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a b s t r a c t

Anthracyclines are considered to be some of the most effective anticancer drugs for cancer therapy.
However, drug resistance and cardiotoxicity of anthracyclines limit their clinical application. An 3′-azido
disaccharide analogue of daunorubicin, 7-[4-O-(2,6-dideoxy-3-O-methyl-�-l-arabino-hexopyranosyl)-3-
azido-2,3,6-trideoxy-�-l-lyxo-hexopyranosyl]daunorubicinone (ADNR-3), was shown to exhibit 10-fold
better activity than parent compound daunorubicin against the drug-resistant cells and completely over-
comes the drug resistance with same IC50 in both drug-resistant and drug-sensitive cells. In this paper,
the interactions between ADNR-3 and human serum albumin (HSA) have been studied by spectroscopic
techniques. By the analysis of fluorescence spectrum and fluorescence intensity, it was observed that
the ADNR-3 has a strong ability to quench the intrinsic fluorescence of HSA through a static quenching
procedure. The association constants of ADNR-3 with HSA were determined at different temperatures
based on fluorescence quenching results. The negative �H and positive �S values in case of ADNR-3–HSA
complexes showed that both hydrogen bonds and hydrophobic interactions play a role in the binding of
ADNR-3 to HSA. Furthermore, synchronous fluorescence spectroscopy data and UV–vis absorbance spec-
tra have suggested that the association between ADNR-3 and HSA changed the molecular conformation
of HSA and the hydrophobic interactions play a major role in ADNR-3–HSA association. Moreover, the
study of computational modeling indicated that ADNR-3 could bind to the site I of HSA and hydrophobic
interaction was the major acting force for the second type of binding site, which was in agreement with

the thermodynamic analysis. The distance, r, between donor (HSA) and acceptor (ADNR-3) was obtained
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. Introduction

Anthracyclines are considered to be some of the most effective
nticancer drugs for cancer therapy. However, drug resistance and
ardiotoxicity of anthracyclines limit their clinical application. To
vercome drug resistance, in our previous research [1], we syn-
hesized a novel class of disaccharide analogues of daunorubicin
gainst drug-resistant leukemia. In these disaccharide analogues

he first (inner) sugar in the carbohydrate chain is a 3-azido-
,3,6-trideoxy-l-lyxo-R-hexopyranose. Of all these disaccharide
nthracyclines, 7-[4-O-(2,6-dideoxy-3-O-methyl-�-l-arabino-
exopyranosyl)-3-azido-2,3,6-trideoxy-�-l-lyxo-hexopyranosyl]
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y of non-radiation energy transfer. In addition, the effects of common ions
NR-3–HSA complexes were also investigated.

© 2008 Elsevier B.V. All rights reserved.

aunorubicinone (ADNR-3, Fig. 1) emerged as the most active
ompound, showing at least 17-fold higher activity against drug-
esistant cells than parent compound daunorubicin. The IC50
alues of ADNR-3 in both drug-sensitive and drug-resistant cells
re identical, which indicates that ADNR-3 completely overcomes
rug resistance. The compound ADNR-3 is worthy of further
valuation as a new drug candidate.

Knowledge of interaction mechanisms between drugs and
lasma proteins is of crucial importance for us to understand
he pharmacodynamics and pharmacokinetics of a drug. Drug
inding influences the distribution, excretion, metabolism, and

nteraction with the target tissues. Drugs are mainly transported
y human serum albumin (HSA), a1-acidic glycoprotein (a1-AGP),

nd lipoproteins in blood. HSA is the most important drug carrier
rotein [2]. It has an important role in maintaining the colloidal
smotic pressure in blood. HSA also transports and distributes
xogenous and endogenous molecules and metabolites such as
utrients, hormones, fatty acids and many diverse drugs [3]. HSA is

http://www.sciencedirect.com/science/journal/07317085
mailto:fenglingcui@hotmail.com
mailto:zgs6668@yahoo.com
dx.doi.org/10.1016/j.jpba.2008.07.009
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Fig. 1. The structural of ADNR-3.

globular protein consisting of 585 amino acid residues and is con-
idered to have three specific binding sites for high affinity binding
f drugs. Each of the sites I–III, consist of two subdomains, A and B
ossessing common structural motifs [4,5]. Crystal structure anal-
sis has revealed that HSA has binding sites for compounds within
pecialized cavities in subdomains IIA and IIIA, which correspond to
ite I and site II, respectively. The sole tryptophan residue (Trp-214)
f HSA is in subdomain IIA [4].

The present study focused on biophysical interactions of ADNR-
with serum albumins that play an important role in drug transport
nd storage in vertebrates [6]. Drug interactions at protein binding
evel will in most cases significantly affect the apparent distribution
olume of the drugs and also affect the elimination rate of drugs.
herefore, the studies on this aspect can provide information of the
tructural features that determine the therapeutic effectiveness of
rug, and have been an interesting research field in life sciences,
hemistry and clinical medicine [7–9].

Fluorescence spectroscopy has been widely used to investigate
he interaction of drug and protein. After the protein is treated by
uenchers of different concentrations, quenching of the protein
ntrinsic fluorescence can be used to infer the binding mecha-
ism and to calculate the number of binding site, binding constant
nd binding distance from the tryptophan residues [10–12]. The
anner in which the fluorescence emission spectra of the bound

rug–protein affected by simultaneous presence of ligands which
ind specifically on the protein, leads to use the drug as a fluo-
escent probe to determine the environment at the drug binding

ite [13,14]. However, at routine experiment conditions, only tryp-
ophan and tyrosine amino acid residues in protein can emit
uorescence, so the information relating to protein conformational
hanges got from fluorescence spectra must be correlative to these
wo residues [15–17].

1
d
4
s
d

cheme 1. Reagents and conditions: (a) (CF3CO)2O/pyridine, −20 ◦C, 15 min; (b) PhSH, BF
2CO3, CuSO4,TfN3 solution.
medical Analysis 48 (2008) 1029–1036

The molecular interactions are often monitored by spectro-
copic techniques [18], because these methods are also sensitive
nd relatively easy to use. They have advantages over conventional
pproaches such as affinity and size exclusion chromatography
19], equilibrium dialysis [20], ultrafiltration [21], and ultracen-
rifugation [22], which suffer from lack of sensitivity, long analysis
ime or both and use of protein concentrations far in excess of
he dissociation constant for the drug–protein complex [23,24] and
or drug–protein interaction studies. In the present paper, we are
eporting the mechanism of interaction of ADNR-3 with HSA using
hree spectral methods for the first time.

. Materials and methods

.1. Materials

Appropriate amounts of HSA (Hualan Biological Engineering
imited Company) was directly dissolved in water to prepare stock
olution at final concentration of 2.0 × 10−5 M and stored in the dark
t 0–4 ◦C. 4.07 × 10−4 M ADNR-3 (synthesized), 0.5 M NaCl working
olution, 0.1 M Tris–HCl buffer solution of pH 7.4 and other ionic
olutions were prepared. All chemicals were of analytical reagent
rade and were used without further purification. Double distilled
ater was used throughout.

.2. Apparatus

All fluorescence spectra were recorded on an FP-6200 spec-
rofluorimeter (JASCO, Japan) and a RF-540 spectrofluorimeter
Shimadzu, Japan) equipped with a thermostat bath, using
nm × 5 nm slit widths. The UV absorption spectra were performed
n a Tu-1810 ultraviolet-visible spectrophotometer (Beijing Gen-
ral Instrument, China). The pH values were measured on a pH 3
igital pH-meter (Shanghai Lei Ci Device Works, Shanghai, China)
ith a combined glass electrode. All calculations were performed

n SGI workstation while studying the molecular model.

.3. Synthesis and characterization of ADNR-3

ADNR-3 was synthesized starting from daunorubicin hydrochlo-
ide (Scheme 1) according to the known method [1], as a red solid
n 26% total yield: HRMS (M+Na)+ (ESI+) cacld. for C34H39N3O13Na+

20.2375, found 720.2382. 1H NMR (500 MHz, CDCl3) 13.91 (1H, s),

3.13 (1H, s), 7.95 (1H, d, J = 7.5 Hz), 7.73 (1H, t, J = 8.2 Hz), 7.34 (1H,
, J = 8.4 Hz), 5.51 (1H, d, J = 3.4 Hz, H-1′), 5.21 (1H, d, J = 1.9 Hz, H-7),
.93 (1H, d, J = 3.5 Hz, H-1′ ′), 4.40 (1H, br), 4.06 (2H, m), 4.04 (3H,
), 3.70 (2H, m), 3.50 (1H, m), 3.40 (3H, s), 3.12 (2H, m), 2.83 (1H,
, J = 18.7 Hz), 2.40 (1H, m), 2.39 (3H, s), 2.24 (1H, m), 2.08 (2H, m),

3Et2O/CH2Cl2, 0 ◦C, 2 h; (c) TTBP, AgPF6/CH2Cl2, 0 ◦C; (d) 0.1 M NaOH/THF, 0 ◦C; (e)
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and UV were performed (Figs. 2–4).

The effect of ADNR-3 on HSA and the conformation changes
of HSA were evaluated by measuring the intrinsic fluorescence
intensity of protein in the absence and presence of ADNR-3. Fig. 2

Fig. 2. The fluorescence spectra of ADNR-3–HSA system. From 1 to 6: CHSA = 2.0 ×
10−5 M; CADNR-3 = 0, 0.4, 0.8, 1.2, 1.6, 2.0 × 10−5 M.
F. Cui et al. / Journal of Pharmaceutical a

.83 (1H, m), 1.52 (1H, m), 1.27 (6H, m).13C NMR (125 MHz, CDCl3)
11.6, 186.9, 186.6, 161.0, 156.3, 155.7, 135.7, 135.4, 134.2, 133.9,
20.8, 119.8, 118.4, 111.4, 111.3, 100.6, 99.3, 78.1, 76.7, 75.2, 69.8,
8.5, 67.9, 56.7, 56.6, 56.5, 34.9, 34.0, 33.3, 29.5, 24.7, 17.8, 17.5.

.4. Measurements of spectrum

Under the optimum physiological conditions described above,
.0 ml Tris–HCl buffer solution, 2.0 ml NaCl solution, appropriate
mounts of HSA and ADNR-3 were added to 10.0-ml standard flask
nd diluted to 10.0 ml with double distilled water. Fluorescence
uenching spectra of HSA were obtained at excitation wavelength
280 nm) and emission wavelength (300–450 nm). Fluorescence
pectra in the presence of other ions were also measured at the
ame conditions. In addition, the UV absorption and synchronous
uorescence spectra of system were recorded.

.5. Characteristics of synchronous fluorescence method

The synchronous fluorescence spectra were obtained by simul-
aneously scanning the excitation and emission monochromators.
hus, the synchronous fluorescence applied to the equation of syn-
hronous luminescence [25]:

= kcd Eex(�em − ��)Eem(�em) (1)

here F is the relative intensity of synchronous fluorescence,
� = ��em − �ex is a constant, Eex the excitation function at

he given excitation wavelength, Eem the normal emission func-
ion at the corresponding emission wavelength, c the analytical
oncentration, d the thickness of the sample cell, and k is the char-
cteristic constant comprising the “instrumental geometry factor”
nd related parameters. Since the relationship of the synchronous
uorescence intensity (F) and the concentration of ADNR-3 should

ollow the F equation, F should be in direct proportion to the con-
entration of ADNR-3.

The optimal values of the wavelength intervals (��) are impor-
ant for the correct analysis and interpretation of the binding

echanism. When the wavelength interval (��) was fixed at 60 nm
f protein, the synchronous fluorescence had the same intensity
s the emission fluorescence following excitation at 280 nm; just
he emission maximum wavelength and shape of the peaks were
hanged [26–28]. Thus, the synchronous fluorescence measure-
ents can be applied to calculate association constants similar

o the emission fluorescence measurements. Therefore, the syn-
hronous fluorescence measurements can deduce the binding
echanism as the emission fluorescence measurements did. In this

tudy, the synchronous fluorescence spectra of tyrosine residues
nd tryptophan residues were measured at �em = 280 nm (�� = 15
nd 60 nm) in the absence and presence of various amounts of
DNR-3.

.6. Protein-ligand docking study

The potential of the 3D structures of HSA was assigned accord-
ng to the Amber 4.0 force field with Kollman-all-atom charges. The
nitial structures of all the molecules were generated by molecular

odeling software Sybyl 6.9.1. The geometries of this drug were
ubsequently optimized using the Tripos force field with Gasteiger-
arsili charges. The AutoDock3.05 program was used to calculate
he interaction modes between the drug and HSA. Lamarckian
enetic algorithm (LGA) implemented in Autodock was applied to
alculate the possible conformation of the drug that binds to the
rotein. During docking process, a maximum of 10 conformers was
onsidered for the drug. The conformer with the lowest binding

F
C
a
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ree energy was used for further analysis. All calculations were
erformed on SGI FUEL workstation.

. Results and discussion

.1. Analysis of HSA conformation after ADNR-3 binding

In order to obtain information about the structural perturbation
f HSA, fluorescence measurements, the synchronous fluorescence
ig. 3. Synchronous fluorescence spectrum of HSA (T = 289 K, pH 7.40),
HSA = 2 × 10−5 M, C(ADNR-3)/(10−5 M), (a–f) 0, 0.4, 0.8, 1.2, 1.6, 2.0, (A) �� = 15 nm
nd (B) �� = 60 nm.
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Fig. 4. UV absorption spectra of HSA in the absence and presence of ADNR-3 (1)
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with temperature, and the values of kq being larger than the limiting
diffusion constant Kdif of the biomolecule (Kdif = 2.0 × 1010 M−1 s−1)
[33], which suggested that the fluorescence quenching was caused
by a specific interaction between HSA and ADNR-3, and the
quenching mechanism was mainly arisen from the predominant

Table 1
The dynamic quenching constants (l mol−1 s−1) between ADNR-3 and HSA
he UV absorption of HSA, CHSA = 8 × 10−7 M. (2) The UV absorption of ADNR-3,
ADNR-3 = 4.07 × 10−6 M. (3–6) The UV absorption of ADNR-3–HSA, CHSA = 8 × 10−7 M;
ADNR-3 = 4.07 × 10−6 M, CADNR-3 = 8.14 × 10−6 M, CADNR-3 = 12.21 × 10−6 M, CADNR-3

16.28 × 10−6 M.

hows the fluorescence emission spectra of HSA with the addition
f different concentrations of ADNR-3. HSA shows a strong fluo-
escence emission with a peak at 341 nm at �ex 280 nm due to
ts single tryptophan residue (Trp-214), while ADNR-3 was almost
on-fluorescent under the present experiment conditions. It can be
een that addition of ADNR-3 to HSA leads to a significant reduc-
ion in the fluorescence intensity with a slight shift of emission
o a shorter wavelength from 341 to 332 nm, indicating that the
inding of ADNR-3 to HSA quenches the intrinsic fluorescence of
he single tryptophan in HSA (Trp-214). It also implied that the
onformational changes are induced in HSA by ADNR-3 under the
onditions.

To explore the structural change of HSA by addition of ADNR-3,
e measured synchronous fluorescence spectra (Fig. 3) of HSA with

arious amounts of ADNR-3. The synchronous fluorescence spectra
ive information about the molecular environment in the vicinity
f the chromosphere molecules. Yuan et al. [29], suggested a useful
ethod to study the environment of amino acid residues by mea-

uring the possible shift in wavelength emission maximum �max,
he shift in position of emission maximum corresponding to the
hanges of the polarity around the chromophore molecule. When
he �-value (��) between excitation wavelength and emission
avelength was stabilized at 15 or 60 nm, the synchronous fluo-

escence gives the characteristic information of tyrosine residues
r tryptophan residues [30]. The effect of ADNR-3 on HSA syn-
hronous fluorescence spectroscopy is shown in Fig. 3. It is apparent
rom Fig. 3 that the little stronger red shift of tryptophan residues
xhibits fluorescence upon addition of drug, whereas the emission
aximum of tyrosine kept the position. The red shift of the emis-

ion maximum indicates that the conformation of HSA was changed
nd the polarity around the tryptophan residues was increased and
he hydrophobicity was decreased [31].

Further experiment was carried out with UV technique to ver-
fy the binding of ADNR-3 to HSA. Fig. 4 shows the UV absorption
pectra of HSA in the absence and presence of ADNR-3. As can
e seen in Fig. 4, HSA has strong absorbance with a peak at
98 nm and the absorbance of HSA increased with the addition
f ADNR-3; the chromophore of ADNR-3–HSA gives a very spe-
ific pattern of the UV–vis spectrum with slight dual absorbance

pectra at higher concentration of ADNR-3 in the system from 472
o 540 nm. The obvious enhancement of UV absorbency intensity
A) and the change of absorption spectra verified the formation
f a new complex between ADNR-3 and HSA. Thus, the evidences
rom fluorescence and UV spectra indicated that the interaction

T

2
2
3

Fig. 5. The Stern–Volmer curves for quenching of ADNR-3 with HSA.

f ADNR-3 and HSA bring about the microenvironment change
round HSA.

.2. Quenching mechanism and binding constants

Fluorescence quenching refers to any process which decreases
he fluorescence intensity of a sample. A variety of molecular inter-
ctions can result in quenching, including excited-state reactions,
olecular rearrangements, energy transfer, ground-state complex

ormation, and collisional quenching. The different mechanisms
f quenching are usually classified as either dynamic quench-
ng or static quenching. Dynamic and static quenching can be
istinguished by their differing dependence on temperature and
iscosity. Dynamic quenching depends upon diffusion. Since higher
emperatures result in larger diffusion coefficients, the bimolecu-
ar quenching constants are expected to increase with increasing
emperature. In contrast, increased temperature is likely to result
n decreased stability of complexes, and thus lower values of the
tatic quenching constants.

In order to speculate the fluorescence quenching mechanism,
he fluorescence quenching data at different temperatures (289,
99 and 309 K, Fig. 5) were firstly analyzed using the classical
tern–Volmer equation [32]:

F0

F
= 1 + kq�0[Q ] = 1 + KSV[Q ] (2)

here F0 and F are the fluorescence intensities in the absence and
resence of quencher, respectively, kq the biomolecular quench-

ng constant, �0 the life time of the fluorescence in absence
f quencher, [Q] the concentration of quencher, and KSV is the
tern–Volmer quenching constant. The results in Table 1 show that
he Stern–Volmer quenching constant KSV is inversely correlated
(K) Stern–Volmer equation Kq (l mol−1 s−1) R

89 Y = 1.0138 + 1.093 × 105 [Q] 1.093 × 1013 0.9995
99 Y = 1.0138 + 9.402 × 104 [Q] 9.402 × 1012 0.9993
09 Y = 1.0033 + 7.871 × 104 [Q] 7.871 × 1012 0.9989
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Fig. 6. Scatchard plot for the ADNR-3–HSA.

f complexes formation, while dynamic collision could be negligi-
le in the concentration studied [34]. Therefore, the quenching data
ere analyzed according to the Scatchard equation [35]:

r

Df
= nK − rK (3)

here r is the number of mol of bound drug per mol of protein,
f the concentration of unbound drug, K the binding constant,
nd n is the number of binding sites. Fig. 6 shows the Scatchard
lots for the ADNR-3–HSA system at different temperatures. The

inearity of the Scatchard plot indicated that ADNR-3 bound to a
ingle class of binding sites on HSA, which was full agreement
ith the number of binding site n; and the binding constants (K,

able 2) agree very closely with those obtained by the modified
tern–Volmer equation. In addition, there was a strong interaction
etween ADNR-3 and HSA. The binding constant decreased with
he increasing temperature, resulting in a reduction of the stabil-
ty of the ADNR-3–HSA complex, but the effect of temperature is
ery small. Thus, the quenching efficiency of ADNR-3 to HSA is not
educed obviously when difference in temperature is not wide. In
his work, the binding constants obtained by using the modified
tern–Volmer equation are applied in the discussion of binding
odes.

.3. The determination of the force acting between ADNR-3 and
SA

The interactions forces between drugs and biomolecules may
nclude electrostatic interactions, multiple hydrogen bonds, van
er Waals interactions, hydrophobic, steric contacts within the
ntibody-binding site, etc. In order to elucidate the interaction of
DNR-3 with HSA, the thermodynamic parameters were calculated

rom the van’t Hoff plots.
If the enthalpy change (�H) does not vary significantly over
he temperature range studied, then its value and that of entropy
hange (�S) can be determined from the van’t Hoff equation:

n K = −�H

RT
+ �S

R
(4)

able 2
he binding constant (K (M)) between ADNR-3 and HSA

(K) Scatchard equation K (l/mol) n R

89 Y = 0.0668–0.0983r 9.83 × 104 0.6796 0.9987
99 Y = 0.0557–0.0791r 7.91 × 104 0.7047 0.9995
09 Y = 0.0482–0.0721r 7.21 × 104 0.6685 0.9994

d
t
c

T
T

T

2
2
3

Fig. 7. Van’t Hoff plot for the interaction of ADNR-3 and HSA.

here associative binding constants K are analogous to the effective
uenching constants Ka at the corresponding temperature and R is
he gas constant. The temperatures used were 289, 299 and 309 K.
he enthalpy change (�H) is calculated from the slope of the van’t
off relationship. The free energy change (�G) is estimated from

he following relationship:

G = �H − T�S (5)

ig. 7, by fitting the data of Table 3, shows that assumption of near
onstant �H is justified. Table 3 shows the values of �H and �S
btained for the binding site from the slopes and ordinates at the
rigin of the fitted lines. From Table 3, it can be seen that the neg-
tive sign for free energy (�G) means that the binding process
s spontaneous. The negative enthalpy (�H) and positive entropy
�S) values of the interaction of ADNR-3 and HSA indicate that the
pecific hydrophobic and electrostatic interactions played major
ole in the reaction [36]. HSA is characterized by one tryptophan
esidues: Trp-214 is considered to be located within a hydrophobic
ocket, which is in a well-characterized binding cavity (subdomain

IA) for small charged aromatic molecules. The crystallographic
nalysis of serum albumin also revealed that the major ligand bind-
ng sites are identified within this region [37], it is also known that
he binding activity of the subdomain IIA affects conformational
hanges [38], which agrees with the conformation investigation
elow. Thus, combining this analysis with the structure of ADNR-
, we can infer that the binding site for ADNR-3 on HSA is mainly

ocated in subdomain IIA. Furthermore, the specific electrostatic
nteractions were characterized by a concomitant increased ther-

al stability of the protein conformation.

.4. Distance measurement between tryptophan and ADNR-3
inding site
Förster’s theory of dipole–dipole energy transfer was used to
etermine the distances between the protein residue (donor) and
he bound drug (acceptor) in HSA. By Förster’s theory [39], the effi-
iency of energy transfer (E) is related to the distance R between

able 3
he thermodynamic parameters for the binding ADNR-3 to HSA

(K) �G (kJ/mol) �H (kJ/mol) �S (J/(mol K))

89 −27.62
−15.61 41.5599 −28.04

09 −28.74
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ig. 8. The overlap of UV absorption spectrum of ADNR-3 with the fluores-
ence emission spectrum of HSA. (a) The fluorescence emission spectrum of HSA
8 × 10−7 M) and (b) the UV absorption spectrum of ADNR-3 (4.07 × 10−6 M).

onor and acceptor by

= 1 − F

F0
= R6

0

R6
0 + r6

(6)

0 is the distance at which the transfer efficiency equals to 50%, is
iven by the following equation:

6
0 = 8.8 × 10−25k2n−4˚J (7)

here n is the refractive index of the medium, K2 the orientation
actor, and ˚ is the quantum yield of the donor. The spectral overlap
ntegral (J) between the donor emission spectrum and the acceptor
bsorbance spectrum was approximated by the following summa-
ion:

=
∑

F(�)ε(�)�4 ��
∑

F(�)��
(8)

here F(�) is the fluorescence intensity of the fluorescence reagent
hen the wavelength is �, ε(�) is the molar absorbance coefficient

f the acceptor at the wavelength of �. From these relationships
, E and R0 can be calculated; so the value r, also can be calcu-
ated. Fig. 8 shows the overlap of the fluorescence spectra of HSA
nd the absorption spectra of ADNR-3. Under these experimental
onditions, it has been reported for HSA that, K2 = 2/3, ˚ = 0.118,
= 1.336 [40]. So the value of the overlap integral calculated from
ig. 8 is 2.072 × 10−14 cm3 M−1, and R0 is 2.54 nm and the r is 3.1 nm,
espectively. Obviously, they are lower than 7 nm after interac-
ion between ADNR-3 and HSA. This accords with conditions of
öster’s non-radioactive energy transfer theory indicated again a
tatic quenching interaction between ADNR-3 and HSA.

.5. Computational modeling of the ADNR-3–HSA complex

The investigation of 3D structure of crystalline albumin showed
hat HSA contains three homologous domains (I, II, and III): I
residues 1–195), II (196–383), and III (384–585). And each domain
an be divided into two subdomains (A and B) [41]. The crystal-
ographic analysis [4,42], has revealed that HSA has binding sites
f compounds within hydrophobic cavities in subdomains IIA and
IIA, which are corresponding to site I and site II, respectively, and

ole tryptophan residue (Trp-214) of HSA is in subdomain IIA. There
s a large hydrophobic cavity present in subdomain IIA that many
rugs can bind to.

The crystal structure of HSA in complex with warfarin was taken
rom the Brookhaven Protein Data Bank (entry codes 1 h9z). The

T
e
p
H
o

medical Analysis 48 (2008) 1029–1036

otential of the 3D structure of HSA was assigned according to the
mber 4.0 force field with Kollman-all-atom charges. The initial
tructure of the ADNR-3 was generated by molecular modeling
oftware Sybyl 6.9. The geometry of the molecule was subse-
uently optimized to minimal energy using the Tripos force field
ith Gasteiger-Marsili charges. Then it was used to replace war-

arin in the HSA-warfarin crystal structure. At last, FlexX program
as used to establish the interaction modes between the ADNR-
and HSA. The computational modeling study was applicable to

he second type of binding site in the analysis of binding reaction.
t was the reason that the molar ratio of ADNR-3 to HSA of the
econd type of binding site was nearly 1:1. Fig. 9 exhibits the opti-
al energy ranked result of ADNR-3 interaction with the residues

f HSA and the ADNR-3–HSA space fill conformation. It can be
een that the ADNR-3 molecule was situated within subdomain IIA
ydrophobic cavity. ADNR-3 molecule moiety was located within
he binding pocket and several phenyl groups of ADNR-3 were adja-
ent to hydrophobic residues ARG (218), TRP (214), HIS (288), etc.,
f subdomain IIA of HSA (site I). This fact suggested that there
ere hydrophobic interactions between ADNR-3 and HSA. Further-
ore, there were also a number of specific electrostatic interactions

nd hydrogen bonds, because several ionic and polar residues in
he proximity of the ligand play an important role in stabilizing
he ADNR-3 molecule via H-bonds and electrostatic interaction.
here were hydrogen interactions between the carbonyl group at
-position, 6-hydroxyl group of ADNR-3 molecular and the residues
YS-195; the carbonyl group at 12-position, 11-hydroxyl group and
RG-218; the carbonyl group at 12-position, 11-hydroxyl group
nd ARG-222; the 11-hydroxyl group and ALA (291); 9-hydroxyl
roup and GLU-292 of HSA. The results suggested that the forma-
ion of hydrogen bond decreased the hydrophilicity and increased
he hydrophobicity to stability in the ADNR-3–HSA system. The cal-
ulated binding Gibbs free energy (�G) was −22.1 kJ mol−1, which
as not very close to the experimental data (−27.62 kJ mol−1) to

ome degree. A possible explanation may be that the X-ray structure
f the protein from crystals differs from that of the aqueous sys-
em used in this study. Therefore, the results of modeling indicated
hat the interaction between ADNR-3 and HSA was dominated by
ydrophobic force, which was in accord with the binding mode
tudy. It was important to note that the Trp-214 residue of HSA was
n close proximity to the drug molecule, this finding provided a good
tructural basis to explain the efficient fluorescence quenching of
SA emission in the presence of ADNR-3. All the proofs coming

rom molecular modeling illuminated that ADNR-3 could interact
ith HSA at site I in subdomain IIA.

.6. Effects of other ions on binding constant of ADNR-3–HSA

The effect of common ions on the binding constant of
DNR-3–HSA system was investigated at 289 K by recording the
uorescence intensity in the range 300–450 nm upon excitation at
80 nm. The results are shown in Table 4. It is evident from the
able that the binding constant between the protein and ADNR-3
ncreased for common ions. The higher binding constant obtained
n presence of these ions might have been resulted from the inter-
ction of cation/anion with drug to form a complex, which in turn
nteracted with protein. From the pharmacokinetics perspective,
he increasing of the binding constant will buffer the drug concen-
ration in the blood and prolong the duration in plasma in some
ay. Hence, maximum effectiveness of the drug will be achieved.
hus, the increases in binding constant of ADNR-3–HSA in pres-
nce of the above ions prolong the storage time of the drug in blood
lasma and enhance the maximum effectiveness of the drug [43].
owever, in case of Mg2+, Ca2+, Zn2+ and Bi3+ the binding constant
f ADNR-3–HSA decreased resulting ADNR-3 to be quickly cleared
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Fig. 9. The interaction model between ADNR-3 and HSA. The residues of ADNR-3 and HSA
the ligand and the protein is indicated by dashed line.

Table 4
The binding constants between ADNR-3 and HSA in the presence of other ions

Ions K (×105) R

Ca2+ 0.87 0.9993
Fe3+ 1.30 0.9993
F− 1.05 0.9989
SiO3

2− 1.14 0.9992
Pb2+ 1.21 0.9994
CO3

2− 1.09 0.9993
Mg2+ 0.84 0.9996
SO4

2− 1.08 0.9992
Ni2+ 1.26 0.9982
Cd2+ 1.32 0.9985
Bi3+ 0.69 0.9995
Zn2+ 0.86 0.9990
K+ 1.24 0.9981
A
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[

[

[

[

[

l3+ 1.17 0.9992
g2+ 1.44 0.9988
2O4

2− 1.26 0.9997

rom the blood [44], which may lead to the need for more doses of
DNR-3 to achieve the desired therapeutic effect.

. Conclusions

This paper provided an approach for studying the interactions
f fluorescent protein with ADNR-3 using absorption, fluorescence
nd molecular modeling techniques for the first time. We have
nvestigated the interactions of ADNR-3 with HSA as the binding (of
he drug to serum albumins) influences the drug availability at the
ite of action. ADNR-3 quenched the fluorescence of HSA through
tatic quenching mechanism. This work gave a more comprehen-
ive study and the distance between the donor (protein) and the
cceptor (ADNR-3) was also calculated using FRET. The biological

ignificance of this work is evident since albumin serves as a car-
ier molecule for multiple drugs and the interactions of ADNR-3
ith albumin are not characterized so far. Hence, this report has a

reat significance in pharmacology and clinical medicine as well as
ethodology.
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[
[
[

are represented using different tinctorial stick model. The hydrogen bond between
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