Available online at www.sciencedirect.com

SCIENCE@DIRECT. IOURNALOF
o f CHROMATOGRAPHY B
ELSEVIER Journal of Chromatography B, 816 (2005) 57—66
www.elsevier.com/locate/chromb
Chromatographic analysis of carbamazepine binding to
human serum albumin
Hee Seung Kim, David S. Hage
Chemistry Department, University of Nebraska, Lincoln, NE 68588-0304, USA
Received 6 July 2004; accepted 4 November 2004
Available online 26 November 2004
Abstract

In this study, high-performance affinity chromatography was used to characterize the binding of carbamazepine to an immobilized human
serum albumin (HSA) column. Frontal analysis was first used to determine the association equilibrium constant and binding capacity for
carbamazepine on this column at various temperatures. The non-specific binding of carbamazepine within the column was also considered.
The results indicated that carbamazepine had a single binding site on HSA with an association equilibrium constart@MNg-3 at pH
7.4 and 37C. This was confirmed through zonal elution self-competition studies. The valn&dor this reaction was-5.35 kcal/mol at
37°C, with an associated change in enthalpyH) of —6.45 kcal/mol and a change in entropyS) of —3.56 cal/mol K. The location of this
binding region was examined by competitive zonal elution experiments using probe compounds with known sites on HSA. It was found that
carbamazepine had direct competition witkryptophan, a probe for the indole—benzodiazepine site of HSA, but allosteric interactions with
probes for the warfarin, tamoxifen and digitoxin sites. Changes in the pH, ionic strength, and organic modifier content of the mobile phase
were used to identify the predominant forces in the carbamazepine—HSA interaction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction such as long-chain fatty acids, steroids, warfarin, trypto-
phan, ketoprofen, propranolol and diazepfn6]. These
Protein structure and function are two important areas to substances often bind at relatively well-defined regions on
consider in the study of biological interactions. An example HSA. The two most important of these regions are the
of one such interaction is the binding of drugs with blood warfarin—azapropazone site and indole—benzodiazepine site
proteins. This process determines the distribution, excretion[1,2]. The warfarin—azapropazone site is located in the IIA
and activity of many drugs, making it of great interest to subdomain of HSA, and the indole-benzodiazepine site is
the fields of pharmaceutical science, toxicology, and clinical located in the IlIA subdomaifil,2]. In addition, there are
chemistry. One blood protein that interacts with many drugs other minor binding sites on HSA that have been reported
is human serum albumin (HSA). HSA is the most abundant for compounds like digitoxin and tamoxifef¥,,8] however,
protein in serum, having a typical concentration of 50g/L the exact locations of these other regions has not yet been
[1,2]. It has a molecular mass of 66,438 Da and consists of determined.
a single polypeptide chain of 585 amino acids held together  Carbamazepine is a drug known to have significant bind-
by 17 disulfide bond§l]. ing to HSA[9,10]. This drug, shown iffrig. 1, is a structural
Many small organic compounds show reversible binding congener of the tricyclic antidepressant imipramine and is
to HSA, including both endogenous and exogenous agentsused in treating simple partial, complex partial and gener-
alized tonic—clonic seizures. During its use, the total serum
* Corresponding author. Tel.: +1 402 472 2744; fax: +1 402 472 9402.  concentrations of carbamazepine are often monitored. Along
E-mail addressdhage@unlserve.unl.edu (D.S. Hage). with its binding to HSA, carbamazepine has a small degree
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Fig. 1. Structure of carbamazepine.
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of binding to another serum proteing-acid glycoprotein 0.8
(AGP)[9]. The binding of carbamazepine in serum has been
studied by equilibrium dialysis, which has given an estimated —g 06 A
association equilibrium constant of@0* M—1 for the in- E
teraction of carbamazepine with H3%,10]. S 04
There are numerous techniques for examining the bind- 2
ing of solutes to HSA. Examples include spectrofluorometry, é 02
ultrafiltration, equilibrium dialysis, crystallography, capillary — ~
electrophoresis, and surface plasmon resondricel 6] An-
other technique employed for such work is high-performance 01 T ' ' '
0 0.2 0.4 0.6 038 1

affinity chromatography (HPAQYL7-30] This latter method
examines the retention and competition of solutes as they pass®) 1/[Carbamazepine] (x 10°M")
through an immobilized HSA column. HSA columns have ) )
been used to determine solute binding constants, perform 9 2- (8) Frontal analysis curves for carbamazepine at pH 7.4 and, 37

. . . where the concentrations of applied carbamazepine (from right to left) are
drug-solute competition and displacement studies, generate, 5 » 5, 5, 10, 20, and 5M. (b) Double-reciprocal plots for frontal anal-
structure—retention relationships, locate binding regions for ysis studies obtained with carbamazepine applied to an HSA column at pH
solutes, and examine the effects of pH, temperature, ionic7.4 and 4 ¢), 15 @), 27 (»), 37 (), or 45°C (0J). Other conditions are
strength and organic modifiers on solute—HSA interactions 9iven in the text.
[18-22,24,28-30]Advantages of this approach include its

speed, precision, and good correlation versus solution-based o ) S
methodg18]. this process has fast association/dissociation kinetic/1q.

In this study, a combination of several HPAC methods €an be used to relate the true number of binding sites on
will be used to examine the interactions of carbamazepine the column () to the apparent moles of solut@(app) re-
with HSA. This will include the use of frontal analysis, self- duired to reach the mean point of the breakthrough curve
competition zonal elution studies, zonal elution with known (24].
probe compounds as competing agents, and experiments that 1 1
use changes in the temperature or mobile phase to examinem = (Kami[AD + .
the forces involved in carbamazepine—HSA binding. The pur- ' -2PP allL -
pose of this work is to better characterize the nature of carbe-In this relationshipKais the association equilibrium constant
mazepine’s interactions with HSA and to explore the use of for the binding of Ato L, and [A] is the concentration of solute
HPAC as a rapid method for investigating solute—ligand bind- applied to the column. This equation predicts that a plot of
ing. 1/mapp versus 1/[A] will give a straight line with a slope
equal to 1/Kam.) and an intercept of ti_. This makes it
possible to obtairkK, from the ratio of the intercept to the

(1)

2. Theory slope andn_ from the inverse of intercept.
If multiple binding sites for A are detected, expanded ver-
2.1. Frontal analysis sions of Eq(1) can be used. Forinstance, if a column contains

two classes of binding sites; land Ly, the relationship be-
The first technique used in this report was frontal analy- tween 1m_app and [A] takes the following fornfi25].
sis. In this method, a known concentration of pure solute is
continuously applied to a column containing a fixed amount 1 1+ Kai[A] + B2KailA] + B2K2)[A]?
of an immobilized ligand (se€ig. 2). If an applied ana-  miapp  myrl (a1 + B2 — 1B2)KatlAl + B2k 24 [A]2)
Iyte (A) binds to only a single type of ligand site (L) and (2)




H.S. Kim, D.S. Hage / J. Chromatogr. B 816 (2005) 57—66 59

In Eqg. (2), Ka1 is the association equilibrium constant for (4), this new equation predicts a linear relationship between
the highest affinity site (1), and«y is the fraction of all 1/k and [A] for a system with 1:1 interactions.

binding sites that belong to this group (i&1,= M1 tot/MLtot, If more than one type of binding site for Ais in the column,
wherem 1 1ot is the total moles of site4in the column). The  deviations from the linearity predicted by E) will be
term B, is the ratio of association equilibrium constants for observed. In this case, E(p) can be used to describe the
the low versus high affinity sites, whegg =K;2/Ka1 and binding at one of two siteld 8].

0<Ka2<Kai.
Unlike Eq. (1), the expression in Eq2) does not pre- 1 WAl n Vm ©)
dict a linear relationship betweermi/app and [A]. However, ka — ko my| Kaimi1
this equation does approximate a straight line at low analyte
concentrations, as shown in H@). In this equationk; is the retention factor for A due to site
2 andka is the overall retention factor for A due to sites 1

lim 1 _ 1 and 2. This equation assumes the retention factors due to the

[Al->0miapp  Mmuriot(@1 + B2 — a182) KailAl individual sites are additive and that an independent estimate

of ky can be obtained, allowing the retention factor due to site

(o + B — a1f)) (3) 1 (k) to be determined by usirig = (ks — ko).

miot(er + B2 — @1B2)?

By using Egs(2) and (3)it is thus possible to examine
frontal analysis data for a two-site system and obtain quan-
titative information on the relative amount of each site (as 3.1. Reagents
represented by;) and their affinities (as representedy
andpy) [25].

3. Experimental

The carbamazepine, digitoxin and tamoxifen were from
Sigma (St. Louis, MO, USA); all of these agents were more
2.2. Zonal elution than 98% pure according to the supplRiWarfarin was pur-

chased from Gentest (Woburn, MA, USA). The HSA (Cohn

The second technique used in this reportwas zonal elution.fraction V, essentially fatty acid and globulin free) was ob-
In this case, a known concentration of a competing agenttained from Fluka (Milwaukee, WI, USA). The Nucleosil
(1) is continuously applied in the mobile phase to a column Si-300 (7um particle diameter, 308 pore size) was from
containing L while small amounts of A are injected. If Aand Macherey Nagel (Dren, Germany). Reagents for the bicin-
I have direct competition at a single binding site on L and choninic acid (BCA) protein assay were from Pierce (Rock-
these interactions have fast association/dissociation kineticsford, IL, USA). All other chemicals were of the highest grades
the following equation can be used to describe the retentionavailable. All buffers and aqueous solutions were prepared us-

of A [18]. ing water from a NANOpure system (Barnstead, Dubuque,
IA, USA) and filtered using Osmonics 0.22n nylon filters

1 — <Ka'VM [1 ) + Ym 4) from Fisher (Pittsburgh, PA, USA).

k Kapm Kapm

In this equationk is the retention factor of the injected 32 Apparatus
analyte, wher&= (tr/tm — 1), tr is the mean retention time
for the analyte, antl is the void time of the columrK  and The chromatographic system consisted of one PU-980i
Kaa are the association equilibrium constants for the binding jsocratic pump (Jasco, Tokyo, Japan), one P4000 gradient
of land A at their site of competition, and [I] is the concentra-  hymp, and one UV100 absorbance detector (ThermoSepara-
tion of competing agent in the mobile phase. @ predicts  tion Products, Riviera Beach, FL, USA). Samples were in-
that a system with single-site competition will give a linear jected using a Rheodyne Lab Pro valve (Cotati, CA, USA)
plot for 1k versus [I], whereka can be obtained from the  and 2quL loop. The BCA protein assay was performed using
ratio of the intercept to the slope. a UV-160A spectrophotometer (Shimadzu, Kyoto, Japan).
A special case occurs when the competing agent and in-an |sotemp 9100 circulating water bath from Fisher was
jected analyte are the same substance. In this situation, Eqused for temperature control of the columns and mobile
(4) reduces to the following form when A has a single type phases. The diol coverage of the silica was determined
of binding site in the columf8]. with an MDQ capillary electrophoresis system (Beckman,
1 VmlAl Vi Fullerton, CA, USA). All columns were packed using an
=— (5) Alltech column slurry packer (Deerfield, IL, USA). Chro-
matographic data were collected and processed using pro-
In this relationship [A] refers to the concentration of ana- grams written in LabView 5.1 (National Instruments, Austin,
lyte that is in the mobile phase as a competing agent. Like Eq. TX, USA).

E my Kam
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3.3. Methods sium phosphate buffer as a solubilizing aggfjt the con-
centration of digitoxin or tamoxifen in these solutions was
Nucleosil Si-300 silica was converted into a diol-bonded varied from 0 to 5QuM. Solutions containing.-tryptophan

form according to a previous procedUygd]. The final diol were prepared daily. All other solutions were used over the
coverage of this material was measured in triplicate by an course of a few weeks and were stored abetween stud-
iodometric capillary electrophoresis as$ag] and found to ies.

be 336umol/g (-4) silica 1 S.D.). This diol-bonded silica Frontal analysis was performed using pH 7.4, 0.067 M

was then used in a Schiff base method for the immobiliza- potassium phosphate buffer that contained Qs8Ocar-
tion of HSA[33]. This was accomplished by converting the bamazepine. This solution was applied at a flow rate of
diol-bonded silica into an aldehyde form through oxidation 0.1 mL/min. This flow rate was found to be well within the
with periodic acid31]. Next, 5g of the aldehyde silica was range needed to establish a local equilibrium in the HSA
combined with 150 mg HSA and 70 mg sodium cyanoboro- column, in agreement with earlier results reported for other
hydride in 20mL of pH 6.0, 0.10 M potassium phosphate solutes[24,35] All experiments were performed in tripli-
buffer. The immobilization reaction was allowed to proceed cate under each set of tested conditions. The retained carba-
for 5 days at 4C. The HSA silica was washed with pH 8.0, mazepine was eluted and the column regenerated between
0.10 M phosphate buffer and treated with three portions of studies by passing pH 7.4, 0.067 M potassium phosphate
10 mg sodium borohydride to convert the excess aldehydebuffer through the column. The amount of carbamazepine
groups on the support into alcohols. The support was thenrequired to saturate a column was determined from the mean
washed several times with pH 7.4, 0.067 M potassium phos- position of the resulting breakthrough cuf@é]. The results
phate buffer and stored in this buffer at@ until use. obtained for the control column were subtracted from those
A control support was prepared by performing the Schiff obtained for an HSA column of identical size to correct for
base method on a separate portion of the diol-bonded silica,the column void time and to correct for secondary interac-
with no HSA being added during the immobilization step. tions between carbamazepine and the support. A correction
This control material was washed and stored in the samefor the system void time was made by performing similar
manner as the immobilized HSA support. Small portions of experiments using sodium nitrate as a non-retained solute.
both the HSA silica and control support were washed several  Zonal elution was typically performed at 0.1 mL/min. In
times with deionized water and dried under vacuum at room general, less than a 1% variation in the retention of all injected
temperature. These dried samples were analyzed in triplicatecompounds was noted as the flow rate was varied from 0.1
using a BCA protein assay in which HSA was the standard to 0.5 ml/min, confirming that a local equilibrium had been
and the control silica was the blank. With this procedure, established onthe HSA and control columns under these con-
the final protein content of the HSA silica was found to be ditions. At each concentration of competing agent, triplicate
410 nmol HSA/g £7) silica. injections of the analyte or desired probe compound were
The HSA silica and control support were downward slurry made. The concentrations of injected compounds were as
packed at 3500 p.s.i. (214 bar) into separate 50x6 mm follows: 1uM carbamazepine, 2M L-tryptophan, 1M
i.d. or 2.2mm i.d. stainless steel columns using pH 7.4, R-warfarin, 8uM digitoxin, and 10.M tamoxifen. These
0.067 M potassium phosphate buffer as the packing solution.levels were sufficiently low to avoid any significant changes
Each column was placed into a water jacket for temperaturein the retention factor due to overloading effects (i.e., vari-
control. ations less than 1-2%), thus indicating that linear elution
All mobile phases for the chromatographic studies were conditions were present. The mean retention time for a peak
degassed at least 15min prior to use. The elution of car- was obtained by calculating its first statistical moment. The
bamazepine was monitored at 280 nm. Other injected com-column void time was found by injecting sodium nitrate as a
pounds were detected at the following wavelengths: non-retained solute. In some experiments, the system temper-
tryptophan, 214 nm; digitoxin, 221 nm; tamoxifen, 260 nm; ature, buffer concentration, pH, or organic modifier content
andR-warfarin, 310 nm. Column pressures less than 300 p.s.i. of the mobile phase was varied while similar measurements
were present during all of the chromatographic studies, with were made of solute retention.
no variations in retention with pressure being observed under
these conditions.
The samples and mobile phases containing carbamazepind. Results and discussion
were preparedin pH 7.4, 0.067 M potassium phosphate buffer
at concentrations of 0—50M and were stored at 4C un- 4.1. Frontal analysis and initial characterization of HSA
til use. These solutions were stable for several months un-column
der such condition$34]. Solutions containindr-warfarin
or L-tryptophan were prepared by adding 099 of these The initial properties of the HSA column used in this study
agents to pH 7.4, 0.067 M potassium phosphate buffer. In theare listed inTable 1 The amount of immobilized HSA was
zonal elution studies with digitoxin and tamoxifen, 2.5mM determined by a protein assay to be approximately 27 mg/g
B-cyclodextrin was also added to the pH 7.4, 0.067 M potas- (1) silica, or 410 nmol HSA/gL7) silica. This corresponds
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Table 1
Initial properties of the immobilized HSA column

ties reported for similar HSA columns in the bindingiof
tryptophan (34%) andR-warfarin (31%)[19,39] The fact

Property Resuft that this activity is less than 100% is caused by such factors
Amount of immobilized HSA (nmol/g silica) 410K7) as steric hindrance, denaturation, or improper orientation of
Binding capacity for carbamazepine (nmol/g silica) 366) HSA during the immobilization proce$$8].

Specific activity for carbamazepine (% mol/imol HSA) 23 Another interesting item seenTable 2Zis thatthere was an

a The values in parentheses represent a rangelo$.D. The numbers
given for the binding capacity and specific activity were obtained at37
in pH 7.4, 0.067 M potassium phosphate buffer.

increase in HSA's binding capacity for carbamazepine with
temperature. In this case, an increase from 4 taGl§ave al-
most a two-fold increase in this value. A previous study with
R- andS-warfarin on a similar HSA column gave a similar but

to a coverage of roughly 0.15 monolayers for HSA on the sil- smaller increase in binding capacity over the same tempera-
ica’s surface, based on a size for HSA of 24@0A [1]. This ~ ture range (i.e., a 30% increase between 4 antC}5$24].
is consistent with previous values reported for HSA on the The reason for this effect is not currently known; however, it
same type of silica and under similar immobilization condi- might be caused by the greater flexibility in HSA at higher
tions[19,24] temperatures, thus decreasing steric hindrance and creating

Some typical frontal analysis curves obtained for carba- more accessible binding regions.
mazepine on the immobilized HSA column are shown in
Fig. 2a). As indicated by this example, the mean position 4.2. Corrections for secondary interactions
of these curves shifted to the left (i.e., to shorter break-
through times) as the concentration of applied carbamazepine It was noted during the frontal analysis studies that carba-
increased. This shift was related to the moles of binding mazepine had significant binding to the control column. This
sites in the column and the concentration of carbamazepinewas indicated by the presence of breakthrough curves for this
by analyzing the results according to E@), as shown in column that were well beyond the expected void time of the
Fig. 2(b). The plots obtained for i pp versus 1/[carba-  system. The results iRig. 2andTable 2were corrected for
mazepine] gave linear relationships at all temperatures stud-this by subtracting the breakthrough times for carbamazepine
ied, with correlation coefficients ranging from 0.997 to 0.999 on the control column from those observed on the HSA col-
(n=6). According to Eq(1), this suggested that only a sin- umn under equivalent conditions. To confirm the validity of
gle type of binding site was present for carbamazepine on thethis correction, the frontal analysis data for the control col-
immobilized HSA. This was in agreement with observations umn were examined in more detail to determine the binding
made in previous solution-phase studi24]. constant for carbamazepine to this column.

The number of binding sites and association constants ob-  The frontal analysis results generated with the control sup-
tained for carbamazepine and HSA during these studies areport are shown irFig. 3a). Like the corrected data for the
listed inTable 2 In general, the association constants for this HSA column inFig. 2 this plot gave linear behavior when

interaction were found to be in the range of .40* M~ to

2 x 10° M~1 over the temperatures examined in this study,
with a value of 0.53« 10* M~1 being noted at 37C. This
agrees with the range of 3610* M~ previously observed
for this interaction in solutiof®,37,38] A statistically identi-

prepared according to E¢l), with correlation coefficients

of 0.997-0.999r{= 6) at the various temperatures examined.
From the slopes and intercepts of these graphs, the associa-
tion constants and binding capacities for carbamazepine on
the control column were determined at each temperature used

cal value was obtained in this study through self-competition in this study. These values are includedable 2

zonal elution studies, which gave an association constant of

0.51 ¢1.1)x 10*M~1 at 37°C.
Based on the binding capacitiesTiable 2and the known

This table shows that carbamazepine had lower associa-
tion constants on the control column than the HSA column.
However, the control column also had a higher binding ca-

amount of HSA in the column, it was determined that 74% pacity. This meant that both the secondary interactions of
(£3) of the immobilized HSA had active binding regions carbamazepine with the support and its more specific inter-
for carbamazepine. This is higher than the specific activi- actions with HSA played significant roles in determining this

Table 2

Binding capacities and association equilibrium constants for carbamazepine on the HSA and controlfcolumns

Temperature“C) Binding capacity ¥ 10~7 mol) Association equilibrium constank(0* M—1)
HSA column Control column HSA column Control column
4 1.60 ¢0.05) 2.7 ¢0.1) 2.1 ¢0.1) 1.01 (£0.05)
15 2.09 ¢-0.07) 3.0 (¢:0.4) 1.2 ¢0.1) 0.66 €0.09)
25 2.30 ¢:0.12) 3.8 (:0.4) 1.1 ¢0.2) 0.59 (-0.07)
37 3.06 ¢0.05) 7.0 £2.4) 0.53 ¢0.08) 0.23 £0.07)
45 3.17 ¢0.09) 10.4 ¢4.3) 0.46 £0.12) 0.05 0.02)

a All results were obtained at pH 7.4 in 0.067 M potassium phosphate buffer. The values in parentheses representalsge of
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drug’s overall retention on the HSA column. This was later lier approach used to correct for secondary interactions was
confirmed in zonal elution experiments, in which the reten- valid in this present study.

tion factor for carbamazepine on the HSA column was 5.1  Although the nature of these secondary sites is not cur-
under physiological conditions and 3.3 on the control column rently known, it has been determined that this is not due to
under the same conditions. residual silanol groups. This was determined by performing

The correction for secondary binding used in preparing injections of carbamazepine under the same conditions as
Fig. 2assumed that the HSA and control columns had a sim- used in this study onto a column that contained only the orig-
ilar number of secondary binding sites. If this were not the inal bare silica as a support. The result was a retention factor
case, it would have resulted in an error in the HSA results of only 0.2, which is much smaller than that observed on the
given inTable 2 To test this, the frontal analysis data for the control column. Another possibility is that carbamazepine
HSA column were also examined without subtracting away was interacting with the propyl groups or some other portion
the control column results. In this case, the only correction in the backbone of the modified supports.
made was for the void time of the system, as measured by
using sodium nitrate as a non-retained solute. This gave rise4.3. Thermodynamic studies
to the plots shown irrig. 3(b). These plots were examined
according to a two-site model based on B&). It can be seen fronTable 2 that the association equi-

In fitting Eq. (3) to the data inFig. 3(b), it was possi- librium constant for carbamazepine with HSA decreased as
ble to use the association equilibrium constant that had beenthe temperature increased from 4 to°45 This same trend
determined independently for secondary interactions of car- has been seen for many other compounds in their binding
bamazepine on the control column. This gave valugs gf to HSA, includingL-tryptophan R-warfarin, Swarfarin and
for the carbamazepine—HSA interaction that differed by only L-thyroxine[19,24] The effect of temperature on the bind-
7-18% from the association equilibrium constants given in ing strength of carbamazepine to HSA was characterized by
Table 2after simple subtraction of the HSA and control col- plotting the data ifTable 2according to Eq(7).
umn breakthrough times. Thus, it was concluded that the ear-

InKy= —AH + AS (7)

&7 RT R

whereASandAH are the changes in entropy and enthalpy for
1 the observed interactiof the absolute temperature, aRds
the ideal gas law constaf#4]. The result, shown if¥ig. 4,
was a linear relationship betweenkpand 1. This gave a
correlation coefficient of 0.97InE 5) over the temperature
range examined in this report (4—45). This linearity again

o
™
L

1/mtapp (x 10° mol™")
o
(2]

0.4 confirmed that the interactions of carbamazepine with HSA
could be described by a single site model. Furthermore, this
021 behavior indicated that the underlying assumption in(&}.
0 ‘ ‘ . . that the change of enthalpyaAH) was essentially constant
0 02 0.4 06 08 1 was valid under these conditions.
(a) 1/[Carbamazepine] (x 10° M) Based on the slope and intercepfad. 4, the changes in
enthalpy and entropy for the carbamazepine/HSA interaction
0.5 were calculated by using E(Y). Also, the total change in free
—~ 0.4+ 12
2
o, 0.3
% 0.
& 02 ¥ .
g £
= 011 8
0 T T T
0 0.2 0.4 0.6 0.8 6 T T T T T T T
) 1/[Carbamazepine] (x 10° M) 0.003 0.0032 0.0034 0.0036 0.0038
1T (K)

Fig. 3. Double-reciprocal frontal analysis plots for carbamazepine on (a) the

control column at temperatures of 4)( 15 (@), 27 (2), 37 (), or 45°C Fig. 4. Van't Hoff plot for the interactions of carbamazepine with HSA. The
() and (b) the HSA column without corrections for binding to the control ~ best-fit slope was 3.24£0.02)x 1M~ and the best-fit intercept was
column. —1.76 &0.01). The correlation coefficient was 0.971=(5).
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Table 3

Thermodynamic parameters for the binding of carbamazepine tHSA

AG at 37°C (kcal/mol) AH (kcal/mol) AS(cal/mol K) —TASat 37°C (kcal/mol)
—5.35 & 0.13) —6.45 (& 0.05) —3.56 & 0.26) 1.10 £ 0.08)

a All results were obtained at pH 7.4 in 0.067 M potassium phosphate buffer. The values in parentheses representat&hge of

energy AG) was determined by using the datalable 2and also interact at this site (e.g., amitriptyline or opipranj2])

Eq. (8), However, the reverse experiment kilg. 5 indicated these
sites were easily saturated or that the some additional al-
AG = —RTIn(Ka) (8) losteric interactions occurred between carbamazepine-and

tryptophan in their binding to HSA.

The presence of direct competition between carba-
mazepine and.-tryptophan was confirmed by using Eq.
(4) with the best-fit line inFig. 6a) and the results at
low tryptophan concentrations iRig. 5a) to estimate the
association constants fartryptophan and carbamazepine
at their common binding site. The association equilibrium
constant obtained for-tryptophan at this site was 1.01
(£0.01)x 10*M~1, which is equivalent to previous values
reported for this interaction using either soluble or immo-
bilized HSA[19]. The association equilibrium constant es-
timated for carbamazepine at this site, after correction for
fetention on the control column, was 52q.1)x 10°M~1
which agreed with previous values given in this current re-
port. Thus, these experiments confirmed that carbamazepine
4.4. Zonal elution studies andL-tryptophan had direct competition on HSA and that the

location of this competition was the indole-benzodiazepine
The next set of experiments used zonal elution to exam- sijte.

ine the competition of carbamazepine with several agents

that have known binding sites on HSA. All of these

studies were performed on both the HSA and control 0.11
columns. The first compounds used in this work wBre (a)
warfarin andr-tryptophan.R-Warfarin at normal therapeu-

tic levels is known to have single site interactions with
the warfarin—azapropazone site of HSA and has a well-
characterized association equilibrium constant for this bind-
ing [1,2]. Similarly, L-tryptophan binds in a 1:1 stoichiome-

try with HSA at the indole—benzodiazepine region and has a
known equilibrium constant for this interacti¢h,2]. In ad-
dition, neither of these agents has any appreciable secondary
binding to the control support used in this stya,35].

Fig. 5shows how the retention factor for carbamazepine
changed as it was injected onto the HSA column in the pres-
ence of various concentrationsifwarfarin orL-tryptophan
in the mobile phaserig. 6 shows the results of the reverse 0095 1
experiment, in which carbamazepine was used as the compet-
ing agent. Studies on the control column gave no measurable
change in retention for either carbamazepine-biyptophan

The results are shown ifable 3 This indicated that the
binding of carbamazepine to HSA had a negative change in
energy due to enthalpywH = —6.45 kcal/mol) but a positive
change in energy due to entropy under physiological con-
ditions (—TAS=1.1kcal/mol at 37C). Of these two com-
ponents, the greatest contribution to the total change in free
energy at 37C was the change in enthalpy. The decrease
in entropy seen upon the binding of carbamazepine to HSA
is somewhat unusual in that most drugs and small solutes
show an increase in entropy when they bind to this protein
[18,24,40-43]However, adecrease in entropy has been noted
in some cases, such as in the binding of benzodiazepines o
heptacarboxyl porphyrin to HSR1].

0.1

0.09 , : : .
0 10 20 30 40 50
[L-Tryptophan] (uM)

0.105
(b)

1/k (Carbamazepine)

when the other agent was used as a competing agent. But  gggs - . i .
this was not what was observed on the HSA column. For 0 10 20 30 40 50
instance, inFig. 6(@) a plot of 1k for L-tryptophan versus [R-Warfarin] (uM)

[carbamazepine] gave a straight line with a correlation coef- N o
ficient of 0.991 (=6). According to Eq(5), this indicated ~ ™19 5. Competition of carbamazepine with (@jryptophan and (b

-tryptophan and carbamazepine had direct competition for warfarin as mobile phase additives at pH 7.4 and@7The experimental
L-tryptop P P conditions are given in the text. The best-fit slope for the first three data

a_ single common binding r_egiQH- This was not surprisin_g points in (a) was 1.00140.002)x 10° M~* and the best-fit intercept was
since many compounds similar in structure to carbamazepineo.0985 ¢-0.003). The correlation coefficient for this fit was 0.999.
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The data obtained iRig. 5b) when usingR-warfarin as The competition of carbamazepine with probes for the
a competing agent gave insignificant variations in the re- minor binding regions of HSA was also considered by using
tention factor for carbamazepine at low warfarin concentra- digitoxin and tamoxifen as probes for these s[ids When
tions (i.e., 0—2.u.M). However, a decrease in carbamazepine either of these two agents was used as a competing agent,
binding was seen at higher warfarin levels. This indicated only small random variations were noted in the retention
that some indirect competition was present between carba-factor for carbamazepinet0.8-1.9%) at competing agent
mazepine andR-warfarin as the latter agent was binding concentrations up to 0M (data not shown). But there was
at the warfarin—azapropazone site. Much larger changes insome change in retention for both digitoxin and tamoxifen
retention were noted when the competitive binding studies when the experiment was reversed and carbamazepine was
were reversed and carbamazepine was used as the competised as mobile phase additive ($&g. 7). In this case, both
ing agent, as shown iRig. b). In this case, a non-linear probe compounds gave non-linear behavior in plots &f 1/
relationship was again obtained, indicating that allosteric in- versus [carbamazepine], indicating they had only allosteric
teractions were present between the binding regions for theseor indirect competition with carbamazepine on HSA. No such
two compounds. No significant changes in retention for ei- behavior was seen when using the control column.
ther R-warfarin or carbamazepine were noted when similar
studies were performed on the control column. 4.5. Effects of mobile phase composition on the binding

Allosteric effects between the indole—benzodiazepine of carbamazepine to HSA
site and warfarin site have been reported in other stud-
ies. For instance, Fitos et al. investigated the allosteric  Binding of carbamazepine to HSA was also characterized
interactions of lorazepam and lorazepam acetate at theby changing the pH, ionic strength and organic modifier con-
indole—benzodiazepine site of immobilized HSA in the pres- tent of the mobile phase (sédg. 8). All of these studies
ence of warfarin as a competing agé¢]. Domenici et al. were performed on both the HSA and control columns. The
also confirmed the existence of an allosteric interaction be- effect of varying the mobile phase pH was examined by using
tween the indole—benzodiazepine and warfarin sites in their 0.10 M phosphate buffers with pH values ranging from 2.6 to
use of an immobilized HSA column to study the enantiose- 7.8. Thisisillustrated ifrig. 8a). Asthe pH increased, no sig-
lectivite binding of benzodiazepin§45]. nificant trends were noted in the retention of carbamazepine.
This was partially due to the fact that carbamazepine has ap-
proximately the same charge (+1) throughout this range of
conditions (Ka, 9.2). However, this also suggested that the

(a) interactions of carbamazepine with HSA were not sensitive
= 141
2 0.3
g (a)
Qo
3
1 4
:‘I/ * ¢ ’E 02 4
= g
=]
a
0.6 i x 0.1
0 5 10 15 20
0.032 0 ;
0
(b) 2 4 6
= 0.15
~§ (b)
©
= 0028 | 2 o041
3 o
x 8
- £
©
= 0.05 1
R4
0.024 ; ; : : ; S
0 5 10 15 20
0

[Carbamazepine] (uM) ) ! '

0 2 4 6 8 10
Fig. 6. Competition of (a)L-tryptophan and (bR-warfarin with carba- [Carbamazepine] (uM)

mazepine as a mobile phase additive at pH 7.4 arfdC3The best-fit slope

in (a) was 1.98840.002)x 10* M~ and the best-fit intercept was 0.750  Fig. 7. Competition of (a) digitoxin and (b) tamoxifen with carbamazepine

(£0.003). The correlation coefficient for this fit was 0.986E6). as a mobile phase additive at pH 7.4 andG7
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6 Carbamazepine
(a)
— . * .
4 .
Digitoxin R-Warfarin Tamoxifen L-Tryptophan
(Allosteric) (Allosteric) (Allosteric) (Direct competition)
Ky =5.3x 103 M~
2 T T T T T
2 3 4 5 6 7 8
pH
8 Digitoxin Warfarin—- Tamoxifen
- Site Azapropazone Site Site Benzodiazepine Site
2 1 (b)
o » )
gl,) 6 Human Serum Albumin
£
g 4 Fig. 9. Proposed model for the binding of carbamazepine to HSA.
g
pve only minor variations in retention (less than 0.5%) throughout
2 T . this concentration range.
0 0.1 0.2 0.3 The effects of adding small amounts of an organic modifier
Phosphate conc. (M) to mobile phase were also considered. As showFign 8(c)
6 placing up to 5% 1-propanol in the mobile phase gave rise to
(c) a 66% decrease in retention for carbamazepine. This again
) indicates that non-polar interactions played an important role
4 1 in the binding between carbamazepine and HSA, as has been
i . .
i suggested for other drugs that show similar solvent effects
[18,19,24]
2 .
0 . . ‘ . . 5. Conclusions
0 2 4 6

This work examined the binding of carbamazepine to HSA
through the use of an immobilized form of this protein in an
HPLC column. Various approaches for correcting secondary
interactions due to the support were also considered. Based
on frontal analysis, it was possible to determine the bind-

% Propanol (v/v)

Fig. 8. Effects of (a) pH, (b) ionic strength, and (c) organic modifier content
of the mobile phase on the binding of carbamazepine to HSA at37

to variations in pH. Similar studies performed on the con-
trol column gave only minor variations in retention (less than
0.2%) throughout this pH range.

ing capacities and association equilibrium constants of the
immobilized HSA for carbamazepine at a number of tem-
peratures. The binding capacities of the HSA column in-

The ionic strength of the mobile phase was another item creased when the temperature was raised, but the associa-
varied in this work. This was altered by adjusting the concen- tion equilibrium constants decreased. Competitive binding
tration of pH 7.4 phosphate buffer from 0.010to 0.30 M, giv- studies examining the various binding regions of HSA were
ing anionic strength of 0.0142-0.426 M. As the ionic strength performed by zonal elution. From these results, it was pos-
was increased over this range, the retention factor for carba-sible to develop a model to describe the overall binding of
mazepine increased by 47%, as showfiag 8(b). This in- carbamazepine to HSA, as shownFhig. 9. It was found
dicated that the binding of carbamazepine to HSA was much that carbamazepine had direct competition witiyptophan
more sensitive to changes in ionic strength than pH. The factat the indole—benzodiazepine site but allosteric interactions
that a decrease in retention at a higher ionic strength was notwith the warfarin—azapropazone site and minor binding re-
observed suggests that coulombic interactions did not playgions.

a major role in the binding of carbamazepine to HSA. This

agrees with the lack of a pH effect ig. 8@). Instead, the

increase in retention with ionic strength may reflect an en- Acknowledgment

hancement in non-polar interactions between carbamazepine

and HSA as the mobile phase becomes a more polar environ- This work was supported by the National Institutes of
ment. Similar studies performed on the control column gave Health under Grant GM44931.
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