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To investigate the protein binding characteristics of cephalothin, the effects of ionic strength, pH
and temperature on the binding of cephalothin to bovine serum albumin (BSA) were studied by UV dif-
ference spectrophotometric method. With increasing ionic strength at constant pH and temperature, as-
sociation constant decreased, but the number of binding sites sites was about 2 constantly. It may be
deduced that the binding process is not only due to electrostatic forces. And the increased asso-
ciation constant at high ionic strength is explained by conformational changes of BSA from complex to
subunits. The pH effect on the affinity of interaction indicated that the binding affinity of drug is hig-
her in the neutral region than in the alkaline region. And, at high pH value, the number of binding sites
decreased from 2 to 1 because of the conformational changes of BSA in alkaline region. The decrease in
binding affinity of BSA to drug with increasing temperature was characteristic of an exothermic reac-
tion. And the negative sign of AG ° meant that the binding process occurs spontaneously under the ex-
perimental conditions. In cephalothin-BSA complex formation, since the net enthalpy change value and
entropy change value are positive, it is assumed that hydrophobic bindings are predominant in this bin-
ding process.

Keywords—bovine serum albumin, cephalothin, protein binding, pH, ionic strength, temperature,
difference spectra, interaction.

The binding of drugs to plasma proteins may
play an important role in the pharmacokinetic con-
sequences and pharmacologic results of drugs.”
Serum albumin is mainly contributed to drug-pro-
tein binding in blood.? Thus, to understand the
behavior of drug in the circulatory system, it is nes-
sary to examine the binding of drug to serum albu-
min.

*To whom correspondence should be addressed
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In the process of binding of drug to serum albu-
min, various interactions are included. These inter-
actions are mainly long range electrostatic forces,
short range specific interactions such as hydrogen
and hydrophobic bonds, and protein dispersion
forces.” In order to allow meaningful interpreta-
tion of the binding process, several factors such as
ionic strength, pH, temperature, buffer composi-



tion and so on should be considered.

In this study, in order to investigate the protein
binding characteristics of cephalothin, the effects
of ionic strength, pH and temperature on the bin-
ding of cephalothin to bovine serum albumin (BSA)
were examined quantitatively by UV difference
spectrophotometric method.

EXPERIMENTAL METHODS

Meterials

Bovine serum albumin (BSA), fraction V was
purchased from Sigma Chemical Co. and its mole-
cular weight was assurned to be 69,000. The concen-
tration of BSA solution was determied from the ab-
sorbance of the peak at 280 nm. The molar concen-
tration was calculated on the basis of E]..=6.67.
The spectrophotometric probe, 2-(4 -hydroxyben-
zeneazo) benzoic acid (HBAB), was purchased
from ICN Pharm. Inc. Sodium cephalothin anhy-
drous was supplied by Yuhan Corp. All other
chemicals were of analytical reagent grades. The

water used was double distilled from the glass.
Apparatus

The ultraviolet difference absorbances were
measured on the model SP1750 Pye Unicam Spec-
trophotometer using tandem cells. The tempera-
tures during the binding study were controlled by
using circulator (Technique Co.).

Difference Absorbance Measurement

The binding of the probe to BSA was determin-
ed by measuring the increase in difference absor-
bance following the titration of the protein solution
with the probe according to the method described
in previous reports.*> The probe (HBAB) was dis-
solved in methanol at a concentration of 1 X 1073M.
The BSA solutions were prepared with phosphate
buffer at pH 6.53-8.0. The concentration of BSA
solution was 2.9 x 10°M and the concentration of
cephalothin was 1 x 107M.

Two 1 ml-portions of BSA solutions were pipet-
ted into two compartments of tandem cells and two
1 mi-portions of buffer solutions were pipetted into
two remaining compartments of the cells. These
solutions were placed in the reference and sample
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Figure 1—Tandem cell arrangement for difference
spectrophotometry.

beams in such a manner that a buffer and a BSA
solution compartments were in tandem in each
beam. Tandem cell arrangement is shown in Fig. 1.

After drawing a base line, the contents of buffer
solution compartment in the reference beam and
the BSA solution compartment in the sample beam
were titrated simultaneously with successive addi-
tions of § »/ of HBAB solution and difference ab-
sorbances were measured at 484 nm in each time. A
separate titration of BSA solution was carried out
in the presence of 1 X 10-°M of cephalothin, indivi-
dually.

Data Treatment

The fraction of HBAB bound was calculated us-
ing the method described in the previous reports.>®
The Scatchard equation was applied to determine
the binding parameters of the BSA-HBAB interac-
tion.

\
A nK - VK (1)
Where V is the number of moles of bound HBAB
per mole of BSA, A is the concentration of free
HBAB, n is the number of binding sites on the BSA
molecule, and K is the appearent binding constant
of HBAB to BSA. The binding constant of cepha-
lothin was calculated by using the equation derived
by Klotz et al.”"

Thermodynamic Analysis

Assuming no significant temperature depen-
dence of enthalpy change occuring within the tem-
perature range used, the standard enthalpy change
(AH °) for the association of 1 mole of ligand with 1
mole of macromolecule was estimated from.eq. (1).
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Neglecting the electrostatic energy change of
binding, the free energy change of binding (4G °)is
given as follows:

AG*=-RTInK (3)

and the entropy change (AS°) is obtained by sub-
stituting AH°and AG® into the Gibbs-Helmholtz
equation:

[8AG°
oT

AG® — AH®
- )
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RESULTS AND DISCUSSION

The difference absorption spectra were characte-
rized by two positive peaks at 484 nm and 262 nm,
respectively, and one negative peak at 345 nm in the
wavelength range of 250-600 nm. These spectra
have a maximum at 484 nm and the difference ab-
sorbance increases as the concentration of the pro-
be increases. The decrease in difference absorbance
of HBAB-BSA in the presence of cephalothin
shows competition between HBAB and cephalothin
for the same site or closely located sites on the BSA.

Effect of Ionic Strength

The difference absorbance titration curves at
various ionic strengths are shown in Fig. 2. As the
HBAB concentration increased, titration curves
were concaved toward the abscissa since the binding
sites of BSA at low concentration are saturated.
The difference absorbances decreased in the pre-
sence of cephalothin. Scatchard plots for the bin-
ding of HBAB to BSA in the absence and presence
of cephalothin at various ionic strengths are shown
in Fig. 3.

Fig. 4 shows that the effect of ionic strength on
the binding of cephalothin to BSA at 20°C and pH
7.4. It shows that the apparent binding constants of
probe and cephalothin decrease with increasing of
ionic strength except high ionic strength (u= 0.64).
This suggests that certain binding sites of BSA for
cephalothin are located in an ionic region. It is con-
sistent with the fact that acidic compounds are non-

GV

02} ./0/

\
\

0.1

1 1 1
0 5 10 15 20

Probe conc.( X 10°M)

®B)
02}
5/0
| i
g /O//i;"’;z
0.1} //l 5
%l/

0 5 10 15 20
Probe conc. (X 10°M)
Figure 2— Difference absorbance titration curves of BSA
with HBAB in the absence (A) and presence of cepha-
lothin (B) at various ionic strengths (20°C, pH 7.4).
Key: @,0.04; 0,0.16; m, 0.36; a, 0.64

specifically bound to BSA by the electrostatic for-
ces between acidic groups of the compound and ca-
tionic groups of BSA.®

The constancy of the number of binding sites
with increasing the ionic strength suggests that
purely electrostatic factors do not have major im-
portance in the complex formation, even though
there is a decrease in the apparent binding constant.
Thus, the effect of ionic strength on the interaction
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Figure 3—Scatchard plots for the binding of HBAB to
BSA in the absence (A) and presence of cephalothin(B) at
various ionic strengths (20°C, pH 7.4).

Key: @, 0.04; O, 0.16; W, 0.36; &, 0.64

between drug and BSA may be explained by the
changes in ionic atmosphere of the association
molecules.”
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Figure 4 —Effect of ionic strength on the binding of drug
to BSA at 20°C, pH 7.4.
Key: @, HBAB; O, Cephalothin

Table I—Effect of lonic Strength on the Binding
Parameters at 20°C and pH.

HBAB Cephalothin
u K x 104 n K x 1073 n
M) M-
0.04 5.03 1.80 3.87 1.80
0.16 2.86 1.85 1.92 2.12
0.36 1.56 1.98 0.90 2.02
0.64 2.36 1.70 1.96 1.68

Whitlam e a/.'” and Cho et al.!V explained that
decreasing of the binding constants with increasing
ionic strength is the result of phosphate buffer
competition for the binding sites. These two re-
ports are consistent with the result of this study to
u=0.36, but inconsistent at g =0.64. This
phenomena can be explained by the fact that at low
ionic strength most of albumin molecules form heavy
complexes by aggregation and at high strength dis-
sociate to subunits.!?

The resulting effects of ionic strength on the bin-
ding parameters are summarized in Table 1.

Effect of pH

The difference absorbance titration curves at
various pH are shown in Fig. 5. Scatchard plots for
the binding of probe to BSA in the absence and pre-
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Figure 5 — Differene absorbance titration curves of BSA
with HBAB in the absence (A) and presence of cephalo-
thin (B) at various pH (20°C, #=0.16).

Key: @, 6.53; 0,7.0; m,7.4; &,8.0

sence of cephalothin at various pH are shown in
Fig. 6. Fig. 7 shows the effect of pH on the binding
of drug to BSA at 20°C and .= 0.16. The apparent
binding constants are slightly higher in the acidic re-
gion than in alkaline region.

Decreasing of apparent binding constant of drug
to BSA with increasing pH can be explained by the
two mechanisms. One is that, since the BSA mole-
cules in native state have a negative excess charge,
electrostatic repulsion forces affect the bindings
between acidic drugs and BSA.? And the other is
that, because of the hydrophobicity of substance in
the binding process, drugs interact with BSA in less
degree in the ionic than in the nonionic state.'
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Figure 6 —Scatchard plots for the binding of HBAB to
BSA in the absence (A) and presence of cephalothin (B) at
various pH (20°C, ¢ =0.16).
Key: @, 6.53; ©,7.0; m, 7.4; ~, 8.0
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Leonard et al.'® reported that conformational
changes occur in serum albumin over pH 6-9. In
1974, Zurawski ez al.'> established that two confor-
mational states exist in BSA molecule over this pH
region. They called the form at neutral pH (pH 6-7)
the “N”’ form and the form at higher pH(around
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Figure 7— Effect of pH on the binding of drugs to BSA at
20°C and £=0.16.
Key: ® , HBAB; O, cephalothin

Table II-—Effect of pH on the Binding Parameters at
20°C and u=0.16.

HBAB Cephalothin
pH K x 104 n Kx10-3 n
MY M
6.53 2.94 1.71 2.81 1.88
7.0 2.18 2.00 1.39 2.30
7.4 2.86 1.85 1.92 2.12
8.0 2.57 1.01 1.43 0.97

pH 9) the “B”’ form. Thus, the conformational
change that occurs is the N to B or B to N transi-
tion. The N to B transition is seemingly dependent
on pH and it may also occur to some extent with
ionic strength of the buffer and buffer ion composi-
tion.'® The decreasing number of the binding sites
in alkaline region may be explained by this confor-
mational changes of BSA molecules. Apparent bin-
ding constant of HBAB decreased to less extent
than that of cephalothin. It suggests that HBAB-
BSA interaction is less affected by pH than that of
cephalothin.

Table II shows the binding parameters observ-
ed at various pH values.

Thermodynamic Analysis

The resulting energy and entropy effects are
useful parameters for the interpretation of the
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Figure 8 — Difference absorbance titration curves of BSA
with HBAB in the absence (A) and presence of cephalo-
thin (B) at various temperatures (pH 7.4, 1 =0.16).
Key: @, 20°% O, 26°% B, 30° a4, 37°

mechanism of interaction. The difference absor-
bance titration curves of HBAB with BSA in the
absence and presence of cephalothin at various
temperatures are shown in Fig. 8. Scatchard plots
for the bindings at various temperatures are shown
in Fig. 9. Fig. 10 shows the effect of temperature on
the binding at pH 7.4 and p=0.16. By the usual
thermodynamic- methods, the changes in standard
free energy, enthalpy and entropy for the binding
of 1 mole of drug have been calculated and listed in
Table III.

It is generally believed that there are four types
of binding, which can be considered in complex
formation of ligands with macromolecule, i.e., ion-
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Figure 9—Scatchard plots for the binding of HBAB to
BSA in the absence (A) and presence of cephalothin (B) at
various temperatures (pH 7.4, £ =0.16).

Key; @, 20°% 0, 26°% m, 30° &, 37°

dipole, dipole-dipole, hydrogen and hydrophobic
binding, and that the latter appears to play an im-
portant role.

The thermodynamic values are useful in conside-
ring the nature of the binding, in comparing the

Log K

i
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Figure 10—Effect of temperature on the binding of drugs
to BSA at pH 7.4 and £=0.16.
Key; o, HBAB; O, cephalothin

binding of different ligand molecules by the same
macromolecule, or in analyzing the effect of factors
such as pH and ionic strength on the binding.'®

The free energy of association for cephalothin-
BSA complex is composed of 65% contribution
from the negative enthalpy changes and 35% posi-
tive entropy changes (Table III). The negative en-
thalpic component is generally believed to result
from van der Waals dispersion or dipolar forces,
while the positive entropic component results from
electrostatic and /or hydrophobic binding. '*'¥

In general, positive entropies were attributed
to the formation of hydrophobic bonds'“'*!? al-
although hydrogen binding cannot be overlooked.
The results are interpreted on the basis of the
““iceberg” concept which assumes that hydrocar-
bon groups, present both in the macromolecule and
in the ligand molecule, are surrounded in aqueous
solution with one or more layers of water molecules
which are more highly ordered than the molecules
in ordinary liquid water. Those layers are referred
to as icebergs. The entropy changes occuring during
the binding process are solely due to the disordering
of the icebergs.!® The complex formed will be ac-
companied by an iceberg which is less ordered com-
pared to the icebergs of the two separate entities
which results in a proportional gain in entropy. In
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Table II1 — Thermodynamic Data at pH 7.4 and 1= 0.16.

Cephalothin

HBAB
Temp. Kx10* n AGe AH? A48° K x 103 n AG® 4H° 4s8-°
(°Q) - (Kcal/M) (e.n.) (M-1) (Kcal/M) (e.u.)
20 2.86 1.85 -5.97 -2.20 1.92 2.12 -4.40 5.24
26 2.30 1.75 -5.97 -2.18 2.09 1.94 -4.54 5.60
~6.62 -2.87
30 1.89 1.75 -5.93 -2.28 1.81 2.04 -4.52 5.44
37 1.55 1.93 -5.94 -2.18 1.50 1.99 -4.50 5.28

1961, Molyneus et al.'” calculated that the net
enthalpy change associated with: (a) the heat need-
ed to overcome any specific interactions (i.e., true
hydration) between water and the macromolecule
and between water and ligand molecule; (b) ex-
othermic interaction between the dehydrated en-
tities; and (c) exothermic interaction between the
water and the bound system (i.e., reformation of
true hydratioh), and is essentially constant with a
value of -5 Kcal/mole.

By subtracting this values from  AH°® in Table
III, the net enthalpy changes associated with the
disordering of the water molecules in the icebergs
around the polymer and the ligand molecule can be
computed before the bindings and the reformation
of hydrogen bonds in the icebergs around the com-
plex. The net enthalpy change values are -1.62
Kcal/mole and 2.13 Kcal/mole for the binding of
BSA with HBAB and cephalothin, respectively.
These positive enthalpies, and the entropy values
are responsible for the hydrophobic bonds. Klotz et
al.” indicated that the molecular mechanism must
be consistent with the thermodynamic features, but
the thermodynamic parameter in themselves do not
provide a diagostic criterion for distinguishing the
types of forces involved in ligand binding by pro-
tein. Therefore, taking the effects of ionic strength
and pH into consideration, it could be deduced that
the binding process was not only due to hydropho-
bic bindings but also to exothermic reactions, such
as van der Waals forces or hydrogen bondings.

Sakurai e al.'® suggested that the absorption
band at 484 nm and 350 nm may be originated in the
HBAB molecules bound to metachromasy sites and
nonmetachromasy sites, respectively. And Morigu-
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chi er al.¥ suggested that HBAB, once bound to
BSA by electrostatic forces, etc., is buried in such an
environment of lower polarity in the interior of the
protein molecule, and is converted into the hydra-
zone form which has an absorption maximum
about 480 nm. So, at 484 nm, only hydrazone form
of HBAB contributes to the bindings and the binding
process is due to hydrophobic bondings. In Table
111, however, because both enthalpy changes and
entropy are negative, hydrogen bondings cannot be
excluded.
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