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INTRODUCTION

Albumin, the most abundant protein in the
plasma, is characterized by a low content of tryp-
tophan and methionine, a high content of cysteine
and preponderance of charged acidic and basic amino
acids.1–5) Bovine serum albumin (BSA) is an example
of a mammalian albumin made up of 637 amino acid
residues, two of which are tryptophans located at
positions 134 and 212.6) The primary structure of
albumin is unusual among extracellular proteins in
possessing a single sulfhydryl (Cys-34) group. The
structure of albumin at physiological pH is predomi-
nantly α-helical (67%) with the remaining polypep-
tide occurring in turns and extended or flexible re-
gions between subdomains with no β-sheets.7) The
BSA molecule is made up of three homologous do-
mains (I, II, III) which are divided into nine loops
(L1–L9) by 17 disulfide bonds. Each of the domains
can be divided into 10 helical segments, 1–6 for
subdomain A and 7–10 for subdomain B. Domains I

and II and domains II and III are connected through
helical extensions of 10(I)–1(II) and 10(II)–1(III)
creating the two longest helices in albumin. BSA is
known to undergo transitions which are dependent
on pH. BSA exists predominantly in the F, N and B
forms under acidic, neutral and basic conditions,
respectively.7)

Perhaps, the most outstanding property of albu-
min is its ability to bind reversibly an incredible
variety of ligands.8–24) Albumin has a high affinity
for fatty acids, hematin, bilirubin and a broad affin-
ity for small negatively charged aromatic com-
pounds. It forms covalent adducts with pyridoxal
phosphate, cysteine, glutathione, and various met-
als such as Cu(II), Ni(II), Hg(II), Ag(I), and Au(I).
Albumin is also the key carrier or reservoir of nitric
oxide, which has been implicated in a number of
important physiological processes, including neu-
rotransmission.25)

The function of albumin as a carrier protein, re-
sponsible for the transport of many ligands includ-
ing heavy metals, led the authors to study its inter-
action with metallothionein (MT) which is also a
metal-binding protein. Metallothioneins are proteins
containing 60–68 amino acid residues, among them
20 cysteines, and binding a total of seven equiva-
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lents of bivalent metal ions.26) Studies have shown
that zinc27) and/or copper28) were often found to be
the metal ions of MT, indicating their major role in
the metabolism and disposition of these biologically
essential metals. MT also binds with cadmium, lead
and mercury. MT differs from most other
metalloproteins by the large number of metal ions it
can bind with, unusual number of cysteines, and their
high kinetic lability, properties now believed to en-
able MT to function in metal transfer and different
regulatory processes.29–31) This study investigated the
interaction between BSA and MT using circular
dichroism and fluorescence spectroscopy in order
to better understand heavy metal transport and
detoxification where these proteins are involved.

MATERIALS AND METHODS

Sample Preparation —–—  BSA stock solution was
prepared by dissolving solid BSA (Sigma catalog
number A7638) in deionized water to make a final
concentration of 10 µM. MT stock solution was pre-
pared by dissolving MT (Sigma catalog number
M7641) in deionized water to make a final concen-
tration of 5 µM. Sample solutions for all analyses
were prepared by mixing aliquots of BSA and MT
such that a final concentration of 5 µM for albumin
and 1 µM for MT were reached. Ionic strength was
adjusted using NaCl. In all solutions the buffer con-
centration was 50 mM while NaCl concentration was
100 mM. Acetate-acetic acid buffer was used for
solutions buffered at pH 4.0, phosphate buffer for
pH 7.0 and Tris-ClO4

– for pH 9.0.
Far UV Circular Dichroism Measurements —–—
Samples for circular dichroism (CD) measurement
were prepared as described in Sample Preparation.
Measurements were made using a Jasco J-600 spec-
tropolarimeter using a 1-mm cell. Scans were made
from 190 to 280 nm with a slit width of 1 mm, speed
of 20 nm/min, step resolution of 0.5 nm and a re-
sponse time of 16 sec. Plots of θ (molar ellipticity)
against wavelength in nm were constructed from the
data. The fractional content of the secondary struc-
ture elements of the protein was calculated from the
far-UV CD spectra using CDSSTR software with a
set of 43 reference proteins.
Fluorescence Spectroscopy —–—  Fluorescence
measurements were made with a Shimadzu fluores-
cence spectrometer. All spectra were recorded in a
1-cm cell with the excitation and the emission slit
width set to 3 nm. Excitation wavelength of 295 nm

was routinely used to ensure that the light was ab-
sorbed almost entirely by the tryptophan residues of
BSA. Fluorescence emission was recorded from
280–500 nm. Plots of fluorescence intensity against
wavelength were made from the data.
Tryptophan Fluorescence Quenching —–—
Quenching of the tryptophan residues of BSA were
done using acrylamide and KI as quenchers. For the
solutions of BSA at pH 4.0, 7.0 and 9.0, 100 µl in-
crements of the quencher were added and the emis-
sion signals at 344 nm (excitation wavelength at
295 nm) were recorded after each addition of the
quencher. Titration of the solution and measurement
of its fluorescence were carried out until the con-
centration of the quencher reached 0.25 M. The
whole process was repeated for the solution contain-
ing BSA + MT at pH 4.0, 7.0, and 9.0. Stern-Volmer
plots were constructed using the corrected fluores-
cence data taking into account the effect of dilution.

RESULTS AND DISCUSSION

Far-UV Circular Dichroism
In order to study the interaction of BSA and MT,

circular dichroism was used. The technique is very
appropriate because BSA has a high percentage of
α-helical structure which shows a characteristic CD
signal in the far-UV region. On the other hand, MT
does not show such a CD signal being a random coil
protein. Changes in the ellipticity at 222 nm are use-
ful probes for visualizing varying α-helical content.
By following the changes in ellipticity of BSA with
and without MT, the interaction of the two proteins
can be assessed. Figure 1 shows the CD spectra of
BSA with and without MT at pH 4.0, 7.0 and 9.0.
BSA at the indicated pH values exhibited negative
absorption bands with maxima at around 222 nm and
208 nm consistent with its highly α-helical second-
ary structure. Increase in ellipticity of BSA between
210–240 nm was observed indicating a slight reduc-
tion of α-helical content and an increase in β-struc-
tural elements as pH decreased from pH 7.0 to 4.0.
These results were further supported by secondary
structure resolved analyses using CDSSTR as pre-
sented in Table 1. At pH 7.0, BSA had a fraction of
0.552 α-helix and 0.191 β-sheet. At pH 4.0, the α-
helix fraction was reduced to 0.457 and the β-sheet
fraction was increased to 0.285. Also an increase in
random coil structure of BSA was observed as pH
decreased from 7.0 to 4.0. These changes in second-
ary structure are in accordance with the N-F transi-
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tion of BSA at this pH range.32,33) This N-F transi-
tion represents helix → β and a helix → coil transi-
tion. The results were also consistent with the fact
that the N state of BSA is approximately 55% α-
helix and F state is only 45% α-helix. In the alkaline
pH range between 7.0 to 9.0, BSA displayed in-
creased ellipticity which also suggested a reduction
in helical content. As shown in Table 1, the fraction
of α-helix of BSA decreased from 0.552 at pH 7.0
to 0.464 at pH 9.0. The fraction of β-sheet on the
other hand increased from 0.191 to 0.286 at the same
pH range while the coil structure increased slightly
from 0.193 at pH 7.0 to 0.199 at pH 9.0. These find-
ings are in good agreement with the concept of the
well known N-B transition of BSA at this pH
range.33,34)

In the presence of MT, BSA behaved differently.
As shown in Fig. 1A, at pH 4.0, a slight decrease in
ellipticity was observed indicating a small increase
in the α-helical structure of BSA in the presence of
MT. CDSSTR results showed that the helicity of
BSA increased by 0.005 while the fraction of β-struc-
ture decreased by 0.012 in the presence of MT. Also
an increase of 0.007 in coil structure was observed.

At pH 7.0, similar results were observed as
shown in Fig. 1B. In the presence of MT, the α-heli-
cal content of BSA increased to 0.606 as compared
to 0.552 without MT. The fraction of β-sheet of BSA
decreased to 0.163 from 0.191 in the presence of
MT. However, a decrease in coil structure of BSA
with MT by 0.009 was observed. The results of CD
measurements at pH 9.0 (Fig. 1C) were similar to
those observed at pH 4.0. In the presence of MT,
BSA showed an increase in α-helical structure, a
decrease in β-sheet, and an increase in random coil
structure.

The changes in secondary structures of BSA in
the presence of MT clearly suggest the interaction
of the two proteins. These results show that binding
of MT with BSA leads to a change in the conforma-
tion of BSA. At pH 7.0, the interaction of MT with
BSA causes stabilization of the conformation of BSA

Fig. 1. CD Spectra of MT and BSA with and without MT at (A)
pH 4.0 (B) pH 7.0 and (C) pH 9.0

Concentration of BSA was kept at 5 µM. Measurements were done
at 25°C.

Table 1. Fractional Content of the Secondary Structure of Elements of BSA with and without MT at Varying
pH Calculated Using CDSSTR

pH BSA BSA + MT

fα fβ fturn frandom fα fβ fturn frandom

4.0 0.457 0.285 0.068 0.205 0.462 0.273 0.072 0.212

7.0 0.552 0.191 0.061 0.193 0.606 0.163 0.052 0.184

9.0 0.464 0.286 0.060 0.199 0.473 0.261 0.062 0.207
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as indicated by a decrease in random coil structure.
BSA exists predominantly in the F form at pH 4.0,
in the N form at pH 7.0 and in the B form at
pH 9.0.32,33) The different changes in secondary struc-
tures upon binding of MT to BSA at varying pH
values as shown by far-UV CD measurements sug-
gest that MT can bind to the F,N, and B forms of
BSA and that this binding does not require the fully
native conformation of BSA.

Fluorescence Measurement
To further investigate the interaction between

BSA and MT, fluorescence experiments were per-
formed. Fluorescence spectroscopy is a suitable tech-
nique to study the interaction between these two pro-
teins because BSA has two tryptophan residues at
positions 134 and 212 while MT does not contain
any tryptophan nor other aromatic amino acids. The
position of the energy maximum (λmax) from the
arising emission spectrum depends on the proper-
ties of the environment of the tryptophanyl residue.35)

The fluorescence intensity, on the other hand, de-
pends upon the degree of exposure of the tryptophan
side chain to a polar solvent and its proximity to
specific quenching groups, such as protonated car-
bonyl, protonated imidazole, deprotonated ε-amino
groups and tyrosinate anions.36,37) To examine the
conformational variations around the tryptophan
residues of BSA as a result of binding with MT, so-
lutions of BSA with and without MT were excited
at 295 nm which provide no excitation of tyrosine
residues and the fluorescence emission intensity
were recorded. Changes in emission maxima and
fluorescence intensity were observed to asses the
interaction of BSA and MT. Figure 2 shows the fluo-
rescence emission spectra of BSA with and without
MT.

To correctly assess the interaction of BSA and
MT, the fluorescence emission spectrum of BSA
alone and the spectrum of MT alone were added and
the resulting spectrum was compared to the spec-
trum of a solution containing both BSA and MT. This
was done to all the spectra at the different pH levels.
The fluorescence intensities of BSA alone at pH 4.0
and 9.0 were both lower than the fluorescence in-
tensity at pH 7.0. It was discussed earlier that the
far-UV CD signals showed a decrease in α-helical
content as the pH decreased from pH 7.0 to 4.0 and
increased from pH 7.0 to 9.0. These results are in
agreement with the reports of Cowgill38) that loss of
helical conformation of BSA is correlated with a
decrease in fluorescence intensity.

At pH 4.0, the fluorescence spectrum of BSA in
the presence of MT was slightly lower than the fluo-
rescence of BSA alone as shown in Fig. 2A. A slight
blue shift (1 nm) in the emission λ maximum of BSA
was also observed in the presence of MT. These re-
sults suggest that binding of MT with BSA at pH 4.0

Fig. 2. Fluorescence Spectra of MT and BSA with and without
MT at (A) pH 4.0; (B) pH 7.0 and (C) pH 9.0

BSA + MT represents the sum of the spectra of BSA alone and MT
alone while BSAMT represents the spectrum of the solution containing
both BSA and MT. Excitation wavelength was 295 nm. Measurements
were done at 25°C.
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is associated with changes in the dielectric environ-
ment of at least one of the tryptophan residues of
BSA. A decrease in intensity of BSA was observed
in the presence of MT at pH 7.0 (Fig. 2B). At pH 9.0,
a slight blue shift (1 nm) in λmax of BSA with MT
was observed and a very large decrease in fluores-
cence intensity was also seen in the presence of MT
(Fig. 2C).

The decrease in fluorescence intensity of BSA
in the presence of MT at pH 4.0, 7.0 and 9.0 is due
to changes in the secondary structure resulting in
the change in environment of the tryptophan resi-
dues of BSA. It is also possible that the decrease in
fluorescence was due to groups that were brought in
close proximity to the indole chromophore as a re-
sult of the binding. The effect on tryptophan fluo-
rescence strongly indicates binding between BSA
and MT.

Tryptophan Fluorescence Quenching
The fluorescence and far-UV CD measurements

showed conformational changes in BSA in the pres-
ence of MT. To further investigate these findings as
well as the possible role of tryptophan residues of
BSA on its interaction with MT, tryptophan fluores-
cence quenching experiments were conducted. As
stated earlier, BSA has two tryptophan residues: Trp-
134 and Trp-212 which are located in subdomains
IB and IIA, respectively. Trp-134 is thought to be
more solvent-exposed than Trp-212.6) Trp-212 is
analogous to Trp-214, the sole tryptophan of human
serum albumin, which is also not in a solvent-ex-
posed environment.6) Fluorescence quenching of
BSA with and without MT will reveal the confor-
mational changes around the tryptophan residues of
BSA upon binding MT. Also these experiments will
illustrate whether MT’s binding with BSA will lead
to a conformational change in BSA causing the burial
of the more exposed Trp-134 and/or exposure of the
buried Trp-212. Two quenchers were used namely
acrylamide and KI. Acrylamide is an efficient
quencher of Trp fluorescence and can distinguish
between buried and exposed side chains. In contrast,
KI is a highly hydrated and charged chemical spe-
cies exhibiting a quenching ability limited to sur-
face exposed tryptophans. Quenching by KI is also
dependent upon the neighboring charged groups.39,40)

Stern-Volmer plots were done using the equation:

F0/F = 1 + KSV [Q]

where F and F0 are the fluorescence intensities with

Fig. 3. Fluorescence Quenching of BSA with and without MT
by Acrylamide at (A) pH 4.0 and (B) pH 7.0 and (C)
pH 9.0

Increments (100 µl) of acrylamide were added to the protein solution
until the concentration of acrylamide reached 0.25 M. Excitation
wavelength was 295 nm.

and without the quencher, respectively, KSV is the
quenching constant, and Q is the molar concentra-
tion of the quencher. Figure 3 shows the Stern-
Volmer plots using acrylamide as quencher while
Fig. 4 shows plots with KI as quencher.
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At pH 4.0, using acrylamide as quencher, a lin-
ear increase in F0/F of BSA was observed in the pres-
ence of MT (Fig. 3A). When KI was used as
quencher, the F0/F of BSA with MT also increased
as shown in Fig. 4A. The increase in relative fluo-
rescence using KI was nonlinear and was more pro-
nounced as compared to when acrylamide was used.
The surface accessibility of tryptophan can be as-
sessed by looking at KSV or the Stern-Volmer con-
stant. A summary of the KSV values for the quench-
ing of BSA with and without MT at varying pH is
shown in Table 2. At pH 4.0, an increase in KSV by
1.332 was observed in the presence of MT using
acrylamide as quencher. However, a four-fold in-
crease in KSV was observed with MT when KI was
used. The increase in KSV in the presence of MT sug-
gests the exposure of the tryptophan residues of BSA
upon binding with MT. Since accessibility to iodide
is generally taken as an effective indication of ex-
posure of a protein side chain, especially tryptophan,
to the solvent,41) the large increase in KSV in the pres-
ence of MT may signify that binding of MT to BSA
resulted in the exposure of the buried Trp-212 of
BSA.

At pH 7.0, quenching of BSA with MT by
acrylamide and KI both resulted in a decrease in F0/F
(Figs. 3B and 4B). The KSV value for BSA with MT
was slightly lower than KSV for BSA alone when
acrylamide was used as quencher. On the other hand,
a 1.797 decrease in KSV was observed for BSA +
MT when KI was used. Based on these results, it is
possible that at pH 7.0 binding of BSA with MT
caused a structural change in BSA that buried the
exposed Trp-134 residue of BSA or MT binds to the
site in BSA where Trp-134 is located causing it to
be sandwiched and becomes less exposed to the sol-
vent. These possible changes in the structure of BSA
upon binding with MT caused the decrease in KSV

when KI was used since KI quenching ability is lim-
ited only to surface exposed tryptophan. The almost
equal KSV values for BSA and BSA + MT when
acrylamide was used is due to the fact that acrylamide
can quench both buried and exposed tryptophan.

Table 2. Stern-Volmer Constants (KSV) Obtained from the Tryptophan Quenching of BSA with and
without MT at Varying pH

pH 4.0 pH 7.0 pH 9.0

BSA BSA + MT BSA BSA + MT BSA BSA + MT

Acrylamide 4.260 5.392 6.173 5.727 4.159 5.685

KI 4.610 16.092 3.887 2.090 2.084 2.021

Fig. 4. Fluorescence Quenching of BSA with and without MT
by KI at (A) pH 4.0 (B) pH 7.0 and (B) pH 9.0

Increments (100 µl) of KI were added to the protein solution until
the concentration of KI reached 0.25 M. Excitation wavelength was
295 nm.
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An increase in KSV by 1.526 in the presence of
MT using acrylamide was seen at pH 9.0. However,
using KI, the KSV values for BSA alone and BSA +
MT were almost the same. The results at pH 9.0 show
a different BSA-MT binding pattern at this pH level.
The very slight decrease in KSV in the presence of
MT, using KI, indicates that binding of MT with BSA
at pH 9.0 does not affect the environment of the ex-
posed Trp-134 of BSA.

In conclusion, circular dichroism and fluores-
cence measurements were performed to determine
the interaction between BSA and MT. These spec-
troscopic probes gave proofs of the interaction of
the two proteins. The changes in the α-helical and β-
sheet contents of BSA in the presence of MT were
indicative of the binding between the two proteins.
The slight blue shift in the emission of BSA at pH 4.0
and 9.0 as well as the decrease in fluorescence in-
tensity at all pH levels in the presence of MT also
proved the binding of BSA and MT. The KSV values
obtained from the quenching experiments revealed
the conformational changes around the two tryp-
tophan residues of BSA as a result of its binding
with MT and also suggested the possibility of the
involvement of these residues in the interaction of
BSA and MT. The interaction between MT and al-
bumin may prove useful in understanding the trans-
port and detoxification of heavy metals.
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