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The interactions of typical nitrofuran antibiotics, nitrofurazone (NFZ) and nitrofurantoin (NFT), with bovine

serum albumin (BSA) have been studied using fluorescence and FT-IR spectroscopy, circular dichroism

(CD), atomic force microscopy (AFM) and molecular docking investigation. The results revealed that the

fluorescence of BSA was quenched by nitrofurans with a static quenching mechanism. The

conformation of BSA was changed and unfolded with the addition of nitrofurans because the alpha-helix

iig:;i% 117;&'?3?;22%1177 and beta-sheet were varied to beta-turn and random structure. This study also indicated that the impact
on the conformational changes of BSA caused by NFZ was more conspicuous than that of NFT. The

DOI: 10.1039/c7ra05570f molecular simulation studies were carried out to clearly describe the nature of the interaction between

rsc.li/rsc-advances nitrofurans and BSA.

1. Introduction

The interactions between biomacromolecules and chemicals
have drawn increasing interest in recent years."” Serum
albumin, a specific biomacromolecule substance, plays impor-
tant roles in the transport and disposition of different endog-
enous and exogenous compounds, such as drugs, metabolites,
and other biologically active substances, mostly through the
formation of noncovalent complexes at typical binding sites, is
the major soluble protein in the circulatory system. The ADME
(absorption, distribution, metabolism, and excretion) profiles
and consequently, the levels of activity and toxicity could be
significantly influenced as a result of their binding to serum
albumin.* Furthermore, the conformational changes of serum
albumin induced by its interaction with small molecular-weight
drugs may affect the biological function of serum albumin as
the carrier protein. Consequently, investigation of the binding
of drugs and their derivatives to serum albumin has great
toxicological and medical importance. Hence, the studies of the
binding of small molecules with protein will aid the explanation
of metabolism and transporting procedure of the interaction
and the interpretation of the relationship between the structure
and the function of the protein. Being a kind of serum albumin,
bovine serum albumin (BSA) has been extensively studied,
owing to its structural homology with human serum albumin
and the advantages of readily availability, medical importance,
and unusual ligand-binding properties.>®
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Nitrofurans, such as nitrofurazone and nitrofurantoin (NFZ
and NFT, see formula in Fig. 1), are widely used against
common infections, which are pharmaceutically effective as
bactericides, schistosomicides, fungicides and amoebicides.”
Nitrofurans have been widely used previously in livestock for
therapy and precaution of various gastrointestinal infections
caused by protozoa or bacteria and also as growth stimulant.?
Because of their potentially mutagenic and carcinogenic effects
on human health,’ the uses of these drugs in food-producing
animals are generally prohibited in many countries, except for
some special applications. Therefore, the observation and
investigation of nitrofurans in feeds may supply an efficient
method for filtrating their contamination in feed products,
which can result deleterious effect for animals taking on the
contaminated materials and subsequently, people expensing
products from these food of animal origin. Side-effects with
superabundant doses of nitrofuran include central nervous
system involvement (excitement, convulsions, tremors, and
peripheral neuritis), GI (glycemic index) disturbances, poor
weigh gain, and depression of spermatogenesis. Furthermore,
different hypersensitivity reactions for human can also be
found. The EU Commission's Decision on March 13, 2003
found the minimum required performance limit (MRPL) of
1.0 ug kg~ * for nitrofurans; such as NFZ and NFT, in exporting
meat and poultry products.™

Although the potential poisonous effects on human health,
the uses of nitrofuran antibiotics are still legal in some coun-
tries since these compounds are effective veterinaries with
relatively low price. The global nitrofuran crisis which broke out
during 2002-2015 exposed the frequent presence of the nitro-
furan residues in aquaculture and poultry products imported to
Europe and America, particularly from some developing
countries.'>*?
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Fig. 1 Fluorescence spectra of BSA in the presence of NFZ/NFT with difference concentration (cgsa = 6.67 x 10~8 mol L™, cnrz/ner = 0, 2.67,
5.34, ..., 2136 x 108 mol L™ for curves 1 to 9, respectively). Insets: Stern—Volmer plots of NFZ/NFT-BSA complexes at 298, 302 and 306 K.

A number of analytical methods for trace nitrofuran veteri-
nary residues in the food of animal origin were developed.*** In
this study, the fluorescence and FT-IR spectroscopy, the CD
(circular dichroism) and the AFM (atomic force microscope)
were employed to explore the interactions of nitrofurans, FZD or
NFT, with BSA in the simulative physiological conditions. The
study supplies a quantitative and qualitative understanding of
the effect of the nitrofuran antibiotics on the structure and
function of BSA, which would be a useful guideline for further
understanding the toxicological action for common infections
in animals and humans, and also explain its binding mecha-
nism at molecular level.

2. Experimental

2.1. Instruments and reagents

The fluorescence spectra were measured on a Perkin-Elmer LS-
55 luminescence spectrometer (Perkin-Elmer Inc., USA) equip-
ped with a thermostatic bath (Model ZC-10, Ningbo Tianheng
Instruments Factory, China) and a 1.0 cm quartz cuvette. The FL
Winlab software (Perkin-Elmer) was used to correct the fluo-
rescence data. FT-IR spectra were measured on a Tensor 27 FT-
IR spectrometer (Bruker, German) equipped with a deuterated
triglycine sulfate (DTGS) detector in the rage of 4000-400 cm ™.
Circular dichroism (CD) spectra were recorded with a Biologic
MOS 450 CD spectrometer (Bio-Logic, France). For measure-
ment in the far-UV (190-280 nm), a quartz cell with a path
length of 1.0 cm was used in nitrogen atmosphere. The atomic
force microscopic (AFM) images were acquired by using an AJ-
III instrument (Shanghai Aijian Nanotechnology, China) with
the tapping mode, which also produced simultaneously the
intensity and phase data. Standard silicon cantilevers (spring
constant: 0.6-6.0 N m~') were used at their resonance
frequencies (typically 60-150 kHz). All measurements were
carried out at room temperature (25 + 0.5 °C) unless stated
otherwise.

Stock solutions of 5 x 107* mol L™! NFZ and NFT (Sigma
Chemical Co., St. Louis, USA; purity - not less than 99.0%) were
prepared by dissolving their crystals (9.91 x 10™% g and 1.19 x
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1072 g, respectively) in 10 mL dimethyl formamide (DMF). BSA
(2 x 1072 mol L") was prepared by dissolving 1.36 g of protein
(M = 66 kDa, =98%, lyophilized powder; purchased from
Sigma-Aldrich Chemical Co. Ltd., and without further purifi-
cation) in 10.0 mL 5.0 x 10~ > mol L ™" sodium chloride solution
and stored at 4 °C. To confirm the purity of the prepared BSA, it
was diluted to 2.0 x 107> mol L™, and the measured absor-
bance value was (0.896) at 278 nm. This was compared with an
absorbance of 0.667 from a reference of 1.0 g L™ (1.47 x
107> mol L') pure BSA.** All experimental solutions were
adjusted with the Tris-HCI ((hydroxy methyl)Jamino methane-
hydrogen chloride) buffer to pH 7.4. Other chemicals were
Analytical grade reagents, and doubly distilled water was used
throughout.

2.2. Fluorescence quenching study

Solutions used in the fluorescence experiments were prepared
in a cuvette with 3.0 mL of pH 7.4 Tris-HCI buffer containing
appropriate amounts of BSA and nitrofurans. BSA was kept at
6.67 x 10~® mol L', NFZ or NFT, as appropriate, was added to
this solution in the range of 0.00-2.13 x 10~” mol L' with an
interval of 2.67 x 10~® mol L' (in such a way, nine samples
were obtained), and the total added volume, including the BSA
and nitrofurans, to cuvette was less than 0.1 mL to reduce the
volume effect. The well-mixed solutions were allowed to stand
for 10 min at 298 K before spectroscopic measurements. The
excitation and emission slits were set at 10 nm, while the
scanning rate was 1500 nm min~". Fluorescence spectra (nine)
were then measured in the range of 200-550 nm at the excita-
tion wavelength of 280 nm. The above fluorescence experiments
were repeated at another two temperatures, 302 K and 306 K,
respectively.

2.3. FT-IR measurements

All spectra were taken via the attenuated total reflectance (ATR)
method with a resolution of 4.0 cm™ " and 60 scans. The FT-IR
spectra of BSA (2.5 x 107° mol L") in the absence and
presence of nitrofurans were recorded in the range of

This journal is © The Royal Society of Chemistry 2017
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800-2000 cm " at pH 7.4 Tris-HCI buffer and room tempera-
ture. The molar ratio of nitrofurans to BSA was set to 4 : 1."” The
corresponding spectra of buffer solution were measured under
the same conditions and taken as blank, which were subtracted
to obtain the FT-IR spectra of the sample solution. The
secondary structure compositions of BSA and its nitrofuran
complexes were estimated by applying the curve-fitted process
to fit the Gaussian line shapes to the amide I band of the FT-IR
spectral data.*®

2.4. Circular dichroism (CD) and resonance light scattering
(RLS) studies for the interaction

The CD spectra of BSA (2.5 x 10”7 mol L") in the presence of
nitrofurans were recorded in the range of 200-250 nm under
constant nitrogen flush. The molar ratios of nitrofurans to BSA
were 4 : 1." Each of the obtained CD spectrum was an average
of three scans and were corrected by the buffer signal. RLS
spectra were obtained by synchronous scanning with the exci-
tation and emission monochromators (AX = 0 nm) with
a wavelength range of 200-600 nm on the LS-55 luminescence
spectrometer.

2.5. Atomic force microscopy (AFM) measurements

Samples for the AFM imaging were prepared by depositing
10 pL of BSA, NFZ-BSA and NFT-BSA complexes (4:1) on
freshly cleaved mica plates separately (muscovite mica was cut
into about 1.2 cm x 1.2 cm square pieces as substrate), which
were dried overnight.

2.6. Molecular docking studies

The 3D structure of NFZ/NFT as ligand was generated in
Chem3D Ultra 8.0. The crystal structure of BSA with
PDB ID 3VO3 was obtained from Protein data bank
(http://www.rcsb.org). The docking simulation was performed
with the Lamarckian genetic algorithm for 100 docking runs to
find visible combination models using the MGL (molecular
graphics laboratory) tools 1.5.6 matches with AutoDock
software (version 4.2).2°

3. Results and discussion

3.1. Fluorescence spectral analysis

With its non-intrusive and high sensitivity measurement, fluo-
rescence spectroscopy is generally appropriate for low concen-
tration detection under physiological conditions. Usually, the
fluorescence emission of BSA is primarily obtained from the
residues of tryptophan (Trp), tyrosine (Tyr) and phenylalanine
(Phe). In reality, people generally consider the fluorescence of
Trp residues as the inherent fluorescence of BSA because of
a relatively low quantum yield of phenylalanine and the almost
completely quenched of the fluorescence of tyrosine if it is
ionized or present near to an amine group, a carboxyl group or
a tryptophan.* Fig. 1 shows the fluorescence quenching spectra
of BSA induced by NFZ and NFT with different concentrations in
Tris-HCI buffer. The fluorescence change indicated the poten-
tially greater toxicity to BSA at higher concentrations of

This journal is © The Royal Society of Chemistry 2017
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nitrofurans.®?** A blue shift of the emission peak for NFZ-BSA
(5 nm, Fig. 1a) and NFT-BSA (2 nm, Fig. 1b) systems occurred,
which indicated that the microenvironment around the tryp-
tophan and tyrosine residues of BSA was changed, the polarity
around the amino acid residues decreased and the hydropho-
bicity increased.”* Besides, NFZ was seemed to have a greater
effect on the structure of BSA than that of NFT.

Static and dynamic quenchings are the main processes of
fluorescence quenching. The Stern-Volmer equation has been
employed (eqn (1)),* in order to find out the binding mecha-
nism between BSA and nitrofurans:

Fo/lF =1+ Kg7o[Q] = 1 + Ksv[Q] 1)

where F, and F are the steady-state fluorescence intensities
without and with quencher nitrofurans, respectively; Ky is the
quenching rate constant; 7, represents the biomolecular
average fluorescence lifetime of the molecule in the excited
state without any quencher; Ky is the Stern-Volmer quenching
constant and [Q] is the concentration of the quencher. Static
quenching is caused by ground-state complex formation among
fluorophores. Therefore, increasing temperature will decrease
the quenching constant Ksy due to the declined stability of
ligand-protein complex in a static quenching system. In
constant, dynamic quenching results from collision between
a fluorophore and a quencher.”® Thus, in a dynamic quenching
system, the value of Kgy was increased with increasing
temperature. Time-resolved fluorescence (TRF) measurements
are sensitive to the microenvironment of fluorophore and are
helpful to find excited state interactions.*” Unlike steady-state
fluorescence emission which is a relative measurement, while
the lifetime measurements are generally absolute. See the insets
in Fig. 1, the plot of Fy/F versus [Q] was linear, which indicated
there was a quenching in the nitrofurans-BSA system. The
values of Kgy derived from these plots were 2.01, 1.39, 1.11 X
10° L mol " and 3.47, 2.34, 1.18 x 10° L mol " for the binding of
NFZ-BSA and NFT-BSA, respectively, at three different
temperatures. Thus, Ksy was decreased gradually with
increasing temperature, which suggests that quenching fol-
lowed a static mechanism and was induced by the formation of
complex as shown below:

NFZ/NFT + BSA < NFZ-BSA/NFT-BSA (2)

The following equation was employed to survey the equilib-
rium between the free and bound molecules and treat the
experimental data on the nitrofuran-BSA systems:**

log[(Fo — F)/[F] = nlog Ky — nlog[1/([Q] — (Fo — PI[PVFy)] (3)

where F,, F and [Q] are the same meaning as in eqn (1) and [P] is
the concentration of BSA. According to eqn (3), the values of K,
and n at physiological pH (7.4) could be calculated, and the
results at three selected temperatures (298, 302, and 306 K) of
NFZ and NFT were given in Fig. 2 and Table 1. The number of
binding sites n approximately equated 1, manifesting that
during their binding process there was mere one binding site
for nitrofurans in BSA. The gradually decreased K, indicated the

RSC Adlv., 2017, 7, 39833-39841 | 39835
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Fig. 2 The plots of log(Fo — F)/F versus log[1/(IQ] — (Fo — F)IP1/Fo)] for the NFZ/NFT-BSA complex systems at 298, 302 and 306 K.

instability of the nitrofurans-BSA complex with the raising
temperature. The obtained K, of nitrofurans-BSA system was
about 10° L mol ", indicating a high level of binding interaction
for nitrofurans-BSA. Furthermore, NFT exhibited a higher
affinity to BSA (7.15 x 10° L mol %), as compared to NFZ (5.31 x
10° L mol™"), which could be responsible for their molecular
structure. As mentioned above, NFZ has three active N-Hs and
is more rapidly metabolized than NFT, which has only one N-H.

The synchronous fluorescence spectra of BSA in the presence
of NFZ/NFT (AA = 60 nm) were shown in Fig. 1S, see ESL.T It was
revealed that the fluorescence intensity of BSA was decreased
regularly with the increasing addition of NFZ or NFT. Mean-
while, the blue shift (3 nm for NFZ-BSA, and 1 nm for NFT-BSA)
for the emission peaks of tryptophan residues were observed,
which indicated that the hydrophobicity surrounding trypto-
phan residues in BSA increased and the polarity was decreased.

3.2. Thermodynamic parameters

The binding forces between ligand and protein include
hydrogen bonds, van der Waals interactions, electrostatic forces

and hydrophobic interaction forces, which can be determined
by the thermodynamic parameters. The enthalpy change (AH)
and the entropy change (AS) for the interaction between nitro-
furans and BSA were calculated according to the van't Hoff
equation (eqn (4)):*®

(4)

where K, is the associative binding constant at temperature T,
and R is the gas constant (8.314 ] mol~' K™ '). Moreover, K, at
temperature 7 could be obtained from the emission quenching,
and AH and AS were then obtained from the slope and intercept
by plotting In K, to 1/T (i.e. eqn (4)). To elucidate the interaction
between nitrofurans and BSA, the thermodynamic parameters
were then estimated from the following relationship:

AG=AH — TAS = —RThh K, (5)

As shown in Table 1, the negative AG indicated the
spontaneity of the binding interactions between nitrofurans
with BSA. AH and AS were found to be —46.95 k] mol™" and

Table 1 The binding parameters and thermodynamic parameters of the NFZ/NFT and BSA mixture

T (K) Ky (x10° L mol ™) R? K, (x10° L mol ™) n AG (k] mol ™) AH (k] mol™) AS (Jmol ' K™
NFZ

298 2.01 0.9969 5.31 0.7376 —38.37 £ 0.12 —46.95 + 0.23 —29.20 + 0.81
302 1.39 0.9959 4.13 0.7126 —38.25 £ 0.21

306 1.11 0.9980 2.80 0.7375 —37.77 £ 0.32

NFT

298 3.47 0.9964 7.15 0.8351 —39.10 £ 0.23 —63.57 £ 0.35 —81.80 + 0.62
302 2.34 0.9932 5.09 0.8028 —38.77 £ 0.16

306 1.18 0.9927 4.08 0.7044 —38.73 £ 0.29

39836 | RSC Adv., 2017, 7, 39833-39841
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—29.20 ] mol™' K ! for NFZ-BSA, —63.57 k] mol ' and
—81.80 J mol™" K™ * for NFT-BSA, respectively. The negative
AH and AS indicated that hydrogen bonds and van der
Waals interactions played a major role in the binding between
NFZ/NFT and BSA quenching process.

3.3. FT-IR spectra of nitrofurans-BSA complexes

The infrared spectra of proteins are primarily constituted of
amide I (1600-1700 cm™ ') and amide II (1500-1600 cm '),
which are induced by the carbonyl stretching vibrations of the
peptide backbone (amide I band) and the combination of N-H
in-plane bending and C-N stretching vibrations of peptides
groups (amide II band).?® Generally, the amide I band is more
susceptive to change in protein secondary structure than the
amide II band. The form of the amide I band is depended on
the different secondary structure components, such as a-helix
(1650-1660 cm™!), PB-sheet (1610-1640 cm™ '), P-turn
(1660-1680 cm™'), PB-antiparallel (1680-1690 cm™ ') and
random coil (1641-1648 cm™').** Conformational changes of
proteins are generally occurred during ligand-protein compound
formation procedure. The infrared self-deconvolution with
second derivative resolution enhancement and curve-fitting
procedures could be applied to determine the secondary struc-
ture of BSA. Therefore, the interaction between nitrofurans and
BSA was represented by FT-IR spectroscopy. In Fig. 3a, the peak
position (the amide I band) was shift from 1655 to 1648 (NFZ)
and 1650 (NFT) cm ™, and that of amide II band was shift from
1541 to 1634 (NFZ) and 1635 (NFT) cm ™' along with the changed
peak intensity and peak shape in accordance with the addition of
NFZ and NFT to BSA. The result indicated that NFZ and NFT

View Article Online
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Table 2 The analysis of secondary structure for free BSA and its
nitrofuran complexes at pH 7.4

a-Helix B-Sheet B-Turn B-Anti Random
Compound (%) (%) (%) (%) coil (%)
BSA 46.97 11.74 15.91 8.33 17.04
NFZ-BSA 35.94 9.38 21.88 14.06 18.75
NFT-BSA 40.40 9.76 18.86 12.79 18.18

interacted with the C=0 and C-N groups of the protein
polypeptides and led to the reset of the polypeptides carbonyl
hydrogen-bonding network.**

The quantitative analysis of the free BSA secondary structure
and its nitrofurans compounds has been calculated and shown
in Fig. 3b-d and Table 2. The a-helix of free protein was 46.97%
(1656 cm™'), B-sheet was 11.74% (1634 and 1625 cm™ '), B-turn
structure was 15.91% (1668 cm '), B-antiparallel was 8.33%
(1692 and 1682 cm™ '), and random coil was 17.04%
(1642 cm™ ). The results agreed well with the spectroscopic
studies of BSA previously reported.** Interaction with nitrofu-
rans, an obvious decrease of a-helix from 46.97% (free BSA) to
35.94% (NFZ-BSA) and 40.40% (NFT-BSA) with a decrease in
B-sheet from 11.74% (free BSA) to 9.38% (NFZ), 9.76% (NFT) was
observed. An increase was measured for the B-turn structure
from 15.91% (free BSA) to 21.88% (NFZ), 18.86% (NFT). Simi-
larly, an analogical increase was also surveyed for the f-anti and
random coil for NFZ-BSA and NFT-BSA. The results are also
accordance with the reduction in the intensity of the protein
amide I band which discussed above. The major decrease in
a-helix and B-sheet structure and increase in B-turn and B-anti

1.4
I
1.2 a b 1656 BSA
1
8 1 I 8 1.2
c 0.8} — Bsa 1655 1541 c
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Fig. 3 (a) FT-IR spectra (800-2000 cm™Y) of free BSA and NFZ/NFT-BSA complexes in Tris—Hcl buffer (cgsp = 2.5 x 10~® mol L%, the molar
ratio of NFZ/NFT to BSA is 4 : 1); (b—d) curve-fitted amide | region (1700-1600 cm™) of free BSA and its complexes with nitrofurans.
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and random coil structures suggest a partial protein unfolding
at high nitrofurans concentrations.

3.4. CD spectra analysis

In the period of the interaction of nitrofurans with BSA, the
changed in intramolecular or intermolecular forces, which
remain the secondary or tertiary structures, might be affected,
thus leading to further structure variations.** CD was conducted
to predict the conformational changes in BSA induced through
the binding of the nitrofurans.

Usually, in order to study the stereo structure of proteins, CD
spectroscopy is prevalent in molecular biology study, particularly
for secondary structure and variations of their conformation. CD
spectroscopy supplies rapid evaluation of the conformational
changes and measurements of protein secondary structure
induced by ligand addition.** A slight change in the near UV-CD
spectra (250-320 nm) of BSA in the presence of NFZ/NFT was also
observed (Fig. 2S, ESIt). This suggested that NFZ/NFT induced
the changes in the secondary and tertiary structure of the protein.
In order to ascertain the secondary structural changes induced by
NFZ/NFT, CD measurements in the far UV-CD region (200-250 nm)
were carried out. Upon binding of ligand, intermolecular forces
responsible for sustaining the secondary and tertiary structure
may get rearranged, resulting in conformational alteration in
the protein. Fig. 4 shows the CD spectra of free BSA and nitro-
furans-BSA complex, and it demonstrated two negative bands
at wavelengths of 208 nm and 222 nm in the UV region, which
were both assigned to n — 7* shifts of the peptide bonds in the
a-helix structure. The two wavelength points are the character-
istic peaks of a-helix structures and both of them can be used to
calculate its content. Although the intensity of CD spectra was
reduced with the addition of nitrofurans, the peaks did not shift
obviously. If the CD result was manifested in line with MRE
(mean residue ellipticity) in deg cm > dmol ™, the following
formula could be used:

MRE = 04ps/(10nlc,,) (6)

where 6, is observed ellipticity, ¢, is the molar concentration
of the protein, 7 is the amino acid residues number, [ is the path

0
-10 — BSA
— BSA+NFT 50.3
g — BSA+NFZ  45.0
5 -20
S
o BSA+NFZ
O 30
BSA+NFT
-40
BSA
-50
200 210 220 230 240 250

Wavelength (nm)

Fig.4 Far UV-CD spectra of BSA alone and in the presence of NFZ and
NFT (cgsa = 2.5 x 1077 mol L%, the molar ratio of NFZ/NFT to BSA is
4:1).
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length. The secondary structure percentage of a-helix in BSA
before and after the interaction with nitrofurans was deter-
mined by the following equations:

W} « 100% (7)

a-Helix = [
and [f],,, is the MRE evaluated at wavelength of 222 nm, 2340
value is the MRE of the random coil and B-form conformation
cross at 222 nm and 30 300 is the MRE of pure o-helix at
222 nm. Through the addition of nitrofurans, the intensities of
the protein negative bands at 208 and 222 nm reduced gradu-
ally. The explanation may be that the stretched polypeptide
structures of BSA caused by the combination of NFZ/NFT
resulted in the exposure of the perturbation of the microstruc-
tures and hydrophobic cavities around the aromatic amino acid
residues. Furthermore, the a-helix content of BSA reduced with
the additions of NFZ/NFT when the molar ratio of BSA/
nitrofuran was 1 : 4, which was in accordance with the results
of the fluorescence and FT-IR spectra. From eqn (6) and (7), the
quantitative analysis consequences of the a-helix content were
gained. A decrease of the a-helix from 55.6% (free BSA) to 45.0%
(NFZ-BSA 4 : 1 complex) and 50.3% (NFT-BSA 4 : 1 complex)
was obtained, indicating the reduction of a-helix due to the
interaction.

The results reveal that the impact of NFZ on the serum
albumin conformational change is more remarkable than that
of NFT, which prompts BSA unfold and adjust to a more
incompact conformational status. The diverse effects of the two
compound on the o-helix structure of BSA could be associated
with the configuration associative binding affinities. The NFZ/
NFT complexation could change the polypeptide structures of
BSA that would then generate the beneficial spatial holes for the
binding of BSA with NFZ/NFT. In addition, the CD spectra of
BSA in the absence and presence of the nitrofurans were similar
in shape, which indicating that the basic structure of BSA is
conspicuously a-helix even after bonding.*

3.5. RLS and AFM analysis of the nitrofurans-BSA complex

RLS is a sensitive method for investigation of aggregation of
chromophores on biomacromolecules, and the RLS spectra of
the nitrofurans-BSA system in Tris-HCI buffer (pH 7.4) are
shown in Fig. 3S.{ It can be seen that both free BSA and free
nitrofurans exhibits very vulnerable RLS signals, but when
a settled concentration of NFZ and NFT was added with
different amounts of BSA, the intensity of RLS were conspicu-
ously increased. Basing on the theory of RLS,*® it can be deduced
that RLS intensity is correlated to the dimension of the shaped
particle and directly proportional to the square of molecular
volume, and Chamani et al.*” have indicated that the larger
particles could induce stronger light scattering signals. There-
fore, the added NFZ and NFT possibly interacted with BSA in
solution, and the formation of NFZ/NFT-BSA compound led to
an increase of the RLS signal.

AFM was also executed in order to verdict the particle
morphology and dimensions of the NFZ/NFT-BSA conjugates.
BSA was observed to be adsorbed on the mica, the RMS (root

This journal is © The Royal Society of Chemistry 2017
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Fig.5 AFM topography images of BSA and the NFZ/NFT-BSA complexes absorbed on mica with tapping mode in air (scan size of the image is

2 um x 2 pm, Cgsa = 6.67 x 10 8 mol L%,

mean square) roughness of the individual BSA molecule was
found to be 1.27 + 0.02 nm. The BSA molecule particle observed
to be looser on the mica substrate upon interaction with NFZ/
NFT (Fig. 5). The RMS roughness of the molecules were
changed to be 15.70 £ 0.22 nm for the NFZ-BSA interaction and
10.68 £ 0.16 nm for the NFT-BSA interaction, respectively. The
change of the NFZ-BSA structure is greater than that of the
NFT-BSA, which indicates that NFZ is more toxic than NFT.
The greater hydrodynamic radius of the conjugate particles
indicates the formation of larger molecular weight polymers. In
order to reduce the number of unpleasant factors to constitute
a stable structure, the BSA molecular lessened the surface area
in contact with water by molecular aggregation.*® Hence, on the

and the molar ratio of NFZ/NFT to BSA is 4 : 1).

mica substrate we can see larger molecules, and this conse-
quence also displayed that there were hydrophobic interactions
between BSA and NFZ/NFT.* The AFM result was accordance
with the found of the FT-IR and CD and SFS spectra and
confirmed the deduction from RLS experiment.

3.6. Molecular docking studies

BSA is a spherical protein constituting of a single peptide chain
of 582 amino acids. It is composed of three analogical domains,
each domain can be divided into two subdomains, A and B,
which assembles to form heart shaped. The primary binding
region on BSA is located in hydrophobic cavities in subdomains

a b

g‘;ﬁm

“LL, Nitrofurazone

" Nitrofurantoin f

&?7-53

e

, Lysaso

Nitrofurantoin

®-0 Leumg . @ Fievasn
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Fig.6 Modeling of structure of BSA and nitrofurans. (a) Binding site of NFZ/NFT with BSA; (b) view of the docked NFZ binding in the hydrophobic
pocket of subdomain IIA of BSA; (c) the hydrogen bond interaction (green dashed line) between NFZ and BSA. (d) View of the docked NFT binding
in the hydrophobic pocket of subdomain IIA of BSA; (e) the hydrogen bond interaction (green dashed line) between NFT and BSA.
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IIA, which corresponds to the site 1.*° According to Sudlow et al.,
the warfarin binds specifically to the site I whereas ibuprofen
binds to site II of serum albumin.** Hence, in order to identify
the binding site of NFZ/NFT on BSA, some extra experiments
were done in this study. The concentration of BSA and warfarin/
ibuprofen were kept constant at 6.67 x 10~ mol L' and NFZ/NFT
was added in the range of 0.00-2.13 x 10”7 mol L™*, the binding
constants (obtained from the double logarithmic equation) of
NFZ-BSA/NFT-BSA were varied in presence of warfarin, which was
less influenced by ibuprofen (Fig. 4S, Table 1S, in ESIt). The
binding constant of NFZ-BSA and NFT-BSA decreased from 4.27
x 10° L mol ' to 3.17 x 10° L mol " and 5.11 x 10° L mol ' to
2.80 x 10° L mol " in the present of warfarin, respectively, which
suggests the binding of NFZ/NFT to the site I.

The molecular modeling study was carried out to clearly
describe the bioactivity mechanism and help us to better visual
understanding the binding site on molecular level about the
interaction between NFZ/NFT and BSA. See Fig. 6a, there is
a large hydrophobic cavity in subdomain ITA to accommodate the
NFZ/NFT, which indicates that the pattern of interaction is
hydrophobic in essence because the binding site is located deeply
inside the subject of protein instead of being on the surface of the
BSA.*”> The results revealed that there have hydrophobic amino
acids Trp213, Leu210, Leu480, Phe205, Ala209, Val481 for NFZ
and Leu480, Val481, Leu346, Ala209, Trp213 for NFT, indicating
the existence of hydrophobic interaction between NFZ/NFT and
BSA (Fig. 6b-e). There are hydrogen bonds interactions between
the nitryl on the furan ring of NFZ/NFT and terminal amino
group of the amino acids Lys-350. However, there are more
hydrogen bonds interactions between NTZ and BSA, which
further showed that NFZ is more vivacious than NFT when
transported by BSA. What is more, there are also a number of
weak electrostatic interactions between charged amino acids Ser-
479, Ser-201, Lys-350 with NFZ, Ser-479, Ser-201, Arg-198, Lys-350
with NFT, respectively. The results of molecular modeling man-
ifested that the binding between NFZ/NFT and BSA was hydrogen
binding and hydrophobic and electrostatic synergy, which was
consistent with the above results.

It was found that the nitrofurans with a furan ring could
interact with protein's hydrophobic residues. Generally, an
electrostatic interaction could not be ruled out with respect to
present findings, because BSA with an isoelectric point of 5.8, is
negatively charged in Tris-HCI buffer of pH 7.4. For NFT, there
is one N-H and two carbonyl groups, and two five-membered
heterocyclics, the greater steric hindrance from the structures,
the less the possibility of hydrophobic interaction. Nitryl on the
furan ring of NFZ/NFT was found to interact with the proteins
hydrophobic residues to form hydrogen bonding. As a result,
the apparent interaction between NFZ/NFT and BSA may be
hydrogen binding.

4. Conclusions

The binding of two nitrofurans (NFZ and NFT) to BSA, has been
systematically studied using fluorescence, FT-IR, CD spectros-
copy and AFM. It was discovered that BSA recognized NFZ and
NFT with different binding affinity, spectral response and
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structural perturbation. The fluorescence experimental results
manifest that the quenching mechanism of BSA by NFZ/NFT is
a static quenching procedure. The molecular simulation indi-
cates that the hydrophobic forces and electrostatic interactions
play dominant role during the ligand-protein binding process
and effectively proves the binding of NFZ/NFT to BSA. The
gained binding constants for NFZ/NFT with BSA are 10° L mol *,
and the relatively high binding affinities manifest that the
binding of NFZ/NFT to BSA might be specific. It has also found
that the binding affinity of NFT to BSA was stronger than that of
NFZ due to their diverse molecular structure. The FI-IR, CD and
AFM showed that NFZ/NFT interact with both C=0 and C-N
groups of BSA, leading to the loss of a-helix structure and the
corresponding changes of some other secondary structures with
different influence degrees. The impact on the conformational
changes of BSA caused by NFZ is more conspicuous than that of
NFT, which illustrates that NFZ is more toxic than NFT.
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