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Abstract

Propyl gallate (PG) has been used as an antioxidant in food industry. Because of its widespread
use in food industry, the toxicology of PG should be well addressed. In this study, for the first
time, we report on the interaction of PG with human serum albumin (HSA) using fluorescence
and circular dichroism (CD) spectroscopy. The fluorescence spectroscopy analysis showed
significant decrease in the fluorescence intensity of HSA upon increasing concentration of PG.
Further, the fluorescence quenching was found to be resultant form the formation of the PG—
HSA complex, hence the quenching mechanism was rather a dynamic procedure. The positive
values of enthalpy (4H), and entropy (4S) and the negative value of Gibb's free energy (4G)
indicated that hydrophobic interactions play major role in the complexation of PG with HSA. To
show the impact(s) of PG on the secondary structure of HSA, we capitalized on a CD technique,
which showed a significant change in the secondary structure of HSA upon complexation with
PG leading to a profound reduction of a-helices content of HSA. Molecular modeling analysis
confirmed that the hydrophobic interaction was the major intermolecular forces that stabilize PG-
HSA complex. Based on these findings, it can be concluded that PG molecules are dynamically

bound to HAS and effectively distributed within the body.

Keywords: Propyl gallate; Human serum albumin; Fluorescence quenching.
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Introduction

Propyl gallate (Fig. 1) has been regarded as a safe food-additive by the US Food and Drug
Administration (FDA). As a food-grade antioxidant, it is particularly effective in preserving
polyunsaturated fats and cosmetic products from rancidity and spoilage "%. Propyl gallate (PG) is
usually used as a synergistic antioxidant with other additives such as butylated hydroxyanisole
and butylated hydroxytoluene " °. The antioxidant activity of PG is maintained when the fat is
blended with other ingredients in a final food stuff '.

Due to the widespread use of PG, the potential toxicity of PG has widely been studied in vivo
and in vitro towards mutagenicity and cytogenetic effects *”. Despite presumed low toxicity of
PG, it imposes some inadvertent reactions on the normal functions of target tissues and/or cells ®.
For example, the cytotoxicity of PG in the isolated rat hepatocytes was shown to occur via
mitochondrial impairing, resulting in marked depletion of ATP at cellular level °. PG was also
reported to inhibit the growth of microorganisms by preventing nucleic acid synthesis and
respiration '°. Antioxidative and cytoprotective properties of PG may be altered to pro-oxidative,
cytotoxic and genotoxic impacts in a time- and concentration-dependent manner > ''. Thus, to
identify the discrepancy between such paradoxical effects of PG, further investigations need to
be performed for revalidation of its function and safety. Although pharmacokinetics (PK) and
pharmacodynamics (PD) of PG are partially studied, its interaction with main blood-circulating
endogenous proteins (e.g., albumin) has yet to be investigated.

As the main macromolecule of plasma, human serum albumin (HSA) is one of the most widely

studied proteins, in part due to its availability, low cost, stability and unusual ligand binding
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properties >

. Besides, albumin is the main multifunctional blood-circulating protein that has an
important role in the transportation and deposition of numerous endogenous and exogenous
substances in blood "°. The interaction of various chemicals as well as drugs with this protein
leads to the formation of a stable complex, which can markedly affect the distribution and the
metabolism of the blood-borne chemicals. Therefore, drug—albumin interaction may provide
pivotal information in terms of PK and PD of exogenous compounds, resulting in a much better
understanding of their biological impacts '® .

To the best of our knowledge, the interaction of PG with HSA has not been studied. Given the
widespread application of PG in food industries, therefore its interaction with the main protein of
plasma, albumin, needs to be addressed. To this end, in the current study, we investigated the
binding properties of PG with HSA using fluorescence quenching method followed by circular

dichroism spectroscopy (CD). Moreover, the molecular modeling was exploited for further

clarification of the interaction of PG with HSA.

Materials and methods
Materials
HSA (Fatty acid free <0.05 %), Tris-HCI buffer and PG were purchased from Sigma Aldrich

Co., (Poole, UK). All other chemicals used were in the highest quality available.

Preparation of stock solutions
The stock solution of the HSA was prepared by dissolving the appropriate amount of HSA in

aqueous solution containing Tris buffer (10mM, pH 7.4) and was kept in the dark at 4 °C. The

Page 4 of 23



Page 5 of 23

RSC Advances

protein concentration was determined by UV—Vis spectrophotometry using the molar absorption
coefficient (¢ =35700 M cm™) at 287nm.

PG stock solution was prepared by dissolving a proper amount of PG in double distilled water.

Apparatus

Fluorescence spectra

All fluorescence spectra were recorded with a spectrofluorimeter, Jasco FP-750 (Kyoto, Japan)
equipped with a 150 W Xenon lamp, using 1.0 cm quarts cell with a thermostat bath. The
maximal fluorescence emission of HSA at Aex = 290 nm was located at 350 nm. Fluorescence
spectra were recorded from 280 to 450 nm with the excitation wavelength at 290 nm. The
fluorescence intensity of HSA was measured in the absence or presence of the PG by keeping the
concentration of HSA constant (i.e., 3.0 x 10 M) while varying the PG concentration from 0 to

1.0 x 10° M. Experiments were measured at four temperatures (283, 293, 303 and 310 °K).

Circular dichroism studies
Circular dichroism (CD) measurements were recorded on a JASCO (J-810) spectropolarimeter
(i.e., between 200 and 250 nm and cell length path was 1.0 cm) by keeping the concentration of

HSA constant (3.0 x 10° M) while varying the PG concentration from 0 to 8.0 x 10™ M.

UV-Vis spectrophotometry
UV-Vis spectroscopic study was performed by means of a UV—Vis spectrophotometer, T 60, PG

Instrument (Leicestershire, UK).
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Molecular docking analysis

Molecular docking analysis was carried out to acquire the binding energy of the protein—probe
complex, and the binding sites in HSA. The crystal structure of HSA was retrieved from the
Protein Data Bank (code: 1N5U). All the ligands and water molecules were removed before the
analysis. The docking experiments were performed by means of the docking software Auto Dock
4.2.6 along with the Auto Dock Tools (ADT). For the identification of the binding sites in HSA,
docking was performed with setting of grid size to 110, 110, and 110 along X, y, and z axes with
a grid spacing of 5 A after assigning the protein and probe. For each docking cases, the lowest
energy docked conformation, according to the Auto Dock scoring function, was selected as the

binding mode.

Results and discussion
Analysis of fluorescence quenching of HSA by PG
Fluorescence spectroscopy has usually been used to investigate the molecular interaction(s)

between ligands and biomacromolecules due to its high sensitivity '*2°

. The fluorescence spectra
of HSA with varying concentrations of PG are shown in Fig. 2. The fluorescence of HSA
regularly decreased upon increasing concentration of PG, which is a clear indication of PG
interaction with HSA and hence quenching of its intrinsic fluorescence.

***P&g.z***

In general, the fluorescence of HSA originates from L-tryptophan, L-tyrosine and L-
phenylalanine entities. The inherent fluorescence of HSA (around 350 nm) is due to the presence
of L-tryptophan alone because the fluorescence of L-tyrosine is thoroughly quenched if it is

14,21

ionized or situated near to an amino group . It should be highlighted that the ground complex
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formation, the energy transfer and the dynamic quenching processes are able to result in
fluorescence quenching under the conditions of fixed pH, temperature and ionic strength '*. In
fact, two quenching processes are known as (a) dynamic (the so-called collisional quenching)
and (b) static quenching. The first refers to a process that the excited fluorophore and the
quencher come into contact and the rate of quenching is diffusion-controlled depending on the
temperature and the viscosity of the solution. The second refers to fluorophore—quencher stable
complex formation in ground state. One way to discriminate the static quenching from the
dynamic quenching is to examine their differing dependence on temperature. In short, the higher
the temperature, the larger the diffusion coefficient in the dynamic quenching will occur..
Consequently, the bimolecular quenching constants are estimated to increase with the
14,22

temperature rising, but a reverse effect would be observed for the static quenching

The fluorescence quenching data were analyzed using the Stern—Volmere equation (Eq. 1):
F
FO =1+Kj, [Q]

Where, Fy and F are the fluorescence intensities of HSA in the absence or the presence of
quencher (PG), respectively. Kgy is Stern—Volmer quenching constant which is a measure of the
efficiency of fluorescence quenching by PG and [Q] is the concentration of the quencher '® 2.
Hence, Eq. (1) was applied to determine Kgy by a linear regression of Fo/F versus [Q]. The
calculated Ksy values were presented in Table 1, which indicate that the probable fluorescence-

quenching of PG on HSA is a dynamic quenching phenomenon because the Ksy constants

increase with the rising temperature .

Binding constant and number of binding sites
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When small molecules interact independently to a set of equivalent sites on a macromolecule
such as proteins, the binding constant (Ky) and the binding stoichiometry (n) can be determined
2325,

by the equation 2 (Eq. 2)

(£,-F)

log =logK, +nlog[Q]

where, Ky is the binding constant for the PG-HSA interaction and » is the number of binding
sites per albumin molecule, which can be determined by the slope and the intercept of the double
logarithm regression curve of log((Fo—F)/F) versus log [PG] based on the Eq. 2. The calculated
Ky and n values were presented in Table 1, which indicate that that there is one independent class
of binding site on HSA for PG and Ky increases with the rising temperature.

wxxTable 1%

Binding mode and thermodynamic analyses

To have a better understanding of thermodynamics of the complexation, the contributions of
enthalpy and entropy should be determined for the interaction of HSA with PG. As shown in Fig.
3, the plot of InKy, versus 1/T at four different temperatures (283, 293, 303, and 310° K) allows
determination of thermodynamic parameters of PG-HSA formation via Van't Hoff equation (Eq.

3) %

Knowing these two values (i.e., AH, AS), changes in Gibs free energy (AG) were calculated from

the following standard equation (Eq. 4) *:

AG =AH -TAS
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The AH, AS and the corresponding values of 4G at four temperatures were calculated (Table 2).
As shown in Table 2, the binding process was always spontaneous as demonstrated by the
negative values of 4G and the formation of the complex is an exothermic reaction accompanied
by positive values of 4H and 4S. The interaction between chemicals and biomolecule may occur
by hydrophobic forces, electrostatic interactions, van der Waals interactions and hydrogen bonds.
Based upon the data of AH and AS, the model of interaction between the various chemicals and
biomolecule can be estimated. Concerning positive 4H and A4S values are normally taken as
proof for the hydrophobic interaction. The negative value of 4H and the positive value of A4S are
indicative of the electrostatic interaction(s) between ionic species in aqueous solution, while the
negative 4H and A4S values are due to the vander Waals and hydrogen bonding formation.
Therefore, the main interaction between PG and HSA seems to be due to the hydrophobic
interaction '>?7,

wxxTable, 244

Circular dichroism spectroscopy study

Circular dichroism (CD), as a sensitive technique, was used for the monitoring of conformational
changes of HSA upon interaction with PG. It is highly sensitive towards any changes in the
secondary structure (a- helical and B-sheet structures) of proteins '* **. HSA has a high
percentage of a-helical structure, which indicates a characteristic strong double minimum signals
at 208 and 222 nm. Alterations in the peak intensity of these wavelengths in the presence of
small molecules may be applied to evaluate shifts in the a-helical content of the protein. The

logical clarification is that the negative peaks between 208-209 and 222— 223 nm are both
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rationalized to n-n* transfer for the peptide bond of a-helical. The CD results were expressed in

terms of mean residue ellipticity (MRE) in degecm®dmol™ according to the equation 5 (Eq. 5) **:

observed CD(mdegree)
C,nix10

MRE =

Where, C, is the molar concentration of the protein, » is the number of amino acid residues of the
protein (585) and / is the path length (1.0 cm). The a-helical contents of free and combined HSA

were calculated from MRE values at 208 nm using the equation 6 (Eq. 6) *°:

MRE,, —4000
33,000-4000

a— helix (%) =
MRE,s represents the observed MRE value at 208 nm, and the values 4000 and 33,000 are
respectively the B-form and the random coil conformation cross in total and a pure a—helix. In
comparison with the free HSA, the content of a-helix was found to be decreased from 75.87% to
46.65 % at a molar ratio of 2.6:1 of PG to HSA.
Fig. 4 shows the CD spectra of HSA in the absence or the presence of different concentrations of
PG. The intensities of two double minimum reveal the amount of helicity of HSA and further
these indicate that HSA contains more than 50% of a-helical structure. The extent of a-helicity
of the protein reduced in the presence of different PG concentrations, and hence the intensity of
double minimum was decreased. This is indicative of the change in helicity when PG is entirely
bound to HSA. Since the binding of PG to HSA leads to modification in the secondary structure

of HSA, therefore, the toxicity of PG can be in part due to the structural change in protein.

Molecular modeling analysis

10
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Computational molecular docking has been used to understand the interaction of PG with HSA.
The possible conformations of the PG-HSA complex were calculated using Autodock program.
As a heart-shaped protein, HSA consists of a single polypeptide chain of 585 amino acid
residues. Each of the homologous a-helix domains [I (residues 1-195) 11 (196—383) and I1I (384—
585)] has two subdomains (A and B), with six a-helix in subdomain A and four a-helix in
subdomain B. HSA is able to interact with various ligands in several binding sites *”* *. Fig. 5
shows that the most possible interaction mode between PG and HSA. PG has capability to
interact with all subdomains of HSA, but the most favorable site is IB, I1IB and IIIA. Among
them, the lowest free energy change of binding (AG) quantity belonged to IB. The calculated
HSA-PG binding AG for IB, IIB and IIIA sites were -6.63, -5.84 and -5.63 (kcal mol™),
respectively. Fig. 6 shows the most possible interaction modes between PG and HSA. The acting
forces between these complexes can be due to possible hydrophobic and/or hydrophilic
interactions as well as hydrogen bond, in which the hydrophobic interaction appeared to be the
dominant binding force. As demonstrated in Fig. 6, the maximum hydrophobic interactions occur
in IB subdomain due to the presence of more hydrophobic amino acids such as L-tryptophan and
L-tyrosine residues of HSA?"*. Therefore, this finding suggests a good structural basis to clarify
the fluorescence quenching of HSA emission in the presence of PG.

#kkPig 5k

Conclusions
In the current study, the interaction of PG with HSA was investigated by employing

spectroscopic methods under physiological conditions. The attained results demonstrate that PG

11
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can dynamically bind to HSA with high affinity, by which the interstice fluorescence of HSA is
effectively quenched. The increasing values of Kgy upon temperature rising indicated the
occurrence of a dynamic quenching mechanism. The positive values of both 4H and A4S and the
negative value of 4G highlighted that the hydrophobic interaction play a major role in stabilizing
the PG-HSA complex. The CD spectra of HSA in the presence of PG showed that the binding of
food additive can elicit the secondary structural change in protein. The computational modeling
analysis confirmed that PG interacts with HSA mostly via the hydrophobic force through L-
tryptophan and/or L-tyrosine residues of HSA. In addition to its importance in PK, the binding of
this food additive to proteins is greatly important in food chemistry and industry. Therefore, it is

worthwhile to make a thorough analysis on the extensive use of PG in food industry.
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Table 1. Stern—Volmer quenching constants (Ks) and binding constants (Kg) of PG-HSA

complex at different temperatures.

T (K) K, M) Kz (M) n

283 3.41 x 10° 427 x 10* 1.39
293 3.65 x 10° 1.01 x 10° 1.51
303 426 x 10° 3.79 x 10° 1.68
310 5.53 x 10° 1.33 x 10° 1.87

15



RSC Advances Page 16 of 23

Table 2. Thermodynamic parameters of the binding of PG to HSA.

T (K) InKg 4G’ AH® A4S8°
(kJ mol™) (kJ mol™) (J mol K™
283 10.662 -24.610 91.777 411.265
293 11.519 -28.723 91.777 411.265
303 12.846 -32.835 91.777 411.265
310 14.102 -35.714 91.777 411.265

16
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Figure 1. Chemical structure of propyl gallate.
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Figure 2. Fluorescence spectra of HSA in the absence or the presence of PG, [HSA] = 3 x 107

M and [PG] =0, 2, 4, 6, 8, 10x10™ M.
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Figure 3. The van't Hoff plot for the interaction of HSA and PG, [HSA] =3 x 10° M; [PG] = 0,

2,4,6,8, 10x10* M.
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Figure 4. CD spectra of HSA in the presence of various concentrations of PG. [HSA] =3 x 10

M. (ri = ([PG)/[HSA]) = 0.0, 0.33, 1.0, 1.66 and 2.66).

20



Page 21 of 23 RSC Advances

Figure 5. Docking interaction of PG and HSA. PG molecules are shown as CPK and protein is

represented as solid ribbon.
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Figure 6. The computational interaction model of A) HSA- subdomains IB; B) HSA-
subdomains 1I1B; C) HSA— subdomains IIIA. The amino acid residues of HSA are represented
using lines and PG structure is represented as stick model.
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For the first time, PG interaction with HSA using fluorescence quenching method, circular

dichroism spectroscopy and molecular modeling was investigated.




