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Abstract

Binding by the drug imipramine to the protein human serum albumin (HSA) was studied by using
high-performance affinity chromatography. The association equilibrium constants and number of
binding sites for imipramine with HSA were first estimated by utilizing frontal analysis. Imipramine
was found to have one major binding site on HSA with an association equilibrium constant of 1.6 x
10° M1 at pH 7.4 and 37°C, as well as a second group of weaker and non-specific binding regions
(8-9 mol/mol HSA) with an average association equilibrium constant of 1.5 x 103 M~1. Competition
studies based on zonal elution were performed to identify the location of the major binding site for
imipramine on HSA. Imipramine was found to have direct competition with L-tryptophan, which
indicated that imipramine was interacting with Sudlow site I1, or the indole-benzodiazepine site of
HSA. No competition or allosteric effects were noted between imipramine and warfarin, a probe for
Sudlow site | or the warfarin-azapropazone site of HSA. The association equilibrium constant found
for imipramine at its site of competition with L-tryptophan also agreed with the value that was
obtained for the major binding site of imipramine in the frontal analysis studies. These results
confirmed that Sudlow site 11 was the location of the major binding site for imipramine on HSA.
These results gave good agreement with previous observations made in the literature and should
provide a more detailed description of how imipramine is transported in blood and of how it may
interact with other drugs in the body.
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1. Introduction

The interactions between a drug and protein in blood can influence how the drug functions
within the body, including its transport, distribution, metabolism, and excretion [1-4]. This
makes the study of these interactions of great importance. One plasma protein that is involved
in many of these interactions is human serum albumin (HSA). HSA is the most abundant plasma
protein in the body. It is composed of a single polypeptide chain of 585 amino acid residues
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and has an asymmetric heart-shaped structure with dimensions of approximately 30 A x 80 A
x 80 A [3,5]. There are two major binding sites and a number of minor binding regions for
drugs and other small solutes on HSA. The two major binding sites for drugs are known as
Sudlow sites I and Il (or the warfarin-azapropazone and indole-benzodiazepine sites,
respectively) [3]. Solutes that bind to Sudlow site | are dicarboxylic acids or heterocyclic
compounds with a negative charge, while aromatic carboxylic acids often bind to Sudlow site
1111,3].

One drug that is known to bind to HSA is imipramine (see Figure 1) [6]. Imipramine is a
tricyclic antidepressant that relieves depression by increasing the concentrations of chemicals
necessary for nerve transmission in the brain [7-9]. There have been reports of a relationship
between plasma concentrations and the antidepressant effects for imipramine [8-10]. Previous
reports on the binding of imipramine to HSA have made use of techniques such as capillary
electrophoresis [11-13], fluorescence spectroscopy [2,6], HPLC and LC/MS [14-17], or
equilibrium dialysis [18,19] (see Table 1). Similar methods have been used to examine the
interactions of imipramine with bovine serum albumin and a4-acid glycoprotein [20,21]. Early
work with equilibrium dialysis suggested that imipramine had only large amount of non-
specific interactions with HSA, as described by an overall association equilibrium constant of
around 102 M~1 [18,19]. However, experiments based on CE and HPLC have indicated that
imipramine has a more specific interaction with HSA with an association equilibrium constant
on the order of 103 to 10° M1 [6,11,13,14]. The number of binding sites for this interaction
is still unclear. Models based on non-specific interactions predict up to seven moles of
imipramine can bind per mole of HSA [18,19], while the more selective model suggests that
one to 2.2 moles of imipramine can bind per mole of HSA [6,13].

This study will use high-performance affinity chromatography (HPAC) to examine the
interactions of imipramine with HSA under physiological conditions. HPAC has been shown
to be a useful method to examine the interactions of drugs and other solutes with proteins such
asHSA[14,15,17,22-25]. The results of drug binding studies based on HPAC and immobilized
HSA have been shown in many studies to give good agreement with data obtained by methods
using soluble HSA, such as equilibrium dialysis and ultrafiltration (see Refs. [14,15,22,24]).
HPAC will be used in this current report along with the techniques of frontal analysis and
competitive binding zonal elution studies [22,24] to more closely examine the interactions of
imipramine with HSA. The results of this work should provide a more detailed model of how
imipramine binds with HSA. This, in turn, should lead to a better description of how this drug
is transported within the body or competes with other drugs and solutes as it binds to HSA in
blood.

The use of HPAC to examine the binding of drugs with HSA has been reviewed previously
[22,24]. The following model is often used in such work to describe the binding between a
drug or solute (A) and a single type of site on an immobilized ligand (L) such as HSA.

K(I

A+tL2A-L (1)
A-L

kALl
[AILL] @
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In these equations, K, is the association equilibrium constant for the binding of A to L, while
[A-L], [A], and [L] represent the molar concentrations of A, L and their complex (A-L) at
equilibrium. Although these particular expressions assume that only one type of binding site
is present on L for A, similar equations can be written for multi-site systems.

Frontal analysis is one tool that is commonly used in HPAC (giving a method known as frontal
affinity chromatography) to determine association equilibrium constants for solute-ligand
interactions. In this method, a known concentration of the solute or drug of interest is
continuously applied to a column containing an immobilized ligand (e.g., HSA), while the
amount of solute that exits from the column is monitored. As the binding sites on the
immobilized ligand become saturated with the solute, a characteristic breakthrough curve is
formed, as shown in Figure 2. If relatively fast association and dissociation kinetics are present
in this system, it is possible to relate the mean position of this breakthrough curve to the total
moles of binding sites for the solute and the association equilibrium constant for these sites.
For the binding of a solute at a single type of ligand site, the following equations can be used
to describe the expected response [22,24],

1 1 1
- 4
my,, (KamL [A]) m; ®)
P m, K,[A]
e (14 K[ A]) (4)

where mg_qpp is the apparent moles of analyte required to saturate the column, [A] is the
concentration of applied analyte, and my_is the moles of binding sites in the column. Eqgn. (3)
predicts that a plot of 1/m| app versus 1/[A] will give a linear response with a slope equal to 1/
(Kqa mp) and an intercept of 1/m_for a system following a one-site binding model. This feature
makes it possible to calculate the association equilibrium constant for this interaction and the
total moles of binding sites in the column.

Frontal analysis can also be used to examine systems that involve multi-site interactions. As
an example, Eqgns. (5) or (6) give the response that would be expected for a two-site model,
where the analyte (A) binds at two classes of independent sites (L and L) [22,24].

I 1+Kal AWK [Al+BKa*[A)
My My, {(@1+B2 — @1f2)Ka1| Al+B2 Kot [ AT} ®)

m, KAl m,Kpl[A]
my,, = +
(1+Kau[AD  (1+Kap2[A]) ®)

In these equations, K1 is the association equilibrium constant for the binding site with the
highest affinity for the analyte, and K, is the association equilibrium constant for the site with
weaker binding, where 0 < Kzo < Ky1. The terms my 1 and my_ o represent the moles present for
each of these sites, my 1ot is the total moles of all binding sites for the analyte (where my ot =
my 1 + m» for a two-site case), and a; is the fraction of all binding regions for the analyte that
belong to the first group of sites (where a3 =my 1 1ot/Mtt). The term Sy is the ratio of the
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association equilibrium constants for the low affinity binding sites versus the high affinity sites
(where $=Kg»/K;1). Similar expressions can be written for systems with more than two classes
of binding sites for an analyte [25].

Zonal elution involves injecting a known concentration of analyte onto a column while
monitoring its elution. Zonal elution can be used to determine association equilibrium constants
for solute-ligand interactions and the location of binding sites for these interactions through
competition studies. This type of competition can be described by using both the reaction in
Egn. (1) and following reaction for the binding of a competing agent (1) to a site on ligand L,

KI
I+L21-L (7)

where K; is the association equilibrium constant for | at the site of competition with A. Egn.
(8) can be used with this model to describe the effect of | on the retention of A [22,24],

+
L Kamy (8)

where k is the retention factor of the injected analyte, V), is the void volume of the column, [I]
is the molar concentration of competing agent in the mobile phase, m_is the moles of binding
sites involved in the competition between | and A, and K is now the association equilibrium
constant for A at its site of competition with I. Egn. (8) predicts that a plot of 1/k versus [I] will
give a linear response for a system with 1:1 competition between A and | and in which A has
no other binding sites in the column. The above relationship also predicts this line will have a
slope equal to (Vi K)/(Kq mp) and an intercept of Vy/(Kg mp). This information makes it
possible to calculate the association equilibrium constants for the analyte and competing agent
at their site of competition on the ligand [22,24]. This relationship will be used in this study
with competition studies and site-selective probes to identify the binding site(s) for impramine
on HSA and to measure the association equilibrium constant(s) for these interactions.

3. Experimental

3.1 Reagents

Human serum albumin (Cohn fraction V, essentially fatty acid free, > 96% pure), imipramine
hydrochloride (> 98%), L-tryptophan (> 98%), and racemic warfarin (98%) were from Sigma
(St. Louis, MO, USA). Nucleosil Si-300 silica (300 A pore size, 5 um particle size) was from
Macherey Nagel (Diren, Germany). Reagents for the bicinchoninic acid (BCA) protein assay
were from Pierce (Rockford, IL, USA). All buffers and aqueous solutions were prepared using
water from a Nanopure system (Barnstead, Dubuque, IA, USA) and filtered using Osmonics
0.22 um nylon filters from Fisher (Pittsburgh, PA, USA).

3.2 Apparatus

The chromatographic system consisted of an isocratic Shimadzu LC-10AD pump, a Dynamax
solvent delivery system (Rainin, Woburn, MA, USA), a six-port Lab Pro valve (Rheodyne,
Cotati, CA, USA), and a UV-2075 detector (Jasco, Easton, MD, USA). An Alltech water jacket
(Deerfield, IL, USA) and a circulating water bath from Fisher (Pittsburgh, PA, USA) were
used to maintain a temperature of 37 (£ 0.1)°C for the chromatographic system during all
experiments described in this report. The columns were packed using an Alltech slurry packer.
The diol content of the silica was measured using an MDQ capillary electrophoresis system
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(Beckman, Fullerton, CA, USA). Chromatographic data were collected and processed using
in-house programs written in LabView 5.1 (National Instruments, Austin, TX, USA).

The stationary phase used in these studies consisted of silica particles containing immobilized
HSA. To make this material, Nucleosil Si-300 silica was converted into a diol-bonded form,
as described previously [26]. The final diol coverage of silica prior to activation was measured
in triplicate by an iodometric capillary electrophoresis assay [27], giving a value of 260 (+ 40)
umol diol per gram of silica. HSA was immobilized onto the diol silica by using the Schiff
base method [28,29]. In this method, 1 g of diol silica was combined with 2 g periodic acid in
100 mL of a 90% acetic acid solution in water, with this mixture then being allowed to react
for 3 h at room temperature with shaking. The resulting aldehyde-activated silica was washed
six times with water and two times with 0.10 M, pH 6.0 potassium phosphate buffer.

The aldehyde-activated silica was next combined with a 10 mL solution of 0.10 M, pH 6.0
potassium phosphate buffer containing 0.3 g HSA and 0.15 g sodium cyanoborohydride. This
mixture was allowed to shake on a rotary mixer at 4°C for 9 days. The HSA silica that this
reaction produced was washed four times with 0.10 M, pH 8.0 potassium phosphate buffer and
slowly combined with three portions of 0.030 g sodium borohydride, added over the course of
90 min while the mixture was allowed to react at room temperature. This last step was used to
convert any excess aldehyde groups on the support into alcohols. This slurry was washed three
times with 0.10 M, pH 8.0 potassium phosphate buffer supplemented with sodium chloride
and washed two times with 0.067 M, pH 7.4 potassium phosphate buffer. The final HSA silica
was stored in 0.067 M, pH 7.4 potassium phosphate buffer at 4°C until use. The control support
for this material was prepared in the same method but with no HSA being added during the
immobilization step.

Small portions of the HSA silica and control support were washed several times with water
and dried under vacuum at room temperature. These dried samples were analyzed in triplicate
using a BCA protein assay [30], using HSA as the standard and the control support as the blank.
The final protein content measured for the HSA silica by this approach was 44 (+ 3) mg HSA
per gram of silica. The remaining portions of the original HSA silica and control support were
downward slurry packed at 3500 psi (24 MPa) into separate 2.1 mm I.D. x 3.5 mm long stainless
steel columns using 0.067 M, pH 7.4 potassium phosphate buffer as the packing solution. Each
column was placed in a water jacket and connected to a circulating water bath for temperature
control. These columns were stored at 4°C in pH 7.4, 0.067 M phosphate buffer when not in
use. These columns were used within a period of 6 months and were typically stable for up to
one year under the storage and experimental conditions utilized in this study.

Imipramine is known to be light sensitive [31], but aqueous solutions of this drug were found
in this study to be stable for several weeks when stored in the dark at 4°C. Solutions of warfarin
inapH 7.4,0.067 M phosphate buffer are also known to be stable for several days when stored
at 4°C [32], but solutions of L-tryptophan were prepared daily due to the limited stability of
this reagent under such conditions [33,34]. All solutions used in this report were made in pH
7.4,0.067 M potassium phosphate buffer and stored at 4°C. All mobile phases for the
chromatographic studies were prepared from this same buffer and were degassed for 25 min
prior to use.

Two methods were employed for examining the binding of imipramine with HSA. Frontal
analysis was conducted by using two pumps: the first pump was used to apply only buffer (i.e.,
pH 7.4, 0.067 M potassium phosphate buffer) to the column, while the other pump was used
to apply a solution containing a known concentration of imipramine in this buffer. After a
breakthrough curve had been obtained, only pH 7.4, 0.067 M potassium phosphate buffer was
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applied to the column to elute the retained drug. Identical studies were carried out on a control
column to correct for the void time of the system and for any secondary interactions between
imipramine and the support. In the frontal analysis studies, the concentrations of imipramine
that were used ranged from 0.75-400 pM. These solutions were applied at a flow rate of 0.3
mL/min. The wavelength of detection was 251 nm for all concentrations except for 200-400
uM, for which a wavelength of 300 nm was employed. These two sets of wavelengths were
used to ensure that all measured absorbance values were within the linear region of response
for the UV/Vis absorbance detector. The mean breakthrough point of each frontal analysis
curve was determined by using the equal area method [22,24].

The probe compounds used in the competition studies to identify imipramine’s binding sites
on HSA were racemic warfarin and L-tryptophan. Racemic warfarin is known to bind to
Sudlow site I, and L-tryptophan is known to bind to Sudlow site 11 [3]. The detection
wavelength was 251 nm when imipramine was used as the injected solute and 280 nm when
L-tryptophan was the injected probe (note: warfarin was used only as a mobile phase additive).
Zonal elution using imipramine as the competing agent was done by injecting a 5 pL sample
of 20 uM imipramine at 0.5 mL/min in the presence of mobile phases containing various known
concentrations of racemic warfarin (2-20 uM) or L-tryptophan (5-500 uM). A 20 uM
imipramine sample was chosen for this work because no noticeable change was noted in the
measured retention of this analyte when using small concentrations, thus indicating that linear
elution conditions were present, as is assumed in Eqn. (8). The void time of the system was
determined by injecting 5 puL of 25 uM sodium nitrate in 0.067 M, pH 7.4 potassium phosphate
buffer at 205 nm, with 0.067 M, pH 7.4 potassium phosphate buffer also being used as the
mobile phase. The central moment of each peak was determined using Peakfit 4.12 software
(Systat Software, San Jose, CA, USA).

4. Results and Discussion

4.1 Frontal analysis studies of imipramine/HSA binding

Frontal analysis was performed to determine the extent of the overall interaction between
imipramine and HSA. Figure 3 shows the results when the data were plotted according to Eqgn.
(3). This plot showed non-linear behavior, which indicated that at least two different types of
binding regions were involved in the interactions of imipramine with HSA, as predicted by
Eqn. (5) for a two-site system. However, the response seen for imipramine did approach a
linear response at low concentrations (or high values of 1/[Imipramine]), as is expected for
even a multisite system [22,25].

It is known from previous work that this linear range can be used with Eqgn. (5) to obtain a
preliminary estimate of the association equilibrium constant for the highest affinity site in the
system [22,25]. This was done by using a best-fit line for the upper values in Figure 3 (i.e., as
represented by the dashed line and imipramine concentrations of 0.75-20 pM), which had a
correlation coefficient of 0.9825 (n = 4). The estimated association equilibrium constant for
the high affinity site that was obtained through this approach was 6.6 (+ 3.9) x 10° M1 at pH
7.4 and 37°C.

Results from the frontal analysis studies were examined more closely by also plotting the data
according to Eqns. (4) and (6). Figures 4(a) and 4(b) show the results that were obtained when
the entire data set (n = 12 over a 500-fold range of imipramine concentrations) was fit to either
a one-site or two-site model. Both models gave high correlation coefficients (one-site model,
0.9976; two-site model, 0.9988). However, a comparison of the overall fit of these models and
the resulting residual plots (see insets for Figure 4) indicated that the two-site model clearly
gave a better fit to the results from these studies.
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The association equilibrium constants for the higher affinity site in the fit to the two-site model
was estimated from Figure 4(b) to be 3 (+ 7) x 10° M1, which agreed with the previous value
obtained from Figure 3 (note: a more precise estimate for this value will be provided later in
this study). The association equilibrium constant for the second and weaker group of binding
sites in this model was found to be 1.6 (+ 0.4) x 103 M. The size of these binding constants
suggested that the high affinity interaction involves a specific region on HSA, while the lower
affinity sites involve more general and non-specific interactions. Similar binding behavior has
recently been noted in the binding of other drugs and solutes to HSA [34,35].

For the sake of comparison, the apparent association equilibrium constant that was found when
using a one-site model was also determined by using the results in Figure 4. This gave an
apparent K, value of 2.0 (+ 0.3) x 103 M1 for the overall binding of imipramine with HSA.
It is interesting to note that this apparent value is statistically identical to the association
equilibrium constant that was reported in Ref. [12] for the same system when binding at a single
site was assumed to be present.

A model for imipramine-HSA binding that was based on a high affinity, specific binding region
and a second group of general, weaker binding sites was supported by the binding capacities
that were determined from the two-site fit in Figure 4(b). A binding capacity of 3.8 (+ 3.7)
nmol imipramine was measured for the high affinity site and 310 (+ 50) nmol imipramine was
measured for the weaker binding regions. The total content of HSA was determined through
a protein assay to be 36 (+ 3) nmol. The resulting specific activity for imipramine at its high
affinity site was 0.11 (+ 0.10) mol/mol HSA, which is a value similar to that seen in other
studies dealing with drugs that bind to specific sites on immobilized HSA [36,37]. On the other
hand, the binding of imipramine to the second group of lower affinity sites gave a specific
activity of 8.6 (x 1.6) mol imipramine/mol HSA, which clearly indicates the presence of
multiple and probably non-specific binding regions for this particular interaction [34,35].

The relatively large number of non-specific binding regions that were found to be present in
this analysis (i.e., accounting for up to 8-9 mol imipramine/mol HSA) is consistent with the
results that were reported in Refs. [18,19]. The large number of these weak binding regions,
plus the relatively large amounts of imipramine that were used in these other studies (i.e., up
to a 5-20 fold mole excess of imipramine versus HSA) [18,19] further explains why a higher
affinity site for imipramine on HSA was not observed in these previous reports.

4.2 Competition of imipramine with warfarin

The next series of experiments were designed to identify the high affinity site for imipramine
on HSA and to better define the association equilibrium constant for imipramine at this site.
This was accomplished by using zonal elution to look at the competition of imipramine with
several probe compounds that had known binding sites on HSA. The first probe used in this
work was warfarin, which is known to bind to Sudlow site I [23]. In these studies, a small
amount of imipramine was injected onto the HSA column and control column as varying
concentrations of racemic warfarin were placed into the mobile phase (i.e., 0 to 20 uM). The
retention factor for imipramine was then measured and compared at the various concentrations
of warfarin that were examined. The results are shown in Figure 5(a).

According to Egn. (8), a plot of 1/Kimipramine Versus [Warfarin] would be expected to give a

linear relationship if simple one-site competition was present between warfarin and imipramine
as they undergo binding to HSA. However, what was observed was only random variations in
the retention of imipramine, which indicated that no interactions were present between these
two solutes [22]. This result demonstrated that imipramine did not bind to Sudlow site I, the

site at which warfarin is known to interact with HSA. This data also indicated that imipramine
did not have any allosteric interactions with warfarin. This second piece of information further

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2010 April 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yoo et al. Page 8

suggested that the tamoxifen site of HSA was also not the location of the high affinity site of
imipramine, since solutes that bind at this site tend to have an allosteric interaction with
warfarin at Sudlow site | [38—40].

4.3 Competition of imipramine with L-tryptophan

The second major binding site of HSA is Sudlow site 11 [3]. L-Tryptophan is known to bind
to this region and is often used as a site-selective probe for this site. Experiments were first
conducted by injecting a sample of imipramine in the presence of various concentrations of L-
tryptophan in the mobile phase. The chromatograms that were obtained, as shown in Figure 2
(b), gave a shift in the retention of imipramine as the mobile phase concentration of L-
tryptophan was increased. Such behavior indicated that either direct competition or negative
allosteric interactions were occurring between L-tryptophan and imipramine on the HSA
column.

The nature of this interaction was examined more closely by performing the reverse study in
which small amounts of L-tryptophan were injected in the presence of imipramine as a mobile
phase additive. Because L-tryptophan is known to bind to only a single well-defined site on
HSA, this experiment made it possible to determine whether direct competition or allosteric
effects were occurring between this compound and imipramine. Figure 5(b) shows the results
that were obtained when the data were analyzed according to Eqn. (8). A linear relationship
was noted for a plot of 1/k| ryptophan Versus [Imipramine], which is consistent with a model
in which direct competition is occurring between imipramine and L-tryptophan at a single site
on HSA (i.e., Sudlow site I1).

Eqn. (8) was used along with the slope and intercept of Figure 5(b) to determine the association
equilibrium constant for imipramine at Sudlow site I1. This gave a value of 1.6 (+ 1.0) x 10°
M~1, which was consistent with the estimate that was obtained for the high affinity site of
imipramine on HSA in the frontal analysis studies. This more precise estimate of K, for the
high affinity site of imipramine was then used with a two-site model to obtain an improved
estimate for the association equilibrium constant of the weaker affinity sites. The association
equilibrium constant that was found for the weaker binding regions by this approach was 1.5
(+0.4) x 103 M~L. The corresponding binding capacities and specific activities obtained in this
revised fit were as follows: 4.8 (+ 2.4) nmol or 0.13 ( 0.6) mol imipramine/mol HSA for the
high affinity site; and 320 (x 50) nmol or 8.9 (£ 1.4) mol imipramine/mol HSA for the weaker
binding regions.

5. Conclusions

This report investigated the binding of imipramine to HSA by using HPAC. Based on frontal
analysis studies, imipramine was found to have one high affinity site on HSA. The best estimate
for the association equilibrium constant of imipramine at this site was 1.6 (+ 1.0) x 10° M1
at pH 7.4 and 37°C. A second group of weaker, non-specific binding regions were also
identified (8—-9 mol/mol HSA) with an average association equilibrium constant of 1.5 (+ 0.4)
x 108 M1 at pH 7.4 and 37°C. Competition studies with L-tryptophan indicated that
imipramine was binding to Sudlow site 11, which was also identified as the high affinity site
for imipramine on HSA. No competition or allosteric interactions were noted in similar
competition studies conducted between imipramine and warfarin, which indicated that
imipramine was not interacting with Sudlow site | or the tamoxifen site of HSA. The results
of this study are consistent with previous observations that have been made in the literature.
For instance, this study indicated that there is a specific site for imipramine on HSA, as has
been reported in Refs. [6,12,13], as well as a large group of weak affinity regions, as noted in
Refs. [18,19]. These new results should provide a more detailed description of how imipramine
is transported in blood and of how it may interact with other drugs in the circulatory system.
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Figure 1.
Structure of imipramine (10,11-dihydro-N, N-dimethyl-5H-dibenz[b, flazepine-5-
propanamine).
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Figure 2.

(a) Frontal analysis curves obtained for imipramine on an HSA column and (b) competition
studies on an HSA column in which imipramine is the injected analyte and L-tryptophan is
used as a mobile phase additive. The concentrations of applied imipramine in (a) (from top-
to-bottom) were 100, 50, 20, 10, 5, 2, 1.5, 1, and 0.75 uM, respectively. In (b) the injected
sample contained 20 pM imipramine and the concentrations of L-tryptophan in the mobile
phase (from top-to-bottom) were 300, 150, 100, 50, 20, and 5 uM, respectively. The dashed
line in (b) is included as a reference point and shows the mean position of the peak for
imipramine in the presence of 0 uM L-tryptophan. All of these experiments were conducted
at pH 7.4 and 37°C. Other experimental conditions are given in the text.
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Figure 3.

Double-reciprocal frontal analysis plot prepared according to Eqgn. (3) for the application of
imipramine to an HSA column for imipramine concentrations that ranged from 0.75 to 400
pUM. The dashed line shows the best-fit linear response to the four points to the right of this
plot, which represent imipramine concentrations of 0.75 of 20 uM. The equation for this best-
fit line was y = 486 (+ 65) x + 3.2 (+ 0.6) x 108 and had a correlation coefficient of 0.9825.
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Figure 4.

Examination of frontal analysis data for imipramine on an HSA column using (a) a one-site
model based on Eqn. (4) or (b) a two-site model based on Eqn. (6). The association equilibrium
constants and binding capacities that were found using the two-site model are given in the text.
The insets to these figures show the residual plots for the two fits, where the residual values
on the y-axis are the difference in the actual and best-fit values at a given concentration of
imipramine.
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Figure 5.

Competition of (a) imipramine with warfarin as mobile phase additive or (b) L-tryptophan with
imipramine as a mobile phase additive. Both of these studies were conducted at pH 7.4 and
37°C. Other experimental conditions are given in the text. The error bars represent a range of
+1 S.D. The equation for the best-fit line in (b) was y = 87 (£ 10) x + 0.084 (+ 0.001), with a
correlation coefficient of 0.9668 (n = 7).
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Table 1
Previous measurements of imipramine binding to HSA
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Association
equilib[ium constant,

Number

Method [Reference] Conditions Ka (MT) binding sites, n
Spectrofluorimetric titration [6]2 pH 7.4 Phosphate buffer, 20° C 2.39x10* n=131
Pressure-assisted capillary electrophoresis/ pH 7.4 Phosphate buffered saline, 1.8 (+0.3) x 10° n= 1b

frontal analysis [12] 25°C

Capillary zone electrophoresis [13] pH 7.4 Phosphate buffer, 25°C 1.8 x 10° n=22
High-performance affinity chromatography pH 7.4 Phosphate buffer, 37°C 2.0 x 10* n= 1b

[14]

Equilibrium dialysis [18] pH 7.4 Phosphate buffer, 37°C 2.3 x 102 n=7
Equilibrium dialysis [19]a Blood versus 0.9% NaCl, 37°C 4.9 x 10% n=7

aThese measurements were made using non-defatted HSA [6].

The value of n was not measured in this study but the reported value for Kg was determined by using a one-site binding model [6].
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