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Kinetic Studies of the Interaction of Bromphenol Blue
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The interaction of Bromphenol Blue (BPB) with bovine serum albumin (BSA) was studied statically, by spec-
trophotometry, and kinetically, by the pressure-jump method. The absorbance changes of BPB were monitored
at 20 °C, pH 7.00 in 0.2 M! phosphate buffer. The static measurements showed that there were two binding
classes. The number of binding sites and the binding constants for each class are n,=1, K;=1.4x 107 M~* and
n,=3, K;=9.5x 10* M-1. Kinetically, the binding of BPB to the primary binding site of BSA proceeds via at
least 4 steps. Two models are offered for the possible binding mechanism. In these models, a fast, probably
diffusion controlled, second order step is followed by three first order steps. A correlation between the number
of binding steps and the magnitude of the binding constant is discussed. The positive activation entropies as-
sociated with the backward reactions of the second and third steps show that these reactions proceed through

[Vol. 54, No. 3

disordered activation states.

From the comparison of the present results to those for other ligands, it was found

that the ligand is intimately involved in which activated configuration is adopted.

Albumin reversibly binds many kinds of small mole-
cules such as fatty acids, bilirubin, amino acids, drugs
and hormones, and plays important roles as carrier
and buffer for these molecules. The binding of al-
bumin with small molecules, therefore, is one im-
portant factor which determines the distribution, me-
tabolism and excretion of small molecules in the body.
It has been extensively studied by static methods.

On the other hand, until the past few years, the
kinetics of the interactions of albumin with small
molecules had not been extensively studied since the
investigation of Froese et al.,)) probably because the
binding of small molecules with albumin was thought
to be too fast to be a rate-limiting process in physiologi-
cal phenomena.»® However, recently, many kinetic
studies have been performed in the attempt to elu-
cidate the detailed binding mechanism of physiologi-
cally important substances such as bilirubin?-® and
fatty acid.®

The interactions of organic dyes with albumin have
often been studied as the model systems of protein-
small molecule interaction. Besides the role of a
model system, the binding of Bromphenol Blue with
albumin has physiologically and clinically important
applications such as the quantitative analyses of pro-
teins!® and the determination of the concentration
of available bilirubin binding sites in serum!!1?) using
the spectrum shift of Bromphenol Blue on binding
to albumin. The investigation of the detailed binding
mechanism may offer a better basis for such procedures.

In the present study, the binding mechanism of
Bromphenol Blue to bovine serum albumin was in-
vestigated through both static and kinetic experiments.
The kinetic study was concerned with binding to the
highest affinity site, which is the most important site
for physiological effects.

Experimental

Materials. Bovine serum albumin fraction V(BSA)
was obtained from Armour Laboratories and was used with-

t In this paper 1 M=1 mol dm=3.

out further purifications. The dimer content was about
5%, as determined by gel chromatography with Sephadex
G-150. The fatty acid content was determined to be 0.33
mole per mole of protein by the method of Dole.®® The
BSA solutions were prepared by weight, assuming a molec-
ular weight of 69000. Bromphenol Blue (BPB) was of
special reagent grade from Wako Pure Chemical Industries,
Ltd. and recrystallized from a mixture of acetone and acetic
acid. All other chemicals used were reagent grade and
used without further purification. All the sample solutions
were prepared in 0.2 M phosphate buffer of pH 7.00.

Apparatus. The absorption spectra were measured
with a Union Giken SM401 Spectrophotometer. The ki-
netic measurements were performed with an optical detec-
tion pressure-jump apparatus constructed in our laboratory.
The pressure of the sample solution was suddenly decreased
from 150 atm to 1atm by rupture of brass film within a
time of 100 us. The light source used was a halogen lamp
(250 W) and the path length of the cell was 10 mm. The
details of the pressure-jump apparatus can be found else-
where.’? All measurements were performed at 20+0.2 °C
with the exception of the experiments on the temperature
dependence of the relaxation times.

Results

Spectrophotometric Studies. The absorption spectra
of the BSA-BPB complex under the various polymer-
to-dye ratios (P/D) are shown in Fig. 1. The peak
of the spectrum of the free dye around 590 nm de-
creases with increasing P/D, and that of the complex
at 610 nm increases. The increase of the absorbance
in the whole range of wavelength with the change
of P/D from 4 to 20 shows that the contribution of
the absorbance of the protein can not be ignored.
The binding parameters were determined from the
absorbance change at 590 nm by applying the cor-
rection for the contribution of the protein. The ex-
tinction coefficients of the free and bound dyes were
determined to be &£=7.9x10*M-lcm! and ¢ =
4.5x 10t M1 cn? respectively. The latter value was
determined from the absorbance at the higher limit
of P/D. The concentration of the free dye C and the
average number of bound dye molecules per molecule
of BSA » were determined from the equations:
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Fig. 1. P/D dependence of absorption spectra of BPB—
BSA complex at 20 °C, pH 7.00 and Cy=1x10-5 M.
A: Dye only, B: P/D=0.1, G: P/D=0.3, D: P/D=
0.5, E: P/D=1, F: P/D=4, G: P/D=20.
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Fig. 2. Scatchard plot of the binding of BPB to BSA.
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where C, and P, are the total concentrations of the
dye and the polymer, respectively, 4 is the absorbance
at 590 nm, and [ is the path length of the cell. The
Scatchard plot'® for the present system is shown in
Fig. 2. The analysis of this plot yields the following
binding parameters:

n, = 0.8, K, = 1.4 x 10 M1,

ny = 3.4, K, =9.5 x 100 M1,

where n, and n, are the number, of binding sites for
the primary and secondary binding sites, respectively.
The solid line in Fig. 2 represents the theoretical
curve calculated wusing these values. Good agree-
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ment can be seen between the observed and calcu.-
lated curves. For the calculation of equilibrium con-
centrations, we used n;=1, n,=3, since these are the
closest integers to 0.8 and 3.4.

In the present study, the number of binding sites
and the equilibrium constants were determined using
the absorbance at the wavelength 590 nm with the
same extinction coefficient for all kinds of complexes.
At this wavelength, the absorbance decreases to the
saturation value with increasing concentration of BSA,
and reaches saturation at P/D~5. On the other hand,
at the wavelength 610 nm, where the absorbance in-
creases with the concentration of BSA, a gradual
increase of the absorbance was observed above P/D=~
5. This effect is probably due to dimer formation,
which makes the environment around BPB more hy-
drophobic. This can also be presumed from the fact
that the effect becomes more pronounced in more
concentrated solutions.

The binding isotherm of BPB with BSA has also
been investigated by other researchers. Bjerrum!® has
obtained n,=3, K;=5x10®*M-, and n,=4, K,=
2.5x104* M1 at 4.5 °C, pH 7.00 in 0.1 M phosphate
buffer by the gel chromatography method. His studies
were confined to values of » above 1; the primary
binding sites in his study may thus correspond to
the secondary binding sites in the present study.
Peeters ¢t al.”) have reported n,=1, K;=7.8 X105 M-1,
n,=3, K,=7.6x102M™, n,=12, K;=3.1x102M-1
with the defatted BSA at 25 °C, pH 6.62 in 0.1 M
phosphate buffer using the microcalorimetry method.
The number of binding sites for both of the stronger
two binding classes agrees with those of the present
study, but the binding constants are about one order
of magnitude smaller. The differences in the binding
constants may be due to differences in the fatty acid
content” and/or pH.1%)

Kinetic Studies. Four separate relaxation pro-
cesses could be observed. The relaxation amplitudes
were very small, and 4 to 20 repetitions were averaged
to measure the relaxation times. Typical relaxation
curves observed at 540 nm are shown in Fig. 3. These
relaxations were observed from 400 nm to 560 nm.
The relaxation time of the fastest process, which ap-
pears as the sudden decrease at ¢t=0 in Fig. 3(a),
was shorter than the time constant of the apparatus
and could not be measured even at a temperature
of 5°C. To obtain the relaxation time of the fastest
process, temperature-jump measurements with a tem-
perature increase of about 2 degrees were tried for
the same samples, but no relaxation was observed.
The static absorption spectra were also insensitive to
temperature. All relaxations were observed at 610
nm with opposite direction to and same relaxation
times as those observed in the shorter wavelength
region. In addition to these four relaxation pro-
cesses, a relaxational phenomenon with a longer time
constant, around 1 min, was observed. This phenome-
non has a very small relaxation amplitude, and could
be seen only for relatively concentrated samples.
Therefore, this phenomenon was not discussed in the
present study. These four relaxation processes were
numbered 1, 2, 3, 4 in order of the relaxation times,
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Fig. 3. Typical relaxation spectra of the BPB-BSA
system at 20 °C, pH 7.00, 4=540 nm, Cy=1x10-5
M, and P,=2x10-5M.
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Fig. 4. P/D dependences of the reciprocal relaxation
times for slower three processes.

from fast to slow.

Interpretation of the Kinetic Data. The P/D de-
pendences of the relaxation times of the slower three
processes, 2, 3, 4 in the region of P/D>1, where the
binding of the dye to the highest aflinity site of protein
occurs, are shown in Fig. 4. All these processes show
saturation behavior with P/D. This fact shows that
these processes are essentially first order processes.
Considering the existences of the very fast process
and the three first order processes, the following six
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models, which are the simplest available under the
assumption that the extinction coefficients of the com-
plexes are equal, were examined.

First, the series model which is represented by
Eq. 3 was examined.

Model 1
K K3 K3 K
ky ks k3 ky
D + P - Cl > 02 ~—— Cs -~ 04’ (3)
k-l IC—z k-s k-A

very fast fast slow very slow

where D, P, and C, denote free dye, free polymer
and complexes of the dye and the polymer, respec-
tively, K: is the equilibrium constant, and £, and
k_, are the forward and backward rate constants,
respectively. The relaxation times and the overall
equilibrium constant for this model are expressed by

1= ky(C+P) + k. )
ot = k2% + ok, 5)
=k If(ﬁ(f&’;) e ©)
=k 1+K{;<+I§<K(1(4€JIF<I)J; @xp) T @
Kz = K{1+K(1+K(1+K)). (®)

The relaxation time 7, of the fast bimolecular step
could not be obtained in the present experiment, so
that it is difficult to determine all the constants of
each reaction step from the fast to slow step succes-
sively. Moreover, the experimental errors of the re-
laxation times are relatively large. Thus, the validity
of the reaction mechanism was examined from the
standpoint of determining whether proper constants
satisfying the concentration dependences of the re-
laxation times could be chosen. First, from the data
of 7, and 7,, the allowable ranges of the combina-
tions of the parameters were estimated as follows:

kK. 1X107—2.6 x 108 M~15-1
K] 3.3 X 104—4.4 X 105 M-1
ke, 0—400 s~

kKKK, 3.1x 104—2 x 105 M-15-1
K{1+K;(1+K3)} 1.9 10*—1 x 105 M-1
kg 0—1.4s1,

Next, we get 3.3 X 10* M1<Ki<7x10* M1 from the
condition K;>0. Using 5x10* M1 as the value of
K from the reduced range, the range of K; was
estimated to be 0.5<K:<I. In this range, the value
of K; which satisfies the concentration dependence
of 7, is 0.5 (k,=200s"1, £_,=400s"1). From the 7,
data, we get Ki<0.05(k;<2 s, £_3=40 s71) using the
above values for Ki and Ki. Furthermore, we get
Ki>1.1x10* (k,>160s7, 2.3x10-3s71<k_,<1.5%
10-2571) using the overall equilibrium constant Ks=
1.4 X107 M1 which was determined as the equilibrium
constant for the primary binding site by the spectro-
photometric measurements. The results are sum-
marized in Table 1. The comparison of the plots
of the reciprocal relaxation times versus Ki(C-+P)/
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TaBLE 1. EQUILIBRIUM AND RATE CONSTANTS AND ACTIVATION PARAMETERS FOR MODELs 1 AND 5
, k_; AHZX ASE,
Step K, ki st kcal mol—1 cal mol-* K-
Model 1
1 5x10¢ M >4x108 M-1s-1 >8x103
2 0.5 200 s 400 19 17
3 £0.05 <25 40 36 71
4 >1.1x10% >160s1 2.3x10-3—1.5x10-2
Model 5
4 280 1.5s1 5.4x10-3
200F : . T T ™)
$ 3
- 500 ./VQV-
[ )
300 , \ L]
02 04 06 08 10
Ki(P+C)/[146(P+C)]
50 [ T T T T ]
© s0—0-—3—F {) 5 1 . . . .
k] 0l | 0.1 0.2 03 04
L ) L ) KiKz(P+C) / [1+Ki (1+K2)(P+C)]
01 02 03 04 . .
Ki K3 (P+C)/ [1+ Ki(HG)(P+C)) Fig. 6. Plot of 7,71 with Model 2.
3 [ T T T ]
7t =k(C+P) + k-, (10)
T, 2F k ,
" L K (C+P) r 1
™ 5 " =Ryrk cyrp) T (an
1 - -
- KK, (C+P)
= k_ 12
. . . S Y SRS SN M (2
1 2 3 1 g
10° KKGK3(PHC) /I Ki (1+Ki(1+ K] (P+C] ol = k4{ KKy (G+P) ! } +ky, o (13)
) . . . ¢ 1+K{(1+K;)(C+P) " 1+K;
Fig. 5. Plots of the reciprocal relaxation times with
Model 1. Ky = K{1+K;(1+K;+K)}. (14)

{I4+Ki(C+P)} for 7, KiKi(C+P)[{14+Ki(1+K3)
(C+P)} for 13, and KiK:Ki(C+P)/[14+Ki{l+Ki(1+
K3)}(C+P)] for 7, between observed and calculated
relaxation times are shown in Fig. 5, in which the
solid lines were calculated using the following values:
Ki=5x10t M1, K;=0.5 (k,=200s"1, k_,=400s"1),
K:=0.01 (k3=0.45s1, k_3=40s"1) and Ki=5.6x10%
(k4=800s71, k_,=1.5x10-2571). As can be seen, the
theoretical and experimental plots agree relatively
well. Therefore, Model 1 seems to be possible as
the reaction mechanism of the present system.

Next, the branch model was examined.

Model 2

G, slow
Ve
K3 k3 l k-3
k3 K K
b ks ks
D + P -~ Cl -~ Cz - C4 (9)
kg ko, kg
very fast  fast very slow

The relaxation times and the overall equilibrium con-
stant for this model become

The parameters of the Model 2 were determined as
follows from an analysis similar to that used in the
case of Model 1.

K; 5x10¢t M-

K, 05 (k,=200s-, k_,=400s-1)

K; <0.05 (k32571 k_;=4051)

K{ 560 (1.2s 1k, <857, 1.8x10-3 s 2k, K1.4X
102571,

The expressions of the relaxation times of the faster
three processes are the same as those of Model 1,
so that the same results were obtained for these pro-
cesses. Since the allowable values of K; and k_, do
not contribute to the value of 7,71, the comparison of
the plot of 7,7! against KiK;(C+P)/{1+Ki(1+K;)
(C+P)} between observed and calculated relaxation
times for some allowable values of £, was made as
shown in Fig. 6. Model 2 does not explain the
concentration dependence of 7,, so it may be ex-
cluded from possible mechanisms of the present
system.

In the same way, the following models were also
examined.
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Model 3

D+ P G, C; — C,
very fast slow very slow
Model 4
G,
1leow
D+ P C, C, C,
very fast fast very slow
Model 5
C,
1Lmy stow
D+ P C, C, G,
very fast fast slow
Model 6
G,
1Lsxow
D+ P C, C,
very fast 1 fast
N

G, very slow

The concentration dependences of the relaxation times
of the second and the third processes can be explained
by all of those models, as in the cases of Model 1
and Model 2. Thus, the validity of these models was
checked by calculating the concentration dependency
of 7, The results are shown in Fig. 7 to 10 for the
models from 3 to 6, respectively. In these models,
only Model 5 can explain the concentration depend-
ence of 7,. The values of the parameters which were
determined with Model 5 are summarized in Table
I, omitting the values for the faster three steps which
are same as those of Model 1. From the above ana-
lyses, both Model 1 and Model 5 are left as the pos-
sible mechanisms from the point of view of the con-
centration dependences of the relaxation times.

The activation parameters were determined from
the temperature dependences of the relaxation times.
From the results of the analysis of the reaction mecha-
nism, it was found that the relaxation times whose
temperature dependences can be attributed to par-
ticular rate constants are 7, and 7, and the correspond-
ing rate constants are k_, and k_, respectively. The
Eyring plots of those rate constants are shown in Fig.
11. From the slope and the intercept, the activation
enthalpy AHZ% and the entropy ASZS of the backward
reaction of the second step were determined to be
19 kcal/mol and 17 cal/mol K, respectively, and those
of third step AH% and AS: were determined to
be 36 kcal/mol and 71 cal/mol K, respectively. The
results are listed in Table 1.

Although the first second order process was too
rapid for the values of the rate constants to be deter-
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Fig. 7. Plot of 7,7! with Model 3.
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Fig. 8. Plot of 7,7' with Model 4.
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Fig. 9. Plot of 7,~* with Model 5.
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Fig. 10. Plot of z,7! with Model 6.

mined, the values of 4x 108 M-1s5-1 and 8x103s-1
were evaluated as the lower limit values of the forward
and backward rate constants respectively. This calcu-
lation used the equilibrium constant K{=>5x10* M1
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TABLE 2. BINDING CONSTANTS OF DYES TO THE HIGHEST AFFINITY SITE OF ALBUMIN

Bilirubin Ref. Bromphenol Blue Ref. Phenol Red Ref.
7.0x10° M2 21 1.5x10° M1 ® 23 1.1x105 M1 D 24
2.7x10° M-1®) 5 1.4x 107 M-1b present study 2.8x104 M1 25
2.4x107 M1 22 7.8x105M-1b 17 1.5x100 M1 ®» 23
2.2x107 M-t 21
1.5x10° M1 D 22

a) Human albumin. b) Bovin albumin.
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!
w
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33 34 35
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Fig. 11. Eyring plots of the rate constants.

estimated in the analysis of the slower processes, the
time constant of the apparatus (100 ps), and the lowest
observed concentration.

Discussion

The kinetic behaviour of the interaction of BPB
with albumin is of interest in terms of competition
binding with bilirubin. It was found from the present
study that the binding of BPB to the primary binding
site of BSA consists of many first order steps following
a fast second order step. The multiplicity of the
binding steps has also been observed in the case of
the binding of bilirubin with albumin.®® Reed et
al1® have shown through peptic hydrolysis that
bilirubin and Bromcresol Green bind to the same
position on the BSA molecule, p-14 (residues 186—
306). Bromphenol Blue and Phenol Red, which are
sulfonphtalein dyes, have structures similar to that of
Bromcresol Green, so that these dyes can be thought
to bind to the same position. However, multiple
binding steps for Phenol Red were not observed,2
in contrast with the results of bilirubin and BPB.
On the other hand, it can be seen from the comparison
of the binding constants to the highest affinity site
of albumin in Table 2 that the binding constants of
bilirubin and BPB are about two or three orders of
magnitude larger than that of Phenol Red. These
facts seems to indicate the existence of a strong cor-
relation between the multiplicity of the binding pro-
cesses and the magnitude of the binding constant:

that is, ligands having higher affinity bind in more
steps than ligands having lower affinity. This can
be interpreted as follows. The ligand molecule which
has a large binding constant can migrate deeply into
the hydrophobic crevice of the albumin molecule.
For such a molecule, there must exist many barriers
to be overcome during the migration. The existence
of those barriers, which correspond to activated states,
may yield multiple relaxations. This migration pro-
cess seem to be driven by entropy rather than enthalpy,
considering the insensitivity of the present system to
temperature.

Although the reaction mechanism of the binding
of BPB to BSA could not be uniquely determined from
only the concentration dependences of the relaxation
times, the series model (Model 1) seems to be more
likely from the viewpoint of the stepwise migration
of BPB into the deep site of the hydrophobic crevice
of BSA molecule. The magnitude of the rate constant
of the first association process was found to be larger
than 4x 108 M-1s-! from the present analysis. This
value suggests that the first association process is the
diffusion controlled process. The rate constant of the
dissociation process has also a relatively large value.
Therefore, the first process can be thought of as the
association-dissociation reaction of BPB at the cation
rich hairpin turn located on the end of loop 2A%9
of the albumin molecule, which is governed by electro-
static forces. Moreover, the large value of Ki sug-
gests that there still exist complex formation processes
in the longer time region. This can also be understood
from the existence of the slow fifth process which
was not analyzed in the present study.

From the analysis of the temperature dependences
of the relaxation times, it was found that the activation
entropies of the backward process in the second and
third steps take positive values. This fact shows that
those processes occur through the disordered activated
states. On the other hand, Scheider? has reported
for the association-dissociation reaction between oleate
and human serum albumin that the first order process
which follows the assumed fast second order process
occurs with a negative activation entropy, that is,
through the ordered activated state. He has pointed
out two possibilities for the role of the ligand in the
activated configuration. One possibility is that the
ligand plays no role in activation i.e., the protein can
take the activated configuration on a purely proba-
bilistic basis without any ligand help. The other is
that the ligand is closely involved in the activation
process i.e., the ligand’s movement on the exterior
surface brings it to the mouth of the hydrophobic
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crevice, facilitating the formation of the activated con-
figuration. Considering both results, it can be seen
that the different ligand species yield different acti-
vated configurations, and we may consider that the
ligand is closely involved in the activation process.
If the present argument is correct, the difference in
albumin between the two studies may not be the
decisive factor to explain the characteristically dif-
ferent results.

In the present analysis, it was assumed that the
extinction coeflicients of BPB in all the complexes
have the same value. This assumption should be re-
garded as a first approximation. Strictly speaking,
each extinction coefficient probably has a different
value. To take account of this difference in the con-
sideration of the reaction mechanism, ¢, AV, Kj,
which are, respectively, the extinction coefficient of
the ith complex, the volume change and the equili-
brium constant of the ith process, must be determined
by simulation using the data of the concentration
dependence of the relaxation amplitudes along with
the relaxation times. However, the relaxation am-
plitudes of the present system are too small for us to
get data of enough accuracy to perform the above
mentioned simulation.
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