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Abstract: Sulfonamides are widely used antibiotics in agricultural production. However, the potential
threat of these drugs to human health has increased global concern. Human serum albumin (HSA)
is the main reservoir and transporter of exogenous small molecules in humans. In this study, the
interaction between sulfadimethoxine (SMT) and human serum albumin (HSA) was studied using
spectroscopy and computer simulation. Our results showed that the hydrogen bonding and van
der Waals forces drove SMT to enter the binding site I of HSA spontaneously and resulted in the
fluorescence quenching of HSA. The stability of the HSA-SMT complex decreased with an increase
in temperature. The binding of SMT to HSA induced alterations in the secondary structure of HSA,
where the content of x-helix decreased from 61.0% of the free state to 59.0% of the compound state.
The -7, =0, and m—alkyl interactions between HSA and SMT were found to play important roles in
maintaining the stability of the complex.

Keywords: sulfadimethoxine; molecular docking; spectroscopy; human serum albumin

1. Introduction

As one of the most widely used groups of antimicrobials, sulfonamides, including
sulfadimethoxine (SMT), play a pivotal role in agriculture [1]. However, recent studies
have shown that sulfonamides, together with their metabolites, may pose a potential threat
to human health by virtue of their accumulation in the body through the food chain [2].
For example, Dimitrios B et al. found that sulfonamides not only induce drug-resistant
bacteria in human intestinal flora but also lead to abnormalities including those of the
liver and kidneys [3]. To safeguard public health, the permissible limits of sulfonamides in
food (e.g., bread, eggs, and milk) and feed established by the EU, US-FDA, and China are
100 pg/kg [4]. Unfortunately, sulfonamides are a growing cause of health concern because
of its high levels in edible agricultural and food products [5,6]. Therefore, there is an urgent
need to determine the mechanism of toxicity of sulfonamides on human health.

Human serum albumin (HSA), the most abundant protein in plasma, is quite versatile
in function, and plays a role in maintaining the acid-base balance, regulating osmotic
pressure, and catalyzing metabolic reactions [7,8]. In addition, HSA is the primary depot
and is involved in the transport of exogenous small molecules throughout the body [9,10],
which is, consequently, accompanied by conformational changes in its secondary and
tertiary structures. On the other hand, it is well known that the functions of proteins are
closely related to their spatial orientation and configuration [11]. Due to the physiological
functions of HSA, the interaction between drug molecules and HSA is currently the focus
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of research [12]. The HSA molecule is divided into three structural domains (I, II, III), each
of which contains two subdomains (IA, IB, IIA, IIB, IIIA, IIIB). HSA has two main drug
sites consisting of hydrophobic cavities (site I and site II), site I is located in subdomain IIA;
site II is located in subdomain IIIA. The structure of HSA has been determined by various
analytical techniques, including fluorescence spectrometry, circular dichroism (CD), nuclear
magnetic resonance, electrochemistry, equilibrium dialysis, and molecular modeling [13,14].
Among them, fluorescence spectroscopy is a fast and sensitive method, which can obtain a
great deal of relevant information of drug-HSA complexes, such as the binding constant,
binding forces, quenching mechanism, and the conformational change in HSA caused by
drug molecules [15]. Therefore, studying the binding mechanism of drugs to HSA is a
prerequisite to understanding the effects of drugs in humans.

The multivariate curve resolution-alternating least squares (MCR-ALS) method, which
can be used to simultaneously analyze multiple data matrices obtained by different ex-
perimental techniques or bidirectional experimental methods [16,17], provides a simple
and efficient soft modeling method for solving the problem of signal overlap problem [18].
Furthermore, we can acquire some key information through the results of the MCR-ALS,
including the number of individual chemicals and their pure spectral and concentration
profiles [19]. Therefore, the MCR-ALS method is of great benefit to understanding the
mechanism of binding SMT with HSA.

As we all know, computer simulation has become the most widely used method
for describing the binding models of drug molecules and proteins. Detailed and useful
ligand—protein complex parameters can be obtained by molecular docking [20].

Among sulfonamides, sulfadimethoxine (SMT) plays an indispensable role and has
the advantages of a wide antibacterial spectrum, stability, and ease of use. However, it is
difficult to eliminate this compound from the environment [21]. Furthermore, sulfamethox-
ine is an antibiotic drug widely used in agricultural production, which can directly act on
human beings through the food chain, so its potential threat to human health has attracted
global attention. The interaction between sulfonamides and HSA can cause changes in
the microenvironment and conformation of HSA. By studying the combination of SMT
and HSA, we can understand the drug metabolism process of SMT in vivo. Spectroscopic
methods show that sulfonamides can spontaneously enter the binding site I of HSA through
hydrogen bonds and van der Waals forces. Like sulfadimethoxine that binds to HSA at
position I, sulfonamides that also bind to HSA at position I include sulfamethoxine (SMD)
and sulfamonomethoxine (SMM). To the best of our knowledge, there are only three studies
that report the binding of SMT and HSA, and SMT and bovine serum albumin (BSA).
Otagiri et al. used CD, fluorescence, and dialysis techniques to determine the binding of
SMT and N4-AcSMT to HSA and rabbit serum albumin [22,23]; however, their study did
not address the key factors that drive the binding of the two [24].

In this study, a simple and efficient method was developed based on spectroscopy and
molecular docking to explore the binding mechanism of SMT and HSA. Specifically, we
used thermodynamics to determine the driving forces between SMT and HSA, followed
by infrared spectroscopy to study the effect of SMT on the conformation of HSA. Lastly,
the mode of binding of SMT and HSA was determined using molecular docking. The
experimental results showed that SMT and HSA bind to site I, which was consistent with
the molecular docking simulation results.

2. Results
2.1. Determination of the Interaction Pattern between SMT and HSA

HSA has a characteristic fluorescence peak at approximately 350 nm [24]. When
SMT was added to HSA solution, the fluorescence intensity of HSA was quenched, and
its position exhibited a blue shift toward 338 nm. As an important component of protein
sequences, tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe) emit a certain intensity
of endogenous fluorescence [25]; accordingly, fluorescence-quenching experiments are
often used to determine the interactions between exogenous small molecules and biological
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macromolecules. As shown in Figure 1, when the concentration of HSA in the study system
was fixed, its fluorescence intensity decreased significantly when the concentration of
SMT was increased from 0 to 16.7 x 10~® mol-L~!, indicating that SMT quenched the
endogenous fluorescence of HSA, i.e., there was an interaction between SMT and HSA [26].
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Figure 1. (a) Fluorescence emission spectra of HSA with different SMT concentrations. Cygp = 1.7
x 107° mol-L~1; Cqpr (1-11) = 0, 1.7, 3.3, 5.0, 6.7, 8.3, 10.0, 11.7, 13.3, 15.0, 16.7 x 10~° mol-L~1.
(b) Fluorescence intensity corresponding to different SMT concentrations.

[SMT]x10°

The fluorescence-quenching mechanisms of biomacromolecules can be divided into
the following two types: dynamic quenching caused by molecular collision and static
quenching caused by complex formation. The specific quenching type can be determined
by the effect of exogenous substances on the fluorescence lifetime of the biomacromolecule.
As demonstrated in Figure 2, there was an overlap in the time-resolved fluorescence spectra
of HSA in the absence and presence of SMT, and the results were in accordance with the
double exponential decay model (the values of two were close to 1.00). The fluorescence
lifetime of free and composite HSA was 5.93 ns and 5.90 ns, respectively, which meant that
there were no differences between them. Static quenching does not affect the fluorescence
lifetime of biological macromolecules, whereas dynamic quenching is just the opposite [27].
Thus, the interaction between HSA and SMT could be attributed to static quenching,
combined with the data of steady-state and transient fluorescence.

2.2. Thermodynamic Experiments

Thermodynamic experiments are a classic method to determine the types of forces
between protein-ligand complexes based on the theory proposed by Ross. Briefly, the
interaction between exogenous small molecular substances and biological macromolecules
can usually be determined on the basis of the thermodynamic constants (AG, AS, and
AH). In this study, fluorescence quenching of HSA by SMT was performed at 298 K,
303 K, and 308 K, and the corresponding binding constants were 2.31 x 10~* L-mol~},
1.25 x 107 L-mol !, and 0.83 x 10~* L-mol !, respectively. These results indicated that
the stability of HSA-SMT was inversely regulated by temperature, which in turn supported
the conclusion that SMT led to the static quenching of HSA [28]. As listed in Table 1, the
detailed data of thermodynamic parameters were calculated using Equations (3) and (4).
As demonstrated in Figure 3, the number of binding sites always tended to 1 at different
temperatures, indicating that SMT had a single binding site on HSA. The negative AG
suggests that the binding of SMT to HSA was spontaneous, while the negative AS and AH
indicate that van der Waals force and hydrogen bonding are the main driving forces in the
binding of SMT to HSA.
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Figure 2. (a) Fluorescence decay curve of HSA in the absence and presence of SMT. Cyyga = Comt =
3.3 x 107® mol-L~!. (b) Fluorescence intensity corresponding to different SMT concentrations.
Table 1. Thermodynamic constants of interaction between SMT and HSA at different temperatures.
Temperature n K, R AH AS AG
(K) (L-mol—1) (kJ-mol—1) J-K-1.mol-1) (k] -moL—1)
298 0.9654 2.31 x 10* 0.997 —24.89
303 0.9167 1.25 x 10% 0.992 —52.33 —90.91 —24.16
308 0.8924 0.83 x 10* 0.965 —23.47
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Figure 3. Plots of Log[(FO — F)/F0] versus Log[Q] for HSA-SMT complex under different temperatures.
2.3. Effect of SMT on the Conformation of HSA

Three-dimensional fluorescence spectroscopy and infrared spectroscopy are used
to intuitively determine the influence of exogenous small molecules on the secondary
structure of proteins. The influence of SMT is shown in the three-dimensional fluorescence
spectrum of HSA in Figure 4 and Table 2, where Peak 1 is related to the peptide skeleton
structure of HSA and Peak 2 represents the fluorescence characteristic peak of the aromatic
amino acid residues. Upon combining with SMT, the intensity of the two fluorescence peaks
of both free and bound HSA decreased significantly, indicating an interaction between
SMT and HSA. Furthermore, a decrease in the fluorescence intensity of Peak 2 meant that
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SMT entered the hydrophobic cavity of HSA [29], whereas the stoke displacement of Peakl
decreased from 112 nm to 109 nm, suggesting that the presence of SMT induced changes in
the secondary conformation of HSA.

(a) (b)

Figure 4. (a) 3D fluorescence spectra of HSA; (b) 3D fluorescence spectra of HSA-SMT. Cysa = Csmt
=33 x 107 mol-.L L.

Table 2. Characteristic parameters of 3D fluorescence spectra.

Peak Position Fluorescence
Peak Aex/Aem (nm/nm) AM (am) Intensity
1 226/338 112 754
HSA 2 278/342 64 664
1 227/336 109 653
H5A-SMT 2 279/342 63 609

FT-IR was performed to further obtain detailed information on the changes of the
secondary structures of HSA. HSA has many characteristic absorption bands in the infrared
spectrum, among which the amide I band of 1600-1700 cm ! is most sensitive to changes in
the secondary structure [30]. Therefore, to determine the influence of SMT on the content of
each secondary structure of HSA, baseline correction, deconvolution, and second derivative
fitting were used to quantitatively analyze the data of the amide I band. Upon combining
with SMT, the maximum peak position of the amide I band of HSA shifted to the direction
of the short wave number, and the secondary structure of the composite HSA changed.
As demonstrated in Figure 5, HSA-SMT compare with free HSA, the content of x-helix
decreased from 61% to 59%, which indicated that the physiological function of HSA may
be affected in vivo, as well as the distribution, transport, and metabolism of SMT. Besides,
the presence of SMT led to changes in the secondary structure of HSA [31].

2.4. Binding Site

Results of the thermodynamic experiments demonstrated that there was only one
binding site between HSA and SMT. In general, for small molecules, HSA has two binding
sites located in the hydrophobic cavity, namely sites I and II. The endogenous fluorescence
of the protein is mainly derived from the two aromatic amino acid residues, Tyr and Trp,
where Tyr exists in the two binding sites and Trp only exists in site I. Hence, the difference
in fluorescence characteristics between Trp and Tyr was studied and used to explore the
binding site between SMT and HSA [32]. The influence of SMT on HSA fluorescence
intensity was tested at different excitation wavelengths (280 nm and 295 nm). Figure 6
shows that SMT quenched the endogenous fluorescence of HSA to a greater extent when
the excitation wavelength was 280 nm, indicating that the presence of SMT affected the
fluorescence of Tyr and Trp simultaneously. As demonstrated in Figure 7, the fluorescence



Molecules 2022, 27, 1526 6 of 12

intensity of Tyr and Trp decreased with an increase in SMT concentration, suggesting that
these two amino acid residues were involved in the binding of HSA and SMT. Collectively,
our results indicated that site I was the binding site for SMT on HSA. Furthermore, the
presence of SMT had an impact on the microenvironment of Tyr because there was a small
degree of redshift at the maximum emission wavelength.

HSA a-helix 61.0%
B-sheet 29.4%
B-turn 8.4%

B-Anti 1.2%

Absorbance

1600 1625 1650 1675 1700
HSA-SMT a-helix 59.0%
B-sheet 29.5%
B-turn  9.7%
B-Anti 1.8%

Absorbance

1600 1625 1650 1675 1700

Wavenumber/cm '

Figure 5. Curve-fit for HSA and HSA-SMT in the amide I region from 1700-1600 cm 1.
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Figure 6. Effect of SMT on HSA fluorescence intensity at Aex = 280 nm and Aex = 295 nm.
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Figure 7. Synchronous fluorescence spectroscopy of HSA with an increase in drug concentration.
Crsa = 3.3 x 107 mol-L~1; Cgyr = 0, 3.3, 6.7, 10.0, 13.3, 16.7 x 10~¢ mol-L~1.

2.5. Molecular Docking

After determining that SMT binds to site I of HSA, based on the binding-site studies,
Autodock Vina was used to construct the three-dimensional conformation when the two
were combined in a 1:1 ratio (Figure 8). The result indicated that SMT could spontaneously
enter the hydrophobic cavity of HSA. The combined Gibbs free energy of SMT and HSA was
determined to be —6.6 Kcal/mol. Further analysis using Discovery Studio 2018 software
showed that SMT was surrounded by a few amino acid residues, including Trp214, Arg222,
Lys199, Val241, Ala261, and Leu260, upon entering the hydrophobic cavity. Among them,
van der Waals force was predominant and there were two hydrogen-bonding interactions
between Arg222 and the two oxygen atoms on the sulfa group, which was consistent with
the prediction from the thermodynamic experiments. Moreover, the 7 forces between
the benzene rings of SMT and the Trp214 and His242 residues of HSA, and the m—o and
m—alkyl forces between Ala219 and Leu238 and SMT were also found to be present. The
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m—7t interaction between the 7 electrons of SMT and Trp214 was the main factor leading to
the quenching of the fluorescence of HSA. These forces played a role in conferring stability
to the HSA-SMT structure.
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Figure 8. Molecular docking of HSA with SM.

Because HSA has many characteristic absorption bands in the infrared spectrum,
especially the amide I band of 1600~1700 cm~! which is the most sensitive to changes in the
secondary structure. The existence of SMT leads to the movement of the maximum peak of
HSA amide I band to the direction of short wave number, and the secondary structure of the
composite HSA changes. Moreover, these small differences can cause structural changes.
Through a series of experiments, the binding site I of SMT and HSA was determined.
According to the results of Autodock Vina software, SMT could spontaneously enter the
hydrophobic cavity of HSA, and the Gibbs free energy of the combination of the two
was —6.6 Kcal/mol. Therefore, the slight difference was meaningful and similar to many
published studies.

Moreover, infrared data of amide I band in HSA and HSA-SMT systems were analyzed
by baseline correction, deconvolution, and second derivative fitting techniques, and their
two-dimensional structure proportion analysis was shown in Table 3:

Table 3. Secondary structure contents analysis of HSA and SMT-HSA systems.

Structure Components a-Helix B-Sheet B-Turn B-Anti
HSA 61.0% 29.4% 8.4% 1.2%
HSA-SMT 59.0% 29.5% 9.7% 1.8%

3. Discussion

In this study, we used several techniques to explore the binding mechanism between
SMT and HSA. Site experiments revealed that SMT was bound to site I of HSA and
formed a stable complex. Thermodynamic studies revealed that the stability of the complex
was regulated by temperature. Results from the molecular docking study indicated that
apart from van der Waals forces and hydrogen-bonding interactions, alkyl and 7o forces
played an important role in binding and conferring stability. Overall, our findings provide
important biophysical insights into the potential threats of SMT to human health.

Our experimental results were different and similar to the published studies. Through
fluorescence quenching experiments, circular dichroism, synchronization, and three-dimens
ional fluorescence spectroscopy experiments, Ma et al. [33] found that N-trans caffeine
binds to HSA, and the binding region was at site I of the IIA subdomain of HSA. This
result was consistent with our molecular docking computer simulation results. Gan et al.
found that tragliptin (TLP) binds to HSA through fluorescence quenching experiments,
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calculation of binding constants and thermodynamic analysis. Synchronous fluorescence
and three-dimensional fluorescence experiments showed that TLP had an effect on the
microenvironment of amino residues, and circular dichromatogram analysis showed that
TLP could bind to HSA and the binding region was at position I of the IIA subdomain of
HSA, which was similar to our molecular dynamics simulation. Liao et al. [34] calculated
the binding constants and thermodynamic analysis by fluorescence quenching experiment
and found that SMD and SMM could bind to HSA. Moreover, a synchronous fluorescence
experiment, three-dimensional fluorescence experiment, and circular dichromatographic
analysis showed that SMD and SMM changed the secondary structure of HSA and de-
termined that the binding region was at site I of the IIA subdomain of HSA, which was
consistent with our experimental results again.

In conclusion, our experiment found that SMT could bind to HSA, and the binding not
only affected the secondary structure of HSA, but also led to a decrease in the concentration
of SMT in the blood, which provided a new direction for the study of SMT in human blood
concentration.

4. Materials and Methods
4.1. Chemicals and Apparatus

Agilent Cary Eclipse fluorescence spectrophotometer with temperature control system
for steady-state fluorescence detection, Quantaurus-Tau C11367-11(Hamamatsu Photonics,
Hamamatsu, Japan) used for fluorescence lifetime detection. UV spectra were obtained us-
ing UV5500PC UV-Vis Spectrophotometer ((Shanghai metash instruments Co.,Ltd., Shang-
hai, China). The pH of the preparation of buffer solution was adjusted, used for a Mettler
Toledo EL20 pH meter (Zurich, Switzerland).

Sulfadimethoxine (CAS:122-11-2) (4-amino-N-(2,6-dimethoxy-4-pyrimidinyl) benzene-
sulfonamide, HSA, and trihydroxyaminomethane (Tris) were purchased from Shanghai
Yuanye Biotechnology Co., Ltd. (Shanghai, China). All other reagents were of analytical
grade, and ultrapure water was used for all experiments. To prepare 0.05 mol-L~! Tris-HCl
buffer (containing 0.15 mol-L~! NaCl), 1.2 g of Tris and 1.8 g of NaCl were dissolved in
200 mL of ultrapure water and the pH was adjusted to 7.4 using 18% HCI. The stock
standard solution of HSA (1 x 1072 mol-L~!) was prepared in Tris-HCl buffer and stored
at —20 °C until further use. The stock standard solution of SMT (1 x 10~! mol-L~!) was
prepared in methanol, and a series of standard solutions were obtained by serially diluting
the standard stock solutions with Tris-HCl buffer.

4.2. Methods

Fluorescence spectroscopy was recorded using a Cary Eclipse fluorescence spectropho-
tometer (Agilent, Santa Clara, CA, USA) equipped with a single-sample pool air-cooled
Peltier attachment. Emission spectra were measured from 300-400 nm at 298, 303, and
308 K by setting the excitation wavelength to 280 nm. Considering the inner-filter effect
of small molecular ligands, all steady-state fluorescence intensities in this study were
corrected using the following equation [35]:

Aex+Aem

Feor = Fops X € 2 @D

where Feor and F s are the corrected and observed fluorescence intensities, respectively, and
Aex and Aep, are the absorbances at the excitation and emission wavelengths, respectively.

4.2.1. Steady-State Fluorescence Spectroscopy

The concentration of HSA was maintained at 1.67 x 10~ mol-L~1, and that of SMT
was increased successively by 1 x 107 mol-L~!. Next, the fluorescence and synchronous
fluorescence spectra were scanned and recorded using appropriate instrument parameters.
The excitation and emission wavelength ranged from 200-300 nm and 280-390 nm, respec-
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tively, and the three-dimensional luminescence spectra of HSA and the HSA-SMT complex
were acquired by increasing the excitation wavelength by 1 nm.

4.2.2. Time-Resolved Fluorescence Spectroscopy

Time-resolved fluorescence was obtained for HSA and HSA-SMT mixtures at 280 nm
as the excitation wavelength and 340 nm as the emission wavelength. The fluorescence
lifetime of HSA was recorded when the count peak was 2000. Lastly, U11487, an instrument-
specific software for data fitting, was used to calculate the average fluorescence lifetime.

4.2.3. Thermodynamic Studies and Determination of the Binding Constant

The effect of SMT on the fluorescence of HSA was investigated at system temperatures
of 298 K, 303 K, and 308 K. The binding constant (K;) of SMT and HSA, free energy (AG),
entropy change (AS), and enthalpy change (AH) were determined using the equations listed
below. Specifically, K, was calculated using Equation (2), and the thermodynamic constant of
the HSA-SMT system was obtained by substituting K, into Equations (3) and (4).

log 0 F _ 10g K, + nlog[SMT] ©)
AH AS

nKa = —ﬁ + ﬁ (3)

AG = AH — TAS )

where Fj and F represent the fluorescence intensities of the biomolecule with and without
the quencher, respectively; n is the number of binding sites between SMT and HSA; and R
is the gas constant (8.314 J-mol~1.K~1).

4.2.4. Infrared Spectroscopy

The IR spectra of HSA and the HSA-SMT complex were recorded in the range
of 1700~1600 cm~! at 25 °C. The spectral data obtained by a resolution of 4 cm~! and
64 scans were averaged. Subsequently, Fourier deconvolution and second derivative were
used to analyze the percentage of HSA secondary structures. With the ATR attachment,
origin was used to separate the small peaks in it, and deconvolution was carried out after
32 repetitions. The sample was in solution state.

4.2.5. Molecular Docking

For docking simulation, the 3D ligand structure of SMT (ZINC: 13233295) was obtained
from the Zinc15 small molecule database. The 3D crystal structure of HSA (PDB: 1H9Z) was
downloaded from the RCSB protein data bank. DeepView was used to check the integrity
of the software tutorial and USES default parameters. The coordinates of the docking center
of the crystal structure of HSA supplemented the missing amino acid residues at the end.
The crystal structure of the HSA-SMT complex was obtained using Autodock Vina, where
the docking parameters were as follows: x, y, and z were 32.8, 13.5, and 9.6, respectively.
The size of the box was 10, 10, and 10 with a resolution of 1A. Lastly, the conformer with
the lowest binding energy was selected as the most probable binding conformation and
shown using Pymol and Discovery Studio 2018 Client.
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