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Fluorescence spectroscopy and docking study
in two flavonoids, isolated tectoridin and its
aglycone tectorigenin, interacting with human
serum albumin: a comparison study
Yuanzhi Li, Qing Wang, Jiawei He, Jin Yan and Hui Li*
ABSTRACT: Two flavonoids, tectoridin (TD) isolated from rhizomes of Iris tectorum and hydrolyzed aglycone tectorigenin (TG)
were prepared and characterized to compare their different interaction ability with human serum albumin (HSA). Based on the
results, the affinity of TG–HSA was stronger than that of TD–HAS, and TG combined more closely with HSA than did TD. HSA
fluorescence was quenched by TD/TG. The interactions between TD/TG and HSA involved static quenching. The thermodynamic
parameters indicated that both binding processes were spontaneous; hydrogen binding and van der Waals force were the main
forces between TD and HSA, whereas a hydrophobic interaction was the main binding force between TG and HSA. Synchronous
and 3D fluorescence spectra showed that the binding of TD/TG to HSA induced conformational changes. Moreover, a docking
study confirmed the experimental results. Copyright © 2015 John Wiley & Sons, Ltd.

Keywords: human serum albumin; flavonoids; tectoridin; tectorigenin; interaction
* Correspondence to: H. Li, College of Chemical Engineering, Sichuan University,
Chengdu 610065, People’s Republic of China. E-mail: lihuilab@sina.com

College of Chemical Engineering, Sichuan University, Chengdu 610065,
People’s Republic of China
Introduction
Flavonoids are widely distributed in the plant kingdom as
secondary metabolites (1), and compounds in this class possess a
broad spectrum of biological activities (2,3). Almost all flavonoids
exist as β-glycosides in nature (4). In most cases, flavonoid glyco-
sides are hydrolyzed to their aglycones to produce effects in vivo
(5,6). Studies on biologically active flavonoids have grown expo-
nentially in recent years (7). Knowledge of the binding parameters
and binding mechanism are of the uttermost importance (8–10).
Tectoridin (TD) is the 7-glucoside of tectorigenin (TG), and both

compounds are widely distributed in plants, such as Iris tectorum
(11), Belamcanda chinensis (12) and Pueraria thunbergiana (13).
TD and TG have been shown to have many pharmacological
activities (14–19). TD, which can be metabolized to TG by human
intestinal bacteria in a deglycosylation procedure, is considered
to be a prodrug (20). The metabolic fates of TD and TG are associ-
ated with the hydrolysis of 7-O-glucosyl, O-methylation, sulfation,
disulfation and glucuronidation of hydroxyl groups and mono-
and dihydroxylations (21,22). Comparative studies have shown
that TG has more potent biological activity than TD (20,23,24).
Human serum albumin (HSA) is a major protein component of

blood plasma and has important roles in the blood (25).
Compounds that bind to HSA with high affinity usually interact
with one or two specific sites on the protein (26). Studies on the
interaction mode of small molecules with HSA are quite important
(27). The interaction between flavonoids and serum albumin has
been well studied (28). Most reports have focused on the binding
process between flavonoids and serum albumins; only a few
have discussed the effect of flavonoid glycosylation on the
characteristics of binding with protein (29,30).
In this study, two flavonoids, TD and TG, were prepared and

their binding properties to HAS were investigated. Information
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regarding binding, including quenching mechanisms, binding
parameters, thermodynamic parameters, binding modes and the
high-affinity binding site of HSA interacting with TD/TG were
systematically investigated using spectroscopic methods. More-
over, the competition between TD/TG with HSA was studied in a
ternary system. Molecular docking was also used to gain insight
into the binding modes and further identify the key residues in
binding. We hope this work will clarify the binding mechanism of
TD/TG with protein at the molecular level, and also provide a
theoretical basis for understanding their effect on protein function
during blood transportation.
Experimental

Materials and reagents

Commercially available I. tectorum rhizomes were purchased from
Sichuan Limin Chinese Medicine Pieces Co. Ltd (Chengdu, China)
and identified using pharmacognostical methods. HSA (fatty-acid
free) was purchased from Sigma-Aldrich (Milwaukee, WI, USA)
and usedwithout further purification.Warfarin and ibuprofenwere
obtained from the National Institute for Control Pharmaceutical
and Products (Beijing, China). Acetonitrile (HPLC grade) was
supplied by Merck (Darmstadt, Germany). All other materials and
reagents were of analytical grade and ultrapure water was used
throughout.
Wiley & Sons, Ltd.
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Methods

Preparation and characterization of TD and TG

Iris tectorum rhizomes (500g) were reflux extracted for 2 h with
500mL ethanol: water (75: 25, v/v) at a temperature of 353 K.
After evaporating the extraction solvent, the residue was diluted
with H2O and successively extracted with petroleum ether and
EtOAc. The EtOAc-soluble fraction (4.2g) was chromatographed
over silica gel using CHCl3: MeOH (7: 3, v/v) to give TD (4 g,
colorless needles) (31).
In this study, TG was synthesized by hydrolysis of TD (Fig. 1)

rather than separated from I. tectorum (32). Purified TD (1.5 g)
was mixed with 3% HCl in MeOH: H2O (1: 1, v/v) at 353K and
refluxed for 4 h. The reaction mixture was then partitioned with
ethyl ether. The ethyl ether fraction was neutralized, dehydrated
and concentrated to obtain the resulting fraction. The resulting
fraction was recrystallized to obtain pure TG (563mg, pale yellow
needles).
The purities of TD and TG were confirmed using the HPLC area

normalization method. HPLC analysis of the crude extract, TD
and TG were performed on a Shimadzu LC-2010AHT HPLC system
fitted with a Kromasil C18 column (250mm×4.6mm, 5μm). A
gradient elution system acetonitrile (A) and water (B) was
used: 17% A at 0–10min, 17–46% A at 10–25min and 46% A at
25–33min (33). All solvents were passed through a 0.22μm filter
prior to use. The flow rate was kept at 1.0mL/min, and the effluents
were monitored at 265nm using a UV detector. HPLC chromato-
grams of TD, TG and I. tectorum crude extract are shown in Fig. 2.
The relative content of the two components shows that both have
a purity of> 97%. Under the specific HPLC conditions, HPLC
analysis showed that TD is eluted at 16.825min and TG is eluted
at 26.942min. This shows the difference in polarity between
the two compounds and that the polarity of TD is reduced after
hydrolysis to TG.
Figure 1. Molecular structure of TD (A) and TG (B), and the acid hydrolysis process.

Figure 2. HPLC chromatograms of TD (A), TG (B) and the crude extract of I. tectorum (C).
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TD and TG were identified by correlation with 1H NMR spectro-
scopic data (17,31–33), which were recorded on an AV II-400MHz
instrument (Bruker, Switzerland) (data not shown).
Fluorescence measurements

An HSA stock solution was prepared at a concentration of
2.0 × 10-5mol/L in 0.1mol/L Tris/HCl buffer (pH 7.4) containing
0.1mol/L NaCl. TD and TG were prepared at a concentration
of 1.0 × 10-3mol/L in ethanol. All the stock solutions were
prepared weekly and stored in the dark at 278 K.

Ethanol was used to dissolve TD and TG, and had almost no effect
on the conformation change and fluorescence quenching of HSA at
the experimental concentration used in the following tests: 2.0mL
of 1.0×10-6mol/L HSA was titrated with 0.1–1.0% (v/v) ethanol
while its UV–Vis spectra and fluorescence spectra were monitored.
The spectral profiles (data not shown) showed no changes.

All fluorescence spectra were recorded with a Cary Eclipse fluo-
rescence spectrophotometer (Varian, Inc., Palo Alto, CA, USA)
equipped with 1.0 cm quartz cells. A stabilized HSA concentration
(2.0× 10-6mol/L) and various TD and TG concentrations (from 0.0
to 12.0× 10-6mol/L) were added to each volumetric flask and then
diluted to 10mL with Tris/HCl buffer (pH 7.4). Prior to measuring
the fluorescence, the solutions were vortex-mixed and held for
1 h in a thermostat water bath at different temperatures (298,
310 and 315K). An excitation wavelength of 280 nm was
employed and emission spectra were recorded from 300 to
500nm; excitation and emission slit widths were set at 5 and
10nm, respectively.

Six independent binding experiments were conducted per
group. The maximum experimental error in the measurements
was 5%. In this study, the inner filter effect was corrected for using
the equation (34):

Fc ¼ Fm � e A1þA2ð Þ=2 (1)

where Fc and Fm are the corrected and observed fluorescence
intensities, and A1 and A2 are the absorption of the systems at
the excitation and emission wavelengths.

Synchronous fluorescence spectra were recorded at Δλ =15nm
and Δλ =60nm. The HSA concentration was fixed at 2.0×10-6mol/L
in a quartz cell and the concentrations of TD and TG were varied
from 0 to 12.0 × 10-6mol/L by successive additions.

3D fluorescence spectra were measured under the following
conditions: the emission wavelength was recorded between 200
and 500nm, the initial excitation wavelength was set at 200nm
with increments of 5 nm, and the other scanning parameters were
the same as those for the fluorescence emission spectra.
39
Site marker competitive experiments

Competitive binding experiments were conducted using warfarin
and ibuprofen. The ratio of site markers to HSA in the
warfarin/ibuprofen–HSA mixture solution was maintained at 1: 1
(2.0× 10-6mol/L each). After 1 h incubation, various concentrations
of TD and TGwere gradually added to thewarfarin/ibuprofen–HSA
systems and then incubated for a further 1 h. The fluorescence
spectra were recorded at 298 K under the experimental conditions
described above.

The effect of TD on the binding constant of TG with HSA (or vice
versa) was studied. When the concentration of one (interferent) in
a series of test tubes containing HSA was kept constant, the
concentration of the other (target) was successively changed.
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/luminescence



Table 1. KSV and Kq values for the complex of TD/TG–HSA at
different temperatures.

Compound T (K) KSV (L/mol) Kq (L/mol/S) R*

TD 298 44 794 4.479×1012 0.9968
310 39 729 3.973×1012 0.9961
315 38 810 3.881×1012 0.9980

TG 298 60 752 6.075×1012 0.9992
310 66 748 6.675×1012 0.9993
315 73 486 7.349×1012 0.9971

* The correlation coefficient for the regression equations.
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Molecular modeling

Docking calculations were performed using the CDOCKER
protocol in Discovery Studio 3.1 (State Key Laboratory of
Biotherapy, Sichuan University, China), which is available from
Accelrys Software Inc (San Diego, CA, USA). The crystal structure
of HSA used in the docking studies was obtained from the RCSB
Protein Data Bank (PDB ID: 1H9Z).

Results and discussion

The fluorescence quenching spectra and quenching
mechanism

The emission spectra of HSA in the absence and presence of TD
and TG are shown in Fig. 3. When the excitation wavelength is
set at 280 nm, HSA shows a strong emission band around
338nm, whereas TD and TG do not show any detectable emission
under this condition. With the continuous addition of TD and TG,
the emission intensity of HSA decreased gradually, which reveals
that both TD and TG quenched the intrinsic fluorescence of HSA.
Fluorescence quenching is mainly caused by dynamic and static

quenching. To explore the quenching mechanism qualitatively,
the Stern–Volmer equation is utilized (35):

F0=F ¼ 1 þ KSV Q½ � ¼ 1 þ Kq τ0 Q½ � (2)

where F0 and F are the fluorescence intensities in the absence and
presence of quencher, respectively; KSV is Stern–Volmer quenching
constant; [Q] is the concentration of the quencher, TD/TG here;
Kq = KSV/τ0, is the apparent bimolecular quenching rate constant;
τ0 is the average lifetime of the molecule without quencher,
which is ~ 10-8 s. KSV can be calculated from the Stern–Volmer plots
of F0/F versus [Q] at three temperatures (inset to Fig. 3A,B), then Kq
can be calculated. Values of KSV and Kq are listed in Table 1. In
general, the collisional quenching constant for various types of
quencher with biopolymer is 2.0× 1010 L/mol/s (36). In this study,
the bimolecular quenching constants are both much great than
this value in the interaction between TD/TG and HSA, which
implies that there is non-fluorescent complex formation between
TD/TG and HSA. The static quenching may be the main
mechanism of the fluorescence quenching of HSA by TD/TG under
our experiment conditions (37).
Binding parameters

For a static quenching interaction, the relationship between the
fluorescence intensity and the concentration of quencher can be
Figure 3. Emission spectra of HSA (2.0 × 10
-6
mol/L) in various TD (A)/TG (B) concentratio

1.2 × 10
-5
mol/L. [h] = 1.2 × 10

-5
mol/L for TD (A) /TG (B) only. (Inset) Stern–Volmer plot.

Copyright © 2015 Johnwileyonlinelibrary.com/journal/luminescence
usually described by deriving the binding constant (Ka) and the
number of binging sites (n) from the following double-logarithm
regression curve (38):

log F0 - Fð Þ=F½ � ¼ logKa þ n log Q½ � (3)

where Ka is the binding constant of the interaction between
quenchers and HSA and n is the number of binding sites per has
molecule. The values of Ka and n can be obtained from the plot
of log(F0 – F)/F versus log[Q]. The values obtained are shown in
Table 2.
The values of n are~ 1, suggesting that there is one major

binding site in HSA for both TD and TG during their interactions.
For TD, the values of Ka decrease with increases in temperature,
and indicate that the stability of the TD–HSA complex decreases
at increasing temperature (39). The increase in Ka values with
increasing temperature suggested that the binding between TG
and HSA is endothermic (40). More importantly, the value of Ka
(KaTG> KaTD) confirms that the affinity of TG–HSA is stronger than
that of TD–HAS, and TG binds more closely with HSA than TD (41).
The decreasing affinity of TD for HSA after glycosylation may be

caused by the increase in molecular size and polarity, and transfer
to a non-planar structure (42). When the hydroxyl group is
replaced by a glycoside in the TD molecule, steric hindrance may
take place, which may weaken the affinity to HSA. Another
possible explanation is that glycosylation decreases the hydropho-
bicity of flavonoids (43).
Our results partly support the hypothesis that flavonoid

aglycones are more easily absorbed than flavonoid glycosides
(6). The fairly large and highly polar flavonoid glycosides cannot
be absorbed after oral ingestion, but are hydrolyzed to their
aglycones by bacterial enzymes in vivo (5,6). This is supported by
ns at 298 K. [TD or TG]: (a→ g) 0, 2.0 × 10
-6
, 4.0 × 10

-6
, 6.0 × 10

-6
, 8.0 × 10

-6
, 1.0 × 10

-5
,
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Table 2. Values of Ka, n and thermodynamic parameters of the TD/TG–HSA system at different temperatures.

Compound T (K) Ka (mol/L) n R* ΔH (kJ/mol) ΔG (kJ/mol) ΔS ( J/mol/K)

TD 298 102 235 1.0772 0.9977 –28.58
310 71 040 1.0544 0.9993 –25.177 –28.79 11.48
315 58 492 1.0418 0.9968 –28.75

TG 298 130 858 1.0535 0.9990 –29.19
310 138 548 1.0693 0.9994 3.43 –30.51 109.47
315 140 832 1.0783 0.9996 –31.05

* R is the correlation coefficient for the regression equations.

Interaction of human serum albumin with tectoridin and tectorigenin
the metabolic process of TD shown previously (26–30), which
proposes that TD is first hydrolyzed to TG, and TG shows more
potent biological activity than TD.
FRET measurements analysis

According to Förster’s theory, the efficiency of fluorescence
resonance energy transfer (FRET) depends on the following factors
(35): (1) the relative orientation of donor and acceptor dipoles; (2)
the degree of overlap between the fluorescence emission
spectrum of the donor and the absorption spectrum of the
acceptor; and (3) the distance between the donor and acceptor.
The overlap between the fluorescence emission spectrum of HSA
and the UV–vis absorption spectra of TD and TG, which was
recorded in UV and visible absorption spectroscopy (TU1900,
Persee, Beijing, China), is shown in Fig. 4. The binding distance, r,
between TD/TG and HSA, and the energy transfer efficiency E
between the donor and acceptor could be calculated using
equation (4) (35):

E ¼ 1 � F=F0 ¼ R06= R06 þ r6
� �

(4)

Where F and F0 are the fluorescence intensities of HSA in the
presence and absence of TD/TG, r is the distance between the
acceptor and donor and R0 is the critical distancewhen the transfer
efficiency is 50%. R0 is calculated from equation (5) (35):

R0
6 ¼ 8:79 � 10�25 K2 N�4 Φ J (5)

Where K2 is the spatial orientation factor of the dipole, N is the
refractive index of the medium, and Φ is the fluorescence
Figure 4. The overlap of fluorescence spectrum of (a) HSA and the absorption of (b)
TD and (c) TG. [HSA] = [TD] = [TG] = 2.0 × 10

-6
mol/L.
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quantum yield of the donor. In this case, K2 = 2/3, N=1.33 and
Φ=0.13 (44). J can be obtained from equation (6) (35):

J ¼ ∑ F λð Þ ε λð Þ λ4 Δλ =∑ F λð Þ Δλ (6)

Where F(λ) is the fluorescence intensity of donor without
acceptor at wavelength λ and ε(λ) is the UV molar absorption
coefficient of the acceptor molecule when the wavelength is λ.

J, R0, E and r were obtained from the above equations and the
experimental data, and are listed in Table 3. It can be seen from
Table 3 that the distance between the donor and acceptor
molecules (r) was< 8nm, and 0.5R0< r< 1.5R0, which indicates
that energy transfer occurs from HSA to TD/TG with high
probability and the presence of a static type of quenching
mechanism (44). This result correlates nicely with the binding
parameters and quenching mechanism discussed previously.
Thermodynamic parameters and nature of the binding forces

The thermodynamic parameters of TD/TG–HSA complex are
calculated from the following van’t Hoff equation (38):

InKa ¼ � ΔH= RTð Þ þ ΔS=R (7)

ΔG ¼ � RT InKa (8)

where Ka is the binding constant at the corresponding tempera-
ture, R is the gas constant (8.3145 J/mol/K), and T is the experimen-
tal temperature.

According to equation (7),ΔH andΔS can be calculated from the
slope and intercept of the plot of lnKa versus 1/T. ΔG is calculated
using lnKa values for different temperatures. The thermodynamic
parameters are summarized in Table 2.

For these two HSA binding systems, negative values of ΔG
indicate that the binding is spontaneous. The values of ΔH and
ΔS indicate that hydrogen binding and van der Waal’s force are
the main forces between TD and HSA (38), whereas a hydrophobic
interaction is considered to be the main binding force between
TG and HSA (38). This can be explained by the differences in
molecular polarity, molecule planarity andmolecular size between
TD and TG.
Table 3. Energy transfer parameters for TD/TG–HSA system

System J (cm3/L/mol) R0 (nm) E r (nm)

TD–HSA 2.740×10–14 2.96 0.108 4.21
TG–HSA 3.034×10–14 3.01 0.219 3.72

Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/luminescence
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However, in the TG–HSA system, the positive values of ΔH
indicate that the binding is endothermic, and the binding capacity
of TG to HSA is enhanced by increasing temperature. The basis of
hydrophobic forces can explain on (40).
Table 4. Binding constants of competitive experiments of
TD/TG–HSA system (T = 298 K)

Compounds Site probe Ka (L/mol)

TD None 102235
Warfarin 457
Ibuprofen 94762

TG None 130858
Warfarin 6 457
Ibuprofen 113586

Figure 5. Synchronous fluorescence spectra of the TD–HSA system in Δλ = 15 nm (A) and Δ
fluorescence quenching degree of HSA by TD and TG (E). [HSA] = 2.0 × 10

-6
mol/L; [TD or TG]:

Copyright © 2015 Johnwileyonlinelibrary.com/journal/luminescence
Identification of the sites of action of TD and TG on HSA

To identify the binding sites of TD and TG on HSA, warfarin and
ibuprofen were used as probes to label sites І and II, respectively,
in the competition experiments (45). In the warfarin competition
experiments, on regular addition of TD or TG, the fluorescence
intensity of HSA gradually decreased, indicating that the binding
of both TD and TG to HSA is affected by the addition of warfarin.
By contrast, there was almost no change on addition of ibuprofen,
indicating that ibuprofen does not prevent the binding of these
two flavonoids to their usual binding location. The binding
constants (Ka) for the competitive experiments were calculated
and the results are given in Table 4. In the presence of warfarin,
the binding constant (apparent binding constant) changed
significantly, whereas in the presence of ibuprofen, the change in
the binding parameters was relatively small. The experimental
λ = 60 nm (B); TG–HSA system in Δλ = 15 nm (C) and Δλ = 60 nm (D). The synchronous
(a→ g) 0, 2.0 × 10

-6
, 4.0 × 10

-6
, 6.0 × 10

-6
, 8.0 × 10

-6
, 1.0 × 10

-5
, 1.2 × 10

-5
mol/L (T = 298 K).
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results and analysis demonstrate that the binding site for TD and
TG to HSA is mainly located within site I (subdomain IIA) of HSA.
Synchronous fluorescence spectra

When the intervals (Δλ) between the excitation and emission
wavelengths are 15 and 60nm, the synchronous fluorescence
spectra show characteristics of the tyrosine (Tyr) and tryptophan
(Trp) residues of HSA, respectively (46). The effect of these two
flavonoids on the synchronous fluorescence spectra is shown in
Fig. 5. It can be seen from Fig. 5(B,D) that, when the concentrations
of TD or TG increase, the maximum emission wavelength of the
Trp residue becomes slightly red-shifted (from 281 to 283.5nm
for TD, and from 281 to 284nm for TG), although the Tyr residues
do not show any significant shift in TD or TG (Fig. 5A,C). This
indicates that the conformation of the Trp micro-environment is
changed and the polarity is decreasedwith increased hydrophobic
binding of TD or TG (46).
Moreover, as the concentration of the two flavonoids is

gradually increases, the synchronous fluorescence intensities
decrease. To explore the conformational changes in HSA induced
by the addition of the two flavonoids (46–48), F/F0 is plotted
against [Q] for the complexes at Δλ =15nm and Δλ =60nm
(Fig. 5E).
Comparing Δλ =15nm with Δλ =60nm, on addition of TD (TG),

the fluorescence intensity of Trp residues is decreased to 67.91%
Figure 6. Quenching curves in the binary system (a: TG effect HSA; c: TD effect HSA)
and ternary system (b: TG effect HSA when TD fixed; d: TD effect HSA when TG fixed).
[HSA] = 2.0 × 10

-6
mol/L.

Figure 7. 3D fluorescence spectra of HSA (A), TD-HSA (B)

Luminescence 2016; 31: 38–46 Copyright © 2015 John
(40.06% for TG), and that of Tyr is decreased to 70.12%
(54.81% for TG), suggesting that both flavonoids reached
subdomain IIA of HSA, where only one Trp residue (Trp214) is
located (47). Moreover, there is a large hydrophobic cavity in
subdomain IIA where many drugs can bind (48). Therefore, the
quenching of the fluorescence intensity of Trp residues is
stronger than that of Tyr residues, suggesting that Trp residues
contribute more to the quenching of the intrinsic fluorescence.
These results suggest that both flavonoids are closer to Trp
residues than Tyr residues, or the binding site is mainly focused
on a tryptophan moiety (49).

Also, as shown in Fig. 5(E), the slopes of the curves for [TG–HSA]
are steeper than for [TD–HSA] when Δλ is either 15 or 60 nm,
indicating that TG has more micro-environmental influence than
TD on the amino acid residues of HAS. This conclusion agrees well
with the binding parameters results.
TD and TG competitive binding experiment

To determine whether the interaction between one flavonoid
and HSA is altered in the presence of another, we explored
the competitive binding between TD and TG in a ternary system
(45,49). When TD or TG was added to a solution containing
TG–HSA or TD–HSA, the fluorescence intensity of the solution
decreased. So TD or TG can interact with TG–HSA or TG–HSA
binary systems to form a three-component complex,
TG–(HSA–TD) or TD–(HSA–TG), via apparently hydrophobic
hydrogen binding or van der Waal’s forces, which are the main
interaction forces discussed previously.

The curves of F/F0 versus [Q] for the complexes are plotted
in Fig. 6. Comparison of the quenching curves in the binary
and ternary systems provides general information about the
change in affinity of one to serum albumin in the presence of the
other (50).

The quenching curves of the TG–HSA and TG–(HSA–TD) sys-
tems overlapped (Fig. 6a,b). This means that TD does not
affect, or contributes only weakly to the quenching of HSA
fluorescence in the presence of TG in the ternary system
TG–(HSA–TD). By contrast, it can be observed from Fig. 6 that
the quenching curves of TD–HSA and TD–(HSA–TG) systems
are quite different. It can be concluded that the presence of
TG probably inhibits formation of the TD–HSA complex or
makes the TD–HSA interaction more difficult. This phenomenon
may be caused by TG, which reduces the affinity of TD to HSA,
displaces the TD molecule and stabilizes the complex due to
the hydrophobic interactions.
and TG-HSA (C). [HSA] = [TD] = [TG] = 2 × 10
-6
mol/L.

Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/luminescence
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3D fluorescence spectra analysis

The 3D fluorescence spectra of HSA in the absence and presence
of TD or TG are shown in Fig. 7, and the related characteristics
are presented in Table 5. As shown in Fig. 7, peak a is the Rayleigh
scattering peak (λex = λem), and peak b is the second-order
scattering peak (λex = 2λem). Peak 1 mainly reveals the spectral
characteristics of tryptophan and tyrosine residues (51), because
their intrinsic fluorescence is primarily exhibited when HSA is
excited at 280 nm, whereas the fluorescence of the phenylalanine
residue can be negligible. In addition to peak 1, there is another
visible peak (peak 2), which is mainly caused by the transition of
π→ π* of characteristic polypeptide backbone structure C=O of
HSA (51).
The intensities of peaks 1 and 2 are obviously changed,

although to different extents, in the absence and presence of TD
or TG (Table 5). The decrease in the fluorescence intensity of the
two peaks results from a conformational change in HSA, increasing
the exposure of some previously buried hydrophobic regions to
TD and TG.
As shown in Fig. 7 and Table 5, the addition of TD/TG to HSA led

to a significant reduction in fluorescence intensities with a
slightly blue shift in the maximum emission wavelength for peak
1 and a red shift for peak 2. The above phenomena reveal that
the interactions between TG and HSA induced some micro-
environmental and conformational changes in HSA.
Figure 8. The schematic diagram generated using the 2D diagram feature of
Accelrys Discovery Studio 3.1 shows the interactions between TD (A)/TG (B) and its
neighbouring residues.
Docking studies

To confirm the experimental data, molecular docking studies were
carried out. The optimum poses of the lowest CDOCKER interac-
tion energy in 2D docking of HSA–TD/TG are shown in Fig. 8. Based
on the docking results, both TD and TG have more affinity to site I
than site II in HSA, which is in agreement with the site marker
experimental results.
TD is mainly surrounded by Leu260, Arg257, Leu238, Tyr150,

Ser287, Ile264, Ile290, Leu219, Ala291, Arg222, Arg218, Glu292,
Lys195, Trp214 and Lys199 (site I). A hydrogen bond is found
between ligand oxygen and Arg257. In addition, residues
Arg222, Arg218, Lys195 and Lys199 in the proximity of the ligand
are conjugatedwith TD (Fig. 8A). These forces stabilize the docking
conformation and are consistent with the binding mode obtained
from the thermodynamic parameters, which confirms the
experimental results.
Figure 8(B) shows that TG was mainly surrounded by Trp214,

Lys199, Arg218, Arg222, Leu260, Ser287, Ala261, Arg257, Val241
and Leu238 (site I). Residues Lys199, Arg222 and Arg257 in the
proximity of the ligand are conjugated with TD as π→ π*
Table 5. 3D fluorescence spectral parameters of HSA alone
and in the presence of TD/TG

System Peak Peak position
[λex/λem] (nm)

Intensity (a.u.)

HSA 1 280/340 582.28
2 225/333 688.96

TD–HSA 1 280/337 446.01
2 225/335 560.10

TG–HSA 1 280/332 385.65
2 225/338 548.59

Copyright © 2015 Johnwileyonlinelibrary.com/journal/luminescence
transitions, suggesting that the stability of the TG–HSA system
is enhanced, which is in accordance with the binding mode
proposed above.

Conclusion
In this study, TD was isolated from I. tectorum rhizomes and
hydrolyzed to obtain TG. We then studied the interaction of
TD/TG with HSA using spectroscopic fluorescence and molecular
docking techniques. The results revealed that the HSA fluores-
cence was quenched by TD/TG. Static quenching could be the
main mechanism of the fluorescence quenching of HSA by
TD/TG under our experiment conditions. The affinity of TG–HSA
was stronger than that of TD–HAS, and TG combined more closely
with HSA than TD. The negative values of ΔG indicated that the
binding processes were both spontaneous, and the values of ΔH
and ΔS indicated that hydrogen binding and van der Waal’s force
were the main forces between TD and HSA, whereas hydrophobic
interactions were considered the main binding force between TG
and HSA. Synchronous and 3D fluorescence spectral analysis
showed that the binding of TD/TG led to conformational changes
in the protein. In addition, a docking study suggested that both TD
and TG could enter into the large hydrophobic cavity of site I,
consistent with the binding mode obtained from the thermody-
namic parameters. The competitive binding characters of TD and
TG in a ternary system were explored, and the result showed that
TG reduced the affinity of TD for HSA, displaced the TD molecule
and stabilized the complex.
The drug delivery system is important in the efficacy of a

drug. Studies of the interactions between transporters like HSA
and drugs are thus valuable. In this case, the interaction
Luminescence 2016; 31: 38–46Wiley & Sons, Ltd.
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between HSA and TD/TG will be important factor in our
understanding of the pharmacokinetics and pharmacological
effects of TD/TG.
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