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bstract

The interaction of 18�-glycyrrhetinic acid (GA): The metabolite of glycyrrhizic acid which is the main active component of a commonly used
raditional Chinese medicine (TCM) Glycyrrhiza Uralensis Fisch with bovine serum albumin (BSA) has been investigated. Fluorescence emission
pectra of serum albumin in the presence of GA, recorded at the excitation wavelength 280 nm, clearly show that GA act as quencher and have
ifferent quenching mechanism at a pH below or above the isoelectric point (pI). The binding sites number n and apparent binding constant K were
easured. The thermodynamic parameters �H◦, �G◦, �S◦ at different temperatures were calculated. The effects of some common metal ions on
inding are considered. Synchronous fluorescence and UV–vis spectra were used to study protein conformation. Energy transfer between GA and
SA was calculated by Förster’s theory and the binding site was suggested to be site II. The binding of monoammonium glycyrrhizinate (GL) to
SA is also compared.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Glycyrrhiza Uralensis Fisch is the most common traditional
hinese medicines (TCMs) [1]; it appears in many Chinese
erbal formulations. Glycyrrhizic acid is the main active ingre-
ient of it and GA is the in vivo metabolite of this acid.
A is an inhibitor of some cancer cell and enzyme, such as

horiocarcinoma [2], melanoma [3], mastocytoma [4] and 11�-
ydroxysteroid dehydrogenase [5,6]. GA is a potent inducer
f mitochondrial permeability transition and can trigger the
ro-apoptotic pathway [7]. It can enhance the activity of hydro-
ortisone [8] and retard the development of autoimmune disease
9]. Also it possesses hepatoprotective effects and can protect
epatoinjury from carbon tetrachloride [10] and retrorsine [11].

Serum albumin is the most abundant protein in animal’s

ncluding human circulatory system. It is in charge of the trans-
ort of a variety of endogenous and exogenous substances in
ody and plays an important role in the distribution and depo-
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ition of these substances [12]. When drugs are absorbed, they
nter into the circulatory system and extensively and reversibly
ind to serum albumin [13]. An important aspect of a drug’s
iodisposition profile is the extent to which it binds to plasma
roteins [14]. Drug–protein interaction has significance in phar-
acology. It can affect the biological activity [15,16] and tox-

city [17–19] of drug. The binding parameters are helpful in
he study of pharmacokinetics and the design of dosage forms
20,21].

The tryptophan residues in serum albumin have intrinsic
uorescence. Information about the protein can be obtained
y the measurement of intrinsic fluorescence intensity of the
ryptophan residues before and after the addition of the drug.

any fluorescent methods have been developed for investigat-
ng the interaction of drug-macromolecule and most them are
ollected in corpora of principles of fluorescence of Lakowicz
22]. Among them, 8-anilino-1-naphthalenesulfonate (ANS) is
he most commonly used fluorescent probe. ANS was applied
or studies of salvation dynamics in a protein, resonance energy

ransfer and other binding parameters [23–25]. In recent year,
here are increasing studies on the interaction between serum
lbumin and active components in TCMs, such as Jatrorrhizine
n Tinospora cordifolia [26], Curcumin from Curcuma longa
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. [27], Wogonin in Scutellariae [28], Alpinetin from Amo-
um alnus [29] and so on. As glycyrrhiza appears in many
CM prescriptions, binding of its primary bioactive ingredi-
nt GA to serum albumin is worthy of investigation. In this
aper, fluorescence emission spectra of serum albumin in the
resence of GA below and above protein pI clearly show that
A acts as quencher and have different quenching mechanism

t a pH below or above the isoelectric point (pI). The binding
ites number n and apparent binding constant K were measured.
he thermodynamic parameters at different temperatures were
alculated. Synchronous fluorescence and UV–vis spectra were
sed to study protein conformation. The binding of monoam-
onium glycyrrhizinate to bovine serum albumin (BSA) is also

ompared and it shows a difference result from GA. In addition, a
omparative study of BSA interaction with GA and phenylbuta-
one (PB), fluofenamic acid (FA) and ibuprofen (IB) should help
nderstand preferential binding at the molecular level. Through
his work, we hope we can provide some clues on the pharma-
ology of glycyrrhiza.

. Experimental

.1. Materials

All fluorescent measurements were carried out on an F-
500 fluorescence spectrophotometer (Hitachi, Kyoto, Japan)
quipped with a xenon lamp source and 1.0 cm cell. A TU-
800SPC recording spectrophotometer (Puxi Ltd. Of Beijing,
hina) equipped with 1.0 cm quartz cells was used for the UV

pectrum scanning. All pH measurements were made with a
HS-3 digital pH-meter (Shanghai Lei Ci Device Works, Shang-
ai, China) with a combined glass-calomel electrode. The mass
f sample was accurately weighed with a microbalance (Sarto-
ius).

.2. Apparatus and methods

BSA (≥98%, Roche) was used without further purifica-

ion and its molecular weight was assumed to be 66,500.
SA stock solution (2 × 10−5 mol L−1) was prepared with dou-
ly distilled water and was kept in the dark at 4 ◦C. 18�-
lycyrrhetinic acid (≥97%, Fluka, product of Spain), gly-

u
b
c
Q

ig. 1. Fluorescence spectra of BSA in the presence of GA. (A) pH 7.40, 297 K; (B)
3.3, 63.9 (×10−7 mol L−1), respectively. BSA: 4 × 10−6 mol L−1.
tobiology A: Chemistry 185 (2007) 271–276

yrrhizic acid ammonium salt (≥95%, Fluka, product of Japan),
henybutazon (PB), fluofenamic acid (FA) and ibuprofen were
f analytical grade, and the stock solutions were prepared in
0% ethanol and their final concentration was equal to BSA’s,
amely 410−6 mol L−1. NaCl (0.5 mol L−1) solution was used
o maintain the ionic strength. Buffer (pH 7.40) consists of
ris (0.1 mol L−1) and HCl (0.1 mol L−1), and the pH was
djusted to 7.40 by adding 0.5 mol L−1 NaOH. Solutions of com-
on metal ions (2.0 × 10−2 mol L−1) were prepared by MgCl2,
lCl3, CoCl2, ZnSO4 and CuSO4, respectively, and their final

oncentration in fluorescence titration was 1.0 × 10−4 mol L−1.
ritton–Robinson buffer (pH 3.32). All reagents are of analytical
rade unless specialized. Water is doubly distilled water.

Fluorescence spectra were measured using 2.5/2.5-nm slit
idths and 700 V PMT. The excitation wavelength was 280 nm,

nd the emission was read at 290–420 nm. Fluorometric titra-
ion experiments: 2.0 mL 0.5 mol L−1 NaCl solution, 2.0 mL
uffer and 2.0 mL BSA stock solution were pipetted into a 10 mL
alibrated-flask, the filled with water to the scale. 1.0 mL of this
olution was transferred to a 1-cm cell and was titrated by suc-
essive additions of GA or other chemical stock solution to give
solution of certain concentration. Titrations were done manu-
lly by using trace syringes, then mix with a vortex agitator and
he fluorescence intensity was measured (excitation at 280 nm
nd emission at 340 nm). The temperature was controlled by
ir-conditioner and temperatures were kept in a certain value
T ± 0.5 ◦C) throughout a certain experiment.

. Results and discussion

.1. Fluorescence quenching of BSA by GA

In BSA tryptophan and tysosine contribute to fluorescence
pectra. This fluorescence decreases when some substance was
dded into the BSA solution. This phenomenon is called fluores-
ence quenching (FQ). FQ in serum albumin is widely used in
easuring drug–protein binding affinity. The interaction of GA

o BSA at a pH below or above the isoelectric point (pI) was eval-

ated by measuring the intrinsic fluorescence intensity of protein
efore and after addition of GA. Fig. 1 shows that addition of GA
auses a dramatic change in the fluorescence emission spectra.
uenching of BSA was observed promptly in our experiments,

pH 3.32, 298 K. Curves 1–8 GA concentrations are 0, 5.3, 10.6, 21.3, 32, 42.6,
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ven at first addition of GA, suggesting [19] that a high affin-
ty binding site to BSA is close to the single typtophan of this

olecule. BSA has a strong fluorescence emission with a peak at
40 nm on excitation at 280 nm. With gradual increase in drug
oncentrations, we observe typical FQ behavior. The fluores-
ence intensity of protein decreases in the presence of GA and
o distinct maximum emission wavelength shift was observed
n the studied GA concentration at pH 7.40, but a slight blue
hift at pH 3.32. Suggesting that the microenvironment around
hromophore of BSA is changed after the addition of GA.

Assumed the procedure to be dynamic quenching. By
tern–Volmer quenching equation:

F0

F
= 1 + Kqτ0[Q] = 1 + Ksv[Q] (1)

here Kq, Ksv, τ0 and [Q] are the quenching rate con-
tant of the biomolecule, the dynamic quenching constant,
he average lifetime of the molecule without quencher and
oncentration of quencher, respectively. Because fluorescence
ifetime of biopolymer is 10−8 s [30], quenching constant
Kq: L mol−1 s−1) at pH 7.40 can be obtained by the slope:
97 K, Kq = 2.47 × 1013, r = 0.9991; 287 K, Kq = 2.11 × 1013,
= 0.9988. 298 K, Kq = 1.20 × 1013, r = 0.9910 and 292 K,
q = 1.38 × 1013, r = 0.9907 at pH 3.32, respectively. Fig. 2

hows that curves have fine linear relationships, but changes
f slopes with the increase of temperature show different result
elow and above pI. This indicates there are distinct quenching
echanism below and above pI between GA and HSA.
However, maximum scatter collision quenching con-

tant of various kinds of quenchers to biopolymer is
.0 × 1010 L mol−1 s−1 [31]. Obviously, the rate constant of pro-
ein quenching procedure initiated by GA is greater than Kq
f scatter procedure. This shows that above quenching is not
nitiated by dynamic collision but forms compound. This phe-
omenon might be the result of the radiationless energy transfer
etween GA and BSA.
.2. Binding constant and number of binding sites

Assumed small molecules bind independently to a set of
quivalent sites on a macromolecule, the equilibrium between

f
d
b

ig. 2. The Stern–Volmer curves for quenching of GA to BSA. (A) pH 7.40; (B) pH
× 10−6 mol L−1).
tobiology A: Chemistry 185 (2007) 271–276 273

ree and bound molecules is given by the equation [32–34]:

og

(
F0 − F

F

)
= log K + n log[Q] (2)

here in this work, K is the binding constant to a site, and n the
umber of binding sites per BSA. According to the Eq. (2), the
inding constant K and the number of binding sites n at pH 7.40
an be obtained as K = 8.28 × 105 L mol−1, n = 1.1 (r = 0.9985)
t 297 K and K = 1.60 × 105 L mol−1, n = 0.986 (r = 0.9981) at
87 K, respectively. While at pH 3.32, K = 9.63 × 104 L mol−1,
= 0.962 (r = 0.9947) at 292 K and K = 2.21 × 104 L mol−1,
= 0.821 (r = 0.9956) at 298 K, respectively. The binding param-
ters of GL to BSA are K = 4.65 × 104 L mol−1, n = 1.03
r = 0.9976) at 297 K and pH 7.40.

.3. The binding force between GA and BSA

The acting forces between pharmaceutical and biomolecule
nclude hydrogen bonds, van der Waals forces, electrostatic
orces and hydrophobic interaction forces, etc. If the temper-
ture changes little, the reaction enthalpy change is regarded as
constant. By van’t Hoff and thermodynamic equation:

n K = −�H◦

RT
+ �S◦

R
;

G◦ = RT ln K = �H◦ − T�S◦ (3)

ere �H◦, �G◦, �S◦ are enthalpy change, free energy change
nd entropy change, respectively, and can be obtained. �H◦
nd �S◦ are 117 and 0.507 kJ at pH 7.40, while are −177
nd −0.511 kJ at pH 3.32, respectively, in the binding reaction
etween GA and BSA. So it can be deduced that the acting force
s mainly hydrophobic interaction force above pI (pH 7.40) and
ydrogen bonds, van der Waals forces below pI (pH 3.32) [35].

.4. Energy transfer between GA and BSA
Förster nonradiative energy transfer contains lot of use-
ul information [36,37] concerning the molecular details of
onor–acceptor, for instance, it can evaluate the distance
etween the ligand and the tryptophan residues in the protein.

3.32 (λex = 280 nm; λem = 340 nm; GA: from 5.3 to 64 × 10−7 mol L−1; BSA:
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hile proper overlap of the emission spectrum of the donor
ith the absorption spectrum of the acceptor exists, nonradia-

ive energy transfer can be detected. The rate of energy transfer
epends upon the extent of overlap, the relative orientation of the
onor and acceptor transition dipoles, and the distance between
hese molecules. According to the Förster nonradiative energy
ransfer theory [36,38], the efficiency of energy transfer (E) is
elated to the distance R between donor and acceptor by

= R6
0

R6
0 + r6

(4)

here R0 is a characteristic distance, called the Förster distance
r critical distance, at which the efficiency of transfer is 50%,
nd r is the distance between the donor and acceptor. R0 can be
enoted by Eq. (5).

6
0 = 8.8 × 10−25K2N−4ΦJ. (5)

n Eq. (5), K2 is the spatial orientation factor of the dipole of
he donor and acceptor, N the refractive index of the medium,

the fluorescence quantum yield of the donor in the absence
f acceptor and the overlap integral J expresses the degree of
pectral overlap between the donor emission and the acceptor
bsorption. J can be given by:

=
∑

F (λ)ε(λ)λ4�λ∑
F (λ)�λ

(6)

here F (λ) is the fluorescence intensity of the fluorescent donor
t wavelength λ, ε (λ) is the molar absorption coefficient of the
cceptor at wavelength λ. The efficiency of transfer (E) could
e obtained by the Eq. (7). Where F and F0 are the relative
uorescence intensity in the presence and absence of acceptor.

= 1 − F

F0
(7)
The overlap spectra of the absorption spectra of GA and the
uorescence emission spectra of BSA are showed in Fig. 3.
o J can be evaluated by integrating the spectra in Fig. 3
or λ = 280 − 420 nm and is 8.926 × 10−15 cm3 L mol−1. Under

ig. 3. The overlap of fluorescence emission spectra (1) and the absorption
pectra (2) when the molar ratio of GA and BSA is 1:1. BSA: 1.0 × 10−6 mol L;
A: 1.0 × 10−6 mol L.
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hese experimental conditions, we found R0 = 2.47 nm from Eq.
5) using K2 = 2/3, N = 1.36, Φ = 0.15 [39], the energy transfer
ffect, E = 0.514 from Eq. (7), and the distance between GA and
mino acid residue in BAS r = 2.45 nm. The data of R0 and r
re also in the academic range, which prove that nonradiative
nergy transfer occurs between GA and BSA. The average dis-
ance r < 8 nm [40], and 0.5R0 < r < 1.5R0 [41] indicate that the
nergy transfer from BSA to GA occurs with high probability.

.5. The effect of metal ions and other bioactive compound
n the binding constants

The effects of some common metal ions and other bioactive
ompound (GL) on the binding are investigated at 297 K. The
uorescence intensity was changed before and after the addi-

ion of common ion at λem = 340 nm. The results are listed in
able 1. The competition between the common metal ions and
A led to GA–BSA binding constants dropped 10–70% as com-
ared to the binding constant without ions. The presence of GL
akes the binding constant of GA–BSA reduce 80%, while the

resence of GA lets the binding constant of GL–BSA decrease
lmost 100%. The results show the presence of common metal
ons reduces the GA–BSA binding, causing GA to be quickly
leared from the blood, which may lead to the need for more
oses of GA to achieve the desired medicinal effect. Moreover,
emarkable effects on respective binding exist among bioactive
omponents. High binding constant of GA to serum albumin
ay be an explanation of the wide use of Glycyrrhiza Uralensis
isch in many TCM formulations.

.6. Identification of binding sites on BSA

Similar to HSA, BSA consist of amino acids chains forming
single polypeptide which contain three homologous �-helices
omains (I–III). Each domain is divided into antiparallel six-
elix and four sub-domains (A and B). The adherence of two
ub-domains, with their grooves towards each other forms a
omain, and three of such domains make up an albumin molecule

17]. The binding sites of BSA for endogenous and exogenous
igands may be in these domains and the principal regions of lig-
nd binding sites of albumin are located in hydrophobic cavities
n sub-domains IIA and IIIA. Many ligands bind specifically

able 1
he binding constant between BSA and GA at 297 K in the presence of common

ons and bioactive compound

ons (bioactive compound) K′/105 R2 K′/K

ithout 8.28 0.9971 –
l3+ 1.64 0.9981 0.198
o2+ 2.70 0.9979 0.326
u2+ 2.95 0.9986 0.356
g2+ 3.05 0.9981 0.368

n2+ 1.00 0.9924 0.121
L+ 1.49 0.9979 0.180
A+ 0.003* 0.9941 0.001

*) is the binding constant between BSA and GL in the presence of GA. (+)
ddition of GL or GA is 4 �M.
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o serum albumin, for example warfarin and phenylbutazone
or site I, flufenamic acid (FA) and ibuprofen for site II [42]
nd digitoxin [43] for site III. In order to identify the loca-
ion of the GA-binding site on BSA, site marker competitive
xperiments were carried out, using drugs mentioned above.
ccording to the Stern–Volmer equation (Eq. (1)), the fluores-

ence data were used to obtain the values of quenching con-
tant Ksv (2.30 × 105

, r = 0.9990; 2.70 × 105 mol/L, r = 0.9993,
.42 × 105, r = 0.9990, for PB, FA, and IB, respectively, at
96 K). While in term of Eq. (2), the binding constant K
re 1.72 × 105, r = 0.9996; 9.04 × 105, r = 0.9992; 9.48 × 105,
= 0.9948, respectively. Considering Ksv and K is 2.47 × 105

nd 8.28 × 105 without probe in the same condition, the results
alculated indicated that the bound of GA to HSA was affected
y adding FA in contrast with the addition of PB or IB to the
ame complex, which has shown remarkable effect. So, we sug-
est the binding site of GA to BSA is site II.

.7. Effects of GA on the conformation of BSA by UV-visual
nd synchro-fluorescence spectra

It is proverbial that the fluorescence of BSA comes from
he tyrosine, tryptophan, and phenylalanine residues. The spec-
rum of BSA was sensitive to the micro-environment of these
hromophores and it allows non-intrusive measurements of pro-
ein in low concentration under physiological conditions. So
pectroscopic methods were usually applied to the study of
onformation of serum protein. In synchronous fluorescence
pectroscopy, according to Miller [44], distinction of the differ-
nce between excitation wavelength and emission wavelength
�λ) reflects the spectra of disparate chromophores, with large
λ values such as 60 nm, the synchronous fluorescence of HSA

s characteristic of tryptophan residue and with small �λ val-
es such as 15 nm is characteristic of tyrosine. The maximum
mission wavelength (λmax) is also very useful in estimating the
ydrophobicity of the trytophan resides. λmax at 330–332 indi-
ated that trytophan resides are located in the nonpolar region,

hat is, they are buried in a hydrophobic cavity in BSA; λmax
t 350–352 nm suggests that tryptophan residues are exposed to
ater, says, the hydrophobic cavity in BSA is disagglomerated

nd the structure of HAS is looser.

B

i
t

ig. 4. Synchronous fluorescence spectra of BSA (4.0 �M) with �λ = 15 nm (A) and
.13, 3.20, 4.26, 5.33, 6.39. pH 7.40, 297 K.
ig. 5. UV absorption spectra of the GA–BSA system obtained at 297 K and pH
.40. (1–3) GA (�M): 6.75, 20.25, 54; (4–10) GA (�M): 0, 6.75, 10.8, 20.25,
3.75, 47.25, 67.5 and BSA keep in 10 �M. pH 7.40, 297 K.

Fig. 4 shows the effect of addition of GA on the synchronous
uorescence spectrum of BSA. Addition of the drug results in the
trong fluorescence quenching of tryptophan with the maximum
mission wavelength at 281 nm, no distinct shift of wavelength
as observed; while fluorescence strength of tyrosine change

ittle at 286 nm. Moreover, considering the fine linearity of the
tern–Volmer quenching in the same condition and the binding
ite number in the same condition, we can conclude that GA bind
o a specific site near one of the two tryptophans in BSA. Since
ryptophan 212 of BSA is located in sub domain IIA [19], we
an conclude that the binding site is in the vicinity of tryptophan
12. λmax of emission spectra is 340 nm shows this tryptophan
artially locates in the hydrophobic medium. All these indicate
hat the interaction with GA does not affect the conformation
f BSA in the studying condition. On the other hand, λmax of
mission spectra is 332 nm and a blue shift of wavelength from
32 to 325 nm was observed at pH 3.32 suggest tryptophan is
uried in a hydrophobic cavity in BSA and the conformation of
SA has been changed.
The UV–vis spectra of BSA, GA and GA–BSA were shown
n Fig. 5. It is clear from the figure that in the invisible region,
he absorption peaks of GA and BSA is in 250 and 278 nm,

�λ = 60 nm (B) in the absence and presence of GA (1–8, �M): 0, 0.53, 1.06,
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espectively. A new peak was formed with the increasing addi-
ion of GA which λmax is 258 nm. This indicates new complex
s formed. The conclusion is consistent with the result from flu-
rescence quenching investigation.

. Conclusions

In this paper, the interaction between GA and BSA has
een studied by the fluorescence method, and UV-visual spec-
roscopy. The results presented have clearly indicated that GA is
strong quencher. Meanwhile, from the thermodynamic param-
ter calculation, it can be shown that the acting force was mainly
he hydrophobic. Displacement experiments show that GA has
ne reactive site in BSA, that is, high affinity site (site IIA).
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