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A simple and fast method is of urgent need to measure protein-drug binding affinity in order to meet the
rapid development of new drugs. Biopartitioning micellar chromatography (BMC), a mode of micellar
liquid chromatography (MLC) using micellar mobile phases in adequate experimental conditions, can be
useful as an in vitro system in mimicking the drug-protein interactions. In this study, sodium dodecyl
sulfate-micellar liquid chromatography (SDS-MLC) was used for the prediction of protein—-drug binding
based on the similar property of SDS micelles to a1-acid glycoprotein (AGP). The relationships between
the BMC retention data of a heterogeneous set of 14 basic and neutral drugs and their plasma protein
binding parameter were studied and the predictive ability of models was evaluated. Modeling of log kgmc
of these compounds was established by multiple linear regression (MLR) and second-order polynomial
models obtained in two different concentrations (0.07 and 0.09 M) of SDS. The developed MLR models
were characterized by both the descriptive and predictive ability (R =0.882, R%, = 0.832 and R? =0.840,
Rév = 0.765 for 0.07 and 0.09 M SDS, respectively). The p values <0.01 also indicated that the relation-
ships between the protein—-drug binding and the log kgmc values were statistically significant at the 99%
confidence level. The standard error of estimation showed the standard deviation of the regression to be
11.89 and 13.87 for 0.07 and 0.09 M, respectively. The application of the developed model to a prediction
set demonstrated that the model was also reliable with good predictive accuracy. The external and inter-
nal validation results showed that the predicted values were in good agreement with the experimental
value.
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1. Introduction

The degree of protein binding is an important parameter in the
evaluation of the pharmacological and pharmacokinetic properties
of potential drugs, which greatly influences absorption, distribu-
tion, metabolism and the excretion (ADME) properties of typical
drugs. It is widely accepted that the effect of a drug is related to
the exposure of a patient to the unbound concentration of drug
in plasma rather than its total concentration [1,2]. The binding of
drugs to plasma proteins enables the transport of drugs via the
blood to sites of action throughout the body. However, strong bind-
ing (above 95%) inhibits the ability of drugs to reach therapeutic
level and can cause several adverse effects (low clearance, low brain
penetration [3], drug-drug interactions [4], loss of efficacy, etc.).
Therefore, the extent of protein—-drug binding can have a signifi-
cantimpact on pharmacokinetic parameters such as clearance rates
and volume of distribution. Among serum proteins, human serum
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albumin (HSA) and a1 -acid glycoprotein (AGP) play important roles
in protein binding for many drugs, which is of key importance to
drug distribution in the body. HSA is the most abundant plasma
protein having a pronounced affinity for acidic and neutral com-
pounds [5,6], while AGP has been reported to have a pronounced
affinity to basic and neutral drugs [7]. This implies the formation
of ionic bonds, although non-specific hydrophobic interactions are
considered to be essential in binding [8]. The solute hydrophobicity
as measured by its partition behavior between octanol and water
(log Pow) has been widely used as a predictor to model protein
binding [9,10]. However, the octanol/water partition coefficient is
unfortunately an unreliable predictor for plasma protein binding,
because recognition forces like ionic bonds are not encoded in this
biphasic system [8].

Chromatography is a powerful technique for measuring the
physicochemical parameters of drugs. A variety of chromatographic
approaches have been used to evaluate protein-drug binding such
as size-exclusion chromatography [11], high performance frontal
analysis [12], and affinity chromatography using HSA or bovine
serum albumin (BSA) columns [13-15]. However, protein columns
due to their labor intensive and time consuming preparation, and
also restriction by the protein activity and limited life are not
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adapted to high throughput screening and cannot be accepted as
viable, “quick” screening methods, especially in the drug discovery
phase [16].

Recently, biopartitioning micellar chromatography (BMC) has
been proposed as a high-throughput screening platform and
attracted considerable attention as an in vitro model to predict the
pharmacological and pharmacokinetic properties of drugs [17-20].
The BMC methodology has important advantages over other in vitro
techniques used to protein binding assay (e.g. equilibrium dialysis
[21], ultrafiltration [21], biosensors and 96-well fluorescence plate
readers [22,23]) including accuracy, low cost, experimental sim-
plicity, speed and reproducibility. In this chromatographic system,
polioxyethylene 23 lauryl ether (Brij-35) micellar mobile phases
and Cqg reversed stationary phase in adequate experimental con-
ditions are used. The use of retention data obtained in BMC has
been demonstrated to be helpful in describing the biological behav-
ior of the different kinds of drugs. There are a number of researches
using BMC to predict protein—drug binding [16,19,24]. To the best of
our knowledge, the protein-drug binding prediction using sodium
dodecyl sulfate (SDS) in BMC system has not been found in the lit-
erature. However, some researchers ever used the mixed micellar
system of Brij-35/SDS (85:15) as mobile phase in BMC to estimate
bioactivities of drugs [25-27].

In this study, the usefulness of SDS was evaluated as a mobile
phase in BMC to predict protein—drug binding for a heterogeneous
set of 14 drugs including basic and neutral (training set). The use of
SDS as an anionic surfactant leads to the formation of bio-mimetic
protein similar to AGP and can be used to emulate both the ionic
and hydrophobic interactions of protein and drugs. In addition, SDS
micellar mobile phases prepared at physiological conditions could
also mimic the environment of protein—-drug binding. The retention
of compounds in this chromatographic system depends on its inter-
actions with the modified reversed stationary phase and micelles
present in the mobile phase. These interactions are governed
by hydrophobic, electronic and steric properties of compounds.
Regression models for the prediction of protein-drug binding is
derived from the training set using the backward-multiple linear
regression (MLR) analysis and compared at two SDS concentra-
tions, 0.07 and 0.09 M. Then, the predictive ability of models was
evaluated by external and internal (leave-one-out method) [28-30]
validations.

2. Experimental
2.1. Instruments

The chromatographic analysis was performed with an HPLC sys-
tem equipped with model 1525 binary solvent pump and a model
2487 dual A absorbance detector, all from Waters (Waters Assoc.
Milford, MA, USA). The injector was a Reodyne, model 7725i (Cotati,
CA, USA) fitted with a 20 pl loop. The analytical column used was
REPROSIL 100 C18 (5 pm, 250 mm x 4.6 mmi.d.) from Dr. Maisch
GmbH (Beim Brueckle, Germany). The mobile phase flow rate and
temperature were maintained at 1.0mlmin~! and 36.5°C during
chromatography. The detection wavelength was set at 240 nm.

2.2. Reagents and standards

Mobile phases were prepared by aqueous solutions of 0.07 and
0.09 M SDS (Fluka, Buchs, Switzerland). The pH of the micellar elu-
ent was adjusted to 7.4 with 0.05M phosphate buffer, prepared
with disodium hydrogenphosphate and sodium dihydrogenphos-
phate (analytical grade, Fluka, Buchs, Switzerland). However, for
mobile phases containing SDS, potassium salts are not recom-
mended for adjusting SDS buffer pH, since potassium dodecyl

sulfate has high Kraft point which can precipitate the aqueous
mobile phase. To reproduce the osmotic pressure of biological flu-
ids, NaCl (9.2 g1-1, Merck, Darmstadt, Germany) was added to the
micellar mobile phase. The training set of drugs used for build-
ing the quantitative retention-activity relationship (QRAR) models
were obtained from the internal pharmaceutical laboratories in Iran
(Sobhan, Pars-Daru and Abidi). The structures of the compounds
studied are shown in Fig. 1. Stock standard solutions of 1 mgml~!
of the model drugs were prepared separately in methanol and then
diluted in proper concentrations when they were needed. The solu-
tions were stored at 4 °C. The micellar solutions were prepared in
double-distilled, deionized water and vaccum-filtered through a
0.45 pm Millipore solvent filter.

2.3. Data sources, software and data processing

Plasma protein binding data values of 19 therapeutic drugs were
taken from the handbooks of Goodman and Gilman’s [31] and of
Martindale [32]. Of the 19 compounds, 14 compounds were cho-
sen as the training set (Table 1) and the remaining ones were
used for the prediction set. The logarithm of octanol-water par-
tition coefficients (log Pow) and acidity constants (pK,) in Table 1
was taken from Refs. [18,33-35]. The retention data in BMC were
calculated as a retention factor, kgyc =(tr — to)/to where tg is the
retention time of the test compound and t corresponds to column
dead time. The dead time value was determined for each injec-
tion as the first perturbation in the chromatogram and the average
of these values (average to=1.975 min) was used for all 14 drugs.
The logarithm of the retention factor values (log kgyc) calculated
for modeling, was the average of at least triplicate measurements.
The retention data were highly reproducible, the relative standard
deviation (RSD) values were <1.0% for intra-day and <5.0% for
inter-day assays. Fig. 2 shows the representative chromatogram
of clonazepam eluted using 0.09 M SDS mobile phase at pH 7.4.

Excel 7.0 from Microsoft Office and SPSS 20.0 software were
used to perform the statistical analysis of backward-MLR.

2.4. Evaluation of the QRAR model predictive ability

To evaluate the predictive ability of the model, the fit error
(i.e. root-mean-square error of calibration, RMSEC), the predic-
tion error based on cross-validation (i.e. root-mean-square error
of cross-validation, RMSECV), a parameter which included both
interpolation and extrapolation information, and the RMSECVi
parameter for measuring only interpolation information, were
compared. From a qualitative point of view, small differences
between these three parameters would mean a major QRAR model
robustness.

3. Results and discussion

3.1. Structure similarity of «;-acid glycoprotein with SDS in BMC
system

a1-Acid glycoprotein or orosomucoid (ORM), a human plasma
protein, is a 41-43-kDa glycoprotein with a low isoelectric point
of 2.8-3.8. The peptide moiety is a single chain of 183 amino acids
with two disulfide bridges in humans. The carbohydrate content
represents 45% of the molecular weight attached in the form of five
to six highly sialylated complex-type-N-linked glycans [36]. The
high content of sialic acid results in high negative net charge in
AGP. The biological function of AGP remains unknown but it has
the ability to bind and carry numerous basic and neutral lipophilic
drugs and decrease their bioavailability [36,37].

SDS is an organic compound with the formula CHs
(CH3)110S03Na. Itis an anionic surfactant consisting of a 12-carbon
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Fig. 1. Chemical structure of the model drugs studied.

tail (lipophilic) attached to a sulfate group (hydrophilic), giving
the material the amphiphilic properties. The property of the
micelles, which are formed by SDS anionic surfactant including
sulfate group, is similar to AGP and can be used to emulate the
interaction of protein and drugs. When SDS forms micelles in
aqueous solution, the long hydrophobic tails clump into the center
and the hydrophilic head groups such as negative sulfate group lie
in the outside. This similarity to AGP in structure and especially
negative charge results in the similar interactions with basic and
neutral drugs. The usefulness of this surfactant in constructing
models can be attributed to the fact that the stationary phase
modified by the hydrophobic adsorption of SDS anionic surfactant
monomers resembles sialic acid carbohydrate in AGP which has
high negative charge.

3.2. Retention behavior of the model drugs

In order to study the retention-activity relationship, the reten-
tion data for a heterogeneous set of compounds (anxiolytics, H;

antihistamines, 3-blockers, antiepileptics and antipsychotics) was
measured using 0.07 and 0.09 M SDS mobile phases at physiologi-
cal pH 7.4. Table 1 shows the log Py values for the non-ionic forms
and their corresponding retention data obtained using 0.07 and
0.09 M SDS as mobile phases for the studied compounds. As it can
be observed, for the highly hydrophobic compounds, large changes
in the retention were obtained upon increasing the surfactant con-
centration in the mobile phase, while for the slightly hydrophobic
compounds (atenolol, cimetidine, ranitidine), the retention was
scarcely modified. This behavior indicates, as expected, that the
eluent strength of the surfactant increases as the hydrophobicity
of the compounds increases. This fact indicates the modification
of the surface of the stationary phase with monomers of SDS is
continued even above the critical micelle concentration (CMC),
i.e. the number of adsorbed monomers on the surface unit of sta-
tionary phase rises [38]. Therefore, the stationary phase becomes
more hydrophilic and retention of highly hydrophobic compounds
decreases sharply with an increase of concentration of SDS in the
mobile phase.
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Table 1

Logarithm of the retention factor in BMC (log kgmc) and protein-drug binding values of model drugs.
Model drugs (training set) log Pow @ pK; log kpmc/SDS (M) Protein-drug

binding? (%)
0.07 0.09

Clozam 2.12 N¢ 1.12 1.00 85
Alprazolam 2.12 6.2 (B) 1.22 1.10 86
Carbamazepine 245 N 1.11 0.98 74
Diazepam 2.96 3.3(B) 1.36 1.23 98.7
Chlorpromazine 5.20 9.3 (B) 1.96 1.27 97
Oxazepam 2.24 1.7 (B); 11.6 (A)® 1.34 1.30 97
Cimetidine 0.21 6.8 (B) 0.98 0.96 20
Ranitidine 0.27 2.3 (B); 8.2(B) 0.97 0.89 15
Atenolol 0.16 9.6 (B) 0.96 0.84 11
Propranolol 3.56 9.45 (B) 1.48 1.31 90
Phenytoin 2.47 8.3 (A) 1.29 1.17 90
Nitrazepam 2.84 3.2(B); 10.8 (A) 1.23 1.10 87
Lorazepam 2.48 1.3 (B); 11.5(A) 1.25 1.16 85
Clonazepam 3.02 1.5 (B); 10.5(A) 1.23 1.09 85

Logarithm of the partition coefficient in the n-octanol/water system of the neutral form of compounds studied.

Neutral compound or at least non-ionized at pH 7.4.

a
b pK, value for an acidic (A) and for a basic group (B).
c
d

Values from Refs. [31,32].

Indeed, the chromatographic behavior in a reversed-phase lig- and micellar pseudophase. Solutes are separated on the basis
uid chromatography (RP-LC) system of a solute eluted with a mobile of their differential partitioning between bulk aqueous solvent
phase containing a surfactant above the CMC can be explained by and micelles in the mobile phase or surfactant-coated stationary
considering three phases: stationary phase, bulk aqueous solvent phase. The partitioning equilibria in MLC can be described by three
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Fig. 2. The representative chromatogram of clonazepam eluted using 0.09 M SDS mobile phase at pH 7.4.
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coefficients: Pys (partition between aqueous solvent and station-
ary phase), Pwy (between aqueous solvent and micelles), and
Pys (between micelles and stationary phase). The coefficients
Pws and Pwy account for the solute affinity to the stationary
phase and micelles, respectively, and have opposite effects on
solute retention: as Pys increases the retention increases, whereas
as Pww increases the retention is reduced due to the stronger
association to micelles [39].

Also, it is necessary to remark that the CMC value of SDS in water
(8.1 x 10-3 M) is depressed by the presence of added salts [40]. The
depression of the CMC by added salts is the result of a decrease in
the repulsive forces between the ionic headgroups of the surfactant
molecules. The micellization becomes easier, since the hydrophobic
effect on the non-polar chains is little modified or slightly enhanced
(salting out effect) by the added electrolytes [41]. It is often crucial
to buffer the micellar phases using electrolytes. Consequently, the
effect of salts on the CMC of a surfactant should be kept in mind
when using MLC. However, the concentrations of SDS in the stud-
ied mobile phases (0.07 and 0.09 M SDS) are considerably above
the CMC value of SDS in the presence of salts. So, the micelles are
definitely formed.

3.3. Retention-property relationships

The extent of protein-drug binding has a significant impact on
pharmacokinetic parameters such as clearance rates and volume of
distribution. The molecular features of drugs (mainly hydrophobic-
ity, ionization and steric properties) determine their protein affinity
and the drug-protein interaction, and consequently their biologi-
cal activities [42]. Since these molecular features also determine
the retention of compounds in BMC, retention-activity relation-
ships can be expected. The possibility of establishing a relationship
between model drugs retention data, logkgyc, and their cor-
responding protein binding values was studied. Plasma protein
binding values of model drugs are also reported in Table 1.

3.3.1. Retention-protein-drug binding relationships

The amount of drug bound to protein determines how effec-
tive the drug is in the body. Only a fraction of drug unbound from
plasma proteins is available to diffuse from the vascular system and
accumulate in tissues thereby enabling interaction with therapeu-
tic targets and accessibility to xenobiotic clearance pathways [43].
Thus, determining the fraction of drug bound to plasma proteins
is a standard parameter evaluated in the process of drug discov-
ery. In this study, the usefulness of SDS mobile phase for predicting
protein-drug binding was evaluated; for this purpose, the retention
factors (kgvc) of 14 chemically different (basic and neutral) drugs
(training set) were obtained using 0.07 and 0.09 M SDS micellar
solutions buffered at pH 7.4 containing 9.2 gl~! NaCl. The model
drugs were chosen to cover a wide range of plasma protein binding
data (10-100%).

Fig. 3 shows the relationships between the protein-drug binding
of model drugs and their retention data when different concentra-
tions of SDS mobile phase (0.07 and 0.09 M) were used. In both
cases, there is practically an adequacy of the polynomial model to
the data. Table 2 shows the statistical analysis and the predictive
and interpretative features of the QRAR models obtained using 0.07
and 0.09 M SDS mobile phases. For both concentrations, the p val-
ues were less than 0.01 indicating that the relationships between
the protein—-drug binding and the log kgyic values were statistically
significant at the 99% confidence level. In addition, all coefficients
were also significant (p<0.01) at the same confidence level. The
standard error of estimation showed the standard deviation of the
regression to be 11.89 and 13.87 for 0.07 and 0.09 M, respectively.
Therefore, from a statistical point of view, better criteria values
(R?, F and SE) were obtained in 0.07 M SDS than 0.09 M (Table 2).

Table 2

a+b (log kpmc) + ¢ (log kmc )?] corresponding to the retention data obtained using 0.07 and 0.09 M SDS mobile phases.

Statistical analysis and predictive features of the QRAR models [protein—-drug binding (%)

RMSEC? RMSECVeRév 8 RMSECVif

F¢ (p value)

SEP

adj

2 a
0.882(0.861)

R

¢ (p value) R?

b (p value)

a (p value)

[SDS] (M)

73.62
71.61

99.59 (0.832)
97.97 (0.765)

41.138(0.000) 76.31

28.794(0.000)

11.89
13.87

~216.255(0.000)
~609.688(0.008)

—458.273(0.000) 705.000 (0.000)

~840.237(0.003)

0.07M
0.09M

7445

0.840(0.810)

1511.403(0.004)

2 R-Squared adjusted for degrees of freedom.

b Standard error of the estimate.

¢ Fisher-ratio.

d Root-mean-square error of calibration.

¢ Root-mean-square error of cross-validation (leave-one-out).

f Root-mean-square error of cross-validation (leave-one-out) for interpolated data.

& Cross-validated correlation coefficient.
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Fig. 4. Plot of predicted protein—-drug binding (according to the regression model
reported in Table 2) versus experimental protein-drug binding values for the pre-
diction set.

Also, it will be possible to estimate the corresponding protein-drug
binding values of other drugs (in these families) with non-reported
data.

3.3.2. Predictive ability of QRAR-protein-drug binding model

Table 2 contains the statistical parameters of RMSEC, RMSECV
and RMSECVi for the QRAR-plasma protein binding model obtained.
As it can be observed, the RMSEC and RMSECVi values are similar,
but lower than RMSECV values, suggest that interpolation param-
eters based on these QRAR models should be reasonably adequate.
However, caution should be exercised with regard to extrapolation
values. The predictive ability of the QRAR model in 0.07 M SDS can
also be evaluated from external validation method. Fig. 4 shows the
plot of predicted versus actual activity for a prediction set of 5 com-
pounds. The fair R? indicates good stability and predictive ability of
the developed model for the drugs not included in modeling.

4. Conclusions

Biopartitioning micellar chromatography (BMC) is a mode of
RP-LC, which can be used as an in vitro system to model the
protein-drug interactions. The present study shows that useful
retention data for prediction of protein-basic drug binding can
be obtained by MLC using SDS. In fact, the use of SDS in BMC,
which encompasses negative charge, can reproduce pseudo pro-
tein similar to AGP on stationary phase and guarantee a progressive

protein—-drug binding model into the drug discovery scheme. Sat-
isfactory results were obtained with the proposed method for the
basic and neutral set of drugs.

These models must be used carefully with consideration of the
similarity between the tested compound and the compounds that
were used in the model building. It should be clear that it is impos-
sible for such models to provide the meaningful estimates for the
compounds whose structural features and consequently mecha-
nism of action at biological level are not represented in the original
compound databases from which the models were developed.
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