
ORIGINAL PAPER

A Fluorescence Analysis of ANS Bound to Bovine Serum
Albumin: Binding Properties Revisited
by Using Energy Transfer

Denisio M. Togashi & Alan G. Ryder

Received: 22 October 2007 /Accepted: 19 November 2007 /Published online: 21 December 2007
# Springer Science + Business Media, LLC 2007

Abstract Determination of binding parameters such as the
number of ligands and the respective binding constants
require a considerable number of experiments to be
performed. These involve accurate determination of either
free and/or bound ligand concentration irrespective of the
measurement technique applied. Then, an appropriate
theoretical model is used to fit the experimental data, and
to extract the binding parameters. In this work, the
interaction between bovine serum albumin (BSA) and 1-
anilino-8-naphthalene sulphonate (ANS) is revisited. Using
steady state fluorescence spectroscopy, the binding iso-
therm of BSA/ANS was obtained applying the Halfman–
Nishida approach. The binding parameters, site number,
and binding site association constants, were determined
from the stoichiometric Adair model and Job’s plot. The
binding parameters obtained were then correlated to the
distance of the respective binding site to the tryptophan
residues using the energy transfer technique. This approach,
that uses both tryptophans independently from each other,
is presented as a tool to help understand the binding
mechanism of the albumin fluorescent complex. The results
show that ANS molecules bind to BSA in up to five
different binding sites. Energy transfer from the tryptophan
residues to the BSA/ANS complex shows that the four
highest affinity binding sites (>104 M−1) are located at a
reasonably close distance (18–27 Å) to at least one of two

tryptophan residues, while the lowest affinity binding site
(~104 M−1) is located over 34 Å away from the both
tryptophans.
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Introduction

Serum albumin, in humans, accounts for about 60% of the
total serum content. It is the most abundant of the plasma
proteins. The main features that distinguish the primary
structure of serum albumin from other extracellular proteins
are the presence of only one cysteine group (Cys-34), and
low tryptophan content. The secondary structure of serum
albumin consists of approximately 67% of α-helix. There
are nine loops and 17 disulphide bridges, which make a
heart-shaped 3D structure revealed by X-ray crystallogra-
phy studies [1]. The 3D structure is commonly represented
by three homologous domains (I, II, and III) which are
divided into two sub-domains (A and B) [2]. Human and
Bovine Serum Albumins (HSA and BSA, respectively) are
probably the most studied serum albumin proteins. Al-
though, they are approximately 76% homologous, the main
difference between the two proteins is that in HSA there is
only one tryptophan amino acid (Trp-214), whereas in BSA
there are two tryptophan units (Trp-134 and Trp-212) [2].
The principal function of serum albumin is to transport a
wide variety of fatty acids, hormones, metal ions, and
metabolites. The binding characteristics in serum albumin
are derived from molecular forces such as hydrogen
bonding, electrostatic, and hydrophobic interactions present
in the different binding sites [2, 3].

J Fluoresc (2008) 18:519–526
DOI 10.1007/s10895-007-0294-x

D. M. Togashi (*) :A. G. Ryder
Nanoscale Biophotonics Laboratory, Department of Chemistry,
National University of Ireland, Galway,
Galway, Ireland
e-mail: denisio.togashi@nuigalway.ie

D. M. Togashi :A. G. Ryder
National Centre for Biomedical Engineering Science,
National University of Ireland, Galway,
Galway, Ireland



Determination of the number of binding sites and their
properties such as affinity and specificity towards particular
ligands is accomplished by obtaining the equilibrium
constants between ligands and protein. This is undertaken
with the aid of different and independent techniques such as
spectroscopy, calorimetry, and potentiometry [4–6]. In
general, the Fluorometric titration approach is the most
widely used because of its intrinsic sensitivity and
simplicity. However, the determination of binding constants
and binding site number depend on, in some cases,
experimental conditions that are disregarded in assumptions
and approximations in the model used for data analysis.
Experimental artefacts such as low fluorescence intensity
due to the inner filter effect often lead to erroneous results
[7, 8], and must therefore be taken into account.

The binding constants and binding site numbers for 1-
anilino-8-naphthalene sulfonate (ANS) with Bovine serum
albumin (BSA) vary considerably between reported studies:
some values, at a pH~7.0, range from 2×105 to 6.2×
106 M−1, and n=1 to n=10 binding sites per protein
molecule [6, 9–15]. In order to understand and clarify this
problem, the interaction between bovine serum albumin and
1-anilino-8-naphthalene sulfonate is revisited using the
Adair’s and Job’s plot methods. Also, the binding parameters
were correlated geometrically with tryptophan residues by
using the energy transfer model described in this work.

Experimental

Materials Bovine serum albumin (BSA) of purity 99+ %
(catalogue no. A7638) and 1-Anilino-8-naphthalenesulfonic
acid hemi-magnesium salt hydrate (ANS) of purity 90+%
were purchased from Sigma and Fluka, respectively. All
reagents were used without further purification. Phosphate
buffered saline tablets for 0.01 M phosphate buffer (PBS),
0.0027 M potassium chloride, and 0.137 M sodium
chloride at pH 7.4 were purchased from Aldrich. All
solutions were made up with purified water from a Milli-Q
Millipore system.

Samples preparation In the experiments we used fresh
stock protein solution in PBS at pH=7.4, which were kept
in the dark at a temperature of 4 °C. The BSA concentration
for stock solution was calculated using molar extinction
coefficient ɛ280=43600 M−1 cm−1 [10]. Protein final
concentrations varied from 1×10−6 to 1.4×10−5 M.

Apparatus Absorption spectra were recorded with a Shimadzu
UV-1601 UV-visible spectro-photometer and steady state
fluorescence emission and excitation measurements on a Cary
Eclipse spectrofluorimeter, in 1 cm pathlength Quartz cells. All
measurements were made at room temperature.

Methods The fluorescence titrations were carried out by a
constant addition of ANS solution to a BSA solution, and
the final concentrations were corrected by taking into
account the final volume. The fluorescence intensities were
corrected to account for the inner filter effect by using Eq. 1
[7, 8]:

Fcorr ¼ Fmeas
2:303� D380 � d2 � d1ð Þ
10�D380�d1 � 10�D380�d2

ð1Þ

The fluorescence intensity is corrected by multiplying
the measured intensity, Fmeas, which is obtained measuring
the absorbance and fluorescence of the ANS solutions at
380 nm. D380 is the absorption per centimetre at 380 nm.
The parameters d1 and d2 are the distances, in centimetres,
along the front face of the excitation [7, 8]. The distances d1
and d2 are determined by measuring the fluorescence
intensity of ANS in water at 530 nm and the absorption at
380 nm, for a range of ANS concentrations from around
10−6 to 10−4 M, in a 1 cm pathlength cuvette. A linear
relationship between the fluorescence intensity versus
absorption is recovered by using Eq 1.

A Job’s plot analysis [16] was used to determine the
binding stoichiometry of the BSA-ANS fluorescence
complex. In this approach, the molar fractions of ANS
and BSA were varied while keeping the total concentration
([ANS]+[BSA]) constant. The fluorescence intensity was
measured and plotted versus the ANS molar fraction.
Linear regression fittings were made at the two extremes
of the curve. The cross point between the two linear plots
provided the amount of ANS (molar fraction) for the
binding stoichiometry of the fluorescent complex. In the
energy transfer experiments, the protein concentration was
1.5×10−6 M and the excitation wavelength was set at
280 nm. The fluorescence intensity of protein was corrected
by taking into account the fraction of the excitation light
absorbed by the added ANS. All the non linear fittings were
performed in Excel®. The 3D model structure was built
using Swiss-PdbViewer software [17].

Results and discussion

The determination of binding parameters of a specific
ligand to protein, using fluorometric titration methods,
involves the addition of a non-fluorescent (or very low
fluorescent) ligand solution in the non-fluorescent (or very
low fluorescent) protein solution which produces a fluores-
cent binding complex. The fluorescence intensity of this
bound complex is measured and, the magnitude depends on
reagent concentration. When the binding sites of the protein
under investigation are totally saturated by ligand mole-
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cules, the fluorescence emission intensity becomes con-
stant. No changes should be observed for any further ligand
addition. However, care must be taken when the concen-
tration of ligand or protein molecules reaches high values
such that the reactant fluorescence and/or absorption of
excitation light becomes relevant.

BSA/ANS binding complexes

As mentioned above, there is a large range of reported
binding constants and binding sites per protein in the
literature for the BSA/ANS complex [6, 9–15]. We believe
that there are three main reasons for the broad range of
reported binding constant values and the existence of more
than one type of binding site: (a) overlooking the inner
filter effect on experimental data, (b) the method used to
estimate the free ligand concentration, and (c) the use of the
Scatchard’s plot method instead of the Adair stoichiometry
model (Eq. 2) [18–20]. Klotz et al. have already called
attention in great detail to the problems related to the use of
Scatchard plot to interpret binding processes, and the need not
to draw hasty conclusions [21, 22].

The binding constants and the number of binding sites
per protein are determined in this work by applying the
Adair equation:

r ¼
PN
1
i� Qi

1
Kj

� �
� ANS½ �i

1þPN
1

Qi
1
Kj

� �
� ANS½ �i

ð2Þ

Where r is the average number of bound ANS per
protein, or the ratio between concentration of bound ANS,
[ANS]B, and total concentration of BSA, [BSA]T. N is the
total number of binding sites, each K is a stoichiometry
binding constant, [ANS] is the free ligand concentration.

One critical point in ligand–acceptor binding studies is
to determine the amount of free ligand in the presence of
acceptor. The free ANS concentration is obtained from the
difference between total ANS concentration and bound
ANS concentration. The most widely used approaches for
calculating the free ANS concentration is to obtain a
calibration curve of the system at high concentration of
protein for a low range of ANS concentrations. In this case,
it is assumed that all ANS molecules are fully bound to the
protein, and that the fluorescence intensity is directly
proportional to the bound ANS concentration. Halfman
and Nishida developed a more precise method for the
determination of free ligand concentration [23]. This
technique involves the determination of at least two binding
isotherms for different protein concentrations (e.g., a and

b). Therefore, the free ligand concentration [ANS]a,b can be
determined using the following equations:

ra;b ¼
ANS½ �T ;a� ANS½ �T ;b
BSA½ �T ;a� BSA½ �T ;b

ð3Þ

½ANS�a;b ¼
½BSA�T ;a � ½BSA�T ;b
½BSA�T ;a � ½BSA�T ;b

½ANS�T ;a
½BSA�T ;a

� ½ANS�T ;b
½BSA�T ;b

 !

ð4Þ
Where [ANS]T,a/[BSA]T,a and [ANS]T,b/[BSA]T,b are the

molar ratios of the total ligand concentration and total
protein concentration, which correspond to the same value of
average number of bound ANS per protein in the binding
isotherms a and b (ra,b). Although, the quantity r is not
measured directly, it is, in general, proportional to the ratio
of fluorescence intensity F and protein concentration. In
other words, the concentration of bound ligand is propor-
tional to the fluorescence intensity F. Figure 1a shows the
experimental binding isotherms for five different protein
concentrations. The F/[BSA]T values at high ligand concen-
tration are very sensitive to the protein small concentration
variations. Therefore, the initial protein concentration values
were corrected assuming that the all isotherm reaches
approximately the same F/[BSA]T at infinite ligand concen-
tration. The total ligand concentrations values for the five
isotherms that have the same F/[BSA]T values (Fig. 1b),
were estimated by cubic interpolations of the corresponding
experimental data in Fig. 1a. The final binding isotherm is
represented by the plot of r versus free ligand concentration
(Fig. 1c). This result is generated from the average values of
r and [ANS] obtained from Eqs. 3 and 4, from all the
possible paired combinations of five total isotherms found in
Fig. 1b (a–b, c–d, a–e,...). Finally, the binding parameters of
BSA/ANS complex can be determined applying the Adair
equation (Eq. 2) to the isotherm in Fig. 1c. The binding
constants that represent the best fit curve of the isotherm
point in Fig. 1c are shown in Table 1.

The Job plot (also known as the method of continuous
variation) shown in Fig. 2 is a very useful method for the
characterization of products formed by an interaction of two
species. The Job method has been applied to cases where
more than one type of complex is formed in the system
under study [24]. The curvature observed at the top of the
curve in Fig. 2 may be due to more than one type of
complex. Analysis of the Job plot in Fig. 2 shows that at
380 nm excitation wavelength, the intercept between the
best two straight lines occurs at a molar fraction (xANS)
around 0.78. This result is in agreement with a reported
value [15]. The corresponding stoichiometry is 1:3.4. At the
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region where the complex is formed, the crossing point is
higher than the top of the experimental curve. This may
indicate that the dissociation constants of the complex
(inverse of binding constants) have the same order of

magnitude as the total concentration used [16]. In fact, the
range of values for the binding constants found from above
(Table 1) corresponds to a range of 1.9×10−6 to 8.3×
10−5 M for the respective dissociation constants. The total
concentration used for Job plot (2×10−5 M) is between the
above range of dissociation constants. In this case, the
stoichiometry found from the plot is normally underesti-
mated [16]. Considering the values of binding constants
(Table 1) and the total concentration used for Job plot, the
correct stoichiometry value is estimated to be 1:4, 1:5, or
1:6. It is important to note that non-linear curve fitting of
the data points in Fig. 1c using 4 and 6 binding sites (1:4
and 1:6 stoichiometry) resulted either in bad quality of fit
curves or high binding constant error values.

The results obtained here by analysis using the Adair
equation (Eq. 2) on the fluorimetric titration and Job plot
indicates that there are 5 binding sites. Although the nature
of the binding interaction of ANS with the protein bovine
serum albumin is well accepted to be hydrophobic [10, 14],
others non-covalent interactions such as electrostatic and
hydrogen bonding may compete within hydrophobic
interactions. The balance of such forces may be responsible
for the different affinities observed for ANS binding sites in
BSA. Matulis et al. concluded that there are at least two
different modes for ANS binding to BSA [14]. In the first

Table 1 Binding site parameters for the interaction of BSA/ANS
complex

Binding
site

Binding
constants
(104 M−1)

Distance from
Trp-134 (R0)

Distance from
Trp-212 (R0)

1 52±3 1.47 1.04
2 30±5 1.11 1.09
3 13±5 1.25 0.83
4 7.8±3.4 0.76 1.30
5 1.2±0.7 1.70 1.42

Fig. 1 BSA/ANS complex formation at different concentrations of
ANS and BSA (a). The isotherms obtained from cubic interpolation of
data points for same ordinate values (b) are used to build the final
binding isotherm by using Halfman–Nishida approach (c). Protein
concentrations in a and b: (filled diamond) 1×10−6 M, (empty
diamond) 2×10−6 M, (filled square) 4.8×10−6 M, (empty square)
8.2 10−6 M, and (filled triangle) 1.4×10−5 M. The line curve in (c) is
the best fit curve using the Adair equation. The error bars are
estimated from the standard deviation between the isotherms gener-
ated after Halfman–Nishida treatment

Fig. 2 Job plot for BSA–ANS fluorescence at 380 nm excitation with
total concentration BSA½ � þ ANS½ � ¼ 2� 10�5M, and PBS buffer
pH=7.4
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mode, where five sites were found, ANS is inside the
hydrophobic cavity far away from water molecules, and
these ANS molecules fluoresce. These findings are in
agreement with our results.

We also demonstrated that by constructing a Job’s plot
using fluorescence that the information on the number of
binding sites is also relevant. Therefore, it is important to
combine the fluorescence titration experiments (Adair
analysis) with the Job’s plot in order to better characterize
the binding parameters, and to provide the background
from which one can localize the binding sites on BSA/ANS
system by energy transfer experiments. The results are well
in agreement with some crystallographic data, as described
below.

Energy transfer from tryptophan residues to bound ANS

Förster resonance energy transfer (FRET) in donor–acceptor
pairs is a method used to determine the distance between two
centres if certain conditions are followed such as: (a) good

overlap between the absorption spectrum of the acceptor and
the emission spectrum of the donor; (b) high fluorescence
quantum yield of the donor; and (c) correct orientation of the
donor and acceptor dipoles. When these conditions are met,
large Förster radius values, R0, for FRET are obtained (see
Eq. 9 in the Appendix). The significant overlap between
spectrum of the two tryptophans in the BSA emission and
the ANS absorption spectrum is shown in Fig. 3. The value
of R0 calculated for the FRET between the two tryptophans
and the bound ANS was 24 Å. This value is in good
agreement with the literature values [25, 26]. Therefore, the
presence of ANS molecules in BSA at a distance smaller
than R0 will cause a reduction, by FRET, of more than 50%
of the tryptophan fluorescence.

In Fig. 4a, it is observed that the increase of ANS
concentration causes a reduction of the BSA fluorescence
band intensity at 320–380 nm and an increase of the
complex fluorescence band intensity at 420–620 nm. This
indicates that the energy transfer efficiency is dependent on
ANS concentration. Therefore, the plot of energy transfer
efficiency as a function of ANS concentration, shown in
Fig. 4b, was obtained from the use of Eq. 11 (Appendix).

Since the hydrodynamic radius for BSA is ca. 35 Å [27],
it is not difficult to foresee that energy transfer should occur
mainly within the BSA–ANS complex. The energy transfer
in a collisional complex is less efficient because the Förster
radius is smaller than the hydrodynamic radius. Moreover,
from the average fluorescence lifetime for BSA (around
5.6 ns [25]) and diffusion constant (59 μm2 s−1 [28]), the
diffusion limited rate constant can be estimated to be 1.6×
109 M−1 s−1. If the energy transfer only occurs due to
diffusional contact, we can estimate, using the Stern–
Volmer equation [29] that, the concentration of ANS in
the buffer solution must be around 0.1 M to reduce the
BSA fluorescence by 50%. However, as can be observed in
Fig. 4b, the total concentration of ANS for a reduction of
50% of BSA fluorescence is around 105 times lower than
the concentration expected, for the diffusional quenching
case only. Therefore, FRET within the complex is the main

Fig. 3 Spectral overlap of BSA–ANS absorption and BSA fluorescence

Fig. 4 a Fluorescence spectra
of BSA with increasing ANS
concentration with 280 nm ex-
citation. b Energy transfer effi-
ciency as a function of the ANS
concentration. Closed symbols
represent experimental data, and
line curve is the fitted model
(see text)
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process responsible for the reduction in tryptophan residues
emission and increase of emission from bound ANS, when
the protein is excited.

The relative high FRET efficiency implies that ANS
binds to a site within the protein that is close enough to
interact with the emitting Trp residues. Considering that
ANS binds to BSA in five sites (from the results above) a
range of energy transfer efficiencies is expected.

In the present study, we use an approach, which takes
into account the energy transfer efficiency between trypto-
phan residues and ANS bound at different binding sites. As
a first approximation, we assume that there is no energy
transfer between the tryptophan residues since the Forster
radius (6–12 Å) [30] is very small by comparison to the
distance between them in the serum albumin (~36 Å). Each
one of the binding sites presented in the protein is located at
a distance Ra and Rb, in Förster radius units, from Trp-134
and Trp-214, respectively. The energy transfer rate constant
between tryptophan residues and n bound ligands, is
defined by:

kET nð Þ ¼ t�1
D �

Xn
w¼1

1

R6
a;w

þ 1

R6
b;w

 !
ð5Þ

tD is the fluorescence lifetime of donor in the absence of
acceptor. However, Eq. 5 is only valid if all of the n binding
sites are occupied. In practice, the amount of occupied
binding sites will depend on the concentration of ligand
present. In other words, it will depend on the binding
affinities of the acceptor, or the probability of finding n
ligand bound to the protein. This probability can be
described in terms of the probability function Ω(n), which
can be directly related to the fraction of concentration of
bound protein with different degree of occupation in the
total of N binding sites to the total bound protein
concentration:

W nð Þ ¼
Qn
1
Ki

� �
� ANS½ �n

1þPN
1

Qi
1
Kj

� �
� ANS½ �i

ð6Þ

Therefore, the ET rate constant of n occupied sites for a
ligand concentration [ANS] is redefined as:

kET nð Þ ¼ t�1
D �W nð Þ �

Xn
w¼1

1

R6
a;w

þ 1

R6
b;w

 !
ð7Þ

In the overall calculated energy transfer efficiency, the total
contribution of each of the n occupied sites must be taken
into account. Thus, the total ET efficiency from the

tryptophans to the bound ligands, within a ligand concen-
tration [ANS], can be described as:

E ¼
PN
1
kET nð Þ

t�1
D þPN

1
kET nð Þ

ð8Þ

The ET efficiency (E) is then related to the degree of
occupied binding sites through the use of Eqs. 7 and 8, and
together with the binding parameters determined previous-
ly, it allows the distance between the respective binding
sites to Trp-212 and, to Trp-134 in BSA protein to be
estimated.

Using the binding parameters from Table 1, the distance
of each donor centre to the different acceptor centres can be
determined independently by the non-linear fit analysis of
the experimental data (Fig. 4b) obtained from fluorometric
titration shown in Fig. 4a. As observed with the curve fit in
Fig. 4b, the adjustment of donor–acceptor distances using
the binding parameters obtained from the Adair equation
shows a very good fit.

These distances calculated by this method are in
agreement with values found in crystallographic studies of
human serum albumin complex [31]. Our approximation of
the BSA structure in Fig. 5 was based on the crystal
structure of HSA complexed with arachidonic acid obtained
from the Protein Data Bank (ID: 1gnj) [31]. Since BSA is
very similar to HSA, we assumed that the location of Trp-
134 in BSA is the same as that of the Leu-135 position in
HSA. It is important to note that the number of binding

Fig. 5 Three-dimensional representation of “BSA-like” based on
HSA complexed with arachidonic acid obtained from the Protein Data
Bank (PDB ID: 1gnj) [31]. Dashed circles centred at tryptophan
residues limit the region for energy transfer efficiency greater than
50%
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sites in this “BSA-like” structure is based on the complex
between HSA and arachidonic acid, in which there are up
to seven arachidonic acids bound. However, the locations
of the binding sites are approximately similar to those
found for other HSA complexes [32].

Trp-212 in BSA is thought to be located in a similar
hydrophobic micro-environment as the single Trp-214 in
HSA (sub-domain IIA), whereas Trp-134 is considered to
be more exposed to solvent and is localized in sub-domain
IA [2]. In Fig. 5, the circles show the limited region for
energy transfer of at least 50% of efficiency. It is interesting
to note that the active region where the Trp-212 can be used
as a donor centre for energy transfer involves almost all of
subdomain-II, while the Trp-134 covers subdomain-I. It is
at sub-domain IIA that the majority of the bound ligands
are located, as observed by the arachidonic acid localisation
on the “BSA-like” structure model in Fig. 5. These results
agree with our findings that majority of binding sites (sites
1, 2 and 3 in Table 1) are within the Forster radius limit
close to Trp-214. Also, there is only one binding site (site
4) at a distance less than the Forster radius near to Trp-134
and distant from Trp-214 (Table 1). In Fig. 5, there is also
one binding site located very close to Trp-134. The “BSA-
like” structure model in Fig. 5 also shows that binding sites
are partially (for subdomain IIIA) or totally (for subdomain
IIIB) outside the critical radius for either Trp-212 or Trp-
134. Therefore, it may be expected that ANS molecules
located at these sites will perform less effectively as energy
transfer acceptors. In fact, the results obtained above show
that binding site 5 is located far away from the regions
covered by the Foster radius. We also determined from the
results that this binding site is assigned to the lowest
associative binding constant (K5). This may be due to weak
hydrophobic interactions between the ligand and the
protein, and therefore the ligand is weakly bound. It is
possible that this site is relatively more hydrophilic than
hydrophobic when compared to the other binding sites. The
presence of two different classes of binding sites has been
reported [33] and latterly confirmed by time-resolved
fluorescence studies of BSA denaturation. One class is
located not too deeply in the protein interior and the other is
more external and water accessible [34].

Conclusion

Using the Adair model, the Halfman–Nishida approach,
and Job’s plot we show that ANS binds to bovine serum
albumin at five distinct binding sites. Energy Transfer from
tryptophan to bound ANS shows that the binding sites are
primary located close to the Trp-212 residue. The results
also showed that the lowest affinity binding site (~104 M−1)
is located at an approximate minimum distance of 34 Å

from the tryptophan residues (less efficient energy transfer).
The sites with highest binding affinities (>104 M−1) are
found, at least for one of two tryptophan residues, close to
the Forster radius distance (24 Å). This approach, combin-
ing FRET and Adair−Halfman−Nishida−Job treatments
provides a more detailed method for elucidating the number
and affinity of multiple binding sites in proteins. The result
from this approach, correlate well with protein structural
information from other sources such as crystallography.
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Appendix

The critical radius, R0, in Förster resonance energy transfer
is defined as the distance at which the efficiency of energy
transfer is equal to 50%. It can be calculated using the
following expression [29]

R0 ¼ 9780� κ2φ0
Dn

�4J lð Þ� �1=6 ð9Þ
with R0 in Å, κ2 is the orientation factor (two-thirds
assumed) describing the relative orientation in space of the
transition dipoles of the donor (Trp residues) and acceptor
(ANS), and φ0

D is the donor fluorescence quantum yield in
the absence of the acceptor. In the case of tryptophans in
BSA this value is 0.15 [35]. A value of 1.33 is assumed for
the refractive index, n, of the solution. The spectral overlap
integral J(l) between the donor emission spectrum and the
acceptor absorbance spectrum was approximated by:

J 1ð Þ ¼
Z

FD 1ð Þ"A 1ð Þ1 4d1

�Z
FD 1ð Þd1 ð10Þ

where, FD(l) is the normalized fluorescence spectrum of
the donor and εA(l) is the absorption molar extinction
coefficient.

The distance between the donor and acceptor RDA can be
determined by measuring the change in donor fluorescence.
The donor fluorescence intensity was measured in the
absence (ID) and in the presence of acceptor (IDA). Then,
FRET efficiency can be calculated using the following
expressions:

E¼ 1� IDA
ID

ð11Þ
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