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Biophysical, theoretical and biological in vitro studies were carried out to evaluate the interaction of the main al-
lergen protein of egg white (ovalbumin, OVA) with sulphonamides (SA): sulphathiazole (S1), sulfaquinoxaline
(S2), sulfadimethoxine (S3) and sulfamethazine (S4). The binding constants for the OVA-SA supramolecular
complexes ranged from 1.20 to 30.66 × 105 M−1, observing the following order of affinity: S1 N S2 N S4 N S3.
The preferential forces in the stabilization of the OVA complexes with S2 and S3 were hydrogen bonds and
Van der Waals forces, whereas for OVA-S1 and OVA\\S4, were electrostatic interactions. Interaction process
led to a change in the native structure of the protein, which may potentiate its natural allergenicity. Cations Ca
(II), Mg(II) and Fe(III) favor the interaction of OVA with S1 and S2. The theoretical studies performed were con-
sistent with the spectroscopic data. Finally, it was found that the interaction process for sulfonamides evaluated
with OVA change the inhibition activity profile these antibiotics against strains of Escherichia coliATCC 25922 and
Bacillus megaterium APFSG3isox, but not the minimal inhibitory concentration values.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Ovalbumin (OVA), the main natural allergen present in eggs, is a
phosphoglyco protein with a three-dimensional arrangement
consisting of nineα-helices, threeβ-sheets and 385 amino acid residues
with approximately 45 kDa [1,2]. The ovalbumin corresponds to 54% of
the total protein content of egg white in mass and, therefore, is the
major protein of this food. In addition to the OVA, N40 types of proteins
can be found in the eggwhite, amongwhich ovotransferrin, ovomucoid,
ovomucine and lysozyme may be mentioned [3].

Due to its excellent functional properties, such as emulsification, ge-
lation and foam formation [4], ovalbumin has great industrial relevance
and is widely used in the processing of various types of food. However,
according to Caubet et al. [5] significant amounts of this protein can be
found in vaccines made from the use of chicken eggs, such as vaccines
against influenza virus, yellow fever and triple viral (measles, mumps
and rubella). Influenza vaccines based on virus cultured and isolated
from embryonated and then inactivated chicken eggs have been widely
used for over 60 years due to cost/benefit. However, even when this
process is established andwith a long timeof execution, it is not exempt
from inducing allergic reactions in individuals hypersensitive to egg
components [6,7].

Allergic reactions associated with chicken egg, a foodwidely distrib-
uted in the population because of its high nutritional value and low cost,
are the second most common food allergy in infants and children, after
allergic reactions related to milk proteins [5]. Ovalbumin is the main
natural allergen in the egg, which induce an immunoglobulin E (IgE)
mediated reaction, where the body recognizes the allergen as a foreign
species and activates the immune system [8–10]. Macromolecule-
binding interaction studies demonstrate that non-covalent interactions
between ovalbumin and different ligands [11–18] may induce confor-
mational changes in the native protein structure, which may induce or
potentiate the allergic reaction.

Thus, in this work, the interaction of OVA with four sulfonamides
(SA): sulphathiazole (S1), sulfaquinoxaline (S2), sulfadimetoxin (S3)
and sulfametazine (S4) was studied. Sulfonamides are antibiotics
mainly used in veterinary medicine due to the low cost and broad spec-
trum of action on Gram positive, Gram negative and protozoan bacteria
[19,20]. In the Scheme 1 (supplementary material) the chemical struc-
tures of SA used in this work are presented, which differ from each
other according to the substituent -R linked to the nitrogen of the sul-
fonic amide.

Sulfonamides (S1, S2, S3 and S4) are widely used as a therapeutic
agent in poultry, especially chickens, for the control of diseases [21].
Mehtabuddin et al. [22] and Xu et al. [23] verified residual levels of
these antibiotics in egg and meat samples, which were higher than
those allowed by control organs. Thus, according to Silva et al. [20] the
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indiscriminate use of veterinary drugs in food-producing animals such
as eggs can generate residues in them and result in toxic effects, allergic
reactions and resistance to antibiotics to consumers. In addition, the
protein-antibiotic interaction process may also alter its efficiency.

Interaction studies of these antibiotics have previously been re-
ported with bovine serum albumin (BSA) and human serum albumin
(HSA) [24–27]. However, studies on the interaction of SAwith food pro-
teins are still absent, so that the purpose of thisworkwas the interaction
of ovalbumin, with four sulfonamides, using spectroscopic techniques,
theoretical studies and antimicrobial activity assays to evaluate the pos-
sible conformational changes in the protein structure to understand the
protein-ligand interaction process, simulating food under physiological
conditions.

2. Experimental

2.1. Reagents and solutions

The commercial ovalbumin similar of the food composition (the
main protein from chicken egg white, containing 62–88%), the antibi-
otics sulfatiazol, sulfaquinoxaline, sulfadimetoxin and sulfametazine,
Tris-HCl, 8-anilino-1-naphthalenesulfonate (ANS), dimethyl sulfoxide
(DMSO), KH2PO4 and Na2HPO4 were all obtained from Sigma-Aldrich
(USA) with analytical purity. Stock solutions of antibiotics (10 mM)
were prepared by directly dissolving the appropriate amount of the
solid in DMSO. The antibiotic working solutions and the commercial
OVA stock solution were prepared in 50 mM Tris-HCl buffer (pH 7.4 ±
0.1) with 100 mM NaCl for ionic strength adjustment.

To prepare the solution of OVA in natura, 0.150 g of the albumen
fromwhite egg of large commercial grade egg (Granja Almeida, Maceió,
Alagoas, Brazil) was weighed and solubilized in 30 mL of the Tris-HCl
buffer solution (pH 7.4 ± 0.1), yielding a representative solution of ov-
albumin. The concentration of commercial and in naturaOVAwas deter-
mined using Beer's law (280nm) andmolar extinction coefficient (ε280)
of 30,957 M−1 cm−1, after dilution of 1:5 of the stock solution of the
protein [2]. Ultrapure water (18.2 MΩ cm−1) was used in the experi-
ments for the preparation of solutions and buffer (Gehaka, model
Mater System MS2000, Brazil).

To evaluate the biological activity, the stock solutions of the antibi-
otics (SA) were prepared by dissolving directly each of them in DMSO
(2.5 mg mL−1 for S1, S2 and S4, and 1.25 mg mL−1 for S3). The com-
bined solutions of each antibiotic with OVA were prepared by mixing
the stock solutions of antibiotics (1:1 v/v) in OVA solution in 50 mM
Tris-HCl buffer (pH 7.4±0.1) containing 100mMof NaCl (in sterile dis-
tilled water). For pH measurements, a pH meter (Gehaka, model PG
1800, Brazil) coupled to a combined glass electrode was used (±0.01
of uncertainty). Standards and reagents were weighed on an analytical
balance (Mettler Toledo, model AG245, USA) with accurate to 0.01 mg.

2.2. Molecular absorption spectroscopy (UV–vis)

OVAabsorption spectra (3 μM)of different SA (6 μM) and complexes
(OVA + SA), using UV–vis, were obtained using a double-beam
Micronal spectrophotometer (model AJX-6100PC, Brazil) equipped
with quartz 1.0 cm (optical path).

2.3. Molecular fluorescence studies

In molecular fluorescence studies, steady-state fluorescence spectra
were obtained by a Shimadzu spectrofluorimeter (model RF-5301PC,
Japan) equippedwith a 150Wxenon lamp. All spectrofluorimetricmea-
surements were performed using a cuvette of 1.0 cm quartz (optical
path) with and excitation and emission slit set at 3 and 5 nm, respec-
tively. The intrinsic OVA (2 μM) fluorescence emission spectra in the ab-
sence and presence of the ligands (S1, S2, S3 and S4) were obtained by
spectrofluorometric titration with increasing amounts of SA (0–200

μM) at pH 7.4, usingλex=280 nm. Similarly, evaluationwas performed
at three temperatures (23, 30 and 37 °C) to obtain the thermodynamic
parameters of the interaction process. When necessary, the protein
fluorescence signal was corrected.

The three-dimensional fluorescence (3D) study was performed to
evaluate possible conformational changes in the secondary structure
of the protein [28]. In this study, the emission spectra of OVA intrinsic
fluorescence (2 μM) in the absence and presence of different SA (40
μM) were obtained using a range of excitation length of 220–350 nm
and emission of 250–450nm. Synchronousfluorescencewas performed
tomonitor separately the fluorophores, Tyr and Trp, present in OVA and
possible changes in the polarity of their microenvironments [29]. For
this, the spectra were obtained by means of the simultaneous variation
of emission and excitationmonochromators. The value of theΔλ (Δλ=
λem− λex) between the emission and excitation wavelengths was kept
fixed. It was appliedΔλ=15 nm andΔλ=60 nm tomonitor the spec-
troscopic behavior of the Tyr and Trp residues, respectively.

To calculate the critical distance between the donor (OVA
fluorophores) and energy acceptor (ligands) during the interaction pro-
cess of ovalbumin (2 μM) with the different SA (10 μM) the assay was
performed based on Resonance Energy Transfer concept [30]. The com-
petition studies were performed with ANS and metal ions. The compe-
tition assaywith the ANSprobewas performed to evaluate hydrophobic
OVA sites in the presence of SA. For this purpose, titration of the OVA
system (2 μM) and ANS (4 μM)was performed in the presence of differ-
ent concentrations of the SA (0–200 μM) with λex = 334 nm (OVA-
ANS). Additionally, a competition study with Ca(II), Mg(II), Zn(II) and
Cu(II) (derived from the respective acetates) and Fe(III) ions (from
the respective chloride) all species at 2 μM was accomplished.

2.4. Molecular docking simulations

The initial coordinates of ovalbumin protein used for molecular
docking simulations were obtained from a crystal structure with 1.95
Å of resolution deposited in the Protein Data Bank server with PDB
code 1OVA. Atomic coordinates for sulfonamides S1, S2, S3 and S4
were generated from geometry optimization calculations performed
using density functional theory with B3LYP [31,32] exchange-
correlation functional in conjunction with 6–31 + G(d,p) [33] basis
set functions. All geometry optimizations and frequency calculations
were carried out using the C.01 version of Gaussian 09 program [34].
Molecular docking simulations were performed using Autodock4
[35,36] and AutoDockTools [37] programs, were the atomic partial
charges of protein and ligands were calculated by using Gasteiger
method [38,39]. In this present work, we applied a conventional
docking simulation protocol used in previous works [40–42]. Thus, all
protein-sulfonamides systems were simulated via grid maps with 129
× 129 × 129 points and grid-point spacing of 0.25 Å. The simulations
were carried out using the Lamarckian genetic algorithmwith an initial
population of 150 random individuals and a maximum number of 2.5
× 106 energy evaluations. In each case were generated a maximum
number of 2.7 × 104 generationswith rates of genemutation and cross-
over of 0.02 and 0.8, respectively. Amaximumof 300 iterations per local
search was allowed. These local searches were performed considering a
probability on an individual of 0.06. The coordinates of the lowest en-
ergy conformations were clustered based on a root-mean-squared-de-
viation of 2.0 Å.

2.5. Biological antimicrobial activity

In order to evaluate the antimicrobial potential in vitro of the differ-
ent SA linked to the ovalbumin protein, antibiograms were performed
by the Kirby-Bauer disk-diffusion method [43,44], using five bacterial
strains selected from the collection of the “Laboratory of Biochemistry
of Parasitism and Environmental Microbiology - Institute of Chemistry
and Biotechnology (LBPMA/IQB)”, at the Federal University of Alagoas
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(UFAL, Brazil), namely: Escherichia coli ATCC 25922 (standard strain),
Pseudomonas aeruginosa ATCC 27853 (standard strain), Corynebacte-
rium glutamicum (LBPMA), Klebsiella oxytoca BMA-13 and Bacillus
megaterium APFSG3isox (the latter two with deposition of their 16S r-
RNA sequences in GenBank NCBI, accession numbers respectively
KU555927 and KX129778).

2.5.1. Preparation and inoculation of the nutrient agar (NA) maintenance
medium

For themaintenance of active cells of the selected bacterial strains, a
colony (reared) of each original pure culture (at 6 ± 2 °C, in the dark)
was seeded (by striations) in sterilized (120 °C, 20 min) nutrient agar
medium (NA, composition in distilled water in g L−1: peptone, 5;
meat extract, 3; sodium chloride, 1; agar, 20) and contained in Petri
dishes. Cultures were incubated for 24 h (at 32 ± 1 °C, in the dark).

2.5.2. Antimicrobial assay in Mueller Hinton agar (MHA) medium
Bacterial suspensions of strains cultured for 24 h in NA were previ-

ously obtained to inoculate the MHA medium through the pour plate
technique. To this end, a 10 mL volume of sterilized distilled water
was deposited on the surface of each culture and with the aid of a
Drigalsky loop, the suspension of cells was homogenized. After that, it
was harvested in the sterilized tube using an equally sterilized Pasteur
pipette. The concentration of cells from each suspension was deter-
mined using the Mc Farland scale. Then, the suspensions were diluted
to 20 mL and transferred to 200 mL of the previously sterilized and
still liquefiedMHAmedium (HiMedia®; 38 g L−1distilledwater), yield-
ing the concentration of 2.77 × 107 cells mL−1. The inoculated medium
was poured into Petri dishes (θ ≅ 9 or 18 cm; thickness of medium
≅ 4–5 mm).

After that, a filter paper disc containing the standard ofloxacin (5 μg)
antibiotic, as well as new sterilized preparatory filter paper disks were
placed on the surface of the MHA medium, in equidistant positions
thereto and from each other and from the edges. Aliquots of OVA dilu-
ents (DMSO and Tris-HCl buffer) and individual and/or OVA-
complexed antibiotics were then collected with sterile pipette and de-
posited on the paper discs. In a preliminary test in duplicates (n = 2)
using the smaller plaques (for E. coli, B. megaterium and P. aeruginosa),
seven disks were added - one for the ofloxacin standard and the other
for pure DMSO, the buffer and the four SA; or eight disks - one for the
standard ofloxacin and the other for pure DMSO, buffer, OVA, the four
SA plus the four OVA-SA systems. In the case of C. glutamicum and
K. oxytoca inoculated in the larger plates, 12 discs were distributed re-
ferring to the standard ofloxacin, pure DMSO, buffer, OVA, different SA
and different OVA-SA interaction systems. After deposition of 40 μL of
the solutions on the filter paper discs (containing 100 μg of S1, S2, S4
and 50 μg for the respective systems related to the interaction process
OVA\\S1, OVA-S2 and OVA\\S4, and 50 μg for S3 and 25 μg of the
OVA-S3 system), the plates were incubated for 24 h (at 30 ± 1 °C, in
the dark). Subsequently, the inhibition halos were measured with the
aid of a pachymeter, and theirmeanswith the respective standard devi-
ations were determined. According to the results obtained in the pre-
liminary test, the other tests were carried out to establish the
minimum inhibitory concentration (MIC) for the bacteria evaluated,
and the systems were prepared with smaller plates containing only
six disks, that is, in addition to the controls, a single SA and their inter-
action with OVA by concentration replication. All assays were per-
formed in duplicate.

3. Results and discussion

3.1. Binding and thermodynamic parameters associated with the interac-
tion process

To evaluate the interaction between the OVA and the different sul-
fonamides (S1, S2, S3 and S4), a spectrofluorometric titration was

carried out in which the intrinsic OVA fluorescence was monitored
from the nine tyrosine residues and three tryptophan residues [45].
The fluorescence intensity of free OVA (2 μM) was monitored at
336nmafter excitation at 280nm, in the absence and presence of differ-
ent concentrations of sulfonamides (0–200 μM), as can be seen in
Fig. 1a, for the OVA-S1 system. A 100-fold excess of sulfonamides in re-
lation to ovalbumin concentrationwas used to ensure saturation of pro-
tein binding sites. Similar results were obtained for S2, S3 and S4
(Fig. S1a–c, supplementary material). As the concentration of S1 in-
creased, the quenching process occurred, that is, suppression of the
fluorescence signal induced by the interaction of the protein with the
quencher, and it was thus possible to infer that OVA interacts with S1
forming a complex non-fluorescent supramolecular OVA-S1 [46].

An evaluation at different temperatures (23, 30 and 37 °C) was per-
formed to determine the interaction parameters (binding and thermo-
dynamics) associated to this process. The data associated with the
fluorescence quenching process were analyzed by the Stern-Volmer
equation [11]:

F0
F

¼ 1þ KSV Q½ � ¼ 1þ Kqτ0 Q½ � ð1Þ

in which F0 and F correspond to the fluorescence intensities in the ab-
sence and presence of quencher, respectively, Ksv is the Stern-Volmer
constant, [Q] is the concentration of quencher (sulfonamides), Kq is
the biomolecular quenching rate constant and τ0 is the average life
time (10−8 s) [47,48]. Eq. 1 was applied to determine Ksv and Kq by lin-
ear regression from the graph of F0/F vs [Q] (Fig. 1b). The data obtained
at the three temperatures evaluated are shown in Table 1.

By the variation of the KSV values as a function of the temperature it
is possible to infer about the preferential quenching mechanism. Ac-
cording to Mei et al. [49], the quenching process can occur by, static or
dynamic quenching mechanism, which can be differentiated by tem-
perature dependence. At higher temperatures there is a faster diffusion
of the molecules and, consequently, larger amounts of collisions be-
tween the ligand and fluorophore, characterizing the dynamic
quenching process (KSV increase). On the other hand, static quenching
is characterized for destabilization of a non-fluorescent complex in the
ground state at higher temperatures destabilized [50]. According to
Table 1, the values of KSV decreased with increasing temperature, thus,
the preferably mechanism of interaction OVA-SA is by static quenching.
Moreover, since the values obtained for Kq (Table 1) are higher than 2.0
× 1010 M−1 s−1 (0.86 to 4.19 × 1012 M−1 s−1), it is confirmed that the
static quenching is occurring [51].

In addition to the quenching constant (Ksv and Kq), it was also possi-
ble to determine two other binding parameters associatedwith protein-
ligand interaction. To do so, the following equation was used:

log
F0−F

F

� �
¼ Kb þ n log Q½ � ð2Þ

in which Kb is the binding constant related to the interaction force be-
tween OVA and sulfonamides, and n is the number of binding sites of
the complex formed [52]. Eq. 2 was applied to determine Kb and n by
linear regression from the log[(F0 - F)/F] vs log[sulfonamide] (Fig. 1c).
The data obtained in the three temperatures evaluated are presented
in Table 1. From the values of Kb, it is observed that the magnitude of
the interaction followed the following order: S1 N S2 N S4 N S3.
Sulphathiazole (S1) was therefore the sulphonamide that interacted
more effectively with OVA, whereas sulphadimethoxine (S3) showed
the lowest interaction. Probably the degree of affinity of SA with OVA
is related to the radical -R (Scheme S1), since less voluminous radicals
(such as thiazole in S1) allow a more effective interaction, whereas
more voluminous radicals should make it difficult to formation of the
supramolecular complex, resulting in a lower value for Kb, as is the
case of S3. The same order of affinity was obtained in the study using
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OVA in natura (egg white), in which for all SA the values of Kb were
higher in the processes of interaction with OVA in natura, considering
the comparison to commercial protein (Fig. S2). Possibly this is related
to egg white being a more complex matrix, with several components,
such as other macromolecules (proteins, lipids and carbohydrates),
which may favor interaction [51].

Furthermore, it was observed that the Kb values obtained at 30 °C
ranged from 3.98 to 27.7 × 105 M−1 for the interaction of different SA
evaluated with OVA. Unfortunately, protein-ligand interaction experi-
ments are not standardized in the literature regarding experimental
conditions, thus limiting comparisons. However, the Kb values obtained
to OVA-SAswere higher when compared to other sulfonamidewith dif-
ferent proteins (Table S1, supplementary material). In addition, the
values of the binding constants of OVA with other ligands are shown
in Table S2 and it concludes that the protein has a higher affinity for
the SA, even comparing different experimental conditions. The values
obtained for n are close to one unit, thus, the stoichiometry of the com-
plex between protein and SA is 1:1, probably indicating only a preferen-
tial binding-site of OVA with the ligands.

Based on Kb values obtained at different temperatures, it was possi-
ble to calculate the thermodynamic parameters and, in this way, to es-
tablish the main forces involved in the interaction between the OVA
and the SA, besides verifying the tendency to spontaneity. By means of
the Van't Hoff Equation it was possible to determine the values related

to the enthalpy (ΔH) and entropy (ΔS) variation:

lnKb ¼ ‐
ΔH
R

1
T

� �
þ ΔS

R
ð3Þ

in which R is the universal gas constant and T is the temperature in Kel-
vin (K) [53]. Eq. (3) was applied to determine ΔH and ΔS by linear re-
gression of the graph lnKb vs 1/T (Fig. S3). The values of ΔG were
calculated by the following equation:

ΔG ¼ ΔH‐TΔS ð4Þ

The data obtained for the thermodynamic parameters are presented
in Table 1. The negative values of ΔG indicate that the interaction pro-
cess is spontaneous [54]. According to Hu et al. [55], the forces involved
in the interaction of biomolecules with drugsmay be electrostatic inter-
actions, hydrogen bonds, Van der Waals forces, and hydrophobic inter-
actions. The electrostatic interactions are responsible for stabilizing the
complexes formed between S1 and S4 with OVA, since ΔH b 0 and ΔS N
0, whereas for S2 and S3 the interactions with the protein were by Van
der Waals forces and hydrogen bonds, since ΔH b 0 and ΔS b 0 [56].

The nature of the attraction forces contributes Kb values for the in-
teraction between OVA and SA. Since the electrostatic interactions are
stronger, they can result in a greater affinity between the protein and

Fig. 1. a) Spectral profile ofOVA in spectrofluorometric titration (2 μM)with sulfatiazol (S1), b) Linearization of the Stern-Volmer equation (internal graph - expansion of the concentration
range with linear tendency in the rectangle), c) Double logarithmic curve for calculation of the binding constant (Kb) and number of binding sites (n). Conditions: 50 mM Tris-HCl buffer
and 100 mM NaCl at pH 7.4 and 30 °C.

t1:1 Table 1
t1:2 Binding and thermodynamic parameters for the interaction between OVA and SA at different temperatures. Conditions: OVA (2 μM), SA (0–200 μM), 50mM Tris-HCl buffer and 100mM
t1:3 NaCl at pH 7.4.

t1:4 SA T (°C) Binding parameters Thermodynamic parameters

t1:5 KSV

t1:6 (×104 M−1)
r Kq

(×1012 M−1 s−1)
Kb

(×105 M−1)
r n ΔH

(kJ mol−1)
ΔS
(J mol−1 K−1)

ΔG
(kJ mol−1)

t1:7 S1 23 4.19 ± 0.03 0.9871 4.19 30.6 ± 2.33 0.9935 1.42 −36.78
t1:8 30 4.08 ± 0.03 0.9808 4.08 27.7 ± 2.71 0.9784 1.43 −14.36 +75.76 −37.31
t1:9 37 3.75 ± 0.02 0.9958 3.75 23.5 ± 2.00 0.9905 1.38 −37.84
t1:10 S2 23 1.31 ± 0.04 0.9972 1.31 5.95 ± 1.78 0.9912 1.37 −32.92
t1:11 30 1.24 ± 0.04 0.9970 1.24 5.17 ± 1.90 0.9936 1.32 −48.80 −53.66 −32.54
t1:12 37 1.19 ± 0.01 0.9773 1.19 3.73 ± 1.49 0.9870 1.27 −32.17
t1:13 S3 23 1.06 ± 0.07 0.9891 1.06 4.35 ± 1.66 0.9803 1.37 −32.41
t1:14 30 0.99 ± 0.05 0.9902 0.99 3.98 ± 1.99 0.9928 1.36 −69.70 −125.99 −31.53
t1:15 37 0.86 ± 0.07 0.9809 0.86 1.20 ± 0.24 0.9937 1.22 −30.64
t1:16 S4 23 1.93 ± 0.08 0.9773 1.93 4.60 ± 1.58 0.9697 1.32 −32.09
t1:17 30 1.67 ± 0.08 0.9870 1.67 4.14 ± 1.29 0.9876 1.31 −11.57 +69.34 −32.58
t1:18 37 1.47 ± 0.01 0.9955 1.47 3.72 ± 1.82 0.9908 1.25 −33.06
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the ligand and, therefore, it is justified because S1 is the sulfonamide
with greater constant. While Van der Waals forces and hydrogen
bonds are comparatively weaker compared to electrostatic forces, it
could be the reason for a lower affinity between S3 and OVA. However,
it is known that the formation of the supramolecular complex can be the
result of a sum of attractive forces causing values of constants smaller or
larger than predicted. This profile applies to S2 and S4, where S2 has a
constant relatively greater than S4, even the latter having electrostatic
interactions as preferred. Finally, one should also consider possible dif-
ferences in the preferred interaction regions of each ligand relative to
the protein.

The main forces related to the interactions between sulfonamides
and OVA can also be explained based on the distribution of species as
a function of pH, since the molecules evaluated are derived from weak
acids. The profile of the species distribution graph (Fig. S4a) uses the
values of the dissociation constants (pKa) of each of the sulfonamides
evaluated [57]. These, in turn, present two values of constants, thus,
can be found in solution in three differentways:H2SF+ (positive charge,
pH b pKa1), HSF (neutral charge, pKa1 b pH b pKa2) and SF− (negative
charge, pH N pKa2) (Fig. S4b). Considering that the charges of the protein
will also be altered due to the pH of the medium, the nature of the pre-
ferred interaction may be different between the ligands depending on
the acid-base behavior thereof.

As S1 (pKa1 = 2.06/pKa2 = 7.07) and S4 (pKa1 = 2.46/pKa2 = 7.45)
have pKa2 close to 7.4 (pH of themedium), these are approximately 50%
in its neutral form and 50% in its anionic form allowing the electrostatic
interactions to occur. In addition, S1 and S4 are the sulfonamides with
less voluminous radicals that end up facilitating the process of interac-
tion through the negative charge of the nitrogen of the sulfonic amide.
The sulfonamides S2 (pKa1 = 2.62/pKa2 = 6.01) and S3 (pKa1 =
3.40/pKa2 = 5.76) have pKa2 b 7.4, they are preferably in anionic form.
However, at pH = 7.4, ovalbumin has a negative overall charge (pI =
4.5), so there may be a repulsion between the negative amino acid res-
idues present in OVA (mainly glutamic and aspartic acid) and sulfon-
amides favoring interaction through Van der Waals forces and
hydrogen bonds. These must occur mainly between the protein and
the aromatic groups of S2 and S3 or through the oxygen present in the
sulfoxide group of these molecules [58,59]. Therefore, the prediction
of the affinity between sulfonamides and OVA is not a simple process,
due to the number of factors that may affect the interaction process.

3.2. Studies using molecular absorption spectroscopy using UV–vis

To investigate the macromolecule-ligand interactions and alterna-
tively infer about the quenchingmechanism involved in the interaction
process, UV–vis studies were performed [60]. The molecular absorption
spectra of OVA, S1 and OVA-S1 complex were obtained and are shown
in Fig. S5a. It can be observed that ovalbumin has a bandwithmaximum
absorption peak at 280 nm, characteristic of the aromatic amino acid
residues of protein presenting electronic transitionsπ→ π⁎. The absorp-
tion spectrum of the complex formed between OVA and S1 showed a
shift towards blue in relation to free OVA,which indicates that the inter-
action causes conformational changes in the polypeptide chain of the
macromolecule [61]. In addition, the absorption spectrum resulting
from the subtraction of the supramolecular complex spectrum and the
free OVA ([OVA-S1]c - OVA) is not overlapping with the free S1 spec-
trum, confirming that the ground state interaction process occurs [62].

Additionally, according to Tian et al. [63] when the macromolecule-
ligand interaction mechanism occurs by dynamic quenching, the UV–
vis absorption spectrum of the protein is not altered in the presence of
the ligand, as this is caused by collisions between the fluorophore in
the excited state in theprotein and the ligand. However, when the inter-
action between the protein and the ligand occurs preferentially by static
quenching, changes associated to the formation of the supramolecular
complexes in the ground state are observed in the spectrum of absorp-
tion by UV–vis (Table S3). These data confirm the results obtained by

molecular fluorescence. Similar results were obtained for S2, S3 and
S4 and are shown in Fig. S5b–d.

3.3. Evaluation of conformational changes in ovalbumin

3.3.1. Three-dimensional fluorescence (3D)
To evaluate possible conformational changes in the secondary struc-

ture of proteins and the microenvironment of their fluorophores (Trp
and Tyr) in the presence of the sulfonamides evaluated, a studywas car-
ried out using three-dimensional fluorescence [62]. Comprehensive in-
formation on OVA fluorescence in the absence and presence of different
SA were obtained, and 3D fluorescence spectra for OVA in the absence
and presence of S1 are shown in Fig. 2. The OVA spectra in the absence
and presence of S2, S3 and S4 are shown in Fig. S6.

The main parameters associated to the 3D spectra obtained regard-
ing the position and intensity of the maximum fluorescence emission
and Stokes effect peaks were summarized in Table S4. The fluorescence
emission spectra have threemain characteristic peaks: (1) related to the
Rayleigh scattering of the solvent whenever λex = λem; (2) related to
the intrinsic fluorescence of the residues of the Trp and Tyr present in
OVA and (3) was attributed to fluorescence from the excitation of
higher excited electronic states of the aromatic amino acid residues in
the protein [64].

When comparing the freeOVA (Fig. 2a) andOVA-S1 (Fig. 2b) graphs,
it is possible to observe that in the presence of the sulfonamide there is a
decrease in fluorescence relative to peak 2 (52%) and peak 3 (59%) after
addition of S1 indicating, therefore, that the secondary structure of the
protein was altered in the presence of the ligand and, consequently,
the allergic effects of OVA present in eggs from broilers treatedwith sul-
fonamides could be potentiated. Similar spectral changes can be ob-
served in the 3D spectra obtained for OVA in the presence of S2, S3
and S4. For S2, peaks 2 and 3 were reduced by 42 and 69%, respectively.
For S3 it observed a reduction of 35 and 64%, whereas for S4, of 45 and
71% for peaks 2 and 3, respectively.

3.3.2. Synchronous fluorescence
To monitor separately the Trp and Tyr residues present in OVA, and

to verify if alterations in the microenvironment of these amino acids
occur in the presence of different SA concentrations, studies were per-
formed based on the synchronous fluorescence technique. Thus, when
Δλ is fixed at 15 and 60 nm, it corresponds to the selective monitoring
of the residues of Tyr and Trp, respectively (Fig. 3a) [13].

The spectra referring to OVA titration with S1 when Δλ = 15 and
60 nm are shown in Fig. 3b and c, respectively. As the concentration of
S1 increased, there was a reduction in fluorescence intensity for the res-
idues of Tyr and Trp, in addition, red shifts of +21 (Δλ = 15 nm) and
+ 9 nm (Δλ = 60 nm) relative to the wavelength of maximum emis-
sion (Table S5). Additionally, it can be inferred that the microenviron-
ment of these amino acid residues was changed with increasing
polarity due to a greater exposure to solvent (water), resulting from
the conformational change of OVA in the presence of the ligand [65].
Similar results were obtained for the interaction of OVA with the other
SA evaluated and are presented in the supplemental material (Fig. S7).

3.4. Förster resonance energy transfer (FRET)

Tomeasure the distance between the donor (OVAfluorophores) and
the receptor (sulfonamides) of energy involved in the interaction pro-
cess, a study was carried out using FRET [66]. The efficiency of the
FRET process depends mainly on the following factors [67]: (i) overlap
between the fluorescence emission spectrum of the OVA (donor) and
the absorption spectrum of the sulfonamides (receptor) (Fig. S8); (ii)
relative orientation of donor and recipient dipoles; (iii) distance (r0) be-
tween the OVA and the energy receptor molecule (1–10 nm).

According to Föster's energy transfer theory, the value of the energy
transferred (E) involved in the OVA interaction process with a given

5A.C.F. de Lyra et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy xxx (xxxx) xxx



sulfonamide is calculated from Eq. (5) [68]:

E ¼ 1‐
F
F0

¼ R6
0

R6
0 þ r06

ð5Þ

inwhich F and F0 are thefluorescence intensities of OVA in the presence
and absence of SA, respectively, and R0 is the critical distance when the
energy transfer efficiency equals 50%, being calculated from the follow-
ing equation [68]:

R6
0 ¼ 8:8� 10‐25K2N‐4ΦJ ð6Þ

being K2 the spatial orientation factor that describes the geometry of di-
poles of the donor and the acceptor of energy (K2 = 2/3 for random
alignment), N is the refractive index of the medium (N = 1.36), Φ is
the quantum yield of the free OVA (Φ = 0.118) and J is the overlap in-
tegral of the OVA fluorescence emission spectrum and absorption spec-
tra of the ligands given by [67,69]:

J ¼
R∞
0 F λð Þε λð Þλ4dλR∞

0 F λð Þdy ð7Þ

in which F(λ) is the normalized fluorescence intensity of OVA while
ε(λ) is the molar absorption coefficient of the SA at wavelength λ.
Through the Eqs. (5)–(7) it was possible to obtain the parameters of

the FRET study (J, R0, E and r0) that are presented in Table 2. The critical
Föster distance (R0) and the distance between the OVA tryptophan res-
idues and the sulfonamides (r0) are between 1 and 2 nm, indicating that
the energy transfer between OVA and sulfonamides occurs with high
probability [67]. In addition, it was also observed that for all interaction
systems evaluated the energy transfer (E), was b50% and therefore R0 b

r0, agreeing with the results obtained [69].

3.5. Competition study: interaction with the ANS and metal ions

3.5.1. Assay with ANS (8-anilino-1-naphthalenesulfonate)
The organic probe ANS (Fig. S9a) is widely used in protein analysis,

since although it has low intrinsic fluorescence in aqueous media, the
fluorescence emission intensity increaseswhen the ANS binds in hydro-
phobic regions of these macromolecules (Fig. S9b) [70]. Thus, ANS was
used as a competitor species in the interaction process between OVA
and SA, to evaluate if the preferential binding site occurs in hydrophobic
regions. For this, the effect of the addition of different concentrations of
SA on theOVA-ANS systemwas evaluated, since if the binding site of the
SA in the protein is close to or similar to that of the ANS, a competition
will occur, and, in this way, the ligands may affect the fluorescence in-
tensity of the OVA-ANS system [71].

The influence of addition of the different concentrations of SA to the
OVA-ANS system is shown in Fig. S9c. When SA is added, the fluores-
cence emission decreases, however, the reduction is more effective

Fig. 2. Three-dimensional (3D) fluorescence spectra for a) OVA, and b) OVA + S1. Conditions: OVA (2 μM), S1 (40 μM), 50 mM Tris-HCl buffer and 100 mM NaCl at pH 7.4 and 30 °C.

Fig. 3. a) Synchronous emission spectrum for the Tyr residues (Δλ=15 nm) and Trp (Δλ=60 nm) of the free OVA. Titration employing synchronous fluorescence for the b) Tyr residue
and the c) Trp with addition of S1. Conditions: OVA (2 μM), S1 (0–200 μM), 50 mM Tris-HCl buffer and 100 mM NaCl at pH 7.4 and 30 °C.
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with the addition of sulfaquinoxaline (S2) compared to the other evalu-
ated compounds. According to Guan et al. [61] this indicates that the
OVA-S2 interaction process occurs preferentially in hydrophobic sites,
since S2 possibly displaces the ANS from the binding region. In addition,
this can also be explained by the values of the partition coefficient
(logP), which expresses the lipophilicity of organic compounds [72].
For S1, S2, S3 and S4 the logP valueswere obtained through the program
Molinspiration Cheminformatics being equal to 0.83, 1.70, 0.75 and
0.84, respectively. Therefore, knowing that the higher the hydrophobic
logP value is the compound, it is verified that S2 is the sulfonamide
that has a more hydrophobic molecular structure in relation to the
others, thus allowing a greater interaction in hydrophobic regions of
OVA. Thus, it is pertinent to infer that the other SA evaluated interact
preferentially in more hydrophilic regions, differing from S2.

3.5.2. Competition with metal ions
The objective of this study was to evaluate the influence of metal

ions that may be present in the food (Ca(II), Mg(II), Cu(II), Zn(II) and
Fe(III)) on the interaction process of the different SA with OVA at
pH 7.4 and 30 °C. For this, the ratio between the binding constants in
the presence of the competitor ion (Kb’) and absence (Kb) was consid-
ered as the comparison parameter (Fig. 4). When Kb’/Kb b 1 the pres-
ence of the ion detracts the formation of the complex OVA-SA,
howeverwhen Kb’/Kb N 1 indicates that the interaction process between
the macromolecule and the ligand is favored.

In the Fig. 4 it is shown that the presence of Ca(II), Mg(II) and Fe(III)
favored the interaction between OVAwith S1 and S2. This may possibly
be associated with the conformational change of the protein induced by
the binding of these ions to groups (phosphates and thiols, for example)
present in their polypeptide chain, and favoring the complex formation
[73]. However, Cu(II) and Zn(II) disfavored the formation of these com-
plexes for all SA evaluated, possibility due to the formation of metal
complexes between sulfonamides and these cations [74]. Additionally,

for S3 and S4 the presence of all the ions has disfavored the interaction
with the protein.

3.6. Molecular docking

To get details regarding to interaction mode of sulfonamides into
OVA protein we evaluated the main residues within a radius of 6 Å
from the most stable protein-sulfonamide complexes obtained from
molecular docking simulations. Results of this analysis are showed in
Fig. 5. The sulfonamides bind to a very solvent exposed region of OVA
protein. Nevertheless, as highlighted in Fig. 5, the main residues in-
volved in each specific interaction between SA molecules and OVA de-
pends of the chemical nature of respective compounds. For instance,
the analysis of closest residues in a radius of 6 Å from S1 in S1-OVA com-
plex revealed that the ARG170, VAL172, GLU294, GLU295 and LYS296
residues play an important role on process of interaction of S1 with
OVA.

In the other hand, for example in S2-OVA complex, the closest resi-
dues around S2 are HIS45, ASN49, TYR138, GLU295, LYS296, ASN298
and SER301. The greatest number of residues contact for S2-OVA com-
plex in relation to S1-OVA is a direct effect of larger molecular size of
R (radical) substituent in S2, which is composed by two six membered
rings. Overall analysis of the of molecular docking results show that for-
mation of respective SA-OVA complexes is essentially stabilized by a set
of hydrogen bonds involving the sulfonyl group and (radical) substitu-
ents. To get detailswith respect to chemical nature of the intermolecular
interactions involving the SAmolecules andOVAwe evaluated themain
components of the Gibbs binding free-energy involved in the formation
of each complex (Table 3).

In line with experimentally predicted, docking energetic results
quoted in Table 3 show that the formation of SA-OVA complexes is a
thermodynamically favored process. Worth it highlights that the bind-
ing free-energies obtained via molecular docking simulations are in
very good agreementwith experimental values, where the largest devi-
ation between computational and experimental results was
~3.0 kcal mol−1 for S1-OVA complex. According to our molecular
docking calculations the formation of SA-OVA complexes is governed
essentially by nonbonded interactions (van der Waals, hydrogen
bonds and desolvation). Regarding to electrostatic interactions,
Table 3 shows that these effects are more pronounced in the formation
of S1 and S4-OVA complexes. This result is in accordance with thermo-
dynamic values obtained by spectroscopic assay of Table 1 in conjunc-
tion with the approach proposed by Hu and co-workers [55].

3.7. Evaluation of the interaction process on the biological activity

To evaluate whether the interaction between OVA and SA interfered
or notwith the biological action of these antibiotics on different bacteria
in vitro, a series of antibiogramswere performed, with different concen-
trations of the compounds evaluated in the presence and absence of
OVA, and the values of minimal inhibitory concentration (MIC) were
determined. The values of the inhibition halos obtained in the prelimi-
nary test, using 100 and 50 μg dosages of SA and their combinations,
are shown in Table S6 (supplementary material).

According to the parameters established by the Institute of Clinical
and Laboratory Standards [43], for a microorganism to be sensitive to
the SA class, the inhibition halo values should be ≥17 mm. However, it
was observed in the preliminary assay that only E. coli (Gram negative
bacilli) and B. megaterium (Gram positive bacilli) were sensitive in the
SA concentrations tested (Fig. 6a). The other bacteria tested were resis-
tant to such antibiotics (inhibition halos ≤12 mm) and to systems con-
taining antibiotic and OVA. Therefore, relative tests to establish MIC
values were performed only against E. coli and B. megaterium.

To determineMIC values, thedosages tested ranged from0.125 to 50
μg (S1, S2 and S4) and from 0.05 to 25 μg (S3). The results obtained for
sulfathiazole (S1) are shown in Fig. 6b and c, it being observed that, as

t2:1 Table 2
t2:2 FRET parameters of the interaction between sulfonamides and OVA.

t2:3 Sulfonamides J (10−16 cm3 M−1) R0 (nm) E (%) r0 (nm)

t2:4 S1 2.60 1.32 29.7 1.52
t2:5 S2 13.6 1.74 33.5 1.95
t2:6 S3 1.78 1.24 25.8 1.48
t2:7 S4 3.78 1.40 27.4 1.65

Ca(II) Mg(II) Zn(II) Cu(II) Fe(III)
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Fig. 4. Effect of the metal ions on the interaction between OVA and sulfonamides.
Conditions: Protein and competitors (2 μM), sulfonamides (0–200 μM), 50 mM Tris-HCl
buffer and 100 mM NaCl at pH 7.4 and 30 °C.
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dosages decreased, smaller inhibition halos were obtained. In general,
the inhibition halos for antimicrobial activity of free S1 are lower
when compared to the halos obtained for the S1-OVA systems (with
only 50% concentration). MIC values in the absence and presence of
OVA did not vary independently of the evaluated bacteria, however,
change the inhibition activity profile was observed since systematically
the halos values of SA are lower in the presence of protein. Thus, theMIC
found for S1 was the one obtained with the dosage equal to 2.5 μg for
E. coli and 25 μg for B. megaterium, because at lower dosages the halos
were smaller than 17mm. Similar results were obtained for the remain-
ing SA and are shown in Figs. S10 and S11 (supplementary material).
For S2, S3 and S4 the MIC against E. coli were obtained at the dosages
of 1.0; 2.5 and 25 μg, respectively, while against B. megaterium, the
MIC were obtained at the dosages of 25 μg for all the tested SA. The
antibiograms of S1 against E. coli and B. megaterium, respectively at
the dosages of 2.5 and 0.125 μg, are shown in Figs. S12 and S13 (supple-
mentary material).

According to studies of Argyropoulou et al. [75], the MIC of sulfa-
methoxazole against B. megaterium BGSC 7A2 and E. coli SPA27 was
higher than 1.5 μg mL−1 (around 0.030 μg) and 100 μg mL−1 (around

2 μg), respectively. These MICs were lower than the ones obtained in
the present study for sulphathiazole (S1), for instance, it means, ca.
0.125 μg and 2.5 for the strains E. coli ATCC 25922 and B. megaterium
APFSG3isox respectively, and they were still more improved by the
combination with trimethoprim – a competitive inhibitor of the
dihydrofolate reductase (the enzyme that reduce dihydrofolate to tetra-
hydrofolate). In our study, the combination OVA-SA did not affect the
antimicrobial activity of the SA, but change the inhibition activity
profile.

4. Conclusion

The interaction process between OVA and SA was investigated by
molecular fluorescence, UV–vis, theoretical studies and biological as-
says. The formation of supramolecular complexes, OVA-SA, occurred
with high affinity, and sulfatiazol (S1) presented the highest interaction
constant with commercial or in natura OVA. Modifications in the poly-
peptide chain of OVA were verified by synchronous fluorescence and
3D, which can enhance the natural allergenicity characteristics of OVA,
posing a risk in human food safety. Competition studies indicate that
sulfonamide S2 interacts preferentially at hydrophobic sites of the pro-
tein and that Ca(II), Mg(II) and Fe(III) potentiate the interaction process
of OVA with S1 and S2. Molecular docking simulations predicted that
the sulfonamides bind to a very solvent exposed region of OVA protein,
where the formation of respective SA-OVA complexes is essentially sta-
bilized by a set of hydrogen bonds involving the sulfonyl group and R
substituents. The binding free-energy calculated by molecular docking
showed a very good agreement with the experimental measurements.
Finally, biological studies show that the interaction between SA and
OVA do not affect the antimicrobial activity of these antibiotics (MIC

Fig. 5.Preferential bind region of SAmolecules inOVAprotein predicted bymolecular docking simulations after complex formation, (a) OVA\\S1, (b)OVA\\S2, (c) OVA-S3 and (d) S4-OVA.
In zoom are showed the residues in a radius of 6 Å measured from SA molecules.

t3:1 Table 3
t3:2 Gibbs binding free-energy calculated for the formation of SA-OVA complexes.

t3:3 Compound ΔGexp

(kcal
mol−1)

ΔGbinding

(kcal
mol−1)

vdW + H-bond+desolv
(kcal mol−1)

Electrostatic energy
(kcal mol−1)

t3:4 S1 −8.80 −6.00 −6.95 −0.22
t3:5 S2 −7.90 −6.40 −7.40 −0.17
t3:6 S3 −7.74 −5.70 −7.30 −0.20
t3:7 S4 −7.70 −7.00 −7.03 −1.16
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values) against strains of E. coli and B. megaterium, however, change the
inhibition activity profile.
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Scheme 1. Sulfonamides evaluated in the interaction process with the allergenic protein
ovalbumin: sulfathiazole (S1), sulfaquinoxaline (S2), sulfadimetoxin (S3) and sulfametazine
(S4).

Results and Discussion

Binding and thermodynamic parameters associated with the interaction process.

Fig. S1. Spectrofluorometric titration of ovalbumin with the sulfonamides: a) sulfaquinoxaline
(S2), b) sulfadimethoxine (S3) and c) sulfamethazine (S4). Conditions: OVA (2 mM),
sulfonamides (0-200 μM), 50 mM Tris-HCl buffer and 100 mM NaCl at pH 7.4 and 30ºC.

R =

(S1) (S2) (S3) (S4)
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Fig. S2. Comparison of binding constants (Kb) of the process of interaction of sulfonamides
with commercial and in natura OVA. Conditions: commercial and in natura protein (2 M),
sulfonamides (0-200 μM), 50 mM Tris-HCl buffer and 100 mM NaCl at pH 7.4 and 30ºC.
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Table S1
Comparison of Kb values of different proteins and sulfonamides with the proposed work.

Buffer pH Protein CP (M) T (ºC) Compound Kb (×105 M-1) References
Phosphate (1 mM) 7.4 BSA 2.0 31 Sulfamethazine 3.24 [1]

Tris-HCl 5 mM com NaCl 50 mM 7.4 HSA 1.0 26 Sulfasalazine 2.31 [2]

Sodium phosphate* 7.4 HSA 3.8 30 Sulfamethazine 0.15 [3]

Sodium phosphate* 7.4 HSA 1.5 30 Sulfadiazine 0.02 [4]

Tris-HCl 50 mM and NaCl 100 mM 7.4 HSA 3.0 30 Sulfamethoxazole 0.03 [5]

Tris-HCl (0.02 mM) 7.4 BSA 20 27
Sulfanilamide

Sulfamethoxazole

0.06

0.09
[6]

Tris-HCl 50 mM com NaCl 100 mM 7.4 OVA 2.0 30

Sulfathiazole

Sulfaquinoxaline

Sulfadimethoxine

Sulfamethazine

27.7

5.17

3.98

4.14

This study

Note: CP = concentration of protein / *value of the concentration not informed.
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Table S2
Comparison of Kb values of ovalbumin with different ligands with the proposed work.

Buffer pH CP (M) T (ºC) Ligand Kb (×105 M-1) References

Tris-HCl 100 mM and NaCl 100 mM 7.4 10 27 Quercetin 3.33 [7]

Tris-HCl 100 mM and NaCl 80 mM 7.4 30 24

Diprofylline

Caffeine

Theophylline

0.17

0.11

0.04

[8]

Sodium phosphate 7.5 -* -* Green tea polyphenols 0.08 [9]

Tris-HCl 20 mM 7.0 22 60 Acrylamide 3.37 [10]

Tris-HCl 50 mM and NaCl 100 mM 7.4 2.0 30 Tetracycline 0.27 [11]

Sodium phosphate 7.4 4.99 25 Methylene blue 3.53 [12]

Sodium phosphate 7.4 5.00 25 Malachite green 3.63 [13]

Sodium phosphate 7.0 10 25 Cyanidin-3-O-glucoside 7.54 [14]

Tris-HCl 50 mM and NaCl 100 mM 7.4 2.0 30

Sulfathiazole

Sulfaquinoxaline

Sulfadimethoxine

Sulfamethazine

27.7

5.17

3.98

4.14

This study

Note: CP = concentration of protein / *values of the concentration and temperature not informed.
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Fig. S3. Van't Hoff plot to calculate the thermodynamic parameters. Conditions: 50 mM Tris-
HCl buffer and 100 mM NaCl at pH 7.4.
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Studies by molecular absorption spectroscopy in UV-vis

Fig. S5. UV-vis absorption spectra for systems containing a) sulfathiazole (S1), b)
sulfaquinoxaline (S2), c) sulfadimethoxine (S3) and d) sulfamethazine (S4). Conditions: OVA
(3 μM), sulfonamides (6 μM), 50 mM Tris-HCl buffer and 100 mM NaCl at pH 7.4 and 30ºC.
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Table S3
Absorbance values for the sulfonamides evaluated, OVA and OVA-sulfonamide complexes.
Conditions: OVA (3 μM), sulfonamides (6 μM), 50 mM Tris-HCl buffer and 100 mM NaCl at
pH 7.4 and 30ºC.

Note: P = protein / L = ligand (sulfonamide) / PL = protein-ligand complex / *ΔA= Acomplex – (Aligand + AOVA).

Three-dimensional fluorescence (3D)

Fig. S6. Three-dimensional fluorescence spectra for a) OVA, b) with addition of S2, c) S3 and
d) S4. Conditions: OVA (2 μM), sulfonamides (40 μM), 50 mM Tris-HCl buffer and 100 mM
NaCl at pH 7.4 and 30ºC.

Ligand max (nm) Aligand AOVA
Comparison

ΔA*

Aligand + AOVA Acomplex

S1
280 (P) 0.1212 0.0944 0.2156 0.2029 - 0.0127
257 (L) 0.1352 0.0627 0.1979 0.1831 - 0.0148
278 (PL) 0.1227 0.0943 0.2170 0.2048 - 0.0122

S2
280 (P) 0.1058 0.0944 0.2002 0.1221 - 0.0781
252 (L) 0.2523 0.0552 0.3075 0.2701 - 0.0374
253 (PL) 0.2517 0.0598 0.3115 0.2705 - 0.0410

S3
280 (P) 0.0821 0.0944 0.1765 0.1714 - 0.0051
268 (L) 0.1501 0.0825 0.2326 0.2260 - 0.0066
269 (PL) 0.1496 0.0844 0.2340 0.2275 - 0.0065

S4
280 (P) 0.0757 0.0944 0.1701 0.1629 - 0.0072
261 (L) 0.1299 0.0699 0.1998 0.1907 - 0.0091
264 (PL) 0.1259 0.0752 0.2011 0.1924 - 0.0087
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Table S4
Parameters associated to the three-dimensional fluorescence spectrum for the interaction
between OVA and the sulfonamides evaluated. Conditions: OVA (2 μM), S1 (40 μM), 50 mM
Tris-HCl buffer and 100 mM NaCl at pH 7.4 and 30ºC.

System Peak Description
Position
(λex / λem)

Stokes shift
∆λ (nm)

Fluorescence
(% reduction)

OVA
1 Rayleigh scattering λex = λem 0 -
2 Trp e Tyr 285 / 335 50 575 (100%)
3 Polypeptide chain 238 / 335 97 360 (100%)

OVA-S1
1 Rayleigh scattering λex = λem 0 -
2 Trp e Tyr 285 / 332 47 277 (52%)
3 Polypeptide chain 238 / 340 102 148 (59%)

OVA-S2
1 Rayleigh scattering λex = λem 0 -
2 Trp e Tyr 285 / 332 47 336 (42%)
3 Polypeptide chain 238 / 335 97 111 (69%)

OVA-S3
1 Rayleigh scattering λex = λem 0 -
2 Trp e Tyr 285 / 337 52 372 (35%)
3 Polypeptide chain 238 / 337 99 131 (64%)

OVA-S4
1 Rayleigh scattering λex = λem 0 -
2 Trp e Tyr 285 / 335 50 345 (45%)
3 Polypeptide chain 238 / 336 98 103 (71%)

Synchronous fluorescence

Fig. S7. Synchronous fluorescence for the Tyr residue (λ = 15 nm) with addition a) S2, b) S3
and c) S4 and for the Trp residue (λ = 60 nm) with addition of d) S2, e) S3 and f) S4.
Conditions: OVA (2 μM), sulfonamides (0-200 μM), 50 mM Tris-HCl buffer and 100 mM NaCl
at pH 7.4 and 30ºC.
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Table S5
KSV values for titration by synchronous fluorescence between OVA and the sulfonamides
evaluated. Conditions: OVA (2 μM), S1 (0-200 μM), 50 mM Tris-HCl buffer and 100 mM
NaCl at pH 7.4 and 30ºC.

Sulfonamides ∆λ (nm) Maximum variation in λem (nm) Ksv (104 L mol-1)

S1
15 +21 3.52 ± 0.10
60 +9 3.72 ± 0.21

S2
15 +9 2.24 ± 0.10
60 +9 3.10 ± 0.24

S3
15 +11 1.55 ± 0.06
60 +14 1.59 ± 0.07

S4
15 +8 1.78 ± 0.07
60 +10 1.80 ± 0.01

Förster resonance energy transfer test (FRET)

Fig. S8. Spectral overlap of OVA fluorescence emission with the absorption spectrum of a) S1,
b) S2, c) S3 and d) S4. Conditions: OVA (2 μM), sulfonamides (10 μM), 50 mM Tris-HCl
buffer and 100 mM NaCl at pH 7.4 and 30ºC.
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Competition study using the ANS Probe

Fig. S9. a) ANS chemical structure, b) ANS fluorescence intensity in the absence and presence
of OVA, c) Fluorescence intensity of the ANS-OVA system in the presence of different
concentrations of the sulfonamides evaluated. Conditions: OVA (2 μM), ANS (4 μM)
sulfonamides (0-200 μM), 50 mM Tris-HCl buffer and 100 mM NaCl at pH 7.4 and 30ºC.
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Biological activity

Table S6
Averages of the inhibition halos (in mm) of the growth of the bacteria submitted to the controls and the sulfonamides and their interactions with OVA.
Ofloxacin-OFX (5 μg); DMSO; buffer - Tris-HCl (50 mM with 100 mM NaCl at pH 7.4); OVA in buffer (100 μg); S1, S2, S4 (100 μg); S3 (50 μg);
interactions OVA-S1, OVA-S2, OVA-S4 (50 μg) and OVA-S3 (25 μg).
Bacterial strains OFX DMSO Buffer OVA S1 S1 + OVA S2 S2 + OVA S3 S3 + OVA S4 S4 +O VA

E. coli* 33.0 ± 0.0 6.0 ± 2.1 0.0 ± 0.0 - 40.0 ± 0.0 - 32.0 ± 1.4 - 30.0 ± 0.0 - 30.0 ± 0.0 -

E. coli** 34.0 ± 1.4 5.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 - 39.0 ± 1.4 - 40.0 ± 0.0 - 33.0 ± 4.2 - 34.0 ± 3.5

B. megaterium* 33.0 ± 0.0 9.0 ± 0.0 0.0 ± 0.0 - 20.0 ± 0.0 - 18.0 ± 0.0 - 18.0 ± 0.0 - 18.0 ± 0.0 -

B. megaterium** 33.0 ± 0.0 12.0 ± 0.0 10.0 ± 0.0 12.0 ± 0.0 - 22.0 ± 0.0 - 21.0 ± 0.0 - 21.0 ± 0.0 - 20.0 ± 0.0

P. aeruginosa* 32.0 ± 0.0 12.0 ± 0.0 0.0 ± 0.0 - 12.0 ± 0.0 - 3.0 ± 0.0 - 0.0 ± 0.0 - 0.0 ± 0.0 -

P. aeruginosa** 32.0 ± 1.4 11.0 ± 2.1 5.0 ± 0.0 6.0 ± 0.0 - 12.0 ± 0.0 - 12.0 ± 0.0 - 0.0 ± 0.0 - 3.0 ± 0.0

C. glutamicum*** 33.0 ± 1.1 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.7 14.0 ± 1.4 12.0 ± 0.0 12.0 ± 0.0

K. oxytoca*** 41.0 ± 1.4 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0 10.0 ± 0.0

Notes: * Plates with standard, diluents and sulfonamides.
** Plates with standard, diluents, OVA and OVA-sulfonamide systems.

*** Plates with standard, diluents, OVA, sulfonamides and OVA-sulfonamide systems.
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Fig. S10. Inhibition halo values of the different dosages of a) sulfaquinoxaline (S2), b)
sulfadimethoxine (S3), c) sulfamethazine (S4) against Escherichia coli ATCC 25922.

Fig. S11. Inhibition halo values of the different dosages of a) sulfaquinoxaline (S2), b)
sulfadimethoxine (S3), c) sulfamethazine (S4) against Bacillus megaterium APFSG3isox.

Fig. S12. Aspect of antibiogram against Escherichia coli ATCC 25922. Ofloxacin 5 μg (disc 1),
DMSO (disc 2), buffer (disc 3), OVA (disc 4), OVA-S1 (disc 5), S1 (disc 6), with S1 dosage
equal to a) 2.5 μg, b) 0.125 μg.
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Fig. S13. Aspect of antibiogram against Bacillus megaterium APFSG3isox. Ofloxacin 5 μg
(disc 1), DMSO (disc 2), buffer (disc 3), OVA (disc 4), OVA-S1 (disc 5), S1 (disc 6), with S1
dosage equal to a) 2.5 μg, b) 0.125 μg.
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