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Abstract: The bioactive piperine, a compound found in some pepper species, has been widely studied
because of its therapeutic properties that include the inhibition of an important inflammation pathway
triggered by interleukin-1 beta (IL-1β). However, investigation into the molecular interactions
between IL-1β and piperine is not reported in the literature. Here, we present for the first time the
characterisation of the complex formed by IL-1β and piperine through experimental and computational
molecular biophysical analyses. Fluorescence spectroscopy unveiled the presence of one binding
site for piperine with an affinity constant of 14.3 × 104 M−1 at 298 K. The thermodynamic analysis
indicated that the interaction with IL-1β was spontaneous (∆G = −25 kJ/mol) and, when split into
enthalpic and entropic contributions, the latter was more significant. Circular dichroism spectroscopy
showed that piperine did not affect IL-1β secondary structure (~2%) and therefore its stability. The set
of experimental data parameterized the computational biophysical approach. Through molecular
docking, the binding site micro-environment was revealed to be composed mostly by non-polar
amino acids. Furthermore, molecular dynamics, along with umbrella sampling, are in agreement
with the thermodynamic parameters obtained by fluorescence assays and showed that large protein
movements are not present in IL-1β, corroborating the circular dichroism data.

Keywords: cytokine; IL-1β; piperine; fluorescence spectroscopy; molecular docking; umbrella
sampling

1. Introduction

Interleukin-1β (IL-1β) is a protein that belongs to the cytokine family of cell mediators produced
mainly by mononuclear phagocytes, activated in response to infection and injury [1]. With 17 kDa
of molecular weight and 153 amino acids, this protein is the main soluble mediator of inflammation
that triggers the activation pathway of the NF-κB responsible for the transcription of cytokine genes
and other pro-inflammatory proteins [2]. The search for molecules with the potential to inhibit IL-1β
function and consequently prevent the inflammation process is of utmost interest.

Ying et al. [2] reported that piperine inhibited the IL-1β-mediated activation of NF-κB and as
consequence, the production of PGE2 and NO is downregulated as well as the IL-1β-stimulated gene
expression and production of MMP-3, MMP-13, iNOS and COX-2 in human osteoarthritis chondrocyte.
In another study, Bang et al. [3] showed that piperine acts through the inhibition of IL-1β and NF-κB
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inflammation pathway, leading to the downregulation of pro-inflammatory proteins, which reinforces
the anti-inflammatory activity of this molecule.

Piperine (Figure 1) is an alkaloid found in some piper species such as Piper nigrum (black pepper)
and Piper longum (long pepper). Piperine is not only present as a seasoning but also in various
preparations of traditional medicine, including the oldest medical science, practiced in India since
antiquity (Ayurveda) [4]. The molecular structure of piperine is composed by two different groups
that are electronically conjugated: a methylenedioxybenzene and an oxopentadienyl chromophore [5],
leading to characteristic ultraviolet (UV) absorptions at 244, 255, 310 and 342 nm (Figure S1). Piperine
has been widely studied by the scientific community because of its anti-inflammatory, anti-carcinogenic,
immunomodulatory and hepatoprotective activities [6].

Figure 1. Spectra of fluorescence emission of IL-1β obtained from titration experiments with increments
in the concentration of piperine (pH 7.4, T = 298 K, λex = 295 nm). [IL-1β] = 4.0 µM; Piperine titrations
with increment of 4 µM (a→ u). The inset is a representation of the molecular structure of piperine.

Despite the investigations reported in the literature, showing promising results of piperine as an
inhibitor of inflammatory response via downregulation of the IL-1β pathway, the characterisation of
molecular interactions is still unknown. In general, the discovery and development of a new drug is
an expensive and time-consuming process, where the therapeutic effects and hazards to health are
analysed by carrying out series of experimental and in vivo tests [7]. Nevertheless, in recent years,
alternative methods have been developed to reduce the requirement of animals in the experiments
and, as an alternative, the drug discovery field has moved toward more rational strategies based on
protein–ligand interactions [7].

Considering the pharmacological importance of IL-1β and the lack of information about the
interaction with piperine, the aim of this work was to characterise the IL-1β-piperine complex by
means of experimental and computational biophysical assays.

To reach such a goal, time-resolved and steady-state fluorescence experiments were carried
out to determine the quenching mechanism, the binding constant, number of binding sites and
thermodynamic parameters. Circular dichroism (CD) spectroscopy was applied to determine the IL-1β
secondary structure fractions and to elucidate possible changes in the secondary structure of the protein
under either the effect of temperature or due to interaction with piperine. With the use of molecular
docking, the binding site and the microenvironment of interaction were elucidated. In addition, biased
molecular dynamics were performed to obtain the theoretical free energy of the binding through the
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calculation of potential mean force (PMF). The conformations between the bound and unbound states
were explored with the support of the umbrella sampling method.

2. Materials and Methods

2.1. Reagents

Piperine (>97%) was purchased from Sigma-Aldrich Chemical Co. (Schnelldorf, Bavaria,
Germany), as dibasic sodium phosphate (>99%) reagents, anhydrous citric acid (>99%), and sodium
chloride (>99%). Lyophilised IL-1β (>97%) was purchased from GenScript Biotech (Piscataway, NJ,
USA). Methanol alcohol was purchased from Dynamics Química Contemporânea LTDA (Indaiatuba, SP,
Brazil). All the materials purchased were used as supplied. Ultrapure water was prepared by a
Millipore water purification system—Direct-Q UV-3 (Merck KGaA, Darmstadt, Germany). Lyophilized
IL-1β was reconstituted in a 50-mM phosphate buffer containing 150-mM sodium chloride, and the
pH was adjusted to 7.4 with anhydrous citric acid. Stock solutions of piperine were prepared in pure
methanol. The concentrations of piperine and IL-1β solutions were determined by UV-VIS experiments
performed on Biospectro spectrophotometer (Biospectro, Curitiba, PR, Brazil), using the extinction
coefficient at 16,500 M−1cm−1 at 345 nm for piperine and 11,460 M−1cm−1 at 280 nm for IL-1β.

2.2. Steady-State Fluorescence Spectroscopy

Fluorescence experiments were performed on the Lumina (Thermo Fisher Scientific, Waltham,
MA, USA) stationary state spectrofluorimeter equipped with a thermal bath and Xenon lamp. A 100-µL
quartz cuvette with a 10 × 2 mm optical path was used in the experiments. The widths of the excitation
and the emission slits were adjusted to 10 nm. The wavelength of 295 nm was used to excite the
single tryptophan residue of IL-1β (Trp120). The emission spectra were obtained in the range from
305 to 570 nm with a resolution of 1.0 ± 5.0 nm. Each emission point collected was the average of
15 accumulations. The software ScanWave was used to collect the measured data.

In the binding equilibrium experiments, aliquots of piperine (increment of 4 µM) were added in
IL-1β solution at 4 µM. Measurements were performed at 288, 298, and 308 K. In the interaction density
function analysis, small aliquots of piperine (increments of 1 µM) were added to IL-1β solutions at
4 µM, and 8 µM at a fixed temperature (298 K). In all experiments, the final volume of methanol in the
buffer was less than 1.0%.

The correction of the inner filter effects was done with Equation (1), where Fcorr and Fobs are
corrected and observed fluorescence intensities, and Aex and Aem are the absorbance at the excitation
and the emission wavelengths, respectively, considering a cuvette of 10 × 10 mm of optical path [8].

The Stern–Volmer constant (KSV) and bimolecular constant (kq) were obtained from Equation (2)

Fcorr = Fobs· 10
(5.Aex+ Aem)

10 (1)

F0

F
= 1 + KSV·[piperine] = 1 + kq·τ0·[piperine] (2)

where F is the observed fluorescence intensity, F0 is the fluorescence intensity in the absence of piperine
and τ0 is the Trp120 lifetime in the absence of piperine.

2.3. Time-Resolved Fluorescence

Fluorescence lifetime measurements were performed using a Mini-tau filter-based fluorescence
lifetime spectrometer coupled to a Time-Correlated Single Photon Counting (TCSPC) system
(Edinburgh Instruments, Livingston, UK). Aliquots of piperine were added in the IL-1β solution at
10 µM. Piperine concentration varied from 0 to 49 µM. Experiments were carried out at 298 K.

The sample was excited at 295 nm using a picosecond pulsed light emitting diode (LED),
and fluorescence decay was collected using a 340 nm filter. The fluorescence decay profile (Figure S2)
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was fitted using multiexponential decay (Equation (3)), where τi is the lifetime of each component, and
αi is the contribution of each component to total fluorescence decay. The average lifetime <τavg> was
calculated using Equation (4) (Table S1).

IT =
n∑

i=1

αi·e
−T
τi (3)

τavg =
α1τ1

2 + α2τ2
2

α1τ1 + α2τ2
(4)

2.4. Circular Dichroism Spectroscopy

Circular dichroism spectra were recorded at 288, 298, and 308 K on a Jasco J-815 spectropolarimeter
model DRC-H (Jasco, Easton, MD, USA) equipped with a demountable quartz cell with a 0.01 cm
optical path length. The CD spectra were recorded from the 200 to 260 nm range with a scan rate of
20 nm/min and a spectral resolution of 0.1 nm. For each spectrum, 15 accumulations were performed.
The molar ratios of IL-1β and piperine were 1:0 and 1:12, and the buffer spectrum was subtracted. The
ellipticity θ collected in millidegrees was converted to mean residue ellipticity [θ] (deg cm2 dmol−1)
using Equation (5).

[θ] =
θ(mdeg)
10.[P].l.n

(5)

The secondary structures percentages were calculated with CDPro applying the CONTIN method
with the SP43 protein library [9].

2.5. Molecular Docking

The alkaloid structure parameters used in molecular docking were the same as those obtained
from ab initio calculations of the previous work [10] and the structure of the protein was obtained from
chain A of PDB-1ITB. AutoDockTools [11] software of the MGL program Tools 1.5.4 was used to prepare
the proteins by adding polar hydrogen atoms and Gasteiger charges. Blind docking was performed to
explore the whole IL-1β protein following the previously described procedures [12]. The maps were
generated by AutoGrid 4.2 program with a spacing of 0.4583 Å, dimension of 126 × 126 × 108 points
and grid center coordinates of 41.028, −0.369 and 12.346 for x, y and z coordinates, respectively.
The AutoDock 4.2 [11] was used to investigate the protein binding site using the Lamarckian Genetic
Algorithm (LGA) with a population size of 150, maximum number of generations of 27,000 and
energy evaluations equal to 2.5 × 106. The other parameters were selected as the software default.
To generate different conformations, the total numbers of runs was set to 100. The final conformation
was chosen among the most negative energy that belong to the most representative cluster (Figure S3)
and visualized by visual molecular dynamics software (VMD) [13]. The binding microenvironment
was generated by LigPlot [14].

2.6. Molecular Dynamics

The simulations of the complex IL-1β/piperine were performed with GROMOS54a6 force field [15]
by Gromacs v.5.1.4 [16]. The complex was placed in a rectangular box, solvated with the simple
point charge water (SPC) [17] and neutralized with NaCl in a concentration of 150 mM. The energy
minimization was performed with the steepest descent. The first step of equilibration was performed
in an NVT ensemble for 100 ps. The system was coupled to the V-rescale thermostat [18] at 298 K.
All bonds were constrained with the LINCS algorithm [19], the cut-off for short-range non-bonded
interactions was set at 1.4 nm and long-range electrostatics were calculated using the Particle Mesh
Ewald (PME) algorithm [20]. The second step of equilibration was performed in the NPT ensemble
coupled to Parrinello-Raman barostat [21] to isotopically regulate the pressure for 100 ps. The pulling
of piperine from IL-1β pocket was performed without restraints to allow the protein conformational
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changes. The reaction coordinate ξ was chosen as the distance between the Glu111 carbon atom
(CA index 1129) and piperine carbon atom (CAE 1585) (Figure S4). Piperine was pulled away from
IL-1β binding site in Z direction until the reaction coordinate reached 6 nm (Figure S5), using a
spring constant of 800 kJ/mol−1nm−2 and a pull rate of 0.01 nm/ns. The potential of mean force (PMF)
profile [22] along the reaction coordinate was calculated with WHAM method [23]. Statistical errors
were estimated with bootstrap analysis, with 1000 bootstraps properly autocorrelated.

3. Results and Discussion

3.1. Fluorescence Spectroscopy

At Figure 1, the quenching effect is shown, as monitored by the fluorescence spectra of Trp120
with the addition of piperine aliquots in a sample with fixed concentration of IL-1β. The centre
of fluorescence band of IL-1β remained at 340 nm, revealing that the interaction of the protein
with piperine did not change the polarity of the fluorophore (Trp120) microenvironment. A second
fluorescence band was observed at 480 nm, due to piperine being excited at 295 nm. However, the full
width half maximum (FWHM) of ± 25 nm for the band at 340 nm and ± 38 nm for the band at 480 nm
guarantees that the bands did not overlap, allowing the fluorescence data to be handled accurately.

The mechanism of quenching can be defined as either static (ground state complex) or dynamic
(diffusive encounters, collisions) process. The most common method reported in the literature to
determine the quenching mechanism is the comparison of the ratio of fluorescence signals (F0/F) with
the ratio of the lifetime values (τ0/τ). In the case of dynamic quenching, the system presents F0/F = τ0/τ;
such behavior is not observed for static quenching [8,24]. Another method used to determine the
quenching mechanism is the analysis of the bimolecular constant (kq from Equation (8)). In general
terms, for systems ruled by collisions (dynamic quenching), the bimolecular constant does not exceed
the limit of 1010 M−1 s−1 [24].

The Stern–Volmer plots at temperatures 288, 298 and 308 K, along with the lifetime plot at
298 K, are shown in Figure 2. The Stern–Volmer plots presented linear profiles, indicating that one
quenching mechanism is predominant in the system [8]. In addition, the lifetime ratio (τ0/τ) revealed
that the addition of piperine to the IL-1β solution did not influence the fluorescence lifetime of Trp120
significantly, once τ0/τ remained close to the unit. Figure 2 also showed the absence of equivalence
between τ0/τ and F0/F, indicating that the quenching mechanism is static. To reinforce this result,
the values of bimolecular constants (kq) were estimated with the order of magnitude of 1012 M−1 s−1

for the three temperatures analysed (Table 1); such values are two orders of magnitude greater than
that allowed for collisional quenching [24]. All these results characterise the quenching mechanism as
static, indicating that a complex has been formed by the IL-1β and piperine.

Table 1. Stern–Volmer constant (KSV), bimolecular constants (kq) and binding constant (Ka) for the
complex IL-1β and piperine at 288, 298 and 308K.

Temperature
(K)

Stern-Volmer (KSV) × 104

M−1
Bimolecular (Kq) × 1012

M−1 s−1
Binding (Ka) × 104

M−1

288 1.22 ± 0.05 2.54 ± 0.01 1.44 ± 0.06
298 2.32 ± 0.12 4.87 ± 0.01 2.41 ± 0.09
308 4.13 ± 0.16 8.59 ± 0.01 4.42 ± 0.12

The binding constant (Ka) presented in Table 1 and the number of sites (n) were obtained from the
plot at Figure 3 using the double-logarithm equation (Equation (6)).

log
(F0 − F

F

)
= n. log Ka − n. log

 1

[piperine] −
(F0−F

F0

)
·[IL− 1β]

 (6)
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Figure 2. Left ordinate Stern–Volmer plots at three temperatures, 288, 298, and 308 K, and right ordinate
time-resolved fluorescence lifetime plot at 298 K; [IL-1β] = 4 µM, [piperine] = 0–48 µM. Piperine
increments of 4 µM. R2 > 0.98.

Figure 3. Double-log plots for the fluorescence quenching of IL-1β (4 µM) by the presence of piperine
at 288, 298, and 308 K. R2 > 0.98.

The results revealed one binding site for piperine in the IL-1β, with the binding constant values
increasing with the temperatures, as shown in Table 1.

3.2. Thermodynamic Analises

The van’t Hoff equation (Equation (7)) was applied at the binding constant to obtain the
thermodynamic parameters ∆S (entropy variation) and ∆H (enthalpy variation) (Figure 4), to describe
the thermodynamic balance of the complex and to provide evidence of the molecular driving forces
involved in the interaction [25].

ln Ka = −
∆H
R.T

+
∆S
R

(7)
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Figure 4. van’t Hoff plot for the complex IL-1β/piperine at 288, 298, and 308 K. R2 > 0.99.

Gibbs free energy ∆G is another important thermodynamic parameter that can be obtained
through Equation (8). ∆G exhibited negative values at the three temperatures, which indicated the
spontaneity of the complex formation process [26]. According to the results of ∆S, ∆H and ∆G, resumed
in Table 2, the values of ∆G were influenced by the change in temperature due to the high contribution
of the entropic term (T.∆S). The fact that the system has exhibited T.∆S > 0 and T.∆S > ∆H is a strong
evidence that forces of entropic nature, such as non-specific interactions, were playing a major role in
the formation and stabilization of the complex [26,27].

∆G = ∆H− T.∆S (8)

Table 2. Thermodynamic parameters of the IL-1β/piperine complex at temperatures of 288, 298 and
308 K.

T (K) ∆G (kJ/mol) ∆H (kJ/mol) T.∆S (kJ/mol)

288 −22.87 ± 0.10 41.26 ± 2.85 64.13 ± 2.88
298 −25.09 ± 0.09 41.26 ± 2.85 66.36 ± 2.88
308 −27.32 ± 0.07 41.26 ± 2.85 68.58 ± 2.88

3.3. Interaction Density Function (IDF)

The IDF method was applied in this complex as a second method to obtain an in-depth description
of the binding site of IL-1β. It is a methodology used to treat experimental data, but differently from
the binding equilibrium model, IDF does not make use of any model a priori; instead, it makes use of
the mass conservation law [28]. Because of that, the advantage of applying IDF is the possibility of not
only determining the number of binding sites but also identifying possible cooperativity occurrence.
IDF considers that, if the free ligand concentration ([piperine]free) is the same at two or more different
concentrations of total protein ([IL-1β]), the average interaction density (Συi) will also be the same,
and consequently the system will have the same variation in the percentage of quenching (∆F). The
percentage of fluorescence quenching is given by Equation (9), where F is the observed fluorescence



Biomolecules 2020, 10, 1337 8 of 14

signal of IL-1β at the presence of piperine and F0 without piperine. Figure 5 shows the plot of ∆F
versus log [piperine] for two known concentrations of IL-1β, both adjusted by a sigmoidal function.

∆F =
|F− F0|

F0
· 100% (9)

Figure 5. Plot of ∆F versus log [piperine] obtained from piperine titration experiments with IL-1β
concentrations of 4 and 8 µM at 298 K. The horizontal solid line indicates the same percentage of
quenching at different IL-1β concentrations. The inset shows an example of the lines obtained for each
set of quenching percentage.

Free ligand concentration [piperine]free and the average of interaction density (Συi) are related to
each other through the expression of mass conservation (Equation (10)).

[piperine] = [piperine]free +
(∑

νi
)
·[IL− 1β] (10)

By means of the plot showed on Figure 5, the values of [IL-1β] and [piperine] for each ∆F were
obtained. The inset of Figure 5 shows the plot of [piperine] versus [IL-1β] for each ∆F, in which Σνi

was obtained from the slope and [piperine]free was obtained from the y-intercept of the linear function.
According to the IDF results, the Scatchard plot was built (Figure 6). This plot presented a unique

linear profile, indicating that all IL-1β binding sites for piperine are equivalent and independent,
exhibiting a non-cooperative state [29]. The number of sites (n) and the binding constant (Kb) were
obtained through linear regression based on Equation (11).∑

νi

[piperine]free
= n.Kb − Kb·

∑
νi (11)

The IDF method with the Scatchard plot revealed one binding site with binding constant Kb of
(14.3 ± 0.1) × 104 M−1. The IDF and binding equilibrium methods agreed on the number of binding
sites and differed somewhat in terms of binding constant. In general, the difference observed in the
values of binding constant calculated through IDF and binding equilibrium is due to the fact that the
binding equilibrium method uses a first reaction model to determine the constant and as a consequence,
the binding constant is underestimated. Similar results were reported and discussed previously in the
literature [10,27].
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3.4. Circular Dichroism (CD)

Circular dichroism experiments were performed to distinguish the possible influence of
temperature and piperine in the secondary structure of IL-1β (Figure 7).

Figure 7. IL-1β circular dichroism experiments in the presence and absence of piperine with 1:12
stoichiometry at (a) 288 K, (b) 298 K and (c) 308 K.

The CD IL-1β spectra were deconvolved and analysed with the CDpro software using the
CONTINNL algorithm and the SP43 library with 43 soluble proteins. The results indicated that the
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structure of IL-1β is predominantly composed of beta sheets (~39%); a similar CD profile was obtained
for murine and human IL-1β in previous work [30,31].

The deconvolution of the spectra obtained in temperature range from 288 to 308 K showed
slight changes in secondary structures (Table 3). Circular dichroism results also indicated that the
interaction with piperine did not cause significant changes in IL-1β structure (2%). Although this
2% of difference on the secondary structures may be statistically low, this does not guarantee that is
biochemically insignificant.

Table 3. Main composition of secondary structures of pure IL-1β and with piperine at the stoichiometry
protein:piperine (1:12) at 288, 298 and 308 K.

IL-1β α-Helices (%) β-Sheet (%) Turns (%) Coil (%)

Pure at 288 K 4 39 22 35
Pure at 298 K 5 38 22 35
Pure at 308 K 4 39 23 34

+ piperine 288 K 4 41 22 34
+ piperine 298 K 5 40 23 32
+ piperine 308 K 4 40 23 34

3.5. Computational Modeling

Molecular docking was performed in order to disclose the binding site of piperine in the protein.
According to molecular docking results (Figure 8), piperine binds to the protein with the energy score
of −6.08 kcal/mol. The binding site found is basically composed of non-polar amino acids such as
Leu80, Leu134, Val32, Phe133, Pro131 and Trp120, with limited polar amino acids (charged or not)
such as Lys77, Thr137 and Thr79. Besides that, piperine performs two hydrogen bonds with the amino
acids Leu80 and Leu134 with bond lengths of 2.90 and 3.23 Å, respectively.

Figure 8. IL-1β binding site of piperine predicted by molecular docking in (a) a general view, (b) with
the amino acids (licorice outfit) that compose the binding environment; hydrogen bonds are highlighted
with dots and (c) the interactions represented by LigPlot.

To confirm the binding site predicted by molecular docking, the dissociation process was simulated
through biased molecular dynamics, and the configurations obtained between the bound and unbound
states were used for umbrella sampling. The theoretical binding energy of the complex (∆Gpred) was
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calculated by means of the potential mean force (PMF) and compared with the experimental binding
free energy ∆G obtained from the thermodynamic parameters (see Section 3.2). During the pulling
simulation, piperine was pulled from the protein in the z direction until the energy remained stable,
which indicated that the ligand dissociated from the IL-1β and the intermolecular interactions between
the piperine and the IL-1β were not significant anymore. To assure a high sampling of the system
and that most of the system conformations were accessed, the system was sampled with windows of
0.1 nm of distance between each configuration (Figure 9). According to Figure 9, the high sampling
was verified by the overlapping of the histograms of the configuration for each umbrella window.
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windows distance as being 0.1 nm.

According to the PMF results (Figure 10), the predicted binding free energy at 298 K was
(−25.6 ± 1.2) kJ/mol, corroborating with the experimental binding free energy determined by the van’t
Hoff analysis (−25.09 ± 0.09) kJ/mol (Table 2). This result confirms the binding site disclosed by
molecular docking.

Figure 10. Potential of mean force (PMF) for the dissociation of piperine from IL-1β. Piperine was
pulled away from the protein using the reaction coordinate ξ as being the distance between Glu111
carbon atom (CA index 1129) and piperine carbon atom (CAE 1585) with the force applied in Z direction
(see Figure S4).
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The stability of the secondary structures was inquired during the dissociation of piperine from
IL-1β (Figure 11). According to the results, from the initial moment (ξ = 1.7 nm) when piperine was in
the binding site to the final moment that the complex was dissociated (ξ = 6.0 nm), the protein had
its secondary structure preserved both for the whole protein structure (Figure 11a) and binding site
(Figure 11b). Such results correspond to the circular dichroism spectra that revealed that, during the
interaction with piperine, the IL-1β structure was preserved.

Figure 11. IL-1β secondary structures changes of (a) the whole protein and (b) only the binding site
during the dissociation of piperine (from ξ = 1.7 nm to ξ = 5.7 nm), where T represents the Turns
(green), E the β-sheet (yellow), B the isolated bridge(brown), H the alpha-helix (pink), G the 3–10 helix
(blue), I the Pi-helix (red) and C the coil (white).

4. Conclusions

In the present work, the interaction between piperine and the cytokine IL-1β was investigated by
means of experimental and computational molecular biophysical tools. Steady-state and time-resolved
fluorescence showed that IL-1β at the presence of piperine presented a static-quenching process,
which means that a complex was formed. Fluorescence spectroscopy analysis revealed that
IL-1β has one binding site for piperine, with the binding constant being (14.3 ± 0.1) × 104 M−1,
while the thermodynamic parameters indicated that the complexation was a spontaneous process
(∆G = −25.09 kJ/mol) with high entropic contribution, indicating that non-specific interactions played
an important role in both the complex formation and stabilization. Circular Dichroism results showed
that the interactions of piperine with the IL-1β did not cause significant secondary structure changes.
The binding site was unveiled by molecular docking as being composed mainly by non-polar amino
acids that are characteristic of non-specific interactions. Potential mean force profile calculated from
the umbrella sampling simulations lead to a ∆Gpred of (25.6 ± 1.2) kJ/mol, which is in concurrence
with the free energy calculated from van’t Hoff analysis (25.09 ± 0.09) kJ/mol. Molecular dynamics
simulation showed that the protein secondary structures remained preserved during the pulling of
piperine, with fluctuations similar to CD spectra. A multispectroscopic evaluation aided by molecular
docking and dynamic elucidated, in detail, IL-1β/piperine molecular interaction, which can support
further drug discovery studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/9/1337/s1,
Figure S1: Piperine at 10 µM absorption spectrum at dibasic sodium phosphate in pH = 7.4 at 298 K. Cell length =
1 cm: title, Figure S2: Time-resolved fluorescence decay of (a) IL-1β with Piperine (→e) from 12 to 49 µM. [IL-1β]
= 10 µM, T = 298 K and λex = 295 nm, Figure S3: Molecular docking clusters with their respectives energy scores,
Figure S4: The atoms picked to define the reaction coordinate (ξ). For the protein was chosen the atom CA with
index 1129 from the amino acid Glu111. For piperine the atom chosen was CAE with index of 1585, Figure S5:
Pulling profile during the pulling simulation. Y-axis is the value of reaction coordinate (ξ) and x-axis is the time of
simulation. Table S1: Tryptophan lifetime in different stoichiometries IL-1β: Piperine.

Author Contributions: Experimental data acquisition: G.Z. and A.P.R.P. Theoretical models: G.Z., A.P.R.P.
and M.d.F.L. Data analysis: G.Z., A.P.R.P., M.d.F.L. and M.L.C. Manuscript writing: G.Z., A.P.R.P. and M.L.C.

http://www.mdpi.com/2218-273X/10/9/1337/s1


Biomolecules 2020, 10, 1337 13 of 14

Project Administration and Supervision: M.L.C. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors A.P.R.P. and G.Z. are recipients of scholarships from Coordenação de Aperfeiçoamento de
Pessoal de Nível Superior—(CAPES), Brazil—Finance Code 001, and Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq), Brazil—(Grant 141953/2017-9), respectively. The author M.L.C. acknowledges the
financial support from Fundação de Amparo à Pesquisa do Estado de São Paulo - FAPESP (Grant 2017/08834-9),
Brazil. The APC was funded by Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq, Grant
141953/2017-9) and PROPG/2020.

Acknowledgments: Molecular Dynamics simulations were performed at the Center for Scientific Computing
(NCC/GridUNESP) of São Paulo State University (UNESP), Brazil. The authors thank João Ruggiero Neto for
availability of spectropolarimeter and Valdecir Ximenes for availability of fluorescence lifetime spectrometer.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rubartelli, A.; Cozzolino, F.; Talio, M.; Sitia, R. A novel secretory pathway for interleukin-1 beta, a protein
lacking a signal sequence. Embo J. 1990, 9, 1503–1510. [CrossRef]

2. Ying, X.; Chen, X.; Cheng, S.; Shen, Y.; Peng, L.; Xu, H.Z. Piperine inhibits IL-β induced expression of
inflammatory mediators in human osteoarthritis chondrocyte. Int. Immunopharmacol. 2013, 17, 293–299.
[CrossRef]

3. Bang, J.S.; Choi, H.M.; Sur, B.J.; Lim, S.J.; Kim, J.Y.; Yang, H.I.; Yoo, M.C.; Hahm, D.H.; Kim, K.S.
Anti-inflammatory and antiarthritic effects of piperine in human interleukin 1β-stimulated fibroblast-like
synoviocytes and in rat arthritis models. Arthritis Res. Ther. 2009, 11, R49. [CrossRef] [PubMed]

4. Meghwal, M.; Goswami, T.K. Piper nigrum and piperine: An update. Phyther. Res. 2013, 27, 1121–1130.
[CrossRef] [PubMed]

5. Zsila, F.; Hazai, E.; Sawyer, L. Binding of the pepper alkaloid piperine to bovine β-lactoglobulin: Circular
dichroism spectroscopy and molecular modeling study. J. Agric. Food Chem. 2005, 53, 10179–10185. [CrossRef]
[PubMed]

6. Srinivasan, K. Black pepper and its pungent principle-piperine: A review of diverse physiological effects.
Crit. Rev. Food Sci. Nutr. 2007, 47, 735–748. [CrossRef]

7. Artese, A.; Cross, S.; Costa, G.; Distinto, S.; Parrotta, L.; Alcaro, S.; Ortuso, F.; Cruciani, G. Molecular
interaction fields in drug discovery: Recent advances and future perspectives. Wiley Interdiscip. Rev. Comput.
Mol. Sci. 2013, 3, 594–613. [CrossRef]

8. Lakowicz, J.R. Principles of Fluorescence Spectroscopy; Kluwer Academic/Plenum Publishers: New York, NY,
USA, 2004.

9. Sreerama, N.; Woody, R.W. Estimation of protein secondary structure from circular dichroism spectra:
Comparison of CONTIN, SELCON, and CDSSTR methods with an expanded reference set. Anal. Biochem.
2000, 287, 252–260. [CrossRef]

10. Zazeri, G.; Povinelli, A.P.R.; Lima, M.D.; Cornélio, M.L. Experimental approaches and computational
modeling of rat serum albumin and its interaction with piperine. Int. J. Mol. Sci. 2019, 20, 2856. [CrossRef]

11. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4
and AutoDockTools4: Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30,
2785–2791. [CrossRef]

12. Zazeri, G.; Povinelli, A.P.R.; le Duff, C.S.; Tang, B.; Cornelio, M.L.; Jones, A.M. Synthesis and spectroscopic
analysis of piperine-and piperlongumine-inspired natural product scaffolds and their molecular docking
with IL-1β and NF-κB proteins. Molecules 2020, 25, 2841. [CrossRef] [PubMed]

13. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38.
[CrossRef]

14. Wallace, A.C.; Laskowski, R.A.; Thornton, J.M. LIGPLOT: A program to generate schematic diagrams of
protein-ligand interactions. Protein Eng. Des. Sel. 1995, 8, 127–134. [CrossRef] [PubMed]

15. Oostenbrink, C.; Villa, A.; Mark, A.E.; van Gunsteren, W.F. A biomolecular force field based on the free
enthalpy of hydration and solvation: The GROMOS force-field parameter sets 53A5 and 53A6. J. Comput.
Chem. 2004, 25, 1656–1676. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/j.1460-2075.1990.tb08268.x
http://dx.doi.org/10.1016/j.intimp.2013.06.025
http://dx.doi.org/10.1186/ar2662
http://www.ncbi.nlm.nih.gov/pubmed/19327174
http://dx.doi.org/10.1002/ptr.4972
http://www.ncbi.nlm.nih.gov/pubmed/23625885
http://dx.doi.org/10.1021/jf051944g
http://www.ncbi.nlm.nih.gov/pubmed/16366712
http://dx.doi.org/10.1080/10408390601062054
http://dx.doi.org/10.1002/wcms.1150
http://dx.doi.org/10.1006/abio.2000.4880
http://dx.doi.org/10.3390/ijms20122856
http://dx.doi.org/10.1002/jcc.21256
http://dx.doi.org/10.3390/molecules25122841
http://www.ncbi.nlm.nih.gov/pubmed/32575582
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1093/protein/8.2.127
http://www.ncbi.nlm.nih.gov/pubmed/7630882
http://dx.doi.org/10.1002/jcc.20090
http://www.ncbi.nlm.nih.gov/pubmed/15264259


Biomolecules 2020, 10, 1337 14 of 14

16. van der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.J.C. GROMACS: Fast, flexible,
and free. J. Comput. Chem. 2005, 26, 1701–1718. [CrossRef] [PubMed]

17. Wu, Y.; Tepper, H.L.; Voth, G.A. Flexible simple point-charge water model with improved liquid-state
properties. J. Chem. Phys. 2006, 124, 24503. [CrossRef] [PubMed]

18. Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 2007,
126, 14101. [CrossRef]

19. Hess, B.; Bekker, H.; Berendsen, H.J.C.; Fraaije, J.G.E.M. LINCS: A linear constraint solver for molecular
simulations. J. Comput. Chem. 1997, 18, 1463–1472. [CrossRef]

20. Batcho, P.F.; Case, D.A.; Schlick, T. Optimized particle-mesh Ewald/multiple-time step integration for
molecular dynamics simulations. J. Chem. Phys. 2001, 115, 4003–4018. [CrossRef]

21. Parrinello, M.; Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method.
J. Appl. Phys. 1981, 52, 7182–7190. [CrossRef]

22. Roux, B. The calculation of the potential of mean force using computer simulations. Comput. Phys. Commun.
1995, 91, 275–282. [CrossRef]

23. Kumar, S.; Rosenberg, J.M.; Bouzida, D.; Swendsen, R.H.; Kollman, P.A. The weighted histogram analysis
method for free-energy calculations on biomolecules. I. The method. J. Comput. Chem. 1992, 13, 1011–1021.
[CrossRef]

24. Lakowicz, J.R.; Weber, G. Quenching of fluorescence by oxygen. Probe for structural fluctuations in
macromolecules. Biochemistry 1973, 12, 4161–4170. [CrossRef] [PubMed]

25. Povinelli, A.P.R.; Zazeri, G.; Cornélio, M.L. Molecular mechanism of flavonoids using fluorescence
spectroscopy and computational tools. In Flavonoids—A Coloring Model for Cheering Up Life; IntechOpen:
London, UK, 2019.

26. Ross, P.D.; Subramanian, S. Thermodynamics of protein association reactions: Forces contributing to stability.
Biochemistry 1981, 20, 3096–3102. [CrossRef]

27. Povinelli, A.P.R.; Zazeri, G.; Lima, M.d.; Cornélio, M.L. Details of the cooperative binding of piperlongumine
with rat serum albumin obtained by spectroscopic and computational analyses. Sci. Rep. 2019, 9, 1–11.
[CrossRef]

28. Lohman, T.M.; Bujalowski, W. Thermodynamic methods for model-independent determination of equilibrium
binding isotherms for protein-DNA interactions: Spectroscopic approaches to monitor binding. Methods
Enzymol. 1991, 208, 258–290.

29. Scatchard, G. The attractions of proteins for small molecules and ions. Ann. N. Y. Acad. Sci. 1949, 51, 660–672.
[CrossRef]

30. Huang, J.J.; Newton, R.C.; Rutledge, S.J.; Horuk, R.; Matthew, J.B.; Covington, M.; Lin, Y. Characterization of
murine IL-1 beta. Isolation, expression, and purification. J. Immunol. 1988, 140, 3838–3843.

31. Craig, S.; Pain, H.R.; Schmeissner, U.; Vtrden, R.; Wingfield, T.P. Determination of the contributions of
individual aromatic residues to the CD spectrum of IL-lβ using site directed mutagenesis. Int. J. Pept. Protein
Res. 1989, 33, 256–262.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/jcc.20291
http://www.ncbi.nlm.nih.gov/pubmed/16211538
http://dx.doi.org/10.1063/1.2136877
http://www.ncbi.nlm.nih.gov/pubmed/16422607
http://dx.doi.org/10.1063/1.2408420
http://dx.doi.org/10.1002/(SICI)1096-987X(199709)18:12&lt;1463::AID-JCC4&gt;3.0.CO;2-H
http://dx.doi.org/10.1063/1.1389854
http://dx.doi.org/10.1063/1.328693
http://dx.doi.org/10.1016/0010-4655(95)00053-I
http://dx.doi.org/10.1002/jcc.540130812
http://dx.doi.org/10.1021/bi00745a020
http://www.ncbi.nlm.nih.gov/pubmed/4795686
http://dx.doi.org/10.1021/bi00514a017
http://dx.doi.org/10.1038/s41598-019-52187-5
http://dx.doi.org/10.1111/j.1749-6632.1949.tb27297.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents 
	Steady-State Fluorescence Spectroscopy 
	Time-Resolved Fluorescence 
	Circular Dichroism Spectroscopy 
	Molecular Docking 
	Molecular Dynamics 

	Results and Discussion 
	Fluorescence Spectroscopy 
	Thermodynamic Analises 
	Interaction Density Function (IDF) 
	Circular Dichroism (CD) 
	Computational Modeling 

	Conclusions 
	References

