
Characterization of Diadzein-Hemoglobin Binding using Optical
Spectroscopy and Molecular Dynamics Simulations

Bidisha Sengupta1,*, Sandipan Chakraborty2,3, Maurice Crawford1,5, Jasmine M. Taylor1,5,
Laura E. Blackmon1,5, Pradip K. Biswas2, and Wolfgang H. Kramer4

1Department of Chemistry, Tougaloo College, 500 W County Line Road, Tougaloo, MS, 39174,
USA
2Department of Physics, Tougaloo College, 500 W County Line Road, Tougaloo, MS, 39174,
USA
3Saroj Mohan Institute of Technology, Hooghly, West Bengal, India
4Department of Chemistry and Biochemistry, Millsaps College, Jackson, MS, USA

Abstract
The present study establishes the effectiveness of natural drug delivery mechanisms and
investigates the interactions between drug and its natural carrier. The binding between the
isoflavone diadzein (DZN) and the natural carrier hemoglobin (HbA) was studied using optical
spectroscopy and molecular dynamics simulations. The inherent fluorescence emission
characteristics of DZN along with that of tryptophan (Trp) residues of the protein HbA were
exploited to elucidate the binding location and other relevant parameters of the drug inside its
delivery vehicle HbA. Stern-Volmer studies at different temperatures indicate that static along
with collisional quenching mechanisms are responsible for the quenching of protein fluorescence
by the drug. Molecular dynamics and docking studies supported the hydrophobic interactions
between ligand and protein, as was observed from spectroscopy. DZN binds between the subunits
of HbA, ~15 Å away from the closest heme group of chain α1, emphasizing the fact that the drug
does not interfere with oxygen binding site of HbA.
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Introduction
Understanding and designing drug delivery systems is an increasingly promising discipline
in pharmaceutical development, allowing sensible and reasonable handling of the

© 2012 Elsevier B.V. All rights reserved.
*Corresponding author: Bidisha Sengupta, Department of Chemistry, Tougaloo College, Tougaloo, MS 39174, U.S.A.,
bsengupta@tougaloo.edu, bsgupta_99@yahoo.com (phone: +1-601-977-7779, FAX: +1-601-977-7898).
5Current address: Department of Biology, Tougaloo College, 500 W County Line Road, Tougaloo, MS, 39174, USA

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Supplemental data available
Figure 1S, 2S and 3S are provided in the supplemental document.

NIH Public Access
Author Manuscript
Int J Biol Macromol. Author manuscript; available in PMC 2013 October 01.

Published in final edited form as:
Int J Biol Macromol. 2012 October ; 51(3): 250–258. doi:10.1016/j.ijbiomac.2012.05.013.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pharmacological profiles of drugs and the beneficial roles associated with them. Recently,
erythrocytes (red blood cells) have come into prominence as drug delivery systems, due to
their biocompatibility, biodegradability, usability and easy loading capability [1–4]. But the
factor that critically limits their use as drug carrier is their degradation in vivo by the
reticuloendothelial system (RES) [5] and in some cases the toxic effects caused by
erythrocytes under certain conditions [6, 7]. In order to design and improve an erythrocyte
based drug delivery system, the binding interactions of drugs with the main component of
erythrocytes, hemoglobin (HbA), have to be fully understood. Hemoglobin is the most
abundant blood protein and consists of two α and two β subunits which are noncovalently
associated within erythrocytes as a 64.5 kDa tetramer [8–10]. Delivery of oxygen from the
lungs to respiring tissues is the main function of the heme group of hemoglobin. Recently,
using radiolabeled HbA, the liver was confirmed as the main site for HbA uptake [7]. By
using HbA as a drug carrier, the natural mechanisms of HbA uptake and decomposition, the
latter of which leads to unloading of any bound compounds, can be employed to selectively
transport therapeutic drugs to physiological sites of interest for the treatment of diseases.

Isoflavones are naturally occurring polyphenolic compounds with antioxidant properties,
and exert many health benefits such as lowering the risk of breast and prostate cancers,
osteoporosis and cardiovascular diseases [11, 12]. Genistein and daidzein (DZN) are
isoflavonoids commonly found in legumes. Both of these isoflavones have a wide spectrum
of physiological and pharmacological functions including antiestrogenic [13, 14], anticancer
[15, 16], anti-inflammatory [17], cardioprotective [18] and enzyme-inhibitory effects [13,
14]. The Dietary Reference Intakes, established by the National Academy of Sciences [19],
highlight that plant based polyphenols are important dietary constituents. The objective of
the present study is to examine the structural and binding interactions between HbA and
diadzein (DZN, structure shown in Scheme 1) by absorption, fluorescence and circular
dicroism spectroscopy, along with docking and molecular dynamics (MD) simulations. To
study drug transport using a fluorescence based approach, the availability of a non-invasive
and photo-stable fluorescent substrate is required [20]. The intrinsic fluorescence of DZN,
which can probe the binding microenvironment, combined with its high therapeutic potency
and low systemic toxicity fulfills these requirements. The results obtained for DZN in the
protein matrix are useful for the identification of its location in HbA at the molecular level.
The strong binding interactions between ligand and protein are evident from the high
fluorescence anisotropy as well as the computational studies which show the presence of
hydrophobic interactions between DZN and the surrounding amino acids in the HbA matrix.

The significance of the present work lies in the fact that HbA is the natural drug carrier in
physiological systems and its binding studies with the therapeutically potent fluorescent
isoflavone DZN provide insights into the underlying mechanisms of interactions between
the drug and its delivery vehicle. This approach can be well extrapolated to drugs of similar
nature and helps in understanding the pharmacokinetics and biological activities of plant
flavonoids.

Experimental
Materials

Lyophilized powder of human hemoglobin (molecular weight 64,500 D), diadzein, and
phosphate buffer were purchased from Sigma Chemicals, USA, and used without further
purification after confirming their purity by comparing their electronic absorption and
emission spectra with published data [11]. Solvents used were of spectroscopic grade and
obtained from Sigma. Purity of DZN was further confirmed by thin layer chromatography
which showed only one spot under UV light. Absorption and fluorescence spectroscopic
measurements were performed with DZN concentrations of 1 × 10−5 M. HbA was dissolved
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in pH 7.4 phosphate buffer solution (1 × 10−2 M) and the HbA stock solution (2 × 10−4 M)
was kept in the dark at 277 K. The protein concentration was determined
spectrophotometrically using the molar extinction coefficient of HbA at 276 nm (120,808
M−1cm−1) [21].

For fluorescence quenching studies, the HbA concentration was kept constant at 10−5 M.
Varying aliquots of concentrated methanolic solution of DZN were added to obtain final
concentrations ranging from 0 – 2.5 × 10−5 M. The concentrations of methanol were always
kept <1% (by volume) in all samples.

Spectroscopic Measurements
Steady state absorption spectra were recorded with Shimadzu UV2550 spectrophotometers.
Steady state fluorescence measurements were carried out with Shimadzu RF5301 (equipped
with a Fisher temperature controlled accessory) spectrofluorometers. The fluorescence
anisotropy (r) measurements were performed on a Fluoromax-3 (Jobin Yvon Horiba)
spectrometer. The values were obtained using the expression r = (I VV − GI VH) / (I VV +
2GI VH), where I VV and I VH are the vertically and horizontally polarized components of
probe emission with excitation by vertically polarized light at the respective wavelength and
G is the sensitivity factor of the detection system [21]. Each intensity value used in this
expression represents the computer-averaged values of five successive measurements. All
spectral measurements were carried out at room temperature (298 K) with freshly prepared
solutions. The emission spectra were taken by exciting the samples and measuring the
emissions at relevant wavelengths; appropriate blanks were subtracted for respective
measurements. The bandwidths were 3 nm for both the excitation and emission with
integration times of 1 s. All spectra were collected using quartz cuvettes with 1 cm
pathlengths.

Circular dichroism spectra were acquired with a J-710 spectropolarimeter (Jasco). The scan
rate was 100 nm/min, and three consecutive spectra were averaged to produce the final
spectrum.

Molecular docking
AutoDock4 [22] was employed to gain an insight into the DZN binding with HbA. 3-D
atomic coordinates of HbA were obtained from the Brookhaven Protein Data Bank (PDB ID
2D60) and prepared for docking. Hemoglobin was considered as a tetramer. All hetero
atoms were deleted and non-polar hydrogens were merged. The Kollman united-atom
charge model was applied to the protein. Particular attention was given to the
parameterization of the porphyrin rings. Partial atomic charges for the porphyrin ring were
assigned using the Gasteiger-Marsili method while the state of the Iron (Fe) was added
manually. Atomic solvation parameters and fragmental volumes were added to the protein.
Grid maps used by the empirical free-energy scoring function in AutoDock were generated.
A grid box of 100×100×100 grid points in size with a grid-point spacing of 0.375 Å was
considered for docking. The map was centered such that it covered the entire protein
including all possible binding sites.

The 3-D structure of DZN was built using the HYPERCHEM [23] molecular builder module
and optimized using the AM1 semi-empirical method to an RMS convergence of 0.001 kcal/
(Ǻ mol) with the Polak-Ribiere conjugate gradient algorithm implemented in the
HYPERCHEM 7.5 package. Rotatable bonds were assigned for the ligand and partial atomic
charges were calculated using the Gasteiger-Marsili method after merging non-polar
hydrogens. 100 docking runs were performed and for each run, a maximum of 2,500,000
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GA operations were performed on a single population of 150 individuals. The weights for
crossover, mutation and elitism were default parameters of 0.8, 0.02 and 1 respectively.

Molecular Dynamics of the HbA-Diadzein complex
GROMACS molecular dynamics code [24] with OPLS all atom force-field [25] were
employed to carry out the MD simulations on free hemoglobin and its complex with DZN.
The parameters for the ligand (DZN) were developed from OPLS force-field [25] defined
atomic groups. The partial atomic charges, which were adjusted to keep the charge neutrality
of the atomic groups and make the ligand charge neutral, were tested by comparing the
Gromacs optimized structure with i) the parameter-independent QM optimized structure of
DZN in vacuum, and ii) the QM/MM optimized structures of DZN in explicit water. For
QM code, we employed CPMD [26a] and for QM/MM, we employed GROMACS–CPMD
[26b]. For QM/MM, the DZN molecule was considered in the QM sub-system and the water
was considered in MM sub-system and their interphase interaction was described by the
QM/MM Hamiltonian [26].

The crystal structure coordinates of HbA obtained from the protein data bank (PDB ID:
2D60) and used in the docking study, were considered for the simulation of free HbA. For
HbA-DZN complex, the lowest energy docked complex obtained from the docking study
was used for MD simulation. The OPLS parameters for the heme prosthetic group were
taken from the previously published parameter set [27]. The HbA structure was primarily
subjected to molecular dynamics simulation using GROMACS to check the planarity of the
porphyrin ring and proper positioning of the distal histidine residue of hemoglobin that
coordinates to the Iron (Fe) of the heme moiety, an essential structural feature for the
biological functioning HbA. Both ligand bound/unbound structures of HbA were subjected
to in vacuo minimization using steepest descent algorithm. Each structure was soaked in a
water box containing SPC water molecules. All the protein atoms were at a distance equal or
greater than 1 nm from the box edges. Then the system was further minimized using 500
steps of steepest descent algorithm in a water box, followed by 100 ps of position restrained
dynamics where proteins were kept fixed by adding restraining forces, but water molecules
were allowed to move. Final production simulations were performed in the isothermal-
isobaric (NPT) ensemble at 300 K, using an external bath with a coupling constant of 0.1 ps.
Pressure was kept constant (1 bar) by using the time-constant for pressure coupling set to 1
ps. The LINCS [28] algorithm was used to constrain bond lengths, allowing the use of 2 fs
time steps. The van der Waals and Coulomb interactions were truncated at 1.2 nm.
Conformations generated during MD simulation were stored at every 5 ps.

Results
Absorption spectroscopy is a very basic but powerful tool to depict the binding interaction
between ligand and protein. Figure 1 shows the absorption spectra of HbA with varying
concentrations of DZN (chemical structure shown in Scheme 1). The absorption spectra of
free HbA is shown in sold line in Figure 1 (using left axis) where as that for free DZN is
indicated by -..-..- line (using right axis, shown by the arrow). In presence of DZN, the HbA
absorption profiles are shown by - - - and -.-.- lines for two different concentrations of DZN.
We observe that for the complex, two absorption bands gradually appear at 250 nm and 310
nm; these are the areas where although free HbA has no absorbance but free DZN has
(shown by arrow in Figure 1, right axis). However, these two absorption bands in DZN
bound HbA still exhibit significant differences in wavelengths from free DZN absorption
profile indicating interactions and complex formation with HbA. It is pertinent to mention
that the Soret band of HbA at 405 nm is unchanged in the presence of DZN. The inset of
Figure 1 indicates the increase of fluorescence of DZN in a protein HbA matrix (---)
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compared to that in aqueous system (-..-) when λex = 340 nm where the protein does not
absorb.

Quenching studies of protein tryptophan fluorescence in the presence of the ligand help to
understand the microenvironment of the ligand inside the protein matrix and are also a
measure of the proximity of the tryptophan residue to the quencher [29, 30]. With increasing
DZN concentrations the emission of HbA gradually decreases (Figure 1S), indicating
fluorescence quenching. Figure 2A presents the corresponding Stern-Volmer plots based on
the equation (1)

(1)

where KSV is the Stern-Volmer quenching constant for the quenching of HbA Trp
fluorescence by the isoflavonoid [21]. The ratio F0/F for each addition of DZN are plotted
against the DZN concentrations (see Figure 2A), where F0 and F are the fluorescence
intensities of Trp in HbA in the absence and presence of DZN, respectively. It is observed
that the ratio F0/F increases linearly with the DZN concentration and a linear regression
equation following Stern-Volmer relation is obtained. The Stern-Volmer plots are essentially
linear for flavonoid concentrations up to 1.2 × 10−5M (Figure 2A), after which the slope of
the linear plot changes. This indicates that more than one type of quenching mechanism is
involved [21, 30]. A KSV value of 0.98 × 104 M−1 is obtained for DZN which indicates that
HbA tryptophan fluorescence is efficiently quenched by the flavonoid.

To understand the fluorescence quenching better, temperature dependent studies were
performed. Figure 2B presents the variation of KSV with increasing temperature where the
direct proportionality between the two is observed within the experimental error.

The apparent binding constant ‘K’ and the number of binding site(s) ‘n’ were estimated
from fluorescence titration studies, using the plot of log(F0-F)/F vs. log[Q] [31] (Figure 3A)
which is based on equation (2) [31, 32]

(2)

where F0 and F are the fluorescence intensity of HbA in absence and presence of
isoflavonoid (DZN) respectively, Q is the DZN concentration, n is the number of binding
sites and K is the binding constant. Table 1 shows the Stern-Volmer quenching (KSV) and
binding constants ‘K’ for the binding of DZN to HbA within the studied concentration range
of the flavonoids. The value of n approximates unity, indicating that there is one binding site
in HbA for DZN.

The thermodynamic parameters associated with temperature variation were analyzed in
order to further characterize the acting forces between DZN and HbA in phosphate buffer of
pH 7.4. The thermodynamic parameters such as enthalpy change (ΔH0) and entropy change
(ΔS0) of the binding reaction are the main evidence for the confirmation of the binding
modes. From a thermodynamic standpoint, ΔH > 0 and ΔS > 0 implies a hydrophobic
interaction; ΔH < 0 and ΔS < 0 reflects van der Waals forces or hydrogen bond formation;
and ΔH ≈ 0 and ΔS > 0 suggests an electrostatic force [31, 33]. The thermodynamic
parameters are determined using the van’t Hoff equations:

(3)
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(4)

where K and R are the binding constant and gas constant, respectively. The temperature-
dependence of the binding constant was studied at four different temperatures (293, 298,
303, and 308 K) in which ΔH0 and ΔS0 of reaction could be determined from the linear
relationship between lnK and the reciprocal of absolute temperature. The free energy (ΔG0)
could be calculated by Eq. (4).The thermodynamic parameters were determined using a
van’t Hoff plot (Figure 3B) and are presented in Table 1. The values for the standard
enthalpy (ΔH0) and entropy changes (ΔS0) of the binding reaction between DZN and HbA
are found to be positive.

To ascertain the binding of DZN with HbA, we measured the fluorescence anisotropy of
DZN in the presence of HbA. Fig. 4 presents the variation of the fluorescence anisotropy
value for DZN with increasing HbA concentration. The plot shows the increase of the
anisotropy (r) of DZN ([DZN] = 1.0 × 10−5 M) from 0.01 in aqueous buffer to 0.08 (at
[HbA] = 1.0 × 10−5 M). The anisotropy gradually levels off at higher HbA concentrations (r
= 0.09 at [DZN] = 1.3 × 10−5 M. The gradual increase in ‘r’ of DZN suggests that more and
more DZN molecules bind with HbA, until HbA ~ 1.0 × 10−5 M.

To investigate the possible effect of the isoflavonoid binding on the secondary structure of
HbA, we carried out far-UV CD spectroscopy. The CD spectrum of HbA in aqueous buffer
(in the absence of flavonoids) has two characteristic peaks of negative ellipticity at 208 nm
and 222 nm indicating its predominantly α-helical secondary structure (Figure 4 inset). As
shown in the figure, the CD spectrum of the HbA shows no significant change upon addition
of 1 × 10−5 M of DZN (at constant hemoglobin concentration).

The HbA molecule contains three tryptophan residues in each α,β dimer, but only β-37 Trp
is located at the interface between the two dimers. The intrinsic fluorescence signal of HbA
arises from the indole group of tryptophan β-37. The fluorescence signal of this tryptophan
residue plays an important role in depicting the changes that appear in the quaternary
structure of HbA upon ligand binding [34, 35]. It is well known that the Trp amino acid
exhibits extremely sensitive fluorescence emission properties [21]. In order to observe any
structural perturbation in the protein matrix induced by DZN the intrinsic Trp fluorescence
was exploited. Figure 2S displays the variation in the intrinsic emission of Trp residue with
increasing [HbA] in absence (A) and presence (B) of DZN. Fluorescence intensity gradually
increases with protein concentration until 5×10−5 M after which the intensity decreases for
both cases. However the hypsochromic shift in the Trp  [21, 34, 35] (right axis of the
plots) with the increasing [HbA] is slightly different when DZN is present indicating that
DZN is bound in close proximity to β-37 Trp residue, as is evident from the docking and
molecular dynamics study, discussed below.

To compare the structural stability of free and DZN bound HbA, we have analyzed the
dynamic structural properties (using root mean square deviation, (RMSD) and radius of
gyration, (Rg)) of both systems, according to MD simulation which are summarized in Table
2. The first 2 ns of both simulations were considered to be the equilibration phase where
slight structural re-organization takes place and properties were averaged over the last 3 ns
of the simulations. RMSD and Rg are two important parameters that provide quantitative
descriptions of changes in the tertiary structure of the simulated protein. Similar RMSD
were observed for free and DZN bound HbA, which were 0.53 ± 0.034 nm and 0.56 ± 0.09
nm respectively. The calculated Rg value for free HbA was 2.43 ± 0.01 nm, while that of
DZN bound HbA was 2.45 ± 0.035 nm, which again signifies no structural unfolding
induced by the ligand, DZN. The binding energy components were analyzed using MD
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simulation during the last 2ns of the simulation and Lennard-Jones (LJ) is found to be the
main determining factor of the total binding energy with an average value of −17.66.± 4.5
kcal/mole while Coulombic interaction is found to be −9.95 ± 3.85 kcal/mole. The high
standard deviation of average Coulombic interactions indicates insignificance of the
interaction to the total binding affinity, while the LJ interaction was stable throughout the
simulation, as is presented in Figure 3S, which signifies its contribution to the total
interaction energy. It is to be noted that no significant hydrogen bonding contacts are
observed between DZN and HbA during the MD simulation. The last 3 ns of simulation
contains 0–1 hydrogen bonding interactions between HbA and DZN.

Molecular docking and dynamics was employed to understand the binding of DZN with
HbA in atomistic details as well as to identify key interactions involved in the complex
formation. The lowest energy docked conformation and the MD average structure starting
from the lowest energy docked complex is shown in Figure 5 A & B respectively.

It is clearly evident from Fig. 5 that DZN readily enters the central cavity formed by the four
subunits of HbA (α1, α2, β1, β2, shown in pink and dark green, respectively). It is pertinent
to mention that this binding site is similar to the binding site of benzimidazole-biphenyl
derivatives evident from docking and MD simulation [5, 26] and also the binding site for the
effector RSR-13 which is further confirmed by high-resolution crystallography [36].
Initially, the DZN binds very close to the Trp-37, evident from the docking study (Figure
5A), moves a little apart during the MD simulation and stabilizes ~12 Å away from the
Trp-37 residue, as is shown in Figure 5B. During the MD simulation DZN moves towards
the central cavity of the HbA formed by the four subunits. The phenyl and the chromone
ring of DZN becomes more planar compared to the conformation of the bound DZN
obtained from docking study. We further analyzed the orientational dynamics of the DZN
with respect to Trp 37 as shown in Figure 6A. Here the 4’-OH group has been taken as
representative of the ‘phenyl’ moiety of DZN while the C(4)=O group has been considered
as a representative of the chromone moiety of DZN. In the lowest energy docked complex,
DZN docked very close to the Trp-37 with the chromone moiety of the DZN orienting
towards Trp-37 that flipped during the MD simulation and the ‘phenyl’ ring approaches
Trp-37. During MD simulation, DZN positioned itself at the center of the HbA central
cavity and stabilizes with its ‘phenyl’ ring ~ 8 Å and the chromone ring ~12–15 Å away
from the Trp-37 residue. In fact, in the MD averaged structure, the chromone ring of
daidzein is 12.42 Å away from the Trp-37. This further confirms that the nearby Trp-37
serves as good optical probe for monitoring DZN binding to HbA.

Another important aspect we observed from our MD simulation is the distance between
DZN and the iron atoms of the heme moieties. We calculated the minimum distances
between DZN and the Fe atom of the four heme groups during MD simulation and results
are shown in Figure 6 B. DZN binds between the subunits of HbA, which is sufficiently
away from the heme. The closest distance of DZN to any of the four heme group is 15–17 Å
away (heme group of α1), emphasizing the fact that the drug does not interfere with oxygen
binding of HbA, which has already been concluded from the unaltered Soret band in the
absorption spectra of diadzein bound HbA in Figure 1.

Discussion
UV-visible absorption spectroscopy is a simple method used for the exploration of structural
changes and the understanding of complex formation (binding). The absorption spectrum of
HbA in presence of DZN in Figure 1 shows the appearance of bands in the region where free
DZN exhibits absorption bands (right axis), suggesting that DZN is interacting (binding)
with hemoglobin in the ground state. It is noteworthy that the Soret band at 406 nm, which is
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the heme group absorption of HbA, is unaffected by the complex formation. This is in
accordance with the results obtained from the MD study where the DZN binding site is
sufficiently away from the heme groups of HbA (Figure 6). The closest distance of diadzein
to any of the four heme group is 15–17 Å away (heme group of α1), emphasizing the fact
that the DZN does not interfere with oxygen binding of HbA which is the essential
biological functioning of the protein. The significant increase in fluorescence (Figure 1,
inset) of DZN in the protein matrix compared to that in the aqueous phase, supports the
binding interaction between HbA and DZN, as was observed in Figure 1. With increasing
DZN concentration, a gradual decrease in protein fluorescence without a shift in emission
wavelength was observed (refer to Figure 1S). This suggests that DZN is binding in close
proximity to the β-Trp-37 residue inside the HbA matrix and its binding does not change the
microenvironment. In fact computational analysis further depicts that DZN binds within the
central cavity formed by four subunits of HbA and the chromone moiety of DZN is only
12.42 Å away from the β-Trp 37 residue. Initially, the chromone moiety of the DZN orients
towards Trp-37 residue as was observed in the docking study, which gradually moves away
during the MD simulation and stabilizes at a distance of ~12–15 Å from the Trp-37 residue.
Thus Trp-37 serves as good optical probe for monitoring DZN binding to HbA. The
quenching plot in Figure 2A illustrates that the fluorescence quenching in the DZN-HbA
complex is in good agreement with the linear Stern-Volmer equation until ~ 1.3 × 10−5 M.
However, at higher flavonoid concentrations (> 13 µM), the Stern Volmer plots become
non-linear which may be attributed to two complicating factors: (i) existence of more than
one type of quenching mechanisms at higher flavonoids concentrations, (ii) attenuation of
tryptophan fluorescence due to an inner filter effect arising from significant absorption of
flavonoids in the tryptophan emission region with these (> 13 µM) quencher (flavonoid)
concentrations. Hence, further analysis has been restricted beyond this flavonoid
concentration range. The typical fluorescence emission spectra of protein HbA in presence
of different concentrations of diadzein is presented in Figure 1S where the λex = 280 nm. It
is evident from the figure that with increasing diadzein concentrations the protein emission
decreases, simultaneously diadzein emission (although low at λex= 280 nm) increases,
which supports the occurrence of non-linear Stern Volmer plots at diadzein concentration >
13 × 10 −6 M. The inset of Figure 1S provides the excitation profiles of HbA (λem= 340 nm,
dotted line) as well as diadzein (λem= 470 nm, solid line) in the diadzein bound protein
solution. Here the excitation wavelength of HbA was found to be ~ 280 nm (the normal
region where Trp absorbs) which again supports the fact that DZN is not altering the
protein’s inherent structure as is depicted in the CD spectrum (Figure 4, inset).

The KSV value obtained is ca. 0.98 × 104 M−1 at 25°C for DZN, which indicates that HbA
tryptophan fluorescence is efficiently quenched by the flavonoid. Two possible mechanisms
are responsible for this observed quenching, static and dynamic quenching. Both
mechanisms may appear in a quenching process, but usually one of them has a larger
contribution to the total quenching effect. Static quenching occurs by ground state
interactions between fluorophore and quencher, resulting in the formation of a non-
fluorescent complex. This type of quenching does not rely on diffusion or molecular
collisions [21]. The difference in the absorption spectra of free (solid line) and DZN bound
HbA (- - -, -.-.-) in Figure 1 clearly provides the evidence of ground state complex formation
of DZN with the protein. This gives rise to static quenching of Trp fluorescence in presence
of DZN. On the other hand dynamic quenching process is due to the collisions that appear
between fluorophore and quencher molecules in the excited state. Since higher temperatures
lead to larger diffusion coefficients, dynamic quenching constants are expected to increase
with growing temperature. At the same time, at high temperatures, dissociation of weakly
bound molecules takes place, decreasing the contribution of static quenching [31, 37].
Figure 2B shows the temperature dependence of KSV where a positive correlation was
observed, suggesting dynamic quenching mechanism also to participate. This is because
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higher temperatures result in faster diffusion and hence larger amounts of collisional
quenching. The latter is the experimental evidence that the tryptophan fluorescence
quenching by DZN is also governed by dynamic collisions rather than solely by ground state
complex formation.

The negative value of free energy change (ΔG0, Table 1) obtained from the binding constant
in Figure 2 (following eqn. 4) indicates the thermodynamic favorability of the binding
process. The positive values for both enthalpy and entropy change are associated with
hydrophobic interactions [33]. A positive value for ΔS0 characterizes hydrophobic
interactions, due to the tendency of water to form a more ordered structure near non-polar
hydrocarbon groups. Positive values of both enthalpy change and entropy change indicate
that hydrogen bond formation is less dominant than hydrophobic interactions [33]. This
hydrophobically driven reaction is rather an exception than a rule for the majority of
associations involving proteins [33]. Interaction energy analysis by molecular docking and
dynamics also reveals a similar trend. Van der Waals interactions are found to be the main
determining factor for the complex formation evident from both docking and dynamics
studies. The average Lennard-Jones interactions are stable throughout the simulation with a
value of −17.66.± 4.5 kcal/mole averaged over the last 2 ns of the simulation. Hydrogen
bonding contacts were not observed between DZN and HbA during the MD simulation and
an insignificant contribution of Coulombic interaction (with average value of −9.95 ± 3.85
kcal/mole) was predicted from the molecular dynamics study which never stabilized over
the simulation period of the interaction energy analyses, further supporting the experimental
observation that the binding process was mainly driven by hydrophobic interactions.

The high values of fluorescence anisotropy ‘r’ of DZN at high concentrations of HbA in
Figure 4 suggest that the drug molecules are bound in a motionally constrained environment
in the protein matrix [38]. The observed hydrophobic interaction between the ligand DZN
and the protein supported the high ‘r’ value of DZN. Trp fluorescence spectroscopy provides
a simple and reliable means to characterize the Trp microenvironment in a protein which is
related to the tertiary conformation of proteins in solution [39]. The increasing fluorescence
intensity in Figure 2S indicates a more rigid environment around the Trp residue [40, 41]
with increase in protein concentration. Intrinsic Trp fluorescence is a function of the polarity
of the microenvironment around the Trp and the change in the polarity affects the  of the
Trp fluorescence spectrum. A blue shift indicates the presence of a hydrophobic
environment around the Trp or in other words the Trp residue being deeply embedded in the
protein tertiary structure [10, 37–39]. We have postulated only tetramers to be present in
appreciable abundance at the studied concentration (1 × 10−5 M) of HbA [10, 42] and
analyzed the data in terms of the linkage scheme for such a system using computational
approaches as discussed below.

The DZN molecule particularly binds to the interface cavity formed by α1, α2 and β1
chains and closely interacts with the Trp-37 residue in the β-chains of HbA, which is the
fluorophoric moiety of HbA, as is depicted in Figure 5. Figure 5A also indicates that DZN is
docked inside HbA in such a way that its B-ring is slightly tilted over the remaining
chromone plane formed by the (A+C) rings of polyphenols (see Scheme 1). Docking
interaction energy reveals that the main binding forces of this complexation are van der
Waals interactions while a negligible portion of interactions is contributed by electrostatic
interaction.

We further explored the effect of DZN binding on the secondary and tertiary structural
profile of HbA. Far-UV CD spectroscopy in combination with molecular dynamics study
reveals that DZN binding to HbA induces no significant change in the secondary structure of
HbA. Both free and DZN bound HbA exist in a predominately α-helical structure. Effect of
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DZN binding on the tertiary structure and size-shape distribution of HbA have been carried
out by molecular dynamics simulation. RMSD and radius of gyration (Rg) are two very
important parameters that provide a quantitative description of tertiary structure of the
simulated system. Observed RMSD for free and DZN bound HbA are highly similar, 0.53 ±
0.034 nm and 0.56 ± 0.09 nm while the calculated Rg value for free and DZN bound HbA
are 2.43 ± 0.01 nm and 2.45 ± 0.035 nm, respectively. Essentially unchanged values of
RMSD, Rg along with CD profiles of free and ligand bound HbA signify no significant
structural change of the carrier protein HbA in the presence of DZN.

Concluding remarks
The results clearly show the usefulness of the present study in exploiting the natural drug
carrier hemoglobin for binding with the therapeutically important isoflavonoid diadzein,
while utilizing the sensitive and discriminating emission properties of the drug. Since
diadzein is neutral in nature, ionic interactions between protein and ligand can be ruled out.
Instead, the results indicate that the binding interactions can be attributed to hydrophobic
interactions. The molecular docking and dynamics studies are valuable in providing two
important evidences: 1. β-Trp-37 serves as good indicator for the microenvironment of
diadzein inside the protein matrix. 2. The drug diadzein does not interfere with the
functionality of the heme group of porphyrin of hemoglobin, especially in oxygen binding.
Furthermore, the far UV-CD study reveals that the overall secondary structure of the protein
remains identical in the presence of the drug, validating the fact that binding of diadzein
essentially does not produce any harm to the protein. Hence, hemoglobin, a natural carrier
molecule of drugs, can be successfully utilized in medicinal biology for delivering flavonoid
based therapeutics to the physiological targets.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

► Binding of isoflavonoid diadzein with human hemoglobin was investigated.

► Spectroscopic, molecular docking and dynamics studies were carried out.

► β-Trp-37 serves as good indicator for the microenvironment of diadzein
inside the protein.

► Diadzein does not interfere with the functionality of the heme of hemoglobin.

► Overall secondary structure of the protein remains unchanged in the presence
of the drug.
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Figure 1.
Typical absorption spectra of hemoglobin (1 × 10−5M, solid line, free) and with 6 × 10−6 M
(- - -); 1.5 × 10−5 M (-.-.) of diadzein (see left axis). Right axis presents the absorption of 1 ×
10−5 M free diadzein in aqueous phase (-..-..). Inset: Fluorescence spectra of 1.0 × 10−5 M
diadzein in aqueous phase (-..-..) and protein matrix (-----). λex=340 nm.
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Figure 2.
A: Stern-Volmer plots of the HbA tryptophan fluorescence quenching with increasing
diadzein concentration at ambient temperature. B: Variation of Ksv with temperatures. Each
data point indicates the average of three experiments; error bars indicate standard deviations.
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Figure 3.
A: The plot of log(F0-F)/F vs. log[DZN] of the fluorescence quenching data at room
temperature. The concentration of HbA= 1.0 × 10−5 M. B: van’t Hoff plot of the binding of
DZN with 1.0 × 10−5 M HbA. Each data point is average of three independent
measurements and error bars indicate standard deviations.
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Figure 4.
Variation in fluorescence anisotropy (r) of diadzein (1.0 × 10−5 M) with increasing protein
(HbA) concentration (λex = 340 nm; λem = 470 nm, excitation and emission bandwidths
were 5 nm). Each data point indicates the average of three determinations. Inset: Circular
dichroism spectra of 3.0 × 10−6 M hemoglobin (HbA) in absence (solid line) and presence of
10.0 × 10−6 M diadzein (dotted line) in 0.01 M phosphate buffer, pH 7.4.

Sengupta et al. Page 17

Int J Biol Macromol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
A. Lowest energy docked conformation of diadzein (shown in green) inside hemoglobin. B.
MD average structure of HbA-daidzein complex starting from the lowest energy docked
complex obtained from MD simulation. Two α and β subunits are colored pink and dark
green respectively. Trp-37 and daidzein are rendered as sticks and colored as orange and
light green respectively in B. Porphyrine rings are represented as blue sticks.
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Figure 6.
A: Orientation dynamics of daidzein with respect to Trp 37 (β1) obtained from MD
simulation. 4’-OH group has been taken as representative of the ‘phenyl’ moiety of DZN
while the C(4)=O group has been considered as a representative of the chromone moiety of
DZN. B: Minimum distance between DZN and the four iron atoms of the heme groups of
HbA obtained from MD simulation.
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Scheme 1.
Structure of the isoflavone Diadzein (7-hydroxy-3(-4’-hydroxy-phenyl)-chromen-4-one)
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Table 2

List of dynamic parameters and interaction energies observed in free and DZN bound HbA averaged over the
last 3ns of the simulation. RMSD and Rg are averaged over the last 3ns of the simulation while the interaction
energies are averaged over last 2ns of the simulation.

RMSD (nm) Rg (nm) Coulombic
Interaction
(kcal/mole)

LJ Interaction
(kcal/mole)

HbA 0.53 ± 0.034 2.43 ± 0.01

HbA-DZN complex 0.56 ± 0.09 2.45 ± 0.035 −9.95 ± 3.85 −17.66.± 4.5
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