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This paper describes the simple, sensitive, and effective spectrophotometric methods based on ultraviolet, fluorescence and circular
dichroism for revealing the interactional mechanism of Cochinchinenin A (CA) and Loureirin B (LB) with bovine serum albumin
(BSA). Under simulated physiological conditions, it was demonstrated that the fluorescence quenching mechanisms between CA
(or LB) and BSA as a static quenching mode, or a combined quenching (dynamic and static quenching) mode were related to
concentration level of CA (or LB). The binding distance (r¢,, ;) and the quenching efficiency (Kgy ), especially for the binding
constants value of ligands to BSA, were affected by the methoxyl group at position 4 at different temperatures. The corresponding
thermodynamic parameters were also obtained and indicated that electrostatic forces play a major role in the formation of the
LB-BSA complex, but probably a combined force for CA-BSA complex. Furthermore, synchronous fluorescence spectroscopy and
circular dichroism spectra demonstrated that the secondary structures of BSA were changed to varying degrees by the binding of

CA (or LB).

1. Introduction

Cochinchinenin A (CA) and Loureirin B (LB) are impor-
tant bioactive ingredients of Dragon’s blood, which is a
deep red resin and has been used as a famous traditional
medicine since ancient times by many cultures. The deep
red resin of Dracaena cochinchinensis (Lour.) S. C. Chen
(Agavaceae), believed to be the original source of Chinese
dragon’s blood, has been widely used in traditional Chinese
medicine for promoting blood circulation, treating trauma,
relieving pain, visceral hemorrhages, antimicrobial, mainly
for the treatment of coronary heart disease, cerebral infarc-
tion, and other thrombotic diseases [1-4]. CA (4'—hydroxy—
2,6-dimethoxydihydrochalcone) and LB (4'-hydroxy-2,4,6-
trimethoxydihydrochalcone) (Figurel) as the synergistic
bioactive ingredients of Dragon’s Blood extracts were shown
to have certain antithrombotic effects, antiplatelet aggrega-
tion effects, anti-inflammatory, and analgesic effects [5-8].

In spite of these broad pharmacological actions of CA and
LB mentioned earlier, their effects on proteins and the mech-
anisms of actions are poorly understood. Additionally, the
interaction between drugs and proteins could significantly
affect the transportation and distribution of CA and LB
and also affect their therapeutic activity and toxicity [9, 10].
As seen in Figure 1, the only difference in structure is that
there is one more methoxyl group in 4-substitution of LB.
Consequently, studies on the protein-drug binding are clearly
important for the explanation of the reaction mechanisms,
providing a pathway to understand the pharmacokinetics and
pharmacodynamic mechanisms of CA and LB in vivo.
Among all proteins, serum albumin is the most abundant
protein constituent in blood plasma and plays important
roles in the disposition and transport of various exogenous
and endogenous ligands to particular biological targets. The
effectiveness of a few compounds as pharmaceutical agents
depends on their binding ability to serum albumin [11-13].
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FIGURE 1: Molecular structures of Cochinchinenin A and Loureirin
B.

In recent years, the binding properties of serum albumin
and drugs were investigated by many researchers and human
serum albumin (HSA) has been usually used as a model
protein in evaluating protein-drug interactions [14-16]. On
the other hand, bovine serum albumin (BSA) and HSA
exhibit similar binding chemistry due to the high percentage
of sequence identities between the two proteins. So BSA has
been commonly used because of its ready availability and
affordability [17-19].

In the present study, the fluorescence spectroscopy, ultra-
violet spectroscopy, and circular dichroism (CD) techniques
were employed to explore the influence of methoxyl group
on the interactions of CA or LB with BSA under simulative
physiological conditions [20]. These researching results not
only reveal the mechanism of interaction of CA (or LB)
and BSA, but also help to discover the transportation and
distribution of the Dragon’s blood drugs in vivo and explain
the toxicity at the molecular level. Moreover, this study may
provide some available information for drug design and
pharmaceutical research.

2. Experimental

2.1. Apparatus. All fluorescence spectra were measured on
LS-55 (PerkinElmer, USA) spectrofluorometer equipped with
a thermostatic bath (PerkinElmer, USA), a xenon lamp, and a
1.0 cm quartz cell. UV-vis absorption spectra were measured
on a LAMBDA-35 (PerkinElmer, USA) spectrophotometer
with the use of a 1.0 cm quartz cell. CD spectra were measured
on a J-810 spectropolarimeter (Jasco, Tokyo, Japan) with a
0.1cm quartz cell under constant nitrogen flush. All pH
measurements were made with a pHs-3C digital pH meter
(Jinmai, Shanghai, China). All experiments, unless specified
otherwise, were carried out at room temperature.

2.2. Reagents. BSA was obtained from Sigma (USA) and
was dissolved in a Tris/HCI (0.05mol L™", pH 7.40) buffer
to form a BSA solution with a concentration of 2.0 x
10 °mol L™ and was kept in dark at 277 K (4°C). Tris/HCI
buffer (0.05mol L}, pH 7.40) containing 0.10 mol L™ NaCl
was selected to keep the pH constant and to maintain the
ionic strength of the solution. CA and LB were provided
by Professor Wenjie Lu (Guangxi Institute of Traditional

Journal of Spectroscopy

Medicine and Pharmaceutical Sciences) and were prepared
in ethanol as stock solution (1.0 x 10~ mol L™!). All other
reagents were of analytical grade and all the water used in the
experiments was double-distilled.

2.3. Procedures

2.3.1. Fluorescence Spectroscopy. A working solution contain-
ing 1.0mL BSA stock solution was titrated manually by
successive additions of 1.0 mL CA (or LB) stock solution
and Tris/HCI buffer with micropipette, and then the mixture
was diluted to the standard volumetric flask with water and
incubated for 20 min to equilibrate the system. Fluorescence
quenching measurements were carried out by keeping the
concentration of BSA fixed at 2.0 x 10® mol L™ and that of
CA (or LB) varied from 0 to 1.8 x 10> mol L™*. The fluores-
cence emission spectra were measured at 288, 298, and 310 K;
the width of the excitation and emission slits was set at 6.0 and
10.0 nm, respectively. An excitation wavelength of 282 nm was
chosen and the emission wavelength was recorded from 300
to 450 nm while the scanning rate was 1500 nm/min. On the
other hand, the excitation and emission slits were also set
at 6.0 and 10.0 nm for the synchronous fluorescence spectra
measurements, respectively. Blanks corresponding to the
buffer were subtracted to correct background fluorescence.
And the AL = 60 nm, excitation wavelength was set from 200
to 350 nm; experiments were carried out at the temperature
310 K.

2.3.2. UV-Vis Absorbance and CD Spectroscopy. The UV-vis
absorption spectra of CA (or LB) solution with the concen-
tration of 2.0 x 107° mol L™! were measured in the range of
300-450 nm at 310 K. CD measurements were performed at
0.2 nm intervals over a wavelength range of 190-280 nm and
the scanning speed was set at 200 nm/min. The concentration
of BSA was kept at 2.0 x 10° mol L' and the molar ratio of
BSA to AC (LB) was varied as1:0,1:5, and 1:10.

3. Results and Discussion

3.1. Fluorescence Quenching of BSA by CA or LB. Proteins
are considered to have intrinsic fluorescence due to the
presence of amino acid residues, mainly two tryptophan
(Trp) residues, Trp-212 and Trp-134 for BSA. Similar to HSA,
Trp-212 is located in subdomain IIA whereas Trp-134 is
localized in the subdomain IA [21]. Fluorescence quenching
is the decrease of the quantum vyield of fluorescence from a
fluorophore induced by a variety of molecular interactions
such as excited-state reactions, molecular rearrangements,
energy transfer, ground-state complex formation, and col-
lision quenching [22, 23]. Different mechanisms of fluores-
cence quenching are usually classified as dynamic quenching
and static quenching, which are caused by diffusion and
ground-state complex formation, respectively. And they have
different dependence on temperature; it is known that higher
temperatures result in larger diffusion coeflicients, and the
dynamic quenching constants are expected to increase when
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FIGURE 2: Emission spectra of BSA in the presence of various concentrations of CA (a) and LB (b) (T = 310K, A,, = 282nm,pH = 7.40).
C(BSA) =2 x 10 mol L™!; C(CA or LB)/(10"° mol L"), A-K: 0,0.8, 2.5, 3.5, 5.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.

there is a rise in temperature. In contrast, increased tempera-
ture is likely to result in decreased stability of complexes and
thus lower values of the static quenching constants. Dynamic
and static quenching can be distinguished by the emission
spectra before and after two samples interact as well [24].

In this work, the fluorescence quenching spectra of BSA
in the presence of different concentrations of CA (or LB) were
measured to elucidate the quenching mechanism in Figure 2.
As shown in Figure 2, BSA exhibited strong fluorescence
emission at about 350 nm on excitation at 282 nm, while CA
and LB showed very weak intrinsic fluorescence under the
same experimental conditions. Furthermore, when BSA was
added with increasing amounts of CA (or LB), a remarkable
intrinsic fluorescence decrease of BSA was observed as well
as the slight blue shift of the maximum emission wavelength.
This suggested that the intrinsic fluorescence of the tryp-
tophan residues was quenched and the microenvironment
around BSA was changed after the addition of CA or LB.

Fluorescence quenching is described by the well-known
Stern-Volmer equation which can also classify the type of
fluorescence quenching process as static or dynamic [25].
Consider

F,
2= 14 Ky [Q1 = Ky [Q), M

where F, and F are the steady-state fluorescence intensities
of the protein in the absence and presence of the quencher
(CA or LB), respectively; Kgy is the Stern-Volmer quenching
constant; K is the bimolecular quenching rate constant; 7,
is the average lifetime of the molecule without the quencher
and its value is about 107%s [26]; [Q] is the concentration
of the quencher. K¢, was acquired from the slope of linear
regression of a plot of F,/F versus [Q]. In many cases,
the fluorophore can be quenched by both mechanisms with
the same quencher, while the Stern-Volmer plot exhibits an
upward curvature for the distinct situation, concave toward

the y-axis at high [Q] [27, 28]. Accordingly, the F,/F is related
to [Q] by the following modified Stern-Volmer equation:

B 1+ kp1Q1) (1 + K5 Q)
F (2)

=1+ (Kp + Ks) [Q] + KpK[Ql%,

where Kg and K, are the static and dynamic quenching
constants, respectively. It is second order in [Q] and thus
leads to upward curve plots of Fy/F versus [Q] at higher
[Q] arising from a combined quenching (both dynamic and
static) process.

Figure 3 displays the Stern-Volmer plots of the quenching
of BSA tryptophan residues fluorescence by CA or LB at dif-
ferent temperatures (288, 298, 310 K) and the corresponding
results at different temperatures (pH = 7.40) are shown
in Tablel. As seen the little plots (insert in Figure 3) of
F,/F for BSA versus the low concentrations of CA (or
LB), ranging from 0.25 x 10° to 1.4 x 10° molL™}, are
linear and they exhibit a good linear relationship. However,
the quenching constant Kgy, in Table 1 decreased with the
increasing temperature and constant K, (such as 4.056 x

10'? and 4.415 x 10'2 Lmol!s7!, 310 K) is much larger than
2.0 x 10" Lmol™'s™", which is the value of the maximum
diffusion collision quenching rate constant [29]. Therefore,
the interaction between BSA and CA (or LB) at low con-
centrations is a static quenching process resulting from the
formation of BSA-CA (BSA-LB) complex. For the quenching
constants Kgy of LB are greater than that of CA at the
identical external experimental conditions, so quenching
efficiency of LB is more than that of CA. Lastly, the upward
curves showed in Figure 2 further verify that the fluorescence
quenching mechanism of CA and LB at high concentrations
is a combined one.

3.2. Binding Constant and the Number of Binding Sites. It has
been reported that there are independent binding sites in the
bimolecular, and the binding constant K, as well as number
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FIGURE 3: Stern-Volmer plots for the quenching of BSA by CA (a) and LB (b) at different temperatures (1., = 282 nm, pH = 7.40), C(BSA) =

2x10molL7".

TABLE 1: Stern-Volmer quenching constant K¢, of BSA by CA and
LB at different temperatures.

T K K

Compound © L ms(\)/l_l) (Lmz)l_l) R
288 5.382 x 10* 5382 %10  0.9931
CA 298 4.759 x 10* 4759 x10”%  0.9990
310 4.056 x 10* 4.056 x 10 0.9995
288 6.399 x 10* 6.399 x 10 0.9986
LB 298 6.043 x 10* 6.043 x 10" 0.9991
310 4.415 x 10* 4415%x 102 0.9884

R is the correlation coefficient.

of binding site n could be determined using the equation [30,
31]

F,-F
10g%=10g OF =log K, +nlog[Q], (3)

where AF is the difference value of fluorescence in the
absence (F;) and presence (F) of the quenching compound at
concentration [Q]; K, is the binding constant of interaction
between CA (or LB) and BSA; n is the number of binding
sites. The plots of log[(F, — F)/F] versus log[Q] presented in
Figure 4 at different temperatures are linear. Based on (3), the
values of K 4 and n can be calculated by the slope and intercept
of the double-logarithmic regression curves in Figure 4 and
the corresponding results were listed in Table 2.

In Table 2, the results suggest that the binding constants
for the LB-BSA system decrease with the increasing temper-
atures and indicate that the capacity of LB binding to BSA

was reduced for the increasing temperature leading to the
increasing diffusion coefficient and the lower stability of the
complex. Conversely, the binding constants for the CA-BSA
systems do not decrease with the increasing temperature,
which may be due to the influence of combined quenching
(both dynamic and static) process. Furthermore, the K 4 (LB-
BSA) at different temperatures are much larger than K, (CA-
BSA), which indicated that LB has a much higher affinity than
CA for binding to BSA. The larger K, implies the increased
stability of the BSA-drug complex, which suggests that the
addition of methoxyl group has effected on the interaction
between LB and BSA. The binding numbers (1) vary in the
ranges from 0.837 to 0.863 and 1.139 to 1.152 for CA-BSA and
LB-BSA, respectively. The values of n are approximately equal
to 1, indicating that there is one binding site in BSA for both
CA and LB during their interaction [31].

3.3. Thermodynamic Parameters and Nature of the Binding
Forces. The interaction forces between small molecules and
biological macromolecules may include hydrogen bonds, van
der Waals forces, hydrophobic and electrostatic interactions,
and so forth [32]. Generally, free energy change AG reflects
the possibility of reaction, while enthalpy change AH and
entropy change AS are the main quantities for judging the
nature of the binding forces. Therefore, the thermodynamic
parameters (AG, AH, and AS) of interaction are important
to characterize the interaction force between CA (or LB) and
BSA [33]. From the viewpoint of thermodynamics, AH > 0
and AS > 0 suggest hydrophobic forces; AH < 0 and AS < 0
imply van der Waals forces and hydrogen bonds; AH < 0
and AS > 0 reflect electrostatic forces. The thermodynamic
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TABLE 2: The binding constants and thermodynamic parameters of CA-BSA and LB-BSA systems at different temperatures.
T K AG AH AS
C d 4 R
ompoun (K) (Lmol™) " (Kjmol™) (KJmol™) (Jmol k™)
288 8.905 x 10° 0.837 0.9932 -21.78
CA 298 9.184 x 10° 0.850 0.9979 -22.61
310 8.992 x 10° 0.863 0.9997 2347
288 3278 x10° 1139 0.9705 -30.41
LB 298 2.866 x 10° 1.140 0.9988 -31.13 -13.54 58.749
310 2.199 x 10° 1.152 0.9950 -31.71
R is the correlation coeflicient.
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FIGURE 4: Plots of log[(F, — F)/F] versus log [Qc,] and log [Q, ;] at different temperatures.

parameters of BSA-LB complexes were calculated using the
following Van't Hoft equation [34]:

InK, = -~ + =2, (4)

If the temperature does not vary significantly, AH can be
regarded as a constant. And the free energy changes (AG) at
different temperatures can be calculated from the following
equation:

AG =AH -TAS = -RT'InK,, (5)

where R is the gas constant and K, is the binding constant
at the corresponding experimental temperature T'. According
to the binding constants K, of LB-BSA obtained at the three
temperatures (288, 298, and 310 K), the values of AH and AS
are obtained from the slope and intercept of the fitted curves
of InK, versus 1/T, respectively. But to CA, the K, does
not decrease with the increasing temperature T, and then
the In K, and I/T of CA dissatisfies the Van't Hoff equation.
As seen in Table 2, the values of thermodynamic parameters
(AG, AH and AS) are obtained and presented.

From Table 2, it shows that the negative values of AG
indicate that the binding processes are spontaneous for both
CA-BSA and LB-BSA complex. The negative AH and positive
AS values indicate that electrostatic forces play a major role
in the formation of the LB-BSA complex [32, 34]. But to CA,
it did not meet one of the three situations of the viewpoint
of thermodynamics, so we deduced that it is probably a
combined force in the formation of the CA-BSA complex.
Furthermore, the values of the thermodynamic parameters
and the nature of the binding forces for these two systems
are very different, which can be attributed to their different
molecular structure and the different molecular weight.

3.4. Energy Transfer from BSA to CA and LB. The pur-
pose of study on the energy transfer in biochemistry is
that the efliciency of transfer can be used to calculate the
distance between the ligands and the tryptophan residues
in the protein. According to Forster’s nonradioactive energy
transfer theory [35], the energy transfer will take place
under the following conditions: first, the donor can produce
fluorescence; second, fluorescence emission spectrum of
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F1GURE 5: The overlap of fluorescence emission spectrum of BSA (c, e) and absorption spectrum of CA (d) and LB (f) (T = 310K, pH = 7.40),

C(BSA) = C(CA) =C(LB) =2.0 x 10 mol L™".

the donor and UV-vis absorbance spectrum of the acceptor
must overlap significantly; and third, the distance between
the donor and the acceptor is lower than 8 nm. Based on this
theory, the energy transfer efficiency (E) is not only related
to the distance (1) between the donor and receptor, but also
Forster’s critical distance (R). The values of E are calculated
using the equation

F RS
E=1-2 -0 (6)
Fy R{+r®
where F and F, are the same as previously mentioned and R,
is the critical distance when the energy transfer efficiency is
50%. The value of R, was calculated using the equation

Ry =879 x 10 °K*n "¢, 7)

where K is the spatial orientation factor of the dipole, # is
the refractive index of medium, ¢ is fluorescence quantum
yield of the donor, and J is overlap integral of the fluorescence
emission spectrum of donor and absorption spectrum of the
acceptor (Figure 5). And J can be calculated by the following
equation:

_YFWMe® AtAL

YEAMAL ®

J

where F(A) is the fluorescence intensity of the donor at
wavelength A, and &(A) is the molar absorption coefficient of
the acceptor at wavelength A. According to (6)-(8), ], Ry, and
E can be obtained; so the value of r also can be calculated.
Figure 6 is the overlap of the fluorescence spectra of BSA
and the UV absorption spectra of CA or LB when the molar
ratio is 1:1 and at 310 K. The values of ] are obtained by
integrating the overlap in the spectra (Figure 4), 1.336 x
10"*and 5.524x 107" cm’Lmol ™' for CA-BSA and LB-BSA,
respectively. In the present case, K* = 2/3, n = 1.36,and ¢ =
0.15 [36, 37]. Combined with (6)-(8), we can calculate that
E = 0.05,R, = 1.23nm, and r, = 2.01 nm (310 K) for CA-
BSA system and E = 0.05, R(') = 1.06nm and r;; = 1.73nm

(310K) for LB-BSA system. Hence, the donor to acceptor
distance (r) in either system is less than 7nm and 0.5R, < r <
1.5R,, which indicates the energy transfer from BSA to CA
or LB occurred with high possibility [38]. In accordance with
Forster’s nonradiative energy transfer theory, it is proved once
again that the static quenching was presence in the interaction
between CA (or LB) and BSA. And the donor to acceptor
distance (r) of LB is closer than that of CA, which indicates
that the addition of methoxyl group is helpful for LB binding
to BSA.

3.5. Effect of CA and LB on Conformational Changes of BSA

3.5.1. Synchronous Fluorescence Spectroscopy Studies. Syn-
chronous fluorescence spectroscopy is a useful method to
provide some information about the changes of molecu-
lar microenvironment and the environment of amino acid
residues [39]. This is carried out by measuring the shift of
maximum emission wavelength (A, ,.), which corresponds
to the changes of polarity around the chromophore molecule.
When the wavelength shift (A1) between excitation and emis-
sion wavelength set at 60 nm, the characteristic information
of tryptophan residues in protein was given [40]. And the
synchronous fluorescence spectra of BSA upon addition of
CA or LB at 310K are shown in Figure 7. It shows that the
fluorescence intensity of tryptophan decreased regularly with
increasing CA (or LB) concentration, with the maximum
emission wavelength removed from 278 to 280 nm for CA
and from 279 to 281 nm for LB. These two shifts indicate that
the conformations of the BSA proteins have been changed on
the addition of CA or LB. Furthermore, the red-shift effects
demonstrate that the polarity around the tryptophan residues
increased and the hydrophobicity decreased with CA and LB.

3.5.2. Circular Dichroism Studies. In order to further investi-
gate the conformational changes, the CD which is sensitive to
variation of the structure of biological macromolecules was
used to monitor the secondary structural change of protein
upon interaction with CA and LB. And the CD spectra of
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BSA in the range of 185 nm to 260 nm were measured in the
absence and addition of CA or LB, as shown in Figure 7.
The CD results are expressed in terms of mean residue
ellipticity (MRE) in degree cm* dmol ™" that can be calculated
by following equation [41]:

observed CD (mdeg)

MRE =
Cpnl x 10

, 9)

where C,, is the molar concentration of the protein, 7 is the

number of amino acid residues, and [ is the path length.

The quantitative analysis of the a-helix content of BSA was

calculated from MRE values at 208 nm by the following

equation [41]:

~MRE,q — 4000
33000 — 4000

As seen in Figure 7, the CD spectra of BSA exhibit two
negative bands in UV region at 208 and 220 nm, which

a-helix (%) = x 100. (10)

are characteristic of a-helix structure of protein [42]. The
interaction between CA (or LB) and BSA causes a slight
decrease in band intensity at all wavelengths of the UV region
but without any significant shift in the peak position. The
a-helix content of BSA increased with the addition of CA
or LB when the molar ratio of drug/BSA was 5:1 and 10:1.
Furthermore, the increase of a-helix of LB was slightly less
than CA, which further confirms that the interaction between
LB and BSA can be influenced by methoxyl group at 4-
substitution. From the previous results, it is evident that
the effect of CA or LB on BSA caused secondary structure
changes of the protein with the increase of helical stability.

4. Conclusions

In this work, the interaction between CA and BSA, LB,
and BSA had been studied using fluorescence spectroscopy,



ultraviolet spectroscopy, and circular dichroism at different
temperatures under imitated physiological conditions. The
results showed that the quenching mechanism of fluorescence
of BSA by CA (or LB) was static quenching at low concentra-
tions of CA (or LB), while a combined quenching (dynamic
and static quenching) at higher concentrations of CA (or LB).
Moreover, the quenching efficiency, binding affinity of LB to
BSA, was more than that of CA and the donor to acceptor
distance ryp (1.73) is less than rs, (2.01), which indicated
that the 4-methoxyl group was more helpful to the ligands
binding to proteins. The values of n were approximately equal
to 1, so there was one binding site between CA and BSA,
LB, and BSA. The corresponding thermodynamic parameters
were also obtained and indicated that electrostatic forces
play a major role in the formation of the LB-BSA complex,
but probably a combined force for CA-BSA complex. The
results of synchronous fluorescence spectroscopy demon-
strated that the polarity around tryptophan residues was
increased and the hydrophobicity was decreased when CA
(or LB) interacted with BSA, and CD spectra demonstrated
that the secondary structures of BSA were changed to varying
degrees by the binding of CA (or LB). This study is expected
to provide some valuable data for the transportation and
distribution of CA and LB in vivo and to be helpful to drug
design and pharmaceutical research.
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