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Abstract

Ultrafast affinity extraction (UAE) is a form of microscale affinity HPLC that can be
employed to quickly measure equilibrium constants for solute-binding agent interactions in
solution. This study used chromatographic and equilibrium theory with universal plots to examine
the general conditions that are needed in UAE to obtain accurate, precise, and robust measurements
of equilibrium constants for such interactions. The predicted results were compared to those
obtained by UAE in studies that examined the binding of various drugs with two transport proteins:
human serum albumin and a;-acid glycoprotein. The most precise and robust conditions for these
binding studies occurred for systems with intermediate values for their equilibrium free fraction
for the solute (Fo~ 0.20-0.80). These trends showed good agreement with those seen in prior
studies using UAE. It was further determined how the apparent free fraction of a solute was related
to the dissociation rate of this solute, the time allowed for solute dissociation during UAE, and the
equilibrium free fraction for the solute. These results also agreed with experimental results, as
obtained for the binding of warfarin and gliclazide with human serum albumin. The final section
examined how a change in the apparent free fraction, as caused by solute dissociation, affected the
accuracy of an equilibrium constant that was measured by UAE. In addition, theoretical plots were
generated to allow the selection of conditions for UAE that provided a given level of accuracy
during the measurement of an equilibrium constant. The equations created and trends identified

for UAE were general ones that can be extended in future work to other solutes and binding agents.

Keywords: Ultrafast affinity extraction; Drug-protein binding; Free drug fraction; Association

equilibrium constant; Affinity microcolumn



1. Introduction

Ultrafast affinity extraction (UAE) is a form of affinity chromatography and microscale
HPLC that can be employed to directly examine, in solution, the binding of solutes with agents in
systems with weak-to-strong reversible interactions [1-4]. This technique involves introducing a
solution-phase mixture of a solute and binding agent into an affinity microcolumn, which contains
a selective capture agent for the solute and has a volume in the mid-to-low microliter range (see
Figure 1) [1,5,6]. When this solute-binding agent mixture is applied to the microcolumn under
conditions that produce a small column residence time, a portion of the free (or non-bound) form
of the solute can be captured without significant release of more solute from the soluble binding
agent. Measurement of the free solute fraction under these conditions can be used to determine
the equilibrium constant for the interaction of the solute and binding agent in the original sample
[2,7-12]. However, if a longer column residence time is employed (e.g., through use of a lower
flow rate), some of the solute may dissociate from its binding agent during passage of the sample
through the microcolumn. This, in turn, can lead to an increase in the apparent free fraction that
is measured for the solute and an error in the estimated equilibrium constant if such dissociation
is not considered [4,7,8,10].

UAE has several advantages compared to other techniques for characterizing solute
interactions with binding agents. These advantages include its fast analysis times, which are
usually on the order of only a few minutes; its need for only small sample volumes (i.e., a few pL);
and its ability to be used with systems covering a broad range of affinities (i.e., association
equilibrium constants spanning from at least 10*-10° M!) [2,9-13]. In addition, UAE is a label-
free technique and does not require immobilization or modification of either the solute or binding

agent in the sample [1,4]. However, preliminary studies are often currently required in UAE to



determine the flow rate, column size, and sample concentrations that should be used with new
solutes and binding agents to obtain accurate equilibrium constants [1-4,7,10]. In addition, a better
understanding is needed of how changing the conditions used in UAE may affect the accuracy,
precision, and robustness of this method, such as when it is used to obtain the equilibrium constant
for an interaction between a given solute and binding agent.

This study will first examine the general conditions, as determined from chromatographic
and equilibrium theory, that are needed in UAE to provide robust and precise measurements of
equilibrium constants for solutes and binding agents in solution-phase samples. These conditions
will be compared to those that have been used in previous UAE studies of drug interactions with
the serum transport proteins human serum albumin (HSA) [4,8,10,11,13] and a;-acid glycoprotein
(AGP) [9,12]. The predicted and observed effects of solute dissociation from its binding agent
during UAE will also be examined with respect to the relative change that this process may produce
in the apparent free fraction for a solute. In addition, this work will consider the effect of such a
change in the measured free fraction on the accuracy of equilibrium constant measurements by
UAE. The results from these studies will be used to identify general conditions for UAE that can
be used in future studies to obtain accurate, robust, and precise measurements of equilibrium

constants for the interactions of other solutes and binding agents.

2. Experimental
2.1.  Reagents

The racemic warfarin (> 98% pure), HSA (Cohn fraction V, essentially fatty acid-free, >
96% pure), and gliclazide (> 98%) used to obtain new data for this study were obtained from Sigma
Aldrich (St. Louis, MO, USA). Nucleosil Si-300 silica (300 A pore size; 7 um particle diameter)

was purchased from Macherey Nagel (Diiren, Germany). Water from a Milli-Q system (EMD



Millipore Sigma, Burlington, MA) was utilized to prepare the drug solutions, drug/protein
mixtures, and buffers used in this study. The buffers were passed through Osmonics 0.22 pm
GNWP nylon membrane filters from Fisher Scientific (Pittsburgh, PA, USA). Reagents for the

micro bicinchoninic acid (BCA) protein assay were obtained from Pierce (Rockford, IL, USA).

2.2. Instrumentation

A Prep 24 pump from ChromTech (Apple Valley, MN, USA) was used to pack the
microcolumns employed in acquiring experimental data for Sections 3.3-3.4. UAE studies were
carried out with a HPLC system that consisted of an AS-2057 autosampler, a UV-2075 absorbance
detector, and a PU-2080 Plus pump from Jasco (Easton, MD, USA). An X-LC 3167CO column
oven from Jasco was used to maintain a temperature of 37.0 (£ 0.1) °C during each analysis. A
six-port LabPro valve (Rheodyne, Cotati, CA, USA) was also utilized as part of this system. The

HPLC system was controlled by LCNet and ChromNAYV v1.18.04 software from Jasco.

2.3.  Chromatographic studies and preparation of affinity microcolumns

The Schiff base method was utilized to place HSA onto a silica support for acquiring the
experimental data in Sections 3.3-3.4 [4,8,14]. A control support was prepared in the same manner
but without the addition of HSA. The protein content of the HSA support was determined in
triplicate by using a micro BCA assay, with HSA being employed as the calibration standard and
the control support as the blank. The HSA content for the supports used in the UAE studies with
warfarin and gliclazide were 81.0 (£ 4.0) and 79.0 (= 10.0) mg HSA/g silica, respectively, where
the values in parentheses represent a range of + 1 S.D. Each HSA support or control support was
packed into a stainless steel microcolumn with a length of 10 mm and an inner diameter (i.d.) of

2.1 mm. These microcolumns were downward slurry packed using pH 7.4, 0.067 M potassium



phosphate buffer that was applied at a pressure of 28 MPa (4000 psi). The supports and
microcolumns were stored at 4.0 °C in the same pH 7.4 buffer when not in use.

A pH 7.4, 0.067 M potassium phosphate buffer was utilized as both the mobile phase in
the UAE studies and to prepare the drug and protein solutions that were used as the injected
samples in Sections 3.3-3.4. Prior to use, this mobile phase was degassed for ~30 min. The drug
and drug-HSA samples were preheated to a temperature of 37.0 (£ 0.1) °C for at least 30 min in
the autosampler before injection. The microcolumns were equilibrated with pH 7.4, 0.067 M
potassium phosphate buffer at 0.50 mL/min in a column oven at 37.0 (= 0.1) °C for 30-60 min
prior to sample injection. The free fraction of each drug was measured by injecting 10 uM of the
drug without HSA (i.e., as a standard), followed by a mixture containing 10 uM of the drug plus
20 uM HSA. The injection volumes and detection wavelengths were as follows: warfarin, 20 pL
and 308 nm; gliclazide, 10 uL and 226 nm. All samples were injected in replicate (n = 5) at flow
rates ranging from 0.5 mL/min up to ~2.25-3.0 mL/min. The equilibrium free fraction (Fo) of each
drug was estimated by examining the fit of the measured free fractions vs flow rate and from data
collected at the highest tested flow rates [1,4]. Baseline correction and analysis of the
chromatograms were done using the progressive, linear and exponentially modified Gaussian
(EMG) functions, respectively, of PeakFit v4.12 (Jandel Scientific, San Rafael, CA, USA).
Additional data analysis was performed using Excel for Office 365 (Microsoft, Redmond, WA,
USA).

Prior experimental data, as used in Sections 3.1-3.2, were obtained from Refs. [4,8-
10,12,13]. These data were for UAE studies with various drugs and normal or glycated HSA in
buffered solutions or serum [4,8,10,13] and UAE binding studies for drugs with AGP in pooled

serum or serum collected from individuals with systemic lupus erythematosus (SLE) [9,12]. The



studies of drug-HSA binding in buffered solutions employed single-column UAE systems and the
following conditions: column dimensions, 1.0-10.0 mm X 2.1 mm i.d.; equilibrium free fraction
(Fo) range, 0.14-0.69; and ratio of total concentrations of drug and protein (Cp/Cp), 0.50-1.00
[4,8,10]. Drug-HSA binding in serum was examined using two-column UAE systems under the
following conditions: 1% column dimensions, 1.0-10.0 mm % 2.1 mm i.d.; 2" column dimensions,
10.0-25.0 mm % 2.1 mm 1i.d.; Fo range, 0.007-0.095; and estimated Cp/Cp ratio, 0.006-0.56 [13].
Drug-AGP binding in serum was examined by using two-column UAE systems under the
following conditions: 1*' column dimensions, 2.0-5.0 mm x 2.1 mm i.d.; 2" column dimensions,

5.0-10.0 mm x 2.1 mm i.d.; Fo range, 0.019-0.29; and estimated Cp/Cp ratio, 0.011-0.77 [9,12].

3. Results and Discussion

3.1.  Determination of association constant from original free fraction of a solute

The first part of this study examined the conditions that are needed in UAE to obtain a
robust estimate of an equilibrium constant for a solute or drug (D) with a soluble binding agent or
protein (P) in an injected sample. This type of analysis is carried out by using data from UAE to
measure or estimate the free (non-bound) fraction of the solute at equilibrium in the sample; this
value is represented by the solute’s original free fraction, Fo. This information can be acquired by
injecting the solute-binding agent mixture onto an affinity microcolumn under flow rate and
column size conditions that provide a column residence time sufficiently small to minimize any
appreciable dissociation of the solute from its binding agent as the sample passes through the
microcolumn [1,4]. The value of Fy that is obtained by UAE under these conditions can then be
used along with the known total concentration of the solute or drug (Cp) and the total concentration
of binding agent or protein in the original sample (Cp) to determine the association equilibrium

constant (K,) for the solute with the binding agent. The relationship between K. and Fo for a solute



and binding agent with a 1:1 interaction is shown in eq. (1) [1,15] (see Supplemental Material for

derivation).
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The above equation can also be written in terms of the dissociation equilibrium constant (Kq) for
the solute and binding agent, by using the fact that K, = 1/Kq.

Similar expressions to eq. (1) can be derived for more complex systems. For example, a
related expression can be written for a binding agent that has n independent sites for D, and that is
examined with an excess of P versus D, as can be accomplished by using the global affinity
constant nK', instead of Ka. In this case, nK's is an overall apparent equilibrium constant that is
equal to the term ZniK,i, where #; is the relative amount of site i that is present (in moles site 1 per
moles P) and K,; is the association equilibrium constant of this site for D [1,16,17]. If n sites are
present that all have approximately the same association equilibrium constant, nK's converts to the
simpler term nKa,, which can also be used in place of K. in eq. (1) [16-18].

The relationship in eq. (1) can be rearranged to produce a more general and universal
expression that is based on only dimensionless parameters. This can be done by revising eq. (1)
to now use the product Ka Cp as the dependent variable (i.e., a term that has no units if K, is
expressed in M! and Cp has units of M). This modification results in the revised relationship that
is provided in eq. (2) (Note: An equivalent expression in terms of K4 can be obtained by replacing

Ka Cp with Cp/K4 or in terms of nK'a by replacing Ka Cp with nK'; Cp).
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Along with K, Cp, all terms in this equation are now dimensionless, including the original solute

free fraction (Fo) and the ratio Cp/Cp (e.g., when Cp and Cp are both expressed in equivalent units



such as molarity). As an alternative, eq. (2) can be written in a form in which the base-10 logarithm

is taken of both sides of this expression, giving the result shown in eq. (3).

log(K,Cp) = log (1;&) —log (1 -2+ 2F,) 3)

p Cp
In this report, these universal relationships are used to see how the product Ka Cp will vary as the
values of Fo and Cp/Cp are altered within a sample to be examined by UAE. This will be done to
see what general types of experimental conditions (e.g., ratios for Cp/Cp and relative size of Cp vs
K.) are needed in UAE when determining the value of K. from Fo for systems with various binding
strengths.

The relationships between the terms in eqgs. (2) and (3) are illustrated in Figure 2, which
shows plots of log(Ka Cp) vs Fo and Cp/Cp. A base-10 log scale for K. C; is used in these plots to
provide a more convenient examination of the results over a broad range of values in this combined
term. Figure 2 also focuses on the relationship between Ki Cp and Fo or Cp/Cp for systems in
which the ratio Cp/Cp is 1.00 or less, which represents the conditions that have been used in prior
work with UAE for binding studies [4,8,9,10,12,13]. Plots made in Figure 2(a) at Cp/Cp ratios
below 0.10 give a similar response to the one seen at Cp/Cp = 0.10, due to convergence of the
results at low values for Cp/Cp, as is further illustrated in Figure 2(b).

Figure 2(a) shows that the conditions used in UAE for binding studies can be grouped into
three general domains in terms of the value for Fo. First, there is a set of conditions that occur
when a small value of Fo is present (i.e., roughly Fo < 0.20). Under these conditions, there is a
large increase in log(Ka Cp) as Fo is decreased, with this change becoming more pronounced as
Cp/Cp increases to 1.00. Second, there is a group of conditions that occur over an intermediate
region of Fo values, which span from approximately Fo = 0.20-0.80 for all the values of Cp/Cp

shown in Figure 2(a). In this range, there is a more gradual and almost linear change in log(Ka Cp)



vs Foat all values for Cp/Cp. This range also has a small increase in log(Ka. Cp) as Cp/Cp increases
to 1.00, although the extent of this change is not as large as it is in the first general domain. Third,
there is a set of conditions that occur when Fo > 0.80, in which the value of log(Ka Cp) has a sharp
decrease as Fo approaches 1.00. In this range, the value for log(Ka Cp) at all Cp/Cp ratios
approaches the same result as Fy is increased to 1.00.

The effect of changing Cp/Cp on log(Ka Cp), as shown in Figure 2(b), is generally much
less than the effect of varying Fo. However, the value of log(Ka. Cp) does tend to increase, at least
slightly, as the value of Cp/Cp is raised from a small ratio (i.e., a representing a large excess of P
versus D) to 1.00 (i.e., equal total concentrations of D and P). One consequence of this trend is
that the use in UAE of a Cp/Cp ratio that is at or near 1.00 will generally provide a broader range
of log(Ka Cp) and K, Cp values that fall within the desired range of Fo~ 0.20-0.80 when compared
to working at a lower Cp/Cp ratio (e.g., Cp/Cp =0.10). This means the higher Cp/Cp ratios that are
shown in Figure 2(b) will generally provide more robust conditions for the determination of Ka
than the use of lower Cp/Cp ratios.

One way the plots in Figure 2 can be used is to determine which combinations of Fo and
Cp/Cp will provide the most robust estimates of K. in UAE. These conditions occur in the second
and intermediate region in Figure 2(a), at Fo values of roughly 0.20-0.80 and which give a gradual
change in the value of log(Ka Cp) vs Fo. This range for Fo corresponds in Figure 2(a) to log(Ka Cp)
values that span from around -0.51 to 1.30 (or K. Cp = 0.31-20) at a Cp/Cp ratio of 1.00 and -0.59
to 0.64 (K. Cp= 0.26-4.4) at a Cp/Cp ratio of 0.10. These results indicate using a Cp/Cp ratio of
1.00 will provide around a 3.8-fold broader range in K. Cp values that fall within the desired range

of Fo~ 0.20-0.80 when compared to working at a Cp/Cp ratio of 0.10. At the center of the central
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range in Figure 2(a) (i.e., at Fo = 0.5), the value of log(Ka Cp) spans from roughly 0.00 to 0.30 (or
KaCp~= 1.0 to 2.0) in going from a low ratio of Cp/Cp to Cp/Cp = 1.00.

To illustrate how these relationships might be used in experimental design, one can begin
with a rough estimate of K, for the desired system. This estimate might be obtained from the
literature for similar interactions or through a preliminary measurement using UAE or another
method to determine binding constants (e.g., ultrafiltration, equilibrium dialysis, or various
separation- or spectroscopic-based techniques) [1,16,17,19]. This initial estimate can then be used
with eq. (2) and Figure 2 to determine which conditions will provide the most robust and reliable
measurement of K. in more detailed studies. For example, a solute and binding agent with an
expected Kaof 1.0 x 10 M! will give a value of Ka Cp= 2.0 when used with a total binding agent
concentration (Cp) of 2.0 x 10° M. When this binding agent is used with an equivalent total solute
or drug concentration (Cp = 2.0 x 10°® M, giving Cp/Cp = 1.00), this combination of conditions
should provide a value for Fo of 0.50, which is in the center of the desired range in Figure 2(a) for
robust equilibrium constant measurements by UAE. In the same manner, systems with initial
estimated values for K, of 1.0 x 10* M or 1.0 x 10° M™! will have values of K, Cp= 2.0 when the
total binding agent concentration is 2.0 x 10# M or 2.0 x 10~ M, respectively; when an equivalent
drug concentration is used (i.e., Cp/Cp = 1.00), this combination of conditions will again produce
a value for Fo of 0.50 that is in the center of the optimum range for K. measurements in Figure
2(a).

In work with biological matrices and other real samples, it is possible the values of Cp/Cp
and K, that are present may result in Fo values that are outside of the optimum, intermediate range
in Figure 2(a). For instance, some mixtures of solutes and binding agents may have a high value

for log(Ka Cp) and strong binding, which can give Fo values below 0.20. Figure 2(a) shows that
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the measurement of K, under such conditions is possible but will be more sensitive than the central
region of this plot to variations in the values for Fo or Cp/Cp. At the other extreme are conditions
that create weak binding and a high value for Fo (> 0.80). Work under these conditions is not
affected as much by changes in Cp/Cp as in the left and central regions in Figure 2(a); however,
estimates made of K., in this domain will be highly sensitive to moderate or even small changes in
Fo. Thus, careful control of the experimental conditions is needed in UAE when working under
conditions that produce either low or high values for Fo.

The theoretical results in Figure 2 were compared to conditions that have been used for
UAE in prior binding studies with various drugs and HSA or AGP [4,8-10,12,13]. Figure 3 shows
the conditions and results that have been obtained for 16 drug-protein combinations in buffered
solutions using HSA or modified forms of this protein (see Supplemental Material for further
details) [4,8,10]. These studies were conducted with mixtures that had a value for Cp/Cp of 0.50
or 1.00 and which resulted in values for Fo of ~0.14-0.70. This range of conditions showed good
agreement with those present in the intermediate range of Figure 2(a). The values that were
obtained for K, in these systems ranged from ~6 x 10%to 2 x 10® M"!, with log(Ka Cp) spanning
from 0.09 to 1.04 at Cp/Cp = 0.50 and from -0.19 to 1.32 at Cp/Cp = 1.00 [4,8,10].

Figure 4 provides a similar comparison between the behavior that is predicted by egs. (2-
3) and conditions used in previous UAE studies that have measured binding constants by solutes
with HSA or AGP in serum (i.e., a situation in which the values of Cp and Cp/Cp are determined
by the sample content). The experimental data in Figure 4 were obtained for 13 drugs at typical
therapeutic concentrations in serum and with HSA or AGP at normal or disease state
concentrations (i.e., a total of 30 drug/protein combinations) [9,12,13]. The range of Fo values that

were measured with these samples spanned from 0.007 to 0.29. The drugs and proteins used in
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these studies had values for K, that ranged from ~2 x 10*to 2 x 10° M and log(K. Cp) values that
spanned from roughly 0.6 to 2.2 [9,12,13]. The Cp/Cp ratios that were present in these samples
were estimated to range from 0.01 to 0.77. Although the Fo values that were measured in these
studies were well below the optimum central range of 0.20-0.80 in Figure 2(a), it was still possible

to use data under these conditions to determine K, by UAE [9,12,13].

3.2.  Relationship of precision in Fy to precision in K,

The next group of factors that were considered in selecting conditions for binding studies
in UAE were those that affect the precision of K,, as obtained from the measured free fraction
under equilibrium conditions, Fo. These factors were evaluated by utilizing error propagation, with
the initial assumption that the precision of K. was determined mainly by the uncertainty in the
measured value of Fy instead of the much lower uncertainties expected for Cp and Cp. The basis
for this assumption was the relatively high precision (i.e., often at least = 0.1-1%) that is typically
present in a modern chemical analysis for mass and volume measurements during the preparation
of samples and reagents [20]. The Supplemental Material contains a further discussion of this
assumption and its validity, including a mathematical description of the expected contributions to
the precision of K, by the uncertainties in Cp and Cp.

It was found through error propagation, and with the assumption that the measurement of
Fo was the main contribution to the uncertainty in K,, that both the absolute and relative precisions

in the measured value of Fo (as described by Sg, and Sg_/Fo, respectively) are related to the relative

precision in the calculated value of K.. These relationships are given in eqs. (4-5) (see

Supplemental Material for derivations), where Sk_is the absolute standard deviation for Ka, and

the relative precision in K is represented by the ratio Sk, /Ka.
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Both egs. (4) and (5) are general expressions based on the dimensionless parameters Fo and Cp/Chp.
Related expressions can be written through the same process in terms of a dissociation equilibrium
constant, Kq, and its standard deviation, Sk, or a global affinity constant, nK’s, and its standard
deviation, Syk,. In addition, egs. (4) and (5) can be rearranged into egs. (6) and (7), respectively,
to directly compare the relative precision for K, to the absolute and relative precisions for Fo under

various experimental conditions.
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Figure 5(a) was generated by using eq. (6) to see how the how the ratio (Sk,/Ka)/Sg, (i.e.,
the relative precision for K, compared to the absolute precision in Fo) changes as Fo is varied for
solute-binding agent systems in which the concentration ratio Cp/Cp is less than or equal to 1.00.
This figure indicates that the best relative precision in the measurement of K, is obtained for Fo
values in the range of roughly 0.20-0.80, with a minimum occurring at Fo = 0.50-0.60. The
smallest values for (Sk_/Ka)/Sg, under these conditions approach 4.0 at low Cp/Cp ratios. As Fo
decreases below 0.20 or increases above 0.80, the term (Sk_/Ka)/Sg increases to a value of > 6.4
at a Cp/Cp ratio of 0.10 and to even higher values as Cp/Cp approaches 1.00. The dependence of
this precision term on Cp/Cp becomes larger at small Fo values, while the dependence on Cp/Cp

becomes small and essentially negligible as Fo approaches 1.00.
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Figure 5(b) was prepared in a similar manner by using eq. (7) to see how the relative

precision for K, vs the relative precision for Fo, as given by the ratio (Sk_/Ka)/(Sg,/Fo), was

affected by a change in Fo at Cp/Cp values of 1.00 or less. The ratio of these relative precisions
has a gradual decrease as Fo nears 0.00, while the same ratio shows a large increase when Fy is

raised above 0.80. The smallest value that can be obtained for (Sk,/Ka)/(Sg,/Fo) is around 1.0,

as is approached when Fo is 0.20 or less and Cp/Cp is at or below 0.10. At the same low values for
Fo, the ratio of relative precisions for K, vs Fo is approximately 2.0 at Cp/Cp= 1.00.

Several practical factors regarding experimental design in UAE for binding studies can be
obtained from Figures 5(a-b). One observation is that the lowest relative precision that can be
obtained for K, will be a value for (Sk,/Ka) that is about four times the absolute precision (Sg,)
and one- to two-times the relative precision (Sg,/Fo) in the corresponding value of Fo that was used
to calculate Ka. The relationships between (Sk,/Ka) and (Sg,) or (Sg,/Fo) in egs. (4-5) further
indicate that obtaining a more precise estimate of Fo will always lead to a proportional
improvement in the relative precision of K.. In addition, the use of a small Cp/Cp ratio will result
in a better relative precision for K, than when using a Cp/Cp ratio that is near or equal to 1.00.

It was further noted that many of the trends in Figures 5(a-b) follow the same pattern seen
in Figure 2(a) for determining the most robust conditions for UAE in binding studies. For instance,
the increase in Figures 5(a-b) as Fo approaches 1.00 for the relative precision of K, versus either
the absolute or relative precision in Fo reflects the greater uncertainty that is present when high
values of Fy are used to estimate an equilibrium constant. The increase in Figure 5(a) for (Sk,/Ka)
versus the absolute precision of Fo as Fo is decreased towards 0.00 is also similar to the behavior
seen in Figure 2(a) and reflects the greater uncertainty that is present when low values of Fo are

used to estimate Ka. Figures 2(a) and 5(a) have the same intermediate range (Fo~ 0.20-0.80) that
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provides the most robust or precise estimate of Ka. The upper end of this range (Fo~= 0.80) further
agrees with the range of Fo values that provides the lowest ratios for the relative precision for Ka
vs the relative precision of Fo in Figure 5(b). Although this ratio of relative precisions reaches a
lower limit as Fo approaches 0.00 in Figure 5(b), Fo values of roughly 0.20 or lower are the same
conditions under which contributions to the uncertainty in K. may increase due to the uncertainty
in Cp or Cp (see Supplemental Material). This again makes the intermediate Fo range of = 0.20-
0.80 the conditions most likely to provide both a robust and precise estimate for Ka.

A comparison was next made between Figures 5(a-b) and 2(a-b) for the effects of a change
in Cp/Cp on the relative precision vs robustness for a measurement of K,. In all these plots, the
largest dependence of the results on Cp/Cp occurred at small Fo values. Each of these plots also
had essentially the same result at Cp/Cp ratios of 0.10-1.00 as the value of Fo increased to 1.00.
One important difference between Figures 5(a-b) and 2(a-b) was in the general range of Cp/Cp
ratios that provided the best results. For instance, in Figures 2(a-b) a Cp/Cpratio of 1.00 gave the
most robust conditions for determining K., as discussed in Section 3.1; however, in Figures 5(a-
b), low Cp/Cp ratios gave the best relative precision in Ka. These trends suggest a Cp/Cp ratio of
1.00 may work best when UAE is to be used in an initial screening study to estimate K,. If desired,
the optimum conditions identified from the screening study can then be adjusted to conduct work
at a lower Cp/Cp ratio to provide a more precise estimate of Ka.

Figures 6(a) and 6(b) show values for the absolute precision Sro and the relative precision
Sro/Fo that have been obtained by UAE during the measurement of Fy in binding studies for drugs
with HSA or AGP (i.e., as used in Figures 3-4 and that employed either simple mixtures or serum
samples) [4,8-10,12,13]. Figure 6(a) indicates that a much broader range in Sgo values was

generally obtained as Fo increased in these experiments, while a broader range in Sro/Fo tended to
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occur in Figure 6(b) as Fo decreased. Mixtures of drugs with HSA in buffer gave values for Fo of
~0.14 to 0.70 at Cp/Cp ratios of 0.50 or 1.00 [4,8,10]; these conditions resulted in Sro values
spanning from £ 0.01-0.07 and relative precisions for Fo (as given by the ratio Sro/Fo) of + 0.02-
0.21 (or +2-21%). Work with serum, which had lower Cp/Cp ratios and typically produced smaller
values for Fo, also tended to give smaller values for Sroand a slightly larger set of values for Sro/Fo.
These latter studies had Sgo values that ranged from = 0.001 to 0.027 and Sro/Fo ratios that spanned
from + 0.01-0.28 (i.e., relative precisions of = 1-28%)), as acquired for drugs and samples with Fo
values of 0.0069 to 0.29 and Cp/Cp ratios of 0.006 to 0.77 [9,12,13].

The ratios of (Ska/Ka) vs Sro and Sro/Fo that were obtained in these experiments were
compared with the values predicted by chromatographic and equilibrium theory, as represented by
eqgs. (4-5) or (6-7). This comparison is shown in Figures 7(a) and 7(b). Good agreement was seen
in the predicted and observed values or trends when using UAE with either simple solute-protein
mixtures or serum. For example, in Figure 7(a) the lowest values of (Ska/Ka)/Sro were obtained at
Fo values of 0.20 and up to values of at least 0.70 in this set of experimental results. In addition,
the value of (Ska/Ka)/Sro over this range in Fo approached a minimum of around 4.0 at low values
of Cp/Cp. As Fo decreased below 0.20, there was an increase in the experimental values for
(Ska/Ka)/Sro that became especially steep as Fo decreased below 0.05. In Figure 7(b), the lowest
values of (Ska/Ka)/(Sro/Fo) were seen as Fo was decreased, approaching upper and lower limits
spanning from roughly 1.0 to 2.0 as Cp/Cp was raised from a small ratio up to 1.00. These
combined results confirmed that the most precise estimates of K. were obtained over a broad range
of intermediate values for Fo (i.e., experimentally from 0.20 up to at least 0.70). The good
agreement between the experimental data and trends in Figure 7(b) also confirmed the assumption

made in eqs. (4-7) that the uncertainty in Fo, rather than the uncertainties in Cp and Cp, was the
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main factor the determined the overall uncertainty in K, during these studies (see Supplemental

Material for further discussion).

3.3.  Effect of solute dissociation on measured free fractions in UAE

It is known in UAE that using medium-to-long residence times for a sample in a
microcolumn can lead to dissociation of a solute from its soluble binding agent [4,7,8,10]. This,
in turn, will result in an increase in the apparent, measured free fraction of the solute (F¢) when
compared to the free fraction that would be expected in the sample at equilibrium (Fo). If the
apparent free fraction is then used to estimate the equilibrium constant for the solute and binding
agent, this may produce a systematic error in the estimated constant. This section will examine
the general factors that lead to a change in F; vs Fo, along with the relative size of this change under
various operating conditions in UAE.

It has been shown previously that solute dissociation from its soluble binding can be
described by a pseudo first-order dissociation rate process on the time scale of a typical UAE
experiment [1,4]. In this model, it is assumed that the solute in its free form is captured
immediately by the microcolumn used in UAE and that no reassociation of the solute with its
soluble binding agent occurs as the sample passes through this microcolumn [1,4]. Under these
conditions, the extent of solute dissociation will depend on the residence time for the sample in
the microcolumn (t) and the dissociation rate constant of the solute from its binding agent (kq).
The amount of solute that can dissociate will also be determined by the size of the original free
fraction of the solute at equilibrium (Fo). The relationship between these parameters and the
observed free fraction for the solute (F;) is described by eq. (8).

Fe=Fo+ (1 — Fp) (1—e™%) (®)
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If both sides of eq. (8) are divided by Fo, the following equivalent relationship is produced that is

expressed in terms of the relative size of F vs Fo, as given by the ratio Fi/Fo.

E—;=1+(Fio— 1) (1 —ekat) (9)

Eq. (9) now provides a way of generating universal plots that look at the effect on Fy/Fo when
varying the product kq t (i.e., which will be a unitless parameter when kg and t are in the same units
of time) and the original free fraction for the solute at equilibrium, Fo.

Figure 8 gives some universal plots based on eq. (9) that show how the ratio Fi/Fo varies
with the product kqt and over Fo values ranging from 0.1 to 0.9. These results indicate that the
deviation of F( from Fy will increase with an increase in kqt, as will occur as either the size of the
dissociation rate constant increases (i.e., faster solute dissociation is present) or the column
residence time for the sample increases (i.e., more time is allowed for dissociation). The size of
this deviation will become more pronounced as the value of Fo becomes smaller, which is a
situation in which more solute is initially present in a bound form in the sample and is potentially
available for dissociation (Note: The maximum value for F¢/F¢ in each case is equal to 1/Fo). The
extent of the deviation in F; vs Fo can become particularly important for systems with moderate-
to-high levels of binding (i.e., Fo < 0.5) and with fast dissociation and/or long column residence
times (i.e., moderate-to-high values of kq t). For instance, in a system with a high level of initial
binding and a value for Fo of 0.10, there will be only about a 1.18-fold difference in F; vs Fo at a
kq t value of 0.02 but a 4.5-fold difference at a higher kqt value of 0.5. On the other hand, in a
system with only a small level of initial solute binding and an Fy value of 0.90, the difference in F;
vs Fo at kgt =0.02 and 0.5 will be only 0.22% and 4.4%, respectively.

These predicted trends were next compared to data that were obtained by UAE over a

comparable range of kqt for two experimental systems: the binding of HSA to the drugs warfarin
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and gliclazide. These two drugs were selected as models because they both have well-
characterized binding to HSA and have been previously examined by UAE [1,21]. In addition,
the binding or rate constants for these systems are typical of those seen for drug interactions with
serum protein such as HSA [1,4,8-10,12,13,21], with warfarin/HSA being an example of a system
with a single major site of interaction and gliclazide/HSA representing a system with multiple
binding sites [1,21]. The fits between the experimental and predicted results are shown in Figure
9. The ranges of column residence times that were present during these experiments with HSA
and warfarin or gliclazide were 0.67-3.33 s and 0.83-3.33 s, respectively. The estimated values of
K. and kq for the warfarin/HSA system were ~2-3 x 10° M and 0.4-0.6 s, while the
corresponding values for the gliclazide/HSA system were ~1 x 10> M and 0.5-0.6 s [1,21].
Both systems in Figure 9 gave good agreement between the experimental results and the
changes in Fy/Fo vs kg t that were predicted by eq. (9), with correlation coefficients of 0.902-0.982
(n=4). In these two cases, the warfarin/HSA system, which had the lower value for Fo (= 0.20),
gave a larger deviation in F; vs Fo than the gliclazide/HSA system (for which Fo= 0.40). For
instance, the predicted deviation in Fivs Fo was 1.9- and 2.6-fold for warfarin and HSA under
conditions that gave kq t values of around 0.25 and 0.50, while the same conditions for kq t gave
deviations of 1.3- and 1.6-fold in F;vs Fo when examining the binding of gliclazide with HSA by
UAE. To evaluate these effects for other systems and by using similar plots, an initial estimate of
kq, as well as Fy and Fo at known values of t, can be obtained by UAE using techniques such as the

two-flow rate method described in Ref. [8].

3.4.  Effect of solute dissociation on estimates of equilibrium constants by UAE
This section examined how differences between the true free fraction of a solute in a sample

at equilibrium (Fo) and the apparent free fraction (F;, as measured at column residence time t)
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affected the accuracy of an equilibrium constant that was determined by UAE. This was done by
describing the apparent association equilibrium constant (Kaapp) in a similar manner to that was
used for the true value of K, in eq. (1), but now using F in place of Fo. This results in the following

equation that relates Kaapp to Fi and the ratio Cp/Cp.

(1-Fy)

C C
F(C (1——D+—DF )
tup CP CP t

K

(10)

aapp —

Equivalent relationships can be written for an apparent dissociation equilibrium constant (Kq,app)
that is measured by UAE, by substituting 1/Ka.app for Kaapp in €q. (10), or for an apparent global
affinity constant (nK'a app), by substituting nK's app for Kaapp [1,11,13].

It was shown in the last section that the value of Fiin UAE will always be greater than or

equal to Fo. This means the value of K, 5, should always be less than or equal to K, (or that Ka.app
will be greater than or equal to Kq). The relative value of K, .pp vs Kj, which represents the

difference in these values and the error obtained when using K in place of K, to describe solute

a,app

binding, can be obtained by dividing eq. (10) by eq. (1). The new expression that is obtained for

the ratio K, ,pp/K; 18 given in eq. (11) (see Supplemental Material for derivation; the equivalent

expression in terms of dissociation equilibrium constants is obtained by replacing K, ,p,/K, with
Ka/Kgapp)-
Ft
Kaapp _ (Fo) [ 1=Folgy) ]/[ 1-F, ] 1
- G Cp C F Co G (11)
o) [

This expression again contains only ratios and dimensionless parameters, making it possible to use
eq. (11) to generate universal plots to see how the ratio of K, 5pp vs K, changes as a function of

Fo, and as the ratios Fy/Fo or Cp/Cp vary for a solute and binding agent that are examined by UAE.
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By using eq. (11), a set of universal plots were generated in Figure 10 that show how Ka app
compares to the true value of K, as the size of F; is varied vs Fo. These plots also show how the

change in K, ,p,/K; vs Fy/Fo is altered by using various ratios of Cp/Cp in UAE. The x-axis in

these plots extends over values for F¢/Fo that range from 1.0 to 1/Fo, with the latter being the highest
ratio for Fy/Fo at a given Fo that will provide a value for K, app that is greater than or equal to 0. In

all these plots, the ratio K, ,pp/K, decreases from a maximum value of 1.0 as the ratio Fi/Fo is

increased above one. As noted earlier, this means K, app will always be smaller than K, when
solute dissociation occurs in UAE and causes F; to be greater than Fo.

The plots in Figure 10 are for Fo values of 0.20, 0.40, 0.60, and 0.80. It can be seen by
comparing these plots that the use of a smaller ratio for Cp/Cp will result in smaller deviations in
Kaapp vs Ka, with this effect becoming larger as the value of Fo is decreased. Furthermore, the

decrease in K /K, occurs over a broader range of Fy/Fo values as Fo is decreased. For instance,

a,app
in Figure 10(a) and at an Fo value of 0.20, a 19% increase in F;vs Fo results in a ~20% deviation
in Kaapp vs Ka at Cp/Cp = 0.10. In Figure 10(d) only a 4% increase in F;vs Fo produced the same
degree of error in K, at Fo = 0.80 and Cp/Cp = 0.10.

Figure 11 shows some experimental data and plots for Kaapp/Ka vs Fy/Fo that were
constructed using UAE data for the binding of warfarin or gliclazide with HSA in buffer. The
values of Fo in these systems were 0.20 for warfarin/HSA and 0.40 for gliclazide/HSA. These
experimental results gave good agreement with the behavior predicted by eq. (11), with absolute
values for their correlation coefficients of 0.921-0.969 (n = 5). Both the experimental models
showed the expected decrease in Ka app vs Ka as Frwas increased compared to Fo. Furthermore, the

system with the smaller value for Fy (i.e., the warfarin/HSA mixture) had this change in Kaapp

occur over a broader total range of values for F¢/Fo. These trends agreed with the predicted
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behavior from Figure 10. Similar plots can be generated for other systems by using initial
estimates of F; and Fy that are obtained by UAE at two or more known column residence times and
flow rates by using methods such as those described in Refs. [1,8].

Eq. (11) was also used to see which values of Fi/Fo were needed at specific combinations
of Fo and Cp/Cp to produce a given difference between Kaapp and Ka. The results are shown in
Figure 12. As was suggested in Figure 10, the use of low Cp/Cp ratios gave experimental
conditions in which a particular deviation of F; from Fo had the smallest effect on the difference
between Kaapp and Ka. This trend held at all values for Fo and resulted in similar behavior for
systems with Cp/Cp ratios of around 0.50 or lower, as shown in Figure 12(a-d). At Cp/Cp ratios
above this range, the deviation in K, app vs Ka became more pronounced at a given value for F¢/Fo
and the range of Fi/Fo over which these deviations occurred became narrower, as can be seen by
comparing Figures 12(a-c) and 12(d-f). These plots also make it possible to identify the
experimental conditions and combinations of F¢/Fo, Fo, and Cp/Cp that should be used to keep the
difference between Kaapp and Ka within a given range. For instance, if up to a 20% error is to be
allowed in Kaapp vs Ka for a system in which the binding conditions result in Fo=0.20 and Cp/Cp
= 0.10, conditions for UAE should be selected that provide a value for F¢/Fo of about 1.2 or less.
A similar approach can be used to identify conditions to select Fo, Cp/Cp, and Fi/Fo values that will

provide other maximum differences between K, 5pp and K.

4. Conclusion

This study employed chromatographic and equilibrium theory to determine the conditions
that are needed in UAE to obtain accurate, precise, and robust estimates of equilibrium constants
between solutes and their binding agents. Factors considered were the original free solute fraction

at equilibrium (Fo), the relative concentration of the solute compared to its binding agent (Cp/Cp),
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and the relative size of the expected association equilibrium constant vs the total concentration of
binding agent (Ka Cp). The precision of the measured free fraction and the effects of differences
in the apparent solute free fraction (F¢) vs Fo due to solute dissociation were also considered.

General equations and universal plots were produced to examine the relationship between
Ka Cp, Cp/Cp, and Fo and to determine which values for these factors provided the most robust
estimates of K. during UAE. Related equations were derived to show how these parameters
affected the relative precision obtained in the calculated value for Ka. It was found that solute and
binding agent combinations with Fo values in the range of 0.20 to 0.80 produced both the most
robust and precise estimates of K, at typical Cp/Cp ratios that have been used in UAE for binding
studies. A pseudo-first order kinetic model was used to produce an equation and universal plots
to describe how solute dissociation from its binding agent in a sample affected the apparent free
fraction for a solute when compared to the true value at equilibrium. In addition, plots were
generated to allow the selection of conditions, such as the amount of solute vs binding agent and
equilibrium free solute fraction, that will provide a desired level of accuracy during the
measurement of equilibrium constants by UAE.

The equations and plots that were created in this study, and the trends that were identified,
are general ones that can be extended in the future to the analysis of new solutes and binding agents
by UAE. For instance, these tools should now make it possible to predict and more easily select
conditions that will allow the estimation of equilibrium constants by UAE for a variety of systems,
including the interactions of drugs, hormones, environmental contaminants, and other classes of
solutes with either natural or synthetic binding agents [4,5]. This ability, in turn, should greatly
expand the applicability of UAE in such fields as clinical chemistry and biomedical research, as

well as materials science and environmental studies [1-5].
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Figure Legends

Figure 1.

Figure 2.

Scheme for using ultrafast affinity extraction to study binding of a solute (e.g., a drug)
with a soluble binding agent (e.g., a protein) by utilizing an affinity microcolumn with
a selective capture agent for the solute. The top chromatograms show data obtained
for the solute and solute plus binding agent at a short column residence time and high
flow rate, which are conditions that should result in little or no solute dissociation from
its soluble binding agent as these agents pass through the microcolumn. These
conditions provide a captured free fraction that can be used to determine the original
free fraction (Fo) of the solute in its mixture with the binding agent. The bottom
chromatograms show data for the same samples when they are injected at a slower
flow rate and longer column residence time, giving an apparent free fraction (F¢) for
the solute that is now larger than Fo. These data were acquired in pH 7.4, 0.067 M
potassium phosphate buffer and at 37 °C for 20 pL injections of the drug warfarin (10
puM) in the presence or absence of the protein human serum albumin (HSA, 20 uM).
These samples were injected onto a 10 mm X 2.1 mm i.d. HSA microcolumn at (top)

3.0 mL/min or (bottom) 2.0 mL/min. Other conditions are given in Section 2.3.

Effects of changes in the free fraction at equilibrium (Fo) and the ratio of the total
concentrations for a drug/solute (D) and protein/binding agent (P) on the value of
log(KaCp). The term log(Ka Cp) in these plots is the base-10 logarithm of the product
of the association equilibrium constant (K,) for the binding of D with P and the total
concentration of the protein/binding agent (Cp). These plots were generated using eq.
(2). The plots in (a) show how log(Ka. Cp) changes over a given range of Fo values and

at various ratios for the total concentrations of the drug vs binding agent (Cp/Cp). The
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Figure 3.

Figure 4.

complementary plots in (b) show how log(Ka Cp) changes over a given range of ratios
for Cp/Cp and at various values of Fo. The solid and dashed sloping lines in (a)
represent the results predicted for Cp/Cp ratios ranging from 0.10 to 1.00, in increments
of 0.10; the two vertical dashed lines included in this plot at Fo= 0.20 and 0.80 are
provided for reference. The solid and dashed sloping lines in (b) show the results

predicted for Fo values ranging from 0.10 to 0.90, in increments of 0.10.

Relationship between Fo and the value of log(Ka Cp) for several solute-binding agent
systems, as illustrated with experimental data obtained by UAE for various drugs in
presence of simple buffered solutions containing known amounts of normal human
serum albumin (HSA) or glycated HSA (GHSA1 and GHSA2). The data points
represented as squares were obtained when using a Cp/Cp ratio of 0.50 during the
experiments, while the data points represented by the diamonds were obtained by
using a Cp/Cp ratio of 1.00. The Fo, Cp/Cp, and K. values for these experimental
systems are provided in the Supplemental Material and are based on data obtained
from Refs. [4,8,10]. The dashed lines are provided for reference and show the

predicted change in log(Ka Cp) vs Fo at specific Cp/Cp values, as determined by using

eq. (2).

Relationship between Fo and the value of log(Ka Cp) for solute-binding systems in
serum samples examined by UAE. These experimental results are for drugs in the
presence of (a) HSA in pooled normal serum or pooled diabetic serum or (b) AGP in
pooled normal serum or serum from individuals with systemic lupus erythematosus

(SLE). The Fo, Cp/Cp, and K. values for these drug-protein systems are provided in
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Figure 5.

Figure 6.

the Supplemental Material and are based on data obtained from Refs. [9,12,13]. The
solid lines are provided for reference and show the predicted change, as based on eq.
(2), in log(K. Cp) vs Fo at the following Cp/Cp values (listed in order from bottom-to-

top): (a) 0.01, 0.05, 0.20, 0.40, and 0.60; or (b) 0.01, 0.05, 0.10, 0.20, 0.40, and 0.80.

Effect of varying Fo on the relative precision of K, or (Ska/Ka), vs (a) the absolute
precision of Fo as represented by the ratio (Ska/Ka)/Sro, and determined by using eq.
(6) or (b) the relative precision of Fo, or (Sro/Fo), as represented by the ratio
(Ska/Ka)/(Sro/Fo) and determined by using eq. (7). The solid and dashed lines in (a)
represent the results obtained by eq. (6) at Cp/Cp ratios spanning from 0.10 to 1.00, in
increments of 0.10, and the inset in (a) shows an expanded view of the theoretical
results that were obtained for Fo values spanning from 0.20 to 0.80. The solid and
dashed lines in (b) represent the results obtained by eq. (7) at Cp/Cp ratios ranging
from 0.10 to 1.00; the inset in (b) shows an expanded view of the theoretical results
that were obtained for Fo values spanning from 0.00 to 0.80 and at Cp/Cp ratios (from

bottom-to-top) of 0.10, 0.30, 0.50, 0.70, 0.90, and 1.00.

Measured values for (a) the absolute precision of Fo (i.e., Sro) and (b) the relative
precision of Fo (i.e., Sro/Fo) as acquired for various drug-protein systems. The
diamonds represent the results obtained for binding of drugs to HSA in buffer (i.e.,
normal or glycated HSA), the squares represent the binding of drugs to HSA in serum
(i.e., pooled serum from healthy individuals or diabetic patients), and the circles
represent the binding of drugs to AGP in serum (i.e., AGP in pooled normal serum or

individual serum samples from individuals with SLE). The values of Fo, Cp/Cp, and
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Figure 7.

Figure 8.

K., as well as the precisions, for these systems are provided in the Supplemental

Material and are based on data obtained from Refs. [4,8-10,12,13].

Effect of Fo on the relative precision of K,, or (Ska/Ka), when compared to (a) the
absolute precision of Fo, as represented by Sro, or (b) the relative precision of Fo, as
represented by Sro/Fo, for data obtained in prior studies examining the binding of
various drug-protein systems. The diamonds represent the results obtained for the
binding of drugs to HSA in buffer (i.e., normal or glycated HSA), the squares represent
the binding of drugs to HSA in serum (i.e., pooled serum from healthy individuals or
diabetic patients), and the circles represent the binding of drugs to AGP in serum (i.e.,
AGP in pooled normal serum or individual serum samples from individuals with SLE).
The error bars represent a range of + 1 S.D. for 3-5 sample injections. The Fo, Cp/Cp,
and K. values for these systems are provided in the Supplemental Material and are
based on data obtained from Refs. [4,8-10,12,13]. The solid and dashed lines in (a)
and (b) represent the results obtained at Cp/Cp ratios (from bottom-to-top) of 0.006,
0.011, 0.50, 0.56, 0.77, and 1.00 (i.e., the range of Cp/Cp ratios estimated to be present
in the given set of experiments). Some expanded views of (a) are provided in the

Supplemental Material.

Relationship between Fy/Fo and kqt, as predicted according to eq. (9). The solid and
dashed lines represent the results obtained at Fo values ranging from 0.10 to 0.90, in

increments of 0.10.
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Figure 9.

Figure 10.

Figure 11.

Relationship between Fy/Fo and kq t for data acquired by UAE examining the binding
of HSA in buffered samples with the drugs (a) warfarin and (b) gliclazide. The
experimental conditions and approximate best-fit values used for warfarin were as
follows: Fo~ 0.20, Cp/Cp= 0.50, Cp = 20 x 10°° M; flow rates, 0.5-2.5 mL/min;
microcolumn size, 10 mm % 2.1 mm i.d.; and kq= 0.45 s™!. The conditions used in the
studies for gliclazide were as follows: Fo= 0.40, Cp/Cp = 0.50, Cp = 20 x 10% M; flow
rates, 0.5-2.0 mL/min; microcolumn size, 10 mm x 2.1 mm i.d.; and kq = 0.55 s\
These results were obtained in the presence of pH 7.4, 0.067 M potassium phosphate
buffer and at 37.0 (£ 0.1) °C. The error bars for F/Fo represent a range of = 1 S.D. (n
= 5 injections), as determined through error propagation from the separate precisions
for F; and Fo. The dashed lines show the results predicted under the same conditions

by using eq. (9).

Effect of the relative size of F; vs Fo, as given by the ratio F/Fo, on the deviation of
Kaapp from Ka (or Kaapp/Ka) at various values for Cp/Cp. This set of plots show the
results predicted by eq. (11) at Fo values of (a) 0.20, (b) 0.40, (¢) 0.60, and (d) 0.80.
The solid and dashed lines in each figure represent the results obtained for Cp/Cp ratios

ranging from 0.10 to 1.00, in increments of 0.10.

Effect of the relative size of F; vs Fo, as given by the ratio of Fi/Fo, on the observed
deviation of Ka app from K (or Ka app/Ka) for mixtures of the drugs (a) warfarin and (b)
gliclazide with HSA in buffered solutions. The sample, mobile phase, and column
conditions were the same as in Figure 9, with results being shown for flow rates of

0.5-3.0 mL/min and Fo = 0.20 for warfarin or 0.5-2.25 mL/min and Fo = 0.40 for
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Figure 12.

gliclazide. The vertical error bars represent a range of £ 1 S.D. (n = 5 injections) in
the calculated values of Kaapp/Ka, as found through error propagation. The dashed

lines represent the results that were predicted under the same conditions when using

eq. (11).

Relationship between the relative size of F; vs Fo, as given the ratio Fy/Fo, with Fy at
various values for the ratio Kaapp/Ka. These plots show the results predicted by eq.
(11) at Cp/Cp ratios of (a) 0.10, (b) 0.25, (¢) 0.50, (d) 0.75, (e) 0.90, and (f) 1.00. The
solid and dashed lines in each figure represent (from right-to-left) the results obtained

for Ka app/Ka ratios of 0.50 to 0.95, in increments of 0.05.
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Supplemental Material
Derivation of equation relating free fraction Fy to the association equilibrium constant K,
The following reaction describes a system with 1:1 saturable and reversible binding between a
solute or drug (D) and a serum protein or binding agent (P) [1,2].
D+P _ DP (SD)
The association equilibrium constant for this system (Ka) is given by the following relationship

[1,2].
K,= —— (S2)

In this equation, [D] and [P] are the molar concentrations of the solute/drug and protein/binding
agent in their non-bound, or free, forms at equilibrium, while [DP] is the molar concentration of
the complex formed between D and P. This system can also be described by the following mass
balance equations.
Cp = [D]+ [DP] or [D] = Cp — [DP] (S3)
Cp = [P] + [DP] or [P] = Cp — [DP] (S4)
The term Cp in these equations is the total molar concentration for all forms of D in the original
mixture containing D and P. In the same manner, the term Cp is the total molar concentration for
all forms of the protein/binding agent in this mixture.
The fraction of the non-bound form of D in the original mixture and at equilibrium (Fo) can be

obtained from the mass balance expression in eq. (S3).

_ _[p  _[p] _cp-[DP] _ . [DP]
Fo = [D]+[DP]  Cp  Cp 1 Cp (85)

In addition, the value of [DP] can be found from the values of Fo and Cp by rearranging eq. (S5),
as illustrated in eq. (S6).
[DP] = Cp(1 — Fo) (56)
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Substituting eqs. (S3) and (S4) into eq. (S2) results in the relationship for K, that is provided in eq.
(S7).

K. = [DP]
@ ™ (Cp-[DP])(Cp—[DP])

(S7)

Eq. (S8) is obtained when the terms in the denominator of eq. (S7) are expanded through

multiplication.

_ [DP]
Ka= CpCp—Cp[DP]-Cp[DP]+[DP]2 (S8)

The term [DP] in eq. (S8) can be expressed in terms of Fo and Cp by using eq. (S6). Combining

eqs. (S6) and (S8) results in eq. (S9).

Cp(1-Fyp)
K. =
a8 CpCp-Cp(Cp—CpFo)—Cp(Cp—CpFp)+(Cp—CpFo)? (59)

Eq. (S9) can be simplified through multiplication and combination of common terms in the

denominator, which produces eq. (S10).

Ka — CD(I_FO) (SIO)

Cp?Fp?—Cp2Fo+CpCpFy
The expression in eq. (S10) can be further simplified by factoring out the term Cp from the

numerator and denominator, as shown in eq. (S11).

_ Cp(1-Fy)
Ka = Cp(CpFo?~CpFo+CpFy) (S11)

It is now possible to eliminate one of the terms for Cp from the numerator and denominator by
division and to factor Fo out from all terms in the denominator. This produces the expression for

Ka that is given in eq. (S12) in terms of Cp, Cp, and Fo [3-5].

_ (1-Fy)
Ka= Fo(Cp—Cp+CpFp) (512)
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Eq. (S12) can be further simplified by factoring out Cp from all terms in the denominator. The
expression for K, can then be written in terms of Fo, Cp, and the ratio Cp/Cp, as shown in eq. (S13)

and given by eq. (1) in the main body of the text.

(1-Fyp)
K, = —0F0) (s13)
Fo CP<1_G+EFO)

Effect of systematic errors in the free fraction on a calculated association equilibrium constant

If the measured or apparent free fraction F; at column residence time t is for a system that
is not at equilibrium, the association equilibrium constant that is obtained by using F; gives an
apparent value for the association equilibrium constant between D and P (Kaapp) that is only an
estimate of the true value K.. The value for Kaapp that is obtained based on F; is given by the

modified form of eq. (S13) that is shown in eq. (S14) and eq. (10) in the main body of the text.

(1-Fp)
K = S14
e Ftcp(l_(é]l::+(é]l::Ft) ( )

Because Fimust be greater than or equal to Fo in ultrafast affinity extraction (UAE) (i.e., due to
possible dissociation of some solute from its binding agent), it would be expected that the value of

K, app Will always be less than or equal to K,. The relative value of K, 5, when compared to K,

can be obtained by dividing eq. (S13) by eq. (S14), as shown in eq. (S15).

Ka,app (1-Fp) (1-Fo)
— S15
Ka [Ftcp 1—C—D+CDFt ] [Focp 1—C—D+CDF0)] (515)

This equation can be further simplified by factoring out Fo/Fy, as illustrated in eq. (S16).

Kaa (1-Fy) (1-Fo)
—=Pb = ( )[ _Sp,Cp ]/[ Cp,Cp ] (516)
) [P

Cp CP Cp Cp
In addition, F; can be replaced with the equivalent term {Fo (F¢/Fo)} to produce the expression that

is shown in eq. (S17) and given as eq. (11) in the main body of the text.
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Kaapp (& 1—F0(:_(t)) / 1-F, (817)
Ka Ft (1—C—D+C—DFO{§—;) (1—C—D+C—DF0)

Cp Cp Cp Cp
This final expression was employed in the main body of this paper to generate universal plots to

see how the value of K, 5pp vs K, changes as a function of Fo, F/Fo, and Cp/Cp for a solute and

binding agent mixture that is examined by UAE.

Error propagation in relating a measured free fraction to an association equilibrium constant
Eq. (S12), and the equivalent expression in eq. (S13), show how the value of an association
equilibrium constant (K,) can be determined from the original free fraction (Fo) for solute D at
equilibrium in a mixture with binding agent P for a system with a 1:1 interaction, and in a situation
where the total molar concentrations of D (Cp) and P (Cp) are also known [3-5]. It is reasonable
to expect in this type of analysis that the uncertainty in the measured value of Fo will be much
larger than the uncertainties in Cp and Cp (i.e., due the high precisions in mass and volume
measurements that are often used to prepare samples or reagents for analysis) [6]. If this is the
case, then the uncertainty in K,, as represented by its standard deviation (Sk,), can be estimated
from the uncertainty in Fo by using error propagation.

The first step in this error propagation involves taking the derivative of K, with respect to Fo in
eq. (S12), with the values of Cp and Cp being treated as constants. The general formula for error

propagation that relates S _to the standard deviation of Fo (Sg,) is shown in eq. (S18) [6].

2 2
(5)"~ (82) 6n)" o Se~ |(22) (n)] (s18)

In this equation, sﬁ is the derivative of K, with respect to Foin eq. (S12). When this derivative is
Fo

found, the following result is obtained.
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8Ka _ (= Fo)(Cp—Cp+CpFo)—(1-Fo)(Cp~Cp+Cp(2Fo))

8Fo (Fo(Cp—Cp+CpFy))2 (S19)

Factoring out Cp from the numerator and denominator of eq. (S19) gives the expression shown in

eq. (520).

5. (- Fo)(Cr)(1-ER+RF, )-(1- Fo)(CP)<1—_+ (2F0)>
s - (S20)

)
Fo Cp (Fo(1—§+§Fo))

Eq. (S20) can be further expanded into the form provided in eq. (S21).

Sk (—Fo)(CP)(l__"'CDFo) (1- Fo)(CP)<1——+CD(F0)> (1- Fo)(CP)< D(Fo)>

a —

5 C
Fo Cp (Fo(l—a+$Fo))

(S21)

Eq. (S21) can be simplified by cancelling out one of the terms for Cp that appears in both the

numerator and denominator of eq. (S21). This simplification gives the expression for 5 <2 that is
Fo

shown in eq. (S22).

s (—Fo)(1—§—§+§—‘;Fo)—(1—Fo)(1——+—(Fo)> (1—Fo)<2—‘;<Fo)>

Ka _

) C
Fo Cp(Fo(l—G+$FO))

(S22)

It is possible to modify eq. (S22) by dividing the left and right sides of this expression with the

ratio of the right and left terms in eq. (S13). This modification results in eq. (S23).

(- Fo)(1—2—];"'2—];1:0)‘(1—Fo)<1—2—E+E—E(F0)> (1- Fo)( D(Fo)>

e = (K,) (523)

Fo(1-Fp) ((1—2—2+2—]§F0))

Eq. (S23) can be further simplified by dividing the numerator on the right side of this expression

by the denominator. This change makes it possible to express 2& as shown in eq. (S24).
Fo
5 L1, (@)
2Ka _ (_ = 4+ - 4\
SFO ( Ka) ((1_F0) + Fo + (1—C—D+C—DF0) ) (824)
Cp Cp
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The following expression for Sk is obtained by substituting eq. (S24) into eq. (S18).

2
Cp
1 1 (c_) 2
Sk, & || (7Ka) ((1—Fo) TR T (1_2_5:2—51:0)) (5%,) (523)

Eq. (S25) can be further revised by dividing both sides of this expression by Ka and simplifying
the combined squared/square root term on the right. These modifications result in the relationship
that is shown in eq. (S26). This is the same expression that is given as eq. (4) in the main body of

the text.

5 L )

Ka Cp

—2 = (S +— + S26
Ka ( FO) ((1_1::0) Fo (1_((::_];'1'((::_[;}70) ) ( )
Multiplying the right side of eq. (S26) by Fo/Fo (i.e., a term equal to one) results in the following
expression that relates the relative precision of Ka to the relative precision of Fo; this is the same
relationship that is given as eq. (5) in the main body of the text.

F
—z(—)<<—>+1 +(_—_)> (527

Cp Cp
Egs. (S26) and (S27) both show how the relative precision of Ka, as represented by the ratio
(Sk,/Ka), is related to unitless values such as the absolute or relative precision of Fo (as described
by Sg, or Sg,/Fo, respectively), the value of Fo, and the ratio of the total molar concentrations for D

and P (i.e., CD/CP)

General error propagation formula for the precision of an association equilibrium constant
The same approach as used in the previous section can be used to obtain a more general expression

for error propagation that considers how the uncertainties in both Fo and the total molar
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concentrations for D and P affect the uncertainty in K, for a system with a 1:1 interaction between
D and P. To do this, the expanded error propagation formulas that are shown below in eq. (S28)
can be written to include the standard deviations for Cp and Cp and the derivatives for K. with

respect to each of these terms [6].

(SKa)Z :(SKa) (SFO) +(8Ka) (SCD) + (8Ka) (Scp)

o s () G

9%
The terms 8— and 8— in this equation are found by taking the derivative of K. in eq. (S12) with
Cp Cp

) (se,)” + (aKa> (sc,)” (S28)

respect to Cp or Cp, respectively.

Ska _ (1= Fo)?

6CD N FO(CP_CD+CDF0)2 (829)
Sﬁ — —(1—Fyp)
8cp  Fo(Cp—Cp+CpFo)? (S30)

P
Alternative expressions for egs. (S29) and (S30) can be obtained by dividing the left and right
sides of these relationships by left and right terms of eq. (S12) and rearranging into the forms given

in egs. (S31-S32).

8Ka _ (1-Fo)

SCD - (Ka) ((CP—CD‘I-CDFQ)) (S31)
SKa _ -1
Sco (Ka) ((cp—cD+cDFo)) (832)

P

The following expanded expression for Sg_with respect to the combined uncertainties in Fo, Cp,

and Cp is obtained by substituting eqs. (S24), (S31), and (S32) into eq. (S28).
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2
500 = (0w iy ) ) 60+ (0 (it '

Cp Cp

2
((Ka) (m)> (5e,)’ (533)

An expression can also be obtained for the relative precision of K,, as represented by the ratio

(Sk,/Ka), in terms of the absolute precisions for Fo, Cp, and Cp by dividing both the left and right

sides of eq. (S33) by (Ka)*.

Cp 2
1 (—) 2 (1-Fy) 2 2
(Sc,/Ka)" = (m**ﬁ) (50)" + (Grcortar) Ga) +
Cp Cp
-1 2
(—(CP_CD+CDFO>) (Sc,) (S34)

Finally, a related expression in terms of the relative precisions of Fo, Cp, and Cp can be derived
from eq. (S34) by multiplying the individual terms on the right for these variables by (Fo/Fo)?,

(Cp/Cp)?%, and (Cp/Cp )%, respectively, and rearranging into eq. (S35).
C
Fo(c2)

2
2 (1- Fg) 2 2
(Sk./Ka)* = <(1—F)+1+m> (Sk,/Fo)™ + (ﬁ) (Sc,/Co)” +

Cp Cp

2
(m) (S, /cp) (S35)

Cp Cp ?

In eq. (S35), the relative precision of Ka, or (Sk,/Ka), is related to the relative precisions of Fo, Cp,
and Cp and to dimensionless values such as Fo and the ratio of the total molar concentrations for
D and P (i.e., Cp/Cp).

Figure 1S was generated by using eq. (S35) to show how relative precisions of Fo, Cp, and

Cp each contribute to the relative precision of K. In this plot, the three lines that are shown for

2 2 2

8 8 .

(S—Ka) Rel, (sﬁ) Rel, and (sﬁ) Rrel represent the calculated values of the squares for the combined
Fo Cp Cp

derivatives and relative standard deviation terms on the right side of eq. (S35) for Fo, Cp, and Cbp.
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In addition, the relative standard deviation for each of these terms was set equal to a value of 1.00
in this plot to allow the behaviors of the derivative portions for these terms to be directly compared.
A Cp/Cp ratio of 1.00 was also used in this comparison (Note: This represents the conditions in
which the Cp and Cp terms have the largest contributions to the uncertainty of Ka, as much smaller
contributions are seen in similar plots prepared at lower Cp/Cp ratios).

It can be seen from Figure 1S that the contribution to the relative precision of K. by the relative
precision in Fy is largest as the value of Fo grows over 0.80 and approaches 1.00. This is the same
result that is obtained with eq. (S27) when the relative precision of Fy is assumed to be the only
significant contribution to the relative precision of K.. However, Figure 1S also indicates that the
relative precisions of Cp and Cp may become important in affecting the relative precision of K, at
low values for Fo (e.g., 0.20 or less) when the relative standard deviations for Cp and Cp are similar
to the relative standard deviation for Fo.

It is further possible to use eq. (S35) to determine which experimental conditions will
require that contributions due to the precisions of Cp and Cp be considered with regard to the
relative precision of Ka. This can be done by placing into eq. (S35) the values of Cp, Cp, and Fo
that may be present during a binding study, along with estimates of the relative standard deviations
for Cp, Cp, and Fo. Examples for such comparisons are provided in Figure 2S, as obtained at a
Cp/Cp ratio of 1.00. In these examples, the relative standard deviation for Fo was set at = 1% or +
5%, which represent the highest precisions that have been obtained for this parameter by UAE in
binding studies for various drug-protein systems (see summary in Tables 1S-3S) [4,7-11]. The
relative standard deviation that was used for both Cp and Cp in Figure 2S was + 0.1% (i.e., a low-
to-moderate estimate of precision for the types of samples and reagents that were employed with

UAE for the systems in Tables 1S-3S).
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For the situation in Figure 2S(a) and where Fo had a high relative precision of + 1%, the relative
precision for Fo made up more than 92.5% of the total contributions to the relative precision of Ka
at an Fo value of 0.20 or greater. In addition, the relative precision of Fo made up 99.5% of the
total contributions to the relative precision of K. when Fo was equal to 0.50. When the relative
precision of Fo was set to + 5%, as illustrated in Figure 2S(b), the relative precision of Fo made up
more than 99.7% of the total contributions to the relative precision K, at an Fo value of 0.20 or
greater, and 99.98% of the total contributions at Fo = 0.50. It was found that these contributions
due to the relative precision of Fo became even closer to 100% if the relative precision of Fo became
larger (e.g., £ 10-25%, as occurs for some of the experimental systems in Tables 1S-3S), the ratio
for Cp/Cp was decreased below 1.00, or the relative precisions for Cp and Cp had values smaller

than + 0.1%.
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Figure 1S.  Illustration of the contributions by the relative precisions of Fo, Cp, and Cp to the

relative precision of K, at Cp/Cp = 1.00, as determined by using eq. (S35). The lines shown for

2 2 2

8 8 8 .

(S—Ka) Rel, <8ﬁ) Rel, and (sﬁ) Rrel represent the calculated values of the squares for the combined
Fo Cp Cp

derivatives and relative standard deviation terms on the right side of eq. (S35) for Fo, Cp, and Cbp,
respectively, with the relative standard deviation for each of these terms being set to unity (i.e., a

value of 1.00).
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Figure 2S.  Estimated overall contributions by the relative precisions of Fo, Cp, and Cp to the
relative precision of K, at Cp/Cp = 1.00, as determined by using eq. (S35). The three lines show
the contributions expected when the relative standard deviation for Fy is (a) = 1% or (b) = 5% and

the relative standard deviations for both Cp and Cp are £+ 0.1%.
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Results from prior studies using UAE for the determination of association equilibrium constants
Figures 3 and 4 in the main body of the text were created using results and conditions reported in
prior studies that employed UAE to estimate the binding constants for various drugs with the serum
transport proteins [4,7-11]. These data and conditions are summarized in Tables 1S-3S.
Experimental data from the same prior studies [4,7-11] were also used in Figures 6 and 7 to
examine how the relative precision of estimates for K. varied with the conditions used in UAE and
precision observed for Fo.

Figure 3 was generated using the data and conditions provided in Table 1S. These data were
generated by UAE when using well-controlled mixtures of drug-protein combinations in buffered
solutions based on HSA or modified forms of this protein, along with a value for Cp/Cp of 0.50 or
1.00 [4,7,8]. The plots in Figure 4 were prepared in a similar manner by using data and conditions
from previous UAE measurements of the free fractions and binding constants of solutes in serum
samples, and for which the values of Cp and Cp/Cp were determined by the content of these
samples. These results and conditions are listed in Tables 2S-3S and were obtained by UAE for a
variety of drugs at typical therapeutic concentrations in serum and with HSA or AGP at normal or

disease state concentrations [9-11].
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Table 18.

human serum albumin in buffered mixtures examined using UAE?

Fo, Cp/Cp, and K, values for various drugs combined with normal or modified

Drug & Protein® Cp/Cp Fo Ka (M1)* log(KaCp)° | Reference
Warfarin-HSA 0.50 0.25 (£ 0.03) 2.4 (+£0.5)x10° 0.68 [7]
Tolbutamide-HSA 1.00 | 0.598 (+0.053) 1.1 (£0.3)x 10° 0.05 [4]
Tolbutamide-HSA 0.50 | 0.395 (+ 0.066) 1.1 (£0.4)x 10° 0.34 [4]
Acetohexamide-HSA 1.00 | 0.531(x=0.011) 1.7 (£0.1) x 10° 0.22 [4]
Acetohexamide-HSA 0.50 | 0.295 (£0.049) 1.8 (£0.5) x 10° 0.57 [4]
Chlorpromazine-HSA 1.00 | 0.690 (= 0.026) 6.5 (£1.0) x 10* -0.19 [4]
Chlorpromazine-HSA | 0.50 | 0.517 (= 0.019) 6.2 (£0.5) x 10* 0.09 [4]
Glibenclamide-HSA 1.00 | 0.196 (£ 0.015) | 2.09 (+0.32) x 10° 1.32 [8]
Glibenclamide-GHSA1 | 1.00 | 0.214 (£ 0.014) | 1.72 (£ 0.23) x 10° 1.23 [8]
Glibenclamide-GHSA2 | 1.00 | 0.229 (+0.028) | 1.47 (£ 0.36) x 10° 1.17 [8]
Glimepiride-HSA 1.00 | 0.281 (+0.029) | 9.1 (:1.9) % 10° 0.96 [8]
Glimepiride-GHSA1 1.00 | 0.309 (+0.022) | 7.2 (+1.0)x10° 0.86 [8]
Glimepiride-GHSA2 1.00 | 0.355(x0.062) | 5.1 (£1.8)x10° 0.71 [8]
Glipizide-HSA 0.50 | 0.139 (£0.012) | 5.4 (£0.5)x10° 1.04 [8]
Glipizide-GHSA1 0.50 | 0.173 (£0.027) | 4.1(£0.7) x 10° 0.91 [8]
Glipizide-GHSA2 0.50 | 0.182 (£0.038) | 3.8(£0.9)x10° 0.88 [8]

aThe numbers in the parentheses represent a range of £ 1 S.D. for 3-5 sample injections. These

results were acquired at pH 7.4 and 37 (= 0.1) °C [4,7,8]. The standard deviations that are provided

for K, were determined through error propagation by using eq. (S25).

59




"Terms: HSA, normal human serum albumin [4,7]; GHSAI, glycated HSA with 15 mM D-
glucose; GHSA?2, glycated HSA modified with 30 mM D-glucose [8].
‘For drugs that may have multisite interactions with the given binding agents, the global affinity

constant (nK's) can be used in place of K, in this table [5].
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Table 28S. Fo, Cp/Cp, and K, values for various drug-HSA interactions analyzed in serum
using UAE?
Drug & Protein® | Cp/Cp Fo Ka (M) log(Ka Cp)° | Reference
Quinidine-HSA
0.016 0.074 (£ 0.005) 2.0 (£0.2) x 10* 1.10 [9]
in normal serum
Diazepam-HSA
0.006 | 0.0069 (£ 0.0010) | 2.4 (x0.3) x 10° 2.16 [9]
in normal serum
Tolbutamide-HSA
0.44 | 0.0244 (£ 0.0068) 1.2 (£0.3) x 10° 1.84 [9]
in normal serum
Acetohexamide-HSA
0.22 | 0.0112 (£ 0.0007) 1.4(£0.1) x 10 2.05 [9]
in normal serum
Gliclazide-HSA
0.04 | 0.0206 (£ 0.0016) | 8.10 (+ 0.06) x 10° 1.69 [9]
in normal serum
Quinidine-HSA
0.02 | 0.0951 (£ 0.0080) | 2.50 (= 0.02) x 10° 0.99 [9]
in normal serum
Diazepam-HSA
0.01 | 0.0082 (£0.0011) | 2.5(£0.3)x10° 2.09 [9]
in normal serum
Tolbutamide-HSA
0.56 | 0.0394 (£0.0394) | 1.2(£0.2)x 10° 1.72 [9]
in normal serum
Acetohexamide-HSA
0.28 | 0.0157 (£0.0035) | 1.4(£0.4)x10° 1.94 [9]
in normal serum
Gliclazide-HSA 0.05 | 0.0277 (£0.0042) | 8.1 (=1.1)x 10* 1.57 [9]
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in normal serum

Tolbutamide-HSA

0.42 | 0.0186 (£0.0031) 1.1(x£0.2)x10° 1.95 [9]
in diabetic serum
Acetohexamide-HSA
0.21 | 0.0091 (£ 0.0015) 1.7 (£ 0.3) x 10° 2.14 [9]
in diabetic serum
Gliclazide-HSA
0.03 | 0.0125 (£0.0027) | 7.9 (£2.7) x 10* 1.91 [9]

in diabetic serum

®The numbers in the parentheses represent a range of £ 1 S.D. for 3-5 sample injections. The

analysis was performed at pH 7.4 and 37 (£ 0.1) °C [9]. The standard deviations that are provided

for K, were determined through error propagation by using eq. (S25).

®Terms: HSA, human serum albumin. The HSA in diabetic serum consisted of pooled serum

samples from individuals known to have diabetes [9].

“For drugs that may have multisite interactions with the given binding agents, the global affinity

constant (nK's) can be used in place of K, in this table [5].
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Table 3S. Fo, Cp/Cp, and K, values for drug-AGP interactions analyzed in serum by UAE?
Drug & Protein® | Cp/Cp Fo Ka (M)° log(Ka Cp)° | Reference
Apridine-AGP
0.16 |0.054 (£0.001) | 4.5(x0.1)x10° 1.32 [10]
in SLE serum
Propranolol-AGP
0.01 |0.058 (£0.001) | 3.1(x0.1)x10° 1.21 [10]
in SLE serum
Disopyramide-AGP
0.41 |0.052(£0.001) | 6.5(x0.2)x10° 1.47 [10]
in SLE serum
Imatinib-AGP
0.05 |0.019 (£0.002) | 1.6 (£0.2) x 10° 1.74 [10]
in SLE serum
Mepivacaine-AGP
0.38 | 0.230 (£ 0.005) | 2.9 (x0.1) x 10° 0.68 [10]
in SLE serum
Apridine-AGP
0.19 [0.061 (£0.001) | 4.3 (x0.1)x10° 1.27 [10]
in SLE serum
Propranolol-AGP
0.01 |0.082 (£0.002) | 2.8 (x0.1)x 10° 1.05 [10]
in SLE serum
Disopyramide-AGP
0.41 [0.079 (£0.001) | 6.2(x0.1) x 10° 1.27 [10]
in SLE serum
Imatinib-AGP
0.06 |0.027 (£0.001) | 1.3(£0.1)x 10° 1.58 [10]
in SLE serum
Mepivacaine-AGP
0.37 |0.182(x£0.008) | 3.1 (x0.1)x10° 0.81 [10]

in SLE serum
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Carbamazepine-AGP

0.77 0.2 (£ 0.005) 9.9 (£1.9)x 10* 1.02 [11]
in normal serum
Disopyramide-AGP
0.75 | 0.081 (£0.006) | 1.0 (£0.2) x 10° 1.56 [11]
in normal serum
Disopyramide-AGP
0.38 | 0.056 (£0.011) | 1.1 (£0.3)x 10° 1.42 [11]
in normal serum
Lidocaine-AGP
0.75 |0.291 (£0.027) | 1.6 (x0.4) x 10° 0.72 [11]
in normal serum
Lidocaine-AGP
0.38 |0.278 (£0.023) | 1.4(x0.2) x 10° 0.56 [11]
in normal serum
Propafenone-AGP
0.38 | 0.09 (£ 0.008) | 6.6 (£0.8) x 10° 1.19 [11]
in normal serum
Propafenone-AGP
0.26 | 0.081 (£0.008) | 6.6 (£0.8) x 10° 1.17 [11]

in normal serum

*The numbers in the parentheses represent a range of + 1 S.D. for 3-5 sample injections. These

analyses were performed at pH 7.4 and 37 (+ 0.1) °C [10,11]. The standard deviations that are

provided for K. were determined through error propagation by using eq. (S25).

®Terms: AGP, alphai-acid glycoprotein; SLE, systemic lupus erythematosus.

‘For drugs that may have multisite interactions with the given binding agents, the global affinity

constant (nK',) can be used in place of K. in this table [5].
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Effect of solute on measured free fractions in UAE

The model used in this report to describe the effect of solute dissociation on a measured free
fraction is based on a solute and binding agent with first-order dissociation kinetics on the time
scale of the measurement. This model assumes that all the solute in its original free form is
captured immediately by the microcolumn used for UAE and that no reassociation of the solute
with its soluble binding agent occurs as the sample passes through the microcolumn [4,5]. If
reversible 1:1 binding is present between the solute and binding agent, the total relative amount of
the solute can be expressed in terms of its initial free fraction (Fo) and its initial bound fraction
(Bo). The sum of these two initial fractions for the solute should be equal to one, as indicated by
eqgs. (S36) and (S37).

1=F, +B, (S36)

By =1-F, (S37)

For a solute with first-order dissociation from its binding agent, the bound fraction of the solute
that remains after a column residence time of t can be represented by the term B¢. The remaining
bound fraction can, in turn, be described in terms of Bo, the column residence time t, and the
dissociation rate constant for the solute from its soluble binding agent (kq).

B, = B, e Kat (S38)

The relative amount of a solute that is released by dissociation from its binding agent during
passage through a microcolumn can be expressed in terms of the difference between By and B; at
column residence time t.

By — By = By — By e7Xat = By(1 — ekat) (S39)

The corresponding apparent free fraction, Fy, that is obtained in the presence of this additional

amount of non-bound solute can then be found by using eq. (S39) to add the difference between
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Bo and B to the original free fraction for the solute, Fo. The resulting expression for F; is provided
in eq. (S40).
F = Fo + Bp(1—ekat) (S40)

Because the initial bound fraction of solute can also be expressed in terms of initial free fraction,
it is possible to combine eq. (S37) with eq. (S40) to obtain eq. (S41), where eq. (S41) is same as
eq. (8) in the main text.

Fo= Fo+ (1 — Fp) (1 —eKab) (S41)
Eq. (S41) can be rearranged into the form shown in eq. (S42) by dividing both sides of eq. (41) by

Fo [4,5]. This is the same relationship that is given as eq. (9) in the main body of the text.

=14 (- 1) (1 - ekt (S42)
Fo Fo
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Expanded views of plots in Figure 7(a)

Figure 3S shows an expanded view of Figure 7(a) from the main body of the text. These views are
provided to more clearly show the fit of the experimental data to the behavior predicted by error
propagation and chromatographic theory over either (a) a set of narrow and low Fo values or (b) a
set of broad Fo values. The conditions and data that were used to generate these plots were the

same as described in the main text for Figure 7(a).
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Figure 3S.  Effect of Fo on the relative precision of Ka, or (Ska/Ka), when compared to the
absolute precision of Fo, as represented by Sro, for data obtained in prior studies examining the
binding of various drug-protein systems. The plots in (a) and (b) are expanded views of Figure
7(a) in the main body of the text. The diamonds represent the results obtained for the binding of
drugs to HSA in buffer (i.e., normal or glycated HSA), the squares represent the binding of drugs
to HSA in serum (i.e., pooled serum from healthy individuals or diabetic patients), and the circles
represent the binding of drugs to AGP in serum (i.e., AGP in pooled normal serum or individual
serum samples from individuals with SLE). The error bars represent a range of + 1 S.D. for 3-5
sample injections. The solid and dashed lines in (a) and (b) represent the results obtained at Cp/Cp
ratios (from bottom-to-top) of 0.006, 0.011, 0.50, 0.56, 0.77, and 1.00 (i.e., the range of Cp/Cp
ratios estimated to be present in the given set of experiments). These graphs were produced using

the data provided in Tables 1S-3S.
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