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A displacement approach for competitive drug–protein binding studies
using the potentiometric 1-anilino-8-naphthalene-sulfonate probe technique
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Abstract

A displacement approach for competitive binding studies was developed. The method utilizes the potentiometric 1-anilino-8-
naphthalene-sulfonate (ANS) probe technique and is applied to the binding study of several non-steroidal anti-inflammatory drugs
(NSADs) to bovine serum albumin (BSA). A home-made ANS electrode was used to monitor the displaced free ANS probe from its
binding sites on the protein molecule by the stepwise addition of the studied drug. To assess and compare quantitatively the displacing
ability of the various drugs, the ‘ANS Displacement Index’ is used. The possible interference of 19 ionizable drugs (NSADs,

potsulfonamides, etc.) to the ANS selective electrode at pH 7.4 was studied and their potentiometric selectivity coefficients (K ) wereANS,D

determined. Correction procedures for the determination of the free ANS concentration are proposed in the case of interfering ionic drugs.
potA blank binding experiment in conjunction with the incorporation of K values in the ‘general competitive site oriented model’ANS,D

allows one to derive estimates for the drug binding parameters, i.e. the number of binding sites and association constants.  1999
Elsevier Science B.V. All rights reserved.
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1. Introduction al., 1990; Bagattoli et al., 1996). The main disadvantage of
the technique is the inability of using it for colored and

Drug–protein binding studies are of great importance in concentrated protein solutions. Circular dichroism (CD)
pharmaceutical sciences and several techniques have been (Watanabe and Saito, 1992) has also been used in competi-
developed and applied for the determination of the binding tive binding studies provided that the studied drugs have
parameters. In the field of competitive binding where, little or no measurable CD absorption in the wavelength
usually, two ligands (the drug and the competitor) are region of the induced CD spectrum of the protein. Indirect
competing for binding to the same binding sites on the techniques, such as equilibrium dialysis, ultrafiltration, and
protein molecule, the fluorescence probe technique (Sud- gel filtration (Vallner, 1977; Pacifici and Viani, 1992),
low et al., 1975; Essassi et al., 1990; Bagattoli et al., 1996) have also been used. The main disadvantage of these
has been widely used. The performance of the technique techniques is the disturbance of the drug–protein equilib-
involves the displacement of a fluorescent probe bound to rium caused by the separation of the free from the bound
the protein by the drug under study. The assessment of the drug and the protein species.
extent of drug–protein binding is revealed by monitoring One of the most powerful techniques developed during
the change in the fluorescence intensity of the system. If the last decade for binding studies of ionic micromolecules
the binding parameters of the probe are known, the (e.g., drugs) to macromolecules (proteins, cyclodextrins) is
parameters corresponding to the drug can be determined, direct potentiometry using ion sensors (electrodes) selec-
provided that the drug and the probe share the same tive to the ionic micromolecule (Takisawa et al., 1988;
binding sites on the protein (Sudlow et al., 1975; Essassi et Christopoulos and Diamandis, 1990; Valsami et al., 1990,

1991, 1992; Sideris et al., 1992). The technique involves
titration of the macromolecule (e.g., protein) with the*Corresponding author. Tel.: 130-1-727-4675; fax: 130-1-724-4191.

E-mail address: macheras@pharm.uoa.gr (P. Macheras) studied drug solution and direct measurement of the
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electrode potential which is a function of the activity laboratory, with an electroactive ion-exchanger consisting
(concentration) of the free ionic drug. Using a calibration of the ANS–tetraheptylammonium ion pair in p-nitro-
(response) curve of the electrode the free drug concen- cumene. Its construction and characteristics have been
tration can be calculated and used for the determination of described in detail elsewhere (Valsami et al., 1991). A
the binding parameters according to either the stoichio- Ag/AgCl single junction reference electrode was used to
metric or the site oriented model. The inherent advantage complete the electrochemical cell. An Orion (Model 801)
of the technique is the direct measurement of the con- digital electrometer (readability 60.1 mV) connected to a
centration of the free drug over a wide concentration range chart-recorder was used for the potential measurements.
in the presence of the protein and their complexes and thus All experiments were carried out in a double wall cell
provides a complete binding profile. The main limitations thermostated at 258C. Additions of microvolumes to the
of the technique are the necessity of a successful ion monitored solution in the cell were achieved accurately
sensor for each drug of interest and its applicability only to using Hamilton microsyringes.
the ionic species of the drug. In order to overcome these
two drawbacks, our group developed the potentiometric

2.2. Reagents
ion probe technique, in which the binding of water-soluble
drug (ionic or non-ionic) to a protein can be monitored by

1-Anilino-8-naphthalenesulfonate ammonium salt and
measuring potentiometrically a competitive ion probe

bovine serum albumin (BSA, fraction V, 96–99%) were
(Angelakou et al., 1993, 1994). As a probe, 1-anilino-8-

from Fluka (Buchs, Switzerland). The studied drugs were
naphthalenesulfonate (ANS) has been used and a very

kindly provided or purchased from the following manufac-
successful ion selective electrode (ISE) has been con-

turers or suppliers: ketoprofen and azapropazone (Selec-
structed (Valsami et al., 1991; Angelakou et al., 1993,

tchemie AG), tolmetin sodium dihydrate (Cillag AG),
1994). The potentiometric ‘titration’ methodology using

ibuprofen (Boots) naproxen (Syntex Research), warfarin
ANS probe ISE involves simple microtitration procedures

(Chemoswed AB; a subsidiary of Ferrosan, Sweden),
of 15–30 min each, providing a significant number of

sodium salicylate (Ferak), tolbutamide and diflunisal
experimental data. In comparison with indirect techniques,

(Sigma), phenylbutazone (Adelco), iopanoic acid (Sterling
e.g. dialysis, or direct techniques requiring the preparation

Organics), suprofen (Janssen Res. Foundation), indobufen
of a batch of mixtures for spectrophotometric or fluorimet-

(Farmitalia Carlo Erba), l-tryptophan (BDH Chemicals
ric measurements, the method is simple and fast. In the

Ltd.), sulfamethizole, sulfamethoxazole, sulfadiazine and
case of ionic drugs, the success of this technique depends

sulfisoxazole (sulfafurazole) (American Cyanamid Com-
on the absence of any serious interference of the studied

pany) and indomethacin (Merck).
drug ion on the probe electrode. ISEs are not specific

All solutions were prepared in phosphate buffer, 0.10 M,
sensors and chemically similar ions can interfere with the

pH 7.4. The ANS stock solution was 0.010 M. Drug stock
electrode’s response through an ion-exchange process on

solutions in the range 0.010–0.10 M were prepared by
the electroactive membrane of the ISE.

dissolving the appropriate amount in buffer or in an
So far, the ANS probe technique has been performed

equivalent amount of NaOH and then diluted in the buffer.
using the so-called ‘inhibition approach’, i.e. titration of a 24The BSA solution was 22.5 g/ l (3.36310 M) and was
protein–drug solution with ANS (Angelakou et al., 1993,

stored at 48C for no more than 1 week. Mixed ANS–BSA,
1994). In this work, we develop the potentiometric probe

ANS–drug and ANS–drug–BSA solutions were also
displacement approach. The ANS electrode is used to

prepared.
monitor the displaced free ANS probe from its binding
sites on the protein molecule by the stepwise addition of
the studied drug. This approach allows us to propose for
the first time the ‘ANS Displacement Index’ as a quantita- 3. Procedures
tive indicator for the competitive binding of each of the
studied drugs. We also studied the possible interference of 3.1. Construction of the calibration curve of the ANS
19 drugs (NSADs, sulfonamides, etc. with ionizable acidic ISE
groups) on the ANS electrode and developed correction
procedures for both the displacement and inhibition ap- The pair of electrodes was immersed in 3 ml phosphate
proaches. buffer, 0.10 M, pH 7.4. After the potential was stabilised

23(60.1 mV), small volumes of a 6310 M ANS solution
26were added (concentration range studied 1.3310 to

232. Experimental 2.4310 M). The potential values (mV) were recorded
and measured after stabilisation (60.1 mV), following

2.1. Apparatus each addition. These were plotted against log C accord-ANS

ing to the Nernst equation to obtain the calibration curve
The ANS electrode is of the PVC type, developed in our and the corresponding equation using linear least-squares
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fitting. The calibration curve was constructed before each 4. Results and discussion
binding experiment.

4.1. Interference study of the drugs on the ANS ISE

3.2. Interference study of the drugs to ANS ISE
It is well known that an ISE for a primary ion, X, may

also respond to another chemically similar (interfering)The experiments were carried out according to the
ion, Y, causing a positive error in the determination of themixed solution approach (Moody and Thomas, 1970). The
primary ion concentration. As an example, the responsepair of electrodes was immersed in 3 ml of a solution of

24 curve of the ANS electrode in the absence and presence ofthe drug under study of concentration C (range 5310D
23 the ionic drug diflunisal is shown in Fig. 1. Diflunisal wasto 5310 M) prepared in phosphate buffer, 0.10 M, pH

found to interfere with the ANS electrode when used at a7.4. After the potential was stabilised (60.1 mV), mi-
2423 constant concentration, C 5 5 3 10 M. As can be seen,crovolumes of an ANS (6310 M)–drug (C ) mixed DD

the interference caused serious relative errors at low ANSsolution were added. The total ANS concentration range
concentrations.covered was exactly the same as in the construction of the

26 23 The experimental data from interference studies can becalibration curve experiments (1.3310 to 2.4310
analysed according to the Nicolsky (1937) equation (Eq.M), while the total drug concentration (C ) remainedD
(1)) to quantify the interfering effect of a drug on the ANSconstant. The experimental potential and free ANS con-
electrode:centration in the presence of drug were further used to

determine the potentiometric selectivity coefficient pot Z / ZX YE 5 E 1 S log([X] 1 K [Y] ) (1)pot const. X,Y(K ) of the studied interfering drug ion as described inANS,D

Results and discussion. where E is the electromotive force of the electrochemical
cell (see Section 2.1), E is a constant term, S is theconst

3.3. Binding experiments slope of the electrode, Z and Z are the charges of theX Y

primary (X) and the interfering (Y) ion, respectively, and
pot3.3.1. Displacement experiment K is the so-called potentiometric selectivity coefficient.X,Y

24Three millilitres of a mixed ANS (2310 M)–BSA The percent relative error for the determination of the
24(3.36310 M) solution in phosphate buffer, 0.10 M, pH primary ion concentration (concentration can be used

7.4, was titrated stepwise by micro-volume addition of a instead of activity when constant ionic strength is used) is
24 24mixed ANS (2310 M)–BSA (3.36310 M)–drug given by the equation

solution in order to keep the ANS and BSA concentration
pot Z / ZX Yconstant during the binding experiment, while the total K [Y]X,Y

25 23 ]]]]% rel. err. 5 ? 100 (2)drug concentration ranged from 3310 to 8310 M. [X]
The potential values measured were used to calculate the
free ANS concentration from the calibration curve.

3.3.2. Blank experiment (correction of the displacement
experiment)

24Three millilitres of a BSA (3.36310 M) solution
24were titrated with a mixed BSA (3.36310 M)–drug

solution in order to keep the BSA concentration constant
during the blank experiment, while the total drug con-
centration was changed in the same range as in the binding

25 23experiment (3310 to 8310 M). The experimental
data were used to calculate the possible interference
(absolute positive error of the free ANS concentration) due
to the presence of the interfering drug.

3.3.3. Inhibition experiment
24Three millilitres of a BSA or a mixed BSA (3.36310

M)–drug solution was titrated with a mixed ANS (0.010
24M)–BSA (3.36310 M) or ANS (0.010 M)–BSA

24 24 23(3.36310 M)–drug (5310 to 1310 M) solution,
in order to keep the BSA, or drug and BSA, concentration
constant during the binding experiment, while the ANS Fig. 1. Calibration curves of ANS ISE in the absence (d) and presence

26 23 24concentration ranged from 1.0310 to 7.5310 M. (j) of diflunisal, 5310 M.
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For our experiments, Z 5 Z 5 2 1; thus, Eq. (1) can non-steroidal anti-inflammatory drugs (with –COOH asANS D

be written ionisable functional group), the sulfonamides (with
–SO NH as ionisable group) and the remainder possess2 2

potE 5 E 2 S log[C 1 K C ] (3) the –OH enolic group. From the pK values listed in Tablei const. ANS(i ) ANS,D D a

1 it is clear that are fully ionized at pH 7.4. The
potwhere the values for E and S are known from the K estimates quoted in Table 1 were derived from theconst. ANS,D

calibration curve of the electrode and C is the constant non-linear least-squares fitting of Eq. (3) to the experimen-D

drug concentration for the interference study. Therefore, tal data. The relatively low values of within-run %RSD
potEq. (3) can be used to derive an estimate for K by found (3–18%, Table 1) indicate that the model (Eq. (3))ANS,D

measuring the potential of the electrode E for various is valid for the description of data within the concentrationi

ANS concentrations (ANS ) in the presence of a constant ratio C /C range used. None of the drugs studiedi D ANS
potconcentration of the drug, C (procedure 3.2). showed extremely high interference, K $ 1, the high-D ANS,D

Table 1 summarizes the results of the interference study er ones being diflunisal, warfarin and phenylbutazone
potfor 19 selected drugs. These drugs mainly belong to the (K 5 0.116–0.024). The interfering effect of someANS,D

drugs was studied at two drug concentrations in order to
potexamine the validity of the approach in estimating K ANS,DTable 1

at various concentrations, C . As shown in Table 1, theDPotentiometric selectivity coefficients of various drug anions towards the
potK values for phenylbutazone, ketoprofen andANS electrode at 258C and pH 7.4. ANS molar concentration ranged ANS,D

26 23from 1.3310 to 2.4310 M iopanoate remained practically constant at the two con-
pot centrations studied.Drug, Drug conc. K ANS,D

23 23 afunctional group/pK (310 M) (310 ) The decision for the need of a correction step in aa
potbinding study depends on the K value in conjunctionANS,DIbuprofen 2.0 2.2 (0.3)

with the maximum drug concentration utilized. For exam-–COOH/5.2
Naproxen 2.0 1.1 (0.1) ple, a 50% allowable maximum relative error at the

26–COOH/4.15 quantitation limit of the ANS probe (¯1310 M) and a
Suprofen 1.0 4.8 (0.4) 23maximum free drug concentration of 1310 M (Eq. (2)),

–COOH/3.91 24produces 5310 M as the maximum allowable value forKetoprofen 2.0 3.4 (0.6)
potK . This maximum allowable error corresponds to an–COOH/4.0 5.0 1.0 (0.1) ANS,D

27Indobufen 2.0 1.34 (0.04) absolute error of 5310 M and a relative error ranging
b 26–COOH/ – from 50 to 0.0066% for the ANS working range 1310 –

Salicylate 1.0 2.0 (0.3) 23 pot7.5310 M. Therefore, ionic drugs with K valuesANS,D–COOH/2.97
greater than this limit require a correction step in theDiflunisal 0.5 116 (6.0)
binding study. Most of the drugs listed in Table 1 lie above–COOH/3.30

Indomethacin 2.0 0.94 (0.09) this limit. However, one should keep in mind that this high
–COOH/4.5 relative error can occur near the quantitation limit of the

Azapropazone 2.0 3.44 (0.16) ANS electrode.
–OH(enolic) /6.3

Phenylbutazone 0.5 24.0 (1.0)
4.2. Displacement experiment – correction procedure–OH(enolic) /4.5 2.0 20.0 (0.6)

Tolmetin 5.0 0.34 (0.09)
–COOH/3.5 In the displacement experiment the increasing drug

Tolbutamide 2.0 1.76 (0.16) concentration causes a stepwise displacement of the ANS
–SO NH– /5.432 from its binding sites on the protein molecule. The valuesWarfarin 2.0 42.0 (3.0)

of free ANS concentration (F ) are subject to positive–OH(enolic) /5.05 ANS

L-Tryptophan 2.0 2.69 (0.51) error which can be considered proportional to the product
pot–COOH/2.38 K 3 F , where F is the free drug concentration.ANS,D D(i ) D(i )

Iopanoate 0.5 7.24 (0.34) Due to the continuous increase of F the error in theD(i ),–COOH/4.8 1.0 13.0 (1.0)
potential readings of ANS increases in a complicatedSulfamethoxazole 1.0 0.31 (0.04)
manner during the displacement experiment. This realiza-–SO NH– /5.62

Sulfadiazine 0.5 0.43 (0.05) tion prompted us to design the following simple correction
–SO NH– /6.482 procedure. The main binding displacement experiment is

Sulfafisoxazole 0.5 0.75 (0.06) followed by a blank titration of BSA with the interfering
–SO NH– /5.02 drug in the absence of ANS. Since F 5 0, it is clearANSSulfamethizole 0.5 0.27 (0.03)

from Eq. (3) that the E value readings of the blank–SO NH– /5.45 i2

a titration correspond (through the calibration curve of theNumbers in parentheses are within-run standard deviations of the potelectrode) to the quantity K 3 F . Assumingestimates. ANS,D D,blank(i )
b Not reported. that the presence of the ANS probe in the displacement
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experiment does not increase F to a considerable degreeD(i )
24(ANS is used at a total concentration of 2310 M and is

mostly bound to the protein) the measured ‘apparent ANS
concentration’ at each point of the blank titration,
F , can be considered equal to the positive errorANS,blank(i )

caused by the presence of F in the real displacementD(i )

experiment. Hence, the free ANS concentrations, F ,ANS(i )

of the displacement experiment was calculated from

F 5 F 2 F (4)ANS(i ) ANS,appar.(i ) ANS,blank(i )

The displacement experiment and the described correc-
tion procedure for drug interference on the ANS electrode
were used for the binding study of various NSADs
(ibuprofen, naproxen, ketoprofen, suprofen, indobufen,
tolmetin, salicylic acid, azapropazone, phenylbutazone)
and iopanoic acid with BSA. Selection of the drugs was
based on their high binding affinity for BSA from previous
studies (Angelakou et al., 1994). Fig. 2 shows typical plots
(F vs. C ) for the binding study of azapropazone toANS(i ) D(i )

BSA using the ANS displacement technique, before and Fig. 3. ANS displacement curves for all drugs studied: tolmetine (d),
naproxen (♦), salicylate (,), ketoprofen (s), azapropazone (m), in-after correction for azapropazone interference on the ANS
dobufen (y), iopanoate (j), phenylbutazone (.), and ibuprofen (^). Bielectrode. In Fig. 3 the ANS displacement curves (%B /Bi 0
is the bound ANS concentration at each total drug concentration, and B0vs. C ) for all the drugs studied are shown.D(i ) is the bound ANS concentration at the beginning of the displacement

24It is well known that competitive protein binding experiment in the presence of drug (BSA concentration 3.36310 M).
depends on the molar concentration ratio of the competing
molecules as well as the drug/protein molar ratio. In our
experiments the total molar concentration drug/BSA from its binding sites on the BSA molecule to various

24(3.36310 M) ratio was $6:1, while the corresponding degrees. This means that even the drugs with the weaker
24drug/ANS (2310 M) ratio was $10:1. Under these binding affinities for BSA induced a measurable free ANS

experimental conditions all studied drugs displaced ANS concentration. When displacement occurs at the lower
drug/BSA (6:1) and drug/ANS (10:1) concentration
ratios, ANS is most likely displaced from its primary class
of binding sites on the BSA molecule. On the other hand,
drugs which do not compete with ANS for its primary
class of binding sites cause negligible ANS displacement

23at low drug concentration (#2310 M). However, when
these drugs are used at higher concentrations, ANS dis-
placement is observed, which is probably due to conforma-
tional changes of the BSA molecule affecting ANS affinity
for BSA. Similar behavior has also been reported for the
action of elevated free fatty acids (FFT) concentration on
the protein binding of some drugs (Santos and Spector,
1974). ANS binding was not changed for molar con-
centration FFT/HSA ratios of 1 or 2, but when this ratio
became .3 significant ANS displacement from its binding
sites was observed (Santos and Spector, 1974). In the same
vein, the competitive binding of site I bound drugs on the
HSA molecule by site I probes for a 1:1 drug/probe molar
concentration ratio has also been described (Wilding et al.,
1977). However, for the same drug/probe concentration
ratio, site II bound drugs are not displaced from their
binding sites on the HSA molecule. When higher drug/
protein concentration ratios are used, both site I and site IIFig. 2. Free ANS concentration change in relation to the total con-
bound drugs are displaced from their binding sites on thecentration of azapropazone before (d) and after (j) correction for

interference according to Eq. (4): F 5 F 2 F . HSA molecule (Wilding et al., 1977).ANS(i ) ANS,appar.(i ) ANS,blank(i )
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The displacement experiments can also be evaluated in a for the probe (denoted by subscript 1) and the drug
comparative manner to quantify the potential for ANS (denoted by subscript 2), is described by the equations
displacement of the various drugs. To this end, the ANS

m n k F1j 1j 1Displacement Index at the 1% level of displacement ]]]]]r 5O (6)1 1 1 k F 1 k F(ADI ) was used: 1j 1 2j 2j511%

m n k F2j 2j 2B 10 ]]]]]r 5O (7)]]] ] 2ADI 5 ? (5)1% 1 1 k F 1 k F1j 1 2j 2C C 100 j51D,1% ANS

replacing r in Eq. (7) with r 5 B /P 5 (T 2 F ) /P and2 2 2 t 2 2 twhere C is the total drug concentration causing a 1%D,1% solving in terms of F :2ANS displacement from its binding sites on the protein
mmolecule, B is the bound ANS molar concentration in the n k F0 2j 2j 2
]]]]]F 5 T 2O P (8)2 2 tabsence of drug (at the beginning of the binding experi- 1 1 k F 1 k F1j 1 2j 2j51

ment) and C is the total ANS concentration used. TableANS

where r 5 B /P is the number of moles of the ith ligand2 presents the calculated ADI values. The drug with the i i t1%

bound per mole of protein, B , F and T are, respectively,highest ADI value is the drug showing the highest ANS i i i1%

the bound, free and total molar concentration of the ithdisplacement from its binding sites on the BSA molecule.
ligand, P is the total protein molar concentration, n is theAzapropazone displaced 1% ANS (ADI 59.78) at drug/ t ij1%

number of binding sites for the jth class with respect to theBSA and drug/ANS concentration ratios of 3 and 5.1,
ith ligand, and k is the binding constant for the associa-respectively, followed by phenylbutazone and indobufen ij

tion of the ith ligand with the jth class of binding sites (for(ADI 58.32), which caused the same ANS displacement1%

i 5 1,2). In the presence of an interfering ionized drug, thewhen the above ratios were 3.6 and 6, respectively. This
measured values of free ANS concentration, F , arebehaviour is indicative of the competition of these drugs 1,appar.

higher than the real F values by a value equal to thewith ANS for the primary class of binding sites of the 1

positive error caused by the interfering ionized drug, i.e. byprobe on the BSA molecule. The smaller ADI values1%
potthe product K 3 F , where F is the free drug con-calculated for the other drugs studied reflect their lower 1,2 2 2

centration at each point of the binding experiment. There-ability to displace 1% of ANS.
fore,

potF 5 F 2 [K F ] (9)1 1,appar. 1,2 24.3. Inhibition experiment – correction procedure

The values of F vary from a minimum (at the com-2
In the inhibition experiment the free ANS concentration, mencement of the binding experiment) to a maximum

F, calculated from the calibration curve of the electrode for value which is almost equal to the total drug concentration,
each point of the binding titration experiment, is used for T (when the drug is totally displaced by the probe).2
the determination of the drug (inhibitor) binding parame- Therefore, the general competitive model described by
ters using the general competitive binding model Eqs. (6) and (8) was modified to take into account the
(Angelakou et al., 1994). The model, based on the site- correction for F :1
oriented Scatchard (1949) model, i.e. classification of

potm n k (F 2 K F )binding sites and equivalence between sites in each class 1j 1j 1,appar. ANS,D 2
]]]]]]]]]]r 5O (10)pot1 1 1 k (F 2 K F ) 1 k Fj51 1j 1,appar. ANS,D 2 2j 2

m n k F2j 2j 2
]]]]]]]]]]F 5 T 2O P (11)pot2 2 tTable 2 1 1 k (F 2 K F ) 1 k Fj51 1j 1,appar. ANS,D 2 2j 2aCalculated ADI values for the drugs studied1%

In our inhibition binding experiments, for every ANSDrug C ADID,1% 1%
23 b 21(310 M) (M ) addition, the free ANS concentration (F ) was calculated1

from the calibration curve and the bound ANS concen-Ibuprofen 2.68 3.72
tration (B ) from the difference B 5 T 2 F , where T isNaproxen 5.45 1.83 1 1 1 1 1

Ketoprofen 2.94 3.39 the total ANS concentration, in order to calculate r1
Indobufen 1.20 8.32 values. The binding parameters of the drug were estimated
Sodium salicylate 4.65 2.14 by non-linear least-squares simultaneous fitting of Eqs.
Tolmetin 8.84 1.13

(10) and (11) to the experimental data (r , F ) using the1 1Phenylbutazone 1.20 8.32
MINSQ non-linear least-squares fitting program. The totalAzapropazone 1.02 9.78

Iopanoic acid 2.10 4.75 drug concentration is known and constant while the free
a 24 drug concentration F was treated as an implicit variableANS concentration 2310 M. 2
b Determined from the respective F vs. C plot. and was calculated either algebraically or numerically by aANS D(i )
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built-in root finder of the program for each iteration values are in agreement with previously reported values.
involving r and F . The binding parameters of the probe However, rather high values of n , although not unrealistic1 1 1

(n , k ) were entered in the model as predetermined (Weder and Bickel, 1970), were calculated for ketoprofen,1j 1j

constant values; they were obtained from non-linear least- naproxen and indobufen. When a ligand is bound to
squares fitting of the Scatchard model to the experimental energetically identical sites of a protein, cooperative
data of a ‘blank’ experiment, i.e. in the absence of drug. binding of this ligand can be induced by the presence of a

Table 3 shows the results derived from the binding study second ligand (Kolb and Weber, 1975). Therefore, the
of several drugs using the uncorrected as well as the calculated high n values may be attributed to cooperative1
corrected general competitive model. Both approaches binding of these drugs to BSA induced by ANS affecting
resulted in quite similar estimates for the model parame- the binding capacity of the protein.
ters. This is probably attributed to the high binding affinity
of these drugs for BSA; thus, very low free drug con-
centration values prevailed during the binding experiment,

5. Conclusionswhich did not interfere with the ANS electrode due to the
potrather low K values calculated (Table 1). The onlyANS,D The displacement approach expands the usefulness ofstatistically significant difference was found for

pot the potentiometric ion-probe technique to competitivephenylbutazone which exhibits a rather high K valueANS,D
23 protein binding studies. When interfering ionic drugs are(24310 ) (Table 3). On the other hand, the strong pot

pot encountered, K values can be estimated and used forANS,Dinterfering effect of the two drugs with the highest K ,ANS,D correcting free ANS concentration readings. When moder-pot 23 potwarfarin (K 5 42 3 10 ) and diflunisal (K 5 potANS,D ANS,D ate K values are found, these can be incorporated into23 ANS,D116 3 10 ) (Table 1), did not allow any valid binding
the modified model of competitive binding and used for

experiment to be performed. In all cases the correlation
fitting purposes.

coefficients of the fitting were extremely high for both
models studied (Table 1).

The estimates for binding constants are in good agree-
ment with reported values obtained using a variety of References
techniques (Vallner, 1977; Kober and Sjoholm, 1980;
Kragh-Hansen, 1988; Li et al., 1988; Diana et al., 1989; Angelakou, A., Valsami, G., Koupparis, M., Macheras, P., 1993. Use of

1-anilino-8-naphthalenesulphonate as an ion probe for the potentiomet-Lapicque et al., 1993). For Naproxen, reported k values1
5 5 21 ric study of the binding of sulfonamides to bovine serum albumin andrange from 0.2310 to 18.0310 M ; for azapropazone

plasma. J. Pharm. Pharmacol. 45, 434–438.5 5the reported k values are between 0.5310 and 9.13101 Angelakou, A., Sideris, E., Valsami, G., Koupparis, M., Macheras, P.,
21 4 4 21M , while k ranges from 1.0310 to 7.8310 M ; for 1994. General treatment of competitive binding as applied to the2

5phenylbutazone the range of k values is 1.0310 to potentiometric ion probe technique: application to the interaction of1
5 21 nonsteroidal anti-inflammatory drugs with bovine serum albumin. J.13.2310 M , while k values have also been reported2

4 4 21 Pharm. Sci. 83, 1150–1154.ranging from 0.6310 to 0.74310 M ; for salicylate, k1 Bagattoli, L., Kivatiniz, S., Aguilar, F., Soto, M., Sotomayor, P., Fidelio,5 5 21values range from 0.5310 to 1.9310 M and k is2 G., 1996. Two distinguishable fluorescent modes of 1-anilino-8-napth-4 21reported as 1.6310 M ; for ketoprofen the k value is thalenesulfonate bound to human albumin. J. Fluoresc. 6, 33–40.1
5 21reported to be 6.18310 M . Most of the calculated n Christopoulos, T., Diamandis, E., 1990. Binding studies using ion-selec-1

Table 3
Estimated binding parameters of various NSADs using the general competitive uncorrected, Eqs. (6) and (7) (first row), and corrected, Eqs. (8) and (9)

a(second row), model
5 21 4 21 2Drug n 10 3k (M ) n 10 3k (M ) R1 1 2 2

Ketoprofen 8.8 (0.2) 10.8(2.0) 0.9990
pot 23K 5 3.4 3 10 8.8 (0.2) 10.5 (2.0) 0.9990

Naproxen 9.1 (0.3) 9.4 (2.2) 0.9993
pot 23K 5 1.1 3 10 9.1 (0.3) 9.3 (2.0) 0.9994

Phenylbutazone 3.2 (0.1) 1.4 (0.2) 0.9998
pot 23K 5 24 3 10 3.5 (0.1) 1.1 (0.2) 0.9998

Azapropazone 0.5 (0.7) 7.8 (2.6) 26.3 (3.2) 1.9 (0.4) 0.9999
pot 23K 5 3.44 3 10 0.5 (0.7) 7.9 (2.5) 26.4 (3.2) 1.8 (0.4) 0.9999

Indobufen 5.8 (2.2) 5.8 (3.4) 19.9 (1.4) 3.8 (1.4) 0.9997
pot 23K 5 1.34 3 10 5.8 (2.2) 5.7 (3.4) 19.9 (1.4) 3.8 (1.4) 0.9997

Salicylate 2.6 (1.1) 1.8 (0.6) 21.5 (3.1) 1.0 (0.2) 0.9999
pot 23K 5 1.97 3 10 2.8 (1.0) 1.8 (0.6) 21.5 (3.1) 1.0 (0.2) 0.9999

a Numbers in parentheses are withinrun standard deviations of the estimates. Temperature 258C, pH 7.4. Uncorrected data taken from Angelakou et al.
(1993).
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