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ABSTRACT

Human serum albumin (HSA) has been developed as a model protein to study drug-protein interaction.
In the present work, the interaction between our synthesized flavonoid derivative 3d (possessing potent
antitumor activity against HepG2 cells) and HSA was investigated using fluorescence spectroscopy,
circular dichroism spectroscopy, UV-vis spectroscopy and molecular modeling approach. Fluorescence
spectroscopy showed that the fluorescence of HSA can be quenched remarkably by 3d under
physiological condition with a slight shift of maximum fluorescence emission bands from 360 nm to
363 nm. Calculated results from Stern-Volmer equation and modified Stern-Volmer equation indicated
that the fluorescence was quenched by static quenching processing with association constant
5.26 + 0.04 x 10* L mol~" at 298 K. After comprehensive consideration of the free energy change AG,
enthalpy change AH and entropy change AS, electrostatic interactions were confirmed as the main factor
that participate in stabilizing the 3d-HSA complex. Both dichroism spectroscopy and UV-vis spectro-
scopy indicated conformational change of HSA after binding to 3d. Moreover, the structure of HSA was
loosened and the percentage of a-helix decreased with increasing concentration of 3d. Molecular
modeling results demonstrated that 3d could bind to HSA well into subdomain IIA, which is related to its
capability of deposition and delivery. Three cation-r interactions and three hydrogen bonds occurred
between 3d and amino acid residuals ARG218, ARG222 and LYS199. In conclusion, flavonoid derivative
3d can bind to HSA with noncovalent bond in a relatively stable way, so it can be delivered by HSA in a
circulatory system.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

and its polypeptide chain folds into a heart-shaped molecule. Its three
dimensional (3D) structure was studied through X-ray crystallo-

Recently, the interaction between macromolecules such as protein
and drugs has attracted increasing interest [ 1-4]. Serum albumins, the
major transport protein in the blood circulatory system (accounting
about half of the proteins in human blood), act as the transportation
and disposition factor of various ligands, such as dyes, fatty acids, and
drugs [5,6]. Human serum albumin (HSA) is the most abundant
globular protein existing in plasma. It is made up of 585 amino acids
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graphic measurement [7]. 3D crystal structure shows that HSA
consists of three homologous domains (namely I, II, and III):
[ (residuals 1-195), Il (196-383) and III (384-585) and each domain
has two subdomains (denoted by A and B) [8,9]. The main role of HSA
is to maintain the blood pH and colloid osmotic blood pressure.
Moreover, HSA can bind to various ligands (endogenous and exogen-
ous), such as lipids, amino acids, nutrients, metal ions, drugs etc.
[10-12]. Due to this capability, HSA is known to play an important
role in transport and disposition of drugs. After entering the circula-
tory system (oral administration or injection), drugs bind to HSA more
or less. It is easy to understand that binding affects pharmacokinetics
and pharmacodynamics of drugs as it can prolong the action time
from being metabolized [13]. Moreover, drug-HSA complex blocks
drugs from penetrating blood capillary walls, blood-brain barrier and
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glomerulus. Therefore, the binding force cannot be too strong or too
weak [12], for that if it is too strong, drugs cannot dissociate from HSA
smoothly, resulting in low concentration of free drugs in plasma.
While if it is too weak, patients have to keep taking in drugs to hold
the concentration because its half-time is too short. Therefore, it is
necessary to evaluate the binding affinity of lead compounds to HSA
during the development of new drugs at an early stage.

Flavonoids containing the same skeleton of two aromatic rings
linked by an oxygenated heterocycle are a huge family including
flavones, flavonols, iso-flavones, anthocyanidins, anthocyanins,
proanthocyanidins and catechins [14]. In the past two decades, they
are considerably preferred more by researchers due to their diversity
in nature and their biological effects and pharmacological activities,
such as antitumor, anti-inflammatory, antiviral and cardio-protective
properties [15-22]. Among these properties, the antitumor activity
has attracted increasing interest in the development of flavonoids and
their derivatives as new drugs. Researchers have already known that
flavonoids from vegetables and fruits can reduce the risk of cancer
[17,23]. This may be resulted from their ability of antioxidant activity
because they could obliterate free radicals or be beneficial to this
procedure [24]. In our previous work, a synthesized flavonoids
derivative, 1-(3-chloro-4-(6-ethyl-4-oxo-4H-chromen-2-yl)phenyl)-
3-(4-chloro-phenyl)urea (3d) (Fig. 1), possessed potential antitumor
activity against HepG2 cells, while low toxicity against normal cells
HL7702 and QSG7701. The antitumor mechanism had been investi-
gated by conventional molecular biological methods and metabolo-
mics approaches [25]. In light of 3d had the potential for further drug
development, we further investigated the interaction between 3d and
HSA to better understand the transport and distribution of 3d
in blood.

To date, plenty of techniques have been applied to investigate the
interaction of small molecules with protein, such as nuclear magnetic
resonance (NMR) [2], fluorescence [26], UV-vis, circular dichroism
(CD) [9] and Fourier transform infrared spectroscopy (FTIR) [8].
As time goes on, some methods also have been introduced such as
mass spectrometry [27,28], capillary electrophoresis [29-31], high-
performance liquid chromatography (HPLC) [32], surface-enhanced
Raman scattering [33], electrochemistry methods [34] and molecular
modeling [8,35] to elucidate the binding character. In this paper, the
interaction of 3d with HSA was investigated using fluorescence
spectroscopy, CD, UV-vis and molecular modeling methods. We chose
the first three techniques because of their easy accessibility, sensitivity
and abundant theoretical foundation. As to molecular modeling, it is
viewed as the most useful tool to simulate conformation under the
situation of no real cocrystallization. The aim of our study is to explore
the binding mechanism of 3d to HSA and the effect of the complexa-
tion on the protein structure in detail by multispectroscopic methods.
We hope this study can provide significant insight into the theoretical
basis for pharmacology.

2. Material and methods
2.1. Reagents and materials

Human serum albumin (99%), Tris-base, NaH,PO,4, Na,HPO4
and ammonium acetate (analytical grade) were purchased from
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Fig. 1. Molecule structure of 3d.

Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile (HPLC grade) was
supplied by Merck (Darmstadt, Germany). Water used throughout
this experiment was prepared by Milli-Q water purification system
(Millipore, USA). Other reagents used were of analytical grade. The
pH of 10 mM Tris—HCI buffer and 100 mM phosphate buffer were
adjusted to 7.4 using hydrochloric acid and phosphoric acid
respectively.

2.2. Fluorescence spectroscopy

Fluorescence spectra were performed on a Fluorolog-3 fluor-
escence spectrophotometer (HORIBA JobinYvon, France) using a
1.0 cm quartz cell equipped with a thermostatic bath. The excita-
tion wavelength was 280 nm while the emission spectra were
recorded from 300 nm to 450 nm. Both the excitation and emis-
sion slit widths were set at 5nm. The scan speed was
600 nm min~'. HSA was dissolved in 10 mM Tris-HCI solution to
obtain the protein concentration of 2.5 pM, with physiological
pH 7.4. Titrate HSA with the prepared compound 3d to make sure
that its final concentration ranged from 0 to 25 pM. Because the
drug concentration of stock solution was far greater than HSA, the
titration of drug can hardly change the final concentration of HSA.
In order to let solution reach the setting temperature, data were
collected after 3 min balance time when the quartz cell was placed
in the thermostatic bath. The fluorescence emission spectra were
recorded at 288 K, 298 K and 310 K, respectively. The appropriate
blank corresponding to the buffer solution was subtracted to
correct the background of fluorescence. The association constants
of the HSA-3d system were calculated by the fluorescence data.

2.3. Circular dichroism (CD) spectroscopy

CD spectra were measured using a J-815 spectrometer (JASCO,
Japan) with a 0.1 cm quartz cell. HSA was dissolved in 100 mM
phosphate buffer (pH 7.4) as mentioned above and the signal was
recorded at room temperature in the presence and absence of
drugs from 200 nm to 250 nm at a scan speed of 200 nm min .
The concentration of HSA was 5 pM and drugs were dissolved in
DMSO with the concentration of 10 mM. The molar ratios of drugs
to HSA were varied as 0:1, 1:1, 2:1. Each of the CD spectra was an
average of three times scanning after subtracting background
value of phosphate buffer. All results were recorded as CD
ellipticity in mdeg.

2.4. UV-vis absorption spectroscopy

UV-vis absorption spectra were measured on a Beckman
Coulter DU-800 spectrophotometer (USA) at room temperature
in 1.0 cm path length. The UV-vis absorption spectra of HSA in the
present and absence of 3d were recorded in the range of 190-
320 nm. The final concentrations of drugs used for absorption
spectra changed from O to 25 pM, while the concentration of HSA
was fixed at 2.5 pM.

2.5. Molecular modeling

Molecular docking was applied to simulate the binding con-
formations between 3d and HSA. X-ray crystal structure of the
ligand bound to specific target protein provides accurate interac-
tions between the ligand and the protein, including optimization
of protein conformations and ligand position, orientation and
active binding site, which makes it a potent tool for molecular
modeling. In our study, the crystal structure of HSA (PDB ID:
2BXD) was downloaded from Protein Data Bank (PDB) based on
high structure similarity between 3d and warfarin (an approved
drug) [36], and the three dimensional structure of 3d was built
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using Discovery Studio.3.1/CDOCK protocol (Accelrys Software
Inc.). The processing of molecular docking was as follows: firstly,
water crystallization was removed from the X-ray crystal structure
of HSA; secondly, binding domain of warfarin was defined as the
candidate binding sphere, then small molecular ligand warfarin
was removed from the defined sphere, and HSA crystal structure
(2BXD) was simulated with CHARMm force flied as the receptor;
thirdly, 3d was applied by CHARMm force field, then was selected
as the ligand. Finally, 3d was docked into the defined sphere. The
possible conformation could be calculated and evaluated accord-
ing to CDOCKER energy, and the top rank conformation was
selected for further analysis.

3. Results and discussion
3.1. Fluorescence spectra analysis

In recent years, fluorescence spectroscopy has been widely
used as a powerful tool for the study of interaction between
biomolecules and ligands since it can provide significant para-
meters such as binding constant, binding sites, binding forces,
interaction distance, and so on [37]. Due to its high sensitivity and
non-intrusive measurement, fluorescence spectroscopy is highly
appropriate for low concentration detection under physiological
conditions. Generally, the emission fluorescence of HSA is mainly
derived from the residues of tryptophan, tyrosine and phenylala-
nine. In fact, people usually take the fluorescence of tryptophan
residues as the inherent fluorescence of HSA because phenylala-
nine has a relatively low quantum yield and the fluorescence of
tyrosine is almost completely quenched if it is ionized or present
near to an amino group, a carboxyl group or a tryptophan [38].

Fig. 2A shows the fluorescence quenching spectra of HSA
induced by different concentrations of 3d in Tris-HCI solution
with pH 7.4 at the excitation wavelength of 280 nm. It is obvious
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that the fluorescence intensity of HSA gradually decreased along
with increasing Cgrug/Cusa from 1 to 10 and the maximum
fluorescence emission bands had a red-shift from 360 nm to
363 nm. It indicated that 3d could interact with HSA and quench
its intrinsic fluorescence. Protein fluorescence is sensitive to
microenvironment and its structure. As we know, the fluorescence
emission wavelength of protein in polar solvent is longer than that
in nonpolar solvent. In other words, it will result in red-shift with
the increase of solvent polarity. The red-shift of the maximum
fluorescence emission indicated that the microenvironment of
tryptophan residue in HSA was changed, leading to an increase
of hydrophilicity in the vicinity of this residue [39].

Fluorescence quenching mainly takes place by two different
mechanisms, namely dynamic quenching and static quenching.
In order to clarify the quenching mechanism of 3d-HSA system,
the fluorescence spectra data were analyzed by the following
Stern-Volmer equation to calculate the quenching constant Ksy:

FT.? =1+Kq70[Q] = 1+Ksv[Q] (1)

where Fy and F are the fluorescence intensities of HSA in the absence
and presence of different concentrations of 3d, respectively. K is
bimolecular quenching rate constant, zg is the average lifetime of the
fluorophore before addition of drugs (the HSA fluorophore lifetime is
approximately 10~8s); [Q] is the concentration of quencher (3d).
In order to find out which mechanism plays the dominant role in this
quenching process, the fluorescence intensities of 3d-HSA system
analyzed by plotting Fo/F versus [Q] at three different temperatures
(288 K, 298 K and 310 K) are shown in Fig. 2B, and the calculated K,
values are listed in Table 1.

As shown in Fig. 2B, the regression lines under each detection
temperature reveal quite a good linear relationship and their slope
(Ks) decreases from 5+ 0.05 x 10* to 3.57 +0.03 x 10* L mol !
when the temperature rises from 288 K to 310 K. Generally,
dynamic quenching and static quenching can be distinguished
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Fig. 2. (A) Fluorescence quenching curves of HSA induced by different concentrations of 3d in 10 mM Tris-HCl buffer, pH 7.4 at 298 K upon excitation at 280 nm and slit
width of 5 nm. The concentration of HSA was 2.5 pM, whereas 3d concentrations were 0 — 25.0 uM at regular increments of 2.5 yM from top to bottom (a-k). (B) Stern—
Volmer plot for fluorescence quenching data of HSA-3d system at three different temperatures (288 K, 298 K and 310 K). (C) Modified Stern-Volmer plot for fluorescence

quenching data of HSA-3d system at three different temperatures as mentioned in B.
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Table 1

The quenching constants (Ksy), association constants (K,) and relative thermodynamic parameters of the HSA-3d system at different temperatures.

T (K) Ksy (x 10* L mol 1) R K, (% 10*Lmol 1) AS (Jmol 'K~ 1) AH (Jmol™1) AG (Jmol~'K™1) R®
288 5+ 0.05 0.9946 6.8 +0.04 0.9992 24.6232 —19568.4 —26659.9 0.9998
298 4.26 +0.05 0.9979 5.26 +0.04 0.9997 —26906.1

310 3.57 +0.03 0.9957 3.81 +0.02 0.9996 —27201.6

sv, a, and b represent the correlation coefficient for Stern-Volmer plot, K, and the van't Hoff plot, respectively.

by different K, at different temperatures. As to dynamic quench-
ing, the rise of temperature will increase the number of effective
collision, which promotes the quenching process, leading to the
increase of Kg. On the other hand, higher temperature will
decrease the stability of drug-HSA complex, inducing the decrease
of K. Hence the decrease of Ky, in this experiment indicated that
the fluorescence quenching came out of the formation of 3d-HSA
complex rather than dynamic collision, that is to say, 3d bound to
HSA. Table 1 gathers all the calculated K, at each temperature.

The modified Stern-Volmer equation is used to achieve the
association constant (K,)

Fpb, 11 1
Fo—F fKa[Ql [
where f is the fraction of accessible fluorescence, Kj is an effective
quenching constant and here it can be viewed as equal to
association constant in our quencher-acceptor system [40,41].
Fig. 2C shows a plot of Fy/(Fo—F) against 1/(|Q]) and corresponding
results are shown in Table 1. It can be seen that a good linear
relationship was matched too, indicating that 3d interacts with
HSA in a one-to-one ratio. The calculated association constants
between 3d and HSA are all in the order of magnitude larger than
10*M~'. This result was in accordance with plenty of earlier
reports, and such value of K, was considered to be good for the
drug to diffuse from circulatory system to its target sites [10].
Moreover, the value of K, decreased as the temperature rose,
which coincided with the change of K, and supported the static
quenching mechanism for 3d-HSA system. This information sug-
gested that 3d and HSA have a noncovalent binding with moderate
affinity so that 3d can be carried by HSA in the circulatory system
and transferred to target tissue.

Since 3d and HSA have noncovalent interactions, we can move
toward to determine which force plays the dominant role in that
process. As is well known, weak interactions include hydrogen
bonds, Van der Waals interaction, electrostatic interaction, hydro-
phobic force, etc. [42]. In this research, the type of weak interac-
tions can be determined by calculating relevant thermodynamic
parameters.

Because temperature did not change in a wide range under our
experimental method, the enthalpy change could be considered to
be a constant value. Thus, the thermodynamic parameters can be
calculated by the van't Hoff equation

AH AS
“RTTR 3
where K is a binding constant at corresponding temperature, AH is
the enthalpy change, AS is the entropy change, and R is a gas
constant. From the LnK versus 1/T plot we can obtain the values of
AH and AS.

As known, the free energy change (AG), enthalpy change (AH)
and entropy change (AS) have the following relationship:

AG=AH-TAS 4)

2

LnK =

From Egs. (3) and (4), corresponding thermodynamic parameters
was acquired, as shown in Table 1. It can be seen that all the
free energies are about —26 k] mol !, indicating that the binding
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Fig. 3. UV-vis spectra of HSA in the absence (a) and presence (d-f) of 3d. The
concentration of HSA was 2.5 uM; the molar ratios of HSA to 3d were 1:1 (b), 1:2
(c), 1:4 (d), 1:6 (e), and 1:8 (f). (g) 2.5 pM 3d only.

process does not need extra addition of energy and can take place
spontaneously. AH<0 and AS>0 mean that the electrostatic
interactions may play a leading role in the 3d-HSA complex
formation.

From fluorescence quenching results we know that 3d can bind
to HSA spontaneously with relatively high association constant.
This property endows 3d the capability that it can be deposited by
HSA and be transferred to tumor in the circulatory system so as to
produce antitumor action. This good property allows 3d move
toward to being an efficient antitumor lead compound.

3.2. UV-vis absorption spectra analysis

UV-vis absorption spectroscopy is one of the most useful way
to study conformational change of protein and detect complex
formation [43]. From Fig. 3 we can see that the free HSA had an
absorption peak at the wavelength of 280 nm, which is known as the
absorption peak of tryptophan residues, tyrosine residues and pheny-
lalanine residues. The absorption spectra intensities of HSA increased
with the addition concentration of 3d, and the maximal peak had a
blue-shift from 280 nm to 271 nm. As we all know, the absorption
spectra have significant relationship with chromophores of protein.
Chromophores exist in various microenvironment and it is deter-
mined by the conformation of whole protein. The conformational
change of protein surely will alter the microenvironment and thus
result in the change of ultraviolet absorption spectrum, and vice-versa.
Therefore, the variation of UV-vis absorption spectra obviously
demonstrated that 3d could bind to HSA and induce conformational
change. These results are clearly in line with conclusion of the
fluorescence spectra and confirmed its correctness.

3.3. CD spectra analysis
Generally, CD spectroscopy is popular in molecular biology area

to study the spatial structure of proteins, especially secondary
structure and changes of their conformation. Fig. 4 shows the CD
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spectra of free HSA and HSA-3d complex. The CD spectra exhibited
two negative bands at wavelengths of 208 nm and 222 nm. These
two wavelength points are the characteristic peaks of a-helix
structures and both of them can be used to calculate its content.
Though the intensity of CD spectra decreased with increasing
concentrations of the drug, the peaks did not shift apparently.
These results were expressed as ellipticity (mdeg), which was
obtained directly from the instrument. The secondary structure
percentage of a-helix in HSA before and after interaction with 3d
was determined by the following equations [44]:

mrw _ CDgps(mdeg)
(01 - Cpnl x 10 ©)

—[oYRW 2324

o — helix(%) = ——22o

x 100% (6)
where [9]MfWis mean residue ellipticity (MRW), CDgs is observed
ellipticity, G, is the molar concentration of the protein, n is amino
acid residues number, [ is the path length and [0}'R" is the MRW
at wavelength of 222 nm. Calculated results showed that the
percentage of a-helix decreased from 47.0% in pure HSA to 41.5%
and 37.9% when molar ratios of 3d to HSA are 1:1 and 2:1,
respectively. CD spectra explain the binding effect of HSA through
quantitative analysis. It can provide the information that whether
the drugs can interact with proteins and the degree of the
interaction. This result indicated that the interaction between
drug 3d and HSA led to a slight decrease in the helical structure
content of protein [9]. Since we have already known that 3d
induced HSA conformational change through UV-vis absorption
spectra analysis, the decline of o-helix ratio may result from
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Fig. 4. CD spectra of the HSA-3d system in the presence of increasing concentra-

tions of 3d in pH 7.4 phosphate buffer at 25 °C. The concentration of HSA was 5 pM;
the molar ratios of HSA to 3d were 1:0 (a), 1:1 (b), and 1:2 (c).

a-helix uncoiling because of the microenvironment change of
HSA deduced by the conformational alteration.

3.4. Molecular modeling

Molecular modeling was employed to further understand the
possible conformation of 3d-HSA complex. The interaction of war-
farin with HSA was widely investigated as a model to study ligand/
HSA interaction. Warfarin binds to HSA with high affinity in plasma
and about 99% of warfarin formed complex with HSA, which has a
correlationship with its high bioavailability. As shown in Fig. 5A, 3d,
just as warfarin, could bind to HSA in the subdomain IIA which is a
main binding domain and most ligands exhibit their unique biological
activity by binding to this domain [32,33]. 3d was capable of exactly
entering into this subdomain and forming some key non-covalent
interactions with amino residuals around it (as shown in Fig. 5B). The
specific interactions were as follows: (1) three hydrogen bonds,
formed between C=0 from urea bonding and NH, of ARG222, NH
and NH, of ARG218. (2) three cation-n interactions, one formed
between chlorobenzene ring and the ammonium cation of ARG218;
the second appeared between C ring of flavones backbone and the
ammonium cation of ARG222; the third existed between C ring of
flavones backbone and the ammonium cation of LYS199. Molecular
docking results showed that 3d could well fit into HSA subdomain IIA.
As illustrated in well-known data, this subdomain plays the dominant
role in drug deposition and delivery; the specific interactions
between 3d and HSA reminded us that this compound could be
transferred to target tissue or organ by HSA in the circulatory system.
The docking study is in agreement with the above experimental data
shown in this manuscript and this will supply us important informa-
tion about pharmacological properties of 3d [10].

4. Conclusion

Although 3d was designed as an inhibitor of specific protein
target of definite sites, the interaction of this molecule with
nontarget protein like HSA is still useful in drug development.
In the present work, the binding of 3d with HSA was investigated
using multispectroscopic (such as fluorescence spectroscopy, cir-
cular dichroism spectroscopy and UV-vis spectroscopy) and mole-
cular docking approach. The results indicated that the fluorescence
of HSA was quenched by 3d in the mechanism of static quenching
with association constant 5.26 +0.04 x 10 Lmol~! at 298 K.
Through the calculated thermodynamic parameters, we presumed
that the electrostatic interactions may feature the binding process
and the progress could happen spontaneously. From the results of
UV-vis and CD spectra it could be deduced that the conformation
of 3d was changed when adding 3d to HSA. Moreover, molecular
docking results suggested that 3d could bind to HSA into the

Fig. 5. Molecular docking of HSA with 3d. (A) 3d docked in the binding pocket of HSA. (B) The interaction mode between HSA and 3d.



J. Wei et al. / Talanta 126 (2014) 116-121 121

hydrophobic cavity of subdomain IIA. The residuals ARG218,
ARG222 and LYS199 formed corresponding interaction with 3d
to participate in the stabilization of the 3d-HSA complex.
In summary, 3d can bind to HSA in a relative stable way so that
it can be transferred and deposited. The investigation of drug-
protein interaction provides important information for drug
screening at the early stage of drug development.
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