ARI The Bulletin of the Istanbul Technical University

Communicated by Sondan Durukanoglu Feyiz

VOLUME 53, NUMBER 1
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The competitive affinity of two drugs (the anticoagulant warfarin and the diuretic furosemide) to bovine serum
albumin (BSA) is studied by capillary electrophoresis. The competition of these two drugs for the same site on
BSA is shown. The binding constant between the displacer drug (furosemide) and BSA is estimated relative to

the known warfarin-BSA binding constant.
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1. Introduction

After introduction into the circulation most
drugs are bound to the different blood con-
stituents. In order to adjust the optimum thera-
peutic dose of a drug, the extent of drug binding
has to be known. Therefore there is a need for an-
alytical methods to study protein-drug binding.

Various analytical techniques have been devel-
oped to measure binding constants. Most of them
are based on the use of separation techniques un-
der equilibrium conditions. Among these sepa-
ration techniques, a promising new technique is
capillary electrophoresis (CE). CE differentiates
charged species on the basis of mobility under
the influence of an electric field. The technique
is very simple and its potential for studies of
drug binding is now well recognized [1]. Several
CE methods are applicable to measure binding
constants, e.g., affinity capillary electrophoresis
(ACE), Hummel-Dreyer method (HD), vacancy
peak method (VP), frontal analysis (FA), and
vacancy affinity capillary electrophoresis (VACE)
[2-4].

We have recently reported a qualitative way to
see the competitive affinity of two drugs (the an-
ticoagulant warfarin and the diuretic furosemide)
to bovine serum albumin (BSA) using the VACE
method [5]. Within the plasma proteins, serum
albumin is undoubtedly the most important car-
rier for drugs and other small molecules. It is now
generally accepted that in certain but not all cases
the albumin binding of a drug is a significant fac-
tor for the pharmacokinetics. Furthermore, the
displacement of one drug by another from albu-
min binding sites can at least contribute to drug
interaction phenomena [6]. The binding inter-

action of warfarin and serum albumin has been
extensively studied with various methods. The
present paper reports a fast and simple quanti-
tative study to estimate the binding constant of
the competitive drug by detecting the displace-
ment of warfarin by another drug from albumin
binding sites using VACE measurements.

2. Method and materials

2.1. Principle of VACE

Theoretical aspects of the method can be found
in reference [2]. In this part, after a brief descrip-
tion of VACE, its application to the competitive
binding equilibrium will be given.

In the vacancy experiments, the capillary is
filled with buffer, protein, and ligand. Then, a
small volume of buffer is injected and a voltage is
applied. Three deficiency peaks can be observed
on the electropherogram, which represent the de-
ficiency of complex, free protein, and free ligand
respectively. It is possible to construct a correla-
tion between the mobility of vacancy peaks and
binding parameters. This approach is the basis
of the VACE method.

Keeping protein concentration in buffer con-
stant and increasing drug concentration, or fol-
lowing the reversed procedure, i.e. keeping the
drug concentration constant and increasing pro-
tein concentration, the position of drug and/or
protein vacancy peaks is measured.

Experimentally, in CE, the electrophoretic mo-
bility of a solute is determined according to the
following equation,

u=LiLg/ V(t-teo), (1)

where Ly is the length of the capillary from the
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injection end to the detector, L; is the total length
of the capillary, V is the voltage that is applied

across the capillary, t and t., are the migration
times of the solute and a neutral marker respec-
tively.

Overall mobility of a drug peak is given as

po,p=app + (1-a)uc, (2)

where pp p is the overall mobility of the drug,
up is the free mobility of the drug, puc is the
mobility of the complex at which the active sites
of the protein is completely saturated by drug,
and « is the free fraction of drug.

In the same manner, the overall mobility of the
protein peak, up p,is equal to

[D]=aCp =
[DP[=(1—a)Cp =
oS =t o

where [D] and [DP] are the free and bound drug
concentrations, Cp is the total drug concentra-
tion.

3)

where pp is the free mobility of the protein and
[ free fraction of the protein.

As can be deduced from the equations, the
overall mobility of the protein vacancy peak will
shift to the limit value of free protein mobility
with the increasing concentration of free protein
in the equilibrium, or shift to the limit value
of saturated complex mobility with the increas-
ing concentration of complex, e.g., decreasing
concentration of free protein in the equilibrium.
The same behaviour is valid for the drug va-
cancy peak. The mobility of the vacancy drug
peak changes between the two limit values, e.g.,
free drug mobility and saturated complex mobil-
ity depending on the equilibrium concentrations.
Therefore, in the application of VACE method,
it should be an acceptable difference between the
complex mobility and the free protein mobility
or between the complex mobility and the free
drug mobility to observe differences in the mobil-
ity shift of vacancy peaks. However, even one of
the free mobilities of solutes is equal to the com-
plex mobility, the measurements of the mobility
shift of the second solute give enough information
for binding association. For small charged drugs,
it is a good approximation that uc is similar to
the mobility of free protein since the mobility of
the protein will hardly be affected by the drugs
bound to the large protein molecule. Once free
and actual mobilities of the drug are obtained
from the mobility measurements, the correlation
between equilibrium concentrations and the asso-
ciation constant can easily be formed.

From Eq.2, the following equations are ob-
tained for free and bound concentrations of drug.

wp.p=PFpp + (1-B)uc,
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The reversible binding of a ligand to a macro-
molecule is expressed by the following equation
[7.8].

_[DP] _ <
AR

i=1

G L/ (6)
1+ K; [D]
where r represents the mean number of moles of
ligand bound per mole of macromolecule and Cp
is the total protein concentration in the buffer,
m is the number of identical independent binding
sites on the protein such that each class i has n;
sites with binding affinity K.

It is possible to perform the VACE experiments
when the protein interacts with a mixture of
drugs. In that case the shift in mobility values is
affected from the competition between two drugs
for the same binding sites of the protein. When
the buffer contains the second drug, in addition
to vacancy peaks described above, the new va-
cancy peak reflecting second the drug will appear
in the electropherogram. Simultaneous binding
of two drugs can be measured in two types of
experiments. The concentrations of protein and
one of the drugs are kept constant and the con-
centration of the other drug is increased, or con-
centrations of the both drugs are kept constant
and the concentration of the protein is increased.
The first series of experiments allow observing the
decrease in the affinity of one drug to the protein-
binding site with the increasing concentration of
the other drug. The release of the bound drug
from the protein by the displacer drug will in-
crease the free drug concentration and as a result
the actual mobility of the first drug is shifted to
the free drug mobility according to Eq. 2.
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Both measurements allow the calculation of the

From the equations 4, 5, and 9, Eq. 10 can be

binding constant of one drug from the known con-

formed to estimate the binding constants:

stant of the other. Since it is the case in our
model system, in the following theoretical part,
the protein mobility is assumed as equal to the
complex mobility. In that case, the procedure
involves only the determination of the shifts in
the mobility of vacancy peaks of the two drugs
relative to free drug mobilities. For the differ-
ent equilibrium conditions according to the fol-
lowed experiments, mobilities of two drug peaks
are measured. The mobilities of free drugs are
determined at the same system in the absence of
protein in the buffer.

In the situation under consideration, two drugs
are competing for the same binding class of the
protein. If the two drugs compete for the same
primary binding sites of the protein and electro-
static interactions between the anionic species are
neglected as proposed by Klotz et al.[7], equilib-
rium between protein and each individual drug
can be treated separately. If represents the moles
of bound drug per mole of total protein, we can
write this ratio for drug A and B as,

e (Ca—lA)
([P1+ [PA] + [PB])

(1+ K4[A]+ Kg[B])

rp——C8—1B)
([P1+[PA] + [PB])

(1+ K4 [A]+ Kg[B])

Taking the r4,7p ratio, Eq.9 is obtained:
(CA — [A]))[B] _ K4 (9)

(Cp—B)A]  Kp’

If two drugs are both bound at the same pri-
mary binding site on the protein, the left site of
the Eq.9 will be constant for the equilibrium con-
centrations of the experimental sets.

Equation 9 provides the calculation of the as-
sociation constant of one drug using the known
value of that for the other drug and VACE exper-
imental data, i.e., mobilities of vacancy peaks.
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(ha = pap) (mB.p —po) _ Ka
(na,p —pc) (s —ppp) Kgp

(10)

2.2. Apparatus

All VACE experiments were performed with
an Applied Biosystems Model 270A-HT CE sys-
tem (Foster City, CA, USA). Data processing
was carried out with the Caesar software (Prince,
Emmen, the Netherlands). The wavelength was
set at 308nm. The temperature of the column
was maintained at 25°C. An untreated capil-
lary (Polymicro Technology, Phoenix, AZ, USA),
52.3cmx50pum 1.D. with an effective length of 29.2
cm. was used. The buffer plug was introduced
into the capillary by vacuum injection( 0.17.10°
Pa for 0.8s ). The applied voltage was 15 kV.

2.3. Chemicals

BSA and warfarin were purchased from Sigma
Chemical Co. (St.Louis, MO, USA). Furosemide
is from Aldrich (Axel, The Netherlands). All so-
lutes are dissolved in the 0.067mol/L phosphate
buffer at pH 7.4. The injection solution consisted
of 0.067 mol/L sodium phosphate, pH 7.4 and
mesityl oxide (MO) as a marker for electroosmotic
flow. All solutions were prepared fresh daily.

3. Results and discussion

The application of VACE method to the pro-
tein and two drug systems was performed with us-
ing bovine serum albumin (BSA) as protein, war-
farin (anticoagulant) and furosemide (diuretic) as
drugs.

Location of the binding sites and binding con-
stants of serum albumin has been extensively in-
vestigated due to its pharmacological activity. It
is now obvious that, one of the most important
binding sites of serum albumin is warfarin binding
site. Actually this site of albumin is the a big area
and the drug binding one site of this area always
displace ligands bound to the other part of this
area to a certain degree [6]. Since it is proved that
the drugs used in our model bind to the same pri-
mary site of albumin, e.g., the warfarin site [9-11],
and both are small negatively charged molecules,
our model is based on the assumption that two
individual competitive equilibrium for n possible
sites of one classified area on the albumin.

Fig. 1. shows a typical electropherogram of the
BSA-warfarin-furosemide system.
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Simultaneous binding of drugs to BSA was
measured with two sets of experiments. In

MO

one of them, the concentrations of both war-
farin and BSA are kept constant in the running

W
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Figure 1. A representative electropherogram
obtained with the VACE method. Capillary
filled with buffer4+20pmol/l1 BSA+100umol/l war-
farin+100 pmol/l furosemide. Injection solution:
0.067mol/l sodium phosphate pH 7.4+mesityl ox-
ide. MO: mesityl oxide (neutral marker); B=BSA;
W=warfarin; F=furosemide.
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Figure 2. Mobility of warfarin vs. furosemide con-
centration. W= 100 pmol/l; BSA=100 gmol/l.
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buffer at 100 pmol/l and 80uol/l respectively;
furosemide concentration was increased between
0-1000 pmol/l. A small volume of buffer con-
taining mesityloxide as an electroosmotic marker
is injected. From the migration times of neu-
tral marker and vacancy peaks of drugs, the elec-
trophoretic mobilities of drugs are found accord-
ing to Eq.1. In that way, the changes in the mo-
bilities due to the changes in the buffer viscosity
are prevented.

A shift in both mobility of warfarin and
furosemide to the direction of free drug mobili-
ties are observed. This shift shows the increase
in the free concentrations of both drug in equilib-
rium. The addition of furosemide in equilibrium
media cause an increase in the free furosemide
concentration, but the increase in the warfarin
concentration indicates a decrease in the affinity
of warfarin for BSA with increasing concentration
of furosemide. In Fig.2, the electrophoretic mo-
bilities of warfarin vs. increasing concentration of
furosemide is given. The displacement of warfarin
is clearly visible.

In the second series of experiments, the con-
centrations of both drugs are kept constant at
100 pM and the BSA concentration is increased
between 0-100 4M in the running buffer. In that
case a shift in the mobilities of two drugs to the
direction of saturated complex mobility are ob-
served with the increasing concentration of the
protein. This shift reflects the simultaneous bind-
ing of the two drugs to BSA (Fig. 3).

The corrected mobilities of vacancy peaks ac-
cording to neutral marker in the absence of pro-
tein were used as the free mobilities of the drugs
in the calculations. Using the mobilities of free
drugs and saturated complex (in that case puc =
1BsAa), as explained in the theoretical part, the
ratio of primary binding site constants can be
calculated from the measured mobilities of drug
vacancy peaks. Since the binding association of
warfarin and serum albumin was extensively stud-
ied, we used the literature values of warfarin bind-
ing constant and calculated the furosemide con-
stant writing the Eq. 10.

Table 1 gives the mean value of binding con-
stant for furosemide and BSA, K, for two sepa-
rate sets of experiments (I and IT). The first col-
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Figure 3. Mobilities of warfarin and furosemide vs.
BSA concentration. W= F=100 pmol/l.

Table 1
Values of the binding constant for furosemide-BSA
system obtained with VACE method.

I 11
1.57 (£0.18) 1.62 (£0.25)

Krp 10—°

umn shows the K value obtained from the first
series of experiments (I), e.g., the concentrations
of warfarin and protein constant, the concentra-
tion of furosemide is increasing. The Kp value
in the second column (II) was obtained from the
experiments that the concentrations of the drugs
are constant and the concentration of the pro-
tein is increasing. We used Sebille‘s binding con-
stant value for warfarin as 2.1.10° in the calcu-
lations[11]. The association constant value for
furosemide found by same researcher is 1.68.10°.
The values in brackets show standard deviations
of constants for 10 data point for each experiment
set. The result suggests that the two drugs are
both bond at the same primary bindind site on
BSA.

4. Conclusion

The results obtained from the experiments
shows that the VACE method can be used for
the simultaneous competition of two drugs for the
binding sites of a protein. The procedure is rapid
and only small quantities of protein and drug are
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required. The results from experiments also give
considerable information about the affinity of one
drug to the location of the binding site on the pro-
tein molecule, by using a drug with a known bind-
ing site location. If a competition is observed, this
is the indication of two-drug use of the same bind-
ing site on protein. VACE provides an easy qual-
itative application in that respect. Furthermore,
simply measuring the mobility shifts of the drugs,
the method allows estimation of the binding con-
stant of the competitive drug to the protein using
the known parameter of other drug.
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