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ABSTRACT

The interaction between nitrofurantoin (NTF) and bovine serum albumin (BSA) has been studied. The
studies were carried out in a buffer medium of pH 7.4 using fluorescence spectroscopy, UV-Vis
spectroscopy, Viscometry and molecular modeling methods. The results of fluorescence quenching
and UV-Vis absorption spectra experiments indicated the formation of the complex of BSA-NTF.
Binding parameters were determined using the Stern-Volmer equation. From fluorescence and
UV-Vis spectroscopic data, the binding constant between NTF and BSA was calculated to be 4.275 x
10° L mol™ and 8.173 x 10° L mol™ respectively. The results of thermodynamic parameters AG°, AH®
and AS” at different temperature indicate that the electrostatic interactions and also hydrogen bonds
play a major role for NTF-BSA association. Molecular modeling calculation demonstrated that NTF
is mainly located within the hydrophobic pocket of the subdomain I11A of BSA.
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INTRODUCTION

The drug—protein binding constant is a physicochemical parameter that helps us to understand the
absorption, transport, and the target molecules of the drugs at the cellular level [1, 2]. Serum albumin
is one of the main extracellular proteins, with a high concentration in blood plasma, present in 6.0 x
10 M, contributes to about 80 % of the blood osmotic pressure [3, 4]. Bovine serum albumin (BSA)
is homologous, having ~88 % sequence homology, with human serum albumin and is the major
soluble protein component of the blood serum of cow. The remarkable binding properties of serum
albumin account for the central role in both the efficacy and rate of delivery of drugs [5-7].
Therefore, the studies on the binding of drugs to serum albumin become an important research field in
chemistry, life science and clinical medicine [8-10]. Plenty of studies on the interactions between
serum albumin with internal compounds and pharmaceutical molecules have been carried out [11-13],
and are considered to further broaden the perspective on the scientific research of drug in
interdisciplinary fields.

Nitrofurantoin (Figure 1) [1-(5-nitro-2-furfurylidene aminohydantoin] is a synthetic, nitrofuran
derivative antibacterial agent. This drug is usually bacteriostatic but may be bactericidal in action,
depending on its concentration attained at the site of infection and the susceptibility of the infecting
organism [14]. It is used in the treatment of initial or recurrent urinary tract infections caused by
susceptible organisms. This drug is active against many gram-negative and some gram-positive
bacteria including Citrobacter, Corynebacterium, Enterobacter, Escherichia coli, Klebsiella,
Neisseria, Salmonella, Shigella, Staphylococcus aureus and Enterococcus faecalis, In general, most
susceptible bacteria are inhibited in vitro by Nitrofurantoin concentrations of 1-32 g mL™. Higher
concentrations of the drug may be required to inhibit some strains of Enterobacter and Klebsiella
[14].
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Figure 1. Structure of Nitrofurantoin.

In spite of these broad pharmacological uses of NTF mentioned above, its effects on plasma
protein and the mechanism of action has seldom been reported. In the present work, spectroscopic,
viscometric and molecular modeling approaches were performed in order to elucidate the site
selective binding of NTF to BSA. The interaction information regarding quenching mechanisms,
binding parameters, thermodynamic parameters, binding modes, site-selective binding site, and
conformation investigation is reported here.

MATERIALS AND METHODS

Materials and Methods: Bovine serum albumin (BSA) was purchased from Sigma Chemical
Company, St.Louis, USA and used without purification. Nitrofurantoin (NTF) was obtained from
sigma Aldrich, India. The solutions of NTF and BSA were prepared in 0.1M phosphate buffer of
pH7.4 with respect to their molecular weight and stored at 4°C. All other chemicals were of analytical
reagent grade and Millipore water was used throughout the work.

Instrumentation: All of the fluorescence measurements were carried out on a F-2700 recording
spectrofluorometer (Hitachi, Japan) equipped with a 150 W Xenon lamp source and 1.0 cm
quartz cells. The excitation and emission bandwidths were both 5 nm. An Ellico UV-Visible
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spectrophotometer equipped with a 1.0 cm cuvette was used to scan the UV spectrum. All of the pH
measurements were made with Scott Gerate pH meter CG 804. The viscosity measurements were
made with viscometer which was immersed in a thermostat water-bath at room temperature.

UV-Vis Spectra measurements: The UV measurements of NTF in the presence and absence of BSA
were made in the range of 210-300 nm. NTF concentration was fixed at 1.5x10* M L * while the
BSA concentration was varied from 0 to 30 x 10® M L™* in presence of phosphate buffer of pH
7.4 at 298 K.

Fluorescence Spectra measurements: A solution of NTF (1.5 x 10 M) was titrated by successive
additions of a stock solution of BSA (8.0x10°M L ™). Each solution was allowed to reach
equilibrium for 5 min. The fluorescence spectra of the mixtures were then recorded in the wavelength
range of 310-530 nm when excited with Aex = 365 nm. The emission spectra were recorded at three
different temperatures, i.e., 293, 303 and 310 K.

Viscosity measurements: Viscometric titrations were made using a viscometer, which was immersed
in a thermostatic water-bath at 25°C. The experiments were conducted by adding appropriate amounts
of NTF into the viscometer to give a certainr (=[NTF]/[BSA]) value while keeping the BSA
concentration constant. The flow time of the solution through the capillary was measured with an
accuracy of + 0.20 s by using a digital stop watch. The mean values of three replicate measurements
were used to evaluate the average relative viscosity of the sample. The data were presented as (r/no)"?
versus r'2, where n and n, are the viscosities of BSA in the presence and absence of NTF, respectively.
Viscosity values were calculated from the observed flow time of BSA-containing solutions (t) and
corrected for buffer solution (to), n = (t — to)/to.

Molecular modeling: The Molecular docking studies of BSA with compounds were achieved by
using Auto dock Vina, developed at the Scripps research institute (http://vina.scripps.edu) [15]. The
input files for AutoDock Vina were prepared with AutoDock Tools (ADT), which is a Graphical User
Interface for AutoDock and AutoDock Vina. The crystal structure of Bovine Serum Albumin (3V03)
was retrieved from Protein Data Bank and the Ligand Binding Site location was analysed by Q-Site
Finder [16]. The co crystallized ligand was removed. Using ADT the water molecules were removed
from the protein and polar hydrogen were added followed by adding Kollman charges. The Grid box
has been set according to the binding site on protein and saved as pdbqt format, which was required
by AutoDock Vina. The 2 dimensional structure of ligand were drawn by Chem sketch and converted
to PDB format, required by AutoDock Tools by Open Babel [17]. The rotatable bonds were selected
within the ligand using Choose Torsions option in ADT and saved in pdbgt format. The Lamarckian
Genetic Algorithm (LGA), which is a novel and robust automated docking method available in
AutoDock [18], was employed.

RESULTS AND DISCUSSION

UV-Vis Absorption Spectroscopy: Figure 2(a) showed the UV/Vis absorption spectra of NTF in the
absence and presence of different concentrations of BSA. The maximum absorbance of NTF was
located around at 365 nm. It was observed that on the addition of BSA, NTF showed a decrease in
molar absorptivity with a red shift of 1-5 nm. This hypochromic effect is thought to be due to the
interaction between the electronic states of the intercalating chromophore and those of the BSA bases
[19]. Generally, the blue shift (or red shift), hyperchromic (or hypochromic) effects are the properties
of BSA-drug interaction which are closely related with double helix structure [20]. The NTF solution
exhibited peculiar hypochromic effect and bathochromic shift in UV/Vis spectra upon binding to
BSA, a typical characteristic of an intercalating mode [19].
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Figure 2. (a) UV-visible spectra of 1.5 x 10*M NTF in the presence of Cgsa= 0, 5, 10, 15, 20, 25 and 30 uM L™ BSA
(ato f) in buffer of pH-7.4 and (b) Plot of (Ay / (A-Ag) versus 1/ [BSA] for NTF - BSA system.

Based on the variations in absorbance spectra of NTF upon binding to BSA, the binding constant (K)
was calculated according to the following equation [21].

4 6 & 1

A-4 &y.-5; E5..-8 K[BSA]

Where, A and A are the absorbance of drug in the absence and presence of BSA, &g and g4 g are the
absorption coefficients of drug and its complex with BSA, respectively. The plot of A¢/(A-A,) versus
1/[BSA] was constructed (Figure 2b) using the data from the absorbance titrations and a linear fitting
of the data yielded the binding constants (K) (8.173 x 10° LM™) for NTF-BSA. These results are
close to that from spectrofluorimetry.

Fluorescence quenching spectra: The binding of NTF to BSA was also examined by fluorescence
titration measurement. NTF shows strong fluorescence emission peak at 479 nm (Aex = 365 nm). An
obvious decrease of the fluorescence intensity of NTF was observed with increasing of BSA
concentration (Figure 3). This shows that NTF fluorescence is efficiently quenched upon binding to
BSA.

Quenching mechanism and Binding Constants: A quenching process can be usually induced by a
collisional process which is dynamic quenching or a formation of a complex between guencher and
fluorophore which is static quenching. Dynamic quenching depends upon diffusion. Since higher
temperatures results in larger diffusion coefficients, the biomolecular quenching constants are
expected to increase with increasing temperature. In contrast, an increase in temperature is likely to
result in a decrease in stability of complexes, and thus lower values of the static quenching constants
[22]. In order to confirm the quenching mechanism, the fluorescence quenching was analysed
according to the Stern-Volmer equation [23].

Fo/F=1+kqt[Q] =1+ Ksv[Q] ()

Where, Fo and F represent the steady-state fluorescence intensities in the absence and presence of
quencher, respectively. [Q] is the concentration of quencher. Kk, is the quenching rate constant of
biomolecule. T, is life time of biomolecule without the quencher and its value is 10 s [24], and Ksy
is the Stern-Volmer dynamic quenching constant, which was determined by linear regression of a plot
of Fo/F against [Q]. According to Eq. 2, the quenching constant k, was calculated to be about 10™ L
mol™ as listed in table 1. However, the maximum scatter collision quenching constant kq of various
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quenchers with the biopolymer is 2.0 x 10 L mol™ s* [25], which suggests that the fluorescence
quenching process may be mainly controlled by a static quenching mechanism rather than dynamic.
From table 1 we can also clearly see that Ksy is inversely correlated with temperature which indicates
again that the quenching is not caused by dynamic collision but comes from the formation of a
complex. So fluorescence quenching mechanism of NTF by BSA is a static quenching type.

Fluoresence Intensity

0 450 500 550 600
Wavelength in nm

Figure 3. Fluorescence spectra of 1.5 x 10*M NTF in the presence of Cgsa= 0, 5, 10,
15, 20, 25.0, 30, 35 uM L™ BSA in phosphate buffer solution of pH-7.4.

The binding constant K and the number of binding sites n of NTF with BSA are calculated by the
following equation using the data from fluorescence titration:

Log (Fo—F)/ F =logK, + nlog [Q] (2)

Where in the present case, K, is the binding constant and n is the number of binding sites, which can
be determined by the ordinate and slope of double logarithm regression curve (Figure 4) of log (Fo—F)
versus log [Q] based on the eq.2, respectively. The values of K, and n are evaluated and presented in
table 1. From table 1, it can be found that NTF may effectively bind to BSA with high affinity, and
the ratio of binding of BSA to NTF is about 1:3. Additionally, we can also see that the values of K,
decrease with the increase in temperature, which is in good agreement with the trend of Ksy as
mentioned above. It implies that an unstable complex may be formed in the binding reaction and the
complex would possibly be dissociated partly when the temperature increases.
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Figure 4. (a) Stern-Volmer plot of (F / Fg) vs. [Q] for NTF-BSA system and
(b) Plot of log [(Fo- F)/F] vs. log [Q] for NTF-BSA system.
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Table 1. The dynamic quenching constants between NTF and BSA
at different temperatures

T(K) | Ksy (Lmol™) | kg (Lmol*sH) | Ky (Lmol) | n | R?
293  3.338x10° 3.3375x 10" 4.275x10° 1.579 0.9882
303 2.956x 10°  3.341x 10"  6.714x10° 1.497 0.9803
310 2.617x10° 2.623x 10"  5128x10° 1.441 0.9871

R? is the correlation coefficient

Binding Mode: The acting forces between a small molecular substance and BSA mainly include
hydrogen bond, van der Waals force, electrostatic force, hydrophobic interaction force and so on. The
signs and magnitudes of thermodynamic parameters for BSA interactions can account for the main
forces contributing to BSA stability [26, 27]. If the enthalpy changes (AH®) do not vary significantly
over the temperature range studied, then its value could be determined from Van’t Hoff equation [28]:

InK = - AH° /RT + AS° /R ..(3)

The free energy change AG® of the binding reaction at different temperature was estimated from the
eq. 4:

AGY = AH - T AS? ..(4)
From the linear relationship between InK and 1/T, the value of AH? and AS® could be obtained

(Figure 5). The AG? at different temperatures were calculated using eq. 4, the results were presented
in table 2.
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Figure 5. Van’t Hoff plots of InK vs. 1/T.

Many references have reported the characteristic sign of the thermodynamic parameter associated
with the various individual kinds of interaction that may take place in macromolecules association
process [29]. The thermodynamic parameters (AH, AS) before and after reaction can be used to
determine the type of interaction: when AH > 0, AS > 0, the acting force was hydrophobic force; when
AH < 0, AS < 0 it was van der Waals’ force and hydrogen bond; and when AH < 0, AS > 0, it was
electrostatic force [30, 31]. It was displayed in Table 2 that the fact AG < 0 proved that the reaction
was spontaneous, and that AH > 0, AS > 0 proved the acting force type was hydrophobic force.

Viscosity Measurements: Viscosity experiment is an effective tool to study the binding mode of
small molecules to BSA.The interaction between NTF and BSA, we carried out viscosity
measurements at room temperature. A classical intercalation binding demands the space adjacent base
pairs to be large enough to accommodate the bound ligand and elongate the double helix, resulting in
an increase of BSA viscosity while a non-classical intercalation or a groove mode would reduce the
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Table 2. The thermodynamic parameters for the NTF binding to BSA
at different temperatures

T (K) | AG? (kd mol™) | AH? (k3 mol™) | AS° (3 mol'K™)

293 -20.36 125.31
303 -21.51 16.35 124.98
310 -22.56 126.00

BSA viscosity [32]. The viscosity measurements were taken by varying the concentration ratio of
BSA and NTF. The values of relative specific viscosity (7/40)* vs. [NTF]/[BSA] were plotted in the
absence and presence of BSA as shown in figure 6.
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Figure 6. Effect increasing the concentration of BSA on the
elative viscosity of NTF.

As it was observed from figure, the relative specific viscosities of BSA exhibited a dependence on
the concentration of NTF, which increases with the value of [NTF]/[BSA]. The behaviour indicates
that non-classical intercalation mode of binding and possibly a groove binding via hydrophobic
interaction between NTF with BSA.

Molecular Modeling study: Molecular modeling has been employed to study of the interaction
between NTF and BSA. The NTF was docked to BSA to determine the favoured binding site and
binding mode. The best confirmation was determined based on binding affinity and RMSD. The
binding energy and RMSD was performed by Auto Dock Vina. The crystal structure of BSA (Figure
7) contains 583 amino acid residues in a single polypeptide chain. It is known to have heart shaped
structure with net charge of -16 on its surface and contains three homologous domains (1, 11, and 111): 1
(residues 1-183), Il (184-376), Il (377-583), [33, 34] and each containing two sub domains (A and
B). The two sub domains form a cylindrical structure and almost all the hydrophobic amino acids
surrounded in the cylindrical chamber to form the hydrophobic cavity [35]. The most important
regions of ligand binding to BSA are located in hydrophaobic cavity in sub domains 1A and IlIA,
which is consistent with sites | and Il respectively.

Site Il

Domain Il

Domain ll

Figure 7. The crystallographic structure of BSA.
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Figure 8 and 9 displayed the molecular docking of NTF and only amino acids residues
surrounded NTF were shown. It can be seen from figure 8 and 9, NTF molecules in the subdomain
I1A and IIIA cavity of BSA, in which there was a large hydrophobic region which can hold many
drugs. The number of dotted lines linking amino acids represented hydrogen bonds. The presence of
hydrogen bonds possibly enhanced the hydrophaobicity of NTF-BSA system, making NTF-BSA
system be a stable state. The whole molecule of NTF embedded into a hydrophobic cavity formed by
TRP-212 residue, LEU-196, LEU-345, LEU-451 residues, Arginine (ARG-193, ARG-197, ARG-482,
ARG-483) residues, Tyrosine (THR-450) and other aminoacid residues. There are two hydrogen
bonds between the NTF (oxygen groups) and the amino acid residues of BSA; they are -C = O and
TYR-147 with a bond length of 3.0°A, -C = O group and SER-192 with a bond length of 3.0°A. Thus,
the binding forces to keep NTF-BSA system stable was conjectured predominantly hydrophobic
interaction as well as hydrogen bonds. The energy obtained -9.4 k cal mol™ for NTF-BSA complex.

Figure 8. The hydrogen bond interaction (Red dashed line)
between NTF (stick) and BSA (cartoon).

nding Site

Figure 9. Molecular docked model of NTF (sphere representation)
located within the hydrophobic pocket of BSA.

APPLICATION

The present work provides various methodologies to understand the mechanism of interaction of
pharmaceutically important drug, NTF with biomolecule, BSA.

CONCLUSION

In the present research work, the interaction of NTF with BSA was studied by UV-Vis in combination
with fluorescence spectroscopy, Viscometric and molecular modeling techniques under the
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physiological condition. We have investigated that fluorescence quenching mechanism of NTF by
BSA is a static quenching mechanism; Kg, = 3.338 x 10° L mol™, k, = 3.3375 x 10* L mol™s™ and K,
= 4.275 x 10 L mol™. The results of thermodynamic parameters obtained indicated that hydrophobic
force and hydrogen bond were predominant forces to be stable the NTF-BSA complex. According to
the results obtained from UV-Vis absorption spectrum suggested that the conformation of BSA
changed when combining with NTF. Furthermore, molecular modeling studies revealed that the NTF
was in the sub-domain I1A and I11A of the BSA. This work should be helpful for the understanding
the interaction of NTF with DNA and designing new drugs.
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