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Abstract

Ultrafast affinity extraction was evaluated and used with microcolumns containing human serum
albumin (HSA) to measure the global affinity constants and dissociation rate constants for several
second- and third-generation sulfonylurea drugs with solution-phase normal HSA or glycated
HSA. Glibenclamide, glimepiride and glipizide were used as model drugs for this work. Both
single- and two-column systems were considered for the analysis of global affinities for the model
drugs. These methods were optimized with respect to the flow rates, column sizes and sample
residence times that were employed with each drug for ultrafast affinity extraction. Data acquired
with single-column systems were further utilized to estimate the dissociation rate constants for
normal HSA and glycated HSA with the given drugs. The binding constants obtained by the
single- and two-column systems showed good agreement with each other and with values obtained
from the literature. Use of a single-column system indicated that levels of glycation found in
controlled or advanced diabetes resulted in a 18-44% decrease in the overall binding strength of
the model drugs with HSA. Although the two-column system allowed work with smaller free drug
fractions and clinically-relevant drug/protein concentrations, the single-column system required
less protein, provided better precision, and was easier to use in binding studies.
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Introduction

It is estimated that over 360 million people in the world have diabetes [1-3], with type 2
diabetes accounting for 90% or more of these cases [3-5]. In type 2 diabetes, the body
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exhibits insulin resistance and does not use insulin properly or produce enough insulin for
proper glucose control [5]. This disease can be treated by stimulating the secretion of insulin
from B cells in the pancreas, such as by using sulfonylurea drugs (see Figure 1) [2,6,7].
Sulfonylurea drugs are usually categorized as being first-, second- or third-generation and
vary in terms of their dosages and effectiveness in treating type 2 diabetes [8,9]. For
example, the second-generation sulfonylurea drugs glibenclamide and glipizide have
therapeutic ranges in serum of only 0.08-0.4 uM and 0.22-2.24 pM, respectively, while the
first-generation sulfonylurea drug tolbutamide has a therapeutic range of 185-370 uM [11].

All categories of sulfonylurea drugs have been found to bind human serum albumin (HSA)
in the circulatory system [9,10,12-21]. HSA, which has a molar mass of 66.5 kDa, is the
most abundant protein in blood and acts as a solubilizing and/or transporting agent for a
variety of drugs and other small solutes [22]. There are several sites on HSA that can interact
with sulfonylurea drugs. Two regions that have been noted to bind many sulfonylurea drugs
are Sudlow sites | and I, which are located in subdomains 1A and I11A of HSA
[9,10,12-15,17,18,21-24]. The digitoxin site of HSA has also been found to bind some
sulfonylurea drugs [17]. These sites are all relatively well-defined and often result in multi-
site saturable interactions between sulfonylurea drugs and this protein [9,10,12-19,22-24].

HSA and other serum proteins can be modified by glucose during diabetes through a process
known as glycation [25-29]. Glycation is a non-enzymatic reaction in which an amine group
on a protein undergoes reversible coupling with glucose to form a Schiff base, which may
then rearrange to form a stable ketoamine [25,26]. Healthy individuals can have 11-16% of
their HSA present in a glycated form, an amount that can increase up to two- to five-fold in
diabetic patients [25,29]. This type of modification has been of recent interest in that it has
been shown that glycation can alter the interactions between HSA and sulfonylureas
[9,10,12-20,25,27,28], which in turn can alter the non-bound and bioavailable forms of these
drugs in blood [16,25]. Glycation has also been found to alter the binding of other classes of
compounds with HSA (e.g., polyphenols and L-tryptophan) [25,30-32].

A variety of spectroscopic or separation-based methods have been used to study the changes
glycation has on the binding of HSA to sulfonylureas and other pharmaceutical agents
[20,21,25,27,28]. This has included a number of methods that have used covalently
immobilized, adsorbed or entrapped samples of normal HSA or glycated HSA in high-
performance affinity chromatography (HPAC) [9,10,12-15,17-19,33,34]. An alternative
approach that has been recently considered for such work is ultrafast affinity extraction
[16,35-37]. This latter method makes use of small HPAC columns to isolate a free drug
fraction from a sample on the millisecond time scale (e.g., see possible schemes in Figure 2,
as described later in more detail) [16,37]. This method has recently been shown to be a
convenient technique for quickly studying drug- or solute-protein interactions in solution,
and without the need for labeling either the drug/solute or protein [16,35-37].

This study will evaluate and use various schemes based on ultrafast affinity extraction to
examine the binding strength and interaction rates of normal or glycated HSA with various
second- or third-generation sulfonylurea drugs. The drugs that will be used as models in this
study (see Figure 1) will include glipizide and glibenclamide (i.e., second-generation
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sulfonylureas), as well as glimepiride (a third-generation sulfonylurea) [9,16-18]. The
binding of these drugs with immobilized samples of HSA has previously been examined by
traditional HPAC methods such as frontal analysis and zonal elution competition studies
[9,10,17,18]. In addition, preliminary work in using ultrafast affinity extraction for free
fraction measurements has been reported for glibenclamide [16], which makes this drug
useful as a reference compound in examining the general robustness and reproducibility of
the experimental conditions required for this approach.

In this report, both single- and two-column systems will be developed and optimized to
measure the global affinities for these drugs with normal HSA and glycated HSA. The
single-column systems will also be used to estimate the dissociation rate constants for the
given drugs with these protein preparations. These results will make it possible to directly
compare the relative advantages or limitations for the single- and two-column methods in
examining the interactions of various drugs with soluble HSA, as well as on the
experimental conditions that are needed for such studies. In addition, the information
acquired with these techniques will provide further data on how the process of glycation
may alter the strength and rates of these interactions during diabetes [9,12-14].

2. Experimental

2.1. Reagents

The glibenclamide (= 99% pure), glimepiride (= 99%), glipizide (= 96%), and HSA (Cohn
fraction V, essentially fatty acid free, = 96%) were from Sigma (St. Louis, MO, USA).
Nucleosil Si-300 silica (7 um particle diameter, 300 A pore size) was acquired from
Macherey Nagel (Ddren, Germany). The components for the bicinchoninic acid (BCA)
protein assay were purchased from Pierce (Rockford, IL, USA). All aqueous solutions and
buffers were prepared using water that was generated by a NANOpure system (Barnstead,
Dubuque, 1A, USA) and were passed through Osmonics 0.22 uM nylon filters from Fisher
Scientific (Pittsburgh, PA, USA).

2.2. Apparatus

The microcolumns were packed by utilizing a Prep 24 pump from ChromTech (Apple
Valley, MN, USA). The HPLC system consisted of an AS-2057 autosampler, a PU-2080
Plus pump, and a UV-2075 absorbance detector from Jasco (Easton, MD, USA), and
included a six-port LabPro valve (Rheodyne, Cotati, CA, USA). A Jasco X-LC 3167CO
column oven was used to maintain a temperature of 37.0 (+ 0.1) °C during all the
chromatographic experiments. The HPLC system was controlled by using ChromNAV
v1.18.04 and LCNet software from Jasco. The chromatographic data were analyzed by using
PeakFit v4.12 software (Jandel Scientific, San Rafael, CA, USA).

2.3. Protein glycation

The glycated HSA samples were made /n vitro, as described in previous papers [13,14,32].
The HSA was incubated in two separate batches with 15 mM or 30 mM glucose (i.e., giving
final samples which will be referred to as “gHSAL” and “gHSA2”, respectively) under
sterile conditions for four weeks at a physiological concentration of HSA and at pH 7.4 and
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37°C (i.e., conditions that mimic the glycation of HSA in the circulation). After the
incubation was finished, the glycated HSA was purified according to prior methods
[13,14,38] and stored at 4°C. The level of modification was measured by using a glycated
serum protein assay from Diazyme (San Diego, CA, USA). This assay gave a measured
glycation level of 1.40 (x 0.06) mol hexose/mol HSA for gHSA1 and 3.24 (+ 0.07) mol
hexose/mol HSA for gHSA2 (Note: the values in parentheses represent £ 1 S.D.). These
glycation levels for gHSA1 and gHSA2 were representative of values that would be seen for
patients with mild or advanced diabetes, respectively [13,25,38].

2.3. Microcolumn preparation

The microcolumns used in this study were prepared by using Nucleosil Si-300 silica as the
starting material. This support was converted into a diol-bonded form and then used in the
Schiff base method for the immobilization of HSA [35,38]. A control support was made in
the same manner but with no protein being added during the immaobilization step. The
protein content of these supports was measured by using a BCA protein assay, using the
control support as the blank and soluble HSA as the standard. The final support used for
studies involving drug interactions with normal HSA had a measured protein content of 53.6
(= 2.2) mg HSA/qg silica, and the support used for work that examined drug binding with
glycated HSA contained 58.7 (+ 3.5) mg HSA/g silica.

The microcolumns that were used in this report were based on the column designs described
in Ref. [16] and had lengths of 1.0 mm, 5.0 mm or 10.0 mm and an inner diameter of 2.1
mm. The microcolumns were packed at 27.6 MPa (4000 psi) by using pH 7.4, 0.067 M
potassium phosphate buffer as the packing solution. The same buffer was placed within
these columns for their storage at 4°C when not in use.

2.3. Ultrafast affinity extraction

In both the single-column and two-column systems that were employed for ultrafast affinity
extraction (see Figure 2), the first HSA microcolumn was used to extract a free drug fraction
from a sample. In the two-column system, a longer second HSA column was later placed on-
line with the first to further isolate the extracted free fraction from other sample components
(e.g., any remaining non-retained HSA from samples with high protein contents) [16]. The
samples used on the single-column system contained 10 or 20 uM HSA and 10 uM of the
drug of interest in pH 7.4, 0.067 M phosphate buffer, with the same buffer also being used as
the mobile phase. In studies with the two-column system, the samples contained the
following therapeutic drug concentrations: glibenclamide, 0.08 uM; glimepiride, 0.4 pM; or
glipizide, 2.24 uM [11,39]. The concentration of HSA in these latter samples was 500 or 600
UM, as chosen to represent a physiological level for this protein (496-782 uM) [40]. All
drug/HSA mixtures were mixed and incubated at 37°C for at least 30 min before injection to
reach equilibrium between the drug and its drug-protein complex in the sample [16]. A 1 or
5 uL injection volume was used, and all samples were analyzed in quadruplicate.

The HSA microcolumn used in a single-column system or as the first column in a two-
column system had the following dimensions: 5.0 mm x 2.1 mm i.d. for glipizide or
glimepiride; and 1.0 mm x 2.1 mm i.d. for glibenclamide. The size of second HSA column
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in the two-column system was 10.0 mm x 2.1 mm i.d. for glipizide or glimepiride, and 5.0
mm x 2.1 mm i.d. for glibenclamide. The final optimized flow rates for this system are
provided in Section 3. The wavelengths used for absorbance detection were as follows: 242
nm for glibenclamide, 275 nm for glipizide, and 245 nm for glimepiride. The peaks for the
retained free drug fractions were processed by using the autofit and subtract baseline
functions of PeakFit 4.12 and were fit to exponentially-modified Gaussian curves [16].

3. Results and discussion

3.1. Optimization of single-column systems for ultrafast affinity extraction

Before ultrafast affinity extraction could be used to measure free drug fractions, there were a
number of conditions that had to be considered [16,35]. First, the residence time for the
sample in the affinity microcolumn had to be sufficiently small to avoid significant
dissociation of the protein-bound drug fraction in the sample. This factor was varied by
adjusting the microcolumn size and flow rate [16,35-37]. Changing the size of the
microcolumn also affected the degree of retention and separation of the retained free drug
fractions from the non-retained sample components (see Figure 3). A drug such as
glibenclamide, which has strong binding to HSA (global affinity constant, ~2 x 10 M™1)
[16,17], was found to have good retention and resolution for its free drug fraction at low-to-
moderate flow rates on a 1.0 mm x 2.1 mm I.D. microcolumn. A longer 5.0 mm x 2.1 mm
microcolumn and higher flow rates were needed for glipizide, which has a moderate binding
strength for HSA (global affinity constant, ~4-5 x 10° ML) [18]. As is illustrated in Figure
3, these column sizes allowed the captured free drug fractions to be eluted and measured
within 1.0 min at the higher flow rates that were used in this study and within 1.5-4.0 min at
the lower end of each flow rate range that was employed.

Along with retention, another factor that was considered when selecting the conditions for
these experiments was the variation of back pressure with column size [16]. The
microcolumns that were used in this report for ultrafast affinity extraction had sizes ranging
from 1.0 to 5.0 mm x 2.1 mm i.d., with the longer columns showing proportionally higher
back pressures at any given flow rate. These microcolumns had back pressures up to only
4.0 MPa (580 psi) even at flow rates as high as 4.0 mL/min, which were well within the
typical usable range of 28-41 MPa (4000-6000 psi) for a standard HPLC system.

Studies were next conducted with each drug and an appropriately-sized microcolumn to find
the optimum flow rate range that could be used to isolate and retain the drug’s free fraction
in the presence of HSA. These experiments were carried out by injecting samples containing
10 uM of only the desired drug or 10 pM of this drug combined with 10 or 20 uM of normal
HSA. The following sizes were employed in this work for the HSA microcolumns: 5.0 mm
x 2.1 mm i.d. for glipizide and glimepiride, and 1.0 mm x 2.1 mm i.d. for glibenclamide.
The injection of each drug alone gave quantitative extraction (i.e., >95%) by these
microcolumns at the flow rates that were tested; this was in agreement with results noted
previously with other drugs/solutes and similar microcolumns [16,35,36]. In each case, the
addition of soluble HSA to the sample resulted in a lower peak for the retained drug because
part of this drug was now bound within a non-retained drug-protein complex [16].
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The size of the apparent free drug fraction in the drug/HSA sample mixtures decreased as
the injection flow rate was increased (i.e., as the residence time in the microcolumn
decreased) but reached a steady value at higher flow rates. This behavior was seen for each
drug, as is illustrated for glibenclamide in Figure 4(a) (see Supplemental Material for
additional examples). Such an effect has been noted for other drugs and solutes during
ultrafast affinity extraction [16,35,36] and is due to dissociation of these drugs/solutes from
their complexes with proteins in the sample during passage through a column at low-to-
moderate flow rates.

It has been shown in prior work that this dissociation effect can be minimized by raising the
flow rate (i.e., decreasing the residence time in the microcolumn) to a given threshold level
[16,35,36]. For instance, glibenclamide gave a consistent free fraction in the presence of
normal HSA when using an injection flow rate of 0.30 mL/min or greater ona 1.0 mm x 2.1
mm i.d. HSA microcolumn. These conditions were in agreement with those that have been
utilized in prior work for the measurement of free glibenclamide fractions with a two-
column system [16]. Glimepiride gave a consistent free fraction at a flow rate of 2.5-3.0
mL/min or greater when using a 5.0 mm x 2.1 mm i.d. HSA microcolumn, and glipizide
gave a consistent free fraction at an injection flow rate of 3.0-3.5 mL/min or greater on a 5.0
mm x 2.1 mm i.d. HSA microcolumn. The maximum column residence times for the non-
retained components under these conditions were as follows: glibenclamide, ~550-560 ms;
glimepiride, ~280-330 ms; and glipizide, ~240-280 ms. These column residence times
agreed with the general range of a few-to-several hundred milliseconds that have been found
to work for other drug/serum transport protein systems that have been examined by ultrafast
affinity extraction [16,35,37,41]. In addition, this range of residence times was consistent
with what has been reported in the use of a two-column system for examining the original
free fractions of other sulfonylurea drugs in the presence of normal HSA (e.g., ~330-670 ms
for acetohexamide and gliclazide, which have global affinities for HSA of around 1.7 x 10°
M~1 and 0.7-0.8 x 10° M1, respectively) [16].

3.2. Analysis of sulfonylurea binding to HSA by single-column ultrafast affinity extraction

The free fractions measured by single-column ultrafast affinity extraction at high flow rates,
as optimized in Section 3.1, were next employed to estimate the global affinity constants for
each drug in the presence of normal HSA. This was accomplished by using Eq. (1)
[16,37,41].

1-F 0
Fo([PTy — [Aly + Al Fy)

K (ornK)) = (1)

This equation relates the original free drug fraction (/p) in a drug/protein mixture that was at
equilibrium to the association equilibrium constant (K}) for a drug-protein interaction that
has saturable binding at a single site or to the global affinity constant (#7K’) for a drug that
has multiple and independent saturable binding sites on the protein [16,35-37,41]. The other
terms that appear in Eq. (1) are [A]g and [P]o, which represent the total and original sample
concentrations of the drug/analyte and soluble protein, respectively, where [A]g < [Plo.
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Binding constants that have been previously determined for various solute/protein systems
by using ultrafast affinity extraction and Eq. (1) have spanned from approximately 103 to
10° M1 [37].

Table 1 shows the binding constants that were obtained by using Eq. (1) and the free drug
fractions that were determined by a single-column system for the model sulfonylurea drugs
with normal HSA. These binding constants are all reported as global affinity constants
because it is known that they each have two or three saturable and independent binding sites
on HSA [9,17,18]. This approach gave a 7K’ value of 20.9 ( 2.3) x 10° M1 for
glibenclamide with normal HSA at pH 7.4 and 37°C, along with nK’ values of 9.1 (+ 1.4) x
10° M~1 for glimepiride and 5.4 (+ 0.5) x 10> M~1 for glipizide at the same temperature and
pH. These binding constants were based on the measurement of free drug fractions spanning
from 14-28% and covering free drug concentrations of 1.4 to 2.8 uM. The precisions for
these binding constants, as represented by the relative standard deviation of the mean,
ranged from + 4.7 to £ 7.7% (n = 4).

A comparison of these binding constants with literature values is provided in Table 1
[9,16-18,42]. The literature results were obtained by various approaches involving both
soluble HSA [16] and immobilized HSA [9,17,18] and were also acquired in aqueous
solutions at pH 7.4 and 37°C. It was found that the results of single-column ultrafast affinity
extraction overlapped within £ 2 S.D. with all of the listed literature values and/or ranges
that have been obtained by other methods for the same drugs with normal HSA [9,16-18]. It
was further noted that the global affinity constants of 4.5 to 21 x 108 M~ that were
measured in this report for second- and third-generation sulfonylurea drugs were 2.6- to 19-
fold higher than values that have been previously determined for normal HSA with the first-
generation sulfonylurea drugs acetohexamide and tolbutamide [13-16].

3.3. Analysis of sulfonylurea binding to HSA by two-column ultrafast affinity extraction

Although the binding constants determined in Section 3.2 showed good agreement with
values based on the literature, the drug and protein concentrations used with the single-
column system (i.e., 10 or 20 uM) were not typical therapeutic or physiological levels for
these agents. Work at such levels required samples with total concentrations of only a few
UM or less for the drugs that were used in this study [11,39] and concentrations for HSA in
the range of roughly 500-780 uM [40]. It was found in preliminary studies that the single-
column systems used in Sections 3.1-3.2 did not have sufficient resolving power to
adequately separate the retained free drug fractions from the large amount of HSA that was
present in such samples (i.e., a 270- to 6250-fold mol excess of HSA versus the drug). Thus,
a two-column system was instead used in which a second HSA microcolumn was placed on-
line after capture of a free drug fraction by the first microcolumn, with the second column
acting to provide further separation of the free fraction from any remaining non-retained
sample components. Such an approach has been shown in prior work to be useful in
measuring the free fractions of glibenclamide and other sulfonylurea drugs at
therapeutically-relevant concentrations [16]. This method has also been employed in
simultaneously examining the protein binding of several solutes (e.g., warfarin enantiomers)
in drug/protein mixtures or serum [40].
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One factor that had to be considered in the use of a two-column system for ultrafast affinity
extraction was the time at which the second microcolumn was switched on-line with the first
[16]. Figure 4(b) shows how the apparent free drug fraction for glibenclamide changed when
using various times for this event. In this case, the apparent free drug fraction reached a
minimum and steady value for glibenclamide when using a valve switching time of 4.9 min
or longer to place the first HSA microcolumn (i.e., as optimized in Section 3.1) on-line with
a5.0 mm x 2.1 mm i.d. HSA microcolumn (Note: the flow rate was simultaneously changed
to 0.15 mL/min to aid in peak resolution). This switching time was consistent with that
reported for glibenclamide in Ref. [16] for free drug fraction measurements in a similar two-
column system.

The increase in Figure 4(b) for the apparent free fraction at small switching times reflects
the greater amount of non-retained sample components that co-eluted with the free drug
fraction at these shorter times. Using an intermediate switching time, such as 4.9 min in
Figure 4(b), had the advantage of minimizing the amount of these co-eluting agents while
still allowing a reasonable amount of the retained free fraction to transfer to the second
column. Although longer times could be used for this switching event, a further increase in
this parameter will also decrease the amount of free drug that enters the second column for
analysis and lead to lower precision for the measurement of this fraction [16].

Similar behavior to that in Figure 4(b) was seen for glipizide and glimepiride (see
Supplemental Material). For glipizide, the final two-column system used a switching time of
1.3-1.4 min or more with a second HSA microcolumn that had a size of 10.0 mm x 2.1 mm
i.d. and that was used at a flow rate of 1.5 mL/min. Glimepiride gave a consistent free
fraction when using a switching time of 1.4 min or greater and a second HSA column that
had a size of 10.0 mm x 2.1 mm i.d. and that was operated at 1.0 mL/min.

Table 1 shows the free drug fractions that were measured for drug/protein samples at
therapeutically-relevant levels under these optimized conditions. These free fractions now
spanned from 0.10% for glibenclamide to 0.37% for glipizide, demonstrating the ability of
this approach to work even at low free drug levels. Although the two-column approach did
allow much lower free drug fractions to be analyzed than was possible with a single-column
system, the two-column method also gave less precise free fractions (i.e., with 3.8- to 4.8-
fold larger variations in their values). In addition, the amount of HSA that was used within
the samples examined by the two-column method at physiological levels was much higher
(i.e., 30- to 50-fold greater) than was used in Sections 3.1-3.2 for samples that were
analyzed by the single-column method.

The global affinity constants that were acquired by using Eq. (1) and the results of the two-
column system are included in Table 1. The 7K}’ values obtained for the drug/protein
samples at therapeutically-relevant levels were statistically identical, at the 95% confidence
level, to the values determined by the single-column method for samples that contained both
the drug and HSA at concentrations in the 10-20 uM range. This consistency in the observed
global affinity over a broad range of concentrations fits with previous observations made
with other drugs and HSA samples that have been examined by ultrafast affinity extraction
[16,35-37].
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These results indicated that for these drug/protein systems, which are known to follow
saturable interactions [9,17,18], the binding constants measured at higher concentrations
with the single-column system could be used to model behavior of the same drugs with HSA
at therapeutic levels. The consistency of the binding data in Table 1 also indicated that the
global affinity constants obtained at the higher concentrations by the single-column system
could be used, with a rearranged form of Eq. (1), to estimate F for the same drugs at their
therapeutic levels [43]. Given the agreement of these two approaches for ultrafast affinity
extraction, along with the greater ease-of-use and better precision of the single-column
method, the remainder of this study (i.e., looking at sulfonylurea interactions with glycated
HSA) focused on using the single-column method with drug/protein samples in the 10-20
UM range.

3.4. Analysis of sulfonylurea binding to glycated HSA by ultrafast affinity extraction

Ultrafast affinity extraction and single-column systems were next used to examine the
binding by second- and third-generation sulfonylurea drugs with glycated forms of HSA.
The conditions for this approach were optimized in the same manner as described in Section
3.1. 1t was found that the same types of microcolumns and flow rates as were used for
normal HSA could be used for samples with glycated HSA (see Supplemental Material).
This consistency in the conditions for different protein samples can be explained by the fact
that the same types of HSA microcolumns were used to capture the free drug fractions. In
addition, the forms of modified HSA that were present in the samples were later found to
have similar, although not identical, levels of binding and dissociation rates for the model
drugs when compared to normal HSA (see following discussion and Section 3.5).

Table 2 shows the free drug fractions that were measured for mixtures of the second- and
third-generation sulfonylurea drugs with gHSA1 and gHSAZ2. It was observed that all of
these sulfonylurea drugs gave a net increase in their free fractions in going from normal
HSA to gHSAZ (i.e., a change that was significant at the 90% confidence level). The
corresponding values of nK;’ that were obtained by using Eq. (1) are provided in Table 2.
There was an overall decrease seen in the global affinity constants in going from normal
HSA to either gHSA1 or gHSA2. Most of the observed changes in nK;’ were significant at
the 95% confidence level. The only exception was for glimepiride with gHSAL; however,
this result did differ at the 90% confidence level from that measured for normal HSA.

These results indicated that glycation can alter the binding strength of these sulfonylurea
drugs for HSA. Glimepiride showed the largest overall change (—44.0%) in affinity in going
from normal HSA to gHSA2 (i.e., the more highly modified of the two glycated samples),
while glibenclamide and glipizide had similar changes of —29.7% and —29.6% in their
relative binding for this protein preparation vs. normal HSA. These three drugs were more
consistent in their change in binding strength when going from normal HSA to gHSA1,
giving variations that ranged from —17.7% to —24.1%.

These changes in affinity will lead to higher free drug fractions for gHSAL and gHSA2
when compared to normal HSA, as observed in Table 2. Based on Eq. (1) and the values of
nKy that are provided in Table 2, it is possible to estimate the relative changes in the free
fraction Fy (and effective dosages of these drugs) that would be expected at therapeutic
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levels and in the presence of physiological levels of HSA. These calculations indicate that
the free fraction will increase by up to 1.4-fold for glibenclamide or glipizide and by almost
1.8-fold for glimepiride under these conditions when going from normal to glycated HSA.

The general trends in Table 2 gave good agreement with previous reports that have examined
the site-specific or overall changes in drug interactions with glycated HSA that had similar
levels of modification to those present in this study [9,17,18]. For instance, the decrease in
global affinity with glycation that was noted for glibenclamide agrees with changes due to
glycation that have been observed in the binding of this drug with the digitoxin site of HSA
(i.e., the highest affinity site found for this drug, with a site-specific K of 2.1 x 108 M1 for
normal HSA versus K values of 2.4-3.9 x 104 M~ for Sudlow sites | and I1) [17]. The
decrease in global affinity for glipizide in going from normal HSA to gHSA1 and gHSA2
fits with prior changes that have been noted in the overall binding of this drug with glycated
HSA [16], as well as with an observed decrease with glycation in the site-specific binding
constant for this drug at its major site, Sudlow site | (K;equal to 3.9 x 10° M~ for normal
HSA, with a K of 1.1 x 10* M~1 for Sudlow site 1) [18]. The binding of glimepiride with
HSA is slightly more complex and is known to occur at both Sudlow sites | and 11 with
roughly equal affinities (i.e., K values of 4.2-5.5 x 10° M~1) [9]. For this drug, the affinity
at Sudlow site 11 has been found to decrease at levels of glycation like those in gHSAZ (i.e.,
following the trend seen in Table 2 for glimepiride), while the binding strength at Sudlow
site I may increase or follow a more complex interaction model [9].

Determination of dissociation rate constants by ultrafast affinity extraction

The information generated by the single-column system was further used to estimate the
dissociation rate constants for the second- and third-generation sulfonylurea drugs in the
presence of HSA. This was done by analyzing the data obtained at low-to-moderate flow
rates through the use of Eq. (2) [35-37],

1

I =

kyt—In(1-Fy) (2)

Dissociation rate constants that have recently been measured by using Eg. (2) and single-
column ultrafast affinity extraction have ranged from roughly 1072 to 101 s71 for solute/
protein systems with binding constants of 104 to 10° M~1 [37].

In Eq. (2), Ay is the free fraction of the drug in the original sample at equilibrium, and £;is
the apparent free fraction that is measured when the drug-protein complex has been allowed
to dissociate in the column for time £ The value of #is equal to the sample residence time,
which depends on the column void volume and the flow rate that was used for sample
injection. Eq. (2) indicates that a linear relationship should be obtained in a plot of In[1/(1 -
F7] versus £ with a slope of kg and an intercept that is related to the value of F; [35-37].

Some typical plots that were obtained when using Eqg. (2) are provided in Figure 5. These
plots gave an approximately linear response for all of the tested drugs and types of HSA,
with correlation coefficients ranging from 0.9145 to 0.9955 (7= 4 to 6) over dissociation
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times that allowed measurable changes to be made in the apparent free fractions (e.g., see
time scales used in Figure 5). Table 3 shows the kyvalues that were obtained from plots that
were prepared according to Eq. (2). These dissociation rate constants ranged from 0.44-0.78
s71 for the given sulfonlyurea drugs and normal HSA, which gave good agreement with
results that have been reported for other sulfonylrea drugs [35]. For instance, the first-
generation sulfonlyurea drugs tolbutamide and acetohexamide and the second-generation
sulfonlyurea gliclazide (all of which bind to Sudlow sites | and Il and which have global
affinities for HSA spanning 0.69-1.8 x 10° M~1) have been found to have y values for
normal HSA in the range of 0.58-0.67 s~1 under the same pH and temperature conditions as
used in this study [35].

A slightly larger range of 0.33-1.17 s1 for the dissociation rate constants was obtained for
glibenclamide, glimepiride and glipizide in the experiments that were conducted with
glycated HSA. When compared to the results for normal HSA, each drug gave one &y value
for glycated HSA that was significantly different at the 95% confidence level (glipizide, in
going from normal HSA to gHSA?2) or 90% confidence level (glibenclamide, in going from
normal HSA to gHSAZ; or glimepiride, when comparing normal HSA and gHSA?2). These
changes suggested that alterations in the dissociation rate accounted for at least part of the
changes in global affinities that were seen in Table 2 for these drugs in the normal versus
glycated forms of HSA.

The dissociation rate constants and global affinities that were measured earlier in this report
were also used to estimate the apparent association rate constants (k) for these drug-protein
interactions. These & values were calculated from &y and 77K3’ by using the relationship A; =
kq nKy’. Apparent association rate constants of 5.7 to 9.2 x 10° M~1 s71 were obtained for
glibenclamide with normal HSA or glycated HSA. A similar range of 6.0 to 7.1 x 10° M1 s
~1 occurred for glimepiride with these protein samples. A slightly lower set of values
spanning from 2.5 to 3.5 x 105 M~1 s1 was noted for glipizide. Some of the 4, values had
significant differences in going from normal to glycated HSA for a particular drug. This
situation occurred for glibenclamide when comparing normal HSA and gHSAL (95%
confidence level) or gHSA2 (90% confidence level) and for glipizide in going from normal
HSA to gHSAL (~90% confidence level). These differences indicated that changes in the net
association rate might also have led to some of the alterations in global affinities that were
seen when comparing normal and glycated HSA.

4. Conclusions

This report developed and used ultrafast affinity extraction to determine the global affinity
constants and dissociation rate constants for several second- and third-generation
sulfonylurea drugs with normal HSA and glycated HSA. Affinity microcolumns containing
immobilized HSA were utilized to capture and retain the free fractions of glibenclamide,
glimepiride and glipizide in mixtures of these drugs with soluble HSA.

Both single- and two-column systems for ultrafast affinity extraction were employed and
compared in these studies. Factors that were optimized for these methods included the flow
rates, column sizes and sample residence times that were employed with each drug for
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ultrafast affinity extraction. These conditions were consistent with those identified in a
separate study using ultrafast affinity extraction in free fraction measurements for one of the
tested drugs (i.e., glibenclamide) [16], indicating that such systems can be made and used in
a robust and reproducible manner. In addition, the final optimized conditions that were
identified for glibenclamide and the other drugs in this study should be valuable in the future
for the selection of a single set of analysis conditions that can be employed for a larger set of
compounds.

Of the two methods that were examined based on ultrafast affinity extraction, it was found
that the single-column approach was simpler to operate. This single-column technique
allowed free fraction measurements and global affinity constants with good precisions to be
obtained within only 1.0 min for samples containing comparable levels of the drugs and
HSA. Another advantage of the single-column method was it could be modified to estimate
dissociation rate constants for drug-protein interactions. The two-column approach had more
factors to consider in its design, making it more complicated to utilize. However, this second
method also allowed the measurement of binding constants in samples that contained much
lower free drug fractions, as occurred when therapeutic levels of these drugs were in the
presence of physiological levels of HSA.

The global affinity constants that were obtained by both of these methods showed good
agreement with each other and with reference values. The results indicated that the levels of
glycation seen in diabetes can alter the overall binding of second- and third-generation
sulfonylurea drugs with HSA. The drugs examined in this report had a net decrease in
affinity in going from normal to glycated HSA, which would correspond to an increase in
the free fractions and biologically-active forms of these drugs in the circulation. It was
further found that these changes in affinity could be the result of alterations in either the
dissociation or association rates for the drugs with HSA. The observations made in this
report produced greater insight as to how glycation can alter drug interactions with HSA and
provided fundamental information that can be used in the future for the adjustment of drug
dosages for patients with diabetes. In addition, the methods that were employed in this
report could be modified for use with other pharmaceuticals and binding agents and to study
the effects of other diseases on drug-protein interactions. This includes the use of this
approach for the analysis of these processes with proteins obtained from, or present in,
clinical samples [12,35-37,43].
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Highlights

. Ultrafast affinity extraction was used to study binding by sulfonylureas with
albumin

. Both single- and two-column systems were optimized and compared for this
work

. Normal and glycated human serum albumin were examined in these studies

. The global affinity constants obtained showed good agreement with the
literature

. The dissociation rate constants of these interactions were also measured
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Figure 1.
Structures of several second- or third-generation sulfonylurea drugs (Note: glibenclamide is

also known as glyburide). The portion in the dashed box shows the core structure of a
sulfonylurea drug.
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Figure 2.
General process in ultrafast affinity extraction for the separation of a free drug fraction from

a protein and drug-protein complex by using either a single- or two-column system. This
example is for a drug that binds to soluble HSA and that uses an HSA microcolumn to
isolate and measure the captured free drug fraction. The second HSA microcolumn is used
to further isolate the captured free drug fraction from any co-eluting excess protein or non-
retained sample components, as can be employed during the measurement of small free
fractions or in work with samples that contain high protein concentrations.
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Figure 3.
Typical chromatograms obtained at pH 7.4 and 37°C on (a) a 1.0 mm x 2.1 mm i.d. HSA

microcolumn for 5 L injections of 10 uM glibenclamide plus 10 uM HSA or (b) a 5.0 mm
x 2.1 mm i.d. HSA microcolumn for 1 uL injections of 10 uM glipizide plus 20 uM HSA.
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Figure 4.
Effects in ultrafast affinity extraction on the measurement of free drug fractions when (a)

changing the injection flow rate on a single-column system or (b) altering the switching time
for placing the second column on-line in a two-column system. These effects are illustrated
by using data for samples containing a mixture of glibenclamide and soluble normal HSA.
The single-column system used a 1.0 mm x 2.1 mm i.d. HSA microcolumn; the two-column
system used the same first column, operated at 0.3 mL/min, followed by the addition of a 5.0
mm x 2.1 mm |.D. HSA microcolumn that was operated at 0.15 mL/min. The samples in (a)
contained 10 uM glibenclamide +10 uM HSA, while the samples in (b) contained 0.08 uM
glibenclamide + 500 UM HSA. The error bars represent a range of + 1 S.D.
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soluble gHSAL or (b) glimepiride in the presence of soluble gHSA2 at pH 7.4 and 37°C by
using ultrafast affinity extraction and a single-column system. The results were analyzed by
using Eqg. (2), with measured equilibrium values of Ay being utilized to obtain the points
shown at £= 0. The correlation coefficients for these plots were 0.9792 and 0.9498 (n=15),
respectively. The error bars represent a range of + 1 S.D., as based on error propagation and
the measured precision of the A values.
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Global affinity constants for second- and third-generation sulfonylurea drugs with normal HSA?

Table 1.

Drug

Glibenclamide

Glimepiride

Glipizide

Method & conditions

Ultrafast affinity extraction,
single-column system: 10 uM drug
+10 UM HSA

Ultrafast affinity extraction,
two-column system: 0.08 uM drug
+ 500 UM HSA

Ultrafast affinity extraction,
two-column system: 0.4 uM drug
+ 526 UM HSA [16]

Zonal competition + frontal
analysis studies using immobilized
HSA [17]

Ultrafast affinity extraction,
single-column system: 10 uM drug
+10 UM HSA

Ultrafast affinity extraction,
two-column system: 0.4 uM drug
+ 500 UM HSA

Zonal competition + frontal
analysis studies using immobilized
HSA [9]

Single-column system
Drug (10 uM) + HSA (20 uM)

Two-column system
Drug (2.24 uM) + HSA (600 uM)

Ref. [18] - Zonal competition +
frontal analysis studies using
immobilized HSA

Measured

free drug fraction,

19.6 (+1.5)%
0.10 ( 0.03)%
0.09 ( 0.02)%

N/A

28.1 (x2.9)%

0.22 (+ 0.11)%
N/A

13.9 (+1.2)%
0.37 (£ 0.12)%

N/A

Global affinity
constant,
nKy'(x

105 ML)°¢
20.9 ( 2.3)
200 (+ 6.0)
211 (£4.7)
216 ( 8.0)
9.1(£1.4)
9.1 (+4.5)

9.7 (+0.7)

5.4 (x0.5)
45 (£15)

44(£0.2)

Page 21

aThe free fractions and reference values for nKy’ were all determined in aqueous buffers at pH 7.4 and 37°C, as well as using fatty acid free HSA.
The values in parentheses represent a range of + 1 S.D.

bThe free fractions listed for this study were measured at the following flow rates: glibenclamide, 0.30 mL/min; glimepiride, 3.0 mL/min; and
glipizide, 3.5 mL/min.

cThe overall binding of normal HSA to glimepiride and glipizide was also examined in Ref. [20] by using fluorescence quenching. Binding

affinities of 1.41 x 10° M~L and 3.74 x 109 M1, respectively, were reported at pH 7.4 and 37°C. However, dimethyl sulfoxide was also present in
these solutions (i.e., to dissolve the drugs), which may had led to decreased drug-protein binding [22].
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Table 2.
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Global affinity constants measured with a single-column system for second- and third-generation sulfonylurea

drugs with normal versus glycated HSA®

Drug and sample

Glibenclami deb

Drug (10 uM) + HSA (10 uM)
Drug (10 uM) + gHSAL (10 pM)
Drug (10 uM) + gHSA2 (10 uM)
Glimepiride

Drug (10 uM) + HSA (10 uM)
Drug (10 uM) + gHSA1 (10 M)
Drug (10 uM) + gHSA2 (10 pM)
Glipizide

Drug (10 pM) + HSA (20 pM)
Drug (10 uM) + gHSAL (20 pM)
Drug (10 uM) + gHSA2 (20 pM)

aThe values in parentheses represent a range of £ 1 S.D. (n=4).

Measured
free drug fraction, Fg

19.6 (+1.5)%
21.4 (+1.4)%
22.9 (+2.8)%

28.1 (2.9)%
30.9 (2.2)%
35.5 (+6.2)%

13.9 (21.2)%
17.3 (22.71)%
18.2 (+3.8)%

Global affinity
constant, nKy’

(x 10° MY

20.9 (£2.3)
17.2 (+ 1.6)
14.7 (£ 2.6)

9.1 (+ 1.4)
7.2(+0.8)
5.1 (+ 1.4)

5.4 (£0.5)
41 (x0.7)
3.8(+0.8)

% Change vs.
normal HSA

N/A
-17.7 (+ 2.6)%
-29.7 (+ 6.2)%

N/A
-20.9 (+ 4.0)%
-44.0 (+ 13.8)%

N/A
—24.1 (+4.7)%
-29.6 (+ 6.8)%

bThe values for normal HSA are the same as shown in Table 1 for the single-column systems and are provided for reference. The free fractions
listed for glycated HSA were measured at the following flow rates: glibenclamide, 0.35 mL/min (gHSA1) and 0.40 mL/min (QHSA2); glimepiride,
3.5 mL/min (gHSA1 and gHSAZ2); and glipizide, 3.0 mL/min (gHSA1) and 3.5 mL/min (gHSA2).

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2019 December 01.



Page 23

Yang et al.

" By/u pue Py 1oy papino.d suoisioaid
ay) pue uorrebedold Joils Wouy paulwLIglep se *A’'S T F 40 abuel e Juasaidal sanjeA By ayp o) sasayiuaised ayy ul sisquinu ay -, By Py =By diysuoirejal ayy Buisn Aq parejnojes alem sanjea By ayl

q

“(2) "b3 01 Buipioooe saul) 1-1s8q By Jo sado|s Y} WOIY PBUILLIBISP S Q'S T F Jo abues e wasaldal sasayjualed ay) Ul SanjeA 8YL "D, /€ Je PUB ¥/ Hd 18 paulwIziap a1am sanjea Ry auL,

0T x (60F) G'€ 0T x(50F)S2 0T x (80F) G€ apizidilo

0T x (0¥ 09 0T x(STFEY OTx(GTHTL apridewi|o

0T x (ST 9 0T x(@TH LS 0T x(@TF)T6 apIWEIOUAqID

2VSHD TVSHB VSH [ew.IoN pria
nr-m 1-IA) ®{ ‘1Uue1su00 a1ed uoneloosse Juateddy

FT09ee0  (L00¥F) 290 107 590 apizidi|o

(czo¥) LTT  (8T0F) 180 (zro¥)8L0 apuidawi|o

(00Fevo  (900F) €0 (€00 %) v70 aplwe|ousa!9

2VSHD TVSHB VSH [ew.oN afTe}

mAT& Py JuRISU0D 81e UOIRIN0SSIQ

VSH pa1eaA|6 1o [ewou yim sbnip eainjAuoy|ns uoieauab-paiyl pue -puodss o) SJULISUOD aled UoITeIdosse Juatedde pue SluBISUOD a1kl UoIeId0oSSIg

Author Manuscript

‘€ 9l1qeL

Author Manuscript

Author Manuscript

Author Manuscript

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2019 December 01.



	Abstract
	Introduction
	Experimental
	Reagents
	Apparatus
	Protein glycation
	Microcolumn preparation
	Ultrafast affinity extraction

	Results and discussion
	Optimization of single-column systems for ultrafast affinity extraction
	Analysis of sulfonylurea binding to HSA by single-column ultrafast affinity extraction
	Analysis of sulfonylurea binding to HSA by two-column ultrafast affinity extraction
	Analysis of sulfonylurea binding to glycated HSA by ultrafast affinity extraction
	Determination of dissociation rate constants by ultrafast affinity extraction

	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.
	Table 3.

