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ABSTRACT

The interactions of the sulfonamide drugs sulfisoxazole (SFO) and sulfathiazole (STO) with bovine serum
albumin (BSA) were investigated using UV—-visible, fluorescence, cyclic voltammetry, and molecular docking.
Spectroscopic studies confirmed stable drug—biomolecule complex formation through concentration-dependent
changes in absorbance and fluorescence intensity, with static quenching indicating ground-state complex
formation. Binding and Forster resonance energy transfer (FRET) analyses revealed significantly stronger
affinity of both drugs toward BSA. Electrochemical studies showed concentration-dependent changes in anodic
peak potential, demonstrating altered redox behavior upon biomolecular binding. Molecular docking supported
the experimental results, revealing preferential binding of both drugs within subdomain IIA of BSA through
hydrogen-bonding and hydrophobic interactions involving the aniline moiety. These findings demonstrate the
preferential and stable binding of SFO and STO with BSA, providing molecular-level insights into their binding
mechanism, transport, and pharmacokinetic behavior.
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INTRODUCTION

Serum albumins (SAs) are the predominant
proteins in blood plasma and play a vital role in the
transport and distribution of a broad spectrum of
endogenous and exogenous ligands, including fatty
acids, amino acids, metal ions, and pharmaceutical
compounds [I-3]. As the major soluble
components of the circulatory system, they
contribute significantly to physiological regulation.
In particular, serum albumins enhance the apparent
solubility of hydrophobic drugs in plasma [4] and
function as both carrier and storage proteins for
various bioactive molecules [5]. Among them,
bovine serum albumin (BSA) is widely used as a
model protein owing to its close structural
similarity to human serum albumin (HSA) [6],
making it highly suitable for investigating drug—

protein interactions and
transport mechanisms.
Spectroscopic techniques are extensively
utilized for studying protein—drug interactions due
to their sensitivity, rapid response, and
experimental convenience [7-10]. UV-visible
absorption and fluorescence spectroscopy are
especially effective for probing molecular
interactions and dynamic behavior in biological
systems [4]. Fluorescence quenching, in particular,
provides a sensitive and non-invasive approach for
examining molecular interactions at low
concentrations under near-physiological conditions
[10]. In this study, fluorescence quenching is
employed to evaluate the binding affinity of
selected sulfonamide drugs with BSA. In addition,
energy transfer processes and drug-induced

understanding  drug
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conformational changes in BSA are analyzed to
elucidate  binding mechanisms, fluorophore
accessibility, and interaction characteristics.

Sulfonamides, commonly known as sulfa
drugs, are synthetic antimicrobial agents widely
used in human and veterinary medicine [11-13].
These compounds are structurally defined by a
sulfonamide group linked to heterocyclic rings,
typically containing five or six members. Despite
their widespread application, concerns persist
regarding their low biodegradability and potential
adverse effects, including neurological disorders,
highlighting the importance of understanding their
pharmacokinetic and pharmacodynamic properties
[14]. Sulfisoxazole (SFO) and sulfathiazole (STO)
are representative sulfonamide drugs (Fig. 1)
frequently used in veterinary applications for
treating infections in poultry, dairy cattle, and other
livestock [15,16]. Recent reports have indicated the
presence of residual sulfonamides, particularly
STO, in food products, raising concerns about their
potential impact on human health [17-19].
Therefore, investigating their interactions with
biomacromolecules such as proteins is of
considerable importance.

Fig. 1. Chemical structures of sulfisoxazole (SFO)
and sulfathiazole (STO);

Previous studies on similar systems have
primarily focused on elucidating the structural and
excited-state properties of organic molecules and
their inclusion complexes with cyclodextrins using
experimental [20-25] and theoretical approaches
[26]. In this context, the present work employs
UV-visible & fluorescence spectroscopy, cyclic
voltammetry, and molecular docking to
systematically investigate the interactions of SFO
and STO with BSA. The study focuses on
fluorescence quenching mechanisms, determination
of binding constants and binding sites, energy
transfer  efficiency, intermolecular distances,
thermodynamic parameters, binding modes, and
conformational changes in BSA induced by drug
binding.

EXPERIMENTAL SECTION
Materials

SFO, STO, and BSA were obtained from
Sigma-Aldrich chemical company and used
without further purification. All other reagents

were of analytical grade. The purity of the
compound was checked by similar fluorescence
spectra when excited with different wavelengths.
Triply distilled water was used for the preparation
of aqueous solutions. BSA solutions were prepared
in 2 x 10° M Tris HCI buffered at pH 7.4. The
concentration of the sulfa drug solutions was varied
from 2 x 10 to 1x10-° M. 0.2 mL of sulfa drug in
methanol solution was used for all binding
experiments. All solutions were stored in a
refrigerator at 4 °C in the dark.
Instruments

Absorption spectral measurements were
carried out with a UV-visible spectrophotometer
(model-UV-2600 Shimadzu, Japan) and
fluorescence measurements were performed on a
spectrofluorophotometer (model-RF-5301PC,
Shimadzu, Japan) equipped with 1.0 cm quartz
cells. The excitation wavelength for all the sulfa
drugs is 280 nm. Cyclic voltammetry
measurements were performed through an
electrochemical workstation (model-CHI 620D,
CH Instruments, USA) with a three electrode
system: surface area 0.1963 cm? platinum disc as
working electrode, saturated silver electrode as
reference electrode and a platinum foil as counter
electrode. Prior to use, the working electrode was
polished with 0.05 um alumina and thoroughly
washed in an ultrasonic bath for 5 min. Before
experiments, the solution within a single-
compartment cell was deaerated by purging with
pure Ny gas for 5 min. The pH values in the range
2.5-11.5 were measured on Elico pH meter model
LI-120.
Molecular Docking

Docking calculations were carried out
using Docking Server
(http://www.dockingserver.com) [27]. The
MMFF94 force field was used for energy
minimization of the drug (SFO and STO)
molecules using Docking Server [28]. Gasteiger
partial charges were added to the drug atoms. Non-
polar hydrogen atoms were merged, and rotatable
bonds were defined. Docking calculations were
carried out on 4F5S protein model. Essential
hydrogen atoms, Kollman united atom type
charges, and solvation parameters were added with
the aid of Auto Dock tools [29]. Affinity (grid)
maps of 20x20x20 A grid points and 0.375 A
spacing were generated using the Auto grid
program [29]. Auto Dock parameter set- and
distance-dependent dielectric functions were used
in the calculation of the van der Waals and the
electrostatic terms, respectively. Each docking
experiment was derived from 10 different runs that
were set to terminate after a maximum of 25 x10*
energy evaluations. The population size was set to
150. During the search, a translational step of 0.2
A, and quaternion and torsion steps of 5 were
applied.
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RESULT AND DISCUSSION
UV spectral studies
Concentrati | BSA
on of
drugs (M) SFO STO
1 0-5 }\-ab 10 g }\.ﬂu )\-ab 10 g }\.ﬂu
s & s €
0  (without | 27 | 4.5 | 338 |27 |45 | 338
drug) 8 3 8 6
1 27 |45 | 33827 |45 | 338
8 1 8 5
3 27 |44 | 338 |27 |45 |338
8 9 7 3
5 27 |44 | 338 |27 |45 | 339
9 8 7 1
7 27 |44 | 338 |27 |44 | 339
9 6 7 9
9 27 |44 | 338 |27 |44 |339
9 5 7 2
10 27 |44 |339 |27 |44 | 340
9 3 7 3
Excitation - 280 - 280
wavelength
(nm)
Ro (10) - 0.7 - 0.8
T (1014 - 1.8 - 1.9
r(10°) - 1.0 - 0.9
E 0.4 0.4
4
Tables 1 present the absorbance and

fluorescence spectral data of BSA in the presence
of varying concentrations of sulfa drug molecules.
In aqueous solution, BSA exhibit characteristic
absorption maxima at 278 nm, while the sulfa
drugs show an absorption maximum around 262
nm. The observed similarity in the absorption
maxima of the sulfa drugs can be attributed to the
presence of tautomeric forms within their
molecular structures. [30,31] (Fig 2).

Table S1 Absorption and fluorescence
maxima of adenine and BSA with different
concentrations of SFO and STO.

n4
¢
b
=
<
= a
N9
w
=
<«
00 200 400
Wavelength

Fig. 2. Absorbance spectra of (a) BSA, (b) SFO
and (c) STO.

In BSA, a weak absorption peak is observed at
278 nm (Table 1 and Fig. 3), which is attributed to
the presence of aromatic amino acid residues such
as tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe) [32]. It is well established that
the absorption characteristics of a chromophore
undergo shifts in both wavelength and intensity
depending on whether it is located in a hydrophilic
or hydrophobic environment. These spectral
changes are mainly associated with alterations in
the n—m* electronic transitions, resulting from
variations in the solvent’s polarizability. [33].
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Fig. 3. Absorbance and fluorescence spectra of
BSA with different concentrations of SFO and STO
(x10°M):1)0,2)1,3)3,4)5, 5) 7and 6) 97) 10;
Inset fig.: absorbance (Abs) and fluorescence
intensity (Ig) vs. [drug].

Upon the addition of sulfa drug molecules to
BSA solutions, the characteristic absorption peak
of the drugs disappears, while the absorption
maxima of BSA remain unchanged (Fig. 3). A
gradual decrease in the absorbance of BSA is
observed with increasing drug concentration (insets
of Fig. 3), indicating the formation of drug—
biomolecule complexes. This reduction in
absorbance suggests significant interaction between
the sulfa drugs and BSA. These findings further
imply that the microenvironment surrounding the
chromophoric residues of BSA is altered upon drug
binding [34,35]. Additionally, a moderate blue shift
in the absorption maxima is observed, suggesting
that the peptide chains of BSA adopt a more
extended conformation, accompanied by a decrease
in hydrophobicity in the local environment.
Fluorescence Spectra

The fluorescence spectra of BSA in
aqueous solution at varying concentrations of sulfa
drugs are presented in Table 1 and Fig. 3.
Significant alterations in the fluorescence behavior
of BSA are observed upon the addition of sulfa
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drugs. In aqueous medium, the emission maxima of
SFO and STO are centered at 340 nm. This
similarity arises from the isoelectronic nature of
their heterocyclic moieties (oxazole and thiazole
rings), leading to comparable electronic transitions.
Consequently, the emission observed at 340 nm is
primarily attributed to the phenyl ring of the drug
molecules [30,31].

The observed emission spectral variations of
BSA in the presence of sulfa drugs suggest that the
amino groups of the drug molecules participate in
interactions with the biomolecular systems,
particularly the protein (further supported by
molecular docking results). This interpretation is
based on the principle that fluorescence quenching
encompasses processes that reduce emission
intensity, including energy transfer, ground- and
excited-state complex formation, and collisional
interactions [36]. Sulkowska [37] reported that
phenylalanine exhibits a very low quantum yield,
while the fluorescence of tyrosine is significantly
quenched when ionized or when located near
amino, carboxyl, or tryptophan residues.
Consequently, the intrinsic fluorescence of BSA is
predominantly governed by tryptophan residues. In
the present study, the fluorescence intensity of
BSA decreases progressively with increasing
concentrations of sulfa drugs, whereas the emission
maxima and spectral profiles remain essentially
unchanged. This behavior indicates that the drug
molecules interact with BSA, leading to
fluorescence quenching without causing significant
alterations in the immediate microenvironment of
the tryptophan chromophores.

Fluorescence Quenching Analysis
To elucidate the binding mechanism between BSA
and the sulfa drugs, fluorescence quenching studies
were carried out wusing the Stern—Volmer
relationship, as represented in Equation (1).

Fo/F = 1 + Kgv
[Q]=1+Kq10[Q]

(D

Figure 4 illustrate the Stern—Volmer plots of [(Fo —
F)/F] versus quencher concentration [Q]. A strong
linear correlation is observed, indicating that the
quenching process follows either a collisional
(dynamic) or static mechanism [38—41]. The Stern—
Volmer quenching constants (Ks,) and bimolecular
quenching rate constants (kq) were determined
from Eq. (1) at different concentrations of sulfa
drugs (Table 2).
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Fig. 4. Stern-Volmer plots for fluorescence

quenching of BSA by SFO and STO at 300 K Cgs4

=2.0 x 107 M; pH 7.4; J.ox = 280 nm, Jem = 290—

500 nm

It is further observed that both Ksv and kq
decrease with increasing drug concentration.
Notably, the calculated kq values significantly
exceed the maximum  diffusion-controlled
quenching constant (2 x 10! M s1), indicating
that the observed fluorescence quenching cannot be
attributed to dynamic collisional processes. Instead,
the results point toward a static quenching
mechanism arising from specific interactions
between the sulfa drugs and BSA. Therefore, the
quenching behavior was further analyzed using the
modified Stern—Volmer equation (Eq. 2).

N S S

AF ER[Q] f,

2
Figures 4 depict the double reciprocal plots of
[Fo/(Fo — F)] versus [Q]!. A strong linear
relationship is  observed, confirming the
applicability of the modified Stern—Volmer
equation. The calculated parameters are
summarized in Table 2.
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Table. 2. Stern-Volmer quenching constant
(Ksv), modified Stern-Volmer association
constant (K,) and bimolecular quenching rate
constant (Kq) of adenine and BSA with SFO
and STO at 308 K; Jex = 280 nm, Jew = 290—
500 nm, (pH—7.4)

Dru st(l Kq(lo R? SD
gs ‘M | 2 M
1) lsl)
S-v SFO | 1.860 | 1.86 0.999 | 0.59
quenchi 2
ng STO | 2.140 | 2.14 0.999 | 0.76
1
Modifie | Dru | Ka n AG R?
d gs (104 (kJ/m
S-v M) ol)
quenchi | SFO | 1.379 | 0.97 -20.93 | 0.99
ng 96
STO | 1.417 | 0.99 -20.98 | 0.99
86

Ky and K, - values obtained from eqn (1); n -
Number of binding site ; n - values obtained
from eqn (3); R°- linear correlation
coefficient, SD — Standard deviation

The observed linearity indicates the presence
of a single class of accessible fluorophores and
validates the formation of a stable complex
between the sulfa drugs and BSA. These findings
further support that the fluorescence quenching
mechanism is predominantly static in nature,
arising from the formation of a ground-state drug—
BSA complex rather than dynamic -collisional
interactions [33].

Binding Sites and Binding Constant

The relationship between  fluorescence
quenching intensity and the concentration of the
sulfa drugs can be described by the double
logarithm regression Eqn (3) [42,43].

log (Fo —F) / F = log K.

+nlog [Q] 3)
Fig. 5 shows the plot of log[(Fo—F)/F] vs. log[Q]. A
good linear relationship between log[(Fo—F)/F] and
log[Q] was noticed.

0.2 4

0.0+ m SFO
* STO

log [(F,-F)/F]

0.4

-0.6 -

-0.8

log [Q]
Fig. 5 Plots of log [(Fy — F)/F]
versus log [Q] for BSA with SFO

and STO at 300 K; Cgsq = 2.0 %
107 M; pH 7.4; dox = 280 nm,
iem = 290-500 nm

The results in Table 2, illustrates that there is a
strong binding force between sulfa drugs with
BSA, and a binding site would be formed. The
correlation coefficients are larger than 0.98
indicating that the interaction between sulfa drugs
and BSA agrees well with the site binding model
underlying Eq. (3).

Free Energy Change and Nature of the Binding
Forces

The free energy change (AG®) for the binding
process was calculated using the following relation
(Eq. 4).

AG=-InKRT

(4)

Meanwhile, the negative value of AG® indicated
(Table 2) the spontaneity of the binding between
sulfa drugs and BSA.
Fluorescence Resonance
(FRET)

FRET is a consistent method for studying
protein—drug interactions and estimation of the
distance between the drug and protein. The energy
transfer efficiency (E) is calculated by the Eq. (5),
where r is the distance between the acceptor and
the donor, and Ry is the critical distance, at which
50% of the excitation energy is transported to the
acceptor. Ry can be calculated from donor emission
and acceptor absorption spectra using Eq. (6).

Energy Transfer

E=1-F/Fy=
Ro/ (R()6 + r”)
Q)
Ro® = 8.79 x10
CIEFW e () Wt du
o F (0) dn
25 K2 n-4 (PJ
(©6)
(7)

From Egs. (5)—(7) [39,40], the Forster resonance
energy transfer (FRET) parameters were calculated
for the interaction of BSA with SFO and STO
drugs. The obtained values are as follows: J = 1.82
and 1.91 x 10" ¢cm?® L mol!, Ro = 0.78 and 0.82
nm, E = 0.42 and 0.44, and r = 1.01 and 0.98 nm,
respectively (Table 1).

The calculated donor—acceptor distances
(r) are less than 8 nm and fall within the range of
0.5Ro < r < 1.5Ro [43], satisfying the essential
criteria for Forster’s non-radiative energy transfer
theory. These observations confirm that energy
transfer occurs between BSA and the sulfa drugs,
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supporting a static quenching mechanism involving
ground-state complex formation. Table 1 shows
that the energy transfer efficiency (E) for the STO
systems is greater than that for SFO. This trend is
consistent with the higher Stern—Volmer quenching
constants (Ksv) observed for STO with both BSA,
further reinforcing the stronger interaction of STO
relative to SFO.

ATR - IR spectroscopy

In order to obtain detailed information of BSA
conformation after interaction between BSA and
the drugs, we have recorded the ATR-IR spectra of
the free sulfa drugs, free BSA and BSA with the
drugs are shown in Figs. 6. The peak near 1650 cm”
in Fig. 6(a) is the amide I band. It results from the
C=0 stretching vibrations of the peptide bond.
Similarly, the peaks near 1540 cm™ (N-H bending
vibration/C-N stretching vibration) and the amide
II band, and amide III band, respectively. The peak
near 3300 cm™ is thought to be N-H bending
vibration and the peak near 1400 cm™ to result
from protein side-chain COO". As the absorption
peak position and shape of the amide I band differ
according to the secondary structure, peak analysis
can yield information on the secondary structure.

The FTIR spectra of SFO, STO and their
interaction with BSA were also studied.

(i) SFO Fig. 6(b): The sharp NH stretch at
3381 cm! and amido stretch at 3327 cm™! become
broad in their BSA interaction. The CH stretch at
3097 cm! is lost. The C=C stretch at 3006 cm'!
does not appear in their BSA complex. The C=C
bending at 1579 cm shifts to BSA complex at
1449 cm™. The C-NH; stretch at 1303 cm™ is
moved to 1393 cm™ in the BSA complex.

(i1) STO Fig. 6(c): The C=N thiazole ring band
at 1532 cm’! was shifted to higher frequencies,
appearing at 1604 cm™ in the IR of the complex.
Further the absorption intensity ratio between the
drugs and the interaction with BSA complexes are
variable.

Changes in spectral shape and band position of
pure drugs, pure BSA and the BSA-drug
complexes confirm the formation of the complexes.
It was clear that the amide I bands of BSA-drugs
system shifted from 1649.2 to 1648 and 1667 cm™!
in SFO and STO respectively. Similarly, amide II
bands shifted from 1540 cm™ to 1449 and 1448
cm™! in SFO and STO respectively. This indicated
the change in secondary structure of BSA upon
binding to the drugs.

Cyclic Voltammetry Studies

Upon addition of sulfa drugs to BSA solution,
the oxidation and reduction peaks shifted towards
high and low potentials respectively. With on the
addition of drugs with BSA, a increase on anodic
peak current (I,s) with significant shift in peak
potential (E;) was observed. The reason for the
increase of the reductive peak current after the

reaction of the drugs with BSA, the fallowing
factors to be considered:

(i) competitive adsorption between the drugs and
BSA on the mercury electrode; (i7) formation of
electrochemical active complex and the changes of
electrochemical parameters; (iif) formation of
electro inactive complex without the changes of
electrochemical parameters.

Transmittance %o

4000 3000 2000 100
Yave number (em™)

Fig. 6. FT-IR spectra of FTIR
spectra of (a) BSA, (b) SFO,
(¢c) STO (d) BSA - SFO and
(e) BSA - STO.

BSA- SO

Current/ 1e-5A.

Fig. 7. Cyclic voltammograms of BSA
in presence of SFO and STO with
different scan rate (100 to 500 mV s
D). (Carugs = 1 x 107 M).

Cyclic voltammograms of sulfa drugs in BSA
solution (pH~7.4) and the effect of scan rate on the
peak current of the drugs were investigated. From
the cyclic voltammograms with scan rate (Fig. 7), it
can be seen that the electrode reaction of the drugs
in BSA are reversible processes. The peak current
was proportional to the root of scan rate over a
range of 100 to 1000 mV s\,
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Molecular Docking Studies

The calculated binding free energies (AG)
for SFO and STO were —7.48 and —7.63 kcal mol™!,
respectively. As presented in Table 3, the estimated
contributions from van der Waals forces and
hydrogen bonding interactions indicate that the
BSA-STO complex exhibits a more negative free
energy compared to the other systems. This
suggests that STO has a stronger binding affinity
toward BSA than SFO.

X &
= k). - -

100 200 300 400 SU G
@

Fig. 8. The best binding mode between BSA with
(a) SFO and (b) STO. The important residues of
BSA are represented using lines and the drug
structure is represented using a “Ball and Stick”
format. Hydrogen bonding plots between BSA
with (c¢) SFO and (d) STO. Colour of the atoms:
skeleton structure — BSA, blue- nitrogen, red —
oxygen, yellow —sulphur, green- carbon (Fig. 7a
and 7b). The BSA residues are represented using
black dots and the hydrogen bonding interactions
are represented using red dots (Fig. 7c and 7d).

Molecular docking analysis revealed that
all the investigated sulfa drugs preferentially bind
within the hydrophobic cavity of subdomain IIA of
BSA (Fig. 8). To gain further insight into the
binding environment, the amino acid residues
surrounding the binding pocket were analyzed.
Interaction maps depicting hydrogen bonding and
hydrophobic contacts (Fig. 8) highlight the key
interactions stabilizing the complexes.

In the BSA-drug systems, the sulfonyl
oxygen atoms (O1 and O3) of the sulfa drugs act as
hydrogen bond acceptors, forming interactions with
ARG458 (-O---H-C, 2.04 A, 105.7°). For the
BSA-SFO complex, an additional hydrogen bond
is observed between the nitrogen atom at the N3
position of the drug and the hydroxyl group of
LYS524 (-N3---OH, 2.58 A). In contrast, the
BSA-STO complex exhibits hydrogen bonding
involving the sulfonyl oxygen (O1) and the aniline
nitrogen (N1), interacting with THR578 (-

01:---HO, 3.42 A) and LYS524 (-N1---0, 2.66 A),
respectively.

Moreover, m—cation interactions are
observed between the aromatic ring of the sulfa
drugs and the —-NH: groups of PHES501 and
PHES50. Additional stabilization arises from
hydrophobic contacts with residues such as
ALAS527, LEU531, and VALS575 located at the
periphery of the binding pocket.

Human serum albumin (HSA), which
shares significant structural homology with BSA,
exhibits a similar binding behavior. Based on the
docking results, it can be concluded that
hydrophobic interactions, along with hydrogen
bonding and other polar contacts, play a dominant
role in stabilizing the drug—protein complexes.
CONCLUSION

The interactions of sulfisoxazole (SFO)
and sulfathiazole (STO) with bovine serum
albumin (BSA) were comprehensively investigated
using complementary spectroscopic,
electrochemical, and molecular docking
approaches. UV-visible absorption and
fluorescence  measurements  confirmed  the
formation of stable drug—biomolecule complexes,
accompanied by significant fluorescence quenching
arising from a static quenching mechanism,
indicative of ground-state complex formation.
Quantitative binding analysis revealed that both
sulfonamide drugs possess a markedly higher
affinity for BSA, as evidenced by larger binding
constants and favorable FRET parameters.
Thermodynamic analysis demonstrated that the
binding process is spontaneous and primarily
governed by hydrogen bonding and van der Waals
interactions.  Electrochemical studies further
supported complex formation by revealing notable
changes in the redox behavior of the drugs upon
interaction with the biomolecules. Molecular
docking corroborated the experimental
observations, indicating preferential binding of
both SFO and STO within subdomain IIA of BSA
through  hydrogen-bonding and hydrophobic
interactions, with the aniline moiety playing a key
role in molecular recognition. Collectively, these
findings demonstrate that SFO and STO interact
more strongly and stably with BSA, providing
molecular-level insights into their binding
mechanisms and contributing to a better
understanding of their transport, distribution, and
pharmacokinetic =~ behavior.  The  integrated
experimental and computational strategy employed
in this study also highlights the effectiveness of
combining spectroscopic, electrochemical, and
docking techniques for elucidating drug—
biomolecule interactions.
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