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ABSTRACT

Curcumin, the yellow pigment from the rhizoma of Curcuma longa, is a widely studied polyphenolic
compound which has a variety of biological activity as anti-inflammatory and antioxidative agent. Genis-
tein one of the flavonoids found in soybean and chickpeas inhibits DNA strand breaks acting as a direct
scavenger of reactive oxygen species. Human serum albumin (HSA) with high affinity binding sites is a
major transporter for delivering several endogenous compounds and drugs in vivo. The aim of this study
was to examine the interactions of curcumin and genistein with human serum albumin at physiologi-
cal conditions, using constant protein concentration and various pigment contents. FTIR, UV-Visible, CD
and fluorescence spectroscopic methods were used to analyse drug binding mode, the binding constant
and the effects of pigment complexation on HSA stability and conformation. Structural analysis showed
that curcumin and genistein bind HSA via polypeptide polar groups with overall binding constants of
Keurcumin =5.5 (£0.8) x 104 M~ and Kgenistein = 2.4 (£0.40) x 10 M~!. The number of bound pigment (n) is
1.33 for curcumin and 1.49 for genistein. The HSA conformation was altered by pigment complexation
with reduction of a-helix and increase of random coil and turn structures suggesting a partial protein

unfolding.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Curcumin  1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-hepta-
diens-3,5-dione (Scheme 1) the main yellow pigment of the
powedered rhiome (turmeric) of the herb Curcuma longa has
been used for centuries as a spice and food coloring agent [1].
It has also been used to treat diseases such as inflammation,
skin wounds and tumors as traditional medicine [2]). Curcumin
exhibits antioxidant activity both in vivo and in vitro [1]. Apart
from its anti-inflammatory, antimicrobial and antiviral properties
curcumin is considered as cancer chemopreventive agent [3,4].
Mechanisms by which curcumin prevent cancer were attributed to
several effects including anti-angiogenic action, up-regulation of
enzymes detoxifying carcinogens and inhibition of certain signal
transduction pathways for tumor cell growth and neutralization of
carcinogenetic free radicals [1,2]. Curcumin-protein interactions
have been studied and the effect of curcumin on inhibition and
activation of protein kinase C is reported [5].

Genistein 4',5,7-trihydroxy isoflavone (Scheme 1) presents in
soybean and chick peas has a wide spectrum of physiological
and pharmacological functions. It is known to antagonize human
melanoma cell growth at G2/M transition [6] and found to inhibit
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H,0,/Cu(Il) mediated DNA strand breaks acting as a direct scav-
enger of reactive oxygen species with the OH group at C-4 position
responsible for its antioxidant activity [7]. Genisten intercalation
into DNA and RNA duplexes is known [8-10] and the effects of
genistein on activation of protein phosphatases is well investigated
[11].

Human serum albumin (Scheme 2) is the most abundant serum
protein, which carries several endogenous compounds including
fatty acids. HSA has long been the center of attention of pharma-
ceutical industry due to its ability to bind various drug molecules
and alters their pharmacokinetic properties [12]. HSA is a globular
protein composed of three structurally similar domains (I, Il and
III), each containing two subdomains (A and B) and stabilized by 17
disulphide bridges [13-20] Aromatic and heterocyclic ligands were
found to bind within two hydrophobic pockets in subdomains IIA
and IIIA, namely site I and site II [13-20]. Seven binding sites for
fatty acids are localized in subdomains IB, IIIA, IIIB and on the sub-
domain interfaces [13]. HSA has also a high affinity metal binding
site at the N-terminus [14]. These multiple binding sites underline
the exceptional ability of HSA to interact with many organic and
inorganic molecules and make this protein an important regulator
of intercellular fluxes, as well as the pharmacokinetic behaviour
of many drugs [13-21]. Therefore, it was of interest to study the
binding of curcumin and genistein on protein secondary structure,
conformation and stability.

In this report, the spectroscopic analysis of HSA complexation
with curcumin and genistein was carried out in aqueous solution at
physiological conditions, using constant protein concentration and
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Scheme 1. Chemical structures of genistein and curcumin.

various pigment contents. Structural information regarding pig-
ment binding mode and the effects of complexation on the protein
stability and secondary structure is reported here.

2. Experimental
2.1. Materials

HSA fraction V and curcumin and genistein were purchased from
Sigma Chemical Company (St-Louis, MO) and used as supplied.
Other chemicals were of reagent grade and used without further
purification.

2.2. Preparation of stock solutions

Human serum albumin was dissolved in aqueous solution
(40 mg/ml or 0.5 mM) containing 10 mM Tris-HCl buffer (pH 7.4).
The protein concentration was determined spectrophotometrically
using the extinction coefficient of 36,500 M~! cm~1 at 280 nm [22].
In this study, HSA did not have its fatty acids removed, in a way
to reproduce normal physiological conditions, where between 0.1
and 2 fatty acid molecules are bound to albumin [14-21]. Cur-
cumin or genistein 2 mM was first prepared in water/ethanol 50%
and then diluted to 0.125, 0.25, 0.5 and 1 mM in water/ethanol
50%. After addition of equal volume (0.2 ml) of pigment solution to
(0.2 ml) of protein solution, the drug concentrations of 0.125, 0.25,
0.5 and 1 mM were reached and the final ethanol concentration was
reduced to 25%. The presence of ethanol 25% induces no major HSA
structural changes according to a recent publication [23].

Scheme 2. Human serum albumin.

2.3. FTIR spectroscopic measurements

Infrared spectra were recorded on a FTIR spectrometer (Impact
420 model), equipped with deuterated triglycine sulphate (DTGS)
detector and KBr beam splitter, using AgBr windows. Solution of
pigment was added dropwise to the protein solution with con-
stant stirring to ensure the formation of homogeneous solution
and to reach drug concentrations of 0.125, 0.25, 0.5 and 1 mM
with a final protein concentration of 0.25 mM (20 mg/ml). Spectra
were collected after 2h incubation of HSA with pigment solu-
tion at room temperature, using hydrated films. Interferograms
were accumulated over the spectral range 4000-600cm~! with a
nominal resolution of 4cm~! and 100 scans. The difference spec-
tra [(protein solution + pigment solution) — (protein solution)] were
generated using the polypeptide antisymmetric and symmetric
C-H stretching bands [24], located at 2900-2800cm~1, as internal
standard. These bands, which are due to protein C-H stretch-
ing vibrations, do not undergo any spectral changes (shifting or
intensity variation) upon pigment complexation and therefore,
they are commonly used as internal standard. When produc-
ing difference spectra these bands were adjusted to the baseline
level, in order to normalize difference spectra. Details regarding
infrared spectral treatment are given in our recent publication
[25].

2.4. Analysis of protein secondary structure

Analysis of the secondary structure of HSA and its pigment com-
plexes was carried out on the basis of the procedure previously
reported [26]. The protein secondary structure is determined from
the shape of the amide I band, located around 1660-1650 cm™!.
The FT-IR spectra were smoothed and their baselines were cor-
rected automatically using Grams Al software. Thus the root-mean
square (rms) noise of every spectrum was calculated. By means
of the second derivative in the spectral region 1700-1600 cm™!
seven major peaks for HSA and the complexes were resolved.
The above spectral region was deconvoluted by the curve-fitting
method with the Levenberg-Marquadt algorithm and the peaks cor-
responds to a-helix (1658-1655cm~1), B-sheet (1638-1614 cm~1),
turn (1677-1660cm~1!), random coil (1648-1640cm~!) and P-
antiparallel (1692-1680cm~!) were adjusted and the area was
measured with the Gaussian function. The area of all the component
bands assigned to a given conformation were then summed up and
divided by the total area [27]. The curve-fitting analysis was per-
formed using the GRAMS/AI Version 7.01 software of the Galactic
Industries Corporation.

2.5. Circular dichroism

CD Spectra of HSA and its pigment complexes were recorded
with a Jasco J-720 spectropolarimeter. For measurements in the far-
UV region (178-260 nm), a quartz cell with a path length of 0.01 cm
was used in nitrogen atmosphere. HSA concentration was kept con-
stant (12.5 wM), while varying each pigment concentrations (0.125,
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Table 1

Secondary structure analysis (infrared spectra) from the free HSA and its pigment complexes in hydrated film at pH 7.4.

Amide I component (cm~1) Free HSA (%) 0.25 mM

Curcumin-HSA (%) 1 mM Genistein-HSA (%) 1 mM

1692-1680 B-anti 7
1680-1660 turn 14
1660-1650 a-helix 55
1648-1641 random coil 7
1640-1610 B-sheet 17

4 4
15 18
51 48
16 17
14 12

0.25, 0.5 and 1 mM). An accumulation of three scans with a scan
speed of 50nm per minute was performed and data were col-
lected for each nm from 260 to 180 nm. Sample temperature was
maintained at 25 °C using a Neslab RTE-111 circulating water bath
connected to the water-jacketed quartz cuvettes. Spectra were cor-
rected for buffer signal and conversion to the Mol CD (Ag) was
performed with the Jasco Standard Analysis software. The protein
secondary structure was calculated using CDSSTR, which calculates
the different assignments of secondary structures by comparison
with CD spectra, measured from different proteins for which high
quality X-ray diffraction data are available [28,29]. The program
CDSSTR is provided in CDPro software package which is available
at the website: http://lamar.colostate.edu/~sreeram/CDPro.
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2.6. Absorption spectroscopy

The absorption spectra were recorded on a PerkinElmer Lambda
40 Spectrophotometer. Quartz cuvettes of 1 cm were used for deter-
mination of protein concentration.

2.7. Fluorescence spectroscopy

Fluorometric experiments were carried out on a Varian Cary
Eclipse. Stock solutions of pigment 1 mM in ethanol/water were
prepared at room temperature (24 4+ 1 °C). Various solutions of pig-
ment (10-400 wM) were prepared from the above stock solutions
by successive dilutions also at 244 1°C. Solution of HSA (15 wM)

— o0
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Fig. 1. (A) FTIR spectra in the region of 1800-600 cm~' of hydrated films (pH 7.4) for free HSA (0.25 mm), free curcumin (1 mM) and curcumin-HSA (1 mM) (top three curves)
and difference spectra (diff.) of curcumin-HSA complexes (bottom two curves) obtained at different pigment concentrations (indicated on the figure) and (B) FTIR spectra in
the region of 1800-600cm~"' of hydrated films (pH 7.4) for free HSA (0.25 mm), free genistein (1 mM) and genistein-HSA (1 mM) (top three curves) and difference spectra
(diff.) of genistein-HSA complexes (bottom two curves) obtained at different pigment concentrations (indicated on the figure).
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Table 2
Secondary structure of HSA complexes (CD spectra) with pigment at pH 7.4 calcu-
lated by CDSSTR software.

Compound a-helix (%) B-sheet (%) Turn (%) Random (%)
Free HSA 58 9 11 22
Curcumin-HSA (1 mM) 54 10 12 24
Genistein—-HSA (1 mM) 52 11 13 24

in 10 mM Tris-HCl (pH. 7.4) was also prepared at 24+1°C. The
above solutions were kept in the dark and used soon after. Sam-
ples containing 0.4 ml of the above HSA solution and 0.4ml of
various pigment solutions were mixed to obtain final pigment con-
centration of 5-200 wM with constant HSA content 7.5 wM. The
fluorescence spectra were recorded at Aexc =280 nm and Aem, from
287 to 500 nm. The intensity at 337 nm (tryptophane) was used to
calculate the binding constant (K) according to previous literature
reports [30-32].

3. Results and discussion
3.1. FTIR spectra of curcumin- and genistein-HSA complexes

The pigment-HSA interaction was characterized by infrared
spectroscopy and its derivative methods. Since there was no
major spectral shifting for the protein amide I band at 1656 cm™!
(mainly C=0 stretch) and amide Il band at 1544 cm~! (C-N stretch-
ing coupled with N-H bending modes) [24-26] upon pigment
interaction, the difference spectra [(protein solution+ pigment
solution) — (protein solution)] were obtained, in order to moni-
tor the intensity variations of these vibrations and the results
are shown in Fig. 1. Similarly, the infrared self-deconvolution
with second derivative resolution enhancement and curve-fitting
procedures [25] were used to determine the protein secondary
structures in the presence of pigments (Fig. 2 and Table 1). CD spec-
troscopy was also used to analyse the protein conformation in the
pigment-HSA complexes and the results are shown in Fig. 3 and
Table 2.

At low pigment concentration (0.125 mM), intensity increase
was observed for the protein amide I at 1656 and amide II
at 1545cm1, in the difference spectra of the curcumin- and
genistein—-HSA complexes (Fig. 1, diff., 0.125 mM). Positive features
are located in the difference spectra for amide I and Il bands at 1656,
1544 cm~! (curcumin) and 1655, 1544 cm~! (genistein) (Fig. 1, diff.,
0.125 mM). These positive features are related to increase in the
intensity of the amide I and amide Il bands upon pigment complex-
ation The increase in intensity of the amide I and amide Il bands
is due to pigment binding to protein C=0, C=N and N-H groups.
Additional evidence to support the pigment interactions with C-N
and NH groups comes from the shifting of the protein amide A band
at 3296 cm~! (N-H stretching mode) in the free HSA to 3298 (cur-
cumin) and 3293 cm~! (genistein), upon pigment complexation.

As pigment concentration increased to 0.5 and 1 mM, strong
negative features for amide I were observed at 1654 and 1543 cm™!
for both curcumin and genistein in the difference spectra of
pigment-HSA complexes (Fig. 1, diff., 1 mM). The observed decrease
in intensity of the amide I band at 1656 in the spectra of the
polymer-protein complexes suggests a major reduction of pro-
tein a-helical structure at high pigment concentrations. Similar
infrared spectral changes observed for protein amide I band in
several drug-HSA complexes, where major protein conformational
changes occurred [33].

A quantitative analysis of the protein secondary structure for
the free HSA and its polymer adducts in hydrated films has been
carried out and the results are shown in Fig. 3 and Table 1. The
free protein has 55% a-helix (1657 cm~1), B-sheet 17% (1616, 1625
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Fig. 2. Second derivative resolution enhancement and curve-fitted amide I region
(1700-1600 cm~") for free HSA (A) and its curcumin (B) and genistein (C) adducts
in aqueous solution with 1 mM pigment and 0.25 mM protein concentrations at pH
74.

and 1634cm~!), turn structure 14% (1677 cm~!), B-antiparallel
7% (1688cm~1) and random coil 7% (1643 cm~!) (Fig. 2A and
Table 1). The B-sheet structure is composed of three components
at 1616 (inter B-strand), 1625 (intra B-strand) and 1634cm™!
(hydrated) that are consistent with the spectroscopic studies of
human serum albumin [34-38]. Upon pigment interaction, a major
decrease of a-helix from 55% (free HSA) to 51% (curcumin-HSA)
and 48% (genistein—-HSA) with an increase in random coil from
7% (free HSA) to 16% (curcumin-HSA) and 17% (genistein-HSA)
and minor increase of turn structure from 14% (free HSA) to 15%
(curcumin-HSA) and 18% (genistein-HSA) (Fig. 3 and Table 1). The
decrease in a-helix structure and increase in random coil and turn
structure suggest a partial protein unfolding high pigment concen-
tration.

3.2. CD spectra

The CD spectroscopic results shown in Fig. 3 and Table 2 exhibit
marked similarities with those of the infrared data. Secondary
structures calculations based on CD data suggests that free HSA
has a high a-helix content 58%, [3-sheet 9% turn, 11% and random
coil 22% (Fig. 3 and Table 2) which is consistent with the literature
report [39]. Upon pigment complexation, reduction of alpha-helix
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Fig. 3. Circular dichroism of free HSA and its pigment complexes in aqueous solution
with protein concentration of 12.5 wM and pigment concentrations of 0.125, 0.25,
0.5 and 1 mM in 10 mM Tris-HCl buffer pH 7.4, 25% ethanol at 25°C.

was observed from 58% free HSA to 54% curcumin-HSA and 52%
genistein—-HSA complexes (Fig. 3 and Table 2). The minor decrease
in alpha-helix was accompanied by an increase in the random coil
and turn structure (Table 2). The reduction of the a-helix with
an increase in the random coil and turn structure are consistent
with the infrared results that showed reduction of alpha-helix and
increase of random coil structure (Tables 1 and 2), indicating of
some degree of protein unfolding upon pigment complexation. It
should be noted that there are minor differences between IR vs
CD results regarding free HSA conformation (Tables 1 and 2). The
reason for the differences may be due to sample preparation since
IR measurements were performed in hydrated films, whereas CD
experiments were conducted in aqueous solutions.

3.3. Fluorescence spectra and binding constants of pigment-HSA
complexes

HSA contains a single polypeptide of 585 amino acids with
only one tryptophan (Trp 214) located in subdomain II A. Tryp-
tophan 214 emission dominates HSA fluorescence spectra in the
UV region. When other molecules interact with HSA, tryptophan
fluorescence may change depending on the impact of such inter-
action on the protein conformation, or via direct quenching effect.
On the assumption that there are (n) substantive binding sites for
quencher (Q) on protein (B), the quenching reaction can be shown
as following.

nQ +B < QnB (1)

The binding constant (K ), can be calculated as:

_ QB

[Q]"[B]
where [Q] and [B] are the quencher and protein concentra-
tion, respectively, [QnB] is the concentration of non fluorescent
fluorophore-quencher complex.

(2)

A

[QuB] = [Bo] - [B] 3)
[Bo] — [B]

=20 4

A7 Q" B] @

The fluorescence intensity is proportional to the protein concentra-

tion as describe:
[B] F

[Bo]l * Fo

Results from fluorescence measurements can be used to estimate

the binding constant of lipid—protein complex. From Eq. (4):

log [(FOF_ F)}

(5)

=logKa + n log[Q] (6)

where F is initial fluorescence intensity and Fis fluorescence inten-
sities in the presence of quenching agent (or interacting molecule).
K is the Stern-Volmer quenching constant, [Q] is the molar concen-
tration of quencher and fis the fraction of accessible fluorophore to
a polar quencher, which indicates the fractional fluorescence con-
tribution of the total emission for an interaction with a hydrophobic
quencher [40-43]. The plot of Fy/(Fy —F) vs 1/[Q] yields f~! as the
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Fig. 4. Fluorescence emission spectra of pigment-HSA systems in 10 mM Tris—HCl
buffer pH 7.4, 25% ethanol at 25 °C for A) curcumin-HSA; (a): free HSA, (b-g) HSA
7.5 M with curcumin at 1, 5, 15, 25, 35, 50, 100 wM B) genistein-HSA; (a) free HSA
(7.5 uM), (b-g) HSA 7.5 wM with genistein at 1, 5, 10, 15, 25, 37, 50, 100 uM (no
absorption band for free genistein and curcumin in this region). The plot of Fy /(Fo — F)
as a function of 1/pigment concentration. The binding constant K being the ratio of
the intercept and the slope for (A’) curcumin-HSA and (B’) genistein—-HSA complexes.
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Fig. 5. The plot of log (Fo — F)/F as a function of log [pigment] for calculation of
number of binding (n) for curcumin-HSA (A) and genistein-HSA (B) complexes.

interceptony axis and (fK)~! as the slope. Thus, the ratio of the ordi-
nate and the slope gives K. The decrease of fluorescence intensity of
HSA has been monitored at 330 nm for HAS-pigment systems (Fig. 4
shows representative results for each system). The plot of Fy/(Fg — F)
vs 1/[pigment] (Fig. 4A and B show representative plots). Assuming
that the observed changes in fluorescence come from the inter-
action between pigment and HSA, the quenching constant can be
taken as the binding constant of the complex formation. The K val-
ues given here are averages of five replicate runs for HSA/pigment
systems, each run involving several different concentrations of
polyphenols (Fig. 4A’ and B’). The binding constants obtained were
Keurcumin =55 x 104 M~1 and Kgepjstein = 2.4 x 104 M~ (Fig. 4A" and
B’). The association constants calculated for the pigment-HSA
suggest low affinity polyphenol-HSA binding, compared to the
other strong ligand-protein complexes with binding constants
ranging from 106 to 108 M~! [12,44]. However, lower binding
constants (104-10° M~1) were recently reported for several other
ligand-protein complexes using fluorescence spectroscopic meth-
ods [30-33,42-43], consistent with our results.

The fvalues shown in Fig. 4 suggest that pigment interact with
fluorophore via hydrophobic interactions too. As a result, we pre-
dict that the only fluorophore Trp 214 is relatively buried inside
the HSA. This argument is based on the fact that the emission
Amax of Trp 214 was 330 nm (Fig. 4A and B), which is the emission
region of hidden tryptophan molecules known to be usually around
320-325nm [42-43], while fluorescence emission of exposed tryp-
tophan molecule is around 340 nm due to solvent relaxation. The
tightening of protein structure through intramolecular interactions,
such as hydrogen bonds seems to bury Trp 214 in a more hydropho-
bic environment. The change in fluorescence intensity of Trp 214 in

the presence of pigment may arise as a direct quenching or as a
result of conformational changes induced after pigment binding to
HSA. The results indicate that pigment interaction do not change
the emission Amax at 330 nm. No spectral shift was observed for
the emission spectra upon pigment-HSA complexation, indicating
that Trp 214 was not exposed to any change in polarity. The emis-
sion Amax of quenched tryptophan remains at 330 nm suggesting
that pigment may interact with HSA via hydrophobic region located
inside the protein. Based on molecular modeling and docking study,
recent reports on pigment-protein interaction showed the loca-
tions of curcumin [45] and genistein [46] in the vicinity of Trp 214,
consistent with our spectroscopic results.

The number of ligand bound (n) can be calculated from
log[(Fo — F)/F]=logKs + nlog[pigment]| for the static quenching
[47-51]. The linear plot of log[(Fp—F]/F] as a function of
log[pigment] shown in Fig. 5. The n values from the slope of the
straight line are 1.33 for curcumin and 1.49 for genistein-HSA com-
plexes (Fig. 5). The larger binding observed for genistein (n=1.49)
is consistent with more perturbations of HSA secondary structure
inducing protein unfolding (Tables 1 and 2).

Even though curcumin and genistein are structurally different,
they have similar hydrophobic affinity toward HSA binding and
therefore both are mainly bound in the hydrophobic pockets of Try
214 in the site I of IIA domain. The similar binding modes of the
two drugs causes almost similar effects on the protein secondary
structure as we shown in Tables 1 and 2 and Figs. 1-3. However,
hydrophilic interaction with pigment OH groups can be also estab-
lished in other protein binding domains.

4. Summary

Based on our spectroscopic results curcumin and genistein bind
human serum albumin via both hydrophilic and hydrophobic inter-
actions with stronger affinity for curcumin than genistein. However,
larger binding of genistein induces more perturbations of HSA sec-
ondary structure with a partial protein unfolding. The pigment
binding site is mainly in the subdomain II A (site I), where tryp-
tophan 214 located.
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