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Ellagic acid (EA), a natural plant polyphenol, is usually used as a functional additive in variety of health foods.
However, the potential toxicity of EA to human health should be paid enough attention. To clarify its biological
toxicity in vivo, this study explored the binding mechanism of EA with bovine serum albumin (BSA) by means of
spectroscopic approaches and molecular docking insimulative physiological conditions. The results showed that
the mixture of BSA with EA could spontaneously cause the formation of BSA-EA complex through electrostatic
interaction under simulative physiological conditions (0.01 mol-L ™ 'Tris-HCl, 0.015 mol L. ~* NaCl, pH = 7.4).

Molecular docking experiments revealed that EA was primarily bound to the hydrophobic pocket of the site I
(subdomain ITA) of BSA. It has been reported that the binding of small functional molecules to serum albumins
remarkably impacts their absorption, distribution, metabolism, and excretion features. Therefore, this study
might be helpful for human to have an in-depth understanding of the biological effect of EA in vivo and guide
human to take it safely and reasonably.

1. Introduction

Ellagic acid (C;4HgOg, EA), a dimeric derivative of gallic acid, is a
natural polyphenolic component widely found in pomegranate, straw-
berry, longan seed, mango kernel, walnut, tea and other plant tissues
(Huerga-Gonzalez et al., 2015; Soong and Barlow, 2006; Yang and
Tomas-Barberan, 2019). Recently, people have begun to pay attention
to its role in the management of various oxidative stress-related dis-
eases, including metabolic syndrome, cardiovascular dysfunction and
cancer (Larrosa et al., 2010). A large number of studies have shown that
EA has a series of beneficial effects on human body, such as antioxidant
(Ma et al., 2018), antiviral (Promsong et al., 2018), anticancer (Zhong
et al., 2019), anti-bacterial (Beshbishy et al., 2019), anti-inflammatory
(El-Shitany et al., 2014), inhibition of diabetic nephropathy (Zhou
et al., 2019), inhibition of obesity (Wang et al., 2013b). Due to its ex-
cellent health effects, it is becoming more and more popular and widely
used in the field of food and medicine. It is worth noting that, due to its
toxic effects, the long-term consumption of EA may cause congestion in
some organs and endanger human health (Tasaki et al., 2008). Con-
sidering its toxicity and food safety, the dosage of EA as health food
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additive should be controlled within a safe range. In addition, the long-
term use of EA can lead to accumulation in the body, and the potential
toxic residues in the excreta may pose a potential risk to environmental
safety.

Serum albumin is the most abundant protein in various biological
circulatory systems and plays a leading role in drug distribution, effi-
cacy and toxicity. Many drugs and other bioactive molecules reversibly
bind to serum albumin, which significantly affects the absorption, dis-
tribution, metabolism and excretion of drugs and bioactive compounds
(Schmidt et al., 2010; Xu et al., 2012; Yang et al., 2014). Exploring the
molecular interaction mechanism between bioactive molecule and
protein during the transport process is a necessary condition for de-
termining the release efficiency of active molecule from the carrier and
predicting the effectiveness of active molecule. Certain amino acids in
the bovine serum albumin (BSA) molecule have the property of ab-
sorbing ultraviolet light and emitting fluorescence, and are often used
as model proteins for the determination of reactivity with phenolic
substances (Papadopoulou et al., 2005). The binding constants, binding
distance, energy transfer, mechanism of action (electrostatic interac-
tion, hydrogen bond, van der Waals force, etc.) and action sites through
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computer simulation have been reported in many literatures (Garzon
et al., 2015; Ishtikhar et al., 2018; Khatun et al., 2018). At present, the
research on EA mainly focuses on purification, separation and content
determination (Chen et al., 2019; Huerga-Gonzalez et al., 2015;
Szmagara et al., 2019). Although EA has a wide range of pharmacolo-
gical effects, its effects on plasma protein and its mechanism of action
need to be further studied (Nanda et al., 2007), especially the toxicity
and the safety evaluation of EA to human health is rarely reported from
the molecular structure of EA.

The interaction between EA and BSA was studied by using spec-
troscopy techniques (including fluorescence spectroscopy and UV-vis
spectroscopy) and molecular simulation techniques. The Stern-Volmer
equation is used to determine the type of annihilation, and the static
quenching formula is used to obtain the binding constant K and the
number of binding sites n. The type of action between EA and BSA was
determined by Van't Hoff equation, and the mode of action between EA
and BSA was discussed. Furthermore, the Surflex-Dock program was
used to study the molecular docking between EA and BSA. The results
of spectral experiments and molecular docking theory were compared
to study the interaction between EA and BSA from both experimental
and theoretical aspects. The results are helpful to understand the
transport and distribution of EA with pharmacological activity in vivo,
and lay a theoretical foundation for the study on the mechanism, ki-
netics and toxicology of EA in vivo.

2. Materials and methods
2.1. Reagents and apparatus

All chemicals and biological reagents were obtained from com-
mercial suppliers and used without further purification. EA (98%
purity) was purchased from Aladdin Reagent Co. (Shanghai, China).
BSA (purity”98%) was purchased from Sigma-Aldrich Chemical
Corporation (St Louis, MO, USA). Tris-HCl buffer solutions with dif-
ferent pH were prepared. The water used throughout was ultrapure
water.

A Hitachi F-4500 spectrofluoro photometer (Hitachi Company,
Tokyo, Japan) equipped with a thermostat bath and 1.0 cm quartz cell
was used to record all fluorescence data. A UV-2450 spectrophotometer
(Tianmei Corporation, Shanghai, China) equipped with 1.0 cm quartz
cell was applied to adopt UV-vis absorption spectra. A PHS-3C pH
meter (Leici, Shanghai, China) was used to adjust the pH values of the
aqueous solutions.

2.2. Sample preparation

BSA (1.0 x 10 >molL™") and EA (1.0 x 10~ >molL™?") solution
were prepared with 0.01 molL ™! Tris-HCl (0.015molL~! NaCl) at
pH = 7.4. The buffer was filtered through a 0.45um syringe filter.
Double-distilled water was used for all the experiments. EA stock so-
lutions were prepared in ethanol (> 99%) and then diluted with Tris-
HCI to obtain the desired concentrations. All reserve solutions should
be stored in dark at 4 °C. All chemicals were of analytical grade and
used without further purification.

2.3. Measurement of ultraviolet—visible absorption spectrum

The ultraviolet-visible absorption measurements were recorded
using a UV-vis 1010 Spectrometer at a scan rate of 10nm/s with
1.0 cm-path-lengthquartz cuvette in the visible wavelength range of
200-450 nm at 298 K (Rudradip et al., 2017). Absorption spectra were
obtained with fixed concentrations of BSA and EA
(1.0 X 10"°mol L™1).
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2.4. Measurement of steady state fluorescence spectrum

The fluorescence spectrum of BSA in the absence and presence of EA
was measured using an F-4500 fluorescence spectrophotometer
equipped with a 1.0 cm quartz cell. The concentration of BSA is fixed at
1.0 X 10™°mol L™, and the concentration of EA is changed from 0.0
to 1.8 x 10 °molL™?, and the increment of each step is
0.2 X 10">mol L.”'. Samples were placed in Tris-HCI for 60 min at
283K, 300K and 310K prior to fluorescence measurement.
Fluorescence emission spectra with an excitation wavelength of 280 nm
and a scanning wavelength range of 300 nm-450 nm were recorded.
The excitation and emission slit widths are both 5 nm (Rudradip et al.,
2017).

2.5. Molecular docking

This experiment simulates molecular docking using the Surflex-
Dock program in SYBYL-X 2.1.1 for protein structure of BSA (PDB ID:
3V03) available from PDB (http://www.pdb.org). Protein preparation
was performed using SYBYL-X's protein preparation tool. Remove all
water molecules and add hydrogen atoms. The energy is then mini-
mized using a distance dependent dielectric Tripos Force Field. Finally,
the BSA molecule was charged using the AMBER7F9902 method. The
2D structure of ellagic acid was converted to a 3D structure using the
Concord 3D program in SYBYL-X 2.1.1, followed by energy optimiza-
tion using Tripos Force Field.

3. Results and discussion
3.1. UV-visible spectroscopy analysis of EA-BSA system

The absorbed wavelength and absorption efficiency will change
with the structure and the environment of the molecules, therefore
UV-vis absorption spectroscopy technique can be used to investigate
the structural changes and complex formation between proteins and
ligands (He et al., 2014; Makarska-Bialokoz and Lipke, 2019). The
absorption spectrum of BSA without or with EA was shown in Fig. 1.
Curve a (BSA only) displayed two absorption peaks. The strongab-
sorption peak around 210nm not only reflects the framework con-
formation of protein but also corresponds to the peptide bond. The
weak absorption peak around 280 nm appears due to the presence of
aromatic amino acids (Trp, Tyr and Phe) in BSA molecule (He et al.,
2014). According to thecurve b, it can be discovered that the two peaks
in the ultraviolet region of BSA shifted to the direction of long wave-
length and the absorbance intensity increased with addition of EA,
which implies the existence of bathochromic effect. The enhanced
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Fig. 1. UV-Visible absorption spectra of BSA in the absence and presence of EA
in 0.01 mol-L ™ 'Tris-HCl (0.015 mol L.~ ! NaCl) at pH = 7.4. (a) The absorption
spectrum of BSA only; (b) the absorption spectrum of BSA-EA complex; (c) the
absorption spectrum of EA only. ¢ (BSA) = ¢ (EA) = 1.0 x 10 °mol L™
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Fig. 2. Fluorescence emission spectra of BSA in the absence and presence of EA
in 0.0l molL™'Tris-HCl  (0.015molL™! NaCl) at pH=74. ¢
(BSA) = 1.0 X 10" °molL™%; ¢ (EA)/(10 °molL™?), a—j: from 0.0 to 1.8at
increments of 0.2; curve k (dashed line) shows the emission spectrum of EA only
(T = 298K, Aex = 295 nm). The insert corresponds to the molecular structure
of EA.

absorption peak at 280 nm is caused by the w-it* transition of aromatic
heterocycle (Trp and Tyr) in the BSA molecule (Patil et al., 2007). The
enhanced absorption peak of 210 nm was mainly caused by the n-n*
transition of the C=0 group on the peptide bond. The interaction be-
tween EA and BSA in solution causes the peptide chain to stretch, which
induces the exposure of aromatic heterocyclic hydrophobic groups
surrounded in the molecule of BSA, and finally leads to the enhance-
ment of absorption peak at 280 nm (Chi et al., 2010; Makarska-Bialokoz
and Lipke, 2019). The result implied that the EA-BSA complex was
formed.

3.2. Fluorescence characteristics of EA-BSA system

Fluorescence quenching is a sensitive and effective method for
studying the interaction of small molecules with proteins. The fluor-
escence spectra of BSA in the absence and presence of different EA
concentrations were measured in the concentration range of
300-450 nm upon excitation at 280 nm. There was no native fluores-
cence emission for EA at the range measured and it caused linear
quenching of the BSA fluorescence intensity (Fig. 2) with a slight red
shift of the emission maximum, which may arise from the increase
polarity of the EA-BSA system. The results also indicate the formation of
a non-fluorescent complex upon the interaction of EA and BSA.

Due to the presence of Trp and Tyr residues, BSA can produce in-
trinsic fluorescence (Quiming et al., 2005). BSA exhibits a maximum
peak characteristic fluorescence emission spectrum at 340 nm when
excited at 280 nm. The binding of EA to BSA was monitored by mea-
suring changes in the intrinsic fluorescence phenomenon of BSA
(fluorophore) in the presence and absence of EA (quencher). Fig. 2
shows that when a gradual increase in the amount of EA is added to a
fixed concentration of BSA under simulated physiological conditions
(pH = 7.4, 310K), the maximum emission peak of BSA decreases reg-
ularly. Fluorescence quenching occurs due to the molecular interaction
of the fluorophore with the quencher. As shown in Fig. 2, the significant
quenching of BSA fluorescence intensity after the addition of EA in-
dicates the binding of EA to BSA. In ligand-protein binding studies, we
have utilized the Scatchard equation for calculation of binding constant
and number of binding sites (Eq. (3)). A linearity relationship was seen
between r/D¢ and r (Where, r is the number of moles of EA bound to
1 mol of BSA, Dy is the concentrations of free EA).

Fluorescence quenching can be classified into static and dynamic
quenching, which can be distinguished by their different dependence
on temperature. The static quenching is caused by the ground state
complex formed by fluorophore and quenching agent, and the dynamic
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Fig. 3. Stern-Volmer plots for the quenching of BSA by EA at different tem-
peratures in 0.01 molL™" Tris-HCl (0.015molL~" NaCl) at pH = 7.4. (BSA,
1.0 X 10"°mol L™"). The inset shows the relationship between the Stern-
Volmer quenching constants Ksv and temperature T.

quenching is caused by the molecular collision between ligand and
fluorophore. For dynamic quenching, the quenching constant increases
with the increase of temperature, while the quenching constant of static
quenching decreases with the increase of temperature (Zhang et al.,
2012). The possible quenching mechanism can be explained by Stern-
Volmer equation.

Stern-Volmer equation (Eq. (1)) (Bose, 2016) was used to analyze
the fluorescence data and determine Kgy by thelinear regression of a
plot Fy/F against [Q].

F _
T - 1 + KelQl = 1 + Kg10[Q] a

where F, and F are the fluorescence intensities without and with ligand
molecule respectively, Kq is the bimolecular quenching constant, 74 is
the lifetime of the fluorophore in the absence of the quencher, [Q] is the
concentration of the quencher, and Ksy is the Stern-Volmer quenching
constant.

Fig. 3 shows the stern-volmer quenching of ellagic acid in the pre-
sence of BSA at different temperatures (283, 300 and 310K), which
demonstrates a linear relationship. A linear Stern-Volmer plot is gen-
erally indicative of a single class of fluorophores in a protein, all equally
accessible to the quencher; this also means that only one mechanism
(dynamic or static) of quenching occurs (Li and Wang, 2015). Kgy value
is determined by the slope of Fy/F and [Q] curve, and corresponding
Kgy value is listed in Table 1. The results showed that Kgy value de-
creased with the increase of temperature, which indicated that the
possible quenching mechanism of BSA fluorescence through EA inter-
action was static quenching. In addition, it should be noted that the
dynamic quenching process only affects the excited states of the
fluorophores without modifying their UV-vis absorption spectrum.
However, static quenching usually causes changes in the UV-vis ab-
sorption spectrum (Makarska-Bialokoz and Lipke, 2019). UV-vis ab-
sorption experiments can further confirm the results of fluorescence
studies (Fig. 2).

Table 1
Stern-Volmer quenching constants for the interaction of BSA with EA at various
temperatures.

pH T (K) 10*Ksv (L:'mol 1) R* s.D."

7.4 283 1.7933 0.9998 0.01956
300 1.4780 0.9997 0.02057
310 1.1943 0.9996 0.01830

@ R is the correlation coefficientKsv values.
b S D. is the standard deviation for the Ksv values.
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Fig. 4. Lineweaver-Burk curves for the BSA-EA system at three different tem-
peratures in 0.01 mol'L™'Tris-HCl (0.015molL™" NaCl) at pH = 7.4. (BSA,
1.0 X 10"°molL™"). The inset shows the relationship between the binding
constant Ka and temperature T.

Fig. 4 is the Lineweaver-Burk quenching diagram of BSA-EA at three
temperatures, which can be obtained from the lineweaver-Burk equa-
tion (Eq. (2)) (Abdelhameed et al., 2017):

1 1 1 1

kK—-F F, K [Q] 2

It also shows a linear relationship. The results showed that the static
quenching induced by EA-BSA complex played a leading role in the
fluorescence quenching process, but not the dynamic -collision
quenching.

3.3. Binding constant and number of binding sites of EA-BSA system

The equilibrium fraction of bioactive compound is an important
pharmacokinetic parameter, which influences bioactive compound
elimination and distribution in the body. For a binding equilibrium
system, the binding constant of EA-BSA complex can be calculated ac-
cording to the Scatchard model. The Scatchard plot is defined by
equation (Eq. (3)) (Li and Wang, 2015).

T = —_
/Df = nKb er (3)

where r represents the number of moles of bound EA per mole of BSA, n
represents the number of binding sites on the BSA molecule, Kj, is the
binding constant, [Dy] is the concentration of EA.

The Scatchard plot for EA-BSA complex which relates the value of r/
[D¢] to the value of r is presented in Fig. 5. The Scatchard plot is a
straight line, which means that the EA binds independently to a set of
equivalent sites on BSA and supports the use of the independent binding

0.10 -
Q\
= 0.08f
e
0.06
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Fig. 5. Scatchard curves for the BSA-EA system at three different temperatures
in  0.01molL ™ 'Tris-HCl (0.015molL™! NaCl) at pH=7.4. (BSA,
1.0 X 10> mol L™ 1.
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site model. The results showed that EA-BSA at different temperatures in
plasma could be stored and transported from the circulatory system to
the target site to achieve biological activity.

The number of binding sites was calculated according to the fol-
lowing equation (Eq. (4)) (Wang et al., 2009):

F)—F

log = logKa + nlog[Q]

(€]
where K, denotes the binding constant, n is a number of binding sites,
and [Q] represents the final concentration of quencher. The number of
binding sites of EA-BSA at three temperatures of 283, 300 and 310K
were calculated, as shown in Table 2, which were 0.98, 1.03 and 1.07
respectively. The three data are approximately 1, indicating that one
BSA molecule can bind to one ellagic acid molecule (Ali and Al-
Lohedan, 2017). The results are similar to those of other bioactive
compounds interacting with BSA molecules (Krishnan et al., 2018;
Makarska-Bialokoz and Lipke, 2019; Trnkova et al., 2011). At the same
time, the three constants of Kgy, K, and K, are all on the order of 104,
indicating that the binding force of EA and BSA is strong.

3.4. Thermodynamic parameters and binding characteristics of EA-BSA
system

Interactions between small molecules and large biological mole-
cules are mainly based on various weak non-covalent reaction forces,
such as hydrophobic forces, electrostatic interactions, van der Waals
interactions, hydrogen bonds, etc (Wang et al., 2013a). The binding
model of EA to BSA can be determined from the calculation of ther-
modynamic parameters, including enthalpy changes (AH), entropy
changes (AS) and Gibbs free energy changes (AG). Meanwhile, the
thermodynamic parameters of the combined process can be determined
by Van't Hoff equation and thermodynamic formula (Tang and Jia,
2013).

AH AS
InKa=—-——=+ —

RT R )
AG = AH — TAS (6)

where R is the gas constant (8.314J K~ ' mol™1), Tis the experimental
temperature and Ka is the binding constant at corresponding T.

Fig. 6 shows the corresponding plot of InKa vs. T~ !. AH and AS are
obtained by the slope and intercept of the linear curve, where AH does
not significantly vary over the studied temperature range. AH, AS and
AG values at three temperatures obtained from Egs. (5) and (6) are
collected in Table 2. The negative sign for AG means that the interac-
tion process is spontaneous. It is generally believed that, when AH > 0
and AS < 0, the interaction between the two molecules is mainly
electrostatic attraction and hydrophobic interaction; when AH < O,
AS < 0, is mainly hydrogen bond and van der Waals force; when
AH > 0, AS > 0, the hydrophobic force is the main force; when AH < 0,
AS > 0, the electrostatic attraction plays a major role in the binding
(Chen et al., 2018; Hazra et al., 2013). As shown in Table 2, AG is
negative, indicating that the combination between EA and BSA is
spontaneous. The negative AH and positive AS indicate that electro-
static attraction may play a major role in the binding between EA and
BSA (Zhang et al., 2009).

3.5. Binding distance between EA and BSA

According to Foster's non-radiative energy transfer theory (Cui
et al., 2004), the energy transfer will happen under conditions: (i) the
donor can produce fluorescence light; (ii) fluorescence emission spec-
trum of the donor and UV absorbance spectrum of the acceptor have
more overlap; (iii) the distance between the donor and the acceptor is
approach and lower than 7 nm. The energy transfer effect is related not
only to the distance between the acceptor and the donor, but also to the
critical energy transfer distance. The binding distance between EA and
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Table 2
Binding constants and relative thermodynamic parameters of BSA-EA system in 0.01 mol-L.~ *Tris-HCI (0.015mol L™* NaCl) at pH = 7.4.
T (K) Lineweaver-Burk Method Scatchard Method AH (KJ-mol ™ 1) AS (Jmol 1K™ AG (KJmol 1)
10%Ka (L'mol 1) R? 10%Kp,(L'mol ~ 1) n
283 1.8949 0.9980 1.8842 0.98 —-23.17
300 1.2150 0.9991 1.2453 1.03 -18.02 18.21 -23.48
310 0.9749 0.9999 0.9898 1.07 —23.67
2 R is the correlation coefficient for Ka values.
99F equation:
98} In(Ka)=2.19+2167.03/T; R=0.9998 .
* fo F(Q)e(A)A*dA
= o0
9.7+ ST F(A)da 9)
—
g 9.6} . . . .
o where F(\) is the corrected fluorescence intensity of the donor in the
= 95} wavelength range, from A to A+4 A (305-460 nm), and e(\) is the
extinction coefficient of the acceptor at wavelength A.
94r In the present case, n = 1.36, ¢ = 0.15, and according to Egs.
93| (7)-(9), we calculate J=1.42x 10 '*cm®*Lmol™?, E = 0.68,
Rp = 2.67 nm and the binding distance is r = 2.35 nm. The values for
9.2 Ry and r are on the 2-8 nm scale, and 0.5Ry, < r < 1.5R,, which in-

3.3 34 35
1000/T (K™)

Fig. 6.Van't Hoff plot of BSA-EA system in 0.01 mol'L ™ 'Tris-HCl
(0.015mol L™ ! NaCl) at pH = 7.4.

BSA can be calculated by the equation of energy transfer efficiency (E,
Eq. (7)) (Chen et al., 2011).
F_ R

E=1-—=—
Fy Rg+r® (7)

where E denotes the efficiency of transfer between the donor and the
acceptor, r is the average distances between donor and acceptor, and R,
is the critical distance when the efficiency of transfer is 50%, which can
be calculated by the following equation:

RE = 8.79 X 105K 2n~4pJ )

In Eq. (8), KZis the orientation factor related to the geometry of the
donor and acceptor of dipoles and K> = 2/3 for random orientation in
fluid solutions, n is the average refractive index of the medium in the
wavelength range where spectral overlap is significant, @ is the fluor-
escence quantum yield of the donor, and J is the effect of spectral
overlap between the emission spectrum of the donor and the absorption
spectrum of the acceptor (Fig. 7), which can be calculated by the

10 0.5
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Fig. 7. Spectral overlap of EA absorption (A) with BSA fluorescence (F)

in0.01 mol'L. " Tris-HCl (0.015molL™! NaCl) at pH=7.4. ¢ (BSA)=c
(EA) = 1.0 x 10 >mol L%,

dicated a fair possibility of energy transfer from BSA to EA. It accord
with conditions of Foster's non-radiative energy transfer theory, in-
dicating again the static quenching interaction between EA and BSA
(Cui et al., 2004).

3.6. Molecular modelling and docking of EA to BSA

Through molecular docking, we can better understand the docking
morphology of secondary structure of protein, and intuitively analyze
the binding site and interaction type of drug and BSA (Chen et al., 2018;
Das et al., 2018; Khatun et al., 2018). Fig. 8 shows that ellagic acid has
been successfully docked into the BSA, and it binds to the sitel (sub-
domain IIA) of structuraldomainof BSA. EA is linked and bound to BSA
by four amino acid residues, Tyr160, Tyr137, Leul1l5 and His145. The
interaction of ellagic acid with two Tyr residues further demonstrates
that EA can quench the endogenous fluorescence of BSA.

4. Conclusions

The binding interactions in the system BSA-EA have been in-
vestigated. The obtained results showed the significant quenching of
the BSA intrinsic fluorescence by EA through the mechanism of static
quenching, as a consequence of complexes formation between BSA and
EA. The values of all the determined parameters (K,, Ksy, Ky, 1, Ro, AH,
AS and AG values) confirmed the existence of static quenching. As it
was stated before, in the experiments studied, the electrostatic inter-
actions were presumably the major forces in formation of the associated
complexes. EA binds to BSA at site I with a binding site number of about
1. The EA-BSA complex is mainly bonded by hydrogen bonds of re-
sidues including Tyr160, Tyr137, Leull5 and His145. The results ob-
tained herein have benefits for revealing the binding mechanism of EA
with serum albumin. Meanwhile, it might provide a fundamental in-
sight on the relationship of the structures of EA with their absorption
and biological toxicity effects in vivo.
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Fig. 8. (a) Main interaction of EA binding to the BSA at site I. (b) Hydrogen bond formed between EA and amino acids of BSA. (c) Molecular contacts between EA and

amino acids of BSA.
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