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Hydroxycinnamic acid derivatives (HCAs) are a group of naturally occurring polyphenolic compounds
which possess various pharmacological activities. In this work, the interactions of bovine serum albumin
(BSA) with six HCA derivatives, including chlorogenic acid (CHA), caffeic acid (CFA), m-coumaric acid
(m-CA), p-coumaric acid (p-CA), ferulic acid (FA) and sinapic acid (SA) have been investigated by NMR
spectroscopic techniques in combination with fluorescence and molecular modeling methods.
Competitive STD NMR experiments using warfarin sodium and L-tryptophan as site-selective probes
indicated that HCAs bind to site I in the subdomain IIA of BSA. From the analysis of the STD NMR-
derived binding epitopes and molecular docking models, it was deduced that CHA, CFA, m-CA and
p-CA show similar binding modes and orientation, in which the phenyl ring is in close contact with
protein surface, whereas carboxyl group points out of the protein. However, FA and SA showed slightly
different binding modes, due to the steric hindrance of methoxy-substituents on the phenyl ring.
Relaxation experiments provided detailed information about the relationship between the affinity and
structure of HCAs. The binding affinity was the strongest for CHA and ranked in the order CHA > CFA >
m-CA ≥ p-CA > FA > SA, which agreed well with the results from fluorescence experiments. Based on
our experimental results, we also conclude that HCAs bind to BSA mainly by hydrophobic interaction
and hydrogen bonding. This study therefore provides valuable information for elucidating the
mechanisms of BSA–HCAs interaction.

Introduction

The interactions between biological macromolecules and small
molecules have attracted great interest in recent years.1–3 Among
bio-macromolecules, serum albumin is the major soluble protein
constituent of the circulatory system and has many physiological
functions. It acts as a transport protein for many endogenous and
exogenous compounds and plays a pharmacological role in the
colloid blood pressure and maintenance of blood pH value.4–6

Therefore, studies on the binding of drugs with albumin can
provide useful information of the metabolism and transporting
process of drugs, and hence become an important research field
in chemistry, life sciences and clinical medicine.7,8 In addition,
drug–albumin complex may be considered as a model for
gaining general fundamental insights into drug–protein binding,
because of the availability, stability, and extraordinary binding
capacity of albumin.9 In this regard, bovine serum albumin

(BSA) has been extensively studied because of its structural
homology with human serum albumin (HSA).10–12

Polyphenols, the biggest group of natural anti-oxidants, are
widely distributed in the plant kingdom and are present in con-
siderable amounts in fruits, vegetables, and beverages in the
human diet.13 These compounds have attracted much attention
due to their physiological functions, namely, in the prevention of
coronary heart disease, cancer, and inflammation.14–16 Hydroxy-
cinnamic acid derivatives (HCAs), such as chlorogenic, caffeic,
m, p-coumaric, ferulic and sinapic acid, also known as phenolic
compounds, comprise one of the largest and most ubiquitous
groups of plant metabolites,17 and have been confirmed to
possess multiple biological and pharmacological properties
including antioxidant,18,19 antiviral,20 antimicrobial,21 antityrosi-
nase,22 hepatoprotective actions23 and modulation of signal
transduction pathway.24 Interestingly, the difference of their
structures leads to different effects in function. For example,
Chiang et al.25 showed that caffeic acid and chlorogenic acid
which contain two hydroxyl groups in the phenyl ring exhibit
more potent activity against herpesviruses and adenoviruses
infections than those bearing one hydroxyl group such as ferulic
acid and p-coumaric acid. Moreover, Wen et al.26 determined the
antimicrobial activity of several phenolic acids against five
strains of L. monocytogenes, and found that cinnamic acid
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exhibited the strongest activity, followed by p-coumaric, ferulic
and caffeic acids, while chlorogenic acid was ineffective even at
the maximum concentration tested (1.0% (w/v)). Their results
suggested that increased hydroxylation of cinnamic acid mol-
ecule clearly reduced activity. These studies show that HCAs
biological properties may depend both on their chemical struc-
ture, such as the number and position of the hydroxyl groups in
the aromatic ring,27,28 and on their affinity with the molecules of
enzymes and other biological macromolecules.29,30 Therefore,
investigations on HCAs–BSA recognition processes may throw
light on studies about drug metabolism and drug–protein inter-
action. In fact, there have been several studies on the interaction
between various phenolic acids and BSA by means of fluor-
escence method.31,32 However, so far none of these investi-
gations determined the binding epitope and evaluated binding
modes and structure affinity in detail, which may limit our
proper and comprehensive understanding of the interaction
between HCAs and BSA.

NMR spectroscopy offers a variety of approaches for the
characterization of drug–protein Interactions,33–36 such as the
saturation transfer difference (STD) NMR experiments for the
analysis of binding epitopes at atomic resolution and the relax-
ation rate experiments for the investigation of binding
affinity.37–40 In addition, fluorescence spectroscopy is also an
appropriate method to study the interaction between drugs and
proteins.41,42

In the present work, we have employed a combination of
NMR, fluorescence and computational techniques, in an attempt
to determine where and how HCAs bind to BSA in solution.
Several structural analogues of HCAs were investigated to ident-
ify the binding epitopes and their binding sites on BSA by STD
NMR. 1H NMR relaxation and fluorescence experiments ranked
the analogues according to their relative binding affinity yielding
detailed structure–affinity relations. Molecular docking was uti-
lized to validate experimental data and to more accurately
characterize the models of BSA–HCAs complexs. Our work
thus is intended to provide a framework for elucidating the
mechanisms of BSA–HCAs binding.

Experimental

Materials

Hydroxycinnamic acids derivatives, warfarin sodium (WAR) and
L-tryptophan (L-Trp) and bovine serum albumin (molecular mass
66 200 Da) were purchased from Sigma Chemical Company and
used without any further purification. D2O and DMSO-d6 at
99.9% purity was from Aldrich. All other reagents were of
analytical grade.

NMR spectroscopy

All NMR data were obtained on Bruker Avance 400 MHz spec-
trometers at 298 K. Bruker software (topspin 2.1) was used to
acquire and process NMR data.

In STD experiments, selective saturation of the protein was
achieved by a train of Gaussian shaped pulses of 50 ms each,
truncated at 1% and separated by a 1 ms delay. The duration of
the presaturation of 3 s was adjusted using n = 58 cycles. Protein

resonance was suppressed by application of a 30 ms spin-lock
pulse prior to acquisition. All STD experiments were selectively
saturated using the Gaussian train pulses at −0.5 ppm for the on-
resonance and 30 ppm for the STD control. The subtraction was
performed after every scan, through a phase cycling. Samples
contained 60 μM protein and a ligand concentration of 10 mM
HCAs respectively. In competitive STD experiments, samples
were prepared with additional components as follows: 50 μM
BSA, 3 mM HCAs and 4.8 mM WAR/Trp. Intensities of all STD
effects were calculated by division through integrals over the
respective signals in 1H NMR reference spectra. For group
epitope mapping, these effects were then normalized against the
largest STD effect observed, thus, 100% corresponds to the
signal with the largest STD effect.

Spin–lattice relaxation rates were measured using the (t–
180°–τ–90°)n sequence. The τ values used for the selective and
nonselective experiments were: 0.001, 0.005, 0.01, 0.02, 0.04,
0.06, 0.08, 0.12, 0.2, 0.4, 0.6, 1.0, 1.6, 2.4, 3.5, 5.0, 7.0, 10.0,
13.0, 18.0 s, respectively. The relaxation delay time t was set to
be 15 s. The 180° selective inversion of proton spin population
was obtained by a selective soft Gaussian perturbation pulse
(width: 60 ms, power: 57.50 dB). The selective spin–lattice
relaxation rates were calculated using the initial slope approxi-
mation and subsequent three-parameter exponential regression
analysis of the longitudinal recovery curves. The maximum
experimental error in the relaxation rate measurements was esti-
mated to be 5%. The solutions for the relaxation rates exper-
iments were obtained by dissolving the appropriate amounts of
ligand and protein in DMSO-d6–D2O (8 : 92). In all experiments
the ligand concentration was 10 mM and the protein concen-
tration was 0, 15, 30, 45, 60, 75 μM. The affinity index was cal-
culated according to a method proposed by Martini et al.39

Fluorescence spectroscopy

Fluorometric experiments were carried out on a LS-55 fluor-
escence spectrometer from Perkin Elmer. Stock solutions of
HCAs (1 mM) in methanol and BSA (4 μM) in 20 mM PBS
(pH 7.4) were prepared at room temperature. The above sol-
utions were stored in a refrigerator and used soon after. An
appropriate quantity of HCAs solution was transferred to a
10.0 mL flask, and then 2.5 mL of BSA solution was added and
diluted to 10.0 mL with PBS buffer. The final concentrations of
HCAs were from 0.2 to 30.0 μM with a constant BSA content of
1 μM. The fluorescence spectra were recorded at λexc = 280 nm
and λem from 300 to 500 nm. The intensity at 340 nm (trypto-
phan) was used to calculate the binding constant (Ka) based on
the methods described previously.42,43

Molecular docking

Molecular docking was carried out using software Autodock 4.2
and the Lamarckian genetic algorithm as a searching pro-
cedure.44,45 The structures of the ligand molecule were optimized
using sybyl 6.9 and the PDB file of BSA was provided by Chi
et al.46 The grid maps were constructed using 60 × 60 × 60
points, with a grid box point spacing of 0.375 Å and the grid
center was set to 36, 5 and 7 Å. The AutoDocking parameters

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 3424–3431 | 3425

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
e 

Fe
de

ra
l d

o 
M

ar
an

ha
o 

on
 1

6 
A

pr
il 

20
12

Pu
bl

is
he

d 
on

 2
7 

Fe
br

ua
ry

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2O
B

25
23

7F

View Online

http://dx.doi.org/10.1039/c2ob25237f


used were, GA population size: 100; maximum number of
energy evaluations: 2 500 000. Other parameters were set as
default.45 The resulting docking solutions were subsequently
clustered with a root-mean-square deviation (rmsd) tolerance of
2.0 Å.

Results and discussion

STD NMR spectra

(i) Binding epitope mappings of HCAs to BSA. The STD
NMR is a powerful method that can be used to detect ligand
binding, as well as to determine ligand binding epitopes at an
atomic resolution. We conducted the STD experiments using the
six HCAs and BSA to gain insight into their interaction. The
STD effects were observed for all the compounds, suggesting
that all six HCAs are binding to BSA under our experimental
conditions. As an example, Fig. 1 shows a STD spectrum of
CHA in presence of BSA (for STD spectra of other compounds,
please see the ESI†). The relative STD effects have been calcu-
lated as described in Experimental section. These values reflect
the relative amount of saturation transferred from the protein
onto the ligand. Protons with a high STD value are assumed to
be in more intimate contact with the protein surface than those
with lower STD values. The binding epitopes of HCAs are sum-
marized in Fig. 2.

CHA, CFA, m-CA and p-CA show an almost identical
binding epitope. Strong STD effects between 80–100% were
observed for the phenyl protons, revealing the aromatic group is
in close proximity to the protein surface. In addition, decrease in
STD intensities, ranging from 89% to 61%, for double bond
protons were observed in the direction toward the carboxyl
group, indicating that the double bond is also involved in
binding. Thus it can be deduced that the four compounds bind to
BSA in a similar binding pattern, in which the phenyl group of
HCAs is in close contact with BSA binding pocket, while hydro-
philic groups (carboxyl groups) is oriented away from the
binding pocket towards the solvent.

Comparatively, the epitopes determined for FA and SA show
some differences. It was found, for FA, an introduction of a
methoxy group at C-3 in the aromatic ring, significantly
decreased STD intensities of H-2 of phenyl ring. Moreover, to
SA, introducing two methoxy groups at C-3 and C-5 led to a
decrease in STD intensities of the remaining phenyl proton,
whereas H-7 shows a strongest STD effect. The STD data pre-
sented here indicate, when the methoxyl groups substitute for
phenyl protons, steric hindrance of methoxyl may result in less
pronounced binding of phenyl ring with the protein, while the
moiety of double bond makes closer contacts with the protein in
the binding pocket.

Interestingly, for CHA, the signal for quinate was nearly not
detectable in the STD NMR spectrum (Fig. 1), indicating that
this unit makes weaker contacts with the protein surface and may
be more exposed to the solvent. This observation is consistent
with the conclusions by Xiao et al. who proposed that the glyco-
syl, in general, does not play a significant role in the binding of
ligand to BSA.41

(ii) Identification of the binding sites on BSA. BSA is a heart-
shaped protein composed of three homologous mains (I–III).
Each domain contains two subdomains named A and B. The
principal regions of ligand binding sites of albumin are located
in hydrophobic cavities in subdomains IIA and IIIA. To identify
the binding sites of HCAs to BSA, competition STD exper-
iments were performed using WAR47 and Trp48 as specific dis-
placement marker ligands for site I (subdomains IIA) and site II
(subdomains IIIA), respectively (see Fig. 3 and Fig. S6–S10†).
The results reported in Table 1 showed that the STD amplifica-
tion factors49 of CFA, m/p-CA, FA and SA on BSA decreased
after addition of WAR while the addition of Trp did not signifi-
cantly change the STD amplification factors value. This indicates
that WAR can displace HCAs but Trp has no effect on binding of
the compounds to BSA. Overall, the competition experiments

Fig. 1 1H NMR spectrum (a) and 1H STD NMR spectrum (b) of CHA
in the presence of BSA. Spectra taken at 298 K on a 400 MHz spec-
trometer with a room temperature probe. NS = 256, TD = 32 K, sat
pulse = −0.5 ppm for 3.0 s (see Methods).

Fig. 2 Chemical structures of hydroxycinnamic acid derivatives and
binding epitopes as determined by 1H STD NMR for CHA (a), CFA (b),
m-CA (c), p-CA (d), FA (e), and SA (f). aOverlapping signals: H2 and
H7 of p-CA. bTo simplify the direct comparison of the epitopes, the
STD values for the H-7 of FA and SAwere set to 82%, referring to that
of H-7 of p-CA, and all the others for the remaining protons were nor-
malized to this value.57

3426 | Org. Biomol. Chem., 2012, 10, 3424–3431 This journal is © The Royal Society of Chemistry 2012
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imply that the five HCAs interact with BSA at site I in sub-
domain IIA. For the STD amplification factors of CHA, great
changes were observed after addition of WAR, also a slight
difference occurred while the addition of Trp. The data suggest
that two binding sites are involved in the BSA–CHA interaction,
and the predominant binding site for CHA is still located on site
I (sub-domain IIA) of BSA, which is consistent with the earlier
report.50

Proton spin–lattice relaxation rates

It has been shown that selective spin–lattice relaxation rate R1
SE

values are sensitive probes of binding while non-selective R1
NS

values are not the case.51 Based on the comparison of selective
(R1

SE) proton spin–lattice relaxation rate of the ligand in the
presence and absence of the macromolecular receptor, Rossi
et al. have proposed the ‘affinity index’ as a measure of ligand-
macromolecular affinity.52

Assuming a fast chemical exchange between the free and
bound environments, the experimentally observed selective
relaxation rate R1obs

SE can be expressed by the following
equation:

R1obs
SE ¼ xfR1f

SE þ xbR1b
SE ð1Þ

where R1f
SE and R1b

SE are the selective spin–lattice relaxation
rates for the free and bound ligands, respectively. Whereas χf

and χb are corresponding ligand fractions. If the ligand–receptor
equilibrium was considered as follows:

Mþ L ! ML ð2Þ
With a thermodynamic equilibrium constant K = [ML]/[M]

[L], assuming [L] ≫ [M0], the difference in the spin–lattice
relaxation rate, ΔR1

SE, can be expressed as:

ΔRSE
1 ¼

KRSE
1b

1þ K½L� ½M0� ð3Þ

where ΔR1
SE = R1obs

SE − R1f
SE and [M0] is the initial concen-

tration of macromolecule. Therefore, a plot of ΔR1
SE versus [M0]

will be a straight line passing through the origin and with a slope

½A�TL ¼
KRSE

1b

1þ K½L� ð4Þ

which is defined as the ‘affinity index’. The dimensions of [A]TL
are M−1 s−1 and the superscript T and subscript L signify the
temperature and ligand concentration at which the measurement
was made. In order to eliminate the impacts of motional aniso-
tropies and different spin densities at ligand proton sites, [A]TL is
then normalized to the relaxation rate of the free ligand and the
‘normalized affinity index’ [AN]TL is calculated. Therefore, [AN]TL
is a more appropriate parameter to compare the recognition pro-
cesses between a protein and different ligands.52

1H NMR spectra of the six HCAs were carefully analyzed and
the signal H-7 was well resolved except for that of p-CA. There-
fore, only the other five compounds were used for relaxation rate
study because overlapping peaks are not appropriate for 180°
shape pulse to get right selective R1. Table 2 shows the values of
R1

SE and R1
NS of the H-7 proton of the studied HCAs in relation

to albumin concentration.
The results show that for all HCAs studied here, in the

absence of BSA, R1
NS > R1

SE, while with increasing protein con-
centration, R1

SE becomes greater than R1
NS. The increase in the

selective relaxation rate implies a large contribution from the
bound ligand fraction to the observed relaxation rate. This obser-
vation clearly suggests the presence of an interaction between
the studied ligands and BSA. In order to evaluate the strength of

Fig. 3 (a) 1H STD NMR of 50 μM BSA, 3 mM FAwithout the site probe; (b) 1H STD NMR of 50 μM BSA, 3 mM FA in the presence of 4.8 mM
WAR; (c) 1H STD NMR of 50 μM BSA, 3 mM FA in the presence of 4.8 mM Trp. The STD effects of H-8, calculated as ISTD/I0, were shown in the
figure. Spectra were taken at 298 K on a 400 MHz spectrometer with a room temperature probe. NS = 256, TD = 32 K, sat pulse = −0.5 ppm for 3.0 s
(see Methods).

Table 1 STD amplification factors (ASTD)
a for H-8 of 3 mM HCAs in

the presence of 50 μM BSA upon addition of 4.8 mM WAR or Trp

CHA CFA p-CA m-CA FA SA

ASTD (without the site
probe)

46.2 24.0 25.2 30.6 20.4 10.2

ASTD (with WAR) 17.4 8.4 17.4 11.4 12.6 5.4
ASTD (with Trp) 21.6 24.6 27.0 28.8 22.8 9.6

a STD amplification factors were calculated as (ISTD/I0)* ligand
excess.49

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 3424–3431 | 3427
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the binding process, the ‘normalized affinity indexes’ [AN]TL for
ligand–protein systems were obtained by linear regression analy-
sis of ΔR1N

SE versus albumin concentration (shown in Fig. 4).
The normalized affinity indexes ([AN]TL) obtained here indicate
that the binding affinities of HCAs are ranked in the order of
CHA > CFA > m-CA > FA > SA, which are in a good agreement
with other studies.31,32

It was found CHA and CFA with two phenolic hydroxy
groups were tightly bound by the BSA than m-CA in which only
one hydroxy group exists. It was also revealed that the affinity of
CFA to BSA decreased with single substitution of methoxyl
group in the aromatic ring. The affinity was further decreased
when two methoxyl are substituted on the benzene ring. These
results suggest the hydrogen bonding may take place between
phenolic hydroxyl and the polar groups of BSA binding cavity.
Once methoxyl substituted for phenyl proton, steric hindrance
may take place, which may weaken the hydrogen bonding
between the ligand and BSA.

Moreover, it was revealed that BSA showed a higher affinity
to CHA [affinity index = (11.77 ± 0.21) × 104 M−1 s−1] than that
to CFA [affinity index = (9.91 ± 0.36) × 104 M−1 s−1], which
means the esterification of carboxyl group with quinic acid
increases the affinity for BSA greatly. Thus we deduce that the
presence of quinic acid group which consists of three hydroxyl

groups and a COOH group, for enhancing hydrogen bonding
and electrostatic interaction with the bulk solvent, seems to
increase the binding affinity of CHA to BSA.

The analysis of STD NMR data and relaxation rate analysis of
HCAs show that the phenyl ring and phenolic hydroxyl of
HCAs are the key functionalities for binding. The phenolic
hydroxyl participates in hydrogen bonding with polar groups of
BSA binding cavity, whereas the phenyl ring donates hydro-
phobic interaction with hydrophobic residues of the protein. It is
clear the subtle difference in structure of the studied HCAs plays
a key role in affecting binding processes with the protein.

Fluorescence spectroscopy

Fluorescence experiments were carried out taking advantage of
the intrinsic tryptophan fluorescence of BSA to probe the inter-
action with HCAs derivatives. Fig. 5 shows the fluorescence
spectra (at λex = 280 nm) obtained for BSA at pH 7.4 with these
six HCAs as quenchers. It was found that fluorescence intensity
of BSA gradually decreased with the increasing concentration of
the six ligands. Furthermore, small red shifts of maximum λem
(2–10 nm) were observed for all tested compounds, suggesting
an increase in the polarity of the tryptophan environment.

For the fluorescence quenching measurement, the decrease in
intensity is usually described by the well-known Stern–Volmer
equation.54 In the linear range of the Stern–Volmer regression
curve (Fig. S11†), the average quenching constants (KSV) and
quenching rate constant (kq) were determined and are listed in
Table 3. All the values of kq is 1000-fold higher than the
maximum value possible for diffusion-limited quenching in
water (∼1010 M−1 s−1), which confirm that there is a specific
interaction occurring between BSA and the HCAs studied here.
Furthermore, the binding constant value (Ka) and the number of
binding sites (n) can be obtained from the double-logarithm
curve55 (see Fig. S12†). Table 3 gives the corresponding calcu-
lated results. The values of binding constant (Ka) suggest BSA
has moderate affinity to HCAs, because the documented Ka

values4 of noncovalent association of BSA with drugs mostly
rang from 104–106 M−1. It is clear from Table 3 that the binding
affinity is ranked in the order CHA > CFA > m-CA ≥ p-CA >
FA > SA. This order is consistent with that from the NMR analy-
sis of relaxation rates where it is demonstrated that CHA forms a
more stable complex with BSA than other compounds. Thus the
significance of hydrophobic interaction and hydrogen bonding in
the process of protein–ligand binding is further demonstrated
through our fluorescence quenching measurements.

Table 2 Calculated R1
SE and R1

NS for the H-7 proton of HCAs as a function of albumin concentrations at 298 K

BSA concentration
(μM)

CHA CFA m-CA FA SA

R1
SE (s−1) R1

NS (s−1) R1
SE (s−1) R1

NS (s−1) R1
SE (s−1) R1

NS (s−1) R1
SE (s−1) R1

NS (s−1) R1
SE (s−1) R1

NS (s−1)

0 0.552 0.668 0.350 0.468 0.397 0.522 0.432 0.523 0.631 0.700
15 1.359 0.764 1.086 0.692 0.967 0.612 0.975 0.633 0.796 0.749
30 2.513 0.960 1.443 0.723 1.399 0.677 1.530 0.706 1.050 0.777
45 3.597 1.054 1.845 0.742 1.944 0.715 1.822 0.697 1.168 0.777
60 4.425 1.030 2.516 0.818 2.294 0.738 2.243 0.716 1.273 0.794
75 5.181 1.330 2.751 0.903 2.759 0.767 2.469 0.742 1.594 0.840

Fig. 4 Linear regression analysis of H-7 selective relaxation enhance-
ments, ΔR1N

SE as a function of albumin concentration. The measure-
ments refer to a 10 mM solution of HCAs at 298 K. The value of the
normalized affinity indexes [AN]TL is also reported with the corresponding
error.

3428 | Org. Biomol. Chem., 2012, 10, 3424–3431 This journal is © The Royal Society of Chemistry 2012
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Molecular docking study

Molecular docking was performed to provide better understand-
ing of the binding mode between HCAs and BSA. BSA and
HSA have a homology similarity of 88% in their amino acid
sequence.56 The crystal structure of HSA is made up of three
domains with similar structure in asymmetric and divided into

subdomains “A” and “B”. The binding site called site I in sub-
domain IIA is known to be a warfarin binding site or Sudlow’s
site I, whereas site II is in subdomain IIIA and is known to be
the very binding site of ibuprofen or Sudlow’s site II. The BSA
model obtained shows the similarity in these two binding sites,
and the binding sites for HCAs analyzed in this work have an
equivalent binding site in HSA. Docking calculations were then

Fig. 5 Fluorescence quenching of BSA by CHA (a), CFA (b), m-CA (c), p-CA (d), FA (e), SA (f). From the top to the bottom the values of Cdrug/
CBSA, were 0, 0.2, 0.4, 0.7, 1, 3, 5, 7, 10, 13, 16, 20, 25, 30, respectively; λex = 280 nm; CBSA = 1 μM, T = 298 K; the dotted line is the fluorescence
spectrum of a native 30 μM ligand.

Table 3 Experimentally determined quenching and binding parameters for BSA–HCA complexes at 298 K

Compounds KSV (104 M−1) kq (10
13 M−1 s−1)a Ka (M

−1) n

CHA 9.03 ± 0.30 1.81 ± 0.06 9.20×104 ± 1.56 0.99 ± 0.04
CFA 5.57 ± 0.13 1.11 ± 0.03 6.07×104 ± 1.40 1.00 ± 0.03
m-CA 6.07 ± 0.14 1.21 ± 0.03 1.14×104 ± 1.48 0.86 ± 0.03
p-CA 6.67 ± 0.09 1.33 ± 0.02 1.08 ×104 ± 1.34 0.84 ± 0.02
FA 3.92 ± 0.12 0.73 ± 0.02 0.51×104 ± 1.59 0.82 ± 0.04
SA 3.00 ± 0.04 0.60 ± 0.01 0.17×104 ± 1.45 0.74 ± 0.03

a The quenching rate constant (kq) for all the HCAs were calculated using the equation kq = KSV/τ0, τ0 is taken as 5 × 10−9 s.53
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performed for HCAs with BSA binding site IIA, and the struc-
tures were selected according to the lowest binding free energy
and considering they keep conformity with the STD NMR
results. The docking results are shown in Fig. 6. Indeed, the
binding mode obtained by docking was completely in agreement
with that from the STD NMR data, thus validating the orien-
tation of the six HCAs within the binding site. That is, CHA,
CFA, m-CA and p-CA show similar binding mode and orien-
tation, which the phenyl group is highly buried within the subdo-
main IIA hydrophobic cavity, whereas carboxyl group points out
of the protein (Fig. 6B and 6C). In the case of FA and SA, the
phenyl group has less intimate contact with the protein surface,
due to the steric hindrance of methoxy-substituents on the
phenyl ring (Fig. 6D). So we conclude that the binding of HCAs
with BSA is mainly hydrophobic, mainly through the interaction
between phenyl group and the main hydrophobic amino-acids of
the site, such as Leu261, Leu283, Ile287, Ile313 and Ala314.
There are also a number of specific hydrogen bonds between the
phenolic hydroxyl (OH) groups of HCAs and polar residues
nearly. For instance, CFA and CHA form two hydrogen bonds
with the O atom of Ser310 and nitrogen atom of Arg280 side
chains, respectively. The formation of hydrogen bonds thus
stabilizes the HCA–BSA complex and participates in increasing
the affinity of the binding region. In addition, the electrostatic
force between hydrophilic carboxyl group of HCAs and amino
group of Arg222 sidechain at the entrance of the cavity is also
involved in the BSA–HCAs complex. This interaction is prob-
ably responsible for the location of double bond protons, which
only make less critical hydrophobic contacts to the hydrocarbon
chain of Arg241 and Leu261, consistent with less intense STD
signals. Therefore, the results of molecular docking correlate

very well with the experimental NMR and fluorescence data and
confirm that the interaction of HCAs with BSA are driven
mainly by hydrophobic interaction and hydrogen bonding.

Conclusions

In this work, the interaction between the six HCAs and BSA has
been investigated by NMR, fluorescence and computational tech-
niques. The STD NMR data, assisted by docking calculations,
reveal compounds CHA, CFA, m-CA and p-CA bind to BSA in
a similar pattern, in which the phenyl group is in close contact
with BSA binding pocket, while carboxyl group is oriented
away towards the solvent. In contrast, FA and SA show some-
what different binding modes, due to the steric hindrance of
methoxy-substituents on the phenyl ring. In addition, relaxation
rate and fluorescence analysis provided quantitative information
on the degree of affinity and structure of HCAs. The binding
affinity of CHA and CFA, both having two phenolic hydroxyl
groups, was higher than that of m-CA/p-CA with only one
hydroxyl group. The affinity of SA to protein was found much
smaller because of the steric hindrance of methoxy groups on
the aromatic ring. The esterification of carboxyl group of CFA
with quinic acid significantly increased the binding ability of
CHA, probably due to solvation of quinic acid. We also conclude
HCAs bind to BSA mainly by hydrophobic interaction and
hydrogen bonding. Moreover, the results presented here demon-
strate that the NMR method, especially when combined with
other experimental means, provides a valuable tool for under-
standing interactions between BSA and ligands.

Fig. 6 Docking results of HCAs and BSA systems. (A) Overview of BSA structure and comparison of the binding models for the ligands used in
this work. The ligands are shown in stick representation and colored as follows: CHA, yellow; CFA, blue; SA, green. (B), (C), (D) Conformation of
CHA, CFA and SA in the binding site of BSA, respectively.
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