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Abstract

Danofloxacin (DNF), a synthetic fluoroguinolone, is widely used as an antibacterial agent against a broad spectrum
of pathogens. In the present study, the effects of DNF on the structure of bovine serum albumin (BSA) were
investigated using UV-Vis absorption and fluorescence spectroscopy, and molecular docking methods at different
temperatures. The obtained results of UV-Vis absorption studies showed that the microenvironment of the
fluorophore residues does not significantly change upon interaction with DNF. Also, fluorometric studies revealed
BSA-DNF complex formation and fluorescence quenching of BSA in the presence of DNF. The number of binding
sites and binding constants were calculated to be ~1 and in the order of 103 respectively. According to
thermodynamic parameters, van der Waals forces and hydrogen bonding play the main role in the BSA-DNF
complex formation, which is a spontaneous process. The binding distance between DNF and BSA was calculated
by the Forster resonance energy transfer (FRET) method. Molecular docking results were in agreement with
thermodynamic and spectroscopic data and confirmed the binding mechanism of DNF to BSA.
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1. INTRODUCTION

Serum albumin is the most abundant protein in the
circulatory system, accounting for 55 percent of
total protein in the blood. The amino acid
sequences of human serum albumin (HSA) and
bovine serum albumin (BSA) are 76 percent same
and 87 percent comparable [1-4]. BSA is used as
a biological model in bioanalytical and
biochemical studies to investigate the molecular
interaction pattern of various drugs with serum
albumins  (protein-protein and  protein-drug
interaction). Due to the significant similarity of
BSA and HSA, low cost, and availability, BSA is
also used to study the pharmacokinetic and
pharmacodynamic  features  of  different
medications in the body to better understand the
metabolism and transport process of drugs [5-7].
As a result, drug-protein binding (interaction)
studies are a hot topic in clinical medicine,
chemistry, and biology, and can aid in the
development of new drugs with effective therapy.
It's also critical to look at how different ligands
affect the activity and structure of these proteins.
BSA has a predominantly a-helical structure. It

contains 583 amino acid residues, 35 cysteines (17
disulfide bridges), and three similar structure
domains which are named I, I, and Ill. Each
domain is divided into two subdomains, A and B
[8-11]. Serum albumin takes part in many
important  physiological activities including
maintaining the osmotic pressure of plasma,
binding to wvarious small exogenous and
endogenous molecules such as fatty acids, amino
acids, hormones, drugs, etc., and transporting these
compounds in the circulatory system [12-14]. Sites
I and I1, which are situated in subdomains 1A and
1A, respectively, are critical for BSA's ligand
binding capacity and are BSA's two principal
binding sites [5, 8, 15, 16].

Danofloxacin (DNF; Fig. 1), a synthetic
fluoroquinolone, is commonly employed as an
antibacterial agent against both gram-negative and
gram-positive infections. The mechanism of
antibacterial activity of DNF is through the
internalization via bacterial porin protein and
inhibition of DNA gyrase which can result in the
disruption of bacterial DNA replication [17-20].
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Fig. 1. Chemical structure of DNF.

In recent years, optical techniques, particularly
fluorescence spectroscopy, as valuable tools owing
to their high sensitivity, selectivity, rapidity, and
abundant theoretical foundation are extensively
used to explore the binding features of various
small molecules (ligands or medicines) to some
proteins, together with the molecular docking
simulation method [3, 6]. In the present study, UV-
Vis absorption and fluorescence emission
spectroscopy were used to investigate the number
of binding sites (n), binding constants (Ky), major
binding forces, and structural and conformational
changes of BSA following DNF binding. The
molecular docking simulation was used to explore
the exact mechanism of DNF binding to BSA.

2. EXPERIMENTAL

2.1. Materials

Fatty-acid free BSA (<0.05%) was obtained from
Sigma-Aldrich Co. (St. Louis, MO, USA). By
dissolving the appropriate amount (3.152 g) of
Tris-HCI powder, a 0.2 M Tris-HCI buffer solution
(Merck Co., Darmstadt, Germany) was created in
100 mL double distilled water, and the pH of the
prepared solution was adjusted to 7.5 using HCI or
NaOH (Merck Co., Darmstadt, Germany). A stock
solution of BSA (5.0x10° M) was prepared by
dissolving a 0.3 g BSA crystalline powder in 100
mL Tris-HCI buffer solution and was stored at 4.0
°C. A0.01 M DNF (Rooyan Darou Pharmaceutical
Co., Tehran, Iran) stock solution was prepared by
dissolving a 0.089 g DNF powder in a 50% (v/v)
solution of water-methanol (25 mL).

2.2. Apparatus and Methods

All UV-Vis absorption spectra of BSA (10x10°®
M) in the presence and absence of various
concentrations of DNF [(0-100)x10® M] were
recorded on a UV-Vis spectrophotometer (T60,
PG Instruments Ltd, Leicestershire, UK) with 1.0
cm path length quartz cuvette in the range of 200-
400 nm at 298 K.

The fluorescence spectra of BSA (10x10¢ M)
without and with extra concentrations of DNF [(0-
100)x10° M] were recorded using a Jasco FP-750
spectrofluorimeter (Kyoto, Japan), at three
temperatures 288, 298, and 310 K. Excitation of
prepared materials was done at 280 nm (ex = 280
nm), and emission spectra were scanned in the
300-500 nm region.

To further investigate the interaction between BSA
and DNF and determine the possible binding site

of DNF on BSA, molecular docking studies were
carried out using AutoDock 4.2 software. The
crystal structure of DNF was downloaded from the
PubChem (CID: 71335) in SDF format and the 3D
structure of BSA (PDB accession number 3V03)
was obtained from the protein data bank (PDB;
http://www.rcsbh.org) in PDB format. GaussView
5.0 software was used to optimize the energy of
DNF at the theoretical level of B3LYP with a 6—
31G basis set. BSA contains two identical
subdomains (A and B), so, in docking studies, only
one chain (chain A) was selected as a target
molecule. The water molecules were removed
from the protein structure, and the only polar
hydrogen atoms and Kollman partial charges.
Firstly, to determine the potential binding site of
DNF on BSA, blind dockings were completed
using a grid size of 126x126x126 A. Then, using a
grid size of 90x90x90 A, the lowest docked
conformation was chosen for the following
investigations. Finally, the outputs were analyzed
by UCSF Chimera and Discovery Studio Client 4.1
programs.

3. RESULT AND DISCUSSION

3.1. Binding studies using molecular absorption
(UV-Vis) spectroscopy

The effects of DNF on the structure of BSA were
investigated using UV-Vis absorption
spectroscopy. This method is commonly used to
explore the structural changes of proteins in
response to ligand interaction and the formation of
protein-ligand complexes [16, 21]. Due to the
presence of aromatic amino acids (Trp, Tyr, and
Phe), BSA's absorption spectrum exhibits a
maximum peak at 280 nm and n-n” transitions of
the carbonyl groups of these amino acids
(especially Trp) [16, 22, 23]. Fig. 2A shows the
changes in the absorption spectra of BSA upon
interaction with different concentrations of DNF.
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Fig. 2. (A) UV-Vis absorption spectra of BSA in the
presence of various DNF concentrations and (B) the
changes in BSA absorption after the addition of an
increasing concentration of DNF; [BSA] = 10x10¢ M,
[DNF] = (0-100)x10¢ M (fromato k), pH 7.4 and T =
298 K.

It is obvious that the absorption spectra of BSA
continuously increase in the presence of additional
concentrations of DNF without any noticeable
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shift. More investigations revealed that DNF has
its absorption at 280 nm (maximum absorption of
BSA). However, a considerable increase in the
absorption spectra of BSA was observed after
subtracting the DNF absorption from the
maximum absorption of BSA (Fig. 2B). These
results confirmed BSA-DNF complex formation
and showed that the microenvironment of the
fluorophore residues does not change significantly
upon interaction with DNF [22].

3.2. Quenching mechanism and thermodynamic
analysis of BSA induced by DNF

Fluorescence spectroscopy is a simple and
sensitive method that is widely used for studying
the fluorescence of proteins and finding the main
information of different parameters, for protein-
ligand interaction including the binding site,
binding mechanism, and strength of binding [24,
25]. The intrinsic emission intensity of proteins
arises from the existence of main aromatic residues
(Trp, Tyr, and Phe) in their structure [26, 27].
Various exogenous substances can change the
intrinsic fluorescence of proteins and produce
main information about their folding and structure
[4, 28]. The fluorescence emission spectra of the
BSA are shown in Fig. 3. The emission intensity of
BSA at 347 nm decreases continuously in the
presence of additional concentrations of DNF with
a significant redshift (from 347 nm to 354 nm).
These results confirmed BSA-DNF complex
formation and fluorescence quenching of BSA
with increasing DNF in its solution as well as the
alteration of protein tertiary structure [11, 16, 29].
Also, the isosbestic point was found at 384 nm
indicating the fluorescence quenching of NF and
BSA. The following equation (Eq. 1) was used to
compute the Stern-Volmer constants and estimate
the emission quenching mechanism of BSA in the
presence of DNF [26, 30, 31]:

0 = 14 Ke[Q] = 1+ kg7o[Q] )
where Fo and F are the emission intensities of BSA
without and with DNF, respectively; [Q] is the
DNF concentration (M); Ks, (M), kq (M1s?), and
0 (108 s) are the Stern-Volmer quenching
constant, biomolecule quenching rate constant, and
average fluorescence lifespan of BSA without
DNF, respectively. Fig. 4 shows the plots of Fo/F
against additional concentrations of DNF for three
different temperatures. According to these plots,
the values of Ksy and kq were calculated and the

results are shown in Table 1. It is clear from Table
1 that Kev and kq values decrease with increasing
temperature, and kq values are significantly higher
than 2.0x10° Ms?, the maximum dynamic
quenching constant, indicating a static quenching
mechanism of BSA upon interaction with DNF [3].
In general, there are two types of emission
quenching mechanisms between a fluorophore and
a quencher which are temperature-dependent
processes: the dynamic and static mechanisms of
quenching. In the dynamic mechanism, the values
of Ksy increase as the temperature increase while
in the static mechanism the values of the Ksy
decrease as the temperature increase. Dynamic
quenching is caused by a collision between the
fluorophore's excited state and the quencher,
whereas static quenching is caused by the
construction of a ground-state complex between
the fluorophore and the quencher [3, 6, 32, 33].
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Fig. 3. The steady-state fluorescence spectra of BSA in
the presence of additional concentrations of DNF;
[BSA] = 10x10°6 M, [DNF] = (0-100)x10¢ M, pH 7.4,
Aex=280nmand T =298 K.
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Fig. 4. Stern-Volmer plots for BSA interaction with
DNF at three different temperatures; [BSA] = 10x10®
M, [DNF] = (0-100)x106 M, pH 7.4 and T = 298, 288
and 310 K.

Table 1. Calculated Stern—Volmer guenching and effective guenching constants for interactions of BSA with DNF.

T(°K) Ksv(x10°M7T)  kq(x102M-sT) ) R? Ka(x10°1 4 ) R?

288 0.999 0.999 00032 09974 155 0.0020  0.9967
298 0.903 0.903 00036 09881 1.14 0.0024  0.9854
310 0.841 0.841 0.0032  0.9922  0.07 0.0073  0.9875

R? is the correlation coefficient for Stern-Volmer plots; SD corresponds to the standard deviation (three measurements) for the Ky, and K,
values.
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Data of fluorescence quenching were further
analyzed using a modified Stern -Volmer equation

(Eq. 2):
k_1 1.1
AF faKa [Q] fa (2)

where, f, and Ky (M) represent the fraction of
accessible  fluorescence and the effective
quenching constant for the accessible BSA,
respectively. Fig. 5 and Table 1 show modified
Stern-Volmer  plots for  three  different
temperatures and relevant results, respectively.
The results indicated that the values of K, decrease
with increasing temperature, which further
confirmed the static quenching mechanism of
BSA-DNF [3, 29].
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Fig. 5. Modified Stern-Volmer plots for quenching of
BSA upon interaction with DNF at three different
temperatures; [BSA] = 10x10-% M, [DNF] = (0-100)x10"
6M, pH 7.4 and T = 298, 288 and 310 K.

On the other hand, the double logarithmic
regression equation (Eq. 3) was applied for the
calculation of Ky (M) and n values of binding of
DNF to BSA.

log R —F _ logK,, +nlog[Q]

®)
The n and Ky denote the Hill coefficient (number
of binding sites) and the binding constant,
respectively. Fig. 6 shows double logarithm plots
(log (Fo-F/F) versus log [Q] plots) and Table 2
represents the obtained values. The n values were
approximately 1, indicating only one binding site
of DNF on the BSA structure. The Ky, values of the
BSA with DNF were distributed in the range of
103, indicating considerable binding potency of
DNF and this compound can tightly bind to BSA.
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Fig. 6. Double logarithmic regression plots for
quenching of BSA in the presence of DNF at three
different temperatures; [BSA] = 10x10% M, [DNF] = (0-
100)x106 M, pH 7.4 and T = 298, 288 and 310 K.

Meanwhile, thermodynamic parameters were
calculated using the following equations (Eg. 4 and
5) for further understanding of the interaction
process and the calculated values are presented in
Table 2.

InK = —ﬁﬁLA—S
RT R (4)
AG =AH —TAS (5)

where K denotes the equilibrium constant (M2); R
and T represent the universal gas constant (with a
value of 8.314 J.mol*K™?) and temperature (K),
respectively. Generally, thermodynamic
parameters AS (J.mol K1), AH (KJ.mol %), and AG
(KJ.mol?) (entropy, enthalpy, and the Gibbs free
energy changes, respectively) are used to
determine the binding modes including van der
Waals forces (AH<0 and AS<0), electrostatic
interactions (AH<0 and AS>0), hydrogen bonds
(AH<0 and AS<0) and hydrophobic interactions
(AH>0 and AS>0) [23]. The plot of InK against 1/T
was depicted in Fig. 7. As shown in this figure, the
linear regression curve was as y = 3055.9x - 0.9472
(R? = 0.977). The slope and the intercept of this
plot were used to determine AH and AS values,
respectively. The corresponding values of
thermodynamic parameters are shown in Table 2.
According to this table, the negative values of AH
and AS showed van der Waals forces and
electrostatic interactions main role during the
interaction process between BSA and DNF.

Table 2. Calculated thermodynamics parameters for interactions of BSA with DNF.

T (K) AG (KJ.mol?) AH (KJ.mol %) AS n Kb (x10° M%)
(J. K'*mol %)

288 -27.67 0.90 3.85

298 -27.75 -25.40 -7.78 0.82 1.83

310 -27.84 0.78 0.24

SD corresponds to the standard deviation (three measurements) for the Ky values.
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Fig. 7. The van’t Hoff plot for DNF-BSA interaction.

3.3. Energy transfer and binding distance between
DNF and BSA
Fluorescence resonance energy transfer (FRET) is
a physical phenomenon that is widely used to study
the energy transfer between a donor molecule and
an acceptor molecule with a distance (r) of 10-100
A. FRET, as a distance-dependent process, occurs
when there is enough overlap between the
emission spectrum of the donor and the absorption
spectrum of the acceptor molecules [6, 26].
To evaluate the spectral overlap and FRET
between BSA and DNF at 298 K, the following
equations (Eq. 6-8) were applied [34, 35]:
F Ry
E=l-—=rs 5

o Mot (6)
where, F and Fo are the emission intensities of the
BSA (donor) with and without DNF (acceptor),
respectively. Ro (nm) and ro (nm) denote the
critical distance at which 50% of energy can
transfer from the donor to the acceptor (which is
obtained using Eg. 7) and the distance between
BSA and DNF, respectively.

RS =8.79x10*K*n*®J @)
where spatial orientation factors between the donor
(BSA) and the acceptor (DNF) and the medium's

refractive index, are K? and n, respectively. The
emission quantum yield of the BSA (&) and the

spectral overlap between BSA and DNF (J; Mcm
Inm*) are represented in Eq.7. Equation 8 can be
used to get the J factor's value:

j: F(A)e()A'dA
jo‘” F(1)dA

(8)
where, F(A) and &(\) are the emission intensity of
BSA and the extinction coefficient of the DNF at
wavelength A, respectively. The constant values in
the equations above assume nm units for both A and
Ro, as well as M~'em™ units for & (4).

The overlaps between the absorption spectrum of
DNF and the emission spectrum of BSA are shown
in Fig. 8. Equations 6-8 were used to calculate the
r value, and the results are reported in Table 3. The
distance between the BSA-DNF complex was
found to be in the range of 10-100 nm, validating
the energy transfer from BSA to DNF.

The obtained data from the investigation of the
mode of binding between DNF and BSA, i.e. the
Ksv, Kq, Ka, Kb, N, AG, AS, AH, and R values, is in
good agreement with those reported in the
literature for various fluoroquinolones [36-38].

Fluorescence latensity
Absorption

Wavelength (am)

Fig. 8. Spectral overlap between the emission spectrum
of BSA (2.0x10% M) and the absorption spectrum of
DNF (2.0x10°6 M).

Table 3. FRET parameters calculated for BSA-DNF system.

System J Ro (nm) r (nm) Errer
(M-fcminm?*)
BSA-DNF 1.73 x 108 2.2 2.1 0.498

3.4. Molecular docking results

Molecular docking studies were carried out to
investigate the binding interaction between DNF
and BSA and analyze the binding sites of DNF on
BSA. Molecular docking outputs revealed that
DNF binds with a high affinity to the hydrophobic
cavity between domain Il and domain 11l (Fig 9).
Also, results indicated that hydrogen bonding
plays a main role in complex formation between

BSA and DNF. The BSA-DNF complex is
surrounded by several amino acid residues. Among
them, His 145, Asp 108, and Arg 458 bind to DNF
through hydrogen bonding, and Ala 193, Arg 196,
Ser 192, and Leu 189 interact with DNF by
hydrophobic interactions (alkyl hydrophobic and
mixed pi/alkyl hydrophobic interactions). The
value of AG calculated from docking simulation
was -6.71 Kcal.moll. The observed difference
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between the theoretically obtained (-28.18 kJ.mol
1) and experimentally determined AG values (-
27.67 kJ.mol) may be attributed to the lack of
water molecules (solvent), the rigidity of other
receptor BSA in the in silico studies, and the buffer
effects. Also, the obtained results showed that
hydrogen bonds play an important role in complex
formation between DNF and BSA. The
intermolecular energy, internal energy, and
inhibition constant calculated from molecular
docking studies were -6.36 kcal.mol?, 0.03
kcal.mol™ and 145.94 pM, respectively.

Fig. 9. Molecular docking results of binding of DNF on
BSA (A) and binding details of the interaction of DNF
with BSA (B) and (C).

4. CONCLUSION

In this work, the interaction of danofloxacin (DNF)
with bovine serum albumin (BSA) was studied by
the use of some spectroscopic techniques including
UV-Vis absorption and fluorescence
spectroscopies, and molecular docking modeling.
Different binding parameters including Kq, Ksv, Ka,
Kb, and n values were estimated using fluorometric
data analysis. Fluorescence studies revealed that
DNF binds to BSA and efficiently quenches BSA
intrinsic emission via a static quenching manner.
Static quenching was dominant in this research, as
evidenced by the linearity of Stern-Volmer graphs
in the desired concentration range, very high
values of kg relative to the dynamic quenching
constant of the biomolecule, and decreasing Ksy
values with rising temperature. Also, UV-Vis
absorption spectra of BSA in the presence of DNF
showed that binding of DNF to BSA does not
cause significant conformational changes in BSA
secondary  structure. The  thermodynamic
parameters were calculated and the signs of these
parameters indicated that DNF-BSA complex
formation is a spontaneous process and van der
Waals forces and hydrogen bonding are important
in the establishment of the DNF-BSA complex.
FRET determined a distance of 2.1 nm between the
donor (BSA) and acceptor (DNF), indicating that
energy transfer had occurred between them. The
molecular docking results were successfully

employed for a detailed analysis of BSA binding
sites, and the experimental results of the
spectroscopic approaches were corroborated. This
type of drug-protein interaction research is
believed to be valuable in the fields of life sciences,
chemistry,  clinical medicine, and the
pharmaceutical industry.
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