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a b s t r a c t

The binding of verapamil to the protein human serum albumin (HSA) was examined by using high-
performance affinity chromatography. Many previous reports have investigated the binding of verapamil
with HSA, but the exact strength and nature of this interaction (e.g. the number and location of bind-
ing sites) is still unclear. In this study, frontal analysis indicated that at least one major binding site was
present for R- and S-verapamil on HSA, with estimated association equilibrium constants on the order
of 104 M−1 and a 1.4-fold difference in these values for the verapamil enantiomers at pH 7.4 and 37 ◦C.
The presence of a second, weaker group of binding sites on HSA was also suggested by these results.
Competitive binding studies using zonal elution were carried out between verapamil and various probe
compounds that have known interactions with several major and minor sites on HSA. R/S-Verapamil was
found to have direct competition with S-warfarin, indicating that verapamil was binding to Sudlow site
I (i.e. the warfarin–azapropazone site of HSA). The average association equilibrium constant for R- and
S-verapamil at this site was 1.4 (±0.1) × 104 M−1. Verapamil did not have any notable binding to Sudlow

site II of HSA but did appear to have some weak allosteric interactions with l-tryptophan, a probe for
this site. An allosteric interaction between verapamil and tamoxifen (a probe for the tamoxifen site) was
also noted, which was consistent with the binding of verapamil at Sudlow site I. No interaction was seen
between verapamil and digitoxin, a probe for the digitoxin site of HSA. These results gave good agreement
with previous observations made in the literature and help provide a more detailed description of how
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verapamil is transported i

. Introduction

The study of drug–protein binding in blood is important in
etermining drug transportation, distribution, metabolism and
xcretion [1–11]. This binding can take place with a variety of
gents in blood, including proteins such as human serum albumin
HSA). HSA has a molar mass of 66.5 kDa and is the most abundant
rotein in serum (typical concentration, 30–50 g/L). This protein
as been widely studied in terms of its interactions with drugs
nd other small solutes (e.g. warfarin, digitoxin, tamoxifen and
-tryptophan), many of which interact at relatively well-defined
egions on this protein [1,8–11]. These binding regions include two
ajor sites (i.e. the warfarin–azapropazone site or Sudlow site I,
nd the indole–benzodiazepine site or Sudlow site II) [9,10], as
ell as some minor sites (i.e. the tamoxifen and digitoxin sites)

10,11].

∗ Corresponding author. Tel.: +1 402 472 2744; fax: +1 402 472 9402.
E-mail address: dhage@unlserve.unl.edu (D.S. Hage).
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od and of how it may interact with other drugs in the body.
© 2008 Elsevier B.V. All rights reserved.

One drug that binds to HSA is verapamil (see Fig. 1) [12–14]. Ver-
pamil is used to treat hypertension, angina and arrhythmia. The
ain mechanism of this drug is related to its inhibition of the trans-
embrane influx of calcium in the cells of cardiac muscle, coronary

rteries and the intra-cardiac conduction system [15]. The typical
herapeutic range for verapamil in human serum is 50–100 ng/mL
16], with approximately 90% of verapamil in blood being bound
o proteins such as HSA (note: binding of verapamil to lipopro-
eins has also been reported) [17]. Verapamil has one chiral center
nd two enantiomeric forms: R-verapamil and S-verapamil. These
nantiomers are known to bind to HSA with different strengths and
-verapamil has been reported to have a higher pharmacological
ctivity than R-verapamil [18].

Many previous studies have examined the binding of vera-
amil with HSA [19–29], but the exact strength and nature of
his interaction is still unclear. Table 1 summarizes the associa-

ion equilibrium constants that have been reported for this system.
n these past studies, HSA has been noted to have different bind-
ng strengths and stereoselectivity for the two enantiomers of
erapamil [19,21,23,25,26]. The average reported association equi-
ibrium constants for HSA with R- and S-verapamil have ranged

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:dhage@unlserve.unl.edu
dx.doi.org/10.1016/j.jchromb.2008.10.022
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ig. 1. Structure of verapamil. The asterisk (*) shows the location of the chiral center.

rom 1.1–1.8 × 103 M−1 at 25 ◦C [22,24,28] up to 1.16 × 105 M−1 at
7 ◦C [29]. However, in other studies it has been estimated that
he individual R- and S-enantiomers of verapamil have association
quilibrium constants of 2.6–2.7 × 103 and 0.85 × 103 M−1, respec-
ively, at pH 7.4 and 25 ◦C [19,23]. This large range of values indicates
hat there is still a significant amount of uncertainty regarding
he true strength of binding between verapamil and HSA. Another
nresolved factor concerns the number and types of sites that are

nvolved in this interaction. Although previous data for this system
as often been examined by using a one-site model, there is some
vidence that multiple binding regions may be involved in these
nteractions [22,24,27,29].

The variety of binding constants that have been reported for the
erapamil/HSA system and the uncertainty regarding the number
f binding sites for this interaction suggest that further characteri-
ation of this system is still needed. In this study high-performance
ffinity chromatography (HPAC) will be used to more closely exam-
ne the binding of verapamil and its enantiomers to HSA. HPAC is
iquid chromatographic technique that utilizes a specific binding
gent such as HSA as an immobilized ligand for the purification
r analysis of sample components [1,2,30–34]. One advantage of
sing this method for binding studies is it can be used with site
elective probes to independently examine the binding of drugs at
udlow sites I or II on HSA, as well as at the tamoxifen and digi-
oxin sites [1,2,34]. In the past, HPAC has been successfully used to
btain a variety of information on drug interactions with HSA and
as been shown to provide good correlation with solution-based
ethods (see review in Ref. [1] and references therein). These fea-

ures will be used in this report to better characterize the binding
trength and number of binding sites for R- and S-verapamil with
SA under physiological conditions (i.e. pH 7.4 and 37 ◦C). HPAC
ill also be used with various chemical probes to determine which
ites on HSA are involved in these interactions. These results will
hen be compared with those obtained in previous studies, giv-
ng a more complete description of how verapamil binds to HSA
nd of how this drug may compete with other solutes for this
rotein.

t
t
s
T
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able 1
esults of previous studies examining binding of verapamil to HSA.

ethod (conditions) Associatio

apillary electrophoresis/frontal analysis (pH 7.4, 25 ◦C) R-Verapam
S-Verapam

apillary electrophoresis/liquid pre-column (pH 7.4, 25 ◦C) R-Verapam
S-Verapam

apillary electrophoresis/frontal analysis (pH 7.4, 25 ◦C) Racemic v
apillary electrophoresis/frontal analysis (pH 7.4, 25 ◦C) Racemic v
quilibrium dialysis (pH 7.4, 37 ◦C) Racemic v

a The same authors working with apparently the same system report in Ref. [19] an esse
his appears to be the result of a typographical error.

b This range of values was obtained by using several data analysis methods for the sam
r. B 876 (2008) 69–75

. Experimental

.1. Reagents

The HSA (Cohn fraction V, essentially fatty acid free, >96% pure),
acemic verapamil (>98%), R- and S-verapamil (>98%), l-tryptophan
>98%), S-warfarin (>98%), periodic acid reagent (>99%; an oxidiz-
ng agent), sodium borohydride (98%; a strong reducing agent),
odium cyanoborohydride (94%; a mild reducing agent), and 3-
lycidoxypropyltrimethoxysilane (97%) were from Sigma (St. Louis,
O, USA). The acetic acid (>99.7%; flammable) and sulfuric acid

95–98%; a corrosive, strong oxidizer, and carcinogenic agent) were
rom EMD chemicals (Gibbstown, NJ, USA). Nucleosil Si-300 (5 �m
article diameter, 300 Å pore size) was obtained from Macherey
agel (Dűren, Germany). All aqueous solutions were prepared using
ater from a Nanopure system (Barnstead, Dubuque, IA, USA) and
ltered using Osmonics 0.22 �m nylon filters from Fisher (Pitts-
urgh, PA, USA). Reagents for the bicinchoninic acid (BCA) protein
ssay were from Pierce (Rockford, IL, USA).

.2. Apparatus

The HSA silica and control silica were packed into separate
.1 mm I.D. × 5 cm long stainless steel columns using an Alltech col-
mn slurry packer (Deerfield, IL, USA). All chromatographic studies
ere performed using a Jasco Pu980i pump, along with a CM4100

radient pump and UV100 absorbance detector from Thermosep-
rations (Riviera Beach, FL, USA). Samples were injected using a
heodyne LabPro valve (Cotati, CA, USA) equipped with a 20-�L
ample loop. Chromatographic data were collected and processed
sing in-house programs written in LabView 5.1 (National Instru-
ents, Austin, TX, USA).

.3. Methods

The conditions used for the immobilization of HSA to silica by
he Schiff base method were adapted from the literature [31,39],
ith all reactions being carried out at room temperature unless

therwise indicated. The control support for this material was pre-
ared following the same procedure as described above but with
o HSA being added during the immobilization reaction. Small
ortions of both the HSA silica and control support were washed
everal times with deionized water and dried under vacuum at
oom temperature. These dried samples were analyzed in triplicate
sing a BCA protein assay [40] in which HSA was the standard and

he control silica was the blank. With this procedure, the final pro-
ein content of the HSA silica was found to be 28 (±2) mg of HSA/g of
ilica (note: the value in parentheses represents a range of ±1 S.D.).
he HSA silica and control support were downward slurry packed
t 3500 psi (214 bar) into separate columns using pH 7.4, 0.067 M

n equilibrium constant(s) (M−1) References

il, Ka = 2.67 (±0.44) × 103 [23]a

il, Ka = 0.85 (±0.11) × 103

il, Ka = 2.7 (±0.44) × 103 [21]a

il, Ka = 0.84 (±0.16) × 103

erapamil, Ka = 1.69 (±0.13) × 103 to 1.79 (± 0.70) × 103 [22,24]b

erapamil, Ka = 1.10 (±0.03) × 103 [28]
erapamil, Ka = 1.16 × 105 and 6 × 103 [29]

ntially identical value for R-verapamil but Ka = 8.5 (±0.1) × 103 M−1 for S-verapamil;

e set of experimental results.
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Fig. 2. Typical chromatograms obtained on an HSA column during (a) frontal
analysis experiments with S-verapamil and (b) competitive binding experiments
performed by zonal elution in which S-warfarin was the injected analyte and racemic
verapamil was used as a mobile phase additive. The concentrations that are shown
represent the concentration of (a) S-verapamil or (b) racemic verapamil that was
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otassium phosphate buffer as the packing solution. Each column
as placed into a water jacket for temperature control. When in
se, these water jackets were connected to a circulating water bath
nd held at a temperature of 37 ◦C for all of the chromatographic
tudies that were performed in this report.

All mobile phases for the chromatographic studies were
egassed for at least 15 min prior to use. The elution of vera-
amil was monitored at 228 nm. Other injected compounds were
etected at the following wavelengths: l-tryptophan, 280 nm; digi-
oxin, 205 nm; tamoxifen, 205 nm; S-warfarin, 310 nm; and sodium
itrate, 205 nm. All samples and mobile phases were prepared in
H 7.4, 0.067 M potassium phosphate buffer. In the zonal elution
tudies with digitoxin and tamoxifen, 2.5 mM �-cyclodextrin was
lso added to the pH 7.4, 0.067 M potassium phosphate buffer as
solubilizing agent [31]. Solutions containing l-tryptophan were
repared fresh daily. All other solutions were used over the course
f up to two few weeks and were stored in the dark at 4 ◦C between
tudies.

Frontal analysis experiments were performed using mobile
hases that contained concentrations in the range of 0.5–20 �M
- or S-verapamil. These solutions were applied at a flow rate of
.4 mL/min. This flow rate was found to be well within the range
eeded to establish a local equilibrium in the HSA column, in agree-
ent with earlier results reported for other solutes [31,41] and with

onal elution studies that were performed in this current study (see
ollowing paragraph). All frontal analysis experiments were per-
ormed in at least duplicate under each set of tested conditions. The
etained verapamil was eluted from the column after each study
nd the column was regenerated before the next application of ver-
pamil by passing only pH 7.4, 0.067 M potassium phosphate buffer
hrough the column. The amount of verapamil required to saturate
he column was determined from the mean position of the resulting
reakthrough curve [42]. The results obtained for the control col-
mn were subtracted from those for the HSA column to correct for
he column void time and for secondary interactions between vera-
amil and the support (note: the retention factor for R/S-verapamil

n the control column was typically 55–58% of that measured on the
SA column). A correction for the system void time was made by
erforming similar experiments using a 50 �M solution of sodium
itrate (i.e. a non-retained solute).

The zonal elution experiments were performed at 0.5–1.0 mL/
in. A variation of less than 1% in the retention factor for each

njected compound was noted as the flow rate was varied from
.2 to 1.2 mL/min, confirming that a local equilibrium had been
stablished as these compounds passed through the HSA column
r control column under these conditions [1]. At each concen-
ration of competing agent, triplicate injections of the analyte or
esired probe compound were made. The concentrations of the

njected compounds were as follows: 44 �M S-verapamil, 22 �M R-
erapamil, 5 �M l-tryptophan, 20 �M S-warfarin, 10 �M digitoxin,
r 10 �M tamoxifen. The use of these sample concentrations was
ufficient to avoid any significant changes in the retention factor
ue to overloading effects and non-linear elution conditions (note:
ariations of less than 1–2% were noted in the measured retention
actors when using more dilute samples) [30,31]. The concentra-
ions used for verapamil as a competing agent in these studies
ere as follows: 0–34 �M R-verapamil, 0–20 �M S-verapamil, or
–50 �M racemic verapamil (note: the slightly different ranges
sed for the two verapamil enantiomers reflects the different
inding strengths of these analytes to HSA and the slightly dif-

erent concentrations of competing agents that were thus needed
o give a particular degree of retention for these analytes). The
oncentrations of l-tryptophan and warfarin used as competing
gents ranged from 0–50 �M and 0–6.5 �M, respectively. The mean
etention time for each peak was obtained by calculating its first

v
t
a
w
p

pplied to the HSA column. These studies were conducted at 37 ◦C in the presence
f pH 7.4, 0.067 M phosphate buffer. Other experimental conditions are given in
ection 3.3.

tatistical moment [30]. The column void time was determined
y injecting a 50 �M sample of sodium nitrate as a non-retained
olute.

. Results and discussion

.1. Frontal analysis studies

The overall binding of S- and R-verapamil with HSA was first
xamined by frontal analysis. In this technique a solution with a
nown concentration of pure analyte is continuously applied to a
olumn that contains a fixed amount of the immobilized ligand [36].
s the column becomes saturated, the amount of analyte eluting

rom the column increases and forms a characteristic breakthrough
urve, as shown in Fig. 2(a). The mean position of this breakthrough
urve is related to the concentration of the applied analyte, the
mount of active ligand in the column, and the association equi-
ibrium constants for the binding of the analyte to the ligand. Both
ne-site and two-site binding models were used to fit the frontal
nalysis data obtained in this study, as represented by Eqs. (1) and
2), respectively, in Table 2.

Figs. 2(a) and 3(a) show the results that were obtained for the
pplication of various concentrations of S-verapamil to an HSA
olumn at pH 7.4 and 37 ◦C. Similar results were obtained for R-
erapamil (data not shown). Plots of 1/m versus 1/[Verapamil]
Lapp

here were prepared for both verapamil enantiomers gave reason-
bly good linear behavior over the range of concentrations that
ere sampled in Fig. 3, although a small amount of curvature was
resent in the plot for S-verapamil (note: work over a broader range
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Table 2
Models and equations used to fit frontal analysis and zonal elution data.

Method and model [References] Equationa

Frontal analysis

One-site model [1]
1

mLapp
= 1

(KamL[A])
+ 1

mL
(1)

Two-site model [37]
1

mLapp
= 1 + Ka1[A] + ˇ2Ka1[A] + ˇ2Ka1

2[A]2

mL{(˛1 + ˇ2 − ˛1ˇ2)Ka1[A] + ˇ2Ka1
2[A]2}

(2)

lim[A]→0
1

mLapp
= 1

mL{(˛1 + ˇ2 − ˛1ˇ2)Ka1[A]
+ (˛1 + ˇ2

2 − ˛1ˇ2
2)

mL(˛1 + ˇ2 − ˛1ˇ2)2
(3)

Zonal elution

One-site direct competition [4]
1
k

= KIVM[I]
KamL

+ VM

KamL
(4)

Two-site allosteric effect [38]
k0

(k0 − k)
=

[
1

(ˇI→A − 1)

][
1 +

(
1

KIL[I]

)]
(5)

a Symbols: mLapp , moles of applied analyte at the mean point of a breakthrough curve; [A], concentration of applied analyte; mL , total moles of sites that bind to A in Eqs.
( librium
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1)–(3), or moles of sites at which I and A compete in Eq. (4); Ka1, association equi
ll binding sites that belong to the high affinity sites for A; ˇ2, ratio of the associat
oid volume; [I], concentration of competing agent; Ka , association equilibrium con
f competition with A; k, retention factor for A; k0, retention factor for A in the abse

f concentrations to better define this curvature was not practi-
al in this case because of the large expense of working with the
ndividual enantiomers of verapamil in such studies).

The graph in Fig. 3(a) had a correlation coefficient of 0.995 for
-verapamil over the five concentrations that were sampled. A sim-

lar plot was obtained for R-verapamil, which gave a correlation
oefficient of 0.999 (n = 5). Although a linear response for this type
f plot would be expected for a system with 1:1 binding, as pre-
icted by Eq. (1), it is also possible for such a plot to have a linear

ig. 3. Examples of (a) frontal analysis results and (b) zonal elution competition
tudies for verapamil on an HSA column. The plot of 1/mLapp versus 1/[verapamil]
n (a) was prepared according to Eq. (1) or (3) for S-verapamil, giving a best fit line
f y = 0.47 (±0.01) x + 0.023 (±0.001) with a correlation coefficient of 0.999 (n = 5).
he plot in (b) of 1/k versus [verapamil] for injections of S-warfarin in the presence
f racemic verapamil gave a best-fit line of y = 1.0 (±0.1) × 10−4 x + 7.2 (±0.1) × 10−3

ith a correlation coefficient of 0.989 (n = 6). The numbers in parentheses and the
rror bars represent a range of ± 1 SD. All of these studies were conducted at 37 ◦C
n the presence of pH 7.4, 0.067 M phosphate buffer. Other experimental conditions
re given in Section 2.3.
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constant for the highest affinity site for A in a multi-site system; ˛1, fraction of
uilibrium constants for the low versus high affinity sites in a two-site system; VM ,
for the binding of A to a ligand; KI , association equilibrium constant for I at its site
f I.

egion for a multi-site system if work is being performed at rea-
onably low analyte concentrations, as indicated by Eq. (3) [37,43].
his second situation was of interest because a few previous studies
ave suggested that verapamil may have multiple binding regions
n HSA with high and low affinities for this drug [22,24,27,29].
n this case, some curvature at higher applied concentrations (as
oted for S-verapamil) would be expected according to Eq. (2) (see
etailed discussion in Ref. [37]). However, the response over the lin-
ar region at lower concentrations (or high values of 1/[verapamil])
an still be often used even in this situation with Eq. (3) to obtain
preliminary estimate of the association equilibrium constant for

he highest affinity site in the system [37].
The estimates for the association equilibrium constants that

ere obtained by using the data in Fig. 3(a) with Eq. (3) were
.8 (±1.6) × 104 M−1 for S-verapamil and 6.7 (±1.9) × 104 M−1 for
-verapamil. These values fall within the general range of values
f 0.85 − 12 × 105 M−1 that have been reported for the verapamil
nantiomers or racemic verapamil at temperatures between 25 ◦C
nd 37 ◦C (see Table 1). The 1.4-fold larger association equilibrium
onstant that was estimated by this approach for R-verapamil ver-
us S-verapamil at 37 ◦C follows the same trend seen for the Ka

alues of these enantiomers at 25 ◦C [21,23]. Furthermore, this dif-
erence fits with the observation that S-verapamil has less binding
han R-verapamil in solutions containing HSA [23] or in serum and
lasma [25,26,44].

The intercept of the linear fit produced from the plot in Fig. 3(a)
or S-verapamil, as well as the intercept for a similar plot made for
-verapamil, was used to examine the binding capacity for this drug
n the HSA column. For a system with 1:1 binding, the inverse of
his intercept should give the total moles of binding sites in the col-
mn, as predicted by Eq. (1); however, for a multi-site system the

ntercept is a function of both the total binding capacity and the
elative amounts of high versus low affinity sites in the column, as
ndicated by Eq. (3) [37]. This made the intercept of such a plot use-
ul as a general indicator of whether multi-site binding was actually
resent in this particular experiment.

The intercepts of the best-fit lines for plots like those in Fig. 3(a)
ave an apparent binding capacity of 44 (±1) nmol for S-verapamil
nd 43 (±9) nmol for R-verapamil on the HSA column. It was known
or this column that the total amount of HSA present was 26

±2) nmol, as based on a measured protein content of 28 (±2) mg
SA/g silica and the known packing density of this support. A com-
arison of these numbers indicated that the binding capacity for R-
r S-verapamil was at least 1.5-times higher than the total HSA pro-
ein content. It is known from previous work that the major binding



matogr. B 876 (2008) 69–75 73

s
b
h
s
s
i
r
g
s
s
t
p
F

3

w
w
i
c
s
F
o
u

t
w
o
p
f
w
w
t
t
w
p
r
f
t
a
I
s
b
t
o

u
t
w
t
d
v
t
T
w
S
t
a
o
c
d
a

p

Fig. 4. Zonal elution plots of (a) 1/k versus [verapamil] according to Eq. (4) and (b)
k0/(k–k0) versus 1/[verapamil] according to Eq. (5) for injections of tamoxifen in the
presence of mobile phases containing various concentrations of racemic verapamil.
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ites on HSA do not have full activity when this protein is immo-
ilized for use in an HPAC column (e.g. ∼50% activity for HSA that
as been immobilized by the same method as used in this current
tudy) [31]. Thus, a binding capacity of up to 3 mol verapamil/mol
oluble HSA could be expected from these results. This information
ndicated that this binding involved at least two different types of
egions on HSA for both verapamil enantiomers, as has been sug-
ested previously [22,24,27,29]. It has also been noted earlier that a
econd group of sites for verapamil on HSA may involve only non-
pecific and/or weak binding interactions [29], which explains why
hese sites produce only small amounts of curvature at high vera-
amil concentrations (or low 1/[verapamil] values) for the plot in
ig. 3(a) [37].

.2. Competition between verapamil with warfarin

The goal of the next series of experiments was to determine
hich regions on HSA were involved in binding to verapamil. This
ork was conducted by using zonal elution and competition exper-

ments. These experiments were performed by placing a known
oncentration of a competing agent (I) in the mobile phase while
mall injections of the analyte (A) were made, as illustrated in
ig. 2(b). If I and A compete at a single site on ligand L and A has no
ther interactions with the column, Eq. (4) in Table 2 could then be
sed to describe the observed retention of A [4].

The first set of zonal elution experiments examined the compe-
ition of R/S-verapamil with S-warfarin, a drug known to interact
ith Sudlow site I (i.e. one of the major binding sites for drugs

n HSA) [2,45,46]. Initial studies using injections of racemic vera-
amil in the presence of S-warfarin gave a decrease in retention
or both enantiomers as the mobile phase concentration of S-
arfarin was increased (data not shown). Although the resolution
as insufficient to separate the peaks for these two enantiomers,

he fact that both shifted in the same manner indicated that the
wo enantiomers of verapamil had similar interactions with S-
arfarin on HSA. The reverse study, shown in Fig. 2(b), was then
erformed, in which S-warfarin was injected into the presence of
acemic verapamil. This experiment gave a decrease in retention
or S-warfarin as the concentration of verapamil was increased in
he mobile phase, also indicating that R/S-verapamil was inter-
cting/competing with S-warfarin during their binding to HSA.
dentical experiments conducted on the control column demon-
trated that S-warfarin had no appreciable amounts of non-specific
inding to the support under these conditions (i.e. the retention fac-
or on the control column for S-warfarin was less than 3% of that
n the HSA column).

A closer analysis of the results in Fig. 2(b) was performed by
sing Eq. (4). The resulting plot is given in Fig. 3(b). It was found
hat a plot of 1/(kS-warfarin) versus [verapamil] gave a linear response
ith a correlation coefficient of 0.9899 (n = 6). According to Eq. (4),

his linear response is consistent with a model in which there is
irect competition at a single type of site between S-warfarin and
erapamil. Since S-warfarin is known to bind to Sudlow site I of HSA,
his result suggested that verapamil was also binding to this site.
his agrees with previous work in the area of CE in which racemic
arfarin was found to displace and affect the binding of both R- and

-verapamil to HSA [27]; however, this past work did not determine
he specific nature of this displacement (e.g. direct competition or
negative allosteric interaction). The behavior seen in Fig. 3(b) not
nly confirms that an interaction between warfarin and verapamil

an take place on HSA but indicates that this interaction is due to
irect competition of warfarin and the two verapamil enantiomers
t Sudlow site I.

It was possible by using Eq. (4) and the slope and intercept of the
lot in Fig. 3(b) to estimate the association equilibrium constant

r
t
f
n
t

he best-fit line in (b) was y = −4.89 (±0.18) x −2.42 (±0.16), with a correlation
oefficient of 0.998 (n = 6). The numbers in parentheses and the error bars represent
range of ± 1 SD. These studies were conducted at 37 ◦C in the presence of pH 7.4,
.067 M phosphate buffer. Other experimental conditions are given in Section 2.3.

or R/S-verapamil at Sudlow site I. This process gave an average
a value of 1.4 (±0.1) × 104 M−1 for the verapamil enantiomers at
udlow site I. This value was within 2 S.D. of the average estimated
a of 5.8 (±2.5) × 104 M−1 that was obtained when using the frontal
nalysis data from previous section for R- and S-verapamil and was
gain within the range of values reported in the literature for the
igh affinity site of verapamil with HSA, as shown in Table 1. This

nformation is all consistent with a model in which Sudlow site I is
he high affinity site for verapamil.

.3. Interactions between verapamil and tamoxifen on HSA

When a binding agent such as HSA binds to two solutes (A
nd I) at two distinct sites, it is possible that the binding of one
olute may affect the binding of other through allosteric effects.
t was necessary to consider this type of effect when competition
tudies based on zonal elution were next performed between ver-
pamil and tamoxifen. Tamoxifen is sometimes used as a probe for
minor binding site on HSA that is referred to as the “tamoxifen”

ite [1–4,11,30,35]. The interaction of verapamil with this site was
xamined by injecting tamoxifen as a site-selective probe while
acemic verapamil was used as a mobile phase additive. Fig. 4(a)
hows the change in retention for tamoxifen that was observed at
H 7.4 and 37 ◦C as the concentration of verapamil in the mobile
hase was varied. Similar experiments on a control column showed
hat tamoxifen had no appreciable amounts of non-specific bind-
ng to the support under these conditions (i.e. less than 5% of the
etention noted on the HSA column).

The plot of 1/(ktamoxifen) versus [verapamil] that was obtained
uring these experiments gave a large non-linear decrease in the

etention for tamoxifen (or an increase in 1/k for tamoxifen) as
he concentration of verapamil in the mobile phase was increased
rom 0 to 50 �M. This behavior could be produced if there were a
egative allosteric effect of verapamil on the binding of tamoxifen
o HSA. This type of allosteric effect is also known to be present
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etween warfarin (as it binds to Sudlow site I) and tamoxifen or
elated solutes that bind to the tamoxifen site [11,47,48].

The possible presence of an allosteric effect between the bind-
ng sites for verapamil and tamoxifen on HSA was further examined
y replotting the data in Fig. 4(a) according to Eq. (5). The result-
ng graph is shown in Fig. 4(b). This second plot gave a linear
elationship with a negative slope and intercept and a correlation
oefficient of 0.994 (n = 5). The behavior seen in this plot is what
ould be expected for a system in which the binding of verapamil to
SA causes a negative allosteric effect on the binding of tamoxifen

o HSA. The value of the coupling constant � that was obtained from
ig. 4(b) for this effect was 0.59 (±0.03), which indicates the bind-
ng of verapamil created a decrease of 41% in the apparent binding
onstant for tamoxifen with HSA. This behavior is the same as seen
or the effect of warfarin on tamoxifen [47,48] and further supports
model in which verapamil is binding to Sudlow site I.

.4. Interactions between verapamil and l-tryptophan on HSA

Results from the last two sections strongly support a model
n which Sudlow site I is the high affinity site for verapamil on
SA. However, further studies were conducted to see if any of the

econdary interactions that were noted in the frontal analysis stud-
es could be attributed to the interaction of verapamil with other
nown drug binding sites on this protein. The first of these experi-
ents was carried out by using l-tryptophan as an injected probe.

-Tryptophan is known to bind specifically to Sudlow site II of HSA
nd has a well-characterized equilibrium constant for this interac-
ion [1–4,30,35].

Fig. 5(a) shows the change in retention seen for l-tryptophan at
◦
7 C as the concentration of racemic verapamil was varied in the

obile phase. The retention of l-tryptophan on the control column
as less than 8% of its retention on the HSA column under these

onditions, so no corrections were needed for non-specific binding
or l-tryptophan on the HSA column. A plot of 1/(kl-tryptophan) ver-

ig. 5. Competition studies performed by zonal elution for (a) the injection of l-
ryptophan in the presence of racemic verapamil as a mobile phase additive or (b) the
njection of S-verapamil in the presence of l-tryptophan as a mobile phase additive.
he numbers in parentheses and the error bars represent a range of ± 1 SD. These
tudies were conducted at 37 ◦C in the presence of pH 7.4, 0.067 M phosphate buffer.
ther experimental conditions are given in Section 2.3.
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us [verapamil] made according to Eq. (4) gave what appeared to be
small initial decrease in retention (or an increase in 1/k), followed
y random variations in the retention of l-tryptophan as the con-
entration of verapamil was increased further. The total size of this
hift in retention was from k = 5.9 to 5.4 over the range of concen-
rations that were examined in Fig. 5(a), with most of this change
ccurring between 0 and 1 �M verapamil (note: the remainder of
he retention values all overlapped within a range of ±1 S.D.). The
ame type of behavior and a slightly larger shift of 25% in k were
oted later for a newer HSA column with a higher binding capac-

ty. Although the shift in these results was too small to effectively
nalyze according to Eq. (5), these results do fit qualitatively with
model in which there is a small negative allosteric effect of ver-

pamil on l-tryptophan but no direct competition between these
wo solutes as they bind to HSA.

The reverse experiment was also performed, in which l-
ryptophan was used as a mobile phase additive and a small amount
f verapamil was injected onto the column. The result of this study
s shown in Fig. 5(b). In this case a small increase in the retention
f verapamil may have been produced as more l-tryptophan was
laced into the mobile phase. This shift was also too small to be ana-

yzed through the use of Eq. (5) but is consistent with the presence
f a small allosteric effect between these two solutes.

.5. Interactions between verapamil and digitoxin on HSA

Digitoxin is sometimes used as a probe for a minor binding
egion on HSA that is called the “digitoxin site” [1–4,11,30,35]. The
nteraction of verapamil with this site was examined by injecting
igitoxin as the injected probe and verapamil as a mobile phase
dditive. Digitoxin is known to not have any appreciable non-
pecific binding to the control support used in this study [2], as
onfirmed by the fact that the retention of digitoxin on the control
olumn was less than 3% of the retention for digitoxin on the HSA
olumn.

It was found during competitive zonal elution studies that the
etention measured for digitoxin changed only from 36.3 to 38.3
s the concentration of racemic verapamil in the mobile phase was
ncreased from 0 to 50 �M (data not shown). This represented a

aximum change of only 5.5% in k and was approximately the same
rder in size as the precision for the retention factors measured in
his particular study. These results indicated that there was no sig-
ificant interaction between digitoxin and verapamil as they both
ere bound to HSA.

. Conclusions

It was found through frontal analysis that at least one major
inding site was present for R- and S-verapamil on HSA. The same
xperiments gave overall association equilibrium constants on the
rder of 104 M−1 and that differed by 1.4-fold for the two vera-
amil enantiomers at pH 7.4 and 37 ◦C. The presence of a second,
eaker group of binding regions for verapamil was also suggested,

n agreement with previous results reported in Ref. [29]. Com-
etitive binding studies indicated that the high affinity site for
erapamil on HSA was Sudlow site I (i.e. the warfarin-azapropazone
ite of HSA), giving an average association equilibrium constant
or R- and S-verapamil of 1.4 (±0.1) × 104 M−1 at this site. The
dentification of this binding region for verapamil fits with data

btained in previous displacement studies conducted in Ref. [27]
nd was confirmed in this current report by an observed allosteric
nteraction between verapamil and tamoxifen, as is known to
ccur between tamoxifen and warfarin (a probe for Sudlow site
) [47,48].
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Verapamil did not bind directly to Sudlow site II but it did appear
o have some weak allosteric interactions with l-tryptophan, a
robe for this site. In addition, no interactions were seen between
erapamil and digitoxin, a probe for the digitoxin site of HSA. The
ack of direct binding of verapamil to any of the tested sites besides
udlow site I, along with binding capacity measured in this work by
rontal analysis, fit a model in which the secondary binding regions
f this drug on HSA are non-specific in nature, as is also supported
y data from Ref. [29]. These results, along with new information
btained in this study concerning the location and binding strength
f the high affinity site for verapamil on HSA, provide an improved
odel for describing the transport of verapamil in blood and in

haracterizing its possible interactions with other drugs in the
ody.

cknowledgements

This research was supported by the National Institutes of Health
nder grant R01 GM044931 and was conducted in facilities that
ere renovated under NIH grant RR015468-01.

eferences

[1] D.S. Hage, J. Chromatogr. B 768 (2002) 3.
[2] D.S. Hage, J. Austin, J. Chromatogr. B 739 (2000) 39.
[3] D.S. Hage, T.A.G. Noctor, I.W. Wainer, J. Chromatogr. A 693 (1995) 23.
[4] D.S. Hage, Kirk-Othmer Encyclopedia of Chemical Technology, 5th Ed., 2004, p.

390.
[5] R. Mallik, C. Wa, D.S. Hage, Anal. Chem. 79 (2007) 1411.
[6] H. Wan, F. Bergstroem, J. Liq. Chromatogr. 30 (2007) 681.
[7] G.L. Trainor, Expert Opin. Drug Discov. 2 (2007) 51.
[8] T. Peters, All About Albumin: Biochemistry, Genetics, and Medical Applications,

Academic Press, San Diego, 1995.

[9] U. Kragh-Hansen, Pharmacol. Rev. 33 (1981) 17.
10] U. Kragh-Hansen, V.T.G. Chuang, M. Otagiri, Biol. Pharm. Bull. 25 (2002) 695.
11] A. Sengupta, D.S. Hage, Anal. Chem. 71 (1999) 3821.
12] D.A. Sica, L.M. Prisant, J. Clin. Hypertens. 9 (2007) 1.
13] S.U. Rehman, J. Basile, Aging Health 1 (2005) 419.
14] N. Takhashi, T. Saikawa, Clin. Calcium 15 (2005) 1651.

[
[
[
[

r. B 876 (2008) 69–75 75

15] K.S. Lee, R.W. Tsien, Nature 302 (1983) 790.
16] J.A. Angus, R.M. Brazenor, M.A. Le Duc, Clin. Exp. Pharmacol. Physiol. Suppl. 6

(1982) 15.
17] N.A.L. Mohamed, Y. Kuroda, A. Shibukawa, T. Nakagawa, S. El Gizawy, H.F. Askal,

M.E. El Kommos, J. Chromatogr. A 875 (2000) 447.
18] H. Echizen, M. Manz, M. Eichelbaum, J. Cardiovasc. Pharmacol. 12 (1988) 543.
19] Y. Ding, B. Lin, Chin. J. Chromatogr. 17 (1999) 138.
20] Y. Ding, B. Lin, Chin. J. Chromatogr. 17 (1999) 134.
21] Y. Ding, X. Zhu, B. Lin, Sci. China, Ser. B 42 (1999) 617.
22] Y. Ding, X. Zhu, B. Lin, Chin. J. Chromatogr. 17 (1999) 58.
23] Y.S. Ding, X.F. Zhu, B.C. Lin, Electrophoresis 20 (1999) 1890.
24] Y.S. Ding, X.F. Zhu, B.C. Lin, Chromatographia 49 (1999) 343.
25] R. Mehvar, J. Reynolds, Drug Metab. Dispos. 24 (1996) 1088.
26] R. Mehvar, J.M. Reynolds, M.A. Robinson, J.A. Longstreth, Pharm. Res. 11 (1994)

1815.
27] X.F. Zhu, Y.S. Ding, B.C. Lin, A. Jakob, B. Koppenhoefer, Electrophoresis 20 (1999)

1869.
28] Z. Jia, T. Ramstad, M. Zhong, J. Pharm. Biomed. Anal. 30 (2002) 405.
29] K.-J. Lee, H.-J. Park, Y.-H. Shin, C.-H. Lee, Arch. Pharm. Res. 27 (2004) 978.
30] J. Chen, D.S. Hage, C. Ohnmacht, J. Chromatogr. B 809 (2004) 137.
31] H.S. Kim, D.S. Hage, J. Chromatogr. B 816 (2005) 57.
32] R. Mallik, D.S. Hage, J. Sep. Sci. 29 (2006) 1686.
33] R. Mallik, T. Jiang, D.S. Hage, Anal. Chem. 76 (2004) 7013.
34] R. Mallik, T. Jiang, D.S. Hage, 40th Midwest Regional Meeting of the American

Chemical Society, Joplin, MO, October 26–29, 2005, LIN05.
35] J. Chen, I. Fitos, D.S. Hage, Chirality 18 (2005) 24.
36] R.R. Walters, in: I.M. Chaiken (Ed.), Analytical Affinity Chromatography, CRC

Press, Boca Raton, FL, 1987.
37] S.A. Tweed, B. Loun, D.S. Hage, Anal. Chem. 69 (1997) 4790.
38] J. Chen, D.S. Hage, Nat. Biotechnol. 22 (2004) 1445.
39] P.O. Larsson, Methods Enzymol. 104 (1984) 212.
40] P.K. Smith, R.I. Krohn, G.T. Hermanson, A.K. Mallia, F.H. Gartner, M.D. Proven-

zano, E.K. Fujimoto, N.M. Goeke, B.J. Olson, D.C. Klenk, Anal. Biochem. 150 (1985)
76.

41] H.S. Kim, D.S. Hage, in: D.S. Hage (Ed.), Handbook of Affinity Chromatography,
2nd Ed., CRC Press, Boca Raton, 2005, p. 35.

42] D.S. Hage, H. Xuan, M.A. Nelson, in: D.S. Hage (Ed.), Handbook of Affinity Chro-
matography, 2nd Ed., CRC Press, Boca Raton, 2005, p. 80.

43] R. Mallik, H. Xuan, G. Guiochon, D.S. Hage, Anal. Biochem. 376 (2008) 154.
45] B. Loun, D.S. Hage, Anal. Chem. 66 (1994) 3814.
46] B. Loun, D.S. Hage, Anal. Chem. 68 (1996) 1218.
47] J. Chen, D.S. Hage, Anal. Chem. 78 (2006) 2672.
48] I. Sjoholm, B. Ekman, A. Kober, I. Ljungstedt-Pahlman, B. Seiving, T. Sjodin, Mol.

Pharmacol. 16 (1979) 767.


	Studies of verapamil binding to human serum albumin by high-performance affinity chromatography
	Introduction
	Experimental
	Reagents
	Apparatus
	Methods

	Results and discussion
	Frontal analysis studies
	Competition between verapamil with warfarin
	Interactions between verapamil and tamoxifen on HSA
	Interactions between verapamil and l-tryptophan on HSA
	Interactions between verapamil and digitoxin on HSA

	Conclusions
	Acknowledgements
	References


