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ABSTRACT: Aflatoxin B1 (AFB1) is a mutagen that has been
categorized as a group 1 human carcinogen by the International Agency
for Research on Cancer. It is produced as a secondary metabolite by soil
fungi Aspergillus flavus and Aspergillus parasiticus. Here, in this study, the
effect of AFB1 on the structure and conformation of bovine serum
albumin (BSA) using multispectroscopic tools like fluorescence spectros-
copy, ultraviolet−visible absorption spectroscopy, and circular dichroism
spectropolarimetry has been ascertained. Ultraviolet absorption spectros-
copy revealed hyperchromicity in the absorption spectra of BSA in the
presence of AFB1. The binding constant was calculated in the range of 10

4

M−1, by fluorescence spectroscopy suggesting moderate binding of the
toxin to BSA. The study also confirms the static nature of fluorescence
quenching. The stoichiometry of binding sites was found to be unity. The
competing capability of warfarin for AFB1 was higher than ibuprofen as
calculated from site marker displacement assay. Förster resonance energy transfer confirmed the high efficiency of energy transfer
from BSA to AFB1. Circular dichroism spectropolarimetry showed a decrease in the α-helix in BSA in the presence of AFB1. The
melting temperature of BSA underwent an increment in the presence of a mycotoxin from 62.5 to 70.3 °C. Molecular docking
confirmed the binding of AFB1 to subdomain IIA in BSA.

■ HIGHLIGHTS

• In this study, binding dynamics of AFB1 with BSA were
explored by UV absorption spectroscopy, fluorescence
spectroscopy, and molecular docking.

• The study revealed that AFB1 binds to BSA with a binding
constant (Kb) of 4.20 × 104 M−1 involving a static type of
fluorescence quenching mechanism.

• Site marker displacement assay suggests subdomain IIA as
the binding site of AFB1 on BSA.

• Thermodynamic parameters like negative ΔH and ΔS
highlight hydrogen bonding and van der Waals
interactions as significant players in stabilizing the
BSA−AFB1 complex.

• Circular dichroism investigation showed alteration in the
secondary structure of native BSA in the presence of AFB1
followed by an increase in melting temperature (Tm).

• Molecular docking analysis substantiated that Arg-217,
Tyr-149, Arg-256, and Ala-260 residues stabilize the
interacting complex via hydrogen bonding.

1. INTRODUCTION
Aflatoxin B1 is an environmental hazard that has been enlisted as
a group 1 human carcinogen by the International Agency for
Research on Cancer.1,2 It is a potent mutagen produced by
Aspergillus flavus and Aspergillus parasiticus as a secondary
metabolite.3 It is known to contaminate various food crops and
animal feeds, corresponding to one-fourth of globally produced
feed ingredients.4 Aflatoxin-producing fungi are ubiquitously
present in the environment and can also be detected in stored
foods. Mycotoxins like AFB1, AFB2, AFG1, and AFG2 are
produced exclusively by Aspergilli in crops, and among them,
AFB1 is the most toxic and caracinogenic;5 their order of toxicity
is AFB1 > AFG1 > AFB2 > AFG2.

6 AFB1 is teratogenic,
mutagenic, and hepatotoxic to farm animals and humans.7−9

The structure of AFB1 resembles coumarin with a fused difuran
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moiety as shown in Figure 1a, absorbs ultraviolet light with
absorption maxima (λmax) at 365 nm, and has strong
fluorescence emission in the wavelength range of 415−450
nm.10,11 AFB1 was discovered accidentally in the 1960s due to
the massive destruction of about 100,000 domestic turkeys in
England after the consumption of AFB1-contaminated ground-
nut meal.12

Bovine serum albumin (BSA) is the most abundant serum
protein present in bovines containing 583 amino acid residues. It
includes two tryptophan residues at 134 and 212 positions and
20 tyrosine residues.13,14 This globular protein has a molecular
weight of 66.4 kDa with a predominant α-helix conformation.15

Due to approximately 80% sequence homology with human
serum albumin (HSA), it is a highly explored and widely studied
serum protein.13,16 BSA is known to contain two discrete drug
binding sites known as Sudlow’s site I and Sudlow’s site II
located in subdomains IIA and IIIA, respectively, where different
groups of drugs bind.17 It has been a widely used model protein
for interaction studies with drugs and is a critical element of drug
pharmacokinetics.18

Serum albumin is the carrier protein in blood and has a critical
role in the delivery and transportation of endogenous and
exogenous molecules.19 Serum albumin is besieged with the
entry of any ligand molecule in the body by virtue of its delivery
and transportation ability to target location.20 The solubility,
biodistribution, and interaction of any ligand molecule depend
upon its affinity for serum albumin. As a result, the free drug
concentration in plasma decreases with the strong binding
affinity of the drug with albumin and vice versa.21 Therefore, it
becomes crucial to understand the interaction pattern of AFB1
with BSA.
In this study, multispectroscopic analysis and molecular

docking approaches have been used to examine the binding of
hepatocarcinogen AFB1 with carrier protein BSA. UV
absorption spectroscopy was performed to speculate the
ground-state complex formation of this toxin with BSA.
Fluorescence spectroscopy was performed to calculate the
binding constant (Kb), the Stern−Volmer quenching constant
(KSV), the number of binding sites, and various thermodynamic
parameters like the Gibb’s free-energy change (ΔG), the
enthalpy change (ΔH), and the entropy change (ΔS). Site
marker displacement assay was performed with warfarin and
ibuprofen site marker probes to elucidate the binding location of
AFB1 on BSA. FRETwas conducted to ascertain the efficiency of
energy transfer between BSA and AFB1. A molecular docking
approach was used to investigate and recognize the amino acid

residues involved in forming the binding pocket for the AFB1−
BSA complex.

2. RESULTS AND DISCUSSION

2.1. UV Absorption Spectroscopic Studies. UV
absorption spectroscopy, a versatile technique, was performed
to explore the structural alterations in the protein in the presence
of AFB1. Figure 1 shows the absorption spectra of BSA in the
absence and presence of AFB1 (0−14 μM). BSA demonstrates a
characteristic absorption peak at ∼280 nm due to π to π*
transition of aromatic amino acids in the protein.22 The
absorption spectrum of BSA is mainly due to the absorption
of ultraviolet light by tryptophan, tyrosine, and phenylalanine
residues.23 In the presence of AFB1 (0−14 μM), there is a
concentration-dependent hyperchromic effect at 280 nm. Each
concentration from 2 to 14 μM causes an increase in the
absorbance at 280 nm, suggesting concentration-dependent
hyperchromicity at 280 nm in BSA. The increase in absorbance
indicates the ground-state complex formation between BSA and
AFB1.

24 AFB1 exhibits its characteristic absorption peak at
around 365 nm due to UV light absorption in this region, as
visible in Figure 1b. From the figure, it can be inferred that the
nature of quenching is static rather than dynamic quenching.25

In static quenching, the absorption spectra of protein molecules
change in the presence of a ligand, which is not valid in the case
of dynamic quenching, where the absorption spectra do not alter
in the presence of a ligand.26 The nature of quenching is
discussed in detail in Section 2.2.

2.2. Fluorescence Spectroscopy-Based Studies. Fluo-
rescence spectroscopic studies are highly reliable and the best
method for locating small molecules’ binding fashion to
proteins.27 The intrinsic fluorescence in the BSA molecule is
mainly contributed by tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe) residues.28 Tryptophan in BSA is highly
sensitive to perturbation in the local environment due to
denaturation or conformational alterations.29 The emission
spectra of BSA (5 μM) in the absence and presence of AFB1 (0−
14 μM) are shown in Figure 2a. Fluorescence quenching
followed by 3 nm of a blueshift in the fluorescence emission
spectrum of BSA was observed when titrated with the increasing
concentration of AFB1 (0−14 μM). From Figure 2a, it is clear
that the microenvironment around the fluorophores in BSA is
altered. However, quenching in the emission spectra of BSA
indicates the structural and conformational change in the native
structure of BSA. Figure 2b shows the fluorescence emission
spectra of AFB1 in the absence and presence of BSA (0−2.5
μM). AFB1 shows emission maxima at 440 nm when excited at

Figure 1. (a) Chemical structure of AFB1. (b) UV absorption spectra of BSA (5 μM) in the absence and presence of increasing concentrations of AFB1
(0−14 μM). The concentration of AFB1 alone is 2 μM.
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365 nm.When AFB1 was titrated with increasing concentrations
of BSA, an increase in the fluorescence intensity coupled with 3
nm of a blueshift at the emission maximum of AFB1 was
observed. This also confers the migration of AFB1 from a more
polar to less polar environment in the presence of BSA.
To further investigate the mode of quenching observed in

BSA in the presence of AFB1, the Stern−Volmer quenching
constant (KSV) was calculated from eq 9 of the Methods
section.30 From Figure 3a, it was found that the F0/F versus Q
(concentration of AFB1) plot is a straight line, and there is a
linear dependency of the AFB1 concentration (Q) andΔF. With
the increase in the temperature, the slope of the Stern−Volmer
plot decreases. The binding between AFB1 and BSA destabilizes,
reducing the KSV value, which suggests that quenching is static,
thereby justifying the static or dynamic nature of the quenching
mechanism operating between the ligand and the protein
molecules.31 The values of KSV obtained at 288.15, 303.15, and
308.15 K, in the order of decreasing magnitude as a function of
temperature, are 1.65 × 104, 1.47 × 104, and 0.97 × 104 M−1,
respectively. The bimolecular quenching constant (Kq) was
calculated by employing eq 11 mentioned in the Methods
section.32 The values of Kq obtained at 298.15, 303.15, and
308.15 K are 1.65 × 1013, 1.47 × 1013, and 0.97 × 1013 M−1 s−1.
Since the values of Kq obtained are higher than the maximum
scattering collision constant (2× 1010M−1 s−1),33 this provides a
clue that fluorescence quenching is governed by ground-state
BSA−AFB1 complex formation and is static in nature. The
values of KSV and Kq are listed in Table 1.
We also calculated the binding constant (Kb) and the number

of binding sites (n) of AFB1 on BSA using eq 10 stated in the

Methods section. Figure 3b shows the plot of log(F0 − F)/F
versus log{[D]0− n[P]0(F0− F)/F0}. The value ofKb was found
to be 4.20 × 104 M−1, and the number of binding sites obtained
is 1.05 at 298.15 K. Various binding parameters along with
Gibb’s free energy (ΔG) are reported in Table 2. Figure 4 shows
the plot of ln K versus 1/T, used to calculate various
thermodynamic parameters like ΔS and ΔH. The values ΔS
and ΔH are calculated to be −60.50 cal mol−1 and −24.31 kcal
mol−1, respectively. When the values ofΔS andΔH are less than
unity (ΔS < 0 > ΔH), the predominant forces that stabilize the
ligand and protein complex are hydrogen bonding and van der
Waals interactions.34 Here, in our study, we obtained negative
values of both the entropy change and the enthalpy change,
suggesting that hydrogen bonding and van der Waals
interactions are the major forces playing an essential role in
stabilizing the AFB1−BSA complex. The other thermodynamic
parameter playing a pivotal role in maintaining the stability of
the protein−ligand complex is Gibbs free energy (ΔG). Also, the
binding between the ligand and the receptor will be favorable
only when the ΔG value is negative.35 For the BSA−AFB1
complex, the ΔG value was found to be −6.30 kcal mol−1 at
298.15 K, indicating the favorable and stable complex formation
between AFB1 and BSA.

2.3. Three-Dimensional Fluorescence Studies. Three-
dimensional (3D) fluorescence spectroscopy is a versatile tool to
gather information about ligand-induced conformational and
structural changes in proteins.36 This technique confers ligand-
induced structural and microenvironment changes in the
vicinity of fluorophores.37 The 3D fluorescence spectra of
native BSA were recorded in the absence and presence of AFB1.
The fluorescence intensity in a 3D form is obtained when the λ
excitation and λ emission are changed simultaneously.38 The 3D
contour maps of BSA alone and the BSA−AFB1 complex are
shown in Figure 5a,b, respectively, and they provide a bird’s-eye
view of fluorescence spectra. The 3D fluorescence spectra of
BSA alone and the BSA−AFB1 complex are shown in Figure

Figure 2. (a) Fluorescence emission spectra of BSA (5 μM) with
increasing concentrations of AFB1 (0−14 μM). The concentration of
AFB1 alone is 2 μM. (b) AFB1 spectra with increasing concentrations of
BSA (0−2.5 μM).

Figure 3. (a) Stern−Volmer quenching constant (KSV) and (b) binding constant (Kb) obtained from the plot of log(F0 − F)/F versus log{[D]0 −
n[P]0(F0 − F)/F0} for the BSA−AFB1 complex at three different temperatures (298.15, 303.15, and 308.15 K).

Table 1. Stern−Volmer Quenching Constant (KSV) and
Bimolecular Quenching Constant (Kq) at Three Different
Temperatures, 298.15, 303.15, and 308.15 K for the BSA−
AFB1 Complex

temperature
(K)

KSV (×104)
(M−1)

Kq (×1013)
(M−1 s−1) R2 SD

298.15 1.65 1.65 0.999 0.0002
303.15 1.47 1.47 0.999 0.0001
308.15 0.97 0.97 0.999 0.0002
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5c,d, respectively. In Figure 5c,d, peak “a” is the Rayleigh
scattering peak where λex = λem and is characterized by re-
emission of radiation by the solvent containing the ligand and
the protein. The re-emitted radiation causes the scattering of a
minor part of absorbed radiation in every direction at a similar
wavelength.39 Peak “b” corresponds to the second-order
scattering peak where λem = 2λex. Peak “1” gives the emission
spectra of tyrosine and tryptophan amino acids. Peak “2” is the

emission spectra of the polypeptide backbone of BSA due to
π−π* transition.40,37 In Figure 5b,d, emission at 440 nm
corresponds to the emission contribution of AFB1 in the BSA−
AFB1 complex, when excited at 365 nm, which is absent in BSA
alone in Figure 5a,c. AFB1 induced quenching in the
fluorescence intensity at peak 1 and peak 2 of BSA. While
comparing the 3D fluorescence emission spectra of BSA in the
presence and absence of AFB1, it may be noted that the
fluorescence intensities of both peaks are quenched, anticipating
the alteration in the microenvironment around fluorophores
present in BSA after the addition of AFB1.

41 This result confirms
conformational changes in proteins and corroborates our UV
absorbance spectroscopic and fluorescence spectroscopic
findings. Our findings are consistent with the previous studies
on the interaction of small molecules with BSA.42,43 The
intensities and wavelengths corresponding to different fluo-
rescence peaks are shown in Table 3.

Table 2. Binding and Thermodynamic Parameters for Stable Complex Formation between AFB1 and BSA at Three Different
Temperatures, 298.15, 303.15, and 308.15 K

temp. (K) Kb (×10
4) R2 n ΔG (kcal mol−1) ΔH (kcal mol−1) ΔS (cal mol−1 K−1)

298.15 4.20 ± 0.03 0.999 1.05 ± 0.007 −6.30 −24.31 −60.50
303.15 1.87 ± 0.02 0.999 1.01 ± 0.004 −5.92
308.15 1.11 ± 0.02 0.999 0.98 ± 0.006 −5.70

Figure 4. Van’t Hoff plot for the calculation of thermodynamic
parameters (ΔS and ΔH) at three different temperatures (298.15,
303.15, and 308.15 K) using the ln K vs 1/T plot. SDΔS ± 0.93 and
SDΔH ± 0.28.

Figure 5. Three-dimensional fluorescence contour map of BSA alone (a) and BSA in the presence of AFB1. (b) Three-dimensional fluorescence
spectra of BSA alone (c) and BSA in the presence of AFB1 (d). The ratio of BSA:AFB1 concentration is 1:1.

Table 3. Three-Dimensional Fluorescence Parameters of
BSA Alone and the BSA−AFB1 Complex

BSA BSA−AFB1

fluorescence
peaks

λex/λem
(nm)

fluorescence
intensities (a.u.)

λex/λem
(nm)

fluorescence
intensities (a.u.)

peak 1 280/335 68816.3 280/330 61384.5
peak 2 230/340 24905.8 230/340 22500.8

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01799
ACS Omega 2021, 6, 18054−18064

18057

https://pubs.acs.org/doi/10.1021/acsomega.1c01799?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01799?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01799?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01799?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01799?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01799?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01799?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01799?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.4. Competitive Site Marker Displacement Assay.
Most of the xenobiotics are known to bind site I and site II since
their interactions with these loci are of utmost sensitivity to the
proton-induced neutral base transition of albumins.44,45

Warfarin and ibuprofen were used as site marker probes to
investigate the binding site of AFB1 on BSA with the help of
fluorescence spectroscopy.46 Warfarin and ibuprofen are well-
distinguished site marker probes for BSA that bind to site I
(subdomain IIA) and site II (subdomain IIIA) of BSA. BSA (5
μM) and AFB1 (14 μM) were titrated with increasing site
marker concentration. The percentage of AFB1 displaced by the
respective site markers was calculated using eq 1 given by
Sudlow et al.47

= ×
F
F

Probe displacement (%) 100%2

1 (1)

F1 and F2 represent the fluorescence intensities of BSA-bound
AFB1 in the absence and presence of site markers (warfarin and
ibuprofen). A significant change in the fluorescence intensity
was found in warfarin compared to ibuprofen for the
displacement of AFB1 from BSA, suggesting that the binding
of AFB1 is located in subdomain IIA or Sudlow’s site 1 in BSA.
Figure 6 depicts the bar graph showing the displacement of AFB1

from warfarin and ibuprofen, and it was found that maximum
displacement of AFB1 is found in the case of warfarin. However,
only a small amount of AFB1 displacement is noted for
ibuprofen. Previous studies on the binding of ochratoxin A and
zearalenone with serum albumins have also confirmed the
involvement of subdomain IIA.48,49

2.5. Energy Transfer between BSA and AFB1. Förster
resonance energy transfer (FRET) is a valuable and widely used
tool to compute the energy transfer efficacy from donor to
acceptor molecules and to measure the distance between ligands
and fluorophores in serum albumin in an aqueous environ-
ment.50 The FRET principle states that the energy transfer
between a donor and an acceptor is well-achieved when both are
situated at a distance between 2 and 8 nm, the donor molecule is
fluorescent, and overlapping is significant between the donor
emission spectrum and the acceptor absorbance spectrum.51

The efficiency of energy transfer was calculated with the help of
eq 2 where R0

6 is the critical distance between the donor and the
acceptor when the energy transfer efficiency is equal to 50% and
r6 represents the distance between the donor and the acceptor.
The value of R0

6 was calculated from eq 3, where k2 is the

orientation factor between donor and acceptor dipoles, N
represents the refractive index of the medium, Ø signifies the
fluorescence quantum yield of the donor (BSA), J is the spectral
overlap integral, F(λ) denotes the corrected fluorescence
intensity of the donor (BSA) at wavelength λ, and ε(λ)
represents the molar absorption coefficient of the acceptor at
wavelength λ as given in eq 4. Figure 7 shows the spectral overlap

of the absorption and emission spectrum of AFB1 and BSA,
respectively. The figure suggests the high efficiency of energy
transfer since the overlap area is significant. The calculated
values of J, R0, r, and E are found to be 9.80 × 10−15 cm6/mmol,
2.50 nm, 3.97 nm, and 0.057, respectively. The values of k2, N,
and Ø have been taken to be 2/3, 0.15, and 1.36, respectively.
Since the critical distance between AFB1 and BSA is less than 8
nm followed by “r” greater than R0, it suggests high efficiency of
energy transfer between the two molecules and static mode of
fluorescence quenching.39,52,53

= − =
+

E
F
F

R
R r

1
0

0
6

0
6 6

(2)

= × − −R k N J8.8 10 Ø0
6 25 2 4

(3)

λ ε λ λ λ
λ λ

=
∑ Δ

∑ Δ
J

F
F

( ) ( )
( )

4

(4)

2.6. Secondary Structure Analysis. CD spectroscopy is a
valuable and technically decent tool for investigating the
conformational changes in proteins.54,55 Native BSA has
negative ellipticity at 222 and 208 nm due to n⃗π* and π⃗π*
transition, which is the hallmark of the α-helical content of
proteins.56,57 MRE208 and MRE222 values were calculated using
eqs 5 and 6. The percentage of the α-helix in a protein was
calculated with the help of eq 7.

=
[ × ]C nl

MRE
Observed CD (mdeg) at 208 nm

10p
208

(5)

=
[ × ]C nl

MRE
Observed CD (mdeg) at 222 nm

10p
222

(6)

α − =
− −

−
×Percentage of the helix

MRE 4000
33000 4000

100208

(7)

Here, in this experiment, the CD spectra of BSA in the
absence and presence of AFB1 were obtained to check the
conformational changes brought by AFB1 to the native BSA
conformation. From Figure 8a, it is inferred that BSA shows 2
negative minima at 208 and 222 nm, signifying the α-helix as the

Figure 6. Bar graph showing displacement of AFB1 by site markers
warfarin and ibuprofen at 298.15 K and pH 7.4. The concentrations of
BSA and AFB1 are 5 and 14 μM, respectively, while site markers are
titrated with increasing concentrations from 0 to 80 μM.

Figure 7. Spectral overlap of the absorbance spectrum of AFB1 and the
emission spectrum of BSA for FRET analysis. Conditions: c(AFB1) = 5
μM, c(BSA) = 5 μM, and wavelength range = 300−400 nm.
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predominant conformation in BSA. Upon the addition of AFB1
to BSA, the 2 negative ellipticities at 208 and 222 nm still exist;
however, the intensity in CD (mdeg) was reduced, suggesting a
decrease in the α-helical content. Native BSA exhibited a 67.39%
α-helix that was reduced to 51.18% in the presence of AFB1. The
percentage of the α-helix obtained for BSA is in accordance with
previous work by Agrawal et al.58 Far-UV CD analysis was
performed to investigate the thermal denaturation of BSA in the
presence of AFB1 from 20 to 90 °C temperature scan at pH 7.4.
Themelting temperature (Tm) for BSAwas calculated to be 62.5
°C, and it was increased to 70.3 °C in the presence of AFB1. The
thermal denaturation graph is shown in Figure 8b. The thermal
profile data elucidates that the thermal stability of BSA is
increased in the presence of AFB1. Figure 9a,b shows the CD
spectra of BSA alone as a function of temperature from 20 to 90
°C in a wavelength range of 190−250 nm. From Figure 9, it is
inferred that with each increase in temperature, the peaks at 208
and 222 nm diminish, thereby reducing the helical content in

BSA, and at the highest temperature (90 °C), the peak at 222 nm
is completely lost, suggesting the complete loss of the α-helix;
furthermore, in Figure 9c,d, the CD spectra as a function of
temperature for the BSA−AFB1 system are shown, which also
dictate step by step thermal denaturation of BSA in the presence
of AFB1.

2.7. Molecular Docking.Molecular docking was performed
to corroborate the findings of spectroscopic studies and to
investigate the binding pocket of AFB1 on BSA. The main ligand
binding sites are located in hydrophobic cavities in BSA, known
as subdomain IIA (Sudlow’s site 1) and subdomain IIIA
(Sudlow’s site II).40 Figure 10a shows the best docked pose of
binding of AFB1 to BSA in subdomain IIA, and Figure 10b gives
a close-up view of the binding pocket of BSA and amino acid
residues involved in binding of AFB1. From Figure 10, it is
evident that AFB1 binds to Sudlow’s site 1, supporting the
findings of our site marker displacement assay. The binding
energy and other docking results are shown in Table 4. The

Figure 8. (a) Far-UVCD spectra of BSA in the absence and presence of AFB1. (b) Thermal denaturation curves of BSA in the absence and presence of
AFB1 for the calculation of melting temperature (Tm), in a temperature range from 20 to 90 °C.

Figure 9. Thermal CD spectra (a) BSA alone and (c) BSA in the presence of AFB1 as a function of temperature ranging from 20 to 90 °C. 3D thermal
CD curves of (b) BSA alone and (d) BSA in the presence of AFB1 as a function of temperature ranging from 20 to 90 °C.
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amino acid residues surrounding AFB1 are Leu-237, Tyr-149,
Arg-256, Ala-260, Leu-259, Ile-289, Leu-218, Ile-263, Lys-221,
Phe-222, Ala-290, Arg-217, Trp-213, His-241, and Arg-198. The
major forces stabilizing the BSA−AFB1 complex are hydrogen
bonding and van derWaals interaction, where Arg-217, Tyr-149,
Arg-256, and Ala-260 residues are involved in hydrogen bonding
and Arg-198 and Leu-259 are linked to AFB1 via van der Waals
interaction. The final intermolecular energy (hydrogen bond +
van derWaals + desolvation energy) is muchmore negative than
electrostatic energy suggesting hydrogen bonding and van der
Waals interactions as underlying forces stabilizing the AFB1−
BSA complex and supporting our findings of thermodynamic

parameters.38 Figure 11 demonstrates the nature of bonds and
amino acid residues between AFB1 and BSA. It is important to
note that the Trp-213 is the part of the binding pocket and its
influence on the binding of AFB1 corresponds to quenching in
the fluorescence spectra of BSA in the presence of AFB1
described in Section 2.2. The finding of the molecular docking
study is well-correlated with the spectroscopic studies.

3. CONCLUSIONS

The study here describes the binding potential of mutagen AFB1
on BSA and discusses the conformational changes induced with
numerous spectroscopic techniques, including circular dichro-
ism. Earlier studies have not focused on conformational changes
induced by AFB1 on BSA. Since AFB1 is an environmental
hazard with carcinogenic properties, its exposure to animals and
humans could lead to severe adverse effects, the most common
being aflatoxicosis. The binding potential of AFB1 to BSA is
moderate in terms of the obtained binding constant (Kb ∼ 104

M−1). UV absorption spectroscopic results reveal structural

Figure 10. (a) Best docked pose of the BSA−AFB1 complex depicting the binding pocket in BSA for AFB1. (b) Close-up view of the binding pocket of
BSA showing the interaction between amino acid residues and AFB1.

Table 4. Docking Parameters like Binding Energy and Amino
Acids Involved in BSA−AFB1 Interaction

protein−ligand
system

amino acid residues involved in
hydrogen bonding

binding energy of the
complex

(a) BSA−AFB1 Arg-217, Tyr-149, Arg-256, and Ala-
260

−7.57 kcal mol−1

Figure 11. 2D plot showing amino acid residues involved in bond formation with AFB1 molecules. Residues involved in conventional hydrogen
bonding are Arg-217, Tyr-149, Arg-256, and Ala-260. Residues involved in van der Waals interaction are Arg-198 and Leu-259.
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alteration in the native structure of BSA and ground-state
complex formation between AFB1 and BSA. Quenching in the
fluorescence emission maxima confirms structural and con-
formation changes brought by AFB1 to BSA. The mode of
fluorescence quenching was obtained as static in nature. There
was high efficiency of energy transfer between AFB1 and BSA, as
confirmed from FRET analysis findings. Warfarin site marker
displaces AFB1 more readily than ibuprofen, thus ensuring
Sudlow’s site 1 as a potential binding location of AFB1 on BSA,
further confirmed with an in silico approach using molecular
docking. AFB1 induced conformational changes in BSA, leading
to a loss in the α-helical content as confirmed from circular
dichroism spectropolarimetry. Native BSA exhibited melting
temperature (Tm) at around 62.5 °C, which was increased to
70.3 °C in the presence of AFB1. The study and its findings will
help to understand the pharmacokinetics of mycotoxins. The
spectroscopic findings of this study have provided us various
binding parameters associated with the binding dynamics of the
mycotoxin AFB1 with BSA. However, the major concern is the
frequent dislodging of AFB1 from serum albumin followed by its
metabolism leading to elimination from the body. The findings
could be used to discover a potential agent that can compete
with the AFB1 for its binding site and dislodge the
hepatocarcinogen from the serum albumin for its metabolism
and quick removal from the body. The prospect of the present
research is the competitive displacement of AFB1 with potential
agents sharing the same binding site but higher binding affinities
toward serum albumin compared to AFB1.

4. EXPERIMENTAL SECTION
4.1.Materials.Aflatoxin B1, bovine serum albumin, warfarin,

and ibuprofen were procured from Sigma Aldrich. All the
chemicals were of high-grade analytical quality and used without
any further purification.
4.2. Methods. 4.2.1. Preparation of Stock Solutions. The

stock solution of AFB1 was prepared in HPLC-grade methanol
and further diluted with sodium phosphate buffer of 20 mM
strength, pH 7.4, to be used as a working solution for interaction
studies. The stock solution of BSA (200 μM) was prepared by
dissolving 13.3 mg of BSA in sodium phosphate buffer, 20 mM,
pH 7.4, and further dilutions of BSA were made in sodium
phosphate buffer, pH 7.4. Stock solutions of site marker dyes,
warfarin, and ibuprofen were prepared by dissolving the
appropriate amount in sodium phosphate buffer.
4.2.2. UV−Visible Spectroscopic Studies. A Shimadzu dual-

beam UV−visible spectrophotometer, UV-1800, was employed
to record UV−visible absorbance spectra of BSA in the absence
and presence of AFB1. The spectra were recorded using a quartz
cuvette of 1 cm path length. BSA (5 μM) was titrated with an
increasing concentration of AFB1 (0−14 μM), and absorbance
spectra were recorded in the 200−300 nm wavelength range.
Sodium phosphate buffer 20 mM, pH 7.4, was used to correct
the baseline and used as a reference solution during the
spectroscopic studies.
4.2.3. Fluorescence Spectroscopy-Based Studies. A Shi-

madzu RF-6000 spectrofluorometer, equipped with a xenon
flash lamp, was used to perform the fluorescence-based
experiment. Steady-state fluorescence emission spectra of BSA
were recorded by titrating BSA (5 μM) with increasing
concentrations of AFB1 (0−14 μM) to investigate the effect of
AFB1 on the fluorescence spectra of BSA. BSAwas excited at 280
nm, and emission was recorded in a 300−400 nm wavelength
range. Both excitation and emission bandwidths were set at 5 nm

each. The emission was corrected using eq 8 to nullify any inner
filter effect, where Fcorr is the corrected fluorescence intensity
and Fobs is the observed fluorescence intensity. Aex and Aem
are the absorbances of the ligand at the excitation and emission
wavelength of proteins. The quenching constant (KSV) was
calculated with the help of the Stern−Volmer plot using eq 9.

= × +Fcorr Fobs e(Aex Aem)/2 (8)

τ= + [ ] = +F F K K Q/ 1 Q ( ) 10 SV q 0 (9)

During the process of interaction of small molecules with
proteins, a state of equilibirium always exists between the ligand
(D) and the protein molecule (P), which can be written as
follows

+ ⇆ −P nL P Dn

where n is the number of binding sites for the ligand (D) on the
protein (L) molecule. The binding constant (Kb) for the ligand
and the protein can be calculated according to the following
equation (eq 10).59
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[P]0 and [D]0 in eq 10 represent the total protein (BSA)
concentration and the total ligand (AFB1) concentration,
respectively.

τ=K K /q SV 0 (11)

Δ = −G RT Kln b (12)

= Δ − Δ
K

S
R

H
RT

ln b (13)

In eq 9, F0 and F represent the intrinsic fluorescence
intensities of BSA in the absence and presence of AFB1, Kq
denotes the rate constant or the bimolecular quenching constant
for the fluorescence quenching reaction, τ0 represents an average
integral lifetime of the tryptophan residue that is equal to ∼10−9
s. The numerical value of Kq was calculated using eq 11.
Equation 12 was used to calculate Gibbs free energy whereΔG is
the change in free energy, R (1.987 cal mol−1 K−1) is the
universal gas constant, and T is the temperature (in Kelvin).
However, eq 13 was used to obtain the entropy change (ΔS) and
the enthalpy change (ΔH) for the BSA−AFB1 system.
In another set of experiments, the effect of BSA on the

fluorescence emission spectra of AFB1 was also evaluated by
titrating AFB1 (5 μM) with an increasing concentration of BSA
(0−2.5 μM). AFB1 was excited at 365 nm, and fluorescence
emission was recorded in the 380−500 nm wavelength range.

4.2.4. Three-Dimensional Fluorescence Studies. A Shimad-
zu spectrofluorometer RF-6000 was used to record the 3D
fluorescence spectra of BSA (5 μM) in the absence and presence
of AFB1 (5 μM). Excitation and emission wavelength ranges
were 200−350 and 200−600 nm, respectively. The scanning
speed was fixed to 6000 nm per minute. Excitation and emission
bandwidths were fixed to 5 nm. All the other parameters were
similar to fluorescence measurement studies.

4.2.5. Competitive Site Displacement Assay. A competitive
site marker displacement assay was performed to get insight into
the possible binding site for AFB1 in BSA. Two different site
markers, warfarin (for Sudlow’s site I) and ibuprofen (for
Sudlow’s site II), were used to locate the binding site of AFB1 on
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BSA. Five micromolar BSA and 14 μM AFB1 were titrated with
increasing concentrations of site markers (0−80 μM). The BSA
and AFB1 complex was excited at 280 nm, and fluorescence
emission spectra were obtained in the wavelength range of 300−
400 nm. Excitation and emission bandwidths were fixed to 5 nm.
4.2.6. Energy Transfer between BSA and AFB1 Using FRET.

The energy transfer efficiency between BSA and AFB1 was
evaluated by spectral overlapping of the absorption spectrum of
AFB1 to the emission spectrum of BSA. The absorption
spectrum was taken on a Shimadzu UV-1800 spectrophotom-
eter at 298.15 K. The baseline was corrected using sodium
phosphate buffer of 20 mM strength, pH 7.4. The fluorescence
emission spectrum of BSA was taken on an RF-6000
spectrofluorometer having a xenon flash lamp, at 298.15 K. A
quartz cuvette of 1 cm path length was used for both UV
absorption and emission spectra. The concentration of both
BSA and AFB1 was fixed to 5 μM.
4.2.7. Circular Dichroism (CD) Measurement. CD spectros-

copy is a valuable tool to get insight into conformational changes
in proteins in the presence of a ligand. A JASCO J1500
spectropolarimeter was used to record the far-UV circular
dichroism spectra of BSA in the absence and presence of AFB1.
The spectropolarimeter was equipped with a temperature
control Peltier system to control the temperature supported
with a circulating water bath maintained at 25 ± 0.1 °C. Far-UV
CD spectra were recorded using a 0.1 cm path length quartz
cuvette with a scanning speed of 200 nm/min. The
concentration of BSA was fixed to 5 μM, and the ratio of BSA
to AFB1 was taken to be 1:2. The spectra were recorded in the
wavelength range of 200−250 nm and were the average of 3
scans. Ten millimolar sodium phosphate buffer, pH 7.4, was
used to correct the baseline. The CD spectra were plotted as CD
(mdeg) versus the wavelength using Origin 2020b software. The
thermal stability of BSA in the absence and presence of AFB1 as a
function of temperature (20 to 90 °C) was analyzed using
variable temperature versus wavelength scan with 10 °C
temperature intervals. In the first step, CD spectra as a function
of the temperature of BSA (5 μM) alone were recorded over a
given range of temperatures, and CD (mdeg) versus wavelength
at different temperatures was plotted. In the second step, CD
spectra of BSA (5 μM) in the presence of AFB1 (10 μM) at the
given temperature range were recorded. Sodium phosphate
buffer (10 mM) at pH 7 was used to maintain the appropriate
concentration and to correct the baseline. The melting profile of
BSA using CD spectra was also investigated usingMRE222 values
in the absence and presence of AFB1, at a temperature range of
20 to 90 °C.
4.2.8. Molecular Docking of AFB1 with BSA. Molecular

docking was performed with the help of AutoDock 4.2 in order
to locate the potential binding of AFB1 to BSA. The crystal
structure of BSA was obtained from the Protein Data Bank
having the PDB ID 4F5S, and the structure of AFB1 was
obtained from PubChem having the CID 186907. Yasara and
Avogadro software were used tominimize the energy of BSA and
AFB1, respectively. Both the ligand and receptor files were saved
in a .pdb format. Water molecules were removed from the
protein structure using a Discovery Studio visualizer, and polar
hydrogen atoms were included in the crystal structure of BSA
using Autodock tools. For blind docking analysis, the grid
dimensions were fixed to 126 × 126 × 126 in the xyz axis, while
the central grid box was set with default values. The grid spacing
was fixed to 0.375 Å. A total of 100 GA runs were set for the
docking process. The Lamarckian genetic algorithm 4.2 was

used to perform the docking calculations with a maximum of
2,500,000 energy evaluations. Partial Kollman charges were
assigned to BSA. After the completion of the docking, the
docked complex with minimum binding energy was saved in a
.pdbqt format for visualizing using a Discovery Studio visualizer
(Dassault System̀es BIOVIA, San Diego) and PyMOL software.
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