
Molecules 2009, 14, 1614-1626; doi:10.3390/molecules14041614 
 

 

molecules 
ISSN 1420-3049 

www.mdpi.com/journal/molecules 
Article 

Spectroscopic Investigations of the Binding Interaction of a New 
Indanedione Derivative with Human and Bovine Serum 
Albumins  

Dana Stan 1,*, Iulia Matei 2, Carmen Mihailescu 1, Mihaela Savin 3, Mihaela Matache 1, Mihaela 
Hillebrand 2 and Ion Baciu 1  

1 Department of Organic Chemistry, Bucharest University, 00133, Sos. Panduri No. 90-92, 
Romania;E-mails: carmen_mihail28@yahoo.com(C.M.),mihaela.matache@gmail.com(M.M.) 
ion_baciu2004@yahoo.com (I.B.) 

2 Department of Physical Chemistry, Faculty of Chemistry, University of Bucharest, Bd. Regina 
Elisabeta, No. 4-12, Bucharest, Romania; E-mails: iulia.matei@yahoo.com (I.M.), 
mihaela.hillebrand@gmail.com (M.H.) 

3 Telemedica, Str. Ion Calin, No.13, Bucharest, Romania; E-mail: mihaelasvn@yahoo.com (M.S.)  

* Author to whom correspondence should be addressed; dana_stan2005@yahoo.com; Tel.: +40 21 
410 4009, Fax: +40 21 410 4009. 

Received: 17 March 2009; in revised form: 15 April 2009 / Accepted: 20 April 2009 /  
Published: 24 April 2009 
 

Abstract: Binding of a newly synthesized indanedione derivative, 2-(2-hydroxy-3-
ethoxybenzylidene)-1,3-indanedione (HEBID), to human and bovine serum albumins 
(HSA and BSA), under simulated physiological conditions was monitored by fluorescence 
spectroscopy. The binding parameters (binding constants and number of binding sites) and 
quenching constants were determined according to literature models. The quenching 
mechanism was assigned to a Förster non-radiative energy transfer due to the HEBID-SA 
complex formation. A slightly increased affinity of HEBID for HSA was found, while the 
number of binding sites is approximately one for both albumins. The molecular distance 
between donor (albumin) and acceptor (HEBID) and the energy transfer efficiency were 
estimated, in the view of Förster’s theory. The effect of HEBID on the protein 
conformation was investigated using circular dichroism and synchronous fluorescence 
spectroscopies. The results revealed partial unfolding in the albumins upon interaction, as 
well as changes in the local polarity around the tryptophan residues. 
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1. Introduction  

 
Serum albumins (SAs) are the major soluble protein constituents of the circulatory system and have 

many physiological functions, including acting as transporters for numerous endogenous and 
exogenous ligands (e.g. drugs, fatty acids, etc.). Drug binding to SAs is an important determinant of 
drug pharmacokinetics, restricting the unbound concentration and affecting drug distribution and 
elimination [1].  

Human serum albumin (HSA) is the major protein component of blood plasma (approx. 60% of the 
total protein) [2]. It is a single, non-glycosylated polypeptide that organizes to form a heart-shaped 
protein with approximately 67% α-helix [3]. HSA is capable of binding reversibly a wide variety of 
drugs, resulting in an increased solubility in plasma, decreased toxicity, and/or protection against 
oxidation of the bound ligand. The protein’s capability of binding aromatic and heterocyclic 
compounds largely depends on the existence of two major binding regions, namely Sudlow’s sites I 
and II [4]. Site I, also known as the warfarin binding site, is formed by a pocket in subdomain IIA and 
contains the only tryptophan of HSA (Trp 214) [5]. Site II is located in subdomain IIIA and is known 
as the benzodiazepine binding site [5]. Of these sites, site I seems to be the more versatile, because it 
can bind, with a high affinity, to ligands that are very different from a chemical point of view [2].  

Bovine serum albumin (BSA) is constituted by 582 amino acid residues and, on the basis of the 
distribution of the disulfide bridges and of the amino acid sequence, it can be regarded as composed of 
three homologous domains (I, II and III) linked together. Each domain can be subdivided into two 
subdomains, A and B. BSA has two tryptophans, Trp-134 and Trp-212, embedded in subdomains IB 
and IIA, respectively [6].  

During the last three decades, substituted indane-1,3-dione derivatives have shown wide 
applicability in the fields of medicine [7,8] and biology [9]. Many studies on the biological activity of 
these compounds report their anticoagulant [10], anti-inflammatory [11], analgesic [12], antibacterial 
[13] or bronchial dilating [14] action. However, literature data on their interaction with proteins is 
relatively scarce [15-17]. Because they are compounds of important biological activity, we considered 
that such studies could elucidate important aspects of drug pharmacokinetics.  

In the present report we focus on a newly synthesized indanedione derivative, 2-(2-hydroxy-3-
ethoxybenzylidene)-1,3-indanedione (HEBID), studying its interaction with human and bovine serum 
albumins (HSA and BSA) by means of fluorescence and circular dichroism spectroscopies. 
Fluorescence is a practical method for studying protein interactions with various ligands [18-24], as it 
yields a vast amount of information on the magnitude of binding and on the microenvironment 
surrounding the protein residues. In our work, we monitored the changes in the intrinsic fluorescence 
of the SAs upon binding to HEBID. A circular dichroism study was also undertaken in order to 
complement the findings by fluorescence spectroscopy, allowing us to ascertain the influence of 
HEBID binding upon the secondary structures of SAs. Therefore, the aim of this study was to 
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characterize the HEBID-HSA and HEBID-BSA interactions, by determining the binding parameters, 
the efficiency of energy transfer and the conformational changes occurring in the proteins upon 
binding. 
 
2. Results and Discussion  
 
2.1. Fluorescence quenching of serum albumins in presence of HEBID 

 
The fluorescence of HSA and BSA mainly resides in the emissions from the tryptophan, Trp (~340 

nm) and tyrosine, Tyr (~315 nm) residues. Upon excitation at 286 nm, HSA and BSA show strong 
emissions, with peaks at 340 nm and 345 nm, respectively. It was observed that the fluorescence 
emission intensities of both SAs were quenched, in a concentration-dependent manner, when the 
proteins interacted with HEBID (a typical example is shown in Figure 1).  

 
Figure 1. The quenching of BSA and HSA (inset) fluorescence at increasing HEBID 
concentrations. [HEBID]/[SA] = 0 (1), 0.48 (2), 0.97 (3), 1.67 (4), 2.53 (5), 3.83 (6), 5.19 
(7), 7.61 (8), 10.00 (9). λex = 286 nm. 

 
Quenching of the intrinsic protein fluorescence can be used to retrieve many ligand-protein binding 

information. Fluorescence quenching is described by the well-known Stern-Volmer equation [25]: 
0 1 [ ]SV

F K Q
F

= +  (1) 

where F0 and F denote the steady-state fluorescence intensities in the absence and presence of the 
quencher (HEBID), respectively, KSV is the Stern-Volmer quenching constant and [Q] the quencher 
concentration. Hence, Equation (1) can be applied to determine KSV by linear regression of a plot of 
F0/F against [Q] (Figure 2). KSV was estimated at 5.55×104 M-1 for the HEBID-HSA interaction 
(correlation coefficient R = 0.9988) and at 4.80×104 M-1 for the HEBID-BSA interaction (R = 0.9976). 
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Figure 2. Stern-Volmer plots for the quenching of HSA and BSA by HEBID in the d/p 
range 0-10. F0 and F denote the fluorescence intensities in the absence and presence of the 
quencher (λex = 286 nm). 

 
 
2.2. Estimation of the binding parameters  

 
The estimation of the binding parameters was made using two formulae that consider the presence 

of a single class of binding sites. The first formula, Equation (2), starts from the classical Scatchard 
equation [26] and expresses the free ligand concentration at equilibrium as a function of the analytical, 
total concentration of the ligand [27,28]: 

0

0

0

( ) 1log log log( )[ ] [ ]

F F n n KF FF HEBID SA
F

−
= +

−
−

 
(2) 

K and n are the binding constant and number of binding sites, and [HEBID] and [SA] are the total 
ligand concentration and the total protein concentration, respectively. Linear fits according to Equation 
(2), i.e. log(F0-F)/F vs. log(1/([HEBID]-[SA](F0-F)/F0)), are presented in Figure 3. The binding 
parameters, evaluated from the slope and intercept of these plots, are listed in Table 1. It can be seen 
that n is about 1 for both SAs, suggesting that one molecule of albumin combines with one molecule of 
HEBID in the drug to protein (d/p) molar ratio under study, ranging from 0 to 10. We can also observe 
that the binding affinity of HEBID to HSA is slightly higher than that to BSA.  

The second formula, equation (3), is based on the approximation that the free ligand concentration, 
at equilibrium, can be replaced by the total analytical concentration of the ligand, approximation that is 
only valid when the ligand is in excess, like in our working conditions [29, 30]. 

0( )log log log[ ]−
= +

F F K n HEBID
F

 (3) 

It can be observed from Table 1 that, in our case, both equations lead to similar values of the 
binding constants and attest a one to one ligand-protein interaction, implying the binding of the ligand 
to the Trp 214 residue. 
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Figure 3. Plots for the determination of the binding parameters, according to: (A) Equation 
(2) and (B) Equation (3). [SA] = 3×10-6 M, λex = 286 nm, λem = 335nm. 

 
Table 1.  Binding parameters (binding constants, K, and number of binding sites, n) 
characterizing the HEBID-HSA and HEBID-BSA interactions, estimated in the d/p range 
0-10. 

  K (M-1) ×10-4 n R SD 
Equation 

(2) 
HSA 6.54 0.96 0.9985 0.0279 
BSA 5.65 0.81 0.9989 0.0209 

Equation 
(3) 

HSA 5.47 0.99 0.9987 0.0262 
BSA 1.11 0.86 0.9992 0.0180 

 
2.3. Effect of HEBID on the conformations of HSA and BSA 
 
2.3.1 Synchronous fluorescence measurements 

 
Synchronous fluorescence is a method that provides information on the molecular environment in 

the vicinity of the fluorophores of SAs. While the sensitivity of the fluorescence method is preserved, 
this technique offers several advantages, such as spectral simplification, bandwidth reduction and 
therefore a minimization of the effects that interfere in the steady-state technique [31, 32]. Using Δλ = 
60 nm and 15 nm we obtain the characteristic synchronous fluorescence spectra of the Trp and Tyr 
residues, respectively. The shifts in the position of the synchronous maxima of these residues, which 
usually occur upon binding, give indications on the changes in polarity around these particular 
fluorophores and thus on the proximity of the ligand. Figure 4 shows the effect of HEBID addition on 
the position of the synchronous emission maxima of the Trp and Tyr residues of HSA. 
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Figure 4. The HEBID effect on the synchronous fluorescence emission of HSA (Δλ = 60 
nm). Inset: Δλ = 15 nm.  

 
As evidenced in Figure 4, the emission maximum of Tyr does not show a significant shift upon 

binding, which indicates that the polarity around the Tyr residues of HSA remains unchanged. 
Differently, the red shift of approximate 4 nm in the emission maximum of the Trp residue suggests 
that the HEBID-HSA interaction results in a more polar environment for the Trp residue. A similar 
trend was observed for BSA. 
 
2.3.2. Circular dichroism results 

 
When a ligand binds to a globular protein, the intramolecular forces responsible for maintaining the 

secondary and tertiary structures can be altered, resulting in a conformational change of the protein 
[33]. The observed fluorescence quenching of the Trp and Tyr residues suggests that the ligand-
albumin interaction has indeed changed the microenvironment of these residues. Moreover, the red 
shift in the synchronous fluorescence of Trp shows an increased polarity of the microenvironment after 
binding.  

Conformational changes upon binding are also reflected in the circular dichroism (CD) spectrum of 
the protein. The CD spectra of SAs exhibit two negative bands in the UV region at 209 and 222 nm, 
characteristic for the α-helical structure [34]. The spectra recorded in presence of low HEBID 
concentrations did not exhibit appreciable changes in the conformation of SAs in terms of α-helicity. 
However, significant changes in α-helicity values were noticed at higher concentrations of HEBID. 
The CD spectra of HSA and BSA in the absence (d/p = 0) and presence (d/p = 18) of HEBID are 
shown in Figure 5. The alterations of protein secondary structure after HEBID complexation were 
estimated as follows. The results of CD measurements can be expressed as MRE (mean residue 
ellipticity) in deg·cm2·dmol-1, defined as: 
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10 [ ]
MRE

rl SA
θ

=  (4) 

where θ is the observed CD (in milli-degrees), r is the number of amino acid residues (585 for HSA 
and 582 for BSA), and l is the path length of the cell (in cm). The helical content of free and bound SA 
was calculated from the MRE values at 209 nm using the following equation, as described by Lu et al. 
[35]: 

209 4000% 100
33000 4000

nmMREhelixα − −
− = ×

−
 (5) 

It was observed that the percent of α-helix was reduced from 59.98% in free BSA to 57.58 % upon 
binding to HEBID (d/p =18). The fact that the CD spectra of BSA in the presence and absence of 
HEBID are similar in shape indicates that the structure of BSA remains predominantly α-helical after 
binding to HEBID. Similarly, for HSA, the protein α-helix structure decreased gradually and the 
reduction reached about 5% for protein binding with HEBID at a d/p = 18, indicating partial unfolding 
of HSA. 

 
Figure 5. The CD spectra of HEBID-HSA and HEBID-BSA (inset) systems. [HSA] and 
[BSA] = 0.75×10-6 M. [HEBID] = 0 M (1) and 1.38×10-5 M (2). pH = 7.4. 

 
2.4. Energy transfer efficiency and binding distance 

 
The performed spectral studies suggested that both HSA and BSA form complexes with HEBID, 

with involvement of the Trp residues of the proteins. HSA possesses only one Trp molecule (Trp214), 
while BSA contains two such residues (Trp134 and Trp212), though only Trp134 is readily accessible 
to the ligand, being located on the exterior surface of the protein [36]. A way of measuring the distance 
r between the ligand and these Trp residues is by using the fluorescence resonance energy transfer 
(FRET), as proposed by Förster [37]. FRET is a distance dependent interaction in which excitation 
energy is transferred nonradiatively from the donor molecule to the acceptor. The prerequisite for the 
occurrence of FRET is the existence of a proper overlap between the emission spectrum of the donor 
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and the absorption spectrum of the acceptor. Figure 6 shows this overlap in the case of the HSA-
HEBID donor-acceptor pair. 

 
Figure 6. Overlap of the fluorescence spectrum of BSA (1) and absorption spectrum of 
HEBID (2). 

 
The extent of the spectral overlap, as well as the distance between donor and acceptor, determine 

the magnitude of the energy transfer. According to Förster, the energy transfer efficiency, E, is given 
by: 

6
0

6 6
0 0

1= = −
+

R FE
R r F

 (6) 

where r is the distance between donor and acceptor and R0 is the critical distance, for which the 
transfer efficiency is 50%. F0 and F are the fluorescence intensities of HSA in absence and presence 
(at d/p = 1) of HEBID, respectively. The magnitude of R0 depends on the spectral properties of the 
donor and acceptor molecules: 

6 25 2 4
0 8.8 10− −= × ΦR k n J  (in cm6) (7) 

Here k is a factor expressing the spatial orientation of the dipole of the acceptor molecule, n is the 
refractive index of the medium, Φ the fluorescence quantum yield of the donor in absence of the 
acceptor and J is the overlap integral of the emission spectrum of the donor and absorption spectrum of 
the acceptor (in units of M-1cm3). J is given by the equation: 

4

0

( ) ( )
∞

= ∫ D AJ F dλ ε λ λ λ  (8) 

where FD(λ) is the corrected fluorescence intensity of the donor at wavelengths λ to (λ + Δλ), with the 
total intensity normalized to unity, and εA(λ) is the molar extinction coefficient of the acceptor at 
wavelength λ. 

The efficiency of the dipole-dipole interaction between donor and acceptor depends on the 
alignment of the two dipoles. The orientation factor k2 which describes this proximity ranges from 0 
(perpendicular dipoles) to 4 (parallel dipoles). Generally, the dipoles are assumed to be rapidly 
moving, on timescales similar to the donor excited-state lifetime, and their orientations are therefore 
described as random, with an orientation factor of 2/3 [38]. 
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Förster’s distance (R0) has been calculated assuming such random orientation of the donor and 
acceptor molecules in solution. Thus, k2 was taken 2/3, n = 1.333 (water) and Φ = 0.118 [39]. The 
obtained data is listed in Table 2. 

  
Table 2. Förster energy transfer parameters. 

 E J × 1015 (M-1cm3) R0 (nm) r (nm) 
HSA 0.16 1.48 1.78 2.34 
BSA 0.18 1.51 1.79 2.31 

 
An average r distance on the 2-8 nm scale indicates that the energy transfer occurs with high 

probability [40]. Furthermore, a larger r value than that of the critical distance R0 suggests the presence 
of a static quenching mechanism [41]. 
 
3. Experimental  
 
3.1. General 

 
The IR spectra were recorded on a Fourier Transform Genesis DTGS in KBr pellets in the range 

4000-400 cm-1. The NMR spectra were recorded on a JEOL Lambda 400 (operating at 300 MHz for 
1H and 75 MHz for 13C, respectively) in DMSO-d6, using TMS as internal standard. Mass spectra were 
obtained on a Finnigan MAT 90 spectrometer using CI technique; Thin Layer Chromatography was 
carried out on silicagel plates (Merck) and visualisation was accomplished using iodine vapours or UV 
light (λ = 254 nm). The melting points were determined in open capillaries using an electrical melting 
point apparatus and are uncorrected. The absorption and fluorescence spectra were recorded on a V-
560 Jasco UV-VIS spectrophotometer and on a FP-6300 Jasco spectrofluorimeter equipped with a 
STR-313 Jasco thermostatic cell holder, respectively. Circular dichroism measurements were carried 
out with a Jasco J-815 CD spectrometer. All chemicals were obtained from commercial sources and 
used without further purification. Human and bovine serum albumins were fatty acids free, 99%.
  
 3.2. Synthesis 

 
The synthesis of 2-(2-hydroxy-3-ethoxybenzylidene)-1,3-indanedione (HEBID) is based on the 

direct condensation between 1,3-indanedione and aromatic aldehydes, as depicted in Scheme 1. 2-
Hydroxy-4-ethoxybenzaldehyde (3.32 g, 20 mmoles) and glacial acetic acid (50 mL) were added to 
1,3-indanedione (2.9 g, 20 mmoles) [42]. The mixture was heated and when it became clear, 
concentrated hydrochloric acid (1 mL) was added. The mixture was heated for 20 minutes at reflux, 
then allowed to cool to room temperature. The solid formed was filtered and washed with ethanol (15 
mL) to affird 4.7 g of an orange product (yield 80%); Rf = 0.37 (chloroform-methanol-petroleum ether 
4:1:2  v:v:v). It was recrystallized from ethanol to yield crystals with m.p. 221-222 ºC. 1H-NMR (δ 
ppm): 9.84 (s, 1H, OH); 8.47 (d, 1H, J=8, H14); 8.36 (s, 1H, H10); 7.91-7.98 (m, 4H, H1-H4); 7.20 (d, 
1H, J=8, H16); 6,68 (t, 1H, J=8, H15); 4.12 (q, 2H, J=7, CH2O); 1.38 (t, 3H, J=7, Me). 13C-NMR (δ 
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ppm): 189.6, 188.4 (C7, C9); 149.5 (C13); 146.4 (C12); 141.5 (C10), 139.4, 139.0 (C5, C6); 135.5, 
135.3 (C2, C3); 127.0, 124.0 (C11, C8); 122.6, 122.4 (C1, C4); 119.9 (C15) 118.2 (C16), 117.8 (C14); 
64.2 (CH2O); 14.2 (Me); IR (ν cm-1): 3073, 1719, 1676, 1569, 1465, 1231; MS (m/z, %): calc. 294.3 
([M]+); found 294.9 (100, [M+H]+).  

 
Scheme 1. Synthesis of the arylidene derivative. 

 
3.3. Procedures 

 
Protein solutions in phosphate buffer (pH 7.4) 3×10-6 M (for fluorescence studies) and 0.75×10-6 M 

(for CD studies) were prepared and equilibrated over night. A stock solution of HEBID in ethanol 
(1.2×10-4 M) was diluted with phosphate buffer to yield a 1.2×10-5 M solution used in the titration 
experiments. It should be noted that such low amounts of ethanol do not affect the protein structures 
[43].  

Binding of HEBID to HSA and BSA was studied by the fluorescence quenching titration method, 
using the intrinsic fluorescence of the protein as a probe. To a fixed volume (2 mL) of protein solution 
were added increasing volumes of HEBID to obtain different complexes in a range of drug to protein 
(d/p) ratio of 0 to 10. Steady-state fluorescence spectra were obtained at excitation wavelength of 286 
nm (excitation of Trp and Tyr residues). Synchronous fluorescence spectra were obtained using Δλ = 
15 nm (Tyr) and 60 nm (Trp), where Δλ = λem - λex. Circular dichroism spectra of SA and HEBID-SA 
complexes (d/p = 18) were scanned in the range 200-280 nm, in order to record the characteristic 
signal of the α-helix conformation of the albumins. All experiments were conducted at 25±1 ºC. 
 
4. Conclusions 

 
The binding interactions of HEBID with HSA and BSA were studied under simulated physiological 

conditions using steady state and synchronous fluorescence and circular dichroism spectroscopies. The 
results showed a significant interaction of HEBID with both HSA (K = 6.54×104 M-1) and BSA (K = 
5.65×104 M-1), via one binding site for each protein. The effect of HEBID on the conformations of the 
SAs was also discussed, evidencing partial defolding of the proteins (2-5% loss in the α-helix content), 
caused by a perturbation of the Trp rather than of the Tyr residues. Binding distances of approximate 2 
nm were computed, suggesting a high probability for the SA-HEBID energy transfer. 
 
 
 
 
 



Molecules 2009, 14                            
 

 

1624

References 
  
1. Petitpas, I.; Bhattacharya, A.; Twine, S.; East, M.; Curry, S. Crystal Structure Analysis of 

Warfarin Binding to Human Serum Albumin: Anatomy of drug site I. J.  Biol. Chem. 2001, 276, 
22804-22809. 

2. Peters T. All about Albumin: Biochemistry, Genetics, and Medical Applications; Academic Press: 
San Diego, CA, USA, 1996. 

3. He, X.M.; Carter, D.C. Atomic Structure and Chemistry of Human Serum Albumin. Nature 1992, 
358, 209-215. 

4. Sudlow, G.; Birkett, D.J.; Wade, D.N. The Characterization of Two Specific Drug Binding Sites 
on Human Serum Albumin. Mol. Pharmacol. 1975, 11, 824-832. 

5. Kragh-Hansen, U.; Chuang, V.T.G.; Otagiri, M. Practical Aspects of the Ligand-Binding and 
Enzymatic Properties of Human Serum Albumin. Biol. Pharm. Bull. 2002, 25, 695-704. 

6. Moriyama, Y.; Ohta, D.; Hachiya, K.; Mitsui, Y.; Takeda, K. Fluorescence Behavior of 
Tryptophan Residues of Bovine and Human Serum Albumins in Ionic Surfactant Solutions: A 
Comparative Study of the Two and One Tryptophan(s) of Bovine and Human Albumins, J. 
Protein Chem. 1996, 15, 265-271. 

7. Hall, I.; Wong, O.; Chi, L.; Chen, S.; Cytotoxicity and Mode of Action of Substituted Indan-1,3-
diones in Murine and Human Tissue Cultured Cells. Anticancer Res. 1994, 14, 2053-2058. 

8. Le Baut, G.; Loire,S. ; Sparfel, L.; Creuzet, M.; Feniou, C; Pontagnier, H. ; Prat, G. N-substituted 
2-aminomethylene-1,3-indanediones for treating arterial hypertension and spasmodic conditions. 
US Patent 4758561, 1984; [Chem. Abstr. 1986,105.] 

9. Salama, M.A.; Yousif, M.N.; Hammam, A.G. Syntesis and reactions of 4,5-diaryl-2- 
mercaptoimidazoles. Pol. J. Chem. 1988, 35, 83-88.  

10. De Winter, M.L.; Nauta, W.T. Pharmacochemistry of 2-diarylmethyl-1,3-indandiones. I. 
Synthesis. Eur. J. Med. Chem. 1977, 12, 125-130.  

11. Van Der Goot, H.; Eriks, J.C. Substituted benzamides as anti-inflammatory agents. Eur. J. Med. 
Chem. 1978, 13, 425-428. 

12. Kubovic, M.; Prazic, M.; Atanackovic D. Analgetic Property of Vitamin K. Proc. Soc. Exp. Biol. 
Med. 1955, 90, 660-662. 

13. Gori, E. Antibacterial activity of Coumarin and Indandione Compounds. The first international 
conference on Thrombosis and Embolism, Basel, Switzerland, 1954; pp. 271-274. 

14. Blumberg, H.; Dayton, H.B.; Gordon, S.M. Bronchodilator Action of the Anticoagulant Warfarin 
Sodium. Science 1958, 127, 188. 

15. Zalukaev, L.P.; Kozyreva, O.V. Allosteric Effects in the Mechanism of Action of Derivatives of 
Indane-1,3-dione on Proteins. Pharm. Chem. J. 1979, 13, 1126-1128. 

16. Esmann, M.; Sar, P.C.; Hideg, K.; Marsh, D. Maleimide, Iodoacetamide, Indanedione, and 
Chloromercuric Spin Label Reagents with Derivatized Nitroxide Rings as ESR Reporter Groups 
for Protein Conformation and Dynamics. Analyt. Biochem. 1993, 213, 336-348. 

17. Drochioiu, G.; Murariu, M.; Mangalagiu, I.; Druta, I. Highly Selective Assay of Proteins in Dilute 
Solutions. Talanta 2002, 56, 425-433. 



Molecules 2009, 14                            
 

 

1625

18. Zhao, H; Su,W.; Luo, Y.H.; Ji, Y.H.; Li, Z.C.; Jiu, H.F.; Liang, H.; Chen, B.; Zhang, Q.J. 
Rectification of excitation with bathochromic shift induced by intense absorption of organic 
ligands during emission. Spectrochim. Acta A 2006, 65, 846-851. 

19. Subbiah, D.; Ashok, K.M. Fluorescence Spectroscopic Study of Serum Albumin-Bromadiolone 
Interaction: Fluorimetric Determination of Bromadiolone. J. Pharm. Biomed. Anal. 2005, 38, 556-
563. 

20. Hirshfield, K.M.; Toptygin, D.; Grandhige, G.; Kim, H.; Packard, B.Z.; Brand, L. Steady-state 
and Time-resolved Fluorescence Measurements for Studying Molecular Interactions: Interaction 
of a Calcium-Binding Probe with Proteins. Biophys. Chem. 1996, 62, 25-38. 

21. Richieri, G.V.; Anel, A.; Kleinfeld, A.M. Interaction of Long Chain Fatty Acids and Albumin: 
Determination of Free Fatty Acid Levels Using the Fluorescent Probe ADIFAB. Biochemistry 
1993, 32, 7574-7580. 

22. Olson, M.K.; Hollingworth, S.; Baylor, S.M. Myoplasmic Binding of Fura-2 Investigated by 
Steady-State Fluorescence and Absorbance Measurements. Biophys. J. 1988, 54, 1089-1104. 

23. Rolinski, O.J.; Martin, A.; Birch, D.J.S. Human Serum Albumin and Quercetin Interactions 
Monitored by Time-Resolved Fluorescence: Evidence for Enhanced Discrete Rotamer 
Conformations. J. Biomed. Opt. 2007, 12, 0340131-0340137 

24. Zhang, G.W.; Wang, A.P.; Jiang, T.; Guo, J.B. Interaction of the Irisflorentin with Bovine Serum 
Albumin: A Fluorescence Quenching Study. J. Mol. Struct. 2008, 891, 93-97. 

25. Lakowicz, J.R. Fluorescence Quenching: Theory and Applications. Principles of Fluorescence 
Spectroscopy; Kluwer Academic/Plenum Publishers: New York, NY, USA, 1999; pp. 53-127 

26. Scatchard, G. The Attraction of Proteins for Small Molecules and Ions. Ann. N.Y. Acad. Sci. 1949, 
51, pp. 660-672. 

27. Bi, S.Y.; Ding, L.; Tian, Y.; Song, D.Q.; Zhou, X.; Liu, X.; Zhang, H.Q. Investigation of the 
Interaction Between Flavonoids and Human Serum Albumin. J. Mol. Struct. 2004, 703, 37-45. 

28. Wang, Y.Q.; Zhang, H.M.; Zhang, G.C.; Tao, W.H.; Tang, S.H. Interaction of the Flavonoid 
Hesperidin with Bovine Serum Albumin: A Fluorescence Quenching Study. J. Lumin. 2007, 126, 
211-218. 

29. Feng, X.Z.; Lin, Z. Yang, L.J.; Wang, C.; Bai, C.L. Investigation of the Interaction Between 
Acridine Orange and Bovine Serum Albumin. Talanta 1998, 47, 1223-1229. 

30. Kandagal, P.B.; Ashoka,S.; Seetharamappa, J.; Shaikh, S.M.T.; Jadegoud, Y.; Ijare, O.B. Study of 
the Interaction of an Anticancer Drug with Human and Bovine Serum Albumin: Spectroscopic 
Approach. J. Pharm. Biomed. Anal. 2006, 41, 393-399. 

31. Li, Y.Q.; Huang, X.Z.; Xu, J.G. Synchronous Fluorescence Spectrometric Methodology in the 
Wavelength Domain. J. Fluoresc. 1999, 9, 173-179. 

32. Xu, Y.Q.; Liu, Q.; Wen, Y. Spectroscopic Studies on the Interaction Between Nicotinamide and 
Bovine Serum Albumin. Spectrochim. Acta A 2008, 71, 984-988. 

33. Khan, M.A.; Muzammil, S.; Musarrat, J. Differential Binding of Tetracyclines with Serum 
Albumin and Induced Structure Alterations in Drug-Bound Protein. Int. J. Biol. Macromol. 2002, 
30, 243-249. 



Molecules 2009, 14                            
 

 

1626

34. Gao, H.; Lei, L.D.; Liu, J.Q.; Kong, Q.; Chen, X.G.; Hu, Z.D. The Study on the Interaction 
Between Human Serum Albumin and a New Reagent with Antitumour Activity by 
Spectrophotometric Methods. J. Photochem. Photobiol. A: Chem. 2004, 167, 213-221. 

35. Lu, Z.X.; Cui, T.; Shi, Q.L. Applications of Circular Dichroism (CD) and Optical Rotatory 
Dispersion (ORD), Molecular Biology; Science Press: Beijing, China, 1987. 

36. Peter, T. Serum albumin. Adv. Protein Chem. 1995, 37, 161-245. 
37. Förster, T.; Sinanoglu, O. Modern Quantum Chemistry. Academic Press: New York, NY, USA, 

1966, p. 93. 
38. Bi, S.Y.; Song, D.Q.; Tian, Y.; Zhou, X.; Liu, Z.; Zhang, H.Q. Molecular Spectroscopic Study on 

the Interaction of Tetracyclines with Serum Albumins. Spectrochim. Acta A. 2005, 61, 629-636. 
39. Yang, M.M.; Yang, P.; Zhang, L.W. Study on interaction of caffeic acid series medicine and 

albumin by fluorescence method. Chin. Sci. Bull. 1994, 39, 31. 
40. Hu, Y.J.; Liu, Y.; Zhang, L.X. Study of Interaction Between Colchicines and Bovine Serum 

Albumin by Fluorescence Quenching Method. J. Mol. Struct. 2005, 750, 174-178. 
41. He, W.Y.; Li, Y.; Xue, C.X.; Hu, Z.D.; Chen, X.G.; Sheng, F.L. Effect of Chinese Medicine 

Alpinetin on the Structure of Human Serum Albumin. Bioorg. Med. Chem. 2005, 13, 1837-1845. 
42. Boudriga S.; Askri M.; Rammah M.; Monnier-Job K. 1,3-Dipolar cycloadditions of 

arylcarbonitrile oxides and diaryl nitrilimines with some 2-arylmethylene-1,3-indanediones; 
regiochemistry of the reactions.  J. Chem. Res. 2003, 4, 204-207. 

43. Kanakis, C.D.; Tarantilis, P.A.; Polissiou, M.G.; Diamantoglou, S.; Tajmir-Riahi, H.A. 
Antioxidant Flavonoids Bind Human Serum Albumin. J. Mol. Struct. 2006, 798, 69-74. 

 
Sample Availability: Samples of the compound are available from the authors. 
 
© 2009 by the authors; license Molecular Diversity Preservation International, Basel, Switzerland. 
This article is an open-access article distributed under the terms and conditions of the Creative 
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/). 


