kinetics and
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Figure 2-1.  Crystal structure for the complex of human androgen receptor ligand-
binding domain with testosterone (Testo). Reproduced with permission

from Ref. [30].
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determination of the products produced from enzyme-substrate reactions [7,24,25].
Further analysis through high resolution mass spectrometers (e.g., an orbitrap or Fourier
transform ion cyclotron resonance mass spectrometry) has resulted in the identification of
intermediate steps in enzymatic reactions from an accurate analysis of enzymatic
activities [26-29].

Various separation techniques can also be used to examine metabolite-protein
interactions. Examples of traditional methods often utilized for this purpose are
equilibrium dialysis, ultrafiltration, and ultracentrifugation [9,31-33].  Equilibrium
dialysis and ultrafiltration can be used to separate protein-bound metabolites from free
metabolites through the use of a semipermeable membrane. These methods are
commonly applied to determine the affinity of proteins with drugs and small solutes, but
can also be employed to examine the interactions of metabolites with proteins [31].
Ultracentrifugation can be used to provide a similar separation of free and protein-bound
forms of a metabolite by utilizing a gravitational field in combination with a density
gradient to separate these fractions [9,32]. However, each of these methods have
limitations, such as difficulties in detecting small free solute fractions, undesirable
adsorption of solutes onto the membrane (e.g., in ultrafiltration or equilibrium dialysis),
or overestimation of the free fraction due to release of the bound solute during the
separation process [33].

Various chromatographic techniques have also been employed to separate free
and protein-bound metabolite fractions [34]. As an example, size exclusion
chromatography (SEC) can be applied to this type of analysis when metabolite-protein

complexes and free metabolites have a sufficiently large difference in size. In this type of
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study, metabolites or small molecules are incubated with a protein, and SEC can be used
to remove the small molecules from proteins [34]. Such a method can be used for either
the isolation and preparation of metabolite-protein complexes, which can then be
analyzed by other methods, or can be used in binding studies to provide information on
the association equilibrium constant for a metabolite-protein interaction [8,34,35].

Affinity chromatography and high-performance affinity chromatography (HPAC)
have also become popular for analyzing solute-protein interactions [35-38]. These
affinity methods have an immobilized biological molecule, such as a protein, as the
stationary phase. When used in a low-performance setting, affinity chromatography can
be used in a similar way as SEC in that it can be used for preparation and purification.
The use of more rigid and efficient supports in HPAC allows this approach to be used as
a rapid and relatively high-throughput method for providing information about solute-
protein interactions. This information can include data on the affinity, thermodynamics
and Kinetics of these processes, as well as information on the types of sites that are
involved in the interaction (see Fig. 2-2) [35-39].

Capillary electrophoresis (CE) is another separation method that can be used to
examine metabolite-protein binding [9,37,40,41]. One way this method can be used is to
separate the free and bound metabolites through the differences in their size-to-charge
ratios. This approach can be utilized to determine the affinity of metabolite-protein
binding or combined with other methods such as mass spectrometry to examine the free
and bound metabolites [41]. One form of CE is affinity capillary electrophoresis (ACE),
in which a biological molecule such as a protein is used as a running buffer additive, thus

making it possible to obtain data on the interactions of solute components with this
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Example of a competition study using high-performance affinity
chromatography to examine the interactions of an injected site-selective
probe with a solute that is present at a known concentration in the mobile
phase. This example shows the change in the retention factor (k) that was
measured for R-warfarin as a probe for Sudlow site | of human serum
albumin (HSA) in the presence of various concentrations of tolbutamide as
a competing agent. These results were obtained for columns that
contained two clinical samples of HSA that had different levels of

modification due to glycation. Adapted with permission from Ref. [39].
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additive [40]. Like HPAC, ACE is a relatively fast method and can be used with small
amounts of sample for the screening or analysis of metabolite-protein interactions

[38,40].

2.2.2 Invivo methods for studying metabolite-protein interactions

Although in vitro methods can provide detailed information about metabolite-
protein interactions, in vivo analysis can provide a better description for the metabolite-
protein interactions that occur within a biological sample [8,9]. This is particularly true
in a situation where a protein may undergo post-translational modifications that result in
changes in the protein’s interactions with solutes such as drugs and their metabolites [9].
In vivo methods are often similar to techniques used for in vitro studies but must be able
to work with complex samples. In many cases, clinical samples from patients can be
obtained and analyzed through approaches such as labeling, NMR or MS structural
characterization, and affinity separation methods. By utilizing in vivo studies, researchers
are better able to understand the effect of disease states on metabolite-protein

interactions, as well as related biochemical pathways and regulatory processes [9,39].

2.2.3 Insilico methods for studying metabolite-protein interactions

Another area of examining metabolite-protein interactions is through in silico
tools [9]. These methods utilize computational schemes to determine the docking
configurations of a metabolite’s binding sites on proteins or enzymes, as obtained
through the use of molecular modeling or quantum mechanics [42,43]. This approach
can provide information about the structure of a metabolite-protein complex at a given

binding site through an analysis of the most thermodynamically-favorable configurations.
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These computational methods can result in docking predictions that have a 1.5 to 2 A
accuracy with success rates of 70-80% [43]. If the location of a binding site is not known
in advance, a homology method can be used to predict binding sites on a protein through
the use of the protein’s amino acid sequence and chemical structures of the metabolites
[44]. This method can allow for accurate prediction of ligand-binding proteins and
enable the development of a database for these peptide sequences selected for binding to
different metabolites [9,45]. These in silico methods can be combined with in vitro
analysis to optimize the structural characterization of metabolite-protein interactions, as

demonstrated in NMR experiments [46].

2.3 Interactions of proteins with hormones and related metabolites

Hormones are chemicals that are secreted by endocrine glands. Hormones play a
significant role in many regulation pathways, including metabolism, growth and
development [47,48]. Examples of low mass hormones include various types of steroids
(e.g., estrogens and testosterone) or thyroid hormones (e.g., thyroxine) [49-52]. As these
chemicals enter the circulation, they are carried to their target tissue or organ to produce
an effect. Many low mass hormones are transported in the bloodstream through their
binding to serum proteins [51,52]. These transport proteins may bind to a broad range of
hormones and other targets, as occurs for human serum albumin (HSA), or they may be
specific for a given hormone or group of hormones, as is the case for thyroxine-binding
globulin (TBG) [49]. Once it has been delivered to its target tissue or organ, the hormone
can then bind with a receptor to produce an effect. This section will consider interaction
studies that have been reported for several types of hormones or their metabolites with

serum proteins and hormone receptors.
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2.3.1 Thyroid hormones

Thyroid hormones are a group of iodothyronine compounds that are responsible
for metabolism, growth, development, and the regulation of iodine within the body [47].
Many of these hormones are bound in the bloodstream to both HSA through low-to-
moderate affinity interactions and to transthyretin or TBG through higher affinity
processes [48,49]. An important compound in this group is the hormone L-thyroxine (L-
3,5,3’,5’-tetraiodothyronine, or T,4), which can be metabolized to form L-3,5,3’-
triiodothyronine (T3) [53,54]. Both T, and T3 are actively involved in regulatory
processes and are more than 99% bound to transport proteins in blood [49,53,54].

Several studies have explored the structural differences between thyroid
hormones and related compounds as they bind to serum proteins or cell surface receptors
[53-55]. One report utilized HPAC to characterize the binding of T4, T3 and related
compounds with HSA,; the results were used to examine both the affinity constants and
thermodynamic properties of these compounds in their interactions with this protein [54].
Some typical results that were obtained in competition studies and through the use of site-
specific probes are provided in Table 2-1. The results indicated that these thyroid
hormones were interacting with HSA at both of the major drug-binding sites o (i.e.,
Sudlow sites | and I1) [53,54]. A comparison of the data obtained for the thyroid
hormones and their metabolites indicated that the number and position of iodines, the
phenol group, and the thyronine backbone were all important during the binding of these
compounds to HSA [54]. Structural studies have also been carried out through the use of
modeling and crystallographic data to examine the binding of thyroxine and related

compounds to a cell surface receptor for thyroid hormones on avp3 integrin [55].
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2.3.2 Steroid hormones

The protein binding of steroid hormones and their metabolites has also been
characterized through a variety of techniques. As an example, the crystal structure of the
serum transport protein sex-hormone binding globulin (SHBG) was determined for a
complex of this protein with Sa-dihydrotestosterone [56]. SHBG is an important binding
agent in blood for many sex hormones and related compounds, including estradiol,
testosterone, androste-5-ene-3p,17p-diol, and 5a-dihydrotestosterone [47,49,56]. The
information that was obtained from the crystal structure for the Sa-
dihydrotestosterone/SHBG complex was compared with the results of previous binding
studies for steroid hormones with SHBG [57,58], and this allowed a model for the
binding sites for these compounds to be developed. This model gave good agreement
with prior data from site-directed mutagenesis [59-61] and photolabeling experiments
[62,63] that have been conducted with SHBG [58].

Another structural study looked at the interactions between the human androgen
receptor (AR) ligand-binding domain and several androgen-related steroid hormones and
metabolites [30]. The compounds that were examined included testosterone,
dihydrotestosterone, and tetrahydrogestrinone. An example of some of the results was
provided earlier in Fig. 2-1. Both the binding affinity and structural characteristics for
the complexes of these agents with AR were explored. Tetrahydrogestrinone was found
to have the highest affinity for the AR ligand-binding domain. This strong binding was
thought to be due to the presence of greater van der Waals interactions for this compound
than for the other steroids that were studied. Dihydrotestosterone had a higher affinity

than testosterone, an effect that was proposed to be due to the stronger electrostatic
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interactions between the structure of dihydrotestosterone and the AR binding domain

[30].

2.4 Interactions of proteins with fatty acids and related metabolites

Fatty acids can also have significant binding to proteins. These compounds are
carboxylic acids that contain hydrocarbon chains with lengths of 4 to 36 carbons. In
some fatty acids, the hydrocarbon chain is unbranched and fully saturated, such as
myristic acid (C14:0). In others, the chain contains one or more double bonds, as is the
case of linoleic acid (C18:2) [48]. Long chain fatty acids (i.e., fatty acids with chains
containing 16-20 carbons) are particularly critical for a diverse set of cellular and
metabolic functions. For instance, long chain fatty acids act as fuel that can be stored as
triacylglycerols (or triglycerides) and that can be used to generate ATP through [-
oxidation in mitochondria and peroxisomes. In addition, fatty acids are the precursors of
phospholipids and glycolipids, which are needed for the construction of membranes [64].

Long chain fatty acids such as oleic (C18:1), palmitic (C16:0), linoleic (C18:2),
stearic (C18:0), arachidonic (C20:4) and palmitoleic (C16:1) are crucial intermediates in
lipid metabolism [65]. They tend to have low solubility in water and are typically bound
in plasma to proteins, with less than 0.1% being present as non-bound, or “free”, fatty
acids. Most of the long chain fatty acids in the blood are transported by HSA [65-68].
HSA carries between 0.1 and 2 mol of fatty acids under normal physiological conditions.
However, this value can rise to as high as 6 mol fatty acid per mol of HSA in the
peripheral vasculature during fasting or exercise or disease states such as diabetes, liver
and cardiovascular disease [67].

Many recent studies have attempted to locate fatty acid binding sites on HSA by
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using X-ray crystallography or NMR spectroscopy [67,69-73]. In addition, site-directed
mutagenesis has been utilized with these methods to see how specific sequence changes
will affect HSA’s binding properties and structure [67,69]. Such studies have revealed
that five to seven binding sites on HSA may be occupied by medium and long-chain fatty
acids [71]. These binding sites are asymmetrically distributed across the three domains
of HSA, with three of these sites overlapping Sudlow sites | and 11 [70]. All of these sites
have similar structural interactions with fatty acids, providing a deep hydrophobic pocket
for the methylene tail and containing two or three polar surface residues nearby which
provide a binding location for the carboxylic head group of the fatty acid.

A variety of techniques have also been employed to estimate the binding
constants for fatty acids at their sites on HSA. The strongest of these interactions have
association equilibrium constants that range from 10° and 10° M™ [66,74-77]. It has been
observed for fatty acids with multiple binding sites on HSA that the value of the
individual association constants for each mole of added fatty acid increased as the length
of the fatty acid chain was raised [71]. It was later found that the association equilibrium
constant for the first bound fatty acid increases with chain length but that this increase
does not necessarily occur in a linear fashion; instead, the affinity is generally dependent
on the hydrophobic portion of the fatty acid and how it interacts with HSA [69]. It has
further been demonstrated that some fatty acids can have direct competition with drugs

on HSA or can lead to allosteric effects during these binding processes [72,74,75,78].

2.5 Interactions of proteins with drugs and related metabolites
Numerous studies have examined the interactions of drugs and their metabolites

with proteins. Like low mass hormones, many drugs and their metabolites are
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transported throughout the body through the use of serum transport proteins.
Approximately 43% of the 1500 most commonly used pharmaceutics have at least 90%
binding to such binding agents [35,79]. These interactions usually involve proteins that
can bind to a broad range of targets, such as HSA and alphaj-acid glycoprotein (AGP),
and can play a significant role in determining the activity, distribution, rate of excretion
or metabolism, and toxicity of many pharmaceutical agents in the body [80]. In recent
years there has also been interest in how the presence of drug metabolites can affect the

distribution, apparent activity, and protein interactions of the parent drug [81].

2.5.1 General effects of metabolites on drug-protein interactions

Many studies have investigated the difference between drugs and their
metabolites in their overall binding in serum or to specific serum proteins. For instance,
equilibrium dialysis was used to examine the binding of propisomide and its major
metabolite to human serum and isolated serum proteins such as AGP [82] and the binding
of acetohexamide and its metabolite (-)-hydroxyhexamide to HSA [83]. Another study
utilized a similar approach to investigate the binding by tolterodine and its 5-
hydroxymethyl or N-dealkylated metabolites to human serum, HSA and AGP [84].
Equilibrium dialysis was also used to measure the binding of tizoxanide, an active
metabolite of the drug nitazoxanide, with aloumin and AGP [85].

A few studies have been conducted to provide a more detailed comparison of the
binding regions and binding constants for drugs and their metabolites on serum proteins.
As an example, HPAC and competition studies have been used to compare the binding
regions on HSA for the drug phenytoin and its two major metabolites: 5-(3-

hydroxyphenyl)-5-phenylhydantoin and 5-(4-hydroxyphenyl)-5-phenylhydantoin (i.e., m-
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HPPH and p-HPPH, respectively) [81,86]. In an examination of both the major and
minor drug binding regions of HSA, phenytoin was found to have direct binding at
Sudlow site 1l and the digitoxin site, with association equilibrium constants at these
regions in the range of 0.65-1.04 x 10* M™ at 37 °C and pH 7.4 (see Table 2-2). The
same drug had allosteric effects plus possible direct binding at Sudlow site | and the
tamoxifen site [86]. However, m-HPPH and p-HPPH only had significant interactions
with Sudlow site II, with binding constants of 0.32-0.57 x 10® M™ for this region [81].
Thus, the parent drug and its metabolites not only had different affinities for HSA but

also had differences in the number of interaction sites [81,86].

2.5.2 Effects of chirality on drug metabolite-protein binding

Another factor to consider for drug- and drug metabolite-protein binding is the
effect of chirality on these interactions. Chiral drugs have been estimated to represent
40-50% of all drugs that are currently on the market [87,88]. The separate chiral forms
for some drugs can exhibit a wide variation in their toxicology, pharmacokinetics and
metabolism. In the extreme case, one enantiomer may produce the desired function in
treatment while another may be inactive or even produce undesirable toxic effects. This
is because numerous biomolecules (i.e., enzymes and plasma proteins) work as chiral
selectors, which can produce different binding or metabolic processes to occur for each
chiral form of a drug [89-95].

These differences have made it possible in the past to use protein-based HPLC
columns, such as those containing serum proteins, for separating the various chiral forms
of many drugs [93-95]. The same approach has been utilized to separate and measure

chiral drugs and their metabolites in biological samples. For instance, an AGP column
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was recently used with fluorescence detection to measure the enantiomers of tramadol
and its two major metabolites, O-desmethyltramadol and N-desmethyltramadol, in
plasma samples (see Fig. 2-3). This method was then used to examine the
pharmacokinetics for each of these compounds in the body [96]. A similar approach has
been used with LC-MS to examine the chiral forms of methadone and its metabolites 2-
ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine and 2-ethyl-5-methyl-3,3-diphenyl-1-
pyrroline in hair samples from patients undergoing methadone maintenance therapy 97].
As has been observed for their parent drugs, the different forms of a chiral
metabolite can also differ in how they interact with proteins. One report compared the
chiral forms of oxybutynin and its metabolite, N-desethyloxybutynin, in their binding and
competition on HSA and AGP. The results showed that the affinity of oxybutynin
enantiomers on AGP was much higher than on HSA, and that the enantiomers of N-
desethyloxybutynin and oxybutynin were all bound by the same site on AGP [33].
Another study involving the phenytoin metabolites m-HPPH and p-HPPH compared the
dissociation rates of the chiral forms of these metabolites from an HPLC column
containing immobilized HSA [98]. Dissociation rate constants of 8.2-9.6 s were
obtained at pH 7.4 and 37° C for the enantiomers of m-HPPH, while values of 3.2-4.1 s™
were obtained for the enantiomers of p-HPPH. These results were then used along with
separate estimates of the association equilibrium constants to also compare the

association rate constants for these metabolites and their enantiomers [98].

2.5.3. Use of binding data to characterize protein interaction sites for drug metabolites
A number of reports have used binding data for drugs, their metabolites and

related analogs to learn about the binding site of these compounds on a protein. Binding



Figure 2-3.
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Chiral separation and analysis of tramadol and its major metabolites using
HPLC and a column containing immobilized APG as stationary phase.
The results in (a) are for a blank human plasma sample. The results in (b)
are for a plasma sample taken from a volunteer 2.5 hours after receiving a
100 mg dose of racemic tramadol. Symbols: enantiomers of tramadol,
+(T) and —(T); enantiomers of the metabolite O-desmethyltramadol,
+(M1) and —(M1); enantiomers of the metabolite N-desmethyltramadol,
+(M2) and —(M2); and internal standard (fluconazol), 1S. Adapted with

permission from Ref. [96].
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and retention data that have been acquired by HPAC have been used to examine the
binding of several types of compounds with immobilized serum proteins. This approach
has been used to examine the binding of warfarin and coumarin compounds to HSA [99-
101], as well as the binding of L-tryptophan and various indole compounds to this protein
[102-104]. The same general method has been used to compare the binding of several
sulfonylurea drugs with HSA and various preparations of glycated HSA [39,105-110].

If a relatively large group of compounds is considered in a binding study, the
results can be used to create a quantitative structure-retention (or reactivity) relationship
(QSRR) to describe the site at which these agents are binding to a protein [111-114]. For
instance, binding studies based on HPLC or CE using serum proteins can be used to
mimic biological systems and to quickly study how changes in the structure of an applied
drug or analog will alter these interactions [115,116]. This format has been used to build
models that describe the binding of HSA with benzodiazepines [117-119]. Such an
approach has also been utilized to examine the binding of AGP with beta-adrenolytic
drugs, antihistamines, amino alcohols, cyclic vinca alkaloid analogs, and quinazolone

derivatives [116,120-125].

2.6 Interactions of proteins with xenobiotics and related metabolites

The term “xenobiotics” refers to chemicals that are produced synthetically and
that are not normally found in biological organisms [126]. Drugs represent one type of
xenobiotic, but others include environmental pollutants and food additives [126-128].
When they enter the body, xenobiotics can be metabolized through various enzymatic
processes. The resulting metabolites, in turn, can sometimes interact with proteins and

compete for endogenous compounds for common binding agents [126,129].
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Several studies have examined the effects that xenobiotics and their metabolites
may have on hormone-protein binding [127,130,131]. For example, the effect of
polybrominated diphenyl ethers (PBDESs) on the binding of thyroid hormones to serum
proteins has been examined [131]. It has been suggested in several studies that
environmental exposure to PBDEs can result in decreased thyroid hormone
concentrations in serum, leading to possible neurotoxicity and behavioral effects [131-
133]. This effect may be linked to the fact that, when metabolized, PBDEs become
hydroxylated and produce a chemical structure similar to that of T, and its metabolites.
It has been further found that PBDE metabolites are able to bind to T4-binding proteins in
serum, which could result in the displacement of thyroid hormones. One study examined
the binding of transthyretin and TBG with fourteen hydroxylated PBDE compounds
through various methods. A fluorescence displacement assay indicated that hydroxylated
PBDEs could compete with T, for binding sites on transthyretin, while work with circular
dichroism indicated that hydroxylated PBDEs could bind to the same sites as T, on TBG
and transthyretin [131]. Binding and competition with T4 has also been noted for some
polychlorinated biphenyls (PCBs), dichlorodiphenyltrichloroethane (DDT), and related
metabolites or compounds with human thyroid receptor, TBG, and transthyretin [130].

Another report examined the effects for a number of xenobiotics and their
metabolites on the binding of 17p-estradiol to the estrogen receptor and on the binding of
5a-dihydrotestosterone to the androgen receptor, androgen-binding protein, and SHBG
[127]. Compounds that were tested included hexachlorocyclohexane, DDT,
methoxychlor, pentachlorophenol, and nonylphenol. It was found that some of these

xenobiotics and metabolites could cause a significant decrease in the binding of 5a-
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hydrotestosterone or 17B-estradiol to their binding proteins. It was further found that
binding by these xenobiotic agents could be selective for the steroid receptors and
binding proteins that were tested [127].

Polyphenolic compounds are flavonoids that are often used as dietary
supplements [128]. Ultrafiltration and CE were used to examine the binding of these
compounds to the human serum proteins HSA and AGP. Although similar in structure,
these compounds did vary in their affinity towards HSA, with a high level of binding
being observed for those compounds with hydrophobic properties and a carbonyl at a
certain key position in their structure. It was further noted that these hydrophobic
properties did not play a major role in the ability of polyphenolic compounds to bind with

AGP [128].

2.7  Variations in protein structure and binding due to metabolic processes
Another way in which changes in metabolites may affect solute protein
interactions is through changes that are created in the structure of the protein. In some
cases, these changes may be a direct result of the modification of a protein by a
metabolite (e.g., glycation, as discussed in the next section) [39,80,93,134]. In others,
this change may be a response to differences in a protein’s environment that are created
as the metabolic profile is altered (e.g., as might occur through oxidation) [135,136].
This section will discuss both types of effects using changes that have been observed in

serum transport proteins and binding agents as examples.

2.7.1. Human serum albumin

One protein that has been found to be altered by some metabolic disease is HSA.
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As has been indicated earlier, HSA is a serum protein that plays a fundamental role in the
reversible binding and transport of metabolites, drugs and various endogenous ligands,
such as fatty acids [65,137]. HSA is normally found in blood at concentrations ranging
from 30-50 g/L and accounts for approximately 60% of the total serum protein content
[65]. Binding to HSA is known to greatly influence the pharmacokinetics and activity of
many common drugs [49,138-140]. In addition, HSA can increase the solubility of
lipophilic drugs, sequester toxins, and act as an important antioxidant in plasma [49,65].

Several past studies have noted that the chemical modification of HSA can alter
its binding to drugs, hormones and other solutes. For instance, the reaction of HSA with
p-nitropheny acetate, which is thought to mainly modify Tyr-411 at Sudlow site Il, can
change the binding of various solutes with this protein [141]. The modification of Trp-
214 by o-nitrophenylsulphenyl chloride has been demonstrated to change the
stereoselectivity and binding affinity of Sudlow site | of HSA [142]. Similar work has
been presented that has examined the effects of modifying the lone free cysteine group on
HSA by reacting this protein with ethacrynic acid [143,144].

Diabetes is a metabolic disease in which the structure of HSA can be modified.
This disease is actually a group of disorders that are characterized by abnormal high
levels of blood glucose (i.e., hyperglycemia) that result from insulin deficiency and/or
insulin resistance [145]. Many of the long term complications of diabetes, such as heart
disease and nerve damage, are associated with the non-enzymatic glycation of proteins
[145,146]. Glycation starts with the nucleophilic attack of a reducing sugar (e.g.,
glucose) onto some of the primary amine groups on proteins to form a reversible Schiff

base (see Fig. 2-4). This intermediate can then slowly rearrange to form a more stable
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Figure 2-4.  Reactions involved in the early stages of glycation of a protein, using
human serum albumin (HSA) as an example [105,145]. This figure has

been reproduced with permission from Ref. [105].
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Amadori product [145-147]. Oxidation of the Amadori products or free sugars can also
generate reactive o-oxaloaldehydes that can react with both lysines and arginines on
proteins to form advanced glycation end-products (AGEs) [147].

In recent years, it has been found that glycation can affect the binding of several
endogenous and exogenous solutes with HSA. For example, L-tryptophan is an essential
amino acid [148] and has been extensively used as a site-selective probe for Sudlow site
Il of glycated HSA and normal HSA [105-108,149]. Recent binding studies using
glycated HSA with levels of modification similar to those found in diabetes found an
increase of 4.7- to 5.8-fold in the affinity of L-tryptophan for this protein at 37 °C
[106,149]. Sulfonylurea drugs are a group of anti-diabetic drugs that are used in the
management of type 2 diabetes; these drugs are also highly bound to serum proteins such
as HSA. Binding studies based on HPAC have found that glycation can affect the
binding strength of these drugs to HSA, with both the degree of glycation and the specific
type of drug influencing the size of the change [39,105-110].

As indicated in the last section, fatty acids are the major endogenous ligands of
HSA and are also known to have many binding sites on this protein [75]. Reports that
have examined the combined effect of glycation and the presence of various fatty acids
on the binding of sulfonylurea drugs to HSA have found that glycation increases the
overall affinity of these drugs to HSA, while the addition of increasing amounts of fatty
acids causes a decrease in affinity [74,76]. It has further been noted that glycation could
produce changes of at least 3- to 5-fold in the affinities of some fatty acids at their sites of
competition with sulfonylurea drugs when comparing the binding of these solutes to

normal HSA [76].
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Methylglyoxal is a highly reactive metabolite of glucose that has been implicated
in several chronic diseases associated with diabetes [150,151]. The elevated
concentrations of methylglyoxal in diabetes patients can also lead to protein modification
and the formation AGEs through the reaction of methylglyoxal with arginine or lysine
residues. A recent report using quantitative MS and multiple reaction monitoring found
that a major site for modification by methylglyoxal on HSA occurs at Arg-257, which is
located in Sudlow site I. Molecular modeling conducted in the same study indicated that
a decrease in binding by warfarin may occur due to these modifications when comparing

glycated HSA and normal HSA [151].

2.7.2. Alphaz-acid glycoprotein

A second type of serum transport protein that can be affected by metabolic
diseases is AGP. AGP is an acute-phase protein that is responsible for binding and
delivering numerous basic and neutral drugs in the bloodstream [121]. The concentration
of AGP in blood can vary over a wide range and is affected by systemic tissue injury,
inflammation and infection. In addition, the glycosylation of AGP can be altered in
some disease states, such as rheumatoid arthritis, systemic lupus erythematosus and
autoimmune thyroid disease [152]. These changes are important because they can also
alter the binding of drugs to AGP. As an example, the affinity of disopyramide for AGP
has been found to be affected by the biantennary glycan structures for this protein
[153,154]. It has also been reported that genetic variants of AGP can have a significant
effect on binding by chiral drugs such as disopyramide and warfarin [153,155].

A number of reports have looked at how changes in AGP binding can affect

parent drugs compared to their metabolites. One study evaluated the effect of AGP on
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lidocaine and its active metabolites monoethylglycinexylidide and glycinexylidide during
continuous epidural anesthesia in infants and young children. The results indicated the
AGP concentration in plasma could be used as an index to monitor and prevent the
toxicity caused by the accumulation of monoethylglycinexylidide during the continuous
administration of lidocaine [156]. Another report looked at the concentrations of
vecuronium and its metabolite 3-OH desacetylvecuronium in children who were
receiving phenytoin or carbamazepine for chronic anticonvulsant therapy [157]. These
last two drugs were of interest because many anticonvulsant drugs have been shown to
increase the concentration of AGP in plasma, which can then increase protein binding to
cationic drugs and alter their distribution. It was found that the increase in AGP
concentration associated with the anticonvulsant therapy did not significantly contribute

to resistance to vecuronium [158].

2.7.3. Lipoproteins

Lipoproteins are another set of binding agents in serum that can be affected by
metabolic diseases. Lipoproteins are macromolecular complexes of proteins and lipids
that transport hydrophobic lipids and related compounds, such as cholesterol and
triglycerides, throughout the body [158-161]. Lipoproteins are also known to interact
with several basic and neutral hydrophobic drugs in blood [99,162-172]. Examples of
drugs that bind to lipoproteins are propranolol and verapamil [37,162-169,173-175].

Lipoprotein concentrations in blood can vary with different disease states. For
example, the levels of low-density lipoprotein (LDL) in plasma can increase in diseases
such as atherosclerosis and hyperlipidemia [176]. In addition to changes in the levels of

lipoproteins in the circulation, metabolic diseases often result in modifications in
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lipoprotein structures. For instance, increased amounts of LDL that have been modified
by AGEs are found in diabetics and non-diabetics with renal failure. Glycation of LDL
may lead to the formation of foam cells and an increase in atherosclerosis. In addition,
glycated LDL is more susceptible to further modifications due to oxidation [135].

The oxidation of lipoproteins occurs through free radicals, such as peroxyl
radicals, which are released from cells and chemical reactions [136]. These radicals can
react with lipoproteins, depleting the particle’s antioxidant defense and initiating
oxidation of the lipid core. In the later stages of this process, the surface protein also
becomes modified. = The oxidation of lipoproteins, specifically LDL, leads to
atherosclerosis [136]. In addition to the increased risk of atherosclerosis, oxidized
lipoproteins may also impact the ability of the complexes to bind and carry basic and
neutral drugs throughout the body [176].

The effects of LDL oxidation on drug binding have been evaluated by using CE
and using verapamil and nilvadipine as models for basic and neutral drugs, respectively
[176]. It was found that the affinity of these drugs increased with the amount of LDL
oxidation. In addition, the binding of verapamil was increased more than it was for
nilvadipine, suggesting that basic drugs were more sensitive to oxidation effects. No
stereoselective binding was detected between LDL and these model drugs at any
oxidation state [176]. However, other studies based on HPAC have noted different

binding for the chiral forms of some drugs to LDL [174,175].

2.8 Conclusion
The field of metabolomics has seen great growth in recent years because of the

wealth of information it can provide about biochemical pathways and processes. This
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review examined previous reports that have looked at the interactions of metabolites with
proteins. The first topic discussed was an overview of techniques that have been used to
characterize and study metabolite-protein binding. These methods have been used in
vitro and in vivo studies to provide information on the structures of metabolite-protein
complexes and to examine the nature of metabolite-protein interactions. Computational
studies using in silico tools have been used to provide additional data on metabolite-
protein complexes and interactions.

This review next described numerous studies that have investigated the binding of
various types of small solutes and their metabolites with proteins. This included work
that has been carried out with hormones, fatty acids, drugs or other xenobiotics, and their
metabolites with transport proteins and receptors. These examples have considered the
structures of the resulting solute-protein complexes, the nature of the binding sites, the
strength of these interactions, the variations in these interactions with solute structure,
and the kinetics of these reactions. Studies that have examined the effects of various
metabolic processes on the structure and activities of proteins, and on the corresponding
interactions of solutes with these proteins, were also summarized.

Although most past work in metabolomics has been concerned with the structure
and analysis of metabolites, research in metabolite-protein interactions is still a relatively
new area. Based on the research that has already been carried out, it is already clear that
data on metabolite-protein interactions can provide useful information on biological
processes that involve hormones, drugs and other low mass solutes. It is further expected
that this type of research will continue to grow in the future as metabolomics becomes

more widely used in biomedical research, pharmaceutical science, and personalized
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medicine.
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CHAPTER 3:

HIGH-PERFORMANCE AFFINITY CHROMATOGRAPHY AND THE
ANALYSIS OF DRUG INTERACTIONS WITH MODIFIED PROTEINS:
BINDING OF GLICLAZIDE WITH GLYCATED HUMAN SERUM ALBUMIN
Note: Portions of this chapter have appeared in R. Matsuda, J. Anguizola, K.S. Joseph,
D.S. Hage, “High-performance affinity chromatography and the analysis of drug
interactions with modified proteins: Binding of gliclazide with glycated human serum

albumin”, Anal. Bioanal. Chem. 401 (2011) 2811-2819.

3.1 Introduction

The American Diabetes Association reports that an estimated 25.8 million
children and adults in the U.S. have diabetes, representing almost 8.3% of the population
[1]. Diabetes is a health condition that is related to insulin deficiency or a resistance to
insulin. This disorder results in an increased level of glucose in blood. There are two
main types of diabetes. Type | diabetes (i.e., juvenile or insulin-dependent diabetes) is
caused when the immune system attacks pancreatic beta cells and results in little or no
production of insulin. These patients require insulin for treatment. Type Il diabetes (i.e.,
non-insulin dependent or adult onset diabetes) is the most common type of diabetes and is
created by insulin resistance [1].

Type 1l diabetes is frequently treated by using sulfonylurea drugs [2].
Sulfonylurea drugs increase the amount of insulin that is released from beta cells in the
pancreas, which helps control the buildup of glucose in blood. Gliclazide (see Fig. 3-1) is
a second generation sulfonylurea drug that is taken orally.  Second-generation

sulfonylurea drugs like gliclazide have a better effectiveness than first-generation



100

Figure 3-1.  Structure of gliclazide.
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sulfonylurea drugs (e.g., acetohexamide and tolbutamide) in the treatment of diabetes and
are more easily excreted by the body [3].

Sulfonylureas such as gliclazide are known to be tightly bound to serum proteins
when these drugs are in blood. The most abundant serum protein is human serum
albumin (HSA) [4-10], which is also the main carrier protein for sulfonylurea drugs in the
circulation [4]. HSA has a mass of 66.5 kDa and has two major binding sites for drugs:
Sudlow sites I and 11 [4]. Sudlow site | is located in subdomain 1A of HSA and is known
to bind a variety of drugs, such as warfarin, azapropazone, phenylbutazone, and salicylate
[5]. Sudlow site Il is in subdomain I1IA of HSA and has been shown to bind to
ibuprofen, fenoprofen, ketoprofen, benzodiazepines, and L-tryptophan [5]. Both Sudlow
sites | and Il have also been found to bind to the first-generation sulfonylurea drugs
acetohexamide and tolbutamide [6,7].

Glycation is a type of protein modification that is believed to alter the interactions
of some drugs with HSA. Glycation occurs when the presence of glucose in blood leads
to the non-enzymatic addition of glucose with proteins. This process initially occurs
through a reaction between glucose or a reducing sugar and a free amine group on a
protein (see Fig. 3-2) [8-13]. Normal individuals have 6-13% of their HSA in a form that
is glycated in blood [8,9,11]. A person with diabetes has approximately 20-30% or more
of their HSA in a glycated form [8,9,11]. In addition, it is known that both Sudlow sites |
and 1l can be modified as a result of glycation [8-13] and that this modification can affect
the binding of first-generation sulfonylurea drugs at these sites [6,7]. Although the
pharmacokinetics and overall serum protein binding of gliclazide has been previously

examined for healthy and diabetic subjects [14,15], no detailed information was provided
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Figure 3-2.  General reactions involved in the glycation of HSA.
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in this prior work on the strength of this binding with HSA or on the effects of glycation
on gliclazide-HSA interactions.

The purpose of this study will be to use high-performance affinity
chromatography (HPAC) to examine the binding of gliclazide to normal HSA and HSA
that has been modified in vitro to contain various stages of glycation [16-18]. HPAC is a
type of HPLC that uses an immobilized biological molecule (e.g., HSA) as the stationary
phase [16]. It is known from prior work that HPAC can be used with HSA columns to
provide precise and fast measurements of drug-protein interactions with results that give
good agreement with those obtained for soluble HSA [17]. Other advantages of using
HPAC for this type of research are its ease of automation and its ability to use the same
preparation of a protein for hundreds of experiments [16-18]. Recent work with HPAC
as a screening method has indicated that significant changes can occur in the binding of
gliclazide with HSA during glycation, resulting in trends similar to those seen for
acetohexamide and tolbutamide [19]. This chapter will examine these interactions in a
quantitative manner by first using the method of frontal analysis (or frontal affinity
chromatography) to determine the overall equilibrium constants and binding capacities
for gliclazide with normal HSA and glycated HSA. Competition studies will then be
conducted to examine the specific binding of gliclazide at Sudlow sites | and 11 on HSA
at various stages of glycation. The results should be useful in determining how glycation
can affect the binding of gliclazide, and related drugs, to HSA during diabetes. This
chapter will also illustrate how HPAC can be used as a tool to examine the overall

binding and site-selective interactions of drugs or other solutes with modified proteins.
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3.2  Experimental
3.2.1 Chemicals

The gliclazide (> 99.9% pure), R-warfarin (> 97%), L-tryptophan (> 98%), D-(+)-
glucose (99.5%), sodium azide (>95%), HSA (essentially fatty acid free, > 96%), and
commercial sample of in vitro glycated HSA (Lot 058K6087) were from Sigma-Aldrich
(St. Louis, MO, USA). Nucleosil Si-300 (7 um particle diameter, 300 A pore size) was
obtained from Macherey-Nagel (Diren, Germany). Reagents for the bicinchoninic acid
(BCA) protein assay were from Pierce (Rockford, IL, USA). A fructosamine assay Kit,
which was used for measuring glycation levels, was purchased from Diazyme
Laboratories (San Diego, CA, USA). All aqueous solutions were prepared using water
from a Nanopure system (Barnstead, Dubuque, IA, USA) and were filtered through 0.20

pm GNWP nylon membranes from Millipore (Billerica, MA, USA).

3.2.2 Instrumentation

The HPLC system consisted of a DG-2080-53 degasser, two PU-2080 pumps, an
AS-2057 autosampler, a CO-2060 column oven, and a UV-2075 absorbance detector
from Jasco (Tokyo, Japan), plus a Rheodyne Advantage PF six-port valve (Cotati, CA,
USA). Chromatograms were collected using EZChrom Elite v3.2.1 (Scientific Software,
Pleasanton, CA, USA) and Jasco LC Net. Non-linear regression was carried out by using

Data Fit 8.1.69 (Oakdale, PA, USA).

3.2.3 Methods
Nucleosil Si-300 silica was converted into a diol-bonded form, and HSA was

immobilized onto the diol-bonded silica through the Schiff base method, as described
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previously [20-23]. A control support was prepared in the same manner but with no HSA
being added during the immobilization step (Note: Although free amine groups are
involved in both the Schiff base immobilization method and glycation, these processes
tend to involve different residues on HSA [6,7,21]). All supports were downward slurry
packed into separate 2.0 cm x 2.1 mm I.D. columns at 3500 psi (24 MPa). A pH 7.4,
0.067 M potassium phosphate buffer was used as the packing solution. The columns
were stored at 4 °C and all experiments were performed over the course of less than 500
sample applications, with the columns being routinely washed and used with sterile pH
7.4, 0.067 M phosphate buffer. No significant changes in binding properties were noted
under these conditions during the course of this study [22].

A BCA assay was used to directly determine the immobilized protein content for
each support, using HSA or glycated HSA as the standard and the control support as the
blank. The amount of protein in the normal HSA support was 38 (x 3) mg HSA/g silica.
Three glycated HSA supports, each having different levels of modification, were used.
The first glycated HSA sample (gHSAL) was purchased from Sigma and was prepared
under proprietary conditions. The second and third samples (JHSA2 and gHSA3) were
prepared in vitro as described previously [6,7,21] and using conditions similar to those
found in the serum of patients with controlled or advanced diabetes [24]. The amount of
protein on these glycated HSA supports was 29 (+ 4), 47 (x 8), or 40 (£ 3) mg HSA/g
silica, respectively; this amount corresponded to 10.9-17.6 nmol protein within a 2.0 cm
x 2.1 mm I.D. column.

The level of glycation for each HSA sample was determined in replicate through

the use of a fructosamine assay [6,7]. The gHSAL sample was found by this assay to
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contain 1.31 (£ 0.05) mol hexose/mol HSA and represented mildly glycated HSA, as
might be present in pre-diabetes or early stage diabetes. The gHSA2 sample contained
2.34 (£ 0.13) mol hexose/mol HSA and was representative of many patients with
controlled diabetes [26]. The gHSA3 sample had 3.35 (+ 0.14) mol hexose/mol HSA and
represented a situation found in patients with uncontrolled or advanced diabetes [27].

Solutions of gliclazide, R-warfarin, and L-tryptophan were prepared in pH 7.4,
0.067 M potassium phosphate buffer. The same buffer was used as the application and
elution buffer in the chromatographic studies. The mobile phases were filtered using a
0.2 uM nylon filter and degassed for 10-15 min before use. All experiments were carried
out at 37 °C and 0.5 mL/min, which has been shown in prior work to allow for the
measurement of reproducible retention factors, binding capacities, and association
equilibrium constants during frontal analysis and zonal elution studies for the types of
columns that were used in this report [23,24].

The columns were first equilibrated with pH 7.4, 0.067 M potassium phosphate
buffer. In the frontal analysis experiments, a switch was then made to the same buffer
that contained a known concentration of gliclazide. Once a breakthrough curve had
formed, pH 7.4, 0.067 M potassium phosphate buffer was then passed again through the
column to elute the retained drug. Concentrations of 1-200 pM gliclazide were used in
these experiments and the elution of gliclazide was monitored at 250 nm. Although
gliclazide is a weak acid with a pK, of 5.8 [25], less than a 0.05 unit change in pH
occurred when this drug was added to the pH 7.4 phosphate buffer over the entire tested
range of gliclazide concentrations. Each frontal analysis experiment was performed in

quadruplicate and the central location of each breakthrough curve was determined using
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the equal area method and PeakFit 4.12 (Jandel Scientific Software, San Rafael, CA,
USA) [16]. Based on the results that were obtained for the control column, a correction
was made for non-specific binding of gliclazide to the support by subtracting the control
results from the data for a column containing normal HSA or glycated HSA. Non-
specific binding to the support made up approximately 39% of the total binding for 1 uM
gliclazide on an HSA column and was easily corrected by this approach, as noted
previously for related drugs on similar columns [6,7].

The zonal elution studies were carried out in quadruplicate using R-warfarin as a
site-specific probe for Sudlow site | and L-tryptophan as a probe for Sudlow site 11 [5].
During these experiments, 1-20 puM gliclazide was placed into the mobile phase as 20 puL
injections of 5 uM R-warfarin and L-tryptophan were made (i.e., sample conditions found
earlier to represent linear elution conditions on the types of columns that were examined
in this study) [23]. The elution of R-warfarin or L-tryptophan was monitored at 308 nm
or 280 nm, respectively. Sodium nitrate was injected and monitored at 205 nm as a non-
retained solute; this solute has been found in numerous studies to be a good index of the
void volume and void time for similar HSA columns (e.g., see Refs. [17-24]). Data from
the competition studies were fit to exponentially-modified Gaussian curves and analyzed

using PeakFit v4.12.

3.3 Results and Discussion
3.3.1 Frontal analysis studies

The first set of experiments used frontal analysis to examine the overall binding
of gliclazide to samples of either normal or glycated HSA within HPAC columns. This

work was used to provide initial estimates of the association equilibrium constants and
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moles of binding sites for gliclazide with these protein preparations. Some typical
chromatograms that were generated for normal HSA during these experiments are given
in Fig. 3-3(a). The resulting data were first analyzed by using a one-site binding model,
as represented by Egs. (1) and (2) [16-18].

One-site model: Mpapp = (szfa[[i]]) @

1 1 1

+— )

MLapp N (Kagmp[A]D my,

The term myapp in Egs. (1) and (2) represents the apparent moles of the applied analyte
(i.e., gliclazide) that were required to reach the central point of a breakthrough curve at a
given concentration of analyte in the mobile phase, [A] [17]. The association equilibrium
constant and total moles of binding sites for the analyte in the column are described in
Egs. (1) and (2) by K; and m .

Similar equations can be created for systems with multiple binding sites, as shown
for a two-site model in Egs. (3) and (4) [16-18].

_ mp1Kgq[A]l | mpaKga[Al (3)

Two-site model: Miapp = rxala) T (Lt KalAD

1 _ 1+Kq1[Al+B2Ka1 [Al+B2Kq1 2 [A?
Mpapp  Mmi{(@1+B2—a1B2)Ka1[Al+B2Kqq1%[A]?}

(4)

These equations now include two association equilibrium constants (K,; and Kj2), which
represent the high and lower affinity sites in the column. The amounts of these two types
of sites, in moles, are described by m_;and m,. The a3 in Eq. (4) is the ratio of the moles
of active binding sites high affinity site to the all of the active binding sites (i.e., a1 =
mea/Mit). The term o in EQ. (4) is the ratio of the association equilibrium constants for
the low versus high affinity sites, or f, = Kqo/Kaa.

Fig. 3-3(b) shows a typical binding isotherm that was obtained when the frontal
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(a) Example of frontal analysis studies for gliclazide on a normal HSA
column and (b) a binding isotherm that was generated from such a study.
The results in (a) were obtained at gliclazide concentrations of 200, 100,
50, 20, 10, and 5 puM (top-to-bottom). The best-fit line in (a) was
generated by using Eg. (1) and a one-site model; further details on this fit
are given in the text. The inset in (b) shows the corresponding residual

plot.
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analysis data for the normal HSA column were examined according to Eq. (1). The use
of non-linear regression gave a best-fit line for Eq. (1) that had a correlation coefficient of
0.998 (n = 10). The best-fit parameters for this line provided a K, value of 1.9 (£ 0.1) x
10* M and a value for my of 3.0 (£ 0.1) x 10® mol. The binding data were also
examined by using double-reciprocal plots of 1/myap, vs. 1/[A], as illustrated in Fig. 3-
4(a) for the normal HSA column. According to Eq. (2), this type of plot should result in a
linear relationship if one-site binding is present between the applied analyte and
immobilized binding agent [17]. The plot that was obtained in this case gave a linear
response (correlation coefficient, 0.999 for n = 7) at the lowest analyte concentrations, or
highest values of 1/[A]. However, a small amount of curvature at lower values of 1/[A]
was observed. According to Eq. (4), this curvature indicates that some multi-site
interactions were present.

The linear behavior seen in Fig. 3-4(a) at high values of 1/[A] (or low values of
[A]) is predicted by Eq. (5) [16]. It is known from previous work that this linear range

2 2
1 — 1 a1+B2"—a1B;
Mpapp  Mmp(ai+B2—a182)Kaq1[A]l ~ mp(ay+B2—a182)?

()

limpa)o

will be seen for any system with multiple and independent binding sites and can be used
to estimate the association equilibrium constant for the highest affinity sites in the system
[16]. From this linear range, an estimate of 3.4 (+ 0.1) x 10* M™ was obtained for the
average K, of gliclazide at its high affinity sites on HSA.

Because the plots in Fig. 3-3(b) and 3-4(a) suggested that multi-site binding was
present for gliclazide with HSA, the frontal analysis data were next examined by using a
two-site model. The resulting fit that was obtained for gliclazide with normal HSA is

shown in Fig.3-4(b). The two-site model provided a slightly better fit than the one-site
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(@) A double-reciprocal plot for data obtained from frontal analysis
experiments that examined the binding of gliclazide with normal HSA,
and (b) analysis of the binding isotherm for gliclazide and normal HSA
when using a two-site model. The best-fit line in (a) was generated by
using the data at 10-200 uM gliclazide to the right of this plot. The inset
in (a) shows the small deviations from linearity that occurred at low values
of 1/[Gliclazide]. The inset in (b) provides the residual plot for the fit of a

two-site model to the frontal analysis data.
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model, giving a correlation coefficient of 0.999 (n = 10). The better agreement of this fit
with the data was more clearly indicated in the residual plots for Fig. 3-3(b) and 3-4(b)
(see insets), in which the two-site model gave a more random distribution of data points
about the best-fit line. The better fit of the two-site model was also apparent when
comparing the sum of the squares of the residuals for Figures 3(b) and 4(b), in which the
two-site model gave a much smaller value than the one-site model (i.e., 3.77 x 10™2 vs.
1.34 x 10®). Similar results were obtained when examining the binding of gliclazide
with a column containing glycated HSA (e.g., using a sample of gHSA3). No further
improvement in the fit was noted when using a higher-order model, so a two-site model
was utilized in all further binding studies with gliclazide and normal HSA or glycated
HSA.

The association equilibrium constants that were obtained by frontal analysis for
the two-site model with gliclazide and normal HSA were 7.1 (+ 1.9) x 10° M™" and 8.9 (+
1.5) x 10° M. The corresponding values for glycated HSA, using the gHSA3 column as
an example, were 1.0 (+ 0.8) x 10° M™ and 5.7 (+ 3.9) x 10° M™. A summary of the
results that were obtained at pH 7.4 and 37°C is provided in Table 3-1. These values
were similar to those that have been reported when using a two-site model to describe the
interactions of tolbutamide and acetohexamide with normal HSA or glycated HSA [6,7].
The relative amounts of the two groups of binding sites were estimated to be 7.1 (x 2.2) x
10 mol and 2.7 (+ 0.1) x10"® mol for normal HSA, with values of 5.6 (+ 3.8) x 10" mol
and 2.6 (+ 0.4) x10® mol being obtained for gHSA3. Based on the protein content of the
HPAC columns, these results corresponded to specific activities of 0.50 (+ 0.16) and 1.90

(= 0.16) mol/mol normal HSA or 0.38 (= 0.25) and 1.71 (= 0.29) mol/mol gHSA3. Given
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Table 3-1.  Best-fit parameters obtained for a two-site model for the binding of

gliclazide with normal HSA and gHSA3 at pH 7.4 and 37 °C*

Type of HSA Ka1 mey Kaz me,
(M x 10% (mol x 10°%) (M x 10% (mol x 10°%)

Normal HSA 7.1 (£ 1.9) 7.1(x2.2) 0.89 (£ 0.15) 27 (1)

gHSA3 10.0 (£ 0.8) 5.6 (+ 3.8) 0.57 (£ 0.39) 26 (+ 4)

The values in parentheses represent a range of +1 S.D., as based on error propagation and the precisions of

the best-fit slopes and intercepts obtained when using Eq. (3) for n = 10.
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the fact that HSA which has been immobilized by the Schiff base method is roughly 50-
60% active, these results and those obtained by ultrafiltration indicated that 1-2 major
binding sites and 2-3 or more weaker binding regions were involved in the interactions of
gliclazide with normal HSA or glycated HSA. Similar conclusions have been reached
when examining the interactions of acetohexamide and tolbutamide by this approach with

normal HSA or glycated HSA [6,7].

3.3.2 Zonal elution studies with gliclazide at Sudlow site |

Competition studies based on zonal elution experiments were next used with the
HPAC columns to identify specific sites for gliclazide on normal HSA and glycated
HSA. These experiments were first conducted by using R-warfarin as a site-selective
probe for Sudlow site I. This region was of interest because it has recently been proposed
to be one of high affinity sites on HSA for sulfonyurea drugs such as acetohexamide and
tolbutamide, as determined through zonal elution studies [6,7]. A typical set of
chromatograms for this type of experiment is shown in Fig. 3-5, in which a small amount
of R-warfarin was injected into the presence of mobile phases that contained various
concentrations of gliclazide as a competing agent. Sodium nitrate was also injected as a
non-retained solute to determine the void time, which was then used to calculate the
retention factor (k) for R-warfarin.

Eq. (6) can be used in this type of experiment to describe a system in which direct
competition at a single-site is involved in the binding of the injected probe A and the

competing agent | that has been added to the mobile phase [7].

1 KaiVmII Vm
- == + (6)
k Kgamy, Kgamy,

The terms Kaa and Ky in Eq. (6) represent the association equilibrium constants for the
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Figure 3-5.  Typical zonal elution competition studies on a normal HSA column using
R-warfarin as an injected site-specific probe and gliclazide as a mobile
phase additive. The results in (a) are for gliclazide concentrations of 20,
10, 5, 1 or O puM (top to bottom). The vertical dashed line is shown for
reference and demonstrates how the retention time for the injected probe

changed as the concentration of gliclazide was varied in the mobile phase.
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probe and competing agent, respectively, and Vy is the void volume. According to Eq.
(6), a plot of 1/k versus the competing agent concentration [I] should produce a linear
relationship for a system with single-site competition [7]. The value of K, can be
obtained from this plot by determining the ratio of the slope to the intercept. In this way
it is possible to specifically examine the binding of the mobile phase additive I at its site
of competition with the injected probe.

As shown in Fig. 3-6(a), a linear fit to Eq. (6) was obtained for gliclazide on each
column that contained normal HSA or glycated HSA when R-warfarin was used as an
injected probe for Sudlow site I. The best-fit lines for these plots had correlation
coefficients in the range of 0.960 to 0.998 (n = 5-6). The corresponding residual plots
gave only random variations in the data about the best-fit lines, and the sums of the
squares for the residuals were between 1.0 x 10 and 1.7 x 10, All of these results
confirmed that gliclazide and R-warfarin had direct competition at Sudlow site | on both
normal HSA and glycated HSA. Binding at Sudlow site | has also been noted for
acetohexamide and tolbutamide on normal HSA and glycated HSA [6,7].

The association equilibrium constants for gliclazide at Sudlow site I, as
represented in this case by Kg in Eq. (6), where determined on the various HSA columns
from the best-fit lines in Fig. 3-6(a). The results that were obtained at pH 7.4 and 37°C
are summarized in Table 3-2. An association equilibrium constant of 1.9 (+ 0.1) x 10* M"
! was measured for gliclazide with normal HSA. This result is slightly lower than the K
values of 4.2-5.5 x 10* M that have been reported for tolbutamide and acetohexamide at
the same site on normal HSA [6,7].

A comparison was next made for the association equilibrium constants that were



Figure 3-6.
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Plots prepared according to Eqg. (6) that showing how the reciprocal of the
retention factor for (a) R-warfarin or (b) L-tryptophan changed on HSA or
glycated HSA columns as the concentration of gliclazide was varied in the
mobile phase. These results are for normal HSA (¢), gHSA1 (m), gHSA2

(A), and gHSA3 (e).
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Table 3-2.  Association equilibrium constants measured at pH 7.4 and 37 °C for

gliclazide at Sudlow sites I and 11 for normal HSA and in vitro glycated

HSA®
Type of HSA Sudlow Site | Sudlow Site Il
Ka (x 10*M™) Ka (< 10°'M™)
Normal HSA 1.9(x0.1) 6.0 (£ 0.5)
gHSA1 1.8 (£ 0.2) 4.6 (£0.4)
gHSA2 3.6 (x0.3) 7.6 (£ 0.6)
gHSA3 2.1(x0.2) 3.8(x0.4)

®The values in parentheses represent a range of +1 S.D., as based on error propagation and the precisions of

the best-fit slopes and intercepts obtained when using Eq. (6) for n = 5-6.
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determined for gliclazide at Sudlow site | in going from normal HSA to the glycated
HSA samples. There was no significant difference in the K, values for normal HSA and
gHSAL or gHSA3. However, there was a 1.9- to 2.0-fold increase in the K, for gliclazide
at Sudlow site I in going from normal HSA or gHSA1 to gHSA2 and a similar decrease
in affinity in going from gHSA2 to gHSA3. These differences were all significant at the
95% confidence level. This change in affinity with the level of glycation for HSA has
also been noted for acetohexamide and tolbutamide, although the degree and direction of
this change does vary from one type of sulfonylurea drug to the next [6,7]. It has been
proposed in earlier work that these alterations in affinity are related to the extent and
types of glycation products that form at or near Sudlow site | as the level of HSA

glycation is altered [6,7,28,29].

3.3.3 Zonal elution studies with gliclazide at Sudlow site 11

Competition studies on the HPAC columns were also carried out using L-
tryptophan as a site-selective probe for Sudlow site Il. This site was of interest because it
also has been demonstrated to be one of high affinity sites on HSA for acetohexamide
and tolbutamide [6,7]. The results of these experiments were again plotted and analyzed
through the use of Eq. (6). All of the normal HSA or glycated HSA columns gave a
linear response to this equation, as illustrated in Fig. 6(b), with correlation coefficients
that ranged from 0.967 to 0.996 (n = 5-6). The corresponding residual plots all gave a
random distribution of the data points about the best-fit lines and the sum of the squares
of the residuals for these best-fit lines ranged from 4.3 x 10* to 1.7 x 10®. The
agreement of these plots with the behavior predicted by Eg. (6) indicated that gliclazide

and L-tryptophan had direct competition at Sudlow site Il. The same conclusion has been



126

reached when the same approach was used to examine the binding of acetohexamide and
tolbutamide at Sudlow site 1 [6,7].

The results from the plots in Figure 3-6(b) were used to determine the association
equilibrium constants for gliclazide at Sudlow site Il on each normal HSA or glycated
HSA column. These results are included in Table 2. The K, value of 6.0 (+ 0.5) x 10* M"
! that was determined for gliclazide at Sudlow site 11 on normal HSA at pH 7.4 and 37 °C
agreed with the average association equilibrium constant that was estimated by frontal
analysis for the high affinity sites of gliclazide on this protein. In addition, the K,
determined for gliclazide at Sudlow site 1l on normal HSA was slightly lower than the
affinities of 5.3-13 x 10* M that have been measured for tolbutamide and acetohexamide
at the same site [6,7].

All of the glycated HSA samples had affinities at Sudlow site Il that were in the
range of 10%-10° M™ for gliclazide. However, the size of these values varied with the
extent of glycation. For instance, there was a decrease of 1.3-fold in K, for gliclazide at
Sudlow site 11 in going from normal HSA to gHSA1. This change was similar to what
has been seen for acetohexamide with the same samples of normal and glycated HSA, in
which a 1.6-fold decrease in affinity was observed [6]. There was a 1.6-fold increase in
Ka between gHSA1 and gHSA2, or a 1.3-fold increase between normal HSA and gHSAZ2.
This was followed by a 2-fold decrease in K, in going from gHSA2 to gHSA3, or a 1.6-
fold decrease between normal HSA and gHSA3. These differences were all significant at
the 95% confidence level. As stated in the previous section, these changes in affinity
with glycation are thought to be due to differences in the glycation products that are

formed at or near specific regions on HSA as the overall level of glycation for this protein
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is increased [6,7,28,29].

3.4  Conclusion

This chapter utilized HPAC as a tool to examine the binding of gliclazide to
normal HSA and HSA with various levels of glycation. Frontal analysis experiments
indicated that gliclazide was binding with normal HSA and glycated HSA through a two-
site model that involved both high and lower affinity sites. There were one or two high
affinity regions with an average association equilibrium constant of approximately 7.1-10
x 10* M and two or more low affinity sites with an average association equilibrium
constant of 5.7-8.9 x 10° M at pH 7.4 and 37 °C.

Zonal elution studies demonstrated that gliclazide was binding to both Sudlow
sites I and Il in normal HSA and glycated HSA. The association equilibrium constants
for these sites were in the range of 10°-10°> M. The binding of gliclazide at Sudlow sites
| and 11 for normal HSA gave association equilibrium constants of 1.9 x 10* M™ and 6.0
x 10* M, respectively. Two of the glycated HSA samples (i.e., gHSA1 and gHSA3) had
similar affinities to normal HSA for gliclazide at Sudlow site I; however, one of the
protein samples (JHSA?2) had a 1.9-fold increase in affinity for gliclazide at this site. All
of the glycated HSA samples differed from normal HSA in their affinity for gliclazide at
Sudlow site Il. These data indicate that modifications due to glycation can have different
effects on the interactions of gliclazide with HSA at separate binding sites on this protein.
These results are in agreement with previous data that have been obtained with
acetohexamide and tolbutamide [6,7] and with structural studies that have examined the
glycation products that can form at or near Sudlow sites | and 11 [28,29]. Similar studies

with in vivo glycated HSA are now in progress to further characterize these effects and to
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determine their possible clinical significance.

The experiments in this chapter illustrated how HPAC could be used to provide
detailed information on the binding of a drug or solute with a modified protein. This
included data on the overall model, equilibrium constants and amount of binding sites for
a drug-protein interaction. It was also demonstrated how HPAC can be used to examine
the changes in interactions that occur at specific regions on a protein (e.g., Sudlow sites |
and Il of HSA). The methods used in this study were relatively fast (i.e., taking only
minutes per sample) and were easily automated. The small amounts of protein in the
HPAC columns and the ability to reuse these columns for hundreds of binding
experiments made this approach more attractive than ultrafiltration for work with
valuable or limited samples of modified proteins. The techniques used in this study are
not limited to gliclazide and normal HSA or glycated HSA but could be used with many
other types of biological interactions. These features should result in the further use of

HPAC for biointeraction analysis.
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CHAPTER 4.

ANALYSIS OF DRUG INTERACTIONS WITH MODIFIED PROTEINS BY
HIGH-PERFORMANCE AFFINITY CHROMATOGRAPHY:
BINDING OF GLIBENCLAMIDE TO NORMAL AND GLYCATED HUMAN
SERUM ALBUMIN

Note: Portions of this chapter have appeared in R. Matsuda, J. Anguizola, K.S. Joseph,
D.S. Hage, “Analysis of drug interactions with modified proteins by high-performance
affinity chromatography: Binding of glibenclamide to normal and glycated human serum

albumin”, J. Chromatogr. A 1265 (2012) 114-122.

4.1 Introduction

The International Diabetes Federation reported in 2011 that 366.2 million people
in the world are affected by diabetes [1]. A total of 25.8 million are affected by diabetes
in the United States alone [2]. Diabetes is a condition that is caused by high glucose
levels in blood and has two major forms [3]. Type | diabetes (i.e., juvenile onset or
insulin-dependent diabetes) affects 5-10% of diabetic patients and is caused when
pancreatic beta cells (i.e., insulin-producing cells) are attacked by the immune system [2].
Most of the remaining 90-95% of diabetic patients suffer from type Il diabetes (i.e., non-
insulin dependent or adult onset diabetes), which is caused by insulin resistance [1,2].

Sulfonylurea drugs are oral medications that are commonly used to treat type Il
diabetes. These drugs lower blood glucose levels by increasing the amount of insulin that
is produced by pancreatic beta cells [4]. According to the biopharmaceutical
classification system, sulfonylurea drugs are listed as class Il drugs with high

permeability and low solubility [5]. Fig. 4-1 shows the core structure of a sulfonylurea
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Figure 4-1.  Structure of glibenclamide. The region within the dashed box shows the

core structure of a sulfonylurea drug.
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drug, which is composed of phenylsulfonyl and urea groups, both which are hydrophilic
[6,7]. Various non-polar functional groups can be found on either side of this core
structure and contribute to both the effectiveness and metabolism of these drugs [6-8].
Glibenclamide, or glyburide (see Fig. 4-1), is a popular second-generation sulfonylurea
drug. Second-generation sulfonylurea drugs like glibenclamide are more easily excreted
and can be prescribed in lower doses than first-generation sulfonylureas (e.g.,
tolbutamide and acetohexamide) [8]. For instance, glibenclamide has a therapeutic level
in serum of 0.08-0.4 uM versus 60-215 or 185-370 puM for acetohexamide and
tolbutamide, respectively [9].

Although sulfonylurea drugs are used to lower blood glucose levels,
hypoglycemia is a relatively common side effect if the apparent dose of these drugs is too
high. This situation occurs in 2-20% of patients, depending on the type of sulfonylurea
being used [10]. One factor that will affect the free fractions of these drugs in the
circulation, and their apparent dose, is the level of binding by these drugs with serum
proteins, especially with human serum albumin (HSA) [6,9-12]. HSA (molar mass, 66.5
kDa) is the most abundant protein in plasma and is responsible for transporting various
fatty acids, low mass hormones, and drugs in the circulation [11-19]. There are two main
drug binding sites on HSA: Sudlow sites | and II. Sudlow site I is found in subdomain
1A and binds to bulky heterocyclic anionic drugs such as warfarin, azapropazone,
phenylbutazone and salicylate [12,13]. Sudlow site Il is located in subdomain I11A and
can bind to ibuprofen, fenoprofen, ketoprofen, benzodiazepine, and L-tryptophan, among
other solutes [12,13]. Recent studies have shown that both of these sites have

interactions with first-generation sulfonylurea drugs, tolbutamide and acetohexamide, and
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the second-generation drug gliclazide [14-16]. Other studies have found that some drugs
can bind to a separate region on HSA known as the digitoxin site [17-22], but no previous
reports have examined the interactions of sulfonylureas at this site.

The elevated levels of glucose in blood during diabetes can lead to a protein
modification known as glycation [23-28]. Glycation is a non-enzymatic process in which
amine groups can undergo the formation of a reversible Schiff base with the open chain
form of a reducing sugar. The Schiff base can later rearrange to form a more stable
Amadori product. Patients with diabetes are estimated to have 20-30% or more of HSA
in a glycated form, while individuals without diabetes may have 6-13% of HSA glycated
[23,24,26]. Previous work has suggested that glycation can alter the interactions between
HSA and some solutes. For instance, it has been shown in chromatographic studies that
glycation can alter the ability of Sudlow sites | and 1l on HSA to bind with sulfonylurea
drugs [14-16]. Experiments based on fluorescence spectroscopy, circular dichroism, and
theoretical calculations have also found that glycation and related modifications can
affect intermolecular interactions between drugs and HSA, including possible changes in
the binding of drugs at Sudlow site | of this protein [29,30].

The purpose of this study is to use high-performance affinity chromatography
(HPAC) to examine the binding of glibenclamide to HSA at various stages of glycation.
HPAC is a chromatographic technique that uses an immobilized biological molecule as
the stationary phase [31-33]. Previous studies have shown that columns containing
normal HSA or glycated HSA can provide good precision and fast analysis times for
studies of drug-protein interactions [14-16], while also giving good correlation with

solution-based methods (e.g., equilibrium dialysis, ultrafiltration, or spectroscopic
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methods) [32,33]. In addition, HPAC is easy to automate and can be used with various
detection schemes, including absorbance, fluorescence or mass spectrometry [31-38].
HPAC has been used previously in detailed studies that have examined the effects of
glycation on the binding of HSA to other sulfonylurea drugs [14-16], as well as the
effects of some specific modifications on drug-protein interactions (e.g., the selective
modification of Tyr-411, Trp-214, or Cys-34 on HSA) [39-41]. However, this approach
has only been used in screening studies with glibenclamide and required a solubilizing
agent for work with this relatively low solubility drug [42]. These conditions and the
lack of more complete binding information have, in turn, made it difficult in prior work
to directly compare the overall interactions of HSA with this drug and with other
sulfonylureas.

This chapter will seek to overcome these prior limitations by examining how
HPAC can be adapted for providing more complete information on the protein binding of
relatively low solubility drugs such as glibenclamide. For instance, this approach will be
modified and explored for use with such a drug in the methods of frontal analysis and
zonal elution to look at both the global and site-specific changes in binding that may
occur for glibenclamide with normal HSA versus in vitro glycated HSA. These
experiments should help indicate how HPAC can then be modified for use with other
non-polar drugs. In addition, this work should provide useful data on how glycation can
alter the binding of glibenclamide or related drugs to HSA and lead to a more complete
understanding of how glycation can alter the binding and transport of such drugs in the

circulation.
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4.2  Experimental
4.2.1 Reagents

The glibenclamide (> 99.9% pure), R-warfarin (> 97%), L-tryptophan (> 97%),
digitoxin (97% pure), B-cyclodextrin (> 98% pure), D-(+)-glucose (> 99.5%), sodium
azide (95%), HSA (essentially fatty acid free, > 96%), and commercial sample of in vitro
glycated HSA (Lot 058K6087) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). The Nucleosil Si-300 (7 um particle diameter, 300 A pore size) was purchased
from Macherey-Nagel (Duren, Germany). Reagents for the bicinchoninic acid (BCA)
protein assay were from Pierce (Rockford, IL, USA). For the measurement of glycation
levels, a fructosamine assay kit was obtained from Diazyme Laboratories (San Diego,
CA, USA). All aqueous solutions were prepared with water from a Nanopure system
(Barnstead, Dubuque, 1A, USA) and filtered through a 0.2 pum GNWP nylon membrane

from Millipore (Billerica, MA, USA).

4.2.2 Apparatus

The chromatographic system was comprised of a DC-2080 degasser, two PU-
2080 pumps, an AS-2057 autosampler, a CO-2060 column oven, and a UV-2075
absorbance detector from Jasco (Tokyo, Japan), which included a Rheodyne Advantage
PF six-port valve (Cotati, CA, USA). EZ Chrom Elite software v3.21 (Scientific
Software, Pleasanton, CA, USA) and Jasco LC Net were used to control the system.
Chromatograms were analyzed through the use of Peak-Fit 4.12 (Jandel Scientific
Software, San Rafael, CA, USA). Data Fit 8.1.69 (Oakdale, PA, USA) was utilized to

perform non-linear regression.
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4.2.3 Methods

For the sake of comparison, the in vitro glycated HSA samples used in this work
were the same as employed in previous HPAC studies with other sulfonylurea drugs [14-
16,43]. Although many prior studies have used in vitro glycated HSA for binding studies
like those described in this report [14-16,30,44], it has also been suggested in recent work
with related modifications that in vivo glycated HSA may provide a better model for
representing drug-protein interactions that occur at physiological conditions [44]. To
minimize differences due to the use of in vitro glycated HSA in this study, conditions for
preparation of the glycated HSA samples were selected to closely mimic the glucose and
protein concentrations and reaction conditions that are present in blood. The gHSA1 was
purchased from Sigma and was glycated under proprietary conditions; this support had a
measured glycation level of 1.31 (x 0.05) mol hexose/mol HSA, as might be found in a
patient with prediabetes, and represented mildly glycated HSA [14-16,43]. The gHSA2
and gHSA3 samples were prepared in vitro as described previously [14,15,43] and
represented glycation levels of patients with controlled or advanced diabetes [45,46].
These two preparations contained 2.34 (+ 0.13) and 3.35 (£ 0.14) mol hexose/mol HSA,
respectively [14,15]. It has been found in separate, ongoing studies based on mass
spectrometry and ultrafiltration and HPAC that these protein preparations have similar
modification patterns and binding properties to samples of in vivo HSA with comparable
levels of glycation [47-51], thus making these preparations reasonable models for the
types of binding studies that are described in this report.

Diol-bonded silica was produced from Nucleosil Si-300 silica according to the

literature [52]. The Schiff base method was used to immobilize HSA or glycated HSA
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onto the diol-bonded silica, also as reported previously [53-55]. Using the same
procedure, control supports were prepared with no protein being added during the
immobilization step. Although both the Schiff base immobilization method and glycation
involve free amine groups on proteins, these processes tend to involve different residues
on HSA [49-51]. A BCA assay was carried out in triplicate to determine the protein
content of each support, using soluble HSA as the standard and samples containing the
control support as the blanks. The support containing normal HSA was found previously
with this assay to have a protein content of 38 (£ 3) mg HSA/g silica. The three types of
glycated HSA supports that were prepared (referred to later in this report as gHSA1,
gHSA2 and gHSAS3) were found to have protein contents of 29 (+ 4), 47 (= 8), or 40 (x 3)
mg HSA/g silica [14,43].

All of the supports were downward slurry packed into separate 2.0 cm x 2.1 mm
I.D. columns at 3500 psi (24 MPa) using pH 7.4, 0.067 M potassium phosphate buffer.
These columns were then stored at 4 °C in the same pH 7.4 phosphate buffer. Each
column was used in fewer than 500 sample applications and was routinely washed with
pH 7.4, 0.067 M phosphate buffer. Throughout the course of this study, no significant
changes in binding properties were noted for any of these columns, as reported previously
for similar systems [53].

The R-warfarin, L-tryptophan, glibenclamide and digitoxin samples were
prepared in pH 7.4, 0.067 M potassium phosphate buffer. The limited solubility of
digitoxin (i.e., roughly 4 mg/L) [56] required the addition of 0.88 mM B-cyclodextrin to
increase the solubility of this drug, as described in prior work [20-22]. The R-warfarin

and digitoxin solutions were used within two weeks of preparation, and the L-tryptophan
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solutions were used within one day of preparation, respectively [43,57]. Due to the low
solubility of glibenclamide in water, the procedure for preparing solutions containing this
drug were altered from those used in previous studies with other, more soluble
sulfonylurea drugs. Previous HPAC studies with acetohexamide, tolbutamide and
gliclazide could be carried out by preparing overnight, with stirring at room temperature,
solutions that contained up to 200-1000 uM of these drugs in a pH 7.4, 0.067 M
phosphate buffer [14-16]. Glibenclamide was much less soluble under the same
conditions and additional steps had to be taken to provide a suitably broad range of
concentrations for use in methods such as frontal analysis. B-Cyclodextrin has previously
been employed as a solubilizing agent for glibenclamide in screening studies [42];
however, this approach alters the apparent retention of the applied drug onto the column
and requires relatively complex procedures to correct for this effect and carry out more
detailed binding studies [31-38]. In this current study, solutions of glibenclamide were
instead prepared without the use of any solubilizing agent by utilizing both stirring and
sonication in a covered container that was kept for 5-7 days at 35-50 °C. It was found
that a stable stock solution containing up to 50 uM glibenclamide could be prepared
under these conditions, as confirmed by absorbance measurements and dilution studies.
This stock solution was then used directly or diluted to make working solutions for
frontal analysis and zonal elution experiments involving HPAC.

The mobile phases used in the chromatographic studies were based on pH 7.4,
0.067 M potassium phosphate buffer, which was used to apply the samples and to elute
retained analytes under isocratic conditions. The solutions used in the chromatographic

system were filtered through a 0.2 um nylon filter and were degassed for 10-15 min
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before use. All experiments were carried out at a physiological temperature of 37 °C and
using a flow rate of 0.5 mL/min. Prior work on similar columns has shown that frontal
analysis and zonal elution studies performed under these flow rate conditions allow for
the reproducible measurements of retention factors, binding capacities, and association
equilibrium constants [14-16,43,55,57].

In the frontal analysis experiments, the columns were first equilibrated with pH
7.4, 0.067 M potassium phosphate buffer. Using a six-port valve, a switch was made
from this pH 7.4 buffer to a solution containing a known concentration of glibenclamide
in the same buffer. After a breakthrough curve was formed and a stable plateau had been
reached, a switch was made back to the pH 7.4, 0.067 M potassium phosphate buffer to
elute the retained drug. These frontal analysis experiments were carried out using sixteen
sample solutions that contained 1-50 pM glibenclamide, with the elution of
glibenclamide being monitored at 250 nm. All experiments were performed in
quadruplicate and the central point of each breakthrough curve was determined by using
the equal area function of Peak Fit 4.12. A correction for non-specific binding (e.g., 41%
of the total binding seen on the HSA column for 50 uM glibenclamide) was made by
subtracting the results for the control column from the data for each column containing
normal HSA or glycated HSA, according to methods described in Refs. [14,16].

The zonal elution competition studies were carried out by utilizing R-warfarin as a
site-specific probe for Sudlow site | of HSA, L-tryptophan as a probe for Sudlow site I,
and digitoxin as a probe for the digitoxin site [12,13,20-22]. Mobile phases containing 1-
20 pM glibenclamide were used in these experiments. These concentrations were used to

dilute the site-specific probes to a concentration of 5 uM. During these studies, a 20 pL
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sample of 5 puM R-warfarin, L-tryptophan and digitoxin was injected onto each column
and monitored at 308 nm, 280 nm, or 205 nm, respectively. Sodium nitrate, which was
monitored at 205 nm, was injected at a concentration of 20 pM and used as a non-
retained solute [32,38,42,43]. All of these injections were performed in quadruplicate on
each protein column or control column. The central moments for the resulting peaks
were determined by using PeakFit v4.12 and an exponentially modified Gaussian curve

model.

4.3.  Results and Discussion
4.3.1 Frontal analysis studies
Frontal analysis was used to first examine the overall binding of glibenclamide to
the normal HSA and glycated HSA columns. These experiments used HPAC to examine
the global binding of glibenclamide with these proteins by providing information on the
number of binding sites and association equilibrium constants for these sites. Fig. 4-2
shows some typical breakthrough curves that were produced in these studies, which
typically required 5-20 min to obtain. The moles of drug that were required to reach the
central point of each breakthrough curve were measured as a function of the
concentration of the applied drug. The results were then fit to various binding models.
Egs. (1) or (2) were used to see how such data agreed with a model that involved
the interactions of glibenclamide at a single type of binding region on HSA or glycated
HSA [32,38].
One-site model:

_ mMpKq [A]
Meapp = (11, [AD S



Figure 4-2.

145

Example of frontal analysis studies for glibenclamide on a normal HSA
column at pH 7.4 and 37 °C. These results were obtained at 0.5 mL/min
and using glibenclamide concentrations of 50, 20, 10, and 5 pM (top-to-
bottom). The small initial step changes shown to the left occurred at or
near the column void time and probably represent only a small difference
in composition and background absorbance of each drug solution versus
the application buffer; these small step changes were not included in the
data analysis and integration of the much larger frontal analysis curves

that are shown to the right.
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1 1 1
MLapp (Kgmy[A]) my,

)

In these equations, the term my,p, represents the measured moles of applied drug that was
required to reach the central point of the breakthrough curve at a given molar
concentration of the applied drug, [A] [32,38]. The association equilibrium constant and
total moles of binding sites for this interaction are represented by terms K, and m,
respectively.

A two-site binding model was also used to examine the data, as described by Eqgs.
(3) and (4) [32,38].
Two-site model:

__ mp1Kgq[A] m2Kqz[A]
Miapp = GiKg (A T A+KazlAD C)

1 1+Kg1[Al+B2Kq1[Al+B2Kqa1 % [A]
Miapp  mi{(@s+B2—1 f2)Kar[Al+B2Kar *[A12)

(4)

In these equations, Ka; and Kj, represent the association equilibrium constants for the two
classes of sites, while the moles of these two groups of sites are described by the terms
my; and mio.  EqQ. (4) also includes the term aj, which represents the fraction of all
binding sites for the drug that are made up of its highest affinity regions (e.g., ax =
mpa/my ot iIf K and my g are used to refer to the highest affinity sites). In a similar manner,
the ratio of the association equilibrium constants for the low versus high affinity sites is
represented by S, where S, = Kyo/Ka; in the case where Ky, refers to the highest affinity
sites and Ky refers to the lower affinity sites [32,38].

Previous results with other sulfonylurea drugs have indicated that these solutes
tend to follow a two-site binding model during their interactions with both normal HSA

and glycated HSA [14-16,58]. Fig. 4-3 shows the results that were obtained when using
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Data obtained for glibenclamide on a normal HSA column as fit to (a) a
one-site binding model generated by using Eg. (1) or (b) a two-site
binding model generated by using Eq. (3). The insets in (a) and (b) show
the corresponding residual plots. Each point represents the average of four
runs, with typical relative standard deviations that ranged from £0.02% to

+7.9% (average, £1.9%).
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non-linear regression and the non-transformed data from a frontal analysis experiment
with glibenclamide and the normal HSA column; similar trends were seen for glycated
HSA. In each case, lower concentrations were used in this work with glibenclamide than
in previous experiments with other sulfonylurea drugs [14-16] due to the lower solubility
of glibenclamide in an aqueous solution. To help compensate for this lower range and
provide good estimates of the binding parameters for the system, a greater number of
concentrations were tested in the given range and more replicates were used at each
concentration (e.g., sixteen tested concentrations versus nine to fifteen and four replicates
versus three for most of the previous experiments in Refs. [14-16]). Furthermore, several
samples were at the lower end of this concentration range to better examine the stronger
binding that was observed for glibenclamide with HSA when compared with previously-
examined sulfonylureas [14-16]. Under these conditions, a two-site binding model was
again found to give a better fit than a one-site binding model for the glibenclamide data in
Fig. 4-3(b), with a correlation value of 0.997 (n = 16) versus 0.952, respectively. As
shown by the insets to Fig. 4-3, residual plots for the two-site model gave a more random
distribution of the residuals about the best-fit line when compared to the results for the
one-site model and a smaller sum of the squares of the residuals (i.e., 3.0 x 10®vs. 4.9 x
10™Mh.

The presence of more than one group of binding sites for glibenclamide on
normal HSA was confirmed when using Egs. (2) and (4) and a double reciprocal plot of
1/mpapp vs. 1/[A] as an alternative route to examine the data. When this type of plot was
made (see Fig. 4-4), a linear relationship was seen as the value of 1/[A] increased, with

clear deviations being noted at smaller values of 1/[A]. If one-site binding were present,
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Figure 4-4. A double-reciprocal plot for frontal analysis experiments that examined
the binding of glibenclamide with normal HSA. The data in this plot were
the same as utilized in Fig. 4-3. The best-fit line was generated by using
the data for 0.5-5 uM glibenclamide and gave a correlation coefficient of

0.996 (n = 7).
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a linear response at all values of 1/[A] would have been expected in such a plot, as
predicted by Eq. (2). The fact that deviations from linearity were seen at small values for
1/[A] meant that at least two groups of sites were involved in this interaction, as indicated
by Eq. (4) (note: similar deviations from linearity are expected for higher-order binding
models) [32,38]. The linear response that was noted at higher values of 1/[A] in Figure
4-4 is predicted even for models involving multiple binding sites, as shown by Eqg. (5)
[59,60].

1 1 0‘1+ﬁ’22—a1322 (5)

Miapp | ML(@1+Pa—a1)KarlAl | my(as+Br—asfr)?

lima)o

In addition, it is known from this linear region that an estimate can be made for the
association equilibrium constant of the highest affinity sites in the column [59,60]. Using
the linear region of Fig. 4-4, the value of K4, was found to be approximately 6.4 (£ 0.5) x
10° M for the normal HSA column, where the value in parentheses represents a range of
+1 S.D. This value for K4 is comparable to a binding constant of 7.6 x 10° M™ at 37 °C
and pH 7.4 that has been previously reported for glibenclamide with normal HSA when
using a one-site binding model [61].

Use of the two-site model in Eg. (3) and the non-transformed frontal analysis data
provided association equilibrium constants of 1.4 (+ 0.5) x 10°M™ and 4.4 (+ 1.0) x 10*
M™ for the binding of normal HSA with glibenclamide at pH 7.4 and 37° C (see Table 4-
1). The m_ values for these sites were 1.1 (+ 0.2) x 10® mol and 3.1 (+ 0.1) x 10 mol,
respectively, in the column that was used for this experiment. It was noted in this case
that the result for Ky, was roughly 10-fold higher than the corresponding values for the
high affinity sites that have been measured on an identical column and under the same

mobile phase conditions for other sulfonylurea drugs (i.e., tolbutamide, acetohexamide
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Table 4-1.  Best-fit parameters obtained for a two-site model for the binding of

glibenclamide with normal HSA and gHSA3 at pH 7.4 and 37°C?

Type of HSA Ka1 mpy Ka2 meo
(M™ x 10° (mol x 10) (M x 10% (mol x 10)

Normal HSA 1.4 (+0.5) 1.1 (x0.2) 4.4 (£1.0) 3.1(x0.1)

gHSA3 1.9 (+ 1.5) 0.9 (£ 0.3) 7.2 (£2.8) 2.4 (0.2

The values in parentheses represent a range of +1 S.D., as based on error propagation and the precisions of

the best-fit slopes and intercepts obtained when using Eq. (3) for n = 16.
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and gliclazide) [16,58] (Note: a lower retention for glibenclamide on an HSA column was
noted versus these other drugs in the screening studies described in Ref. [42], but in
thisearlier case the apparent retention for glibenclamide was lowered by the presence of
-cyclodextrin as a solubilizing agent). An increase in affinity for glibenclamide to HSA
when compared to first-generation sulfonylurea drugs has been noted previously and was
expected due to the larger aromatic groups that are present in glibenclamide versus these
other agents [61].

The specific activity based on the protein content for this column at the high and
lower affinity sites were 0.63 (£ 0.09) and 1.73 (£ 0.07) mol/mol normal HSA,
respectively. This result suggested that one high affinity region existed on HSA with a
binding constant in the range of 10° M, along with several lower affinity regions with
binding constants between 10* and 10° M™. For comparison, analysis of the same data by
using a one-site model resulted in an intermediate value for Ka; of 2.0 (£ 0.3) x 10°M™, a
value for my; of 3.3 (+ 0.1) x 10® mol, and a relative activity of 1.8 (+ 0.1) mol/mol
normal HSA.

Frontal analysis experiments were also performed with glibenclamide and a
highly glycated HSA sample (gHSA3). Plots prepared according to Egs. (1-4) gave
trends similar to those shown for normal HSA in Fig. 4-3 and 4-4. For each type of plot,
the glycated HSA column again gave the best-fit to a two-site model (see summary in
Table 4-1). The one-site model gave a correlation coefficient of 0.976 (n = 16) in
comparison to a correlation coefficient of 0.994 for a two-site model for this column.
Residual plot analysis for the two different models showed a random distribution for the

two-site model and a smaller sum of the squares of the residuals when compared to the
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one-site model (i.e., 8.5 x 10™ vs. 3.7 x 10™"). The association equilibrium constants
obtained for this column when using Eq. (3) and a two-site model were 1.9 (+ 1.5) x 10°
Mt and 7.2 (+ 2.8) x 10* M. Based on the measured levels of these sites and the
column’s known protein content, the relative activities for these sites were found to be
0.45 (£ 0.16) and 1.20 (= 0.11) mol/mol gHSAS3, which were consistent with the results
observed for normal HSA. Analysis of the same data according to a double reciprocal
plot gave deviations from linearity that confirmed at least two groups of binding sites
were present. The linear region of this latter plot was again used with Eq. (5) to estimate
Ka: for the high affinity sites, giving a value of 6.8 (+ 0.4) x 10> M. This result was
comparable to the binding constant that was estimated by the same approach for the high

affinity sites of glibenclamide with normal HSA.

4.3.2 Binding of glibenclamide at Sudlow site |

Competition studies and zonal elution were next used to test for any changes that
may have occurred in the binding of glibenclamide at specific binding sites on normal
HSA or glycated HSA. These experiments used site-specific probes to examine the
competition between the injected probe and a competing agent, such as a drug that was
placed at a known concentration in the mobile phase. R-Warfarin was employed as a
site-specific probe for Sudlow site | in these studies, while the mobile phase contained
glibenclamide as a competing agent. Sudlow site | was of interest in this work because
previous studies with other sulfonylurea drugs have shown that this region has a
relatively high affinity for these solutes on both normal HSA and glycated HSA [14-
16,58]. Examples of some results that were obtained in this report with glibenclamide are

given in Fig. 4-5(a). In both these zonal elution studies and those described in the
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following sections, the same range in concentrations for glibenclamide as a competing
agent was used as in prior work with other sulfonylurea drugs [14-16,58] because this
range was well within the solubility limit of glibenclamide. However, the number of
concentrations that were tested in this range was increased (from five-to-six up to seven-
to-eight) and the number of replicates was increased (from three to four) to allow for
more precise estimates to be obtained for the binding parameters of this system.

When analyzing data like that given in Fig. 4-5, direct competition between an
injected site-specific probe and a competing agent for a common binding site on an
immobilized protein should result in a decrease in the retention factor (k) for the probe as
the molar concentration of the competing agent ([I]) is increased [15,32]. The change in
k as a function of [I] for a system with competition at a single type of site is described by
Eq. (6). This equation predicts that a linear relationship will be formed for such a system
when a plot is made of 1/k versus [l].

1 _ KaVmll] Vm (6)
k Kgamp Kgamy,

In this equation, Kya and Ky are the association equilibrium constants for the injected
probe and competing agent, respectively, at their site of competition. The term V) is the
column void volume, and m_ represents the moles of common binding sites in the
column. According to this relationship, the ratio of the slope to the intercept for the best-
fit line can be used to find Ky, which provides information on the association equilibrium
constant for the agent in the mobile phase at its specific site of competition with the
injected probe.

Examination of the specific changes in binding at Sudlow site | for glibenclamide

by this approach gave linear relationships according to Eqg. (6) for the columns that
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Plots prepared according to Eq. (6) that show how the reciprocal of the
retention factor for (a) R-warfarin or (b) L-tryptophan changed on normal
HSA or glycated HSA columns as the concentration of glibenclamide was
varied in the mobile phase. These results are for normal HSA (e) and
gHSA2 (A). Each point in these plots is the mean of four runs, with
relative standard deviations in (a) that ranged from +0.3% to +2.6
(average, £2.1%) and in (b) that ranged from +2.2% to +15.4 (average,
+7.1%). The correlation coefficients for the normal HSA and gHSA2
plots in (a) were 0.966 (n = 6) and 0.975 (n = 8), respectively, while the

correlation coefficients in (b) were 0.970 (n = 7) and 0.993 (n = 8).
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contained either normal HSA or glycated HSA and under the drug concentrations that
could be employed in these studies. These lines had correlation coefficients that ranged
from 0.966 to 0.992 (n = 6-8). Residual plots gave random distributions for the data
about the best-fit lines and sums for the squares of the residuals that ranged from 2.9 x
107 to 2.3 x 10°. The results for all the tested columns were found to fit with a direct
competition model for glibenclamide and R-warfarin at Sudlow site 1. Similar previous
experiments have noted that related drugs such as tolbutamide, acetohexamide and
gliclazide also bind to this site on HSA [14-16].

In the next stage of this work, the association equilibrium constants that were
obtained from Eqg. (6) were used to see how the binding of glibenclamide at Sudlow site |
was affected as the level of glycation for HSA was varied. The results are summarized in
Table 4-2. The site-specific association equilibrium constant that was measured by this
approach for glibenclamide at Sudlow site | of normal HSA was 2.4 (+ 0.3) x 10* M™ at
pH 7.4 and 37 °C. This value was slightly smaller than association equilibrium constants
of 4.2-5.5 x 10* M that have been reported for normal HSA with the first-generation
sulfonylurea drugs tolbutamide and acetohexamide but was similar to an association
equilibrium constant of 1.9 x 10* M that has been measured at this site for gliclazide,
another second-generation sulfonylurea drug [14-16,58] This binding constant is lower
than the values of 0.64-1.4 x 10° M which were estimated in Section 4.3.1 for the high
affinity sites of glibenclamide with normal HSA, indicating that other regions probably
made up the high affinity sites for this drug. It was further noted that this affinity was in
the same general range as the value of 4.4 (+ 1.0) x 10* M™ that was obtained in Section

4.3.1 for the lower affinity sites of glibenclamide with normal HSA.
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Table 4-2. Local association equilibrium constants obtained for glibenclamide at

specific binding regions of normal HSA and glycated HSA at 37 °C and

pH 7.4
Type of HSA Sudlow site | Sudlow site 11 Digitoxin site
Ka (x10*M™) Ka x10*M™ Ka(x10°M™)
Normal HSA 2.4 (+0.3) 3.9 (+0.2) 2.1+ (0.8)
gHSA1 2.5 (+0.1) 16.7 (+ 0.4) 1.7+(0.8)
gHSA2 4.1 (+0.7) 23.3 (+0.8) 1.1+ (0.4)
gHSA3 4.5 (+0.3) 17.8 (£ 0.4) 1.2 +(0.2)

*The values in parentheses represent a range of +1 S.D., as based on error propagation and the precisions of

the best-fit slopes and intercepts obtained when using Eq. (6) for n = 5-8.
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The association equilibrium constant for glibenclamide at Sudlow site | for
normal HSA was next compared to values measured at the same site for each glycated
HSA sample. There was no significant increase in the association equilibrium constant
for glibenclamide at Sudlow site I in going from normal HSA to gHSAL1. However, a
1.7- to 1.9-fold increase in the association equilibrium constant was noted between
normal HSA and gHSA2 or gHSA3, which was significant at the 95% confidence level.
A change in affinity with the level of glycation has also been observed at Sudlow site |
for tolbutamide, acetohexamide, and gliclazide [14-16], as well as for other drugs (e.g.,
meloxicam and warfarin) [30]. These changes have been suggested to be due to
variations in the extent and types of modifications that occur at Sudlow site | during the

glycation process [14-16,30,49-51].

4.3.3 Binding of glibenclamide at Sudlow site |1

Competition experiments were also performed for glibenclamide using L-
tryptophan as a probe for Sudlow site Il of HSA. Previous studies have shown that this
site is another region that has moderately strong binding to other sulfonylurea drugs [14-
16,58]. Fig. 4-5(b) shows some examples of the data that were obtained for normal HSA
and glycated HSA in these experiments. All of the results gave a linear responses when
fit to Eq. (6), with correlation coefficients that ranged from 0.968 to 0.993 (n = 7-8). The
corresponding residual plots gave a random distribution of the points about the best-fit
lines. It was determined from these results that glibenclamide was competing with L-
tryptophan and was binding directly to Sudlow site Il on both normal HSA and glycated
HSA.

The site-specific association equilibrium constants that were determined for
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glibenclamide at Sudlow site Il through these competition studies are summarized in
Table 4-2. The affinity for glibenclamide at Sudlow site 1l of normal HSA was 3.9 (£
0.2) x 10* M™%, which is similar to values of 5.3-13 x 10* M that have been reported at
this site for acetohexamide, tolbutamide and gliclazide [14-16,58]. However, this result
is still much lower than the high affinity constant of 0.64-1.4 x 10°® M that was estimated
for glibenclamide with HSA in Section 4.3.1. Thus, this indicated that another region on
this protein besides Sudlow sites I or Il also had strong interactions with glibenclamide.
The binding constant for glibenclamide to Sudlow site Il of normal HSA was instead a
better fit with the value of 4.4 (+ 1.0) x 10* M that was measured in the frontal analysis
studies for the lower affinity regions of HSA. This similarity, when combined with the
results in Section 4.3.2 and the moles of low affinity regions that were determined in
Section 4.3.1, suggested that both Sudlow sites | and Il made up the lower affinity sites
that were detected during the frontal analysis experiments. This model also fits with the
observation that the value for Ky, in Table 4-1 increased significantly in going from
normal HSA to gHSA3, because a large increase was also seen in Table 4-2 for the
association equilibrium constant of glibenclamide at Sudlow site Il between normal HSA
and gHSA3.

Table 4-2 shows how the affinity for glibenclamide with HSA at Sudlow site I,
as determined from the best-fit lines obtained with Eq. (6), changed as the level of
glycation for HSA was increased. The columns containing gHSAL, gHSA2 and gHSA3
had a 4.3-, 6.0- or 4.6-fold increase in affinity for glibenclamide at Sudlow site 11 versus
normal HSA. All of these differences were significant at the 95% confidence level. This

trend is similar to the large increases in affinity that have been observed for L-tryptophan
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with the same samples of glycated HSA [62]. Tolbutamide has also been noted to have a
modest increase in affinity at this site during the glycation of HSA [15], while
acetohexamide and gliclazide have been found to have a moderate decrease in affinity or

a mixed change in binding strength as the levels of glycation for HSA are varied [14,16].

4.3.4 Binding of glibenclamide at the digitoxin site

To help locate the high affinity region for glibenclamide on HSA, digitoxin was
also used as a site-specific probe for HSA [17-22]. Fig. 4-6 provides some typical results
that were obtained for normal HSA and glycated HSA. When Eg. (6) was used to
analyze these results, all of the normal and glycated HSA columns gave a linear response.
The best-fit lines had correlation coefficients that ranged from 0.994 to 0.999 (n = 4-5),
and the residual plots gave a random distribution for the data about the best-fit lines.
These results indicated that glibenclamide and digitoxin had direct competition on the
tested columns, confirming that glibenclamide was binding to the digitoxin site of HSA.
This result is supported by a previous observation that glibenclamide and first-generation
drugs such as tolbutamide appear to bind to different numbers of sites and through
different mechanisms with HSA, with non-polar interactions being important for
glibenclamide and ionic forces playing a greater role for tolbutamide [61]. This model
and the observed binding of glibenclamide to the digitoxin site is also consistent with the
fact that this site is known to bind other large, relatively hydrophobic drugs such as
digitoxin and acetyldigitoxin [17-22].

The association equilibrium constants for glibenclamide at the digitoxin site were
next calculated from the best-fit lines of plots like those in Fig. 4-6. The results are

summarized in Table 4-2. In this case, the association equilibrium constant measured for
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Plots prepared according to Eq. (6) that show how the reciprocal of the
retention factor for digitoxin on HSA or glycated HSA columns changed
as the concentration of glibenclamide was varied in the mobile phase.
These results are for normal HSA (e) and gHSA3 (¢). The correlation
coefficients for these plots were 0.998 (n = 5) and 0.999 (n = 5),
respectively. Each point in these plots is the mean of four runs, with
relative standard deviations that ranged from +0.6% to +4.6 (average,

+1.8%).
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glibenclamide at the digitoxin site of normal HSA was 2.1 (+ 0.8) x 10° M™. This value
was now statistically identical to the association equilibrium constant of 1.4 (+ 0.5) x 10°
M™ that had been previously estimated by frontal analysis for the high affinity sites of
glibenclamide on normal HSA. The same group of experiments suggested that there may
have been a decrease of 1.2- to 1.9-fold in affinity at the digitoxin site for glibenclamide
when going from normal HSA to gHSA1, gHSA2 or gHSA3. None of these individual
differences were significant at the 90% or 95% confidence level; however, the overall
trend of a decrease in affinity with an increase in the level of HSA glycation was

significant at the 90% confidence level when the complete set of samples was considered.

4.4  Conclusion

This report illustrated how HPAC could be modified for use with relatively low
solubility drugs such as glibenclamide and used as a tool to examine variations in drug
interactions with modified proteins, as demonstrated by using this approach to investigate
the changes that occur in the binding of glibenclamide to HSA at various stages of
glycation. Frontal analysis studies were used to estimate the affinity and moles of
binding sites for glibenclamide with HSA. The results showed that binding with normal
HSA and glycated HSA followed a two-site model in which interactions occurred at both
high and lower affinity sites. The association equilibrium constants for the high affinity
regions were in the range of 1.4-1.9 x 10°M™ at pH 7.4 and 37°C for columns containing
normal HSA or glycated HSA. The lower affinity regions had association equilibrium
constants that increased from 4.4 x 10° M™ to 7.2 x 10* M for the same columns.

The binding of glibenclamide to normal HSA and glycated HSA at Sudlow sites |

and Il and at the digitoxin site was confirmed through the use of zonal elution
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competition studies. The affinities for glibenclamide at Sudlow sites | and 1l of normal
HSA were 2.4 x 10° M™ and 3.9 x 10* M, respectively. These values were consistent
with values that were estimated for the lower affinity sites in the frontal analysis
experiments. As the level of glycation was increased, a 1.7- to 1.9-fold increase in
affinity was seen for glibenclamide at Sudlow site | for HSA with moderate to high levels
of glycation. An even larger change was noted at Sudlow site Il, in which an increase in
affinity of 4.3- to 6.0-fold was observed versus normal HSA for all of the tested glycated
HSA samples. The association equilibrium constant for glibenclamide at the digitoxin
site of normal HSA was 2.1 x 10° M, which fit with the value that was measured for the
high affinity sites by frontal analysis. Further studies indicated that glycation may have
lead to a slight decrease in affinity for glibenclamide at the digitoxin site, but this change
was not significant at the 95% confidence level for any individual sample of glycated
HSA.

The results of this report are of clinical interest for several reasons. First, the
large changes in binding seen for glibenclamide with glycated HSA, especially at Sudlow
site 11, are of clinical interest because they would be expected to alter the affective dose
of the drug by changing the drug’s free fraction in the circulation. This is potentially
important for sulfonylurea drugs like glibenclamide because of the high level of plasma
protein binding of this drug, the relatively narrow therapeutic range of this drug in serum,
and the undesirable effects that occur if such the apparent activity of this drug levels fall
below or above this range (i.e., hyperglycemia or hypoglycemica) [9-11]. The fact that
the major binding regions on HSA are affected to different extents by glycation is also of

interest in that it implies that drug-protein interactions at these sites will vary as well for
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drugs like glibenclamide. Finally, this work confirms that many sulfonylurea drugs can
bind to Sudlow sites I and Il but also demonstrates for the first time that the digitoxin site
can play a major role in these interactions in the case of glibenclamide.

These results also illustrate how HPAC can be modified and used for examining
the interactions of relatively non-polar drugs like glibenclamide with modified proteins
and to provide a quantitative analysis of the changes in binding for such drugs that may
occur both globally and at specific interaction sites. These efforts were aided by many of
the potential advantages of HPAC for drug-binding studies. For instance, the ability of
HPAC to be used with detection methods such as UV/visible absorbance spectroscopy
[31-33,35,39-42] made it possible to look at the low-to-moderate concentrations of
glibenclamide that were required for the frontal analysis and zonal elution experiments in
this report. The good precision and fast analysis times of HPAC [31-33], along with the
ability to reuse normal HSA or glycated HSA columns over hundreds of experiments [14-
16], made it convenient to use more replicates and sample concentrations with these
columns without the need for additional protein. Furthermore, this last feature made it
possible to use the same protein preparations as in work with previous sulfonylurea drugs
[14-16,58], allowing a direct comparison to be made in the binding properties of
glibenclamide versus these other drugs. The ability to easily combine this method with
new probes (e.g., digitoxin) for examining newly-identified drug-protein interaction sites
was further illustrated in this report. The approaches used here for such experiments are
not limited to glibenclamide and HSA but could be adapted for use with systems that
involve other drugs or modified proteins. Based on these features, it is expected that

HPAC will continue to grow in applications and as a powerful technique for examining
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these and additional types of biological interactions.
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CHAPTER 5:

ANALYSIS OF GLIPIZIDE BINDING TO NORMAL AND GLYCATED HUMAN
SERUM ALBUMIN BY HIGH-PERFORMANCE AFFINITY
CHROMATOGRAPHY
Note: Portions of this chapter have appeared in R. Matsuda, Z. Li, X. Zheng, D.S. Hage,

“Analysis of Glipizide Binding to Normal and Glycated Human Serum Albumin by

High-Performance Affinity Chromatography”, Anal. Bioanal. Chem. (2015) In press.

5.1 Introduction

An estimated 366 million people in the world and 25.8 million people in the
United States are affected by diabetes [1,2]. Diabetes is a disease that is associated with
elevated levels of glucose in the blood stream, which can result in non-enzymatic protein
glycation [3-8]. Glycation involves the reaction between glucose and free amine groups
on proteins [3-8]. This process initially results in the formation of a Schiff base, which
can undergo further rearrangement to form a stable Amadori product. Glycation has been
a topic of growing interest due to its possible effect on proteins and tissues [9]. One
protein that has been examined in recent years in such work is human serum albumin
(HSA), with diabetic patients having a 2- to 5-fold increase in the amount of glycated
HSA versus persons who do not have diabetes [10].

HSA is the most abundant serum protein [11,12]. This protein has a single chain
of 585 amino acids and a molecular weight of 66.5 kDa [11,12]. HSA is involved in
several physiological processes, including the transportation of low mass substances such
as hormones, fatty acids, and drugs [5,11,13-16]. There are two major binding sites for

drugs on HSA: Sudlow sites I and 11 [11,17,18]. Drugs that bind to Sudlow site I include
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bulky heterocyclic anionic drugs such as warfarin, azapropazone, phenylbutazone, and
salicylate [11,13,17,19], while drugs or solutes such as ibuprofen, fenoprofen,
ketoprofen, benzodiazepine, and L-tryptophan bind to Sudlow site Il [11,13,17,20].
There are also other regions on HSA that can bind to fatty acids and to drugs like
tamoxifen or digitoxin [13-16,21-23].

Sulfonylurea drugs are orally-administered drugs that are commonly used to treat
type 1l diabetes [2,24]. The core structure of a sulfonylurea drug is shown in Fig. 5-1.
Sulfonylurea drugs are known to bind tightly to serum proteins, and especially to HSA
[9]. Several studies have recently examined the binding of sulfonylurea drugs to HSA
and glycated forms of this protein [25-33]. Some common first-generation sulfonylurea
drugs (e.g., tolbutamide and acetohexamide) and a number of second-generation drugs
(e.g., gliclazide and glibenclamide) have all been found to bind at both Sudlow sites | and
I1 on normal HSA and glycated HSA [25-30]. Glibenclamide has also been found to
interact with the digitoxin site of HSA [30].

The purpose of this report is to examine binding by glipizide to normal HSA and
HSA at various stages of in vitro glycation. Glipizide (see Fig. 5-1) is a second-
generation sulfonylurea drug that has a limited solubility in water (approximately 20
mg/L) and is relatively lipophilic (log P, 2.31). These properties have made it difficult to
work with this drug under physiological conditions and when using some traditional
methods for binding studies (e.g., fluorescence spectroscopy) [33-37]. An alternative
approach that will be used in this report for such studies is high-performance affinity
chromatography (HPAC).

HPAC is a type of HPLC that uses an immobilized biologically-related agent
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Figure 5-1.  Structure of glipizide. The section in the dashed box shows the common

core structure of all sulfonylurea drugs.
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(e.g., HSA) as a stationary phase to retain specific analytes in applied samples [39,40].
HPAC has frequently been used in the past for the isolation and analysis of specific
targets; however, this technique can also be employed for characterizing biological
interactions [39-41]. This has included the recent use of HPAC in examining the effects
of glycation on the binding of several first- and second-generation sulfonylurea drugs to
HSA [25-32]. Some advantages of HPAC for this type of work are its ability to
determine both the strength of a drug-protein interaction and the number or location of
these binding sites [39-40]. Recent studies have also demonstrated that HPAC can be
used with drugs that have limited solubility in aqueous buffers [30].

This report will use HPAC to examine both the overall binding and site-specific
interactions of glipizide with HSA, based on the methods of frontal analysis and zonal
elution competition studies. These experiments will be conducted with both normal HSA
and with HSA that has been prepared in vitro to have levels of glycation that are
representative of those found in pre-diabetes or diabetes. HPAC will be used to identify
the major binding sites for glipizide on HSA and to characterize the affinities of these
sites for this drug, or the interactions between such sites during the binding of glipizide
with HSA. These experiments should provide a better understanding of how HPAC can
be used to examine binding by drugs that may have relatively complex interactions with a
protein. The results should also help to build a more complete picture of how non-
enzymatic glycation may alter the binding of drugs such as glipizide to HSA and affect

the serum protein binding and transport of such a drug during diabetes.
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5.2  Experimental
5.2.1 Chemicals

The glipizide (> 96% pure), R-warfarin (> 97%), racemic warfarin (> 99%), L-
tryptophan (> 97%), digitoxin (> 97%), tamoxifen (> 99%), B-cyclodextrin (> 98%), D-
(+)-glucose (> 99.5%), sodium azide (95%), and HSA (essentially fatty acid free, (>
96%) were purchased from Sigma Aldrich (St. Louis, MO, USA). Nucleosil Si-300 (7
um particle diameter, 300 A pore size) was obtained from Macherey-Nagel (Diiren,
Germany). A fructosamine assay kit was purchased from Diazyme Laboratories (San
Diego, CA, USA) and was used to measure the modification levels of the in vitro
glycated HSA samples. Reagents for the bicinchoninic acid (BCA) protein assay were
obtained from Pierce (Rockford, IL, USA). A Milli-Q-Advantage A 10 system (EMD
Millipore Corporation, Billerica, MA, USA) was used to purify the water that was
utilized to make all aqueous solutions, which were also filtered through 0.20 pm GNWP

nylon membranes from Millipore.

5.2.2 Instrumentation

The chromatographic system was purchased from Jasco (Tokyo, Japan) and
consisted of two PU-2080 pumps, a DG-2080 degasser, an AS-2057 autosampler, a CO-
2060 column oven, and an UV-2075 absorbance detector. A Rheodyne Advantage PF
six-port valve (Cotati, CA, USA) was also included in the system. The system was
controlled by Jasco LCNet through use of ChromNav software. PeakFit 4.12 (Jandel
Scientific Software, San Rafael, CA, USA) was used to analyze the chromatograms.
Non-linear regression analysis was carried out by using Data Fit 8.1.69 (Oakdale, PA,

USA).



184

5.2.3 In-vitro Glycation of HSA

Two samples of glycated HSA (referred to here as gHSAL1 and gHSA2) were
prepared in vitro at a physiological concentration and pH, according to previously-
published procedures [28,42,43]. During the preparation of these samples, all materials
used for this procedure (e.g., glassware and spatulas) were first sterilized through
autoclaving to prevent bacterial growth during the glycation process. A sterile pH 7.4,
0.20 M potassium phosphate buffer was also prepared in this manner. Further prevention
of bacterial growth was achieved through the addition of 1 mM sodium azide to this
buffer.

Normal HSA (i.e., 840 mg) was placed into a 20 mL portion of the pH 7.4 buffer
(giving a final concentration of 42 mg/L HSA) along with either a moderate or high
concentration of D-glucose (i.e., 5 or 10 mM). These mixtures were incubated for four
weeks at 37 °C to allow glycation to occur. The samples were then lyophilized and
stored at -80 °C until further use. A fructosamine assay was performed in duplicate
according to a previous procedure [28] and used to determine the glycation level of these
HSA samples. The measured glycation levels for the normal HSA, gHSA1 and gHSA2

were 0.24 (£ 0.13), 1.39 (= 0.28) and 3.20 (= 0.13) mol hexose/mol HSA, respectively.

5.2.4 Preparation of Supports and Columns

The chromatographic supports were prepared by first converting Nucleosil Si-300
silica into a diol-bonded form and then immobilizing HSA or glycated HSA to this
material through the Schiff base method [44-47]. Although free amine groups are
involved in both the Schiff base immobilization method and glycation, these processes

tend to involve different residues on HSA, making the resulting protein support a good
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model for the soluble forms of normal HSA or glycated HSA [25-32,48]. A control
support was prepared in this manner; however, no protein was added during the
immobilization step in this latter case. A BCA assay was performed to determine the
protein content of each final support. This assay was performed in triplicate with soluble
HSA Dbeing used as the standard. The control support was used as a blank. The measured
protein content was 97 (x 2), 85 (x 4), and 95 (+ 4) mg HSA/g silica for the normal HSA,
gHSAL, and gHSA2 supports, respectively.

A portion of each support was downward slurry packed into a separate 2.0 cm x
2.1 mm i.d. stainless steel column at 3500 psi (24 MPa) and using a packing solution that
was pH 7.4, 0.067 M potassium phosphate buffer. The packed columns and any
remaining support were stored at 4 °C in pH 7.4, 0.067 M phosphate buffer until further
use. These columns remained stable throughout the course of this entire study (i.e., over
the course of 500 sample applications) and with no significant changes being noted in
their binding properties during the described experiments, as reported in prior work with

similar columns [25-30,49].

5.2.5 Chromatographic Studies

The solutions of glipizide, R-warfarin, racemic warfarin, L-tryptophan, digitoxin,
and tamoxifen were prepared in pH 7.4, 0.067 M phosphate buffer. Digitoxin and
tamoxifen have limited solubility in aqueous solutions (i.e., around 4 mg/L and 0.17
mg/L, respectively), so a solubilizing agent (i.e., B-cyclodextrin) was also placed into
their solutions [50,51]. Digitoxin was prepared in a 0.88 mM [-cyclodextrin solution,
and tamoxifen was prepared in a 2.2 mM B-cyclodextrin, as described previously [21-23].

The racemic warfarin, R-warfarin, digitoxin, and tamoxifen solutions were prepared and
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used within two weeks of preparation [28,49,52]. Solutions of L-tryptophan in pH 7.4,
0.067 M phosphate buffer are known to be stable for a period of about 2-9 days, so these
particular solutions were used within one day of preparation [28,52,53]. Glipizide
required additional steps to place this drug into an aqueous solution [30]. To do this, a
stock solution containing 50 uM glipizide in pH 7.4, 0.067 M phosphate buffer was first
made by dissolving this drug through the aid of repeated 4 h periods of sonication over 5
days. This stock solution was then used to prepare diluted working solutions of glipizide
for the chromatographic experiments. All of the glipizide solutions were used within 2
weeks of preparation. Although sulfonylurea drugs are weak acids (e.g., the pK, of
glipizide is 5.9), the drug concentrations that were used in these experiments had little or
no effect on the final pH of the buffered solutions [33,54].

The mobile phases used for the chromatographic experiments were prepared in or
diluted with pH 7.4, 0.067 M phosphate buffer. The same buffer was used as the
isocratic application/elution buffer during sample injection or application. All of the
mobile phases were passed through a 0.2 um filter and degassed for 10-15 min prior to
use. The chromatographic experiments were carried out at a typical flow rate of 0.50
mL/min and at a temperature of 37 °C. As has been demonstrated with similar columns
and systems, these experimental conditions have been shown to provide reproducible
results in the measurement of drug-binding parameters such as retention factors, binding
capacities and association equilibrium constants [25-30].

Prior to all chromatographic studies, the columns were first equilibrated with pH
7.4, 0.067 M phosphate buffer. In the frontal analysis experiments, a six-port valve was

used to switch the mobile phase from the pH 7.4 buffer to a solution that contained a
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known concentration of glipizide in this buffer. The elution of glipizide was monitored at
254 nm. As shown in Fig. 5-2(a), the application of each glipizide solution resulted in
the formation of a breakthrough curve. After a stable plateau had been reached in the
breakthrough curve, a valve was used to switch the column back to pH 7.4, 0.067 M
phosphate buffer to elute the retained drug and regenerate the column.

Frontal analysis was carried out on each normal HSA or glycated HSA column
and a control column by using twelve solutions of glipizide with concentrations that
ranged from 0.5 to 50 pM. These conditions were all in the linear range of the detector,
and the experiments at each drug concentration were carried out in quadruplicate. The
breakthrough curves were processed by using the first derivative function of PeakFit
4.12, followed by analysis of this derivative using the equal area function to determine
the mean point of the curve [52]. The results that were obtained at each concentration of
glipizide on the control column were subtracted from the results obtained on the normal
HSA or glycated HSA column to correct for the system void time and non-specific
binding of the drug to the support. Non-specific binding to the support made up 50-56%
of the total binding observed when applying a 50 puM solution of glipizide to the normal
HSA or glycated HSA columns. This level of non-specific binding was similar to results
obtained in prior research with glibenclamide, which successfully used the same
approach to correct for such binding on HPAC columns [30].

Zonal elution competition studies, as illustrated in Fig. 5-2(b), were carried out by
using R-warfarin and L-tryptophan as site-specific probes for Sudlow sites I and Il, while
digitoxin and tamoxifen were used as probes for the digitoxin and tamoxifen sites [21-

23,25-30]. These competition studies were performed using eight solutions that
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Figure 5-2.  Typical experimental formats and results for (a) frontal analysis and (b)
zonal elution competition studies. These results were obtained for
glipizide on 2.0 cm x 2.1 mm i.d. columns containing normal HSA. The
results in (a) are for glipizide concentrations of 20, 10, 5, 2.5, or 1 uM
(top-to-bottom). The results in (b) were obtained using R-warfarin as an
injected site-specific probe for Sudlow site | and in the presence of
glipizide concentrations in the mobile phase of 20, 10, 5, 2.5, or 1 uM

(left-to-right). Other experimental conditions are given in the text.
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contained 0.0 to 20.0 uM glipizide in the mobile phase. These solutions were also used
to dilute and prepare 5 UM samples of each probe compound, which were found to
provide linear elution conditions for these compounds. The probe samples were applied
to each column as 20 pL injections and were monitored at 308, 280, 205, or 205 nm for
R-warfarin, L-tryptophan, digitoxin or tamoxifen, respectively. Sodium nitrate was used
as a non-retained solute and was applied at a concentration of 20 uM and using an
injection volume of 20 pL, while being monitored at 205 nm [38-41]. The experiments at
each concentration of glipizide and with each site-specific probe were performed in
quadruplicate for the normal HSA or glycated HSA columns and control column. The
central point of each peak was determined by using the equal area function of PeakFit
4.12 [52].

Similar competition studies were carried out in quadruplicate by using glipizide as
the injected probe and racemic warfarin or tamoxifen as the competing agent. The
mobile phases in these experiments contained one of eight concentrations for racemic
warfarin that ranged from 0.0 to 20.0 uM or one of eight concentrations for tamoxifen
that ranged from 0.0 to 10.0 uM. Samples containing 5 uM glipizide were prepared with
each of these mobile phases and were applied using a 20 pL injection volume, with the
glipizide being monitored at 254 nm. Other conditions and procedures, including the use
of sodium nitrate as a non-retained solute, where the same as described for the other

zonal elution competition studies.

5.3  Theory
5.3.1 Frontal Analysis

The method of frontal analysis was used to provide initial estimates for the
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binding constants and amount or types of binding sites for glipizide with normal HSA or
glycated HSA [38-41,52]. Fig. 5-2(a) shows the general format of this approach and
some typical chromatograms that were produced by this method. In this type of
experiment, a series of breakthrough curves were produced when known concentrations
of glipizide were continuously applied to a column. The mean position of each
breakthrough curve was then determined, which occurred around 4-8 min for the results
that are given in Fig. 5-2(a).

In a system where relatively fast association and dissociation Kinetics are present
between the applied drug or analyte (A) and the immobilized protein or ligand (L), the
mean position of the corresponding breakthrough curves can be related to the
concentration of the applied analyte, the association equilibrium constant(s) for this
analyte with the ligand, and the moles of binding sites for the analyte in the column [38-
41,52]. For example, if binding by A occurs at a single type of site on L, this system can

be described by the one-site binding model that is represented by Egs. (1) and (2) [38-

41,52].
_ MmpKq [A]
Miapp = {11k, [A) @
1 1 1

= += @

Miapp  (Kamp[AD ~ my
In these equations, myapp refers to the moles of applied analyte that are required to reach
the central point of the breakthrough curve at a given molar concentration of the analyte,
[A]. The association equilibrium constant and total moles of active binding sites for this
interaction are represented by K, and my, respectively. Eq. (2) is the double-reciprocal
form of Eq. (1), which predicts that a linear relationship should be present in a plot of

1/myap, versus 1/[A] for this type of system. The value of mg in this plot is given by the
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inverse of the intercept, and K, can be obtained by taking the ratio of the intercept over
the slope.
Similar relationships can be used to describe more complex interactions, like the

two-site system that is represented by Eqgs. (3-4) [38-41,52].

_ mp1Ka1[A] mp,Kao[A]
Miavp = i [AD T (+KazlAD ©)

1 1+Kg[Al+B2Ka1[Al+B2Kaq *[Al?
MLapp - mp{(a1+P2—a1B2)Ka1 [Al+B2Kaq *[A]?}

(4)

In these equations, K;; and Ka, are the association equilibrium constants for the two
types of binding sites for A in the column [38-41,52]. The binding capacities of these
sites are described by m; and my, respectively. The double-reciprocal form of Eq. (3) is
shown in Eq. (4), where a; is the fraction of all binding sites for A that consist of the
highest affinity site for A, and f, is the ratio of the association equilibrium constants for
the lower versus higher affinity sites, where £, = Kq/Ka1 and Kap > Kyp [38-41,52].

Results plotted according to Eq. (4) would be expected to give a non-linear
response over a broad range of concentrations for A; this feature has been used in prior
studies to determine whether multi-site interactions are taking place between an analyte
and an immobilized protein [38-41,52]. These deviations are most apparent at high
concentrations of [A], or low values of 1/[A]. However, a plot of 1/miap, versus 1/[A] in
even a multi-site system can approach a linear response at low concentrations of A, or
high 1/[A] values, as is indicated by Eq. (5) [38-41,52].

2 2
1 — 1 a1+f"—a1 B
Mpapp  Mmp(a1+Br—a182)Kaq1[A]l ~ mp(ay+B2—aqf2)?

()

limpa)o

If data from the linear range in a plot of 1/m 4y, versus 1/[A] are analyzed according to

Eqg. (5) for a multi-site system, the apparent association equilibrium constant that is



193

obtained from the ratio of the intercept over the slope can provide an initial estimate for
the association equilibrium constant for the highest affinity sites in this system [38-

41,52].

5.3.2 Zonal Elution Competition Studies

Zonal elution can be used to determine the affinity of an analyte at a specific
region on an immobilized binding agent [25,38-41,52]. This type of experiment involves
the injection of a small plug of a site-specific probe onto the column, while a known
concentration of the competing agent (e.g., the analyte) is applied in the mobile phase
[38-41,52]. Examples of some typical chromatograms that are obtained in such an
experiment are included in Fig. 5-2(b). In this current report, such a method generally
provided results within 4 to 10 min of sample injection. In this type of experiment, the
retention of the probe is examined as the concentration of the competing agent is varied
[38-41,52]. This retention is usually expressed in terms of the retention factor (k) for the
probe, as is calculated from the measured mean retention time for the probe (tg) and the
void time (ty) of the system, where k = (tr - tm)/tm [23].

The change in the value of k as the concentration of the competing agent (1) is
varied is next examined according to various binding models. For instance, these results
can be analyzed by using Eq. (6) and looking at the fit of this equation to a plot of 1/k

versus the molar concentration of the competing agent, [1] [38-41,52].

1 _ KaVull] Vm (6)
k Kaamy, Kqamy,

In this equation, the association equilibrium constants for the probe and competition
agent at their site of competition are described by Ksa and Ky. The term Vy is the

column void volume, while m is the total active moles of the common binding site in the
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column. If a linear response with a positive slope is obtained for a plot that is made
according to Eqg. (6), the results can be said to follow a model in which the probe and
competing agent are interacting directly at a single type of site on the immobilized
binding agent. In addition, the ratio of the slope versus the intercept from this plot can be
used to determine the association equilibrium constant for the competing agent at its site
of direct competition with the probe [38-41,52].

Deviations from the linear response that is predicted by Eq. (6) can occur if
binding is occurring at multiple sites or if allosteric effects are present during the binding
of the probe and competing agent [25,38-41,55]. Eq. (7) provides an alternative
relationship that can be used to describe such data when the probe and competing agent

are binding to two separate but allosterically-linked sites [23,25].

ko _ 1, 1
k-ko  Proa-1 (KalL[I] + 1) (7)

In this equation, the association equilibrium constant for the competing agent is

represented by Ka.. The term kg is the retention factor for the probe in the absence of the
competing agent, and k is the retention factor for the probe in the presence of a given
concentration of the competing agent. The term f,a is the coupling constant for the
allosteric effect of | on the interaction of A to the immobilized binding agent [23]. A plot
of ko/(k - ko) vs. 1/[1] according to Eqg. (7) should result in a linear relationship for a
simple allosteric interaction, where the slope and intercept can be used to determine the
coupling constant (1, a) for this interaction and the association equilibrium constant for
the competing agent at its binding site [23,25]. A value of g A that is greater than 1
indicates that a positive allosteric effect is occurring, while 0 < i, A < 1 indicates that a

negative allosteric effect is present. A value of i that is equal to zero is obtained when
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direct competition is taking place between A and I, and the presence of no competition is
represented by a value of i 4 that is equal to 1 [23].

Competition studies can also be conducted by injecting a small plug of the analyte
onto the column in the presence of known concentrations of a site-specific probe in the
mobile phase [39]. The retention factor for an analyte that interacts with n independent
sites can be represented by the sum of the retention factors for these individual sites (k;
through k), as is shown in Eq. (8). This equation can further be expanded into Eq. (9) if

an agent is also present in the mobile phase that can compete at one or more of these sites

[39].
kn =k + ..k ®)
_ Kgaimpy Kaganmpa
kA N VMQ+Kai 1D 77 Vi (@+Kamn[1D (9)

In Eq. (9), Kaa1 through Kaa, are the association equilibrium constants for the analyte at
site 1 through n, and Kg); through Kgn are the association equilibrium constants for the

competing agent at the same sites [39].

5.4  Results and Discussion
5.4.1 Frontal Analysis using Normal HSA

Frontal analysis was first used to examine the overall binding of glipizide to
columns containing either normal HSA or in vitro glycated HSA. Examples of such
experiments are shown in Fig. 5-2(a). Previous studies have found that other
sulfonylurea drugs tend to interact with both normal HSA and glycated HSA at two
general classes of sites: a set of moderate-to-high affinity sites and a larger group of weak
affinity regions [25-27,29,30].

In this report, the results from frontal analysis experiments with glipizide were fit
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to various binding models. Fig. 5-3(a) shows the best-fit line that was obtained for
glipizide and normal HSA when using a one-site model, as described by Eq. (1). This fit
resulted in a correlation coefficient of 0.9979 (n = 12). The same data were also fit to a
two-site model, as described by Eq. (3) and shown in Fig. 5-3(b). This model gave a
slightly higher correlation coefficient of 0.9998 (n = 12). Residual plots, as provided by
the insets of Fig. 5-3, indicated that the data had a more random distribution about the
best-fit line for the two-site model than for the one-site model. In addition, the sum of
the squares of the residuals was lower for the two-site model vs. the one-site model (i.e.,
3.6 x 10" vs. 5.3 x 10™%). The presence of multi-site binding was confirmed by plotting
the data according to Eqg. (2) or Eqg. (4), which resulted in deviations from a linear
response at high glipizide concentrations (see Appendix 5.7). All of these results
indicated that the two-site model was a better description than the one-site model for the
binding of glipizide with normal HSA. The use of higher order models (e.g., a three-site
model) did not result in any improved fit to this data.

The two-site model was next used to estimate the average association equilibrium
constants and moles of sites that were involved in the interactions of glipizide with
normal HSA. The results of this fit gave a value for Ky of 2.4 (+ 0.8) x 10° M™ for the
group of relatively high affinity sites and a value for Ky, of 1.7 (+ 0.4) x 10* M for the
lower affinity sites. A comparable estimate of 1.1 (+ 0.1) x 10°> M™was obtained for Ka
from the linear region of a plot that was made according to Eq. (5) (see Appendix 5.7).
In addition, these Ky values were in the same general range as an overall association
equilibrium constant of 3.7 x 10° M that has been reported for glipizide with normal

HSA in solution, as determined by fluorescence spectroscopy at 37 °C and in pH 7.4,
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Figure 5-3.  Analysis of frontal analysis data for the binding of glipizide with normal
HSA Dby using (a) a one-site model or (b) a two-site model. These results
are for twelve solutions of glipizide with concentrations ranging from 0.5
to 50 uM that were applied to a 2.0 cm x 2.1 mm i.d. normal HSA
column. Other experimental conditions are given in the text. The insets in
(@) and (b) show the residual plots for the fits of the data to the given
binding models. Each data point is the average of four values, with

relative standard deviations ranging from + 0.3-4.6%.
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0.10 M phosphate buffer [33].

The Ka; values that were determined for the high affinity sites of glipizide were
similar to or up to 3.4-fold larger than values that have been measured by frontal analysis
for the high affinity sites of acetohexamide, tolbutamide, and gliclazide with normal HSA
[25-27,29]. This strong binding by glipizide may be due to the large and relatively non-
polar side chains that are present in glipizide [56], which have been proposed to be
important in the interactions of this drug with HSA [33]. The Kg; values estimated for
glipizide were up to an order of magnitude lower than the average K; that has been
reported for the high affinity sites of normal HSA with glibenclamide, another second-
generation drug [30]. However, glibenclamide is known to have an additional high
affinity site (i.e., the digitoxin site) that significantly increases its overall affinity for
normal HSA when compared with many other sulfonylurea drugs [30].

The normal HSA column was estimated through the frontal analysis data to have
a binding capacity of 8.9 (+ 3.0) x 10" mol for glipizide at its highest affinity sites and
6.0 (+ 0.3) x 10® mol at its lower affinity sites. Based on the known protein content of
the column, the specific activities for these sites were 0.24 (£ 0.08) and 1.6 (£ 0.1)
mol/mol HSA, respectively. These values indicated that at least one major binding site
was involved in the higher affinity interactions, with a larger group of sites taking part in
the weaker affinity interactions. These results and overall trends are comparable to those
that have been obtained in previous frontal analysis studies involving normal HSA and

other sulfonylurea drugs [25-27,29,30].

5.4.2 Frontal Analysis using Glycated HSA

When examining the interactions of glipizide with two samples of in vitro
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glycated HSA (i.e., gHSAL and gHSA?2), the two-site model again gave a better fit for the
frontal analysis data than a one-site model. The correlation coefficients obtained for the
frontal analysis data with glipizide and gHSAL were 0.9964 (n = 12) for the one-site
model and 0.9997 (n = 12) for the two-site model. Similar results were obtained for
gHSAZ2, with correlation coefficients of 0.9978 (n = 12) for the one-site model and
0.9999 (n = 12) for the two-site model. The residual plots for both types of glycated
HSA gave a more random distribution of the data about the best-fit line for the two-site
model than for the one-site model. The data for gHSA1 and gHSA2 also had a lower
sum of the squares of the residuals for the two-site model than the one-site model (i.e.,
5.6 x 10™° vs. 6.9 x 1078 for gHSA1 and 4.1 x 10™ vs. 1.9 x 10™® for gHSA2. These
results confirmed that glipizide also interacted with the glycated HSA samples according
to a two-site model.

Table 5-1 includes the binding parameters that were obtained for glipizide with
the glycated HSA samples when using the two-site model. The average association
equilibrium constants that were measured for glipizide at its higher and lower affinity
sites on gHSAL were 2.8 (+ 1.1) x 10° M™ and 2.5 (+ 0.5) x 10* M, respectively. The
corresponding values for gHSA2 were 6.0 (+ 2.2) x 10° M™ and 3.7 (+ 0.2) x 10* M™.
The average association equilibrium constants that are shown in Table 5-1 for the highest
affinity sites were 1.2-fold higher for gHSA1 and 2.5-fold higher for gHSA2 than the
value that was measured for normal HSA. The apparent increase in affinity for gHSA1
was not statistically significant at the 95% confidence level; however, the increase seen
for gHSA2 was significant. Previous studies involving other sulfonylurea drugs have

noted an increase in the average K, at the highest affinity sites for these drugs on glycated
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Table 5-1.  Association equilibrium constants (K,) and binding capacities (m.)
determined for glipizide with normal HSA or glycated HSA when using a

two-site binding model®

Type of HSA Ka1 my Ka2 meo
(M1 x 10%) (mol x 10°%) (M1 x 10% (mol x 10°®)
Normal HSA 2.4 (+0.8) 8.9 (+ 3.0) 1.7 (£ 0.4) 6.0 (0.3)
gHSA1 2.8 (+1.1) 9.7 (+3.8) 2.5 (+0.5) 6.3(£0.2)
gHSA2 6.0 (+2.2) 42 (£1.2) 3.7 (£0.2) 5.9 (+0.1)

*These results were measured at 37 °C in the presence of pH 7.4, 0.067 M potassium phosphate buffer. The
values in parentheses represent a range of +1 S.D., as based on error propagation and the precisions of the
best-fit slopes and intercepts when using Eq. (3) (n = 12). The glycation levels for gHSAL and gHSA2

were 1.39 (+ 0.28) and 3.20 (£ 0.13) mol hexose/mol HSA, respectively.
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HSA versus normal HSA [26,27,29,30]. It has been suggested that such changes in
affinity, if present, may be a result of alterations in the amount or types of glycation
products that are present at or near these binding regions as the level of HSA glycation is
varied [57,58].

The specific activities for the columns containing glycated HSA were determined
from the measured binding capacities and protein contents for these columns. The higher
and lower affinity sites in the gHSA1 column had binding capacities of 9.7 (+ 3.8) x 10
and 6.3 (+ 0.2) x 10® mol, respectively, with specific activities of 0.30 (+ 0.11) and 2.0
(x 0.1) mol/mol gHSA1. The gHSA2 column had binding capacities for the same sites of
4.2 (+1.2) x 10° and 5.9 (+ 0.1) x 10® mol, with specific activities of 0.12 (+ 0.03) and
1.7 (£ 0.1) mol/mol gHSA2. These results were similar to those obtained for the normal
HSA column and in prior work with other sulfonylurea drugs [25-27,29,30]. These
results again indicated that at least one type of site was involved in the higher affinity

interactions and that more sites were involved in the weaker affinity interactions.

5.4.3 Competition Studies at Sudlow Site 1l

Zonal elution competition studies were used to help identify the binding sites for
glipizide on HSA and to measure the affinity of glipizide at these sites. Sudlow site Il
has been found in previous work to be one of the regions that often takes part in the
moderate-to-high affinity interactions of other sulfonylurea drugs with normal HSA and
glycated HSA [25-27,29,30]. It has recently been determined in solution-phase
displacement experiments that glipizide also binds to Sudlow site 11 on normal HSA [33].
In this current report, interactions at Sudlow site Il were examined by using L-tryptophan

as a probe for this site [25-30].
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Competition studies between L-tryptophan with glipizide were carried out on
columns that contained either normal HSA or glycated HSA. The data were then
analyzed according to Eq. (6), as illustrated in Fig. 5-4(a). A linear response was
observed for glipizide on all of the normal HSA or glycated HSA columns, with
correlation coefficients that ranged from 0.9137 to 0.9643 (n = 8). It was concluded from
these results that L-tryptophan and glipizide had direct competition at Sudlow site Il on
both normal HSA and glycated HSA.

Table 5-2 shows the association equilibrium constants for glipizide that were
measured at Sudlow site 11 on these various columns. The values that were obtained were
1.1 (£ 0.1) x 10* M™ for normal HSA, 1.2 (+ 0.1) x 10* M for gHSA1, and 1.4 ( 0.2) x
10* M gHSA2. The change in affinity between normal HSA and gHSA1 (9%) was not
statistically different at either the 95% or 90% confidence level. However, a significant
increase (at both confidence levels) of 27% or 17% was observed in this affinity at
Sudlow site Il when going from normal HSA or gHSAL to gHSA2. In addition, these
affinity values were approximately 3.5- to 12-fold lower than association equilibrium
constants that have been measured for other first- or second-generation sulfonylurea
drugs at Sudlow site 11 of normal HSA [26,27,29,30].

It has been suggested based on solution-phase displacement studies that Sudlow
site 1l is the major binding site for glipizide on normal HSA [33]. However, the
association equilibrium constants measured here for glipizide at Sudlow site Il of normal
HSA and glycated HSA were an order of magnitude lower than the binding constants that
were estimated for the highest affinity sites, as determined by frontal analysis (see Table

5-1 and Appendix 5.7). This comparison indicated that although Sudlow site Il was
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Plots prepared according to Eqg. (6) for zonal elution competition data
obtained for glipizide and using (a) L-tryptophan as an injected probe for
Sudlow site Il on a 2.0 cm x 2.1 mm i.d. gHSA2 column or (b) digitoxin
as an injected probe for the digitoxin site on a 2.0 cm x 2.1 mm i.d.
normal HSA column. Other experimental conditions are given in the text.
The equation for the best-fit line in (a) is y = [2.2 (+ 0.3) x 10%] x + [0.2 (+
0.1)], with a correlation coefficient of 0.9707 (n = 7). The dashed
reference line in (b) is the result expected for a system with no
competition between the injected probe and competing agent. The error
bars represent a range of + 1 S.D. Each point is the average of four values
with relative standard deviations that ranged from (a) + 0.5-4.8% or (b) +

0.5-5.0%.
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binding to glipizide, some other region was also present that had an even higher affinity
for this drug. The location of this additional site was explored in the following sections

by using probes for other regions of HSA.

5.4.4 Competition Studies at the Digitoxin Site

The digitoxin site of HSA has been observed in prior work to have strong binding
to the sulfonylurea drug glibenclamide [30]. As a result, competition studies were also
conducted to examine the binding of glipizide at this site and by using digitoxin as a site-
specific probe [21]. Injections of digitoxin onto the normal HSA column and in the
presence of various concentrations of glipizide gave only a random variation in retention
of + 6.3%, as demonstrated by a plot that was made according to Eq. (6) in Fig. 5-4(b).
Similar results were obtained for the columns containing gHSAL or gHSA2, which gave
random variations in the retention for digitoxin of + 4.6% and + 9.5%, respectively.
These results indicated that glipizide was not interacting with the digitoxin site of either

normal HSA or glycated HSA.

5.4.5 Competition Studies at Sudlow Site |

Competition studies were next carried out at Sudlow site I by using R-warfarin as
a site-specific probe for this binding region [19,23,28]. Previous work involving other
sulfonylurea drugs have consistently noted that these drugs have direct competition for
warfarin at this site and that this region has moderate-to-high affinity interactions for this
class of drugs [25-27,29,30]. This site has further been identified, through solution-phase
displacement studies, as a binding region for glipizide on normal HSA [33].

Data from competition studies using glipizide as a mobile phase additive and R-



Figure 5-5.
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Plots prepared according to (a) Eqg. (6) and (b) Eq. (7) for zonal elution
competition studies using glipizide as a competing agent and R-warfarin as
an injected probe for Sudlow site I. These results were obtained on a 2.0
cm x 2.1 mm i.d. column containing normal HSA. Other experimental
conditions are given in the text. The error bars represent a range of 1
S.D. Each point is the average of four values with relative standard
deviations that ranged from (a) £ 0.3-3.4% or (b) £ 1.7-2.0%. The
equation for the best-fit dashed line in (a) isy = [8.0 (+ 0.1) x 10?] x + [1.3
(+ 0.1) x 10, with a correlation coefficient of 0.9999 (over the four
points on the left side of this plot). The equation for the best-fit dashed
line in (b) is y = [-6.5 (+ 0.3) x 10°°] x + [-2.5 (+ 0.1)], with a correlation

coefficient of 0.9978 (over the four points on the left side of this plot).
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warfarin as an injected probe compound were plotted according to Eq. (6). An example
of such a plot is shown in Fig. 5-5(a), as generated using the normal HSA column. In
previous studies with other sulfonylurea drugs, linear behavior and a positive slope has
been seen for such plots, indicating that R-warfarin was competing directly with these
drugs [25-27,29,30]. The corresponding plot for glipizide was also linear with a positive
slope at gliclazide concentrations up to about 5 UM, with deviations from linearity
occurring at higher glipizide concentrations. Similar results were obtained for the
glycated HSA columns. These results suggested that glipizide was in direct competition
with R-warfarin at Sudlow site | at low glipizide concentrations. Such behavior agreed
with the results from prior solution-phase displacement studies [33].

The deviations from linearity that were seen in plots like Fig. 5-5(a) could have
been produced by an allosteric interaction between the injected probe and glipizide as the
concentration of this drug was increased [25,55]. This effect may be related to the ability
of glipizide to induce a conformational change as a result of binding by this drug to HSA,
as has been proposed from solution-phase studies [33]. The presence of an allosteric
interaction was tested by plotting the zonal elution data according to Eq. (7). As is shown
in Fig. 5-5(b), the resulting graph of ko/(k - ko) vs. 1/[Glipizide] for the normal HSA
column gave a linear relationship with a negative slope at low values of 1/[Glipizide].
The two glycated HSA columns gave similar linear relationships. Deviations from
linearity were observed at higher high values of 1/[Glipizide], as demonstrated in Fig. 5-
5(b). These deviations occurred at the same glipizide concentrations that were in the
linear range of plots made according to Eg. (6), as based on a direct competition model.

The linear region in plots made according to Eqg. (7) gave correlation coefficients that
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ranged from —0.7452 to -0.9975 (n = 4) for the normal HSA and glycated HSA columns.

The linear fits obtained with Eqg. (7) were used to estimate the association
equilibrium constants for glipizide at the site that was taking part in this allosteric
interaction (see Table 5-2). The same fits were used to find the coupling constants for
the allosteric effect of glipizide on the binding of R-warfarin with normal HSA or
glycated HSA. The association equilibrium constant that was measured for glipizide at
its interaction region on normal HSA was 3.9 (+ 0.2) x 10°> M™%, This value was similar
to the overall association equilibrium constant that has been reported for the binding of
glipizide with normal HSA in solution [33] and the value obtained in this current report
for the high affinity regions of glipizide with normal HSA. The coupling constant that
was measured for this site with R-warfarin was 0.60 (= 0.03), with the latter value
representing a negative allosteric effect. The association equilibrium constants for
glipizide at the corresponding interaction sites on gHSA1 and gHSA2 were 3.2 (+ 0.2) x
10° Mt and 3.9 (+ 0.3) x 10° M, with coupling constants of 0.66 (+ 0.05) and 0.62 (+
0.05), respectively. There was an 18% decrease in affinity for glipizide and this
interaction in going from normal HSA to gHSA1, and a similar increase between gHSA1
and gHSA2. Both of these changes were significant at the 95% confidence interval. No
changes in affinity were observed between normal HSA and gHSAZ2. In addition, all of
the coupling constants measured between glipizide and warfarin were statistically
equivalent at the 95% confidence interval.

Binding by glipizide at Sudlow site | was confirmed by carrying out a reverse
competition study. This was done by injecting a small amount of glipizide as the probe

and by using racemic warfarin as the competing agent in the mobile phase. The
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measured retention factor for glipizide was also corrected for the binding of this drug to
Sudlow site Il and to its weak affinity regions; this was accomplished by using Eq. (9)
with the results of the competition studies at Sudlow site Il and the binding constants in
Table 5-1 for the weak affinity sites that were measured by frontal analysis. The
resulting corrected retention factors gave linear plots when analyzed according to Eq. (6)
(see Appendix 5.7.3), as would be expected if direct competition were occurring between
glipizide and warfarin in the region of Sudlow site I. Furthermore, the association
equilibrium constants that were estimated for glipizide at Sudlow site | from these results
were consistent with the range of values that were obtained when using R-warfarin as the

injected probe and glipizide as the competing agent.

5.4.6 Competition Studies at the Tamoxifen Site

Because some allosteric effects were observed for glipizide at Sudlow site I,
additional experiments were used to explore whether glipizide had similar effects at other
sites on HSA. The tamoxifen site of HSA was of particular interest since previous
studies have shown that Sudlow site | and this site are allosterically-linked [23,59,60].
These studies were originally carried out by using tamoxifen as a site-specific probe [23]
and glipizide as a competing agent. When the results were analyzed according to Eg. (6)
and a direct-competition model, the plot that was obtained for normal HSA gave a non-
linear response with a negative slope, as shown in Fig. 5-6(a). This plot indicated that a
positive allosteric interaction was present between glipizide and tamoxifen [23]. Similar
trends were seen for the glycated HSA columns.

The same competition data were analyzed by using Eq. (7). As shown by the

example in Fig. 5-6(b), a linear fit was noted for a plot of ko/(k-ko) vs. 1/[Glipizide] for
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Figure 5-6.  Plots prepared according to (a) Eqg. (6) or (b) Eq. (7) for zonal elution
competition studies using glipizide as a competing agent and tamoxifen as
an injected probe for the tamoxifen site. These results were obtained on a
2.0 cm x 2.1 mm i.d. column containing normal HSA. Other experimental
conditions are given in the text. The error bars represent a range of 1
S.D. Each point is the average of four values with relative standard
deviations that ranged £ 1.5-10.6%. The equation for the best-fit solid line
in (b) isy = [3.4 (+ 0.1) x 10°] x + [1.4 (+ 0.3) x 10™*], with a correlation

coefficient of 0.9990 (n = 7).
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the normal HSA column, with the same behavior being seen on the glycated HSA
columns. These plots had correlation coefficients ranging from 0.9976 to 0.9988 (n = 7).
These fits were used to find the association equilibrium constant for glipizide at the site
that had an allosteric effect on the tamoxifen site. The results are included in Table 5-2.
The corresponding association equilibrium constant that was measured for glipizide when
using normal HSA was 4.1 (+ 0.9) x 10* M. The coupling constant of this region with
the tamoxifen site was 8.0 (+ 1.7). gHSA1 and gHSA2 had association equilibrium
constants of 7.8 (+ 1.1) x 10* M™* and 5.2 (+ 1.3) x 10* M™, respectively, for glipizide
during this allosteric interaction, as well as coupling constants of 5.1 (x 0.7) and 6.1 (+
1.5). The 1.9-fold increase in the affinity between normal HSA and gHSAl was
significant at the 95% confidence interval. The 1.3-fold increase in affinity between
normal HSA and gHSA2 was not significant at the 95% confidence level but was
significant at the 90% confidence level. Significant differences at the 95% confidence
level were also present in the coupling constants between normal HSA and gHSAlor
gHSAZ2.

Reverse competition studies were conducted by using glipizide as the injected
probe and tamoxifen as the competing agent. The retention factors for glipizide were
again corrected for the binding of this drug at Sudlow site 1l and at its weak affinity
regions, as described in the previous section. A plot using these corrected values was
then made according to Eq. (6). This plot resulted in a non-linear relationship (see
Appendix 5.7.4) which further indicated that positive allosteric interactions where
occurring between the binding region for glipizide on HSA and the tamoxifen site.

Similar results were obtained for glycated HSA. The same type of positive allosteric
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effect on tamoxifen has been noted to occur during the binding of warfarin at Sudlow site

| of HSA [23].

55  Conclusion

This report utilized HPAC to examine the binding of glipizide to normal HSA and
HSA with various levels of in vitro glycation. The results of frontal analysis experiments
indicated that glipizide was interacting with both normal HSA and glycated HSA at a
series of relatively high affinity regions that had average association equilibrium
constants in the range of 2.4-6.0 x 10° M at pH 7.4 and 37 °C. These values were in
good agreement with a previous estimate that has been made for the overall affinity of
glipizide with normal HSA in solution [33]. This drug was also found to have a large set
of weak affinity regions that had association equilibrium constants in the range of 1.7-3.7
x 10* M™.

Zonal elution competition studies were used to provide more detailed information
on the interactions of glipizide with specific sites of normal HSA or glycated HSA. Fig.
7 summarizes the results of these experiments. This drug was found to bind to Sudlow
site 11 with an affinity of 1.1-1.2 x 10* M for both normal HSA and glycated HSA. The
same proteins had estimated affinities of 3.2-3.9 x 10°> M™ for normal HSA and glycated
HSA, which agreed with the values for the high affinity regions that were obtained by
frontal analysis. Up to an 18% decrease in the affinity for glipizide was observed at
Sudlow site | in going from normal HSA to glycated HSA, while up to a 27% increase
was noted at Sudlow site 1l. Glipizide had no appreciable interactions at the digitoxin site
and was found to have positive allosteric effect for the binding of tamoxifen at its site on

HSA. A negative allosteric effect was also observed between glipizide and the binding of
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Figure 5-7.  Summary of the association equilibrium constants, coupling constants and
binding sites determined in this report for glipizide in its interactions with
HSA. The values and results given in bold are for normal HSA. The

values given in parentheses are for glycated HSA.
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R-warfarin at Sudlow site |.

The results from this study demonstrate how HPAC can be used to examine the
overall binding affinity and site-specific binding for drugs with relatively complex
interactions with proteins, including modified proteins such as glycated HSA. In
addition, the results from this study show how glycation, at levels comparable to those
present in diabetes, can alter the binding of drugs with HSA. The type of binding data
that was obtained in this report should be useful in future work in determining how the
effective dosage of a drug like glipizide may be affected as the concentration of blood
glucose and levels of protein glycation change in diabetic patients [9,25-31]. In addition,
the methods that were used in this study are not limited to glipizide and normal HSA or
glycated HSA, but could also be applied to other drugs or modified proteins. These
features should make this approach, and the data it can provide, of interest in areas such
as biointeraction studies, the screening of drug candidates, and personalized medicine

[9,31].
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Appendix
Analysis of Frontal Analysis Data According to Eq. (5)

Frontal analysis data for the binding of glipizide with normal HSA and glycated

HSA were also examined by using plots produced according to Egs. (2) or (4). A typical

double-reciprocal plot of 1/myap, vs. 1/[A] for such as a system is given in Fig. 5-8. Asis
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shown in this figure, a linear response was noted at low concentrations of glipizide, or
high 1/[Glipizide]. However, at higher concentrations, or lower values for 1/[Glipizide],
deviations from the linear response was observed. This deviation confirmed that
glipizide was interacted at more than one type of site on normal HSA or glycated HSA.
The linear region that was noted at the higher values of 1/[Glipizide] were used
with Eqg. (5) to provide an estimate for the association equilibrium constant for the high
affinity sites of glipizide on these proteins. In Fig. 5-8, the best-fit line over this linear
region gave a correlation coefficient of 0.9971 (n = 6) and an estimated association
equilibrium constant of 1.1 (* 0.1) x 10° M.  Similar linear fits to the lower
concentration data were observed for gHSA1 and gHSAZ2, which gave correlation
coefficients of 0.9994 (n = 6) and 0.9992 (n = 6), respectively. The corresponding
association equilibrium constants that were estimated for the high affinity sites were 1.1
(+0.1) x 10° M for gHSAL and 1.2 (+ 0.1) x 10° M™* for gHSA2. All of the values were

statistically identical to each other at the same at the 95% confidence interval.

5.7.2  Zonal Elution Competition Studies at Sudlow Site |

The linear region obtained in Fig. 5-5(a) for the normal HSA column at low
glipizide concentrations had a correlation coefficient of 0.9999 (n = 4). The ratio of the
slope and intercept for this linear region gave an association equilibrium constant of 6.1
(+ 0.1) x 10* M for glipizide at Sudlow site | of normal HSA. The binding of glipizide
to Sudlow site | of gHSAL and gHSAZ2 also gave linear relationships over a similar
concentration range and when plotted according to Eq. (6). The correlation coefficients

for these linear regions were 0.9854 (n = 5) and 0.9999 (n = 4), respectively. The
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Results of frontal analysis experiments for the binding of glipizide to a 2.0
cm x 2.1 mm i.d. normal HSA column, as analyzed according to a double-
reciprocal plot and Eq. (4). These results are for twelve glipizide
concentrations that ranged from 0.5 to 50 uM. The inset shows the
deviations occurring at low 1/[Glipizide] values from the best-fit line (as
given in the above graph) that was determined from the linear region at

high values of 1/[Glipizide].



1my 4, (x 10 mol)

1.0

0.8 1

0.6 1

0.4 1

0.2 {

0.0

229

0 2 4
1/[Glipizide] (x 105 ML)

10 15 20

1/[Glipizide] (x 105 ML)

25



230

association equilibrium constants that were determined for these regions were 4.4 (£ 0.4)
x 10* M for gHSA1 and 6.7 (+ 0.1) x 10* M for gHSA2.

The linear plots that were obtained by fitting Eqg. (7) and that are described in
Table 5-2 and the main text for glipizide and R-warfarin were obtained at moderate-to-
high concentrations of glipizide. When similar plots of ko/(k - ko) vs. 1/[Glipizide] were
made over the entire data set, linear relationships were still obtained with negative slopes
and coefficients that ranged from 0.9933 to 0.9980 (n = 7). The association equilibrium
constant and coupling constant that were obtained from the expanded fit for glipizide at
Sudlow Site | on normal HSA was 8.9 (+ 1.4) x 10* M™ and 0.32 (+ 0.05). The
corresponding values for gHSA1 were 20.0 (+ 2.9) x 10* M and 0.62 ( 0.05), while the
values for gHSA2 were 15.2 (+ 2.0) x 10* M and 0.44 (+ 0.05).

0.1) x 10* M for gHSAZ2.

5.7.3 Reverse Competition Studies using Glipizide and Warfarin

In the reverse zonal elution competition studies that were conducted between
glipizide and warfarin, the part of the retention factor that was due to the interaction of
glipizide at Sudlow Site Il was estimated by using Eg. (9) along with the binding
parameters given for glipizide at this site in Table 5-2 and the measured retention of L-
tryptophan in the absence of glipizide. The contribution to the retention due to the weak
affinity sites for glipizide was estimated by using Eqg. (9) and the binding parameters in
Table 5-1 that were measured for glipizide at these sites. The interaction at Sudlow Site
Il was found from these estimates to make up 11-40% of the total retention seen for

glipizide on the normal HSA column in the presence of the various applied
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concentrations of warfarin; the weak affinity interactions made up 2-6% of the total
retention under the same conditions.

Plots of the inverse of the corrected retention factor for glipizide, as obtained in
these reverse competition studies, were made versus the concentration of warfarin in the
mobile phase. A typical result is provided in Fig. 5-9, which provided a linear fit for the
normal HSA column with a correlation coefficient of 0.9874 (n = 8). This linear fit
confirmed that glipizide was competing with warfarin at Sudlow site I. Similar results
were obtained for the gHSA1 and gHSA2 columns, which gave correlation coefficients
of 0.9917-0.9930 (n = 8). The association equilibrium constant that was estimated for
warfarin from these plot were in the range of 1.2-1.3 x 10> M™, which was comparable to
a previously-reported association equilibrium constant for warfarin at Sudlow site | of 2.4
(+ 0.4) x 10° M [19,49]. The association equilibrium constants that were measured for
glipizide at Sudlow site | from the same plots were 8.4-9.5 x 10° M™, which also should
reasonable agreement with the results that had been obtained by normal zonal elution

competition studies.

5.7.4 Reverse Competition Studies using Glipizide and Tamoxifen

Reverse competition studies similar to those described in the previous section
were also conducted in which tamoxifen was used as the competing agent and glipizide
was the injected probe. In this case, the retention factor due to interactions at Sudlow site
Il made up 11-42% of the total retention seen for glipizide, while the weak affinity
interactions made up 2-6%. Plots of the inverse of the corrected retention factor for
glipizide versus the concentration of tamoxifen in the mobile phase resulted in non-linear

plots (see Fig. 5-10), as observed for both normal HSA and glycated HSA. This behavior
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A typical plots of 1/(Kgiipizide, corrected) VErsus concentration of warfarin, as
obtained in reverse competition studies. These results are for eight
warfarin concentrations that ranged from 0 to 20 uM. . The equation for
the best-fit line was y = [2.6 (+ 0.2) x 10°] x + [0.02 (+ 0.01)], with a
correlation coefficient of 0.9874 (n = 8). The error bars represent a range
of £ 1 S.D. Each point is the average of four values with relative standard

deviations that ranged from £ 0.3-6.1%.
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Figure 5-10. Results of plots of 1/(Kgiipizidecorrected) ~ VErsus the concentration of
tamoxifen. These results are for eight warfarin concentrations that ranged
from O to 10 pM. The error bars represent a range of + 1 S.D. Each point
is the average of four values with relative standard deviations that ranged

from £ 0.7-3.2%.
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again suggested that allosteric interactions were present between glipizide and tamoxifen

during their binding to normal HSA and glycated HSA.
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CHAPTER 6:
ANALYSIS OF MULTI-SITE DRUG-PROTEIN INTERACTIONS BY HIGH-
PERFORMANCE AFFINITY CHROMATOGRAPHY::
BINDING BY GLIMEPIRIDE TO NORMAL OR GLYCATED HUMAN SERUM
ALBUMIN
Note: Portions of this chapter have appeared in R. Matsuda, Z. Li, X. Zheng, D.S. Hage,
“Analysis of multi-site drug-protein interactions by high-performance affinity
chromatography: binding by glimepiride to normal or glycated human serum albumin”, J.

Chromatogr. A (2015) Submitted.

6.1 Introduction

The sulfonylureas are a class of drugs that are commonly used to treat type Il
diabetes. These drugs stimulate the secretion of insulin from beta cells in the pancreas to
alleviate elevated levels of glucose in the blood stream [1]. These drugs are often divided
into groups such as “first-generation” and “second-generation”, which differ in their
effectiveness for treatment and their ability to be metabolized by the body [2-4].
Glimepiride (see Fig. 6-1) is a third-generation sulfonylurea drug that can be used at even
lower dosages than second-generation drugs like gliclazide and glibenclamide [1]. The
effectiveness of glimepiride is similar to that of glibenclamide; however, glimepiride can
be taken only once daily, while glibenclamide and other sulfonylurea drugs are
administered 1-2 times per day [1].

First- and second-generation sulfonylurea drugs are known to bind to and be
transported by human serum albumin (HSA), the most abundant protein in blood plasma

[5-13]. Such binding is an important function of HSA, which aids in the transportation of
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Figure 6-1.  Structure of glimepiride. The section in the dashed box shows the core

structure of a sulfonylurea drug.
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many endogenous and exogenous substances throughout the body (e.g., drugs, low mass
hormones, and fatty acids)[14-19]. Sudlow sites | and Il are the two main binding sites
for drugs on HSA [14,20,21]. Bulky heterocyclic anionic drugs such as warfarin,
azapropazone, phenylbutazone, and salicylate tend to bind at Sudlow site I [14,17,20,22].
Ibuprofen, ketoprofen, benzodiazepines, and L-tryptophan are examples of drugs and
solutes that bind to Sudlow site 1l [14,17,20,23]. There are some additional sites on HSA
that have been reported for drugs such as tamoxifen and digitoxin (i.e., the tamoxifen and
digitoxin sites) [24-26]. A number of first- and second-generation sulfonylurea drugs
have been reported to bind to Sudlow sites | and Il; glibenclamide has also been found to
bind at the digitoxin site [4-7,9-13].

Several recent reports have found that the binding of sulfonylurea drugs to HSA
can be affected by non-enzymatic glycation [6,7,9-13,27,28]. Glycation occurs when
glucose reacts with free amine groups on a protein such as HSA [16,29-33]. A Schiff
base is initially formed by this reaction and can later rearrange to form a more stable
Amadori product, or ketoamine [16,29-33]. There is roughly a 2- to 5-fold increase in the
amount of glycated HSA in patients with diabetes versus normal individuals [34].
Structural studies based on mass spectrometry have shown that some of these glycation-
related modifications can occur at or near Sudlow sites | and 11 [13,35-37].

The goal of this study is to investigate the possible multi-site binding of
glimepiride to HSA and in vitro glycated HSA through the use of high-performance
affinity chromatography (HPAC). HPAC is a liquid chromatographic technique that
utilizes an immobilized biological molecule (e.g., HSA) as the stationary phase [38].

One application of HPAC is as a tool for studying biological interactions [38-41]. In the
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use of HPAC to study drug interactions with normal HSA, it has been frequently noted
that the binding parameters that can be obtained are comparable to those of traditional
solution-phase techniques or reference methods (e.g., equilibrium dialysis and
ultrafiltration) [38-44]. It has also been found recently that HPAC can be used to profile
drug interactions with glycated HSA [6-13].

Glimepiride has a limited solubility in an aqueous solution (e.g., < 1 mg/L in
water) [45]. Previous work based on fluorescence spectroscopy has used relatively non-
polar solvents (e.g., 2.5-10% dimethyl sulfoxide) to make it possible to investigate the
interactions of this drug with normal HSA [46-48]. The work described in this chapter
will use HPAC to examine these interactions directly in aqueous solutions and at a
physiological pH, while also expanding such studies to include glycated HSA. Various
HPAC methods (e.g., frontal analysis and zonal elution competition studies) will be used
to examine the overall binding and interactions at specific sites for glimepiride on normal
HSA and glycated HSA. A comparison between the binding by glimepiride with normal
HSA and glycated HSA will be made, as well as with data from previous reports that
have examined the binding of first- and second-generation sulfonylurea drugs to similar
protein preparations [5-7,9-13,27]. These experiments should provide a more complete
picture of how glimepiride and sulfonylurea drugs interact with HSA and of how
glycation may affect these processes. In addition, the results obtained with various
HPAC methods for glimepiride should provide useful information on how similar tools
might be used in examining additional multi-site interactions involving other proteins or

classes of drugs.
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6.2  Experimental
6.2.1 Chemicals

Glimepiride (> 96% pure) was purchased from Santa Cruz Biotechnology (Dallas,
Texas, USA). The racemic warfarin (> 99%), R-warfarin (> 97%), L-tryptophan (>
97%), digitoxin (> 97%), tamoxifen (> 99%), B-cyclodextrin (> 98%), D-(+)-glucose (>
99.5%), sodium azide (95%), and HSA (essentially fatty acid free, > 96%) were from
Sigma Aldrich (St. Louis, MO, USA). Nucleosil Si-300 (7 pm particle diameter, 300 A
pore size) was purchased from Macherey-Nagel (Duren, Germany). In vitro glycated
HSA samples were purified through the use of Econo-Pac 10DG desalting columns from
Bio-Rad Laboratories (Hercules, CA, USA) and Slide-A-Lyzer digest 7K dialysis
cassettes (7 kDa MW cutoff; 0.5-3, 3-12 or 12-30 mL sample volumes) from Thermo
Scientific (Rockford, IL, USA). A fructosamine assay kit, obtained from Diazyme
Laboratories (San Diego, CA, USA), was used to measure the modification levels of the
in vitro glycated HSA samples. A bicinchoninic acid (BCA) protein assay was used to
determine the protein content of the chromatographic supports; the reagents for this assay
were obtained from Pierce (Rockford, IL, USA). All aqueous solutions were prepared in
water that was purified by a Milli-Q-Advantage A 10 system (EMD Millipore
Corporation, Billerica, MA, USA). The same solutions were filtered through 0.20 pm

GNWP nylon membranes from EMD Millipore prior to use.

6.2.2 Apparatus
The HPLC system was composed of two PU-2080 pumps, a DG-2080 degasser,
an AS-2057 autosampler, a CO-2060 column oven, and an UV-2075 absorbance detector

from Jasco (Tokyo, Japan). This system also included a Rheodyne Advantage PF six-
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port valve (Cotati, CA, USA). Jasco LC Net and ChromNav software were used to
control the HPLC system. The chromatograms were analyzed by using Peakfit 4.12
software (Jandel Scientific Software, San Rafael, CA, USA). DataFit 8.1.69 (Oakdale,

PA, USA) was used for data analysis by non-linear regression.

6.2.3 Invitro Glycation of HSA

In vitro glycated HSA was prepared at physiological concentrations of HSA and
glucose, as described previously [8,49,50], to prepare samples that were representative of
glycation levels that are found in patients with prediabetes or confirmed diabetes. These
two samples will be referred to in this study as “gHSA1” and “gHSA2”, respectively. To
prevent bacterial growth during the glycation process, all materials (e.g., glassware and
spatulas) were first sterilized in an autoclave. A pH 7.4, 0.20 M potassium phosphate
buffer, for use in this procedure, was prepared that contained 1 mM sodium azide. This
buffer was also sterilized in an autoclave to prevent bacterial growth.

The in vitro glycated HSA was prepared by adding 840 mg of normal HSA to
either a solution containing 15 mM glucose (for gHSA1) or 30 mM glucose (for gHSA2)
that was prepared in the sterile pH 7.4, 0.20 M phosphate buffer. The final HSA
concentration of the glycated solutions was 42 mg/L of HSA. These mixtures were then
incubated for four weeks at 37 °C. The protein samples were later purified through the
use of size exclusion chromatography by using desalting columns and pH 7.4, 0.067 M
potassium phosphate buffer to remove the excess glucose [8]. The collected samples
were dialyzed against water using a volume that was 200-500 times the volume of sample
to remove any remaining glucose or phosphate salts [8]. The resulting protein solutions

were then lyophilized and stored at -80 °C until further use.
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A fructosamine assay was conducted in duplicate to determine the glycation level
of the in vitro glycated samples, as described previously [8]. The measured glycation
levels were 1.39 (£ 0.28) and 3.20 (= 0.13) mol hexose/mol HSA for gHSA1 and gHSAZ2,
respectively. The glycation level for the normal HSA was 0.24 (£ 0.13) mol hexose/mol

HSA.

6.2.4 Column preparation

The chromatographic supports were made from Nucleosil Si-300 silica that had
been converted into a diol-bonded form [51-53]. Supports containing normal HSA or
glycated HSA were immobilized to this modified support through the Schiff base method
[53]. A previous study that determined which amine groups on HSA are involved in the
Schiff base method has found that these residues tend to be different from those that are
involved in glycation [54]. Control columns were prepared by the same immobilization
procedure but with no protein being added during the immobilization step. The protein
content for the final supports was determined through a BCA assay. This assay was
conducted in triplicate, with soluble and normal HSA being used as the standard and the
control support being used as the blank. The protein content for the individual supports
was 97 (£ 2), 85 (+ 4), and 95 (x 4) mg HSA/g silica for the normal HSA, gHSA1, and
gHSAZ2 supports, respectively.

The supports were downward slurry packed using pH 7.4, 0.067 M potassium
phosphate buffer as the packing solution. The supports were placed into separate 2.0 cm
x 2.1 mm i.d. stainless steel columns at 3500 psi (24 MPa). All of the columns and
support materials were stored in pH 7.4, 0.067 M phosphate buffer at 4 °C until further

use. Previous work has found that such columns can be stable over the course of up to
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500 sample applications without any appreciable changes in their drug-binding properties

[55].

6.2.5 Chromatographic studies

The glimepiride, racemic warfarin, R-warfarin, L-tryptophan, digitoxin and
tamoxifen solutions were each prepared in pH 7.4, 0.067 M phosphate buffer. The
limited solubility of glimepiride in this buffer required similar methods of solution
preparation to those described for a related drug with low solubility, glibenclamide [10].
This procedure involved preparing the solutions of glimepiride in such a buffer by using
repeated 4 h periods of stirring and sonication on a daily basis and in a covered container
held at 35-50 °C for 5 days. This method allowed for the preparation of a stable 50 uM
glimepiride solution, which could then be used in further dilution steps to prepare
working solutions for the chromatographic studies. Although glimepiride is a weak acid
(pKa, 6.3), the pH of the final buffered solutions was not affected by the presence of this
drug at the concentrations of this agent that were employed in this study [46].

Digitoxin and tamoxifen also have limited solubility in aqueous solutions (e.g.,
around 4 mg/L and 0.17 mg/L in water, respectively). These drugs were dissolved by
adding a solubilizing agent (i.e., B-cyclodextrin) [56,57]. A 25 uM stock solution of
digitoxin was prepared in pH 7.4, 0.067 M phosphate buffer that contained 0.88 mM f3-
cyclodextrin; a stock solution of 10 uM tamoxifen was prepared by also adding 2.2 mM
B-cyclodextrin to the pH 7.4, 0.67 M phosphate [24-26]. Racemic warfarin and R-
warfarin solutions were prepared in the pH 7.4, 0.067 M phosphate buffer by stirring
overnight. The glimepiride, tamoxifen, digitoxin, racemic warfarin, and R-warfarin

solutions were used within two weeks of preparation [8,55,58]. Previous studies have
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shown that solutions of L-tryptophan in pH 7.4 phosphate buffer are only stable for a
period of 2-9 days, so these solutions were prepared and used within one day of
preparation [8,58,59].

The pH 7.4, 0.067 M phosphate buffer was also used as the mobile phase in the
chromatographic experiments for both sample application and isocratic elution. Prior to
use, the mobile phases and applied solutions were passed through 0.2 um filters and
degassed for 10-15 min. All of the chromatographic experiments were carried out at 0.50
mL/min and 37 °C. Previous studies have indicated that reproducible drug binding
parameters (e.g., retention factors, binding capacities and association equilibrium
constants) can be obtained on comparable HSA columns under the same chromatographic
conditions [5-11].

Frontal analysis experiments were conducted by first equilibrating each column
with the pH 7.4, 0.067 M phosphate buffer. A switch was then made, through the use of
a six-port valve, to the same buffer that contained a known concentration of glimepiride
(i.e., one of twelve solutions containing 0.5-50 uM glimepiride). This application step
resulted in the formation of a breakthrough curve as the elution of glimepiride was
monitored at 255 nm, as is shown in Fig. 6-2(a). Following the formation of this
breakthrough curve and a stable plateau, a switch was made back to only pH 7.4, 0.067 M
phosphate buffer; this buffer was passed through the column to allow for elution of the
retained glimepiride and regeneration of the column. The same experiments were
conducted on the control column. Each concentration of glimepiride was run in
quadruplicate for the various HSA columns and the control column.

The first derivative of each breakthrough curve was found through the use of the
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smoothing function of Peakfit 4.12, and the mean of this derivative was determined by
utilizing the equal area function [58]. A correction for the system void time and non-
specific binding by glimepiride to the support was made by subtracting the breakthrough
time for the control column from the breakthrough times for columns that contained
normal HSA or glycated HSA. Roughly 42-45% of the measured binding for 50 pM
glimepiride was due to non-specific interactions on the normal HSA or glycated HSA
columns. This was similar to levels of non-specific binding that have been noted for
glibenclamide on the same types of column, and for which a correction was successfully
made by also using binding data obtained from control columns [10].

In the zonal elution competition studies, R-warfarin was used as a probe for
Sudlow site I, while L-tryptophan was used as a probe for Sudlow site 11 [5-11]. Two
other minor sites on HSA are the digitoxin and tamoxifen sites, which were investigated
by using tamoxifen and digitoxin as site-specific probes, respectively [24-26]. These
competition studies were conducted by using eight mobile phases that contained 0.0 to
20.0 pM glimepiride in pH 7.4, 0.067 M phosphate buffer. The probe samples were
made using the same competing agent concentrations as were present in the mobile phase
and were applied in 20 pL injections. The elution of R-warfarin, L-tryptophan, digitoxin
and tamoxifen was monitored at 308, 280, 205, or 205 nm, respectively. The void time
was determined by making a 20 pL injection of 20 uM sodium nitrate, which was used as
a non-retained solute that was monitored at 205 nm. The experiments for each probe
were conducted in quadruplicate in each mobile phase and on all of the columns,
including the control column. Peakfit 4.12 was used to determine the central point of

each peak by using the equal area function [58].
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(a) Example of a frontal analysis experiment and (b) analysis of such data
by using Eqg. (2). These results were obtained for glimepiride on a 2.0 cm
x 2.1 mm i.d. column containing normal HSA. Other experimental
conditions are given in the text. The glimepiride concentrations in (a)
were 50, 30, 20, 10, or 5 uM (top-to-bottom). The results in (b) are for
twelve glimepiride concentrations ranging from 0.5 to 50 uM. The inset
in (b) shows the deviations occurring at low 1/[Glimepiride] values from
the best-fit line that was determined from a linear region at high values of
1/[Glimepiride]. The data points in (b) represent an average of four runs

with relative standard deviations that ranged from 0.04-3.2%.
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Similar competition studies were carried out by using racemic warfarin and
tamoxifen as competing agents in the mobile phase while glimepiride was injected as the
probe. Eight mobile phase solutions containing racemic warfarin were made, using
warfarin concentrations ranging from 0.0 to 20.0 uM. Experiments with tamoxifen
acting as the competing agent made use of a set of eight solutions that contained 0.0 to
10.0 pM of this drug in the mobile phase. These warfarin and tamoxifen solutions were
used to prepare 5 uM samples of glimepiride. A 20 pL portion of these glimepiride
samples were then injected into their corresponding mobile phases and onto each column
while the elution of glimepiride was monitored at 255 nm. Sodium nitrate was again
used as a non-retained solute and was injected under the same chromatographic
conditions. These experiments were performed in quadruplicate for all of the mobile
phases and columns. The central point of the peak for glimepiride was determined by

using the equal area function of Peakfit 4.12 [58].

6.3  Results and Discussion
6.3.1 Determination of Overall Binding Model

Frontal analysis was first used to profile the overall interactions between
glimepiride and normal HSA or glycated HSA. This method was used to provide
information about the overall number and general types of binding sites for these
interactions [38-41,58]. Examples of these experiments are shown in Fig. 6-2(a), in
which the mean breakthrough times occurred within 4-12 min after the application of
glimepiride to the normal HSA column. The mean point of each breakthrough curve was
used to determine the moles of applied drug that were required to reach that point at the

given concentration of glimepiride. These results were then fit to various binding models
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to determine the number of binding sites and equilibrium constants for the system [38-
41,58].
These data were first examined by using a binding model for a one-site reversible

interaction, as represented by the equivalent expressions in Egs. (1-2) [38-41,58].

_ mpKa[A]
MLapp = {11 g [AD) @

— =+ — @

MLapp - (Kamp[A]D my,

In these equations, my,pp represents the moles of applied analyte or drug that were
required to reach the mean point of the breakthrough curve at a given molar concentration
of the analyte, [A] [38-41,58]. The terms K, and my_ represent the association equilibrium
constant and total moles of active binding sites for this interaction. Eq. (1) can be
rearranged into Eq. (2) by taking the reciprocal of both sides of Eq. (1) [38-41,58].
Similar models can be employed for drug-protein interactions that occur at
multiple binding sites. For instance, Egs. (3-4) describe a system with interactions that

occur at two types of regions [38-41,58].

_ mp1Kgq[A] | mpaKgz[Al
MLapp = (kg [AD T (1+KazlAD (3)

1 _ 1+Kq1 [Al+B2Kaq [Al+B2Kq1 2 [A]?
Meapp  mu{(@1+B2~a1B2)Ka1[Al+B2Ka1 *[A]}

(4)

In these equations, the association equilibrium constants for the two regions are given by
Ka1 and Ky, and the moles of these regions are described by my; and my, [38-41,58]. The
alternative terms that appear in Eq. (4) are aa, which is the fraction of all binding sites
that consist of the highest affinity regions, or a; = myi/my, where K,; and my; are the
binding parameters for the high affinity sites [38-41,58]. Eg. (4) also includes the term

[1, which is the ratio of the association equilibrium constants for the lower versus higher
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affinity sites, or £, = Kgo/Kas for Ka > Ky, [38-41,58].

Previous studies with both first- and second-sulfonylurea drugs have found that
these drugs interact with both normal and glycated HSA through a two-site model [5-
7,9,10]. The presence of two more groups of binding sites for glimepiride was tested by
first plotting its frontal analysis data according to Eq. (2) [5-7,9,10]. This equation
predicts that a plot of 1/myapp versus 1/[A] will result in a linear relationship for a system
with a single group of binding sites. However, as is illustrated in Fig. 6-2(b) for normal
HSA, deviations from linearity were noted in these plots at low values of 1/[Glimepiride],
or at high concentrations of this drug [5-7,9,10]. The same type of behavior was seen on
the glycated HSA columns. These deviations indicated that a multisite interaction was
occurring between glimepiride and normal HSA or glycated HSA.

The same data were next examined by using non-linear regression and Eqgs. (1) or
(3). The fits that were obtained for glimepiride with normal HSA are shown in Fig. 6-3.
The best-fit line for the two-site model gave a correlation coefficient of 0.9992 (n = 12),
which was higher than the correlation coefficient of 0.9609 that was obtained for the one-
site model. The residual plot for two-site model also resulted in a more random
distribution of the data points about the best-fit line when compared to the fit for the one-
site model (see insets for Fig. 6-3). In addition, the sum of the squares of the residuals
for each fit was much smaller for the two-site model than for the one-site model (i.e.,
2.5x 108 vs. 1.3 x 10™°). The use of higher-order models (e.g., three-site binding) did
not result in any further improvement in the fit of this data set. All of this information
indicated that glimepiride was interacting with normal HSA through two general groups

of sites, as has been noted for other sulfonylurea drugs [5-7,9,10].
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Comparison of frontal analysis data analyzed by (a) a one-site model or
(b) a two-site model for the binding of glimepiride with normal HSA.
These results are for twelve solutions of glimepiride with concentrations
ranging from 0.5 to 50 uM and that were applied to a 2.0 cm x 2.1 mm i.d.
normal HSA column. Other experimental conditions are given in the text.
The residual plots for each fit are provided in the insets. Each data point is
the average of four values, with relative standard deviations that ranged

from £ 0.04-3.2%.



My app (% 10° mol)

M app (% 10°° mol)

50

50 f
40
30 |
3 T 50 |
20 | BQ 0 fer--ope- R
g ox 50 [ "
- ™
. -100 Lo :
10 | 0 20 40
; Glimepiride (x 108 M)
0 C 1 | | 1 1 | 1 |
0 10 20 30 40
[Glimepiride] (x 10 M)
50 f
40
30 F
T~ 50 ¢
- = 50 |
r -100 . :
10 0 20 40
Glimepiride (x 108 M)
0 E 1 1 | 1 1 | 1 |
0 10 20 30 40 50

[Glimepiride] (x 10% M)

254



255

Similar results were obtained for glimepiride with the glycated HSA columns.
For both types of glycated HSA, the two-site model gave a better fit than the one-site
model (e.g., correlation coefficients of 0.9987 vs. 0.9450 for gHSAL, and 0.9993 vs.
0.9555 for gHSA?2). A more random distribution about the best-fit line was noted in each
case for the two-site model over the one-site model. The sums of the squares of the
residuals again had much smaller values for the two-site model than the one-site model
(i.e., 5.1 x 10" vs. 2.6 x 10 for gHSAL and 2.7 x 10 vs. 1.7 x 10 for gHSA2).
These general trends agreed with behavior that has been observed for other sulfonylurea

drugs with similar preparations of glycated HSA [6,7,9,10].

6.3.2 Estimation of Overall Binding Constants and Amount of Binding Sites

The frontal analysis data and a two-site model were next used to estimate the
overall association equilibrium constants for glimepiride with normal HSA or glycated
HSA. A summary of the results is provided in Table 6-1. The two groups of sites that
were present were divided into a set of relatively high affinity regions and a group of
weaker binding sites, as represented in Table 6-1 by the association equilibrium constants
Ka1 and Ky, respectively. The values of Ky, and Ky, that were obtained for normal HSA
and glimepiride were 9.2 (+ 0.9) x 10°M™ and 7.4 (+ 4.5) x 10°M™. These two types of
sites were present in about a 1:2.6 ratio on the normal HSA column. Using a one-site
model, a global affinity of 1.4 x 10° M™ has previously been reported for this same
reported at the highest affinity sites for several other sulfonylurea drugs with normal
HSA (i.e., acetohexamide, tolbutamide, and gliclazide) [5-7,9]. The structure of
glimepiride contains more non-polar functional groups than these other sulfonylurea

drugs, which could have attributed to this larger affinity. Such a model agrees with a



256

Table 6-1. Association equilibrium constants (K;) and binding capacities (m.)
determined for glimepiride with normal HSA or glycated HSA when using a

two-site binding model®

Type of HSA Ka1 mpy Ka2 meo
(M1 x 10%) (mol x 10°®) (M1 x 10% (mol x 10°®)
Normal HSA 9.2 (+0.9) 3.1(x0.1) 7.4 (+4.5) 8.0 (£3.2)
gHSA1 10.6 (£ 1.5) 3.1(x0.2) 5.9 (+4.4) 12.4 (£6.7)
gHSA2 11.8 (£ 1.5) 2.8 (+0.2) 16 (+ 5) 6.3(x0.38

®The results were measured at 37 °C in the presence of pH 7.4, 0.067 M potassium phosphate buffer. The
values in parentheses represent a range of +1 S.D., as based on error propagation and the precisions of the
best-fit slopes and intercepts when using Eq. (3) (n = 12). The glycation levels for gHSAL and gHSA2

were 1.39 (+ 0.28) and 3.20 (£ 0.13) mol hexose/mol HSA.
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previous report that has suggested hydrophobic interactions play an important role in the
binding of glimepiride with normal HSA [46]. The Kj,; value for glimepiride with normal
HSA was also 1.5-fold lower than the highest affinity interactions of this protein with
glibenclamide, which is another relatively non-polar sulfonylurea drug [10]. This latter
difference may be attributed to the fact that glibenclamide has its strongest binding to the
digitoxin site on HSA, which is separate from the regions that have been found to bind
most sulfonylurea drugs [10].

The values of Ky and Ky, that were measured for glimepiride with gHSAL were
10.6 (+ 1.5) x 10° Mt and 5.9 (+ 4.4) x 10° M, and the values that were obtained for
gHSA2 were 11.8 (+ 1.5) x 10° M and 1.6 (+ 0.5) x 10° M. When comparing the
values for the highest affinity sites (Ka1), a 15 to 28% increase in affinity was observed
when comparing gHSAL or gHSA2 to normal HSA. These differences were significant
at the 95% confidence interval. Differences in affinity due the changes in the glycation
level of HSA have been noted with similar protein preparations and other sulfonylurea
drugs; these changes have been suggested to be due to the effects of glycation-related
modifications that occur at or near the drug binding sites of HSA [6,7,9,10,36,37].

The fit of the frontal analysis data to a two-site model was also used to determine
the moles of binding sites that were present for each group of sites on the normal HSA
and glycated HSA columns. These results are included in Table 6-1 and were in the
general range of 30-125 nmol protein, with the higher and lower affinity sites being
present in ratios that ranged from 1:2.3 to 1:4.0. Based on the known protein content of
each column, it was possible to further determine the specific activity for each type of

site. For instance, the specific affinities for the high and low affinity sites in the normal
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HSA column were 0.67 (x 0.03) and 1.8 (= 0.7) mol/mol HSA. The corresponding
specific activities for the gHSA1 column were 0.78 (+ 0.05) and 3.1 (x 1.7) mol/mol
HSA, and the values for gHSA2 column were 0.63 (x 0.04) and 1.3 (£ 0.2) mol/mol
HSA. These results were comparable to those acquired in previous work with other
sulfonylurea drugs [6,7,9,10] and indicated that the high affinity interactions involved at
least one major binding site, while the low affinity interactions involved a larger group of

weaker binding sites.

6.3.3 Interactions with Sudlow Site 11

The binding of glimepiride at specific sites on HSA was evaluated through the use
of zonal elution competition studies. An example of such a study is shown in Fig. 6-4.
This type of experiment involves the injection of a small plug of a probe compound (A)
in the presence of a known concentration of a potential competing agent (1) in the mobile
phase [38-41,58]. The retention time (tgr) for the probe is measured under each set of
conditions and is used along with the column void time (ty, or the elution time of a non-
retained solute such as sodium nitrate) to find the retention factor (k) for the probe, where
k = (tr - tm)/tm [38-41,58]. The change in the retention factor for the probe as the
concentration of the competing agent is varied is then examined to obtain information on
the type of interaction that is taking place between the probe and competing agent as they
both bind to the column [38-42].

If direct competition exists between the probe and competing agent at a single
type of site and the probe has no other binding sites, Eq. (5) can be used to describe the

interaction between these two agents [38-41,58].
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Example of a zonal elution competition study. These results were
obtained using R-warfarin as an injected site-specific probe for Sudlow
site | and glimepiride concentrations in the mobile phase of 20, 10, 5, 2.5,
or 1 uM (left-to-right). Other experimental conditions are given in the
text. The vertical dashed line is shown for reference and indicates the
position of the peak for R-warfarin in the presence of 1 uM glimepiride in

the mobile phase.
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The terms K,a and Ky in Eq. (5) are the association equilibrium constants for the probe
and the competing agent at their site of competition [38-41,58]. The void volume is
represented by Vy, and mg is the total moles of common binding sites in the column. If a
linear response is obtained for a plot of 1/k versus [I], the association equilibrium
constant for the competing agent at its site of competition with the probe can be
determined by taking the ratio of the slope over intercept [38-41,58].

Previous studies have found that Sudlow site Il is a high or moderate affinity site
for many first- and second-generation sulfonylurea drugs [5-7,9,10]. Based on these past
reports, competition studies with glimepiride were conducted on columns containing
normal HSA or glycated HSA and by using L-tryptophan as a site-specific probe for
Sudlow site Il [5-11]. As is shown in Fig. 6-5(a), a linear response was observed when
the experimental data for all of the columns were fit to Eqg. (5), with correlation
coefficients that ranged from 0.9958 to 0.9996 (n = 8). These results indicated that
glimepiride was competing directly with L-tryptophan for Sudlow site Il in each of the
preparations of normal HSA or glycated HSA. This agrees with previous solution-phase
displacement studies, which have also indicated that glimepiride interacts at Sudlow site
Il of normal HSA [46].

The best-fit lines in Fig. 6-5a were used to determine the association equilibrium
constants for glimepiride at Sudlow site 11 for normal HSA and glycated HSA (see Table
5-2). The association equilibrium constant that was obtained for glimepiride at this site
on normal HSA was 4.2 (+ 0.6) x 10° M™. This value makes this site part of the higher

affinity regions that were observed in the frontal analysis studies. This result is 7- to 32-
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Fit to a direct competition model, as described by Eq. (5), for competition
data obtained with (a) L-tryptophan or (b) digitoxin as site-specific probes
and glimepiride as a competing agent on 2.0 cm x 2.1 mm i.d. columns
containing normal HSA (e), gHSA1 (m), or gHSA2 (A). Other
experimental conditions are given in the text. The equations for the best-
fit lines in (a) are y = [1.7 (+ 0.1) x 10°] x + [0.4 (+ 0.1)], with a
correlation coefficient of 0.9969 (n = 8) for normal HSA; y = [1.0 (= 0.1)
x 10°] x + [0.2 (+ 0.1)], with a correlation coefficient of 0.9958 (n = 8) for
gHSAIL; and y = [9.5 (+ 0.1) x 10%] x + [0.3 (+ 0.1)], with a correlation
coefficient of 0.9996 (n = 8) for gHSA2. The dashed reference line in (b)
is the result expected for a system with no competition between the
injected probe and competing agent. Each point is the average of four
values with relative standard deviations that ranged from (a) £ 0.5-20% or

(b) + 0.5-4.9%.
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fold higher than association equilibrium constants that have been reported for first- and
second-generation sulfonylurea drugs at the same site on normal HSA [5-7,9,10]. As
noted earlier, this difference may be due to the relatively non-polar side chains on
glimepiride and their contribution to the interactions of this drug with HSA [46].

Similar association equilibrium constants at Sudlow site Il to those found for
normal HSA were obtained for gHSAL and gHSA2, which gave values of 4.5 (£ 0.8) x
10°M™ and 3.7 (£ 0.1) x 10° M, respectively. No significant differences were observed
at the 95% confidence interval when comparing the values for normal HSA and gHSA1.
However, a 12 to 18% decrease, which was significant at the 95% confidence level, was
observed when comparing gHSA2 with normal HSA or gHSA1. Previous work with
other sulfonylurea drugs have found that either an increase or decrease in affinity can
occur as the level of glycation is increased [6,7,9,10]. These changes have been
attributed to differences in the types of modifications or extent of glycation that occur at

or near Sudlow site 11 [36,37].

6.3.4 Interactions with the Digitoxin Site

The second-generation sulfonylurea drug glibenclamide has been found in prior
work to interact strongly at the digitoxin site of normal HSA and glycated HSA [10].
Thus, competition studies were next performed with glimepiride and by using digitoxin
as a probe for this binding site [10]. Some typical results are shown in Fig. 6-5(b). The
data indicated that the presence of glimepiride in the mobile phase had no detectable
change on the retention of digitoxin. The retention factor for digitoxin showed only
random variations of + 8.1% for normal HSA, £ 5.7% for gHSAL, and = 4.0% for

gHSAZ2 over the range of glimepiride concentrations that were used in these competition
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experiments. It was determined from these results that glimepiride was not binding to or

interacting with the digitoxin site on the normal HSA or glycated HSA columns.

6.3.5 Interactions with Sudlow Site |

Sudlow site | is another region of normal HSA and glycated HSA that has been
found to have strong interactions with first- and second-generation sulfonylurea drugs [5-
7,9,10].  Solution-phase displacement studies have also indicated that glimepiride
interacts at Sudlow site | [46]. The binding of glimepiride at this region was first
examined in this chapter by carrying out a competition study that used R-warfarin as a
site-specific probe for Sudlow site I [5-11].

The data from these experiments were plotted according to Eq. (5). Previous
studies have shown that many sulfonylurea drugs compete directly with R-warfarin for
Sudlow site 1 [5-7,9,10], as would be indicated by a linear fit in a plot made according to
Eq. (5). However, the response that was obtained for glimepiride gave clear deviations
from linearity in such a graph, as is demonstrated for the gHSA1 column in Fig. 6-6(a).
The same behavior was seen for the normal HSA and gHSA2 columns. This result
indicated that a more complex interaction than simple direct competition was occurring
between glimepiride and R-warfarin as they were each binding to these columns. The
type of behavior that is seen in Fig. 6-6(a) could have been caused by a negative
allosteric effect by glimepiride during the binding of R-warfarin to HSA, as has been
noted between some other solutes that bind to this protein [26]. This type of behavior is
also consistent with fluorescence studies which have noted a conformational change that
occurs upon the binding of glimepiride to normal HSA [46].

Eq. (6) was used to further examine this data and to test for the presence of an
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Zonal elution competition studies using glimepiride as a competing agent
and R-warfarin as an injected probe for Sudlow site I. These results were
obtained on a 2.0 cm x 2.1 mm i.d. gHSAL column. Other experimental
conditions are given in the text. The data from these experiments were fit
to (a) a direct competition model, as described by Eq. (5), or (b) an
allosteric model, as described by Eq. (6). Each point is the average of four
values with relative standard deviations that ranged from (a) £ 0.3-8.7% or
(b) £ 0.02-11%. The equation for the best-fit line in (b) isy = [-1.0 (x 0.1)

x 10°°] x + [-1.2 (+ 0.1)], with a correlation coefficient of 0.9976 (n = 7).
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allosteric interaction between glimepiride and R-warfarin [26].

ko 1 (1
k—ko Proa-1 (Kal[l] + 1) (6)

The term ko in Eq. (6) is the retention factor for the injected probe (A, which was R-

warfarin in this case) in the presence of no competing agent, and k is the retention factor
for the same probe in the presence of a given mobile phase concentration of the
competing agent (I, which was glimepiride in this experiment). The term K is the
association equilibrium constant for the competing agent at the site at which it is binding
during the allosteric interaction. The allosteric effect of this competing agent on binding
by the probe to the immobilized agent is described by the coupling constant g a. A
value of S, a that is greater than zero but less than 1 indicates that a negative allosteric
effect is present between | and A [26]. A positive allosteric effect is present when S a is
greater than 1, direct competition between the probe and competing agent is present when
Bi,ais equal to 0, and no competition is present when S, is equal to 1 [26]. According
to Eg. (6), a linear response should be obtained for any of these systems when a plot is
made of ko/(k - ko) vs. 1/[1]. The slope and intercept from the fit of the data to Eq. (6) can
then be used to determine the value of K for the competing agent and the coupling
constant /i, a [26].

Fig. 6-6(b) shows the plot of ko/(k - ko) vs. 1/[Glimepiride] that was obtained
when R-warfarin was injected as a probe onto a normal HSA column. Similar plots were
obtained with the glycated HSA columns. Each of these graphs gave a linear relationship
with correlation coefficients that ranged from -0.9937 to -0.9998 (n = 7). Table 6-2 lists
the association equilibrium constants and coupling constants that were determined from

these plots. The results for normal HSA gave an association equilibrium constant of 5.5
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(+ 0.3) x 10° M™ for glimepiride and a coupling constant of 0.13 (+ 0.01) for its effect on
R-warfarin, which indicated that negative allosteric effects were taking place between
these two solutes. Similar results were obtained for gHSAL1 and gHSA2, which gave
association equilibrium constants of 11.5 (+ 0.1) x 10° M and 12.4 (+ 0.1) x 10° M™ for
glimepiride, respectively, and coupling constants of 0.14 (+ 0.01) and 0.13 (x 0.01).
These Kj values were in the same range as the Kj,; values that were measured for
glimepiride in the frontal analysis studies (see Table 6-1). This similarity indicated that
this interaction site was one of the high affinity regions for glimepiride on normal HSA
and glycated HSA.

A comparison was also made between the results that were obtained according to
Eq. (6) for the normal HSA versus glycated HSA columns. For instance, a 2.1-fold
(110%) increase was observed when comparing the affinity of glimepiride at the site on
normal HSA and gHSAL that had the allosteric effect on binding by R-warfarin. The
affinity for glimepiride at the same region on gHSA2 was 2.3-fold (125%) higher than it
was for normal HSA. All of these differences were significant at 95% confidence
interval. However, there was no significant difference in the coupling constants between
glimepiride and R-warfarin for these columns.

The next item considered was whether this allosteric effect between glimepiride
and warfarin was occurring at different regions within Sudlow site I or between Sudlow
site |1 and a separate site on HSA. This was examined by using reverse competition
studies in which glimepiride was now the injected probe and racemic warfarin was used
as the competing agent in the mobile phase. Egs. (7-8) show how the overall retention

factor (k) for an analyte with more than one possible binding site (e.g., glimepiride) is
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related to the sum of the retention factors for this analyte at a series of n independent sites
(k1...kn). EQ. (8) is an expanded form of Eq. (7) which also makes it possible to consider

the effects of a competing agent on binding by the analyte at one or more of these sites.

k=k + ..k, (7
_ Kaa1Mra KaanMin (8)
VMA+Kaa[ID 7 VmM@+Kan[1D

In these equations, the association equilibrium constants for the analyte at sites 1 through
n are described by Kaai through Kaan, While Ky;; through Kan represent the association
equilibrium constants for the competing agent at the same sites.

To examine the interactions of glimepiride at Sudlow site | during these reverse
competition experiments, the measured retention factor for glimepiride was corrected for
the known interactions of this drug at Sudlow site Il and at its weak affinity regions.
These corrections were made based on the binding constants that were obtained for these
other regions in Sections 6.3.2 and 6.3.3. The corrected retention factors for glimepiride
were then used along with a plot made according to Eq. (5) to examine the interactions
between warfarin and glimepiride at Sudlow site 1. These plots were linear at low
concentrations of warfarin but deviated from linearity at higher concentrations (see
Appendix 6.6). This behavior indicated that warfarin and glimepiride were competing at
Sudlow site I, but that allosteric effects between these two agents were also occurring at

their individual binding regions at this site.

6.3.6 Interactions with the Tamoxifen Site
Previous studies have shown that the binding of warfarin to Sudlow site | is
allosterically-linked to the tamoxifen site of HSA [26,60]. Thus, zonal elution

competition experiments were conducted to see if glimepiride and tamoxifen (i.e., a



272

probe for the tamoxifen site) [61,62] also had allosteric interactions on normal HSA or
glycated HSA. When Eq. (5) was used to analyze the results from these experiments, the
plots that were obtained had negative slopes, as shown by the example in Fig. 6-7(a).
This behavior meant that there was an increase in the binding strength of tamoxifen to
HSA as the mobile phase concentration of glimepiride was increased, which could have
been caused by a positive allosteric effect between glimepiride and tamoxifen [26].
Further analysis of this behavior was carried out by fitting the data to Eq. (6).
Fig. 6-7(b) shows a typical graph that was obtained. Plots of Ko/(k-ko) vs. 1/[Glimepiride]
gave linear fits with positive slopes and correlation coefficients that ranged from 0.9982-
0.9992 (n = 7) for the normal HSA and glycated HSA columns. The best-fit line to Eq.
(6) gave an association equilibrium constant for glimepiride of 4.1 (+ 0.9) x 10* M™ at its
region of interaction with tamoxifen on normal HSA. The coupling constant for this
interaction was 9.5 (x 2.2), which represented a positive allosteric interaction [60].
Similar results were obtained for the gHSA1 and gHSA2 samples, which resulted in
coupling constants of 6.3 (£ 0.9) and 4.6 (£ 0.5), respectively, along with association
equilibrium constants for glimepiride of 7.9 (+ 0.9) x 10* M and 12.2 (+ 1.4) x 10* M™.
These results were compared for normal HSA and glycated HSA. A 1.9- or 3.0-
fold increase in the association equilibrium constant for glimepiride during this
interaction was observed in going from normal HSA to gHSA1 or gHSAZ2, respectively.
Each of these differences was significant at the 95% confidence interval. The coupling
constants for the same interactions showed an overall decrease due to glycation. A 34-
52% decrease in this value was noted in going from normal HSA to gHSA1 or gHSA2.

These changes were also significant at the 95% confidence interval.



Figure 6-7.
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Zonal elution competition studies using glimepiride as a competing agent
and tamoxifen as an injected probe for the tamoxifen site. These results
were obtained on a 2.0 cm x 2.1 mm i.d. column containing normal HSA.
Other experimental conditions are given in the text. The data from these
experiments were fit to (a) a direct competition model, as described by Eq.
(5), or (b) an allosteric model, as described by Eq. (6). Each point is the
average of four values with relative standard deviations that ranged from
(@) £ 0.8-6.8% or (b) = 1.5-32%. The equation for the best-fit solid line in
(b) isy = [2.9 (+ 0.1) x 10°] x + [1.2 (+ 0.1) x 10], with a correlation

coefficient of 0.9991 (n = 7).
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The interaction between glimepiride and the tamoxifen site on normal HSA and
glycated HSA was further investigated by using reverse competition studies, in which
glimepiride was the injected probe and tamoxifen was the competing agent. Corrections
to the overall retention factor for glimepiride for the interactions of this drug at Sudlow
site Il and its weak affinity regions were again made, as described in the previous section,
and plots were prepared according to Eq. (5). These graphs gave non-linear relationships
for all of the normal HSA and glycated HSA columns (see Appendix 6.6), which
confirmed that allosteric interactions were taking place between glimepiride and

tamoxifen during their binding to these columns.

6.4  Conclusion

This chapter explored the use of HPAC to examine the binding of glimepiride, a
third- generation sulfonylurea drug, to normal HSA and HSA with various levels of in
vitro glycation. Previous studies based on fluorescence spectroscopy have suggested that
glimepiride is capable of interacting at both Sudlow sites | and Il of normal HSA [46].
The use of HPAC allowed a more detailed analysis of these interactions and for these
studies to be extended to glycated HSA. Frontal analysis, which was used to study the
overall interactions of glimepiride with normal HSA and glycated HSA, indicated that
glimepiride had a set of both high affinity sites (K,, 9.2-11.8 x 10° M™) and lower affinity
regions (Ka, 5.9-16 x 10° M) on these proteins.

Site-specific studies were also conducted through the use of zonal elution
competition experiments. A summary of the results that were obtained is given in Fig. 6-
8. Glimepiride was found to bind to Sudlow site Il with an association equilibrium

constant of 4.2 x 10° M™ for normal HSA. No significant changes in this affinity were
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Figure 6-8.  Summary of the association equilibrium constants, coupling constants and
binding sites for glimepiride in its interactions with HSA. The values for
normal HSA are provided first for reference, followed by the range of
values that were measured for gHSA1l and gHSA2, as given in
parentheses. The K, values that are provided for Sudlow site | are based

on the best-fit values that were obtained from Eq. (6).
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observed for moderately glycated HSA; however, a small decrease in affinity was
observed for more highly glycated HSA. No interactions were found for glimepiride at
the digitoxin site of normal HSA or glycated HSA. Results from the competition studies
at Sudlow site | indicated that negative allosteric interactions were occurring between
glimepiride and R-warfarin, which was used as a probe for this site. Based on these
competition studies, the association equilibrium constant for glimepiride at Sudlow site |
was estimated to be 5.5 x 10° M for normal HSA, with around a two-fold increase in
affinity being noted for glycated HSA. Glimepiride was also found to have positive
allosteric interactions with the tamoxifen site of HSA.

Changes in these interactions are of interest because they could have an effect on
the free fraction, or effective dose, of such a drug when it is used to treat type Il diabetes
[6-13]. The results of this study also demonstrate how HPAC can be used to examine
complex drug-protein interactions. The methods that were used here to profile the
binding of glimepiride with normal HSA and glycated HSA are not limited to this drug or
type of protein but could also be adapted for use with other drugs and types of modified

proteins.
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Appendix
Reverse Competition Studies using Glimepiride and Warfarin

The retention factor for glimepiride at Sudlow site Il was determined by using the

binding constants found in the competition studies with L-tryptophan, as are provided in

Table 6-2. The retention factor for glimepiride at its weak affinity sites was determined

from the binding parameters and frontal analysis experimental results that are shown in

Table 6-1. Binding at Sudlow site Il made up between 6 and 71% of the total retention

factor measured for glimepiride in the presence of the various concentrations of warfarin

that were present in the mobile phase during the reverse competition studies. The

contribution of the weak affinity interactions made up 2 to 20% of the total retention for

glimepiride under the same conditions.
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An example of a plot of the reciprocal of the corrected retention factor for
glimepiride (1/Kgiimepiride,corrected) VErsus the concentration of warfarin in the mobile phase
iIs shown in Fig. 6-9. A linear region was seen in these plots at low warfarin
concentrations, which gave correlation coefficients ranging from 0.9788 to 0.9999 (n = 4)
for the normal and glycated HSA columns. The association equilibrium constants that
were estimated from this region for warfarin were 1.5 (+ 0.1) x 10°> M for normal HSA,
1.6 (£ 0.1) x 10> M™ for gHSAL, and 2.3 (+ 0.4) x 10° M for gHSA2. These values
were comparable to previously-reported association equilibrium constants of 2.3-2.7 x
10° M for warfarin at Sudlow site | of normal HSA or glycated HSA [8,22]. This
confirmed that both glimepiride and warfarin were binding to and competing at Sudlow
site | under these conditions. However, non-linear behavior was seen at higher warfarin
concentrations, which supported a model in which allosteric interactions were also

occurring between the binding regions for glimepiride and warfarin within Sudlow site 1.

6.6.2 Reverse Competition Studies using Glimepiride and Tamoxifen

Reverse competition studies were also conducted with glimepiride and tamoxifen.
The retention factor for glimepiride in the presence of tamoxifen was again corrected by
subtracting the contribution from Sudlow site Il, as determined from the binding
parameters in Table 6-2, and the contribution from the weak affinity sites for glimepiride,
as determined by using the binding parameters in Table 6-1. Between 6 and 40% of the
total retention factor for glimepiride during the reverse competition studies was due to
binding by this drug at Sudlow site I, while the weak affinity regions contributed to 1 to
10%. As shown in Fig. 6-10, a plot of 1/Kgiimepiride,corrected VErsus the concentration of

tamoxifen resulted in a non-linear relationship. This behavior confirmed that allosteric
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Figure 6-9.  Plot of 1/(Kglimepiride,corrected) VErsus the concentration of warfarin in the
mobile phase during a reverse competition study. The error bars represent
arange of £ 1 S.D. Each point is the average of four values with relative

standard deviations that ranged from + 0.4-7.5%.
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Figure 6-10. Plot of 1/(Kglimepiride,corrected) Versus the concentration of tamoxifen in the
mobile phase during a reverse competition study. The error bars represent
arange of £ 1 S.D. Each point is the average of four values with relative

standard deviations that ranged from + 0.5-10.2%.
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effects were present during the interactions of tamoxifen and glimepiride with normal

HSA or glycated HSA.
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CHAPTER7:
ANALYSIS OF DRUG-PROTEIN BINDING USING ON-LINE
IMMUNOEXTRACTION AND HIGH-PERFORMANCE AFFINITY
CHROMATOGRAPHY: STUDIES WITH NORMAL AND

GLYCATED HUMAN SERUM ALBUMIN

7.1 Introduction

Drugs, low mass hormones, and fatty acids are commonly distributed throughout
the body through their binding to serum transport proteins such as human serum albumin
(HSA) [1]. HSA is the most abundant protein in plasma and accounts for approximately
60% of the total protein content in serum [1,2]. HSA has a molecular weight of 66.5 kDa
and consists of 585 amino acids [3,4]. There are two major binding sites on HSA,
Sudlow sites 1 and 11 [1,3-6]. Sudlow site | is found in subdomain 1A of HSA and is
known to bind to anticoagulant drugs such as warfarin and anti-inflammatory drugs such
as azapropazone [1,3,7]. Sudlow site Il is found in subdomain I11A and binds to drugs
such as ibuprofen, as well as the essential amino acid L-tryptophan [1,3,8].

Recent studies have shown that proteins like HSA can be affected by diseases
such as diabetes [9-29]. Diabetes results in elevated levels of glucose in the bloodstream
and can lead to the non-enzymatic glycation of proteins, which is the result of the
addition of reducing sugars to free amine groups on a protein. This reaction initially
forms a reversible Schiff base; this product can later rearrange to form a more stable
Amadori product [11-16,30,31]. Modifications caused by glycation can occur at or near
Sudlow sites I and 11 [3,27-30]. Patients with diabetes have been shown to have a 2- to

5-fold increase in the amount of HSA that is present in the glycated form when compared
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to healthy individuals [33]. Recent studies have examined the effects of glycation on the
structure and function of HSA and have found that glycation can have an effect on the
affinity of various sulfonylurea drugs for this protein [18-26].

High-performance affinity chromatography (HPAC) is a liquid chromatographic
technique that utilizes an immobilized biological molecule as a stationary phase [34-36].
HPAC is commonly used for the separation, purification or analysis of specific analytes;
however, HPAC can also be utilized to examine drug-protein interactions [34-36]. These
types of studies have resulted in the determination of drug-binding parameters by HPAC
that are comparable to those obtained by commonly-used reference methods such as
ultrafiltration [34-36]. It has also been found that HPAC can be used with covalently
immobilized samples of HSA and glycated HSA to determine the effects of non-
enzymatic glycation on drug interactions with these proteins [18-26].

Immunoextraction is a method in which immobilized antibodies against a given
target compound are used to isolate this target from a sample [37]. Antibodies are
glycoproteins that have highly selective interactions with their targets (or antigens) and
are part of the normal immunological response to foreign agents [38]. Due to their high
specificity and strong binding, antibodies are often used for the purification and isolation
of biologically-related targets such as proteins, hormones, and enzymes [37,38]. For
instance, antibodies have been used in low-performance supports for the selective
isolation of HSA and glycated HSA from serum or plasma samples, such as those
acquired from patients who suffer from diabetes [23].

The purpose of this study is to develop and examine an automated and on-line

route for examining drug-protein interactions with normal or modified proteins. HSA
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and glycated HSA will be used as model proteins for this work. Fig. 7-1 shows the
general scheme for the method that will be developed and tested in this chapter. First,
antibodies against the desired proteins (e.g., polyclonal anti-HSA antibodies) will be
immobilized onto a support that is suitable for use in HPAC. Next, this support will be
placed into a column and used for the extraction and isolation of the desired target protein
(e.g., HSA or glycated HSA) from applied samples. The resulting column containing the
extracted and adsorbed protein will then be tested for use in various formats that are often
utilized in examining drug-protein binding by HPAC. For instance, frontal analysis will
be used to examine the overall affinity and binding capacity for each type of adsorbed
protein for some model drugs, while zonal elution competition studies will be used to
examine site-specific changes in the binding of drugs to specific sites (e.g., at Sudlow
sites I and I1) on the absorbed protein. Information from these experiments should make
it possible in the future to modify this approach for work with other proteins or modified
binding agents that are of interest in clinical or pharmaceutical studies or biomedical

research.

7.2  Experimental
7.2.1 Materials

The polyclonal anti-HSA antibodies (goat, fractionated antiserum, lyophilized),
Goat 1gG (reagent grade, >95% (SDS-PAGE), essentially salt-free, lyophilized powder)
protein G Sepharose (recombinant protein expressed in E. coli, support in agqueous
ethanol suspension), HSA (essentially fatty acid free, > 96%), gliclazide (> 99.9%),
racemic warfarin (> 98%), L-tryptophan (> 98%), D(+)-glucose (99.5%), and sodium

azide (> 95%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Nucleosil Si-
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Figure 7-1.  General scheme for studying drug-protein interactions through

immunoaffinity chromatography.
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1000 (7 pm particle diameter, 300 A particle size) was obtained from Macherey-Nagel
(Duren, Germany). Reagents for the bicinchoninic acid (BCA) protein assay were from
Pierce (Rockford, IL, USA). The fructosamine assay kit was purchased from Diazyme
Laboratories (San Diego, CA, USA). All aqueous solutions were prepared using water
from either a NANOpure system (Barnstead, Dubuque, IA, USA) or a Milli-QAdvantage
A 10 system (EMD Millipore Corporation, Billerica, MA, USA) and filtered through 0.20

pm GNWP nylon membranes from Millipore.

7.2.2 Instrumentation

The chromatographic system consisted of a DC-2080 degasser, two PU-2080
pumps, an AS-2057 autosampler, a CO-2060 column oven, and a UV-2075 absorbance
detector from Jasco (Tokyo, Japan). This system also included a Rheodyne Advantage
PF six-port valve (Cotati, CA, USA). EZ Chrom Elite software v.3.21 (Scientific
Software, Pleasonton, CA, USA) and Jasco Chrom Nav software (Tokyo, Japan) were
used for system control. Chromatographic data were analyzed by using PeakFit 4.12
(Jandel Scientific Software, San Rafael, CA, USA) and Microsoft Excel (Microsoft,
Redmond, WA, USA). Non-linear regression was carried out by using DataFit 8.1.69

(Oakdale, PA, USA).

7.2.3 Antibody purification

The anti-HSA polyclonal antibodies were isolated from goat anti-HSA serum by
using protein G Sepharose (see Appendix 7.6.2 for a schematic of this approach and notes
on the selectivity of this isolation method). Prior to use, the protein G Sepharose was

provided commercially in an aqueous ethanol suspension. This suspension was washed 5
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times with water and three times with pH 7.4, 0.067 M potassium phosphate buffer, as
described by the manufacturer’s preparation procedure to remove the storage solvent. A
100 mg portion of the lyophilized anti-HSA goat serum was dissolved in 2 mL of pH 7.4,
0.067 M potassium phosphate buffer and added to approximately 2 mg of the prepared
protein G Sepharose support. The sample and support were allowed to mix for 2 h at
room temperature, followed by centrifugation at 7500 rpm for 5 min. The non-retained
serum components that remained in solution were removed by decanting. The support
was washed with 2 mL of pH 7.4, 0.067 M potassium phosphate buffer prior to another
centrifugation and decanting step. This step was repeated twice. Three 1 mL portions of
pH 2.5, 0.10 M potassium phosphate buffer were added to and mixed with this support to
release anti-HSA antibodies that were bound to the protein G Sepharose, with each
addition of this buffer being followed by another centrifugation step and collection of the
supernatant.

The collected supernatants were pooled and adjusted to pH 6.0 by slowly adding a
small amount of pH 8.0, 0.10 M potassium phosphate buffer. After adjusting its pH, the
solution of antibodies was immediately used for immobilization, as described in Section
7.2.4. A BCA assay was used in triplicate with goat IgG as the standard to determine the
amount of antibodies that were obtained from the goat anti-serum by using the protein G
Sepharose for their isolation. The results indicated that 100 mg of the goat serum

resulted in 39.3 (x 0.1) mg of isolated antibodies.

7.2.4 Preparation of immunoextraction columns
Nucleosil Si-1000 was converted into a diol-bonded form according to the

literature [39]. The anti-HSA antibodies that were isolated in Section 7.2.3 were
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immobilized onto this support by using the Schiff base method, which was conducted
according to previous methods [40-43]. A control support was prepared in the same
manner but with only buffer and no antibody solution being added during the
immobilization step. The final immunoextraction support was stored in pH 7.4, 0.067 M
potassium phosphate buffer at 4 °C until further use.

A BCA assay was performed in triplicate to determine the antibody content of the
final immunoextraction support. The goat anti-serum containing the anti-HSA polyclonal
antibodies was used as the standard in which the actual amount of anti-HSA antibodies
was corrected by using the value determined in from the BCA assay experiment in
section 7.2.2. The control support was used as the blank. For this assay, the
immunoextraction support containing the immobilized anti-HSA antibodies and the
control support were dissolved in pH 7.4, 0.067 M potassium phosphate buffer. The
average protein content for two batches of the immunoextraction support was 28.1 (+ 2.1)
mg antibodies/g silica, with a range of 23 to 34 mg antibodies/g silica. This value is a
corrected value based on the actual content of the isolated antibodies.

The immunoextraction and control supports were downward slurry packed into
separate 1.0 cm or 2.0 cm x 2.1 mm I.D. columns at 4000 psi (28 MPa) using pH 7.4,
0.067 M potassium phosphate buffer as the packing solution. The packed columns were
stored at 4 °C in the same pH 7.4 potassium phosphate buffer. Each column was used for
500 sample applications or less and was routinely washed with pH 7.4, 0.067 M

potassium phosphate buffer.

7.2.5 Preparation of glycated HSA

The glycated HSA sample was prepared in vitro by using a previous procedure
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[22,42,43]. This sample was prepared in sterile pH 7.4, 0.20 M potassium phosphate
buffer that also contained 1 mM sodium azide (i.e., an antibacterial agent) and 10 mM D-
glucose in the presence of 42 g/L (0.63 mM) HSA (i.e., a typical HSA concentration
found in humans under normal physiological conditions). This solution was allowed to
incubate at 37 °C for 4 weeks. After incubation, the protein preparation was lyophilized
and stored at -80 °C until further use. A portion of this preparation was analyzed by a
fructosamine assay to determine the glycation level of the modified HSA [22]. This level
of glycation was 3.20 (£ 0.13) mol hexose/mol HSA, which is similar to that obtained in

prior binding studies also involving in vitro glycated HSA [22].

7.2.6 Evaluation of immunoextraction columns

All solutions and samples used in the chromatographic studies described here and
in Section 7.2.7 were prepared in pH 7.4, 0.067 M potassium phosphate buffer. This
buffer was also used as the application buffer. All drug solutions and mobile phases were
filtered using a 0.2 uM nylon filter and degassed for 10-15 min prior to use in
chromatographic studies. The warfarin solutions were used within one week of
preparation [45], the gliclazide solutions were used within two weeks of preparation [20],
and the L-tryptophan solutions were prepared fresh daily [46]. All chromatographic
experiments were performed at 37 °C.

The binding capacity for the immunoextraction columns was determined by
frontal analysis [34,45], using solutions containing 5.0 uM HSA or glycated HSA in pH
7.4, 0.067 M potassium phosphate buffer. The anti-HSA immunoextraction column was
first equilibrated with the pH 7.4 phosphate buffer at 0.10 mL/min. A switch was then

made to apply the HSA or glycated HSA solution at 0.10 mL/min. This resulted in the
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formation of a breakthrough curve, which was monitored at 280 nm [34,35].
Chromatograms for these studies can be found in the Appendix 7.6.3. These experiments
were performed in quadruplicate, with the central location of each breakthrough curve
being determined by using the equal area method [34,35]. A pH 2.5, 0.10 M potassium
phosphate buffer was used to elute the adsorbed HSA or glycated HSA, and pH 7.4,
0.067 M potassium phosphate buffer was used to regenerate the column prior to
additional studies. Similar experiments were performed on a control column to correct
for the system void time and any non-specific binding of the HSA or glycated HSA to the
system. The non-specific binding of these proteins was found to negligible, giving a
breakthrough time similar to the void time of the system.

The capture efficiency for the immunoextraction columns was measured by
injecting 20 pL of 5.0 uM HSA or glycated HSA (i.e., 6.67 pug) at 0.05 to 0.50 mL/min in
the presence of the pH 7.4 application buffer. This amount of injected protein was
equivalent to the amount of found in 0.13-0.19 pL of undiluted serum containing 35-50
g/L HSA. The elution profiles were monitored at 280 nm. Chromatograms for these
studies can be found in the Appendix 7.6.3. The mobile phase was later switched to a pH
2.5, 0.10 M potassium phosphate buffer to elute the adsorbed HSA or glycated HSA from
the column. The column was then regenerated with the pH 7.4, 0.067 M potassium
phosphate buffer prior to the injection of the next sample. This process was also carried
out on the control column. Injections containing 20 uL of pH 7.4, 0.067 M potassium
phosphate buffer were also performed on the immunoextraction columns and the control
columns at the various flow rates to correct for the background response of the buffer.

The elution profiles for the injected samples and buffer were analyzed and fit to
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exponentially-modified Gaussian curves [34,35].

7.2.7 Chromatographic binding studies

Prior to the drug-protein binding studies, HSA or glycated HSA was applied to an
immunoextraction column under the same conditions described in Section 7.2.6 for the
binding capacity measurements. In the frontal analysis experiments, the
immunoextraction columns containing adsorbed HSA or glycated HSA were placed into
pH 7.4, 0.067 M potassium phosphate buffer at 0.10 mL/min. A switch was then made to
a solution prepared in the same pH 7.4 buffer but that contained a known concentration of
the drug of interest (e.g., warfarin or gliclazide), which was also applied at a flow rate of
0.10 mL/min. Once a breakthrough curve had been formed and a stable plateau had been
reached, the pH 7.4, 0.067 M phosphate buffer alone was passed through the column at
0.25 mL/min to elute the retained drug. The flow rate was then returned to 0.10 mL/min
prior to application of the next drug solution.

The frontal analysis studies used ten drug solutions containing 0.5-50 puM
warfarin or fourteen solutions containing 0.5-200 uM gliclazide. The elution of warfarin
was monitored at 308 nm, and the elution of gliclazide was detected at 250 nm. All
frontal analysis experiments were carried out in quadruplicate, with the central point of
each breakthrough curve being determined by the equal area method [34,35]. The same
solutions were also applied to a control column to correct for the void time of the system
and any non-specific binding of the drug [18-22]. Non-specific binding made up only
4% of the total binding seen for the 50 pM warfarin solution and 0.7% of the total
binding seen for 200 uM of gliclazide when applied to the immunoextraction columns

containing adsorbed HSA or glycated HSA.
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Competition studies based on zonal elution experiments were also conducted on
the immunoextraction columns containing adsorbed HSA or glycated HSA. The studies
were performed in quadruplicate using 0-20 uM gliclazide as the competing agent in the
pH 7.4 application buffer. These solutions were applied to the columns at 0.1 mL/min for
warfarin which was used as probe for Sudlow site | of HSA/glycated HSA and 0.05
mL/min for L-tryptophan used as probe for Sudlow site Il [5-8]. The mobile phases
containing gliclazide were also used to prepare the 5 uM samples of warfarin or L-
tryptophan that were used for these injections. The injection volume was 20 pL, and the
warfarin or L-tryptophan were monitored at 308 or 280 nm, respectively. Sodium nitrate
was also injected as a non-retained solute and was monitored at 205 nm [34,35]. The
central moment for each peak was found by using a fit to exponentially-modified
Gaussian peaks with the automatic baseline correction function of PeakFit v4.12 [34,35].
Similar chromatographic studies were also carried out using the control column in which
a correction was made for the non-specific binding by subtract the control results from

the results with the immunoextraction columns containing the protein.

7.3 Results and Discussion
7.3.1 Characterization of immunoextraction column

The binding capacity of an anti-HSA immunoextraction column was measured for
both HSA and glycated HSA by using frontal analysis. The estimated binding capacity
for HSA and glycated HSA was 0.34-0.42 nmol, or roughly 23-28 pg. This was the
equivalent to the amount of HSA/glycated HSA that would be found in 0.45-0.80 uL of
undiluted serum sample that contained 35-50 g/L of HSA.

When this binding capacity was combined with the known protein content of the
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immunoextraction support, it was determined that 13-16% of the immobilized antibodies
were able to bind to the HSA and glycated HSA samples. Some of the remaining
antibodies may have been inactive or not accessible to the HSA/glycated HSA. These
two factors probably accounted for 72% of the non-binding antibodies, as based on prior
work with other antibodies using similar supports using the same immobilization method
[47]. The rest of the non-binding antibodies were probably directed against other target
antigens, as would be obtained along with the anti-HSA antibodies when using protein G
for their isolation from serum. The binding capacity that was obtained in this work was
sufficient for the initial design and testing of the immunoextraction/HPAC system for
drug-protein binding studies.

The extraction efficiency was determined by injecting 0.10 nmol (or ~6.6 pg) of
HSA or glycated HSA onto the immunoextraction column or control column at 0.05 to
0.50 mL/min. Table 7-1 summarizes the extraction efficiencies that were measured. The
time at which all of the non-retained columns were passed and eluted from the column
ranged from 5 min at a flow rate of 0.05 mL/min to 1 min at a flow rate of 0.5 mL/min.
Additionally, the back pressures obtained during the experiments ranged from 14 to 160
psi (0.1 to 1.1 MPa). When using HSA, an extraction efficiency of 90 (= 5)% was seen at
an injection flow rate of 0.05 mL/min, with a decrease in this value to approximately 60
or 70% at 0.50 or 0.25 mL/min. A similar trend was observed for glycated HSA, with a
maximum extraction efficiency of 93 (x 1)% being measured at 0.05 mL/min flow rate,
and with a small decrease in this value to roughly 80 or 90% at 0.50 or 0.25 mL/min.
The results were consistent with those that were predicted by using a second-order

adsorption-limited rate model and a previously measured association rate constant of 4.8
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Table 7-1.  Capture efficiency for normal HSA or glycated HSA on polyclonal anti-

HSA immunoextraction columns?

Flow rate Capture efficiency (%)
(mL/min) HSA Glycated HSA
0.05 89.7 (+ 4.9) 93.4 (£ 0.6)
0.10 81.6 (+ 0.8) 93.4 (£ 0.1)
0.25 69.5 (+ 7.5) 90.4 (£ 0.4)
0.50 59.5 (+ 2.0) 79.4 (£ 0.4)

*These results were obtained at 37 °C and in the presence of pH 7.4, 0.067 M potassium phosphate buffer.

The values in parentheses represent a range of £ 1 S.D. (n = 4).
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x 10* M* s for HSA with a comparable preparation of immobilized polyclonal
antibodies [48]. Based on the results from the column binding capacity and extraction
efficiency experiments, the drug-binding experiments were performed by saturating the
immunoextraction columns with the HSA or glycated HSA samples through the same

method as the binding capacity experiments.

7.3.2 Frontal analysis drug binding studies

Frontal analysis experiments using some model drugs (i.e., warfarin and
gliclazide) were used to examine the overall binding of these drugs to the
immunoextraction columns containing either adsorbed HSA or glycated HSA. Frontal
analysis has been used in previous work with the same drugs and more traditional
columns containing immobilized HSA or glycated HSA [18-22]. Fig. 7-2(a) shows
frontal analysis results that were obtained when using the immunoextraction/HSA
method for drug-protein binding studies.

As is done with more traditional columns, the data that were obtained were fit to
various binding models to determine the number of interaction sites that were present and
the association equilibrium constants for these sites [34,35]. Traditional columns contain
a uniform distribution of protein throughout the entire column [34,35]. Eq. 1 shows the
binding isotherm that can be used with the frontal analysis data obtained from traditional

columns to describe the binding of an analyte at a single site of interaction.

_ mpKq [A]
Meapp = (11, [AD S

In this equation, miapp represents the apparent moles of applied analyte that are required
to reach the central point of the breakthrough curve at a given concentration of analyte in

the mobile phase, which is represented by [A] [34,35]. The term K, is the association



Figure 7-2.
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(@) Typical frontal analysis chromatograms obtained for various
concentrations of warfarin applied at 0.10 mL/min to a 1.0 cm x 2.1 mm
i.d. immunoextraction column containing adsorbed HSA, and (b) a plot
prepared according to Eq. 2 for examining binding of warfarin to normal
HSA that had been adsorbed to an anti-HSA immunoextraction column.
The error bars for each data point in (b) represent + 1 S.D. for the average

of four replicate experiments.
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equilibrium constant for this interaction. The m¢ is the moles of active binding sites for
A.

However, the adsorbed proteins bound to an immunoextraction column are
present in a non-uniform distribution throughout the column, where there is more
adsorption of the protein at the start of the column then at the end, as depicted in step 2 of
Fig. 7-1. Although the amount of protein in the column and binding capacity may be
affected by the different distributions of protein throughout the column, the association
equilibrium constant for this interaction is unaffected. Eq. 2 is an expanded form of Eq.1

that allows for the presence of a non-uniform distribution of the binding agent.

Kq[A]
(1+Kq[A])

()

Mpyapp = (mpyy +--myy)

The equation is mathematically equivalent to Eq. 1, with the total moles of active sites

now being represented as the summation of the individual binding capacities for different
regions or types of sites within the column (i.e., mq through mgy).

A linear form of the single-interaction binding isotherm can be developed by

taking the reciprocal of both sides of Eg. 1, which provides the result that is shown in Eq.

3.

1 1 1

+ 3)

Miapp  (KamylAD) ~ my

This equation predicts that a system with a single type of interaction between A and L
should result in a linear relationship between 1/myap, and 1/[A], with the inverse of the
intercept providing the value of m_ and the ratio of the intercept over the slope providing
Ka [34,35]. For interactions involving multiple binding sites, similar equations can be
developed, as described in Egs. 4 and 5 [34,35]. These equations are an expanded form

of Egs. 1 and 3, in which the m; and m, refer to the summation of the binding capacities
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for interactions occurring at a group of high and low affinity sites in a column, while Ky

and Kj. describe the association equilibrium constants for the respective binding sites.

_ mp1Ka1[A] mpyKao[A]
Miavy = i [AD T (+KazlAD (4)

1 _ 1+Kq1[Al+B2Ka1[Al+B2Ka1 [A]?
Miapp  Mitot{ (@1+B2~a1B2)Ka1[Al+B2Ka1*[A]2}

(5)

The my is representative of the total summation of all of the binding capacities that
occur at the different sites. The fraction of all of the binding capacities with respect to
the high affinity region («;) can be represented by a1 = my /Myt [34,35,49,50]. Also in
Eq. 5, S, is representative of the ratio of the association equilibrium constants for low
versus the high-affinity sites, which can be described by £, = Kq2/Ka1 [34,35,49,50].

The frontal analysis data that were obtained in this report for warfarin with the
HSA or glycated HSA that was adsorbed to immunoextraction columns was fit to a
single-site model, described by Eq. 3. The fit of the frontal analysis data to Eq. 3 for
HSA are shown in Fig. 7-2(b). Similar results were acquired for glycated HSA.
According to Eq. 3, a plot of 1/mpap, vs. 1/[A] should result in a linear fit for a system
with a 1:1 interaction [34,35,49,50]. The best-fit lines for warfarin with the adsorbed
samples of HSA and glycated HSA were linear with correlation coefficients of 0.9970 (n
=6) and 0.9979 (n = 6), respectively. The association equilibrium constants determined
by the best-fit lines for the adsorbed HSA and glycated HSA were 2.4 (+ 0.4) x 10° M*
and 2.0 (+ 0.3) x 10° M, respectively, while the estimated moles of active binding sites
were 2.4 (+ 0.1) x 10™ mol and 2.8 (+ 0.1) x 10" mol, respectively. A summary of the
results are shown in Table 7-2. These values were then used to determine an estimated

specific activity for warfarin on the different columns by using the amount of adsorbed
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Table 7-2.  Association equilibrium constants (K,) and binding capacities (m.)
measured for warfarin with HSA or glycated HSA adsorbed onto

polyclonal anti-HSA immunoextraction columns?

Type of HSA® Ka (x 10° MY m. (x 10 mol)
HSA 2.4 (+0.4) 2.4 (+0.1)
Glycated HSA 2.0 (£0.3) 2.8 (+0.1)

*The results were measured at 37 °C in the presence of pH 7.4, 0.067 M potassium phosphate buffer and
were obtained from a double-reciprocal plots that were analyzed according to a single-site model, as
described by Eq. 4. The values in parentheses represent a range of = 1 S.D., as based on error propagation
and the precisions of the best-fit slopes and intercepts when using Eq. 2 (n = 6).

*The protein content for the HSA column was 0.34 (+ 0.03) nmol protein. The protein content for the
glycated HSA column was 0.42 (£ 0.02) nmol protein, with a level of glycation of 3.20 (+ 0.13) mol

hexose/mol HSA.
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HSA or glycated HSA. The specific activities ranged from 0.48-0.71 mol/mol of HSA
and glycated HSA, which indicated that a single-site was involved in the interaction
between warfarin and the absorbed HSA and glycated HSA samples.

The Kj values obtained for the fit to the linear region of Eq. 3 were comparable to
the previously reported average association equilibrium constant of 2.4 (+ 0.4) x 10°> M™
for the binding of racemic warfarin to HSA [7,22]. In a previous report with more
traditional HPAC columns it was found that the levels of glycation similar to those used
in this study did not have any appreciable effect on the association equilibrium constants
for warfarin with HSA [22]. The K, values from this study ranged from 2.3 x 10° to 2.7
x 10° M. The results in this current study also found that association equilibrium
constants determined for warfarin with the adsorbed samples of HSA and glycated HSA
were statistically identical at the 95% confidence interval. Thus, the results for warfarin
indicated that the use of immunoextraction could be used to adsorb a protein such as
HSA for use in frontal analysis studies of drug-protein interactions.

The relative precision for the K, values determined for warfarin on the adsorbed
HSA and glycated HSA columns was + 15-17% and was only slightly higher than
relative precisions of + 8.6-11% that have been reported previously when using more
traditional HPAC columns [7,22]. The binding capacities that were obtained previously
with other HPAC columns had relative precisions of + 8.7-10.1% [7,22], which compared
well with the relative precisions of + 3.5-4.2% that were obtained in this study. It was
further found that the columns containing adsorbed samples of HSA or glycated HSA
were stable and had similar lifetimes to those noted for more traditional HPAC columns

[7,22]. However, one major advantage of using immunextracted proteins over



314

covalently-immobilized proteins is that the proteins used in this report could be eluted
periodically from the column and replaced with a fresh or alternative protein sample for

use in further drug-protein binding studies.

7.3.3 Frontal analysis studies with gliclazide

Gliclazide was another drug and model solute that was used to evaluate the
combined immunextraction/HPAC system for biointeraction analysis. This drug and
related sulfonylurea drugs have been shown in previous frontal analysis work to have two
general classes of binding sites with both HSA and glycated forms of HSA: a set of well-
defined moderate-to-high affinity sites and a larger set of weaker affinity interactions [18-
22]. Some typical results that were generated with gliclazide in this study are shown in
Fig. 7-3. These results were fit to both one-site and two-site binding models, as described
by Egs. 2 and 4 and given in Fig. 7-3(a-b).

The presence of multi-site interactions was confirmed by comparing the fits of
Egs. 2 and 4 to the gliclazide data. For instance, the correlation coefficient obtained with
Eq. 2 and the single-site model was 0.9939 (n = 12) for HSA, while a fit of the same data
to Eq. 4 and a two-site model gave a correlation coefficient of 0.9999 (n = 12). As shown
in the insets of Fig. 7-3, the residual plot for the two-site model gave a more random
distribution of the data about the best-fit line than was seen for the one-site model. The
sum of the squares of the residuals for the two-site model was also much smaller than the
one-site model (i.e., 1.3 x 102 vs. 1.9 x 10%%). All of the results confirmed that a model
based on two binding sites was a better description for this interaction than a one-site
model. The same data were also fit to Eq. 3 by using a double-reciprocal plot, as

provided in the Appendix 7.6.4, which also indicated that multi-site interactions were
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Figure 7-3.  Fit of frontal analysis data obtained for gliclazide on an immunoextraction
columns containing HSA when analyzed by (a) a single-site binding
model based on Eq. 2 or (b) a two-site binding model based on Eq. 4. The
insets show the corresponding residual plots. Each point represents the
average of four experiments in which the typical relative standard

deviations ranging from 3.6 to 11.5% (average, * 7.5%).
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present.

The values of Ky; and my; for the high affinity sites in this system were first
estimated from the linear portion of a plot made according to Eq. 3, giving values of 4.1
(+ 1.4) x 10* M and 2.4 (+ 0.1) x 10" mol, respectively. When using Eq. 4, the
association equilibrium constants for the higher affinity sites and lower affinity sites in
the same system were determined to be 4.1 (+ 0.5) x 10* M and 4.2 (+ 2.9) x 10> M,
respectively. The moles of active binding sites for the two-site model were found from
this latter fit to be 1.8 (+ 0.2) x 10™** mol and 5.2 (+ 3.1) x 10 mol, respectively.

The results for the glycated HSA sample followed a similar trend to HSA sample.
A fit of the linear portion of a plot according to Eq. 3 resulted in initial estimates of K
and my, for the high affinity sites of 3.9 (+ 1.1) x 10* M™* and 2.2 (+ 0.1) x 10™° mol,
respectively. The data were also fit to the two-site model which gave a better fit than a
one-site model, with a higher correlation coefficient of 0.999 (n = 12), a more random
distribution of the results about the best-fit line, and a lower sum of the squares of the
residuals (i.e., 2.4 x 102 vs. 5.7 x 10°%%). The fit to the two-site model for glycated HSA
gave association equilibrium constants of 4.9 (+ 1.4) x 10* M™ and 3.6 (+ 0.6) x 10° M
for gliclazide at the higher affinity sites and lower affinity binding sites, respectively.
The moles of active sites for these higher and lower affinity sites were 1.1 (+ 0.3) x 10
mol and 1.0 (+ 0.1) x 10”° mol, respectively. A summary of the results from the two-site
model for gliclazide with both HSA and glycated HSA is provided in Table 7-3.

The results from the immunoextraction/HPAC methods were comparable to those
from a previous study involving more traditional HPAC columns. This prior work

produced an estimate of 3.4-10.0 x 10* M™ for the average association equilibrium
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Table 7-3.  Association equilibrium constants (K,) and binding capacities (m.)

obtained for gliclazide on immunoextracted samples of HSA or glycated

HSA®?
Type of HSAb Kal mea Ka2 myo
(M x 10% (mol x 10 (M x 10%) (mol x 10°%)
HSA 4.1 (+0.2) 1.8 (£ 0.2) 4.2 (+2.9) 5.2 (+3.1)
Glycated HSA 4.9 (+1.4) 11.0 (+ 3.0) 36.0 (+ 6.0) 1.0 (£ 0.1)

*The results were measured at 37 °C in the presence of pH 7.4, 0.067 M potassium phosphate buffer. The
values in parentheses represent a range of £1 S.D., as based on error propagation and the precisions of the
best-fit slopes and intercepts when using Eq. 3 (n = 12).

®The protein content and level of glycation for these protein samples were the same as listed in Table 2.
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constant of the higher affinity binding sites for gliclazide with HSA and highly glycated
HSA [20], which agrees well with the value of 4.1 x 10* M™ that was obtained in this
current report when using immunoextraction and HPAC.

The specific activity for each type of immobilized protein was determined from
an estimate of the adsorbed protein and the measured binding capacities of these
columns. In previous work with immobilized HSA, a specific activity of 0.50 (£ 0.16)
mol/mol HSA was obtained for the gliclazide high affinity sites [22]. This prior result
was equivalent, at the 95% confidence level, to the value of 0.52 (£ 0.06) mol/mol HSA
obtained in this report using immunoextraction and an adsorbed sample of HSA. The
adsorbed sample of glycated HSA gave a specific activity for the high affinity sites of
0.25 (£ 0.08) mol/mol HSA, which was similar to a value measured by traditional HPAC
with more highly glycated HSA [20]. As has been noted in previous studies, the results
for both the HSA and glycated HSA followed a model in which these proteins had one or
two major binding sites for gliclazide and two or more weaker binding regions [20]. The
results also indicated that comparable specific activities for these drug-binding studies
were obtained when using immunoextraction versus studies involving covalently
immobilized forms of HSA and glycated HSA.

The relative precisions that were obtained for K, and m values for the high and
low affinity binding sites, as measured when using a two site model and
immunoextraction, where also compared to the previous values that have been obtained
in work with the traditional columns using covalent protein immobilization [20]. The
relative precision for association equilibrium constants determined at the high affinity

sites when using immunoextraction was + 4.9-29%, and the relative precision for values
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at the low affinity regions was + 17-69%. These values were similar to relative
precisions of + 8.0-27% and + 17-68%, respectively, that have been noted for the same
drug-protein systems when using covalent immobilization [20]. The precisions of the
binding capacities were also similar in these two approaches. The immunoextraction
method gave precisions for these binding capacities of + 11-27% for the high affinity
sites and + 10-60% for the low affinity regions, which were comparable to the range of
precisions obtained by covalent immobilization [20]. Furthermore, the similarities in
precision indicate the feasibility of using the online immunoextraction for analysis of

drug-binding interactions.

7.3.4 Zonal elution competition studies

Another method that was tested for use with the immunoextraction/HPAC method
was a zonal elution competition study. This type of experiment has been used with
HPAC columns made through covalent immobilization to examine site-specific changes
in drug-protein interactions, including changes that may occur due to HSA glycation [18-
22]. For instance, previous competition studies using gliclazide and other sulfonylurea
drugs have found that these drugs can bind to both Sudlow sites I and Il of HSA and
glycated HSA, by using warfarin as a probe for Sudlow site | and L-tryptophan as a probe
for Sudlow site 11 [18-22].

In a zonal elution competition study, a small amount of a probe for a given
binding site (e.g., warfarin or L-tryptophan) is injected onto a column that contains the
protein or binding agent of interest. These injections are made in the presence of various
known concentrations of a possible competing agent (e.g., gliclazide) in the mobile

phase. The retention factor (k) of the probe is then measured at each competing agent



321

concentration and used to determine whether the probe and competing agent had a
common binding site on the affinity column [34,35].

If direct competition exists between the competing agent and the probe, then a
decrease in the retention factor for the probe should occur as the concentration of the
competing agent is increased. This change in retention can be described as a function of
the concentration of the competing agent [I], as is illustrated in Eqg. 6 for a system in
which I and A have a single site of competition and A has no other types of binding sites
in the column [34,35].

1 _ KaVmll] 4 Y
k Kgamy, Kgamy,

(6)

In Eq. 6, the association equilibrium constants for the probe and the competing agent at
their site of competition are given by the terms Ky and Ksa. The term Vy represents the
column void time, and m_ is the moles of the common binding sites in the column. Eg. 6
predicts that a system with 1:1 competition should give a linear relationship between 1/k
and [1]. In addition, the ratio of the slope over the intercept for the best-fit line in such a
plot can be used to obtain the value of K, at the site of competition [34,35].

As shown in Fig. 7-4, linear fits were obtained according to Eqg. 6 with the
immunoextraction/HPAC system for zonal elution competition studies involving
gliclazide and both HSA and glycated HSA when using warfarin and L-tryptophan as
probes for Sudlow sites | and Il. The best-fit lines in the competition studies with
warfarin gave correlation coefficients of 0.977 (n=6) and 0.985 (n=7) for HSA and
glycated HSA. The best-fit lines for the experiments performed with L- tryptophan and
gliclazide gave coefficients of 0.995 and 0.994 (n=7) for HSA and glycated HSA,

respectively. The residual plots for all of these linear fits gave random variations in the
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Results for zonal elution competition studies between gliclazide and (a)
warfarin or (b) L-tryptophan as injected probes on immunoextraction
columns that contained adsorbed HSA (¢) or glycated HSA (m). These
data were fit to the direct competition model in Eq. 6. The error bars for
each data point represent £ 1 S.D. for the average of four replicates for

each experiment.
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data about the best-fit lines. In addition, the sums for squares of the residuals that ranged
from 0.010 to 0.114 for the experiments performed with warfarin and from 1.90 to 3.37
for the experiments performed with L-tryptophan. This type of fit and linear behavior
was similar to that seen in prior work with the same probes and gliclazide or other
sulfonylurea drugs on more traditional HPAC columns containing covalently
immobilized samples of HSA or glycated HSA [18-22].

The association equilibrium constants for gliclazide at Sudlow sites I and 11 of the
adsorbed HSA or in vitro glycated HSA samples were determined from the slopes and
intercepts from the plots. These values are summarized in Table 7-4. The value that was
found for gliclazide with HSA at Sudlow site | was 3.4 (+ 0.3) x 10* M, and the
association equilibrium constant at Sudlow site Il was 8.1 (+ 0.4) x 10* M. The
association equilibrium constant results for Sudlow sites | and Il of the glycated HSA
sample were 2.5 (+ 0.2) x 10* M™ and 7.7 (+ 0.4) x 10" M, respectively. These results
were similar to the ranges of values that have been obtained in previous work with
covalently immobilized samples of HSA or glycated HSA that had slightly lower or
higher levels of modification (i.e., 2.1-3.6 x 10* M at Sudlow site | and 3.8-7.6 x 10* M

! at Sudlow site 11) [20].

7.4  Conclusion

This chapter examined the development and use of on-line immunoextraction
with HPAC for examining drug-protein interactions, using HSA and glycated HSA as
model proteins for this work. Columns containing polyclonal anti-HSA antibodies were
prepared that had extraction efficiencies of 90-93% for samples of HSA and glycated

HSA. The binding capacities for both proteins on the immunoextraction columns ranged
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Table 7-4.  Association equilibrium constants (K,) measured for gliclazide at Sudlow

sites I and Il on immunoextracted samples of glycated HSA or normal

HSA®
Type of HSA® Ka (x 10* MY
Sudlow site | Sudlow site 11
HSA 3.4 (+0.3) 8.1 (+0.4)
Glycated HSA 2.5 (+0.2) 7.7 (+0.4)

*These results were measured at 37 °C in the presence of pH 7.4, 0.067 M potassium phosphate buffer. The
values in parentheses represent a range of + 1 S.D., as based on error propagation and the precisions of the
best-fit slope and intercepts obtained when using Eq. 6 (n = 7-8).

"The protein content and level of glycation for these protein samples were the same as listed in Table 2.
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from 0.34-0.42 nmol.

Frontal analysis experiments examined the binding of warfarin and gliclazide
tothe adsorbed samples of HSA or glycated HSA on the immunoextraction columns.
Similar binding behavior and affinities for both types of drugs were seen when
comparing the immunoextracted proteins versus prior data have been obtained with
comparable samples of proteins but using covalent immobilization. Zonal elution
competition studies were also used to examine the site-specific binding of gliclazide with
the adsorbed samples of HSA and glycated HSA at Sudlow sites | and Il. The resulting
association equilibrium constants were also in the same range as determined in previous
studies when using covalently immobilized HSA or glycated HSA. The experiments in
this chapter demonstrated how immunoextraction can be combined with HPAC to isolate
proteins such as HSA and then use the adsorbed proteins in drug-binding studies. This
general approach could be extended to other proteins or modified proteins, which could
in turn be used in clinical or pharmaceutical studies or biomedical research in areas such

as personalized medicine.
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7.6 Appendix
7.6.1 Structures of Representative Sulfonylurea Drugs

The core structure of a sulfonylurea drug is composed of a phenysulfonyl and
urea functional group, in which various non-polar groups can be placed on either side of
the core structure, as is shown in Fig. 7-5. Some examples of first-generation
sulfonylurea drugs (e.g., acetohexamide and tolbutamide) and second-generation

sulfonlylurea drugs (e.g., gliclazide and glibenclamide) are also shown in Fig 7-5.

7.6.2 Affinity Purification of Anti-HSA Antibodies

Fig. 7-6 summarizes the scheme that was used in this work for isolating
polyclonal anti-HSA antibodies from anti-HSA goat antiserum. Other types of antibodies
and immunoglobulins, besides the anti-HSA antibodies were also probably isolated by
using the protein G Sepharose. However, control experiments indicated that the presence
of such non-specific antibodies only affected the final, maximum binding capacity that
could be obtained for HSA on the final immunoextraction column and did not affect the

drug-protein binding studies that were later conducted with these columns.

7.6.3 Immunoextraction Experiments

Fig. 7-7(a) shows some typical breakthrough curves that were for the binding of
normal HSA or glycated HSA to the immunoextraction column or to a control column.
The mean breakthrough points in these curves were used to determine the binding
capacity of the immunoextraction column, as described in the main body of the text. Fig.

7-7(b) shows some typical elution profiles that were obtained during the capture
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Figure 7-5.  Core structure of a sulfonylurea drug and some representative first-

generation and second-generation sulfonylurea drugs.
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Figure 7-6.  General procedure involved in the extraction of polyclonal anti-HSA

antibodies from goat serum.



Preparation of Anti-HSA
Immunoaffinity Columns

Dissolve 100 mg of anti-HSA goat serum in 2 mL of
pH 7.4, 0.067 M phosphate buffer

Combine buffered anti-HSA goat serum solution with
2 mg of protein G Sepharose
Incubate , room
temperature for 2 h
Wash resin several times with pH 7.4, 0.067
phosphate buffer

Release anti-HSA antibodies from protein G
Sepharose resin by adding three 1 mL aliquots of pH
2.5, 0.10 M phosphate buffer

Collect and combine released antibodies and adjust
the pH to 6.0 by adding pH 8, 0.10 M potassium
phosphate buffer

Use antibody solution immediately for immobilization
by the Schiff base method
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Typical chromatograms obtained for (b) frontal analysis studies and (b)
capture efficiency experiments performed on a 1.0 x 2.1 mm i.d.
immunoextraction column containing anti-HSA polyclonal antibodies
(dashed line) or a control column (solid line). The results in (a) were
obtained for a 5 puM solution of HSA that was applied at 0.10 mL/min.
These results in (b) are for 20 pL samples of 5 UM HSA that were injected

at 0.05 mL/min.
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efficiency experiments with normal HSA or glycated HSA on the control column or

immunoextraction column.

7.6.4 Frontal Analysis Studies

The frontal analysis data for gliclazide were analyzed according to both Egs. (1-2)
and Eqg. (4-5). Fig. 7-8 shows the results that were obtained when these data were
examined according to Eqg. 2. A system with single-site binding would be expected to
give a linear relationship for this type of plot [20]. A linear region with a correlation
coefficient of 0.9948 (n = 13) was seen at high values for 1/[Gliclazide] in this plot;
however, deviations from linearity were also observed at high concentrations of
Gliclazide, or at low values of 1/[Gliclazide]. This type of behavior indicated that multi-
site interactions were taking place between this drug and its binding protein in the column

[20].
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Figure 7-8.  Fit of frontal analysis data obtained for gliclazide on an immunoextraction
columns containing HSA and when analyzed according to a single-site

binding model, as based on Eq. 2.
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CHAPTER 8:
QUALITATIVE STRUCTURAL ANALYSIS OF HUMAN SERUM ALBUMIN BY
NANO-ELECTROSPRAY IONIZATION QUADRUPOLE TIME-OF-FLIGHT

MASS SPECTROMETRY

8.1 Introduction

Mass spectrometry (MS) has become an important analytical tool for the
examination of complex protein samples [1]. This is mainly due to the discovery and
development of new tools and techniques in the field of MS that have made it possible to
identify proteins along with providing structural information on a protein’s primary
sequence and post translational modifications (PTMs) [2]. The structure of a protein
plays a major role in gene and cellular regulation, in which PTMs that occur on the
primary sequence can affect a protein’s folding, conformation, stability and function
[1,2].

Human serum albumin (HSA) and related serum proteins have been of growing
interest with regards to PTMs. For instance, non-enzymatic glycation has been shown to
affect the function and structure of such proteins [3-28]. HSA is the most abundant
protein in blood plasma, occurring at concentrations of 35-50 g/L, and accounting for
60% of the total protein content in serum [29,30]. HSA plays a role in processes such as
the regulation of osmotic pressure, the control of pH in blood, and the transportation of
many low mass substances (e.g., hormones, fatty acids, and drugs) [29,30]. HSA has a
molecular weight of 66.5 kDa and is composed of a single peptide chain of 585 amino
acids [29,30]. HSA is a good candidate for structural investigations through MS because

it has a heterogeneous amino acid composition with no repeating sequences [2].
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Several previous studies have utilized matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) to investigate the structure of HSA
[2,21,25-28,32-37]. In this prior work, the matrix composition, type of enzymatic digest
and purification conditions were altered and optimized to obtain high sequence coverage
for this protein [2]. It was found that the use of multiple enzyme digests improved the
number of identifiable peptides and allowed for an increase in sequence coverage when
compared to the use of a single type of enzymatic digest. It was also found that high
sequence coverage for a relatively high molecular weight protein such as HSA was
attainable through this approach [2]. These pretreatment and analysis conditions were
then used for both qualitative and semi-quantitative studies of glycation sites on HSA and
for quantification of the extent of glycation on this protein [25,26].

However, there are some limitations in the use of MALDI-TOF MS for such
work. For instance, the presence of peptides as only singly-charged ions in MALDI-TOF
MS tends to limit the ability of this method to be used in the further analysis of these
peptides by tandem MS (MS/MS) techniques such as collision induced dissociation
(CID) and electron transfer dissociation (ETD) [31,32,38]. Fragmentation methods such
as CID are charge driven and, therefore, singly-charged peptides (e.g., as obtained in
MALDI) can result in a limited number of fragment ions [38]. Multiply-charged
peptides, on the other hand, can allow for several pathways of fragmentation due to the
heterogeneous locations of the charges that are present in such peptides, leading to a
greater variety of fragmentation products for characterization by MS/MS [31,32,38].

An alternative method to MALDI-TOF MS for examining a protein such as HSA

would be to use electrospray ionization (ESI) to produce ions. Both MALDI and ESI are
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soft ionization methods with limited fragmentation of ions during the ionization process;
however, multiply-charged ions are often produced by ESI [31]. The same types of TOF
mass analyzers can be used with both of these ionization sources, which can provide
good detection limits and the capability of examining proteins with a wide mass range,
while also producing results with high-mass accuracy and resolution [2, 31]. Some
important advantages of using ESI-TOF are that this method can be easily coupled to
separation techniques such as liquid chromatography and capillary electrophoresis. In
addition, other types of mass analyzers such as quadrupole mass analyzers can be coupled
with ESI-TOF to perform MS/MS experiments [8, 39-41].

The purpose of this study was to qualitatively analyze the structure of HSA
through the use of high resolution nano-electrospray quadrupole time-of-flight mass
spectrometry (nano-ESI-QTOF MS). Although previous studies have reported high
sequence coverage for HSA when using MALDI-TOF MS [2], the work in this chapter
will consider whether a reduction in the sample preparation time and number of
pretreatment steps can be attained and still be used to achieve comparable sequence
coverage of HSA through the use of nano-ESI-QTOF MS [2]. The sequence coverage
obtained from both individual enzymatic digests and the combined results for multiple
enzymes will be examined. This MS/MS method will then be used to fragment peptides
from HSA through CID to obtain and confirm the sequences for these peptides. Some of
the peptide ions will also be considered for use as internal calibrants in future work to aid
in the correction of mass spectra for improved sequence coverage or analysis of glycated-

related modifications on HSA.
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8.2  Experimental
8.2.1 Materials

The HSA (essentially fatty acid free, > 96% pure), ammonium bicarbonate,
iodoacetamide (IAM), urea, guanidine hydrochloride, dithiothreitol (DTT), and formic
acid (96%) were purchased from Sigma Aldrich (St. Louis, MO, USA). Trypsin (MS
grade, > 95% specificity), endoproteinase Lys-C (Lys-C, MS grade, > 90% specificity),
endoproteinase Glu-C (Glu-C, MS grade, > 90% specificity), and HPLC grade
acetonitrile were obtained from Thermo Fisher Scientific (Rockford, IL, USA). A Milli-Q
Advantage A 10 system (EMD Millipore Corporation, Billerica, MA, USA) was used to

prepare water for all aqueous solutions.

8.2.2 Apparatus

ZipTip..Cig pipette tips (5.0 pg capacity) were purchased from Millipore
(Billerica, MA, USA). All MS and MS/MS experiments were carried out using a Synapt
G2-S HDMS quadrupole time-of-flight (QTOF) hybrid mass spectrometer (Waters,
Manchester, UK). The mass spectrometer was controlled by Mass-Lynx v4.1 (Waters,
Milford, MA, USA). A home-built static nano-ESI stage was fit to the inlet of the MS
instrument to allow for nanoliter sample delivery [42-46]. This stage was used to deliver
a capillary potential for ESI through a platinum wire that was placed in contact with the
analyte solution and placed within an emitter [42-46]. The emitters were prepared in-
house from 1.5-1.8 x 100 mm Corning Pyrex melting point capillaries (Corning, NY,
USA) through the use of a vertical micropipette puller (David Kopft Instruments,
Tujunga, CA, USA). A Speed Vac SC110 (Thermo Savant, Holbrook, NY, USA) was

used to dry the pretreated and digested proteins.
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8.2.3 Sample Digest and Purification
8.2.3.1 Pretreatment Method 1

HSA was pretreated and digested through a previously-published procedure [2].
Fig. 8-1 gives a flow chart for the processes that were involved in this method. This
procedure involved dissolving 3 mg of HSA in a denaturating buffer that contained 6 M
guanidine HCI in pH 8.5, 100 mM ammonium bicarbonate buffer. A 15 pL portion of
1.0 M DTT in pH 8.5, 100 mM ammonium bicarbonate buffer was added to this mixture
and allowed to react for 30 min at 37 °C. Next, a 36 pL portion of 1.0 M IAM, prepared
in 1.0 M sodium hydroxide, was added to the mixture and allowed to react at room
temperature in the dark for 30 min. An additional 150 pL of 1.0 M DTT was added to
react with the excess IAM. Dialysis was then conducted with 400 pL of the pretreated
protein mixture. This involved the use of a 0.5 mL dialysis cassette, in which the sample
was dialyzed against three fresh portions of 1000 mL water for 4 h each at room
temperature. The sample was then removed from the dialysis cassette and divided into
40 pL aliquots. The divided samples were dried under vacuum, giving a final mass for
each sample of 100 pg. Separate portions of this sample were used later for three
different enzymatic digests.

The sample used for the digest made with trypsin was reconstituted in 100 pL
water. The trypsin was prepared in water at a concentration of 1 pg/uL. This enzyme
solution was added to a 100 pg protein sample in a 3.33 pL portion and allowed to react
for 18 h at 37 °C [2,25]. The Lys-C solution and enzyme/protein mixture were prepared
in a manner similar to the trypsin solution and protein/trypsin mixture, except 5 pL of

Lys-C (1 pg/pL) was added to the protein sample [2,25].
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Figure 8-1. Comparison of the pretreatment and digestion procedures used in this

study (i.e., “Pretreatment Method 1 and “Pretreatment Method 2”).
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The Glu-C and Glu-C/protein mixtures were prepared in a similar fashion, with
the protein sample being reconstituted in 100 pL water and the Glu-C being prepared at a
concentration of 1 pg/pL in water [2,25]. However, a 10 pL portion of the enzyme
solution was now added to the protein sample and allowed to react for 8 h at 37 °C
[2,25]. This was followed by the addition of a separate 5 pL portion of the enzyme
solution, after which the digestion mixture was allowed to react for an additional 18 h at
37 °C [2,25].

A 10 pL portion of concentrated formic acid was added to each enzyme/protein
mixture after the given digestion times. Each digested sample was divided into 10 pL

aliquots and stored at -80 °C until further use.

8.2.3.2 Pretreatment Method 2

HSA was also pretreated and prepared according to a second previously-published
procedure for protein digestion [42]. A flow chart for this procedure is also included in
Fig. 8-1. In this case, HSA was pretreated to prepare a sample for three types of digests.
A 1 mg sample of HSA was dissolved in a denaturing buffer that contained 8 M urea in
pH 7.4, 50 mM ammonium bicarbonate buffer. This solution was used to prepare three
pretreated samples. Using separate vials, a 10 pL portion of the denatured protein
solution, containing approximately 100 pg HSA, was combined with 40 pL of 8 M urea
in pH 7.5, 50 mM ammonium bicarbonate buffer and 10 uL of DTT in pH 7.5, 50 mM
ammonium bicarbonate buffer. This mixture was incubated at 55 °C for 1 h. A 10 pL
portion of 500 mM 1AM in pH 7.5, 50 mM ammonium bicarbonate buffer was then
added to each mixture, followed by incubation of the new mixtures at room temperature

for 1 h. An additional 175 pL of pH 7.5, 50 mM ammonium bicarbonate buffer was then
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added to dilute the urea in each mixture [42].

The trypsin, Lys-C and Glu-C solutions were prepared in water at a concentration
of 0.5 pg/uL and added to the pretreated protein samples in 5 pL portions [42]. These
mixtures were incubated at 37 °C for 18 h. Each digest was dried under vacuum to a
final volume of approximately 10 pL. The dried samples were reconstituted in 0.1%
formic acid to a final volume of 100 pL and stored at 0 °C until future use.

ZipTip,-Cyg pipette tips were used to purify these digests prior to their analysis
by MS. The digests were thawed to room temperature prior to being applied to these
pipette tips. The ZipTip,..Cis pipette tips were first wetted with 10 pL of 100%
acetonitrile and washed with 10 pL of 0.1% formic acid in water. A 10 pL portion of a
reconstituted digest was then loaded onto the tip. The tip was washed using 10 pL of
0.1% formic acid and eluted with 20 pL of an 80:20 acetonitrile:water mixture containing
0.1% formic acid. An alternative to the 80:20 acetonitrile:water mixture elution step
involved splitting this elution step into additional fractions, such as those involving
elution with 10:90, 20:80, 30:70, and 50:50 acetonitrile:water mixtures, as have been

used in a previous study [2].

8.2.4 Mass Spectrometry

A 10 pL portion of a protein digest was placed into an emitter through the use of a
syringe. The emitter was then fit onto the nano-ESI stage. The ESI source was controlled
by MassLynx software and the ionization was carried out by applying a potential of +1.0-
1.4 kV. Other ionization conditions included a sampling cone voltage of +10 V, a source
offset of +10 V, and a source temperature of 80 °C. The samples were sprayed for 10-30

min, with this amount of time being dependent on the type of experiment that was being
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performed (e.g., MS or MS/MS).

All mass spectra were acquired by using MassLynx and a positive scan mode. A
5 min data acquisition time was used for the MS experiments that involved sequence
analysis. A 2 min data acquisition time was used to perform an initial scan of spectra
when searching for precursor ions for MS/MS analysis; a 5 min data acquisition time was
then used for the MS/MS experiment. The mass range examined for each sample was 50-
2000 m/z. Although some theoretically-predicted masses for peptides from HSA were
higher than 2000 m/z, preliminary studies over a broader mass range of 50-5000 m/z
indicated that the signals for these higher mass peptides were too low to be observed over
the background response under the given experimental conditions used for the MS
measurements.

MS/MS experiments were carried out by using CID. The instrument used in these
experiments was equipped with a trap region comprised of a stacked ring ion guide,
which served as the collision cell for CID. The pressure of this cell was 5.0 x 10 mbar,
with argon being used as the collision gas. A quadrupole mass analyzer was used to
select precursor ions that were identified from the sequence analysis experiments and that
were selected from an initial MS scan of the protein digest. The selected precursor ions
were then subjected to fragmentation in the collision cell. The collision energy that was
used for the CID experiments ranged from +10-50 V and was dependent on the size and
sequence length of the peptide [47,48]. Previous studies have shown that peptides with
larger masses require a larger collision energy for fragmentation vs. peptides with smaller

masses [47,48].
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8.2.5 MS Calibration and Data Analysis

Before it was used to carry out a mass analysis for digested samples of HSA, the
MS instrument was calibrated through use of MassLynx and a sample of cesium iodide
(Csl). Csl is commonly used as a calibrant in ESI-MS because of its ability to form
cluster ions in an even manner and over a wide range of m/z values [49]. Cs and | also
are monoisotopic, which allows for the production of symmetrical MS peaks from these
atoms, an ideal property for calibrating an MS instrument for high resolution and high
mass accuracy measurements [49].

For this study, a 50 mg/mL solution of Csl was prepared in a 50:50 mixture of
acetonitrile and water. A 10 pL aliquot of this Csl solution was applied through the ESI
source, which provided Csl cluster ions over the mass range of 200-3000 m/z. The
resulting spectrum was matched to a theoretical database found in the MassLynx
calibrant library. This process allowed for calibration of the instrument to a mass
accuracy of less than 0.001 Da, or less than 5 ppm. The calibrated mass spectrometer
was then used for MS and MS/MS experiments with HSA.

The data obtained from the MS experiments were acquired and analyzed through
the use of MassLynx v4.1 and mMass v5.50 software (Open Source Mass Spectrometry
Tool, M Strohalm, Prague, Czech Republic). MassLynx was used to combine all of the
acquired data and to obtain an average spectrum for a group of samples. Each spectrum
was then processed with the smoothing function of MassLynx, based on a 3 x 3 window
with a 3 cycle smooth in a mean smoothing method.

The resulting spectra were converted into text files and analyzed through the use

of mMass software. The spectra were processed with the peak picking tool found in
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mMass, with this tool being was used to set the baseline of a spectrum and to allow peaks
to be identified by varying the signal-to—noise ratio or intensity thresholds [50]. The
baseline for all of the spectra that were processed in this study was set by varying the
relative intensity threshold between 1 and 2%. The deisotoping tool of mMass was used
to remove unwanted isotope peaks and to set the peak’s charge, where the maximum
allowed charge was +4. The resulting peaks were then processed with the deconvolution
tool in mMass to group them together according to their m/z values and peak widths. The
parameters for the deconvolution tool were selected for a monoisotopic mass type and a
grouping window of 0.01 m/z [50]. No additional smoothing or baseline corrections were
used in processing the spectra with mMass. Once set, the peak picking function was used
to identify peptide peaks throughout the entire spectrum.

The sequence tool in mMass was used to compare the masses of the identified
peptide peaks to the masses that were obtained for a theoretically predicted digest of HSA
when using a given digestion enzyme. The primary sequence of HSA is shown in Fig. 8-
2 [2,51]. To obtain a theoretically predicted digest, a “new” sequence was selected from
the sequence tab in mMass and the complete sequence of HSA was entered into the
sequence editor. Next, the parameters for possible chemical modifications were selected
from the sequence modification tab. Because alkylation was carried out during sample
pretreatment to cap reactive cysteines on HSA, a fixed iodacetamide modification on
cysteine residues was first added to the list of sequence modifications. The oxidation of
methionines was another modification that was included in the list of possible chemical
modifications; however, this was set as a variable modification.

In the next step, the protein digest tab of mMass was selected and the digest
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Figure 8-2.  Primary sequence of HSA [2,51]
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parameters were set to search for monoisotopic masses with a maximum charge of +4.
The number of allowed missed cleavage sites for the digest was set to three for a mass
range going from 50 to 5000 m/z. The individual enzymes that were used for the
digestion were selected from the mMass database and used to predict the theoretical
digestion pattern of HSA and the peptides that would be formed through digestion with
these enzymes. The predicted peptides were matched with the peak masses that were
obtained in a processed experimental spectrum by using the match peptide function in
mMass. The tolerance for the search parameter was set to 50.0 ppm.

Peptides were selected from an MS spectrum and examined through MS/MS
analysis. The spectra for the fragment ions from MS/MS experiments were processed in
a similar way to that which was already described for an MS spectrum. The spectra for
each experiment were once again combined to produce an average spectrum by using
MassLynx. The data were then smoothed by using the same settings as already described
for the MS spectra. The data were also again converted into a text file and analyzed by
mMass. Following a similar peak picking parameter configuration to what was described
previously, mMass was used to select peaks from a fragment ion spectrum. The peptide
sequence of the selected peptide was then entered into the sequence editor. The expected
or possible modifications to cysteine and methionine were again added for the selected
peptide, using the same parameters as described for the sequence modification tab when
examining MS spectra. Next, rather than generating a theoretical digest, the peptide
fragmentation tab was selected. The parameters under this tab were set to look at
monoisotopic masses with a maximum charge of +4 and with the b ion and y ion options

both being selected. The theoretically predicted fragments were then processed and
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matched to the experimental spectrum for the fragment ions by using a tolerance of 50.0

ppm.

8.3  Results
8.3.1 Sample Digestion and Purification

The digestion of HSA was first carried out by using “Pretreatment Method 17, as
described in Section 8.2.3.1 and Fig. 8-1 [2]. This procedure involved the pretreatment
of HSA by means of alkylation and reduction, followed by dialysis to remove the
unreacted and excess pretreatment agents and solvents. The protein samples were then
treated with three types of proteolytic enzymes. The total time for the entire preparation
procedure was 3-4 days. In this method, MS analysis was performed on the digests
without the use of any further purification steps.

Another procedure, “Pretreatment Method 2 (described in Section 8.2.3.2 and
Fig. 8-1), was used to improve the sequence coverage and shorten the time needed to
prepare the digested samples [42]. In this approach, the pretreatment and digestion
processes were carried out sequentially in a single vial. This procedure also used lower
concentrations of the protein and pretreatment reagents than Pretreatment Method 1. The
pretreatment conditions for alkylation and reduction were similar to those in Pretreatment
Method 1; however, the time for the reduction and alkylation steps was increased from 30
min to 1 h. In addition, the reduction of disulfide bonds by dithiothreitol was now carried
out at 55 °C instead of 37 °C. Dialysis was not used to remove the excess pretreatment
reagents and solvents in this case. Three samples consisting of the pretreated protein
were again digested with three types of proteolytic enzymes. One change to the digestion

process was that the sample treated with Glu-C was now digested for the same amount of
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time as the Lys-C and trypsin treated samples. The pretreatment and digestion time was
reduced to 1-2 days from the total time of 3-4 days that was used in Pretreatment Method
1. Prior to MS analysis, each sample was purified and fractionated by using the ZipTip,.

Cis pipette tips.

8.3.2 Comparison of Sequence Coverages for Various Digests

MS analysis was conducted through the conditions that were described in Section
8.2.4. Sequence analysis was carried out for the protein digests by using a maximum
50.0 ppm mass difference when comparing the peptide masses found for the sample to
those that were predicted for a theoretical digest. Fig. 8-3(a) shows a MS spectrum for a
tryptic digest of HSA that was pretreated and digested according to Pretreatment Method
1. As shown in this figure, the spectrum of the tryptic digest gave relatively low S/N
ratios for its peaks. As described in Section 8.2.4, the cutoff relative intensity threshold
during the analysis of this MS data was set between 1 and 2%. Most of the peaks in the
spectrum for the tryptic digest fell below this threshold and could not be differentiated
from the background signal under these criteria. Similar results were obtained during the
MS analysis of the Glu-C and Lys-C digests that were prepared according to Pretreatment
Method 1.

Table 8-1 summarizes the MS results for the various digests that were prepared
according to Pretreatment Method 1. This method resulted in the identification of 42
peptides in the tryptic digest, which corresponded to a sequence coverage of 36.9% for
HSA. The Glu-C and Lys-C digests had 43 and 21 identified peptides, respectively,
which corresponded to sequence coverages of 39.1% and 32.1% for HSA.

Similar MS experiments were conducted on digests that were prepared according
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Figure 8-3.  Mass spectrum for a tryptic digest of HSA, as prepared according to (a)
Pretreatment Method 1 and (b) Pretreatment Method 2, as described in

Fig. 8-1.
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to Pretreatment Method 2. Fig. 8-3(b) shows a typical MS spectrum that was generated
by this method for a tryptic digest of HSA. The intensity of the mass peaks were higher
and a lower background signal was now present in the mass spectrum for this sample
when compared to the spectrum for the same type of enzyme that was obtained when
using Pretreatment Method 1. The increase in peak intensity and the decrease in the
background signal may be attributed to the additional purification step that was used in
Pretreatment Method 2 versus Method 1. Similar mass spectra and improvements in the
quality of the spectra were obtained for the Glu-C and Lys-C digests when using
Pretreatment Method 2.

A summary of the sequence coverage results that were obtained with Pretreatment
Method 2 are included in Table 8-1. The tryptic digest now resulted in 104 identified
peptides, which corresponded to a sequence coverage of 86.0% for HSA. The Lys-C
digest resulted in 52 identifiable peptides and a sequence coverage of 84.1%. The Glu-C
digest gave 54 identifiable peptides and a sequence coverage of 78.2%. Because there
was both improved sequence coverage and an increase in the amount of the identifiable
peptides when these digests were prepared using the Pretreatment Method 2, this was the
method that was used for the preparation and digestion of protein samples in the
remainder of this study.

Table 8-2 compares the results for the various digests, as prepared according to
Pretreatment Method 2, with the results that were obtained in a previous study that used
MALDI-TOF MS to examine HSA [2]. The previous MALDI-TOF MS method gave
82.9% sequence coverage for HSA when using trypsin to prepare the digest, 77.6%

sequence coverage when using Lys-C, and 64.6% sequence coverage when using Glu-C
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[2]. The numbers of identified peptides in these digests were 56, 41, and 28, respectively
[2]. When compared to the results obtained here by using nano-ESI-QTOF MS, a greater
number of identifiable peaks were observed for all of the digests in the nano-ESI-QTOF
MS approach. The various digests had similar sequence coverages in the two approaches
except for the tryptic digest, which gave a slightly higher sequence coverage when using
nano-ESI-QTOF MS. Overall, these results showed that nano-ESI-QTOF MS could be
used to obtain similar or higher sequence coverages to MALDI-TOF MS [2].

To further compare the sequence coverage results for the nano-ESI-QTOF MS
and MALDI-TOF MS methods, an additional set of experiments was conducted. Instead
of using a single elution step during the purification process, additional elution steps were
now added to see if further improvements could be made in the sequence coverage. A
similar elution procedure to the previous MALDI-TOF MS study, as described in Section
8.2.3.2, was used to prepare these samples [2]. The collected fractions for the various
digests were analyzed using the same MS conditions as described for the nano-ESI-
QTOF MS method. The combined results for the collected fractions gave sequence
coverages of 83.2% for trypsin, 72.6% for Lys-C, and 91.5% for GIuC. These coverage
results were slightly higher than both the single-elution step nano-ESI-QTOF MS method
and MALDI-TOF MS method for the tryptic and Glu-C digests, but were slightly lower
for the Lys-C digest.

Overall, when compared to MALDI-TOF MS, the nano-ESI-QTOF MS method
required a shorter preparation time, fewer pretreatment steps, and could utilize fewer
types of digests to obtain higher sequence coverage. Although previous work showed

that high sequence coverage of HSA could be obtained by MALDI-TOF MS, in this prior
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research the digested HSA samples were first separated and eluted as multiple fractions,
which were then examined individually to acquire their mass spectra [2]. This procedure
resulted in the production of several elution steps and samples that needed to be analyzed
by MS. Although this type of fractionation can increase the sequence coverage, as was
also demonstrated by the nano-ESI-QTOF MS analysis of the fractionated samples, the
use of a single elution step for purification prior to nano-ESI-QTOF MS also could
provide relatively high sequence coverage for HSA.

In the previous MALDI-TOF MS procedure, 0.5 pL portions of the fractionated
protein digests (at concentrations of ~0.822 pg/pL of tryptic digest, ~0.870 pg/pL of Lys-
C digest, and ~ 1.25 pg/uL of Glu-C) were individually mixed with the MALDI matrix
and spotted onto a plate for MS analysis [2]. The use of multiple fractions increased the
overall amount of sample that was needed for the MS analysis. Although a 20 pL sample
of the purified protein digest (at concentrations of ~ 1 pg/pL for each digest) was
prepared for use in the nano-ESI-QTOF MS method, the sample could be placed directly
into the nano-ESI emitter and sprayed in nanoliter volumes to obtain a mass spectrum. In
addition, the remaining sample from the nano-ESI emitter could be collected and stored
for future experiments.

Another difference in these methods was that the nano-ESI-QTOF MS
experiments produced multiply-charged ions, which could be further analyzed through
MS/MS [8,38]. This made this approach more convenient to use than MALDI-TOF MS
to confirm the sequences of peptides in each digest through the use of MS/MS

experiments.
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8.3.3 Use of Multiple Enzyme Digests with nano-ESI-QTOF MS

The results for all the enzymatic digests were combined to determine the overall
sequence coverage that could be obtained for HSA by nano-ESI-QTOF MS. Fig. 8-4
shows the total sequence coverage that was obtained when combining the results of the
individual digests, as well as the results for the separate digests. The total sequence
coverage was 98.8% when combining all three types of digests, in which 578 out of the
585 amino acids in HSA were represented. The N-terminus and C-terminus were
included in this sequence coverage. The peptide sequence that was not covered
corresponded to residues 535-541 (HKPKATK). This coverage included 56 out of 59
lysines in HSA and all of the arginine residues, which are of interest because lysine and
arginine are potential sites for glycation [3]. Based on a recent review of the possible
glycation sites on HSA, it was determined that the three missed lysine residues were not
major sites for such modifications [3].

The results for the sequence analysis for the fractionated digested samples were
also combined to determine the overall sequence coverage from the three different
digests. These results gave an overall sequence coverage of 99.7%, in which a total of
583 out of 585 residues in HSA were now covered. The missing residues, however, came
from a different region that was now at 312-313 (SK). Previous reports have shown that
K313 is susceptible to modification by glycation [3].

In the previous MALDI-TOF MS method, 97.4% sequence coverage was
obtained when combining data for the same group of enzymes [2]. In this case, all but 15
out of the 585 amino acids were included, with the missing regions occurring at residues

1-4 (DAHK), 314-317 (DVCK), and 535-541 (HKPKATK) [2]. The N-terminus was not



Figure 8-4.
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Total sequence coverage of HSA that was obtained when combining the
sequence coverages for tryptic (shown in underline), Lys-C (in bold), and
Glu-C (in italics) digests. These results were obtained using a tolerance
level that was equal to a maximum 50.0 ppm mass difference for each

positive match.
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included in this coverage, but the C-terminal region was included. All but 5 of the 59
lysines and all of the arginines in HSA were included in this sequence coverage. In the
missed regions, K4, K536, K538, and K541 have been previously reported as glycation
modification sites, but are not major sites for this process [3]. However, K317 is
considered one of the major sites of glycation. Neither the MALDI-TOF MS method nor
the nano-ESI-QTOF MS method covered the region 535-541(HKPKATK) [2]. Although
the fractionated nano-ESI-QTOF MS method covered this region, as described
previously, the sequence coverage produced by this method resulted in another

susceptible glycation site being missed.

8.3.4 MS/MS for Internal Calibrants

As mentioned earlier, the ability to perform MS/MS experiments is an important
advantage of using nano-ESI as an ionization source, in which information about the
amino acid sequence can be obtained through the fragmentation of a peptide. CID is one
of the most common MS/MS techniques that is used for fragmentation [8]. In CID, an
accelerated precursor ion is collided with a neutral collision target (e.g., argon). This
results in the partial conversion of kinetic energy to internal energy, resulting in
fragmentation of the peptide [8].

As is shown in Fig. 8-5, fragmentation in this process occurs at the peptide
linkage and results in fragments known as “b ions” and “y ions” [47,48]. The type of ion
that is produced will depend on which part of the peptide fragment retains the charge. If
the fragment containing the amino group retains the charge, then a b ion (or oxazalone
ion) is formed. If the fragment containing the carboxyl group retains the charge, then a'y

ion is formed. The masses of the b and y ions can then be matched to a theoretical
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Figure 8-5.  General scheme for fragmentation by CID.
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fragmentation pattern for the peptide of interest to give the sequence [47,48].

MS/MS experiments were performed with several peptides that were identified in
the spectra from the various digests of HSA. These experiments were performed not only
to confirm the identity of the peptides but also to test the use of some of these peptides as
potential internal calibrants. The identification of possible internal calibrants was of
interest because the same peptides could then be used in other spectra for the same
protein to correct the masses of other peptides [52,53]. Internal calibrants can allow for
improved mass accuracy when searching for differences between the masses of modified
peptides and unmodified peptides, such as those that might be observed in glycation-
related modifications [3,25,26]. This improved mass accuracy should then allow for
more accurate measurements of the masses of the modifications, which could be used in
determining the types of PTMs that have occurred [52]. For instance, this improved mass
accuracy would make it easier to differentiate between modifications that may have
similar masses [52].

There were around 6-7 unique peptides that were selected for HSA from each
type of digest for use as possible internal calibrants. One of these peptides, 337-348
(RHPDYSVVLLLR), was selected because it contained no lysine residues; other
peptides were simply selected because they represented masses from different regions of
the mass spectrum. Another important selection criterion was that each of these peptides
had relatively high signal intensity. A high signal intensity was desirable for later use of
these peptides in MS/MS experiments to make it easier to see the mass spectra for their
resulting fragment ions.

An example of peaks that were selected as internal calibrants from the tryptic
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digest of HSA is shown in Fig. 8-6; this figure is an enlarged version of the spectrum in
Fig. 8-3(b), with the selected peaks now being labeled. Each of the selected peptides was
subjected to collision energies ranging from +10 to +50 V. The collision energy that was
employed was dependent on the degree of fragmentation for the peptide, where some
peptides required more energy to increase the amount of fragment ions [48,49].

Table 8-3 summarizes the peptides, sequences, and peptide masses that were
selected from each of the digests for testing and possible use as internal calibrants. For
the tryptic digest, a total of 6 peptides were selected. An example of a MS/MS spectrum
for a peptide with a mass of 734 m/z from this digest is provided in Fig. 8-7. Thebandy
ions in this spectrum were identified by matching the masses of these ions to masses that
were obtained for a theoretical fragmentation pattern for the suspected sequence of the
peptide. This method of analysis provided confirmation of the identity and sequence of
the given peptide. Similar methods of analysis were performed for the other selected
peptides from the tryptic digest. A total of 7 peaks each were similarly selected from the
Lys-C and Glu-C digests of HSA. Analysis of the fragment ion mass spectra for these
digests and peptides was then carried out in the same way as described for the tryptic
digest to confirm the identity and sequences of these selected peptides.

Internal calibration of spectra obtained from future work with HSA or glycated
forms of HSA and similar enzymatic digests could be conducted by entering the peptide
masses for the selected calibrants from the individual digests. The masses of the internal
calibrants could then be matched to masses from the experimental peak list, in which the
correct mass of the calibrant could be entered as the theoretical mass for the selected

peak. The entire mass spectrum could then be adjusted based on these internal calibrants.
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Figure 8-6.  Mass spectrum of a trypsin-digested HSA sample, in which peaks that

were selected for internal calibration are indicated by an asterisk (*).
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Figure 8-7.  MS/MS spectrum for the fragmentation of a peptide with a mass-to-charge
ratio of 734 m/z. This peptide corresponded to the 373-348 region of

HSA, which has a sequence of RHPDYSVVLLLR.
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To illustrate this approach, a preliminary study was carried out in the analysis of
another set of trypsin, LysC, and Glu-C digests of HSA. As demonstrated in the residual
plot in Figure 8-8, there was a large 75 ppm deviation away from the best-fit line for the
residuals that was obtained after performing a sequence analysis match between a mass
spectrum of a Glu-C digest of HSA and theoretically predicted Glu-C digest. Similar
deviations were observed in the analysis of the trypsin and Lys-C digests. If the sequence
analysis was conducted using a 50 ppm mass tolerance, a lower sequence coverage would
be obtained because a majority of the masses would be found outside of the search mass
tolerance range. The sequence coverage could be improved by calibrating and correcting
the mass spectrum with the internal calibrants. As shown in the other set of residuals in
the plot in Fig. 8-8, the residuals in the calibrated data set were now centered about the
best-fit line. A smaller mass difference was also apparent and, therefore, a lower mass
tolerance could have been used during the sequence analysis. Similar results were
obtained when the internal calibrants were implemented in work with the trypsin and
Lys-C digests.

To further illustrate the use of internal calibration and sequence coverage at a
lower mass tolerance, an analysis was conducted on the calibrated mass spectra for the
trypsin, Lys-C and Glu-C digests by using a 25 ppm mass tolerance. The individual
digests had sequence coverages of 79.8% for trypsin, 86.5% for Lys-C and 78.9% for
Glu-C with a 96.1% total sequence coverage when the results were combined. These
results were comparable to previous results with both the MALDI-TOF MS and nano-

ESI-QTOF MS methods that were obtained when using a 50 ppm mass tolerance [2].
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Figure 8-8. Residual plots mass differences between an experimentally prepared
digests with the masses from a theoretically predicted digest. The plots
are for the uncalibrated (m) and calibrated spectra (#) mass difference

results.
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8.4  Conclusion

This study examined the use of nano-ESI-QTOF MS to obtain a high sequence
coverage for the analysis of HSA, which was used here as a model for a relatively high
molecular weight protein. The methods used for the pretreatment and digestion of this
protein were varied and optimized to decrease the preparation time and improve the
sequence coverage. The final optimized conditions gave high sequence coverages for
individual digests based on trypsin, Lys-C or Glu-C, which result in sequence coverages
that ranged from 78.2-86.0%. These results were comparable to those obtained in a
previous study that used MALDI-TOF MS for the same protein [2]. A sequence
coverage of 98.8% was obtained when combining the results for all of these digests. This
sequence coverage was slightly higher than the value of 97.4% that has been obtained by
MALDI-TOF MS [2] and slightly lower than the 99.7% sequence coverage that was
obtained when using nano-ESI-QTOF MS with peptide fractionation. These results
indicated that comparable or slightly higher sequence coverages for a high molecular
weight protein such as HSA could be obtained by using nano-ESI-QTOF MS vs.
MALDI-TOF MS.

Nano-ESI-QTOF MS was also found to have several advantages over MALDI-
TOF MS in this type of analysis. One advantage was that nano-ESI-QTOF MS required
fewer samples and fractionation steps than the previous MALDI-TOF MS method [2].
This also created the need for less sample preparation time. Further investigation of the
peptides that were detected in the digests for HSA by nano-ESI-QTOF MS was carried
out by using CID to determine which of these peptides could be used as internal

calibrants for MS/MS experiments. This resulted in 6-7 peptides being selected from
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each digest for use as internal calibrants in future MS studies. MS/MS studies confirmed

the identities of these peptides by matching the fragment ions for these peptides to a

theoretical list of possible fragment ions. As shown in preliminary work, these peptides

could be used to internally calibrate and correct MS spectra, which could then be used for

the analysis of PTMs.  Although this study focused on the use of nano-ESI-QTOF MS

for the structural investigation of HSA, the same methods could also be applied to other

proteins with relatively high molecular weights.
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CHAPTER 9

SUMMARY AND FUTURE WORK

9.1 Summary

Metabolic diseases such as diabetes can affect the structure and function of serum
proteins such as human serum albumin (HSA). The work described by this dissertation
included the utilization and development of new tools and techniques based on high-
performance affinity chromatography (HPAC) and multi-dimensional mass spectrometry
to examine the effects of diabetes on the structure and function of HSA. As shown
through various studies, HPAC was used as a tool to see how drug-protein interactions
were affected by glycation. Multi-dimensional mass spectrometry was used as a
technique to qualitatively examine the structure of HSA.

The first chapter provided a general introduction on the use of HPAC for
examinating the effects of glycation on drug-protein interactions. A brief overview of the
glycation process was discussed, which included information on sulfonylurea drugs and
the structure of HSA. This overview was followed by a discussion of the preparation of
the various types of supports that were used to examine drug-protein interactions with
glycated HSA. Lastly, various chromatographic approaches such as frontal analysis and
zonal elution were described and used to illustrate how HPAC could be used as a tool to
determine drug-binding information regarding the effect of glycation on drug-protein
interactions.

Chapter 2 provided an overview of metabolite-protein interactions, which first
included an overview of the techniques used to profile metabolite-protein interactions,

such as in vitro, in vivo, or in silico techniques. A discussion of various metabolite-
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protein interactions, such as those involving metabolites from hormones, fatty acids,
drugs, and xenobiotics, was included. This chapter also contained a summary of the
effects of metabolic processes on the structures of various proteins, which included HSA,
az-acid glycoprotein, and lipoproteins. It was also shown how the information obtained
from profiling metabolite-protein interactions could be used in biomedical and
pharmaceutical research, as well as in the development of tools for personalized
medicine.

Glycation of HSA, as occurs in diabetes, has been shown to affect the binding of
various drugs and solutes to this protein. Chapters 3-6 included four studies that involved
the use of HPAC to examine the effects of glycation on the binding of three second-
generation sulfonylurea drugs (i.e., gliclazide, glibenclamide, and glipizide) and a third-
generation sulfonylurea drug (i.e., glimepiride) to HSA and HSA with various levels of in
vitro glycation. The results demonstrated the ability of HPAC to provide a complete
binding profile for these sulfonylurea drugs with HSA and glycated forms of HSA. The
results also showed how HPAC could be used to quantitatively measure changes in
binding affinity for the sulfonylurea drugs as the level of protein glycation was varied. A
0.6- to 6-fold change in affinity was observed for the interactions of the sulfonylurea
drugs at specific sites on glycated HSA when compared to HSA. The extent of the
changes in affinity varied from one drug to the next. The results indicated that glycation
can affect the binding of sulfonylurea drugs to HSA, which in turn could alter the
effective dose or free concentration of such a drug. Additionally, the information
obtained from the studies with these drugs could be used to improve the use of these

drugs in the treatment of diabetes for personalized medicine and illustrate how complex
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drug-protein interactions with other proteins can be examined by HPAC for
pharmaceutical research.

The development of an on-line immunoextraction approach for examining drug-
protein interactions was discussed in Chapter 7. The purpose of this approach was to
simplify the extraction of HSA from serum samples and to use HPAC to study drug-
protein interactions with the extracted protein. Several extraction methods were
evaluated and tested by using a number of chromatographic approaches for examining
drug-protein interactions. Overall, the results indicated that online immunoextraction
was a feasible technique that could be used to examine drug-protein interactions with
extracted proteins, and could be subsequently applied to work with serum samples.

Finally, Chapter 8 examined the use of multidimensional mass spectrometry as a
method to qualitatively analyze the structure of HSA. The technique of nano-
electrospray ionization time-of-flight mass spectrometry was used to examine and
analyze the sequence of HSA. The results were comparable to a previous method that
used matrix—assisted laser desorption/ionization time-of-flight mass spectrometry to
qualitatively profile the structure of HSA. Experiments were also conducted through the
use of collision induced dissociation to further examine and identify the amino acid
composition of peptides throughout the structure of HSA. These selected peptides could
be used as internal calibrants to correct and calibrate mass spectra to further improve the
mass accuracy of sequence analysis experiments. In addition, the internal calibrants
could be used to accurately identify and locate glycation-related modifications that could

be found throughout the structure of glycated HSA.
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9.2 Future work

The work provided in this dissertation focused on the development and utilization
of new-tools for examining the structure and function of HSA. Several studies examined
the use of HPAC for studying the binding of various sulfonylurea drugs to in vitro
samples of glycated HSA. Another study involved the development of a format that
could be used to examine in vivo samples from patients with diabetes. This work also
examined the use of multidimensional mass spectrometry for analysis of the structure of
HSA. These tools could be used to further explore the possible applications of HPAC in
personalized medicine, while also providing information on the effects of diabetes on the
structure and function of HSA.

The use of HPAC for examining the drug-protein interactions is not only limited
to sulfonylurea drugs and HSA, but can be expanded to other drugs and solutes that are
capable of binding to HSA. Drugs such as glitazones (i.e., rosiglitazone and
pioglitazone) and meglitanides (i.e, repaglinide and nateglinide) are also used to treat
type 1l diabetes [1,2]. All of these drugs are tightly bound to HSA (i.e., >98% bound).
Therefore, similar HPAC studies could be conducted to explore the binding of these
drugs with normal HSA and in vitro glycated samples of HSA. In addition to examining
the effects of glycation on HSA, the effects of other metabolic processes on drug-protein
interactions could also be profiled. Examples could include examination of the changes
in the interactions between solutes and variants of aj-acid glycoprotein or the effects of
lipoprotein oxidation on drug-protein binding [3].

The online-immunoextraction method could also be applied in future studies that

use in vivo glycated HSA samples from patients with diabetes to further explore possible
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applications in the area of personalized medicine. The immunoextraction method could
be used to extract samples of HSA from the serum samples for use in various
chromatographic formats to determine drug-binding information. The ability to use the
antibody/protein complex as an HPAC support should allow for the capability to profile
the binding of various sulfonylurea drugs, in which the information provided by the
experiments would then have the potential to determine the optimum treatment plan for a
patient with diabetes.

Lastly, ongoing work is being conducted with multidimensional mass
spectrometry for the examination of glycation-related modifications on HSA. These
studies are utilizing the internal calibrants that were identified from the mass
spectrometric analysis of HSA to correct and internally calibrate spectra obtained from
experiments with both normal and glycated HSA samples. The corrected spectra can
then be compared to determine unique glycated peptides that would then be further
analyzed through MS/MS methods for identification of the glycation-related

modifications.
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