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Abstract
Swertisin (6-glucosyl flavonoid) and spinosin (2″-β-O-glucopyranosyl swertisin) are two main components from Ziziphi
Spinosae Semen, with anti-anxiety and hypnosis effects. The paper aims to compare the differences between the two compounds
binding with serum albumins (BSA and HSA). Swertisin and spinosin statically quench intrinsic fluorescence of serum proteins
by binding to proteins to form complexes. The fluorescence quenching rates of BSA induced by swertisin or spinosin are faster
than those of HSA resulted by swertisin or spinosin, respectively. Each serum protein has only one binding site respectively
accessible to the two compounds. Hydrophobic force and hydrogen bond play the important roles during the biding process of
swertisin with proteins, but van der Waals force and hydrogen bond are major driving forces for spinosin binding to proteins.
Synchronous fluorescence data show that spinosin binds to BSA and HSA and thus changes Tyr and Trp residue microenviron-
ments, and has a greater effect on the latter. Compared with swertisin, spinosin has a stronger effect on theα-helix of proteins. But
the distance between swertisin and proteins is slightly closer than spinosin. These findings will contribute to further understand
the reaction of Ziziphi Spinosae Semen in the liver phase I oxidation, intestinal hydrolysis and deparaffin metabolism.

Keywords Swertisin . Spinosin . Human serum albumin . Bovine serum albumin . Fluorescence quenching

Introduction

Serum proteins, the most abundant carrier proteins in plasma,
are synthesized in the liver and can combine with many drugs
[1]. The ability of serum proteins to bind to drugs is closely
related to the free concentration of drugs in the blood, so,
when the degree of binding is strong the free concentration
of the compound in the plasma is reduced. Serum protein not
only plays an important role in the metabolism of drugs, but
also maintains blood pH and osmotic pressure [2]. As an im-
portant part of human protein, human serum albumin (HSA)
accounts for about 60% total proteins. HSA, a monomeric

globulin with 585 amino acid, is synthesized in human liver
and presents in the interstitial fluid of the interstitial space [3].
There are three domains (I, II, III) in HSA, wherein domain I
consists of amino acid residues at position 1–195, domain II
contains residues 196–383, and domain III consists of amino
acid residues at 384–585. And each domain includes two sub-
units (A and B) that are connected by a long extended loop.
The molecular weight of HSA is 66 kDa, and the overall
structure forms a heart-shaped stable structure protein through
17 pairs of disulfide bonds and 1 free cysteine residue [4]. The
tertiary structure of HSA is composed of α-helix and a loop,
forming pockets of binding sites at domains I-II and II-III to
strongly bind with various endogenous and exogenous sub-
stances [5]. Because the combination of drugs and HSA will
affect the transportation and distribution of drugs in the human
body it is important to study their interactions to understand
the action mechanism and pharmacokinetics of drugs. Bovine
serum albumin (BSA) is widely used in the study of the inter-
action of compounds with serum proteins [6]. Because BSA is
a homologous protein with HSA, its domain is very similar to
HSA, and it is also a large globulin. BSA consists of 583
amino acid residues in a spiral structure with 20 tyrosine
(Tyr) residues and 2 tryptophan (Trp-134, Trp-213) residues
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[7]. Its structure resembles a heart shape. Three specific ho-
mologous domains (I-III) are composed, each of which is
further divided into two subdomains (A and B). There are
major binding sites in the hydrophobic regions of subdomains
IIA and IIIA of BSA [8].

Ziziphi Spinosae Semen (ZSS), the semen of Ziziphus
jujubaMill. var. spinose (Bunge) Huex, is used for nourishing
the heart, soothing the nerves and helping sleep as a traditional
Chinese medicine. Its main bioactive ingredient is jujube seed
flavonoid, including swertisin and spinosin [9] whose struc-
tures shown in Fig. 1. In the herb seed, the content of spinosin
is high, while the content of swertisin is low. When taking
orally into the human body, the content of spinosin decreases
sharply and the content of swertisin increases significantly,
which may be due to that spinosin being metabolized into
swertisin [10, 11]. Using HPLC-ESI-MS/MS combined tech-
nique, Zhang et al. found that spinosin can penetrate the
blood-brain barrier and is widely distributed in the hippocam-
pus, striatum, cerebral cortex and cerebellum [12]. Studies
have confirmed that spinosin has good anti-anxiety and hyp-
nosis effects [13]. Wang et al. discovered that spinosin can
effectively reduce sleep latency and increase sleep time [14].
Modern pharmacological researches found that swertisin also
has many functions, such as anti-inflammatory, hypoglycemic
and cognitive effects [15]. Lee et al. found that swertisin can
improve Alzheimer’s disease by improving cognitive im-
provement and memory [16]. Abhay group believed that
swertisin can effectively induce pancreatic secretion of insulin
by pancreatic cells, which can effectively lower blood sugar
and treat diabetes [17].

The interaction information that includes binding mode,
binding site and binding constant between proteins and com-
pounds is very important to know in detail the pharmacody-
namics and pharmacokinetics of compounds in biological,
pharmacological and clinical applications. Because of many
advantages, for example high accuracy, sensitivity and rapid-
ity, the spectroscopic methods are usually used to study the
protein-compound interactions along with other technologies
[18, 19]. In the paper the interactions between two main com-
ponents in Ziziphi Spinosae Semen and two kinds of serum

proteins were studied, and the relationship between the func-
tional groups and the binding constants was also discussed.

Materials and Methods

Materials and Solution Preparation

Swertisin and spinosin (98.6%) that were purchased from
Must Bio-Technology (Chengdu, China) were prepared stock
solution in DMSO. BSA and HSA that were purchased from
Solarbio (Beijing, China) were made stock solution with Tris
buffer of pH 7.4. All other reagents are analytical grade.

Fluorescence Measurements

The spectroscopic spectra of BSA and HSAwere measured in
quartz cuvette of 1 cm path length with the fluorescence spec-
trophotometer (Fluromax-4, HORIBA Scientific, USA)
equipped with a temperature holder at 27 ± 0.5 °C except
where designated. The experiments were performed in Tris
buffer of pH 7.4. 5 min after adding the compound the fluo-
rescence was recorded in 290–500 nm at exciting wavelength
of 280 nm, with fixed excitation and emission slit width of
10 nm each.

Synchronous Fluorescence Measurements

The synchronous fluorescence experiments were per-
formed in Tris buffer of pH 7.4 on the fluorescence spec-
trophotometer (Fluromax-2500, Hitachi, Japan), with the
initial excitation wavelength set as 220 nm and scanned
up to 500 nm. The difference (△λ) between excitation
and emission wavelength was set at 15 nm for Tyr residues
or at 60 nm for Trp residues [20, 21]. Both excitation and
emission slit widths were set at 10 nm. The recording was
repeated two times.

a

bFig. 1 The structures of swertisin
(a) and spinosin (b)
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CD Measurements

Circular dichroism (CD) measurements were conducted in
Tris buffer of pH 7.4 with a spectropolarimeter (Applied
Photophysics, Chirascan, UK) collocated with a Quantum
Northwest temperature controller. Each spectrum is the aver-
age of two scans.

UV-Visible Absorption Studies

UV-visible absorption spectra were recorded between 200 and
350 nm with UV-visible spectrophotometer (Cary 50, Varian,
USA). All absorbance spectra were corrected by the blank.

Data Analysis

All data were expressed as means ± S.D. Each experiment was
conducted three times.

Results and Discussion

Fluorescence Quenching of BSA and HSA Induced
by Swertisin and Spinosin

Fluorescence quenching is one of the most convenient
methods to examine the interaction between compound and
protein [22]. When fixing the excitation wavelength at
280 nm, BSA and HSA exhibit maximum emission wave-
length at about 345 nm that is the characteristic emission
wavelength of Trp [23], while both compounds show no in-
trinsic fluorescence emission at 345 nm. Fluorescence
quenching of BSA and HSA was studied by addition of
swertisin or spinosin to serum protein solution. The concen-
trations of proteins were kept at 1 μM, while the concentra-
tions of compounds were 2, 4, 6....14 μM, 19, 24, 29...54 μM.
As shown in Fig. 2, as the concentration of swertisin and
spinosin increase the fluorescence intensities of BSA and
HSA gradually decrease until almost vanish, indicating that
the compounds interact with the serum proteins.

Though no obvious shift of the fluorescence peak was ob-
served, the fluorescence quenching rate of BSA induced by
swertisin is faster than that of HSA, and the fluorescence
quenching rate of BSA caused by swertisin is faster than
spinosin (Fig. S1). In a word, the interaction between swertisin
and BSA is the strongest.

The Synchronous Fluorescence Study of Interaction
of Swertisin and Spinosin with BSA and HSA

Synchronous fluorescence spectroscopy can be used to study
the effect of small molecules on protein conformation [20].
Δλ of 15 and 60 nm between the excitation wavelength and

the emission wavelength represent the spectral characteristics
of Tyr and Trp, respectively [24]. Similar to recording of fluo-
rescence quenching, we successively added compounds to
serum protein solution to measure synchronous fluorescence,
with the concentrations of proteins of 1 μM and the concen-
trations of compounds of 2, 4, 6....12 μM. Figure 3 shows the
effects of different concentrations of swertisin on the Tyr and
Trp in BSA and HSA. The fluorescence intensities were reg-
ularly reduced with the increase of the compound concentra-
tion, which further confirmed the fluorescence quenching da-
ta; and there was no significant shift in the maximum emission
peak. The fluorescence intensities of Trp residues decreased
more, indicating that Trp residues were more affected than Tyr
residues when the compound bound to serum proteins. No
shift was observed in maximum emission wavelength, which
was consistent with the fluorescence quenching results.

The UV–vis Study of Swertisin and Spinosin on BSA
and HSA

Firstly UV-visible absorption spectra of the compounds
(16 μM) and serum proteins (1 μM) alone were recorded,
shown in Fig. S2. The UV absorption peaks of BSA and
HSA are around 280 nm, and the UV absorption peaks of
swertisin and spinosin are around 220, 270 and 340 nm from
one carbonyl conjugated system in common.

To study further the effects of swertisin and spinosin on the
structures of BSA and HSA, the UV-visible absorption spectra
of BSA and HSA were measured by gradual addition of
swertisin and spinosin (2, 4, 6… 14 μM) into protein solution
(1 μM). With the increase of swertisin or spinosin concentra-
tion, the intensity of the absorption peak gradually increased,
suggesting interaction of the hydrophobic benzene ring of the
compounds with the amino acid residues in the hydrophobic
cavity of proteins (Fig. 4). Fluorescence quenching of the
protein consists of the static quenching and the dynamic
quenching. Dynamic quenching is a process in which a colli-
sion between a protein and a compound causes a decrease in
fluorescence intensity, while a static quenching process only
has a complex formation between a protein and a compound
by weak interaction [25, 26]. The absorption spectrum chang-
es only when static quenching occurs and complex is formed,
so we speculate that they are static quenching and complex is
formed [27].

Fluorescence Quenching Mechanism BSA and HSA
by Swertisin and Spinosin

In order to clearly know the mechanism of fluorescence
quenching of two proteins induced by two compounds, the
quenching constants (Ksv) and quenching rate constant (kq)
of the interaction of swertisin and spinosin with proteins are
compared at different temperatures. Figure 5 is the plots of the
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Stern-Volmer equation at different temperature and the values
of Ksv and kq are shown in Table 1. The fluorescence
quenching data at different temperatures are analyzed by the
well-established Stern-Volmer equation:

F0=F ¼ 1þ kqτ0 Q½ � ¼ 1þ Ksv Q½ � ð1Þ

kq ¼ Ksv

τ0
ð2Þ

where F0 and F are the fluorescence intensities of proteins in
the absence and presence of compounds, respectively; kq is the
quenching rate constant of proteins; τ0 is the average lifetime
of proteins without quencher at the average value of 10−8 s,
Ksv is the Stern-Volmer quenching constant and [Q] is con-
centration of quencher.

There is no significant difference in Ksv between
swertisin with proteins at 27 °C and 37 °C (1.17 vs.
1.19 (×105 M−1) for swertisin acting with BSA, 8.73 vs.
8.70 (×104 M−1) for swertisin acting with HSA). This
phenomenon needs to be reconfirmed by other methods.

As the temperature increased, the quenching constants Ksv

of the interaction between spinosin and proteins de-
creased, indicating that the effect of spinosin on BSA
and HSA was static quenching. The change rules of kq
were similar to those of Ksv. The maximum quenching
and dispersion collision constant of quencher and
biomacromolecule is 2.0 × 1010 M−1·s−1, while the kq
values of the interaction between swertisin and spinosin
with two kinds of proteins are much higher in the present
study. These data again demonstrated that swertisin and
spinosin causes the fluorescence quenching of BSA and
HSA by the static quenching mode, that is to say,
swertisin and spinosin were respectively combined BSA
and HSA to form complexes.

After knowing that these two compounds bind to BSA and
HSA to form complexes, the binding constant (K) and the
number of binding sites (n) can be further clarified by the
equation:

lg F0−Fð Þ=F½ � ¼ lg K þ n lg Q½ � ð3Þ

whereF0 andF are the fluorescence intensities of proteins in the
absence and presence of compounds, respectively, [Q] is
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Fig. 2 The changes of fluorescence emission spectra of BSA and HSA induced by swertisin and spinosin with an excitation wavelength of 280 nm. a
BSA + swertisin; b HSA + swertisin; c BSA + spinosin; d HSA + spinosin
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concentration of compounds, K denotes the binding constant of
compounds with proteins and n is the number of binding sites.

It can be seen from Table 1 that there is only one
binding site for interactions of swertisin and spinosin with
BSA and HSA. At 27 °C, the binding constant K of
swertisin with BSA and HSA both is 1.08 × 105 M−1, with
no significant difference. The binding constant K of

spinosin to BSA is 8.15 × 105 M−1 and the binding con-
stant to HSA is 2.03 × 106 M−1. The latter is about 2.5
fold of the former, indicating that the interaction between
spinosin and HSA is a little stronger than BSA. In addi-
tion, the binding constant K of spinosin and BSA is about
8 fold, and the binding constant K with HSA is about 20
fold, compared with swertisin, indicating that spinosin has

Fig. 3 The effects of swertisin and spinosin on synchronous fluorescence spectra of serum albumins. A1-A3: BSA + swertisin; B1-B3: HSA+ swertisin;
C1-C3: BSA + spinosin; D1-D3: HSA + spinosin
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stronger binding ability with proteins than swertisin, es-
pecially HSA.

Thermodynamics Parameters of Interaction
of Swertisin and Spinosin with BSA and HSA

Four main types of weak and non-covalent interactions play
the important roles in protein-ligand interactions, including
van der Waals forces, hydrogen bonds, electrostatic gravita-
tional forces and hydrophobic forces [28]. Thermodynamic
parameters enthalpy change (ΔH), free energy change (ΔG),
entropy change (ΔS) calculated from the Van der Hoff equa-
tion and thermodynamic equation.

ln K ¼ −ΔH=R TþΔS=R ð4Þ

ΔG ¼ ΔH−TΔS ¼ −RT lnK ð5Þ

where R is the gas constant, T is the temperature and K is the
binding constant at corresponding temperature.

From a thermodynamic point of view, whenΔH andΔS
values are positive at the same time, the interaction force is
mainly the hydrophobic interaction force. When ΔH and

ΔS values are negative at the same time, van derWaals force
or hydrogen bond is the main interaction force. WhenΔH ≈
0 and ΔS > 0, it is the electrostatic interaction force that
plays a major role [24]. It can be seen from Table 1 that the
values ofΔG are negative for the binding of two compounds
to two proteins, indicating that all these interactions are
spontaneous. When swertisin acts with BSA and HSA, both
ΔH and ΔS show positive values, which indicates that the
main types of forces are hydrophobic force or hydrogen
bond. For spinosin, whatever effects on BSA or HSA, all
ΔH and ΔS values are less than zero, indicating that the
interaction types of spinosin with BSA and HSA are mainly
van der Waals forces or hydrogen bonds. The weak interac-
tion forces may help complex to maintain stability of spatial
structures such as protein helix, folding and polypeptide
chains. Thus, the compounds can be successfully
transported to their destinations to play a bioactive function
[29, 30].

CD Spectra of Swertisin and Spinosin on BSA and HSA

The secondary structure of a biological macromolecule
such as a protein may be get a little bit more insight by
measuring its CD spectrum [31]. In order to understand
the effects of the two compounds on the secondary struc-
ture of BSA and HSA, CD experiments were carried out
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Fig. 4 The UV-vis spectra of swertisin and spinosin effecting on BSA and HSA. a BSA-swertisin complexes. b HSA-swertisin complexes. c BSA-
spinosin complexes. d HSA-spinosin complexes
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in Tris buffer, pH of 7.4 (Fig. 6). The compound alone
(30 μM) has no absorption peak at 200–260 nm (Fig. S3).
BSA and HSA show negative peaks at 208 nm and
222 nm which are characteristic of the α-helix. When
adding different concentration of swertisin, the absorption
peaks of BSA and HSA increased, however, the position
of the peak did not change substantially, indicating that
swertisin changed the conformation of BSA and HSA. In
addition, the α-helix of BSA increased from 46.63 to
48.34%, and the α-helix of HSA increased from 51.32
to 53.73%, which suggested that swertisin had a greater
effect on HSA. After the addition of spinosin to protein

solution, the α-helix of BSA increased from 46.64 to
49.01% and the α-helix of HSA increased from 51.33 to
53.92%, indicating that the effect of spinosin on HSA was
greater than that of BSA. And comparing with swertisin,
spinosin had a greater effect on the α-helix of proteins.

Energy Transfer between the Compounds and Serum
Proteins

Next the energy transfer information of the donor-
acceptor was explored by Föster’s non-radiative energy
transfer (FRET) [32]. Whether FRET can be used depends

Fig. 5 The Stern-Volmer plots
(left) and logerthamic plots (right)
for the quenching of proteins by
compounds at different tempera-
tures. A1-A2: BSA + swertisin;
B1-B2: HSA + swertisin; C1-C2:
BSA + spinosin; D1-D2: HSA +
spinosin
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mainly on the following factors: (1) a significant overlap
between the donor and the acceptor. (2) the distance (r)
between the donor and the acceptor (2–8 nm). (3) the
proper oriented transition dipole of donor and acceptor
[21].

Figure 7 is the overlap between the fluorescence emission
spectrum of BSA/HSA and the UV-vis absorption spectrum of
acceptor (swertisin and spinosin). Data processing was carried

out according to the calculation method of donor-acceptor
energy transfer reported by Li et al. [18]. The average distance
between the donor and acceptor was between 2 and 8 nm, and
the values also fitted the scale: 0.5R0 < r < 1.5R0. In our study
the distances were exactly the same between swertisin and
proteins, which reminded us that there was no big different
HSA and BSA when combined with swertisin. So did the
spinosin (Table 2).

Table 1 Thermodynamic
parameters of interaction of
proteins with compounds

Temperature (°C) Swertisin Spinosin

27 37 27 37

BSA Ksv (×10
4 M−1) 11.71 ± 0.37 11.92 ± 0.33 8.58 ± 0.01 8.45 ± 0.01

kq(×10
12 M−1 ·s−1) 11.71 ± 0.37 11.92 ± 0.33 8.58 ± 0.01 8.45 ± 0.01

n 1.00 ± 0.03 1.05 ± 0.03 0.84 ± 0.03 1.21 ± 0.02

K (×104 M−1) 10.83 ± 0.54 20.7 ± 0.19 81.51 ± 4.53 1.44 ± 0.69

ΔH (kJ/mol) 50.30 ± 4.14 −312.34 ± 6.48
ΔS (J·mol−1·k−1) 264 ± 17.56 −927.96 ± 36.22
ΔG (kJ/mol) −28.90 ± 1.64 −31.54 ± 3.07 −36.23 ± 2.17 −30.96 ± 1.77

HSA Ksv (×10
4 M−1) 8.73 ± 0.02 8.70 ± 0.03 5.99 ± 0.16 5.65 ± 0.13

kq (×10
12 M−1·s−1) 8.73 ± 0.02 8.70 ± 0.03 5.99 ± 0.16 5.65 ± 0.13

n 1.02 ± 0.02 1.04 ± 0.00 1.43 ± 0.10 1.14 ± 0.05

K (×105 M−1) 1.08 ± 1.12 1.31 ± 4.02 20.31 ± 2.28 2.93 ± 2.11

ΔH (kJ/mol) 15.24 ± 0.74 −275.4 ± 4.88
ΔS (J·mol−1·k−1) 147.14 ± 13.94 −902.97 ± 22.92
ΔG (kJ/mol) −28.90 ± 2.36 −30.37 ± 1.91 −40.28 ± 2.91 −32.45 ± 1.39

Fig. 6 CD spectra of the BSA-swertisin system (a), HSA-swertisin system (b), BSA -spinosin system (c) and HSA-spinosin system (d)
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Conclusions

In the paper, the interactions between two main ingredi-
ents (swertisin and spinosin) from Ziziphi Spinosae Semen
and two serum proteins (BSA and HSA) have been stud-
ied by spectroscopic techniques. Although the two serum
albumin domains exhibit extensive structural homology,
their binding modes are not exactly the same. Binding
of different types of ligands within a serum albumin can
be competitive or cooperative and often is stereospecific.
Swertisin and spinosin statically quench intrinsic fluores-
cence of serum proteins by binding to proteins to form
complexes. Each serum protein has only one binding site
respectively accessible to the two compounds, and hence
the compounds can bind with the two serum protein with

stoichiometric ratio of 1:1. Hydrophobic force and hydro-
gen bond play the important roles during the biding pro-
cess of swertisin with proteins, but van der Waals force
and hydrogen bond are major driving forces for spinosin
binding to proteins. We find that swertisin and spinosin
change Trp microenvironments by recording synchronous
fluorescence, however more methods are needed to recon-
firm the binding site. In a word, swertisin and spinosin are
the florescence quenchers of serum proteins, whose
quenching information is very similar and not exactly
the same attributed to the different chemical structures.
These findings will contribute to understand the metabolic
process of Ziziphi Spinosae Semen, for example, the liver
phase I oxidation, intestinal hydrolysis and deparaffin me-
tabolism [33, 34].

Fig. 7 Overlap of UVabsorption (b) of the compound and fluorescence emission spectrum (a) of the protein. a BSA-swertisin system; bHSA-swertisin
system; c BSA -spinosin system; d HSA-spinosin system. The final concentrations of the compounds and the proteins are all 5 μM

Table 2 The values of J, E, R0

and r Compounds Proteins J (cm3·L·mol−1) E R0 (nm) r (nm)

Swertisin BSA 0.92 ± 0.02 0.95 ± 0.02 0.5 3 ± 0.01 0.33 ± 0.01

HSA 0.94 ± 0.01 0.95 ± 0.01 0.53 ± 0.01 0.33 ± 0.01

Spinosin BSA 0.91 ± 0.02 0.95 ± 0.01 0.53 ± 0.01 0.33 ± 0.01

HSA 1.00 ± 0.03 0.95 ± 0.02 0.54 ± 0.01 0.33 ± 0.01
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