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INTERACTION OF EMODIN AND ITS DERIVATIVE FRANGULIN-A
WITH BOVINE SERUM ALBUMIN AND CALF THYMUS DNA
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The interaction between emodin, frangulin-A (obtained from Ventilago leiocarpa Benth) with bovine
serum albumin (BSA) and calf thymus DNA (ct-DNA) has been investigated. The fluorescence spectrum and
molecular docking methods are used to investigate the interaction between emodin, frangulin-A, and BSA.
The UV spectrum revealed interaction between emodin, frangulin-A, and ct-DNA. The fluorescence spec-
trum confirmed that the compounds of emodin—BSA and frangulin-A—-BSA were formed showing fluores-
cence quenching and a decrease of the maximum emission wavelength. The simulated molecular docking
showed stable combinations of emodin—BSA and frangulin-A—BSA. Thus, molecular interactions mainly oc-
cur due to hydrophobic forces and hydrogen bonds. According to the UV spectrum, emodin and frangulin-A
interacted with ct-DNA via electrostatic interaction.
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Hccredosarno ezaumoodeticmaue smMoouna, gpaneyiuna-A (noayyennoeo uz Ventilago leiocarpa Benth)
¢ Ovtyvum cvigopomounvim anvoymunom (bCA) u JJHK mumyca menenka (ct-[HK). Ilo cnexmpam Y-
No2I0WeHUsl BbISBAEHO G3aumoldelicmaue mexcoy amoounom, paneyrunom-A u ct-I{HK. Cnexmpwt (ayo-
pecyenyuu noomeepacoarom, umo coeduneruss Imooun—bCA u ¢gpaneynun-A—-BCA demoncmpupyiom my-
weHue ryopecyeHyul U yMeHbleHue MaKCUMAanbHOU ONUHbL BOaHbl Usnyuenus. Moaekyaiaphoii 0oKuHz no-
Kasvigaem cmabuibvie kKomounayuu Imooun—bCA u ppaneynun-A—BCA. Monekynsipuvie 83aumo0eticmeust
NPOUCXO0SIM 8 OCHOBHOM C yyacmuem 2uopopoOHbIX CUl U 8000POOHBIX c8s3ell. IMoOun u gpaneyrun-A
ceazvigaromes ¢ ct-{HK nocpedcmeom anexmpocmamuueckoeo 83aumooeticimsus.

Knrouesvie cnosa: smooun, ¢paneynun-A, Ventilago leiocarpa Benth, 6wviuuii cvisopomounbwiii anvoy-
mun, [[HK mumyca menenka.

Introduction. Ventilago leiocarpa Benth is rich in quinine compounds, such as emodin, physcion, ven-
tilagolin, and ventiloquinone-I [1]. Modern pharmacology confirms that emodin shows better antineoplastic,
hypotensive, and anti-inflammatory activities [2—4]. Frangulin-A is the 6-rhamnosyl glycoside of aglycone
that uses emodin as the parent nucleus [5] (Fig. 1), mostly obtained from the roots or branches of the genus
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rhamnolidae [6, 7]. Kurkin reported that frangulin-A and frangulin-B are the active compounds and elaborat-
ed methodical approaches to the standardization of frangula bark and anthracene derivatives [8]. Wei report-
ed that frangulin-B exhibited potent inhibitory effects on the TNF-a formation of LPS/IFN-y (interferon-y)-
stimulated murine microglial cell lines N9 [9].
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Fig. 1. Chemical structure of emodin (a) and frangulin-A (b).
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Bovine serum albumin (BSA) is the main carrier protein in mammalian plasma, having the important
function of storing and transporting exogenous small molecules [10]. When bioactive substances are ab-
sorbed into the body, serum albumin transports them through various physiological membranes to various
tissues and organs [11], and the combination rate and ability of the two compounds are different [12]. Fluo-
rescence quenching is an important method to study the effect of drugs on proteins [13]. Recently, the inter-
action between drugs and protein molecules has been studied by enhancing or decreasing fluorescence after
adding drugs [14]. Meanwhile, calculation of the quenching constant permitted an understanding of the
mechanism of interaction between drugs and proteins [15].

DNA is not just the carrier of genetic information but also the main receptor for most drug molecules [16].
DNA is the target molecule determining the drug effect [17, 18]. This study investigates the interaction of
emodin and frangulin-A with BSA and ct-DNA to understand the binding mechanism of the compound with
protein and DNA and provide clues to the nature of the binding phenomenon.

Experimental. Ventilago leiocarpa Benth was collected in Yulin, Guangxi, China, in August 2015 and
identified by Professor of Pharmacy Wen-Jie Lu from the Guangxi Institute of Traditional Medical and Phar-
maceutical Sciences. BSA was purchased from Shanghai Yuanye Bio-Technology, Tris(hydroxymethy)
aminomethane (TRIS) is used as the buffer ct-DNA was from Biotope. The solutions of ct-DNA gave a UV
absorbance ratio (260 over 280 nm) of more than 1.8, which indicated its purity. Petroleum ether and ethyl
acetate were from Guanghua Sci-Tech, Guangdong, China. Deionized water was purified by Milli-Q Water.

Fluorescence spectroscopy was recorded on a RF-6000 fluorescence spectrophotometer (Shimadzu, Ja-
pan). The UV absorption spectrum was recorded on a UV2500PC UV spectrophotometer (Shimadzu, Japan).

Extraction and isolation. The dried medical material (10 kg) of Ventilago leiocarpa Benth was pow-
dered and extracted three times with 95% EtOH. The extract was concentrated under reduced pressure to
give a crude residue (3.56 kg), which was suspended in distilled water and extracted with ethyl acetate.
Then, the ethyl acetate extract (112 g) was separated by the silica gel chromatography column with petrole-
um ether-ethyl acetate (9:1, v/v) as a mobile phase. Compounds 1 (4.6 g) and 2 (1.2 g) were obtained after
repeating the reverse silica gel column chromatography and preparative high-performance liquid chromatog-
raphy.

Protein binding studies. The BSA stock solution (1.0x10™* M) was prepared in water. Experiments on
the interaction of frangulin-A (5x10* M) complexes with BSA were carried out in 10 mM Tris-HCI
(pH 7.4) buffer and stored at 4°C. All spectra were recorded after each successive addition of the compounds
and incubation at room temperature for 15 min to complete the interaction.

Fluorescence quenching measurements. The BSA solution was fixed at 1.0x10> M and served as
a blank control, and the concentration of the frangulin-A-BSA complex was 5-25 uM. The excitation and
emission slit width was 3 nm and the wavelength resolution were at the nanometer level. The fluorescence
spectrum was scanned in the range from 300 to 450 nm with a fixed excitation wavelength of 295 nm.

Synchronous fluorescence spectra. Synchronous fluorescence spectra were also recorded using the same
concentration of BSA and complexes as mentioned above with two AA (difference between the excitation
and emission wavelengths of BSA) values of 15 and 60 nm.

Molecular simulation. The molecular docking calculations were performed by Discovery Studio 2.5 (DS).
The structures of BSA (PDB ID: 3V03) were taken from the protein data bank (PDB). Before starting the
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docking calculations, the water molecules from structures of frangulin-A and emodin were removed and po-
lar hydrogen to protein was added. Protein molecules were defined as receptor molecules. The possible bind-
ing sites were discovered in the receptor using find sites from receptor cavities, the sphere was defined from
the binding site, and the active radius was modified with ligand molecule minimization. After running mo-
lecular docking calculations, the diagram of ligand-protein interactions was built.

DNA binding studies. UV-Vis absorption titration can be used to investigate the interaction of frangulin-A
with ct-DNA. ct-DNA with a constant concentration (1.0x10™* M) and frangulin-A (1-6 uL, 1.0x10°M)
were added to the quartz cell sequentially. The interval between each dosing was the same. At room temper-
ature, the UV-Vis spectra of ct-DNA in the absence and presence of complexes were recorded in the range
from 200 to 480 nm with a bandwidth of 1.5 nm. Tris-HCI (pH 7.4) buffer was used as a reference solution.

Results and discussion. Compound 1 was yellow fine needle-like crystals. It can be dissolved in sodi-
um hydroxide solution with a red or purplish red color, but regaining the yellow color when the hydrochloric
acid solution was added. Compared with the standard substance of emodin in thin-layer chromatography, the
Ry values were consistent. Compound 1 was identified as emodin.

Compound 2 was orange fine needle-like crystals. EI-MS m/z: 416 [M]",'H NMR (500 MHz, pyridine-
ds) & 7.74 (1H, s, H-7), 7.66 (1H, s, H-2), 7.30 (1H, s, H-5), 7.10 (1H, s, H-4), 6.30 (1H, s, H-1"),
4.75 (1H, s, H-5"), 4.66 (1H, d, J=7.4 Hz, H-2"), 4.40 (1H, t, J=9.1 Hz, H-4"), 4.28 — 4.19 (1H, m, H-3"),
2.24 (3H, s, H-15), 1.62 (3H, d, J = 5.8 Hz, H-6"). ®*C NMR (125 MHz, pyridine-d5) & 191.33(C-9),
181.86 (C-10), 165.58 (C-1),164.30 (C-8), 163.03 (C-6), 149.19 (C-3), 136.00 (C-11), 133.88 (C-14),
124.95 (C-4), 121.65 (C-2), 114.35 (C-13), 111.57 (C-12), 110.35 (C-7), 109.90 (C-5), 100.41 (C-1"),
73.80 (C-4"), 72.65 (C-2"), 71.97 (C-3"), 71.83 (C-5"), 22.13 (C-15), and 18.92 (C-6'). The above data were
consistent with those reported in the literature [19]. Compound 2 was identified as frangulin-A.

Fluorescence quenching refers to the decrease in the fluorescence intensity of a fluorophore due to the
environmental alteration around the fluorophore, which can reveal the nature of the binding reaction [20, 21].
The fluorescence spectrogram of emodin—BSA and frangulin-A—BSA is presented in Fig. 2. BSA was excit-
ed at 295 nm in the fluorescence quenching measurements. When samples of different concentrations
(5-25 uM) were added, the fluorescence intensity of BSA gradually decreased at 340 nm.
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Fig. 2. Fluorescence spectra of emodin—BSA (a) and frangulin-A-BSA (b) complex.

The Stern—Volmer equation was used to quantitatively describe the magnitude of frangulin-A to quench
the emission intensity of BSA:

Fo/F=1+Kq [0] =1+ Ksv[O], (D

where Fy and F are the fluorescence intensities in the absence and presence of the quencher, respectively,
O is the quencher concentration. Ksv is the Stern—Volmer quenching constant, Ky is the biomolecular
quenching rate constant, and 1 is the average lifetime of the fluorophore in the absence of the quencher (tak-
en as 10 s [22]). As shown in Fig. 3 and Table 1, the plot exhibited a good linear relationship for three
temperatures. The maximum scatter of the collision-quenching constant Ky of various quenchers for the bi-
omacromolecule was about 2.0x10' L -mol ' - s7! [23]. The above K, values were all greater than the maxi-
mum scatter of the collision-quenching constant. The high temperature caused the dispersion coefficient to
increase, so the quenching constant increased with increase in temperature. Dynamic quenching was caused
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TABLE 1. Dynamic Fluorescence Quenching Parameters of Emodin and Frangulin-A with BSA

Compound T.K Ksv/10*, L/mol | Ky/10'2, L-mol'-s R?
298 14.389 14.389 0.9260
Emodin 303 11.649 11.649 0.9954
310 11.374 11.374 0.9942
298 1.552 1.552 0.9945
Frangulin-A 303 1.298 1.298 0.9605
310 1.259 1.259 0.9760
F()/F a b
1.8 1.4
1.6 1.3
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1.2 1.1
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Fig. 3. Plot of Fo/F against [Q] of emodin (a) and frangulin-A (b),
T=1298 (), 303 (), and 310 K (a).

by molecular diffusion. As the temperature rose, the molecules collided faster. The constant of fluorescence
quenching increased with increasing temperature. In static quenching, a complex between the quenching
agent and the ground state of fluorescence formed. When the temperature rose, the compound became unsta-
ble, and the quenching constant decreased [24]. This indicated that the dominating quenching mechanism of
emodin and frangulin-A was initiated by a static process, not by dynamic collision. The K4 value of emodin
was significantly greater than that of frangulin-A, and the binding constant was much greater than that of the
corresponding glycosides. The Kq value of 1,8-dihydroxyanthraquinone was greater than 1,8-dihydroxy-
anthraquinone glycoside [25].

The thermodynamic parameters for the binding of the drug molecule with biological macromolecules
include hydrophobic interaction, Van der Waals force, electrostatic force, and the hydrogen bond. The values
of the binding constant were determined at three different temperatures and shown in Table 1. When the
temperature changed little, the reaction enthalpy was constant. The standard enthalpy change (AH) and
standard entropy change (AS) have been estimated using the Van’t Hoff equation:

InK = —~AH/RT + AS/R, )

where K is the binding constant at the corresponding temperature and R is the gaseous constant. The depen-
dence 1/T = f(In K), AH, and AS are calculated from Eq. (2). The Gibbs free energy (AG) can be estimated
from the following formula:

AG=-RTInK4= AH —TAS. 3)

The negative value of AG at different temperatures (298, 303, and 310 K) reveals the spontaneity of the
reaction, as shown in Table 2.

A spectrogram consisting of the fluorescence intensity and the corresponding excitation wavelength (or
emission wavelength) is called a synchronous fluorescence spectrum (SFS). SFS shows the changes in the
microenvironment around the fluorescent functional groups. As a rule, interactions between molecular pro-
bes and proteins are characterized by the difference between the excitation and emission wavelength. The
different wavelengths of the synchro-fluorescence spectra showed the difference in the spectral characteris-
tics of different amino acid residues. The maximum absorption wavelength of the amino acid residue de-
pends on the polarity of the environment. While the ligand concentration increases, the redshift in the spectra
indicates the increase in polarity of the environment in which the amino acid residues are located, and the
blueshift indicates an increase in hydrophobicity.
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TABLE 2. Thermodynamic Parameters of the Emodin—-BSA and Frangulin-A—BSA System

Compound T, K AG, kJ/mol AH, kJ/mol | AS, J-K''mol!
298 —46.261
Emodin 303 —48.054 15.526 158.646
310 —49.164
298 —37.045
Frangulin-A 303 -37.667 13.718 124.360
310 —38.538
I, a. u. a b
4000y, 4000
4
3000 { 3000
iﬁio
\Q\ / “\\'u_ - | "/
2000 %/ o\ 2000
WA \
w\i\%%‘“
0 0 ‘
250 300 350 250 300 350 A, nm
I, a. u. c d
10000
6000 |
5000 o 4000
Y L 2000
0 N
8
0
260 300 350 260 300 350 A, nm

Fig. 4. Synchronous fluorescence spectra of interaction between BSA and emodin (a, ¢)
and frangulin-A (b, d) for AA =15 (a, b) and 60 nm (c, d).

For AL = 15 and 60 nm, the maximum emission wavelength for tryptophan was slightly blue-shifted in
emodin—BSA and frangulin-A-BSA (Fig. 4). Owing to this, one can conclude that the hydrophobic amino
acids were inserted into the cylinder to form hydrophobic cavities.

On the DS workstation the Libdock module is used. The 3D conformations of emodin and frangulin-A
were minimized in energy. The comprehensive scoring was made by the docking mode affinity and the rela-
tive energy value of the ligand and the receptor. The 3D diagrams of molecular docking were drawn by se-
lecting the highest conformation score of LibDockscore (Fig. 5). Linear analog molecules in BSA were the
best docking conformations of emodin and frangulin-A, and the green dashed lines were hydrogen bonds.

In the Libdock, 2D planar diagrams of the interaction between emodin and frangulin-A and BSA were
obtained by the draw-ligand-interaction-diagram (Fig. 6, Table 3). It was shown that for emodin, tryptophan
(TRP213), arginine (ARG217), and valine (VAL342), three hydrogen bonds were formed. The spacing be-
tween emodin and tryptophan in BSA was longer but the binding ability was stronger [26]. Two glutamic
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acids (GLUS519), aspartic acid (ASP118) and proline (PRO117), formed four hydrogen bonds in frangulin-A.
There were six amino acids (ARG198, ALA341, PRO446, TYR340, GLN220, and PRO338) participating in
the hydrophobic interaction with emodin and five amino acids (PRO119, ASP178, THR514, LEUS15, and
PROS516) participating in the hydrophobic interaction with frangulin-A.
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Fig. 6. 2D diagram of the molecular interaction between BSA and emodin (a) or frangulin-A (b).

The absorption spectra of emodin and frangulin-A in the absence and presence of ct-DNA (at constant
concentrations of emodin and frangulin-A) are shown in Fig. 7. The absorption spectrum of the pure com-
plex displays an intensive intraligand n-n" transition at A = 203 nm. When the molecules were inserted into
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ct-DNA, the orbitals were didymous. The maximum absorption wavelength was redshifted as the concentra-
tion increased. The molecules interacted with ct-DNA in an electrostatic interaction. The peak of the spec-
trum did not change in location but changed in intensity.

TABLE 3. Hydrogen Bond Interaction between Emodin and Frangulin-A with BSA

Compound | No. Ligand atom Acceptor atom | Bond lengthx108 cm
1 019 TRP213:NEI 3.1377
Emodin 2 020 ARG217:NHI 2.97101
3 015 VAL342:N 2.97448
1 H38 GLUS519-OE1 2.4938
Franeulin-A 2 H39 GLUS519-OE2 2.07088
& 3 H48 ASP118-OD1 2.343
4 H49 PRO117-O 2.16344
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Fig. 7. Change in UV spectra of DNA solution after adding emodin (a) or frangulin-A (b).

Conclusion. In this paper, emodin and frangulin-A were isolated and purified from Ventilago leiocarpa
Benth. Frangulin-A is a derivative of emodin. Fluorescence spectra and molecular modeling techniques were
used. The results showed that emodin and frangulin-A had a strong quenching effect on the BSA endoge-
nous fluorescence. The static quenching and the K, value of emodin were significantly greater than for fran-
gulin-A. The synchronous spectroscopy of emodin—BSA and frangulin-A-BSA revealed that the BSA con-
formation had changed. The simulation of molecular docking indicated that emodin and frangulin-A could
stably bind with BSA. It forms hydrogen bonds with amino acids, and the amino acids in BSA are involved
in the hydrophobic action. According to the UV spectrum, emodin and frangulin-A interact with ct-DNA via
electrostatic interaction. The maximum absorption wavelength is redshifted when the concentration increases.
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