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a b s t r a c t

An improved synthetic approach to 7-[3-amino-4-O-(a-L-mycarosyl)-2,3,6-trideoxy-a-L-lyxo-hexopyran-
osyl]daunorubicinone (a1) with high stereoselectivity and good yield was developed. The feature of its
binding to human serum albumin (HSA) was also investigated under simulative physiological conditions
via fluorescence and UV–vis absorption spectroscopy and molecular modeling methods. The results
revealed that a1 caused the fluorescence quenching of HSA by the formation of a1–HSA complexes.
Hydrophobic interactions played a major role in stabilizing the complex, which was in good agreement
with the results of the molecular modeling study. In addition, the effect of common ions on the binding
constants of a1–HSA complexes at room temperature was also discussed. All the experimental results
and theoretical data indicated that a1 bound to HSA and was effectively transported and eliminated in
the body. Such findings may provide useful guidelines for further drug design.

� 2011 Published by Elsevier Ltd.
1. Introduction

The anthracycline quinone antibiotics daunorubicin (DNR) and
doxorubicin are potent antitumor agents that show activity against
a variety of solid tumors.1 The major problems associated with
anthracycline drugs are cardiotoxicity and drug resistance medi-
ated by a multidrug resistance gene. Many researchers have mod-
ified the structure of anthracyclines to generate analogs with the
aim of reducing the side effects and reverse multidrug resistance;
however, these efforts have shown only limited success. Recently,
Zhang and co-workers have reported a novel class of disaccharide
analogs of DNR that are effective against leukemia cells.2,3 In these
disaccharide analogs the first (inner) sugar in the carbohydrate
chain is a daunosamine, and the second group of sugars that are
linked to the first sugar is a series of uncommon sugars. Of all these
disaccharide anthracyclines, the compounds with an a-configura-
tion at the terminal 2,6-dideoxy sugar, including a1 (Scheme 1),
show potent anticancer activities and higher topoisomerase II tar-
getability than the parent compound DNR. They are worthy of fur-
ther evaluation as new drug candidates. Very interestingly, a1 with
Elsevier Ltd.
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an a-configuration at the terminal 2,6-dideoxy sugar moiety shows
35-fold higher cytotoxicity than b1 (Scheme 1) with the b-config-
uration. In the previous work,2 a1 and b1 were obtained in a ratio
of 2:1. In the key synthetic process, the glycosylation of 2 with gly-
cosyl donor 5 produced the precursor a-6 and b-6 in yields of 40%
and 20%, respectively. It is necessary to improve the method to en-
hance the stereroselectivity and yield.

Drug–protein interactions in the blood stream may strongly af-
fect the distribution, free concentration, and the metabolism of
various drugs. This type of interaction can also influence drug sta-
bility and toxicity during the chemotherapeutic process. Serum
albumins are the most abundant proteins in plasma. As the major
soluble protein constituents of the circulatory system, serum albu-
mins have many physiological functions and play a dominant role
in drug disposition and efficacy.4,5 They often increase the appar-
ent solubility of hydrophobic drugs in plasma and modulate their
delivery to cells in vivo and in vitro. Consequently, it is important
to know the affinity of a drug to serum albumin, even if it is not the
only factor to predict serum concentrations of the free drug.

Human serum albumin (HSA), the main protein component in
the blood serum, is a globular protein composed of a single poly-
peptide chain of 585 amino acid residues with a large a-helix.
HSA binds strongly to many kinds of endogenous and exogenous

http://dx.doi.org/10.1016/j.carres.2011.02.005
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Scheme 1. Reagents and conditions: (i) (CF3CO)2O/pyridine, �20 �C, 15 min, 95% yield; (ii) Ac2O/pyridine, rt, 24 h, 90% yield; (iii) PhSH, BF3�Et2O/CH2Cl2, 0 �C, 2 h, 97% yield;
(iv) NIS, TfOH, 4 Å MS, 2–8 h (65% yield, a6/b6 = 12:1); (v) 0.1 M NaOH/THF, 0 �C, 6 h, 75% yield.

950 X. Dang et al. / Carbohydrate Research 346 (2011) 949–955
substances and is thus the most important carrier for drugs and
endogenous substances in the blood.6 Binding of drugs to plasma
proteins is an important pharmacological parameter since very
strong albumin binding diminishes the active concentration of a
drug in plasma and leads to a competitive release of other drugs
bound to albumin that are administered in the same time frame.7

The subsequent increase of the concentration of the released drug
may lead to serious drug–drug interactions; therefore, a very high
affinity to HSA is usually undesirable in potential drugs.8 The stud-
ies on HSA–drug interactions may provide some important infor-
mation of the structural features that determine the therapeutic
effectiveness of drugs.

Fluorescence quenching is an important method to study the
interaction of substances with protein because it is sensitive and
relatively easy to use. Fluorescence spectroscopy is essentially a
probe technique that senses changes in the local environment of
the fluorophore, which distinguishes it from other techniques, such
as calorimetry, far-UV circular dichroism (CD), and infrared (IR)
spectroscopy. Also, various possibilities of structural rearrange-
ments in the environment of the fluorophore may lead to a similar
fluorescence signal, which can complicate interpretation of the
experimental result and be exploited to obtain unique structural
and dynamic information.9–11 In the present work, we demonstrate
the binding of a1 to HSA by using fluorescence quenching, UV–vis
absorption spectroscopy, and molecular modeling. The nature of
the binding of a1 to HSA is described. The effect of the energy
transfer was studied according to the Förster theory of non-
radiation energy transfer.

2. Materials and methods

2.1. Materials

Appropriate amounts of human serum albumin (Hualan Biolog-
ical Engineering Ltd) was directly dissolved in water to prepare a
stock solution at a final concentration of 2.0 � 10�5 M and stored
in the dark at 0–4 �C. A 2.89 � 10�4 M solution of a1, a 0.5 M NaCl
working solution, a 0.1 M Tris–HCl buffer solution of pH 7.4 and
other ionic solutions were prepared. All chemicals were of analyt-
ical reagent grade and were used without further purification.
Double-distilled water was used throughout the experiments.
2.2. Apparatus

All fluorescence spectra were recorded on an FP-6200 spectro-
fluorimeter (JASCO, Japan) and a RF-540 spectrofluorimeter (Shi-
madzu, Japan) equipped with a thermostated bath, using 5 nm/
5 nm slit widths. The UV absorption spectra were performed on a
Tu-1810 UV–vis spectrophotometer. The pH values were measured
on a pH-3 digital pH meter with a glass combination electrode. All
calculations for molecular modeling were performed on an SGI
workstation.

2.3. Preparation of a1

The synthetic pathway of a1 is outlined in Scheme 1. Interme-
diates 2 and 5 were synthesized according to the known proc-
dures.2 The precursor a6 was prepared via an improved
procedure using TfOH/N-iodosuccinimide (NIS) instead of AgPF6–
2,4,6-tert-butylpyrimidine (TTBP) as an activating system: a mix-
ture of 2,6-dideoxythioglycoside 5 (0.48 mmol), compound 2
(0.4 mmol), NIS (0.48 mmol), and 4 Å molecular sieves in dry
CH2Cl2 (10 mL) was stirred for 1 h at rt. Then a satd solution of
TfOH in CH2Cl2 (0.31 mL, 0.047 mmol) was added dropwise at
0 �C. When the reaction was completed (monitored by TLC), the
reaction mixture was diluted with CH2Cl2 (10 mL), and washed
with satd aq Na2S2O3 and brine, then concentrated on a rotary
evaporator. The resulting residue was purified by column chroma-
tography on silica gel (1:75 MeOH–CH2Cl2) to give a6 as a red solid
in 60% yield: 1H NMR (400 MHz, CDCl3): d 13.90 (1H, s, HO-6),
13.81 (1H, s, HO-11), 7.99 (1H, d, J = 8.8 Hz, NHCOCF3), 7.87 (1H,
d, J = 7.6 Hz, H-1), 7.66 (1H, t, J = 8.0 Hz, H-2), 7.30 (1H, d,
J = 7.6 Hz, H-3), 5.44 (1H, d, J = 3.3 Hz, H-10), 5.14 (1H, s, H-7),
4.97 (1H, br, J = 3.5 Hz, H-100), 4.65 (1H, d, J = 9.9 Hz, H-400), 4.20–
4.18 (4H, m, H-30, H-50, H-500, H-40), 3.99 (3H, s, OMe-4), 3.61(1H,
s, OH-9), 3.09 (1H, d, J = 18.9 Hz, Ha-10), 2.80 (1H, d, J = 18.9 Hz,
Hb-10), 2.35 (3H, s, H-14), 2.10, 1.91, (9H, m, H-8, H-20, H-200,
OAc), 1.27 (3H, d, J = 6.2 Hz, H-60), 1.45 (6H, m, CH3-300, H-600). HR-
ESIMS (positive-ion mode): calcd for C38H42F3NO15Na+, m/z
832.2398, found, m/z 832.2468. The final product a1 was obtained
by mild deprotection of a6 with 0.1 M NaOH in THF following the
known procedure.2 Purification of the crude product on a column
of silica gel (1:25–1:10 MeOH–CH2Cl2) gave a1 as a deep-red solid
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(75%): 1H NMR (400 MHz, CDCl3): d 7.86 (1H, d, J = 7.6 Hz, H-1),
7.69 (1H, t, J = 8.0 Hz, H-2), 7.27 (1H, d, J = 8.4 Hz, H-3), 5.40 (1H,
d, J = 3.0 Hz, H-10), 5.10 (1H, br, H-7), 4.92 (1H, J = 2.6 Hz, H-100),
4.07 (1H, m, H-50), 3.97 (3H, s, OMe-4), 3.86 (1H, m, H-500), 3.50
(1H, br, H-40), 3.07–3.05 (2H, m, Ha-10, H-30), 2.94 (1H, d,
J = 79.6 Hz, H-400), 2.79 (1H, d, J = 18.7 Hz, Hb-10), 2.34 (3H, s, H-
14), 2.16–2.14 (2H, m, Ha-200, Ha-8), 2.01–1.99 (1H, m, Hb-8),
1.82–1.78 (1H, m, Hb-200), 1.68–1.66 (2H, m, H-20), 1.25–1.21 (9H,
m, H-60, H-600, CH3-300). HRESIMS (positive-ion mode): calcd for
C34H41NO13Na+, m/z 694.2470, found, m/z 694.2463.

2.4. Measurements of the fluorescence spectrum

Under the optimum physiological conditions described above,
2.0 mL Tris–HCl buffer solution, 2.0 mL NaCl solution, appropriate
amounts of HSA, and a1 were added into a standard flask and di-
luted to 10.0 mL with double-distilled water. Fluorescence quench-
ing spectra of HSA were obtained at an excitation wavelength of
280 nm and an emission wavelength of 300–450 nm. Fluorescence
spectra in the presence of other ions were also measured under the
same conditions. In addition, the UV absorption and synchronous
fluorescence spectra of system were recorded.

2.5. Principles of fluorescence quenching

The fluorescence intensity of a compound can be decreased by a
variety of molecular interactions that include the following: ex-
cited-state reactions, molecular rearrangement, energy transfer,
ground-state complex formation, and collisional quenching.12

Fluorescence quenching is described by the Stern–Volmer equation
(Eq. 1):

F0=F ¼ 1þ Kqs0½Q � ¼ 1þ Ksv½Q �; ð1Þ

where F0 and F are the fluorescence intensities before and after the
addition of the quencher, respectively. Kq, KSV, s0, and [Q] are the
quenching rate constant of the biomolecule, the Stern–Volmer dy-
namic quenching constant, the average lifetime of the biomolecule
without quencher (s0 = 10�8 s), and the concentration of the
quencher, respectively. The concentration of the quencher should
be the free ligand concentration, but it is not known in the experi-
ment. So, in our analysis it was approximated by the total concen-
tration of the quencher. For higher ligand concentrations, in excess
of available specific protein binding sites, this approximation is va-
lid. Obviously,

Kq ¼ Ksv=s0: ð2Þ

Hence, Eq. 1 is applied to determine KSV by linear regression of a
plot of F0/F against [Q]. In many instances, the fluorophore can be
quenched both by collision and by complex formation with the
same quencher. In these cases, the Stern–Volmer plot exhibits an
upward curvature, concave toward the y-axis at high [Q], and F0/
F is related to [Q] by the following form of the Stern–Volmer
equation:13

F0=F ¼ ð1þ KD½Q �Þð1þ KS½Q �Þ; ð3Þ

where KD and KS are the dynamic and static quenching constants,
respectively. The first factor on the right-hand side in Eq. 3 de-
scribes the ‘dynamic’ quenching, resulting from encounters of
quencher and fluorophore during the excited state, and the second
factor describes the ‘static’ quenching, that is the quenching caused
by the formation of a complex between the quencher and the
fluorophore predating the excitation. This modified form of the
Stern–Volmer equation is second order with respect to [Q], which
accounts for the upward curvature observed at high [Q] when both
static and dynamic quenching occur for the same fluorophore.
2.6. Calculation of binding parameters

The binding constants can be found from the static quenching
equation:

ðF0 � FÞ�1 ¼ F�1
0 þ K�1F�1

0 ½Q �
�1
; ð4Þ

where K (intercept/slope) denotes the binding constant of a1 and
the biomolecule, which can be calculated from the slope and inter-
cept of Lineweaver–Burk curves, F0 and F are the fluorescence inten-
sities without and with quencher, and [Q] is the quenching rate
constant of the biomolecule.

If the enthalpy change (DH) does not vary significantly over the
temperature range studied, then its value and that of DS can be
determined from the Van’t Hoff equation:14

ln K ¼ �DH=RT þ DS=R: ð5Þ

In Eq. 5, K is the binding constant at corresponding temperature
and R is the gas constant. The enthalpy change (DH) and the entro-
py change (DS) are calculated from the slope and ordinate of the
Van’t Hoff relationship. The free-energy change (DG) is estimated
from the following relationship:

DG ¼ DH � TDS ¼ �RT ln K: ð6Þ
2.7. Characteristics of synchronous fluorescence method

The synchronous fluorescence spectra were obtained by simul-
taneously scanning the excitation and emission monochromators.
Thus, the synchronous fluorescence applied to the equation of syn-
chronous luminescence:15

F ¼ kcdEexðkem � DkÞEemðkemÞ; ð7Þ

where F is the relative intensity of synchronous fluorescence,
Dk = Dkem � kex is a constant, Eex is the excitation function at the gi-
ven excitation wavelength, Eem is the normal emission function at
the corresponding emission wavelength, c is the analytical concen-
tration, d is the thickness of the sample cell, and k is the character-
istic constant comprising the ‘instrumental geometry factor’ and
related parameters. Since the relationship of the synchronous fluo-
rescence intensity (F) and the concentration of a1 should follow the
F equation, F should be in direct proportion to the concentration of
a1.

The optimal values of the wavelength intervals (Dk) are impor-
tant for the correct analysis and interpretation of the binding
mechanism. When the wavelength interval (Dk) is fixed at 60 nm
of protein, the synchronous fluorescence has the same intensity
as the emission fluorescence following excitation at 280 nm; only
the emission maximum wavelength and shape of the peaks were
changed.16–18 Thus, these synchronous fluorescence measure-
ments can be applied to calculate association constants similar to
the emission fluorescence measurements. Therefore, the synchro-
nous fluorescence measurements can deduce the binding mecha-
nism as the emission fluorescence measurements did. In this
study, the synchronous fluorescence spectra of tyrosine residues
and tryptophan residues were measured at kem = 280 nm
(Dk = 15 and 60 nm) in the absence and in the presence of various
amounts of a1.

2.8. HSA–a1 docking study

The crystal structure of HSA in complex with R-warfarin was ta-
ken from the Brookhaven Protein Data Bank (entry codes 1h9z).
The potential of the 3D structure of HSA was assigned according
to the Amber 4.0 force field with Kollman all-atom charges. The
initial structures of all the molecules were generated by the



Figure 1. The fluorescence spectra of a1–HSA system (from 1 to 6:
CHSA = 1.2 � 10�6 M; Ca1 = 0, 5.78, 11.56, 17.34, 23.12, 28.90 � 10�6 M).
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molecular modeling software, SYBYL 6.9.1.19 The geometry of the
molecule was subsequently optimized using the Tripos force field
with Gasteiger–Marsili charges. The FLEXX program was applied to
calculate the possible conformation of the drug that binds to the
protein. The PDB file contains a co-crystal with a small ligand (R-
warfarin) in the active site. This ligand was extracted and used as
a reference structure (a fixed conformation docked into the active
site of the HSA). FLEXX program also did an RMS (root-mean-square)
comparison between the reference structure and final docked
structure of a1 as an indication of accuracy. The receptor descrip-
tor file (rdf) lies at the heart of FLEXX. It contains the information
about the protein, its amino acids, the active site, non-amino acid
residues, and specific torsion angles. The SYBYL interface to FLEXX cre-
ated a default rdf file. As the last step, the FLEXX program was used
to build the interaction modes between the a1 and HSA. Com-
pound a1 was docked to HSA by FLEXX, and then it revealed hydro-
gen bonds between a1 and some residues of HSA. The calculation
was performed through SGI FUEL workstations.
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Figure 2. The Stern–Volmer curves for quenching of a1 with HSA.

Table 1
The dynamic quenching constants (L/mol/s) between a1 and HSA

T (K) Stern–Volmer equation Kq (L mol�1 S�1) R
3. Results and discussion

3.1. Chemistry

In the previous work,2 the glycosylation of intermediate 2 was
performed using AgPF6–TTBP as the promoter, which afforded
the key intermediate a-6 and the isomer b-6 in yields of 40% and
20%, respectively. The selectivity for the preparation of a1 was still
unsatisfactory. It is necessary to improve the method to enhance
the stereroselectivity and yield of a-6. Thioglycoside donors are
believed to be the best choice for the a-glycosylation of 2,6-dide-
oxy sugars as they are stable to normal protecting-group manipu-
lation, and various activating systems can be applied. On
scrutinizing various activating systems, finally, we were satisfied
with the results obtained by NIS–TfOH. The mixture of intermedi-
ate 2 and glycosyl donor 5, in the presence of NIS and molecular
sieves (4 Å, <5 lm, freshly activated), was treated with TfOH at
0 �C to give the glycosylated products in 65% yield and high selec-
tivity (a6/b6 = 12:1, Scheme 1).
294 Y = 1.02998 + 1.455 � 104 [Q] 1.455 � 1012 0.9993
304 Y = 1.00792 + 1.357 � 104 [Q] 1.357 � 1012 0.9997
314 Y = 0.99961 + 1.274 � 104 [Q] 1.274 � 1012 0.9995
3.2. Biology

3.2.1. Fluorescence quenching and binding constants
HSA is a single, 66 kDa monomeric polypeptide of 585 amino

acidic residues, stabilized by 17 disulfide bridges. HSA contains
three homologous a-helix domains (I–III). Each domain contains
10 helices and is divided into antiparallel six-helix and four sub-
domains (A and B).20,21 A valuable feature of the intrinsic fluores-
cence of proteins is the high sensitivity of tryptophan to its local
environment.13 Changes in the emission spectra of tryptophan
are common in response to protein conformational transitions,
subunit association, substrate binding, or denaturation.10 So, the
intrinsic fluorescence of proteins can provide considerable infor-
mation about their structure and dynamics, and it is often consid-
ered in the studies of protein folding and association reactions.
There is only one tryptophan located at position 214 along the
chain, in subdomain IIA of HSA. HSA solutions excited at 290 nm
emit fluorescence attributable mainly to tryptophan residues.

The effect of a1 on tryptophan residue fluorescence intensity is
shown in Figure 1. As the data show, the fluorescence intensity of
HSA decreases regularly with the increasing concentration of a1,
which indicates that a1 can bind to the HSA, and the binding site
of a1 on HSA is adjacent to the sole tryptophan residue of HSA.
In order to discuss the results within the linear concentration
range, we have carried out selectively the experiment within the
linear part of the Stern–Volmer dependence (F0/F vs [Q]). Figure 2
displays the Stern–Volmer plots of the quenching of HSA trypto-
phan residue fluorescence by a1 at different temperatures. The
plot shows that the results agree with the Stern–Volmer Eq. 1
within the investigated concentrations. The Stern–Volmer relation-
ship does not show deviation toward the y-axis obviously at the
experimental concentration range, which is an indication that
either dynamic quenching or static quenching is predominant.
The binding constants obtained from the Stern–Volmer method
are listed in Table 1. The results show that the Stern–Volmer dy-
namic quenching constant KSV is inversely correlated with temper-
ature, which indicates that the probable quenching mechanism of
fluorescence of HSA by a1 is not initiated by dynamic collision but
by complex formation.13 In other words, the fluorescence quench-
ing of HSA that results from complex formation is predominant,
while that from dynamic collision could be negligible. The binding
constants calculated by Eq. 4 and the slope and intercept of the
Lineweaver–Burk curves are shown in Table 2 and Figure 3. They
show a reasonably strong binding constant between a1 and HSA,
and the association constant decreases with increasing tempera-
ture, but the effect of temperature on the association constants is
small. Thus, the quenching efficiency of a1 to HSA is not obviously
reduced when the experimental temperature is increased.



Table 2
The binding constants (L mol�1) between a1 and HSA at different temperatures

T (K) Lineweaver–Burk equation K (L mol�1) R

294 Y = 0.01335 + 0.80812 � 10�6 1/[Q] 1.65 � 104 0.9995
304 Y = 0.01327 + 0.90758 � 10�6 1/[Q] 1.46 � 104 0.9996
314 Y = 0.01296 + 0.97723 � 10�6 1/[Q] 1.33 � 104 0.9996
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Figure 3. The Lineweaver–Burk curves for quenching of a1 with HSA.
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3.2.2. Binding modes to HSA
Generally, a small molecule binds to a macromolecule by the fol-

lowing four binding modes: hydrogen bonds, van der Waals attrac-
tions, electrostatic interactions, and hydrophobic interactions. The
thermodynamic parameters, enthalpy change (DH) and entropy
change (DS) of reaction, are very important for confirming binding
modes. The temperature-dependence of the binding constant was
investigated at three different temperatures (294, 304 and 314 K),
considering that HSA could not undergo any structural degradation.

The thermodynamic parameters (Table 3) were determined
from the linear Van’t Hoff plot (Fig. 6) according to the thermody-
namic Eqs. 5 and 6. As shown in Table 3, DG and DH are negative,
and DS is positive. So, the formation of the a1–HSA coordination
compound is a spontaneous and exothermic reaction accompanied
a positive DS value. According to the views of Neméthy and Sche-
raga,22 Timasheff,23 and Subramananian,24 the positive DS value
is frequently taken as an evidence for hydrophobic interactions.
Furthermore, specific electrostatic interactions between ionic spe-
cies in aqueous solution are characterized by a positive value of
DS and a negative DH value. Accordingly, it is impossible to account
for the thermodynamic parameters of the a1–HSA compound on
the basis of a single molecular interaction. It is more likely that both
hydrophobic and electrostatic interactions are involved in the bind-
ing process. Thus, electrostatic interactions did not play a major
role in the binding, and a1 bound to HSA mainly based on hydro-
phobic interactions.

3.2.3. The energy transfer between a1 and HSA
According to Föster’s theory,25,26 the efficiency of energy trans-

fer is related not only to the distance between the tryptophan res-
Table 3
The thermodynamic parameters for the binding a1 to HSA

T (�C) DG (kJ mol�1) DH (kJ mol�1) DS (J mol�1 K�1)

294 �23.74
304 �24.24 �8.26 52.60
314 �24.79
idue (donor) and the a1 (acceptor), but also to the critical energy
transfer distance. That is,

E ¼ 1� F=F0 ¼ R6
0=ðR

6
0 þ r6Þ; ð8Þ

where r represents the distance between donor and acceptor and R0

is the critical distance when transfer efficiency is 50%, which can be
calculated by

R6
0 ¼ 8:8� 10�25k2n�4UJ; ð9Þ

where k2 is the orientation factor related to the geometry of the do-
nor–acceptor of the dipole, n is the refractive index of medium, U is
the fluorescence quantum yield of the donor, and J is the spectral
overlap of the donor emission and the acceptor absorption. The va-
lue J is given by

J ¼
X

FðkÞeðkÞk4Dk=
X

FðkÞDk; ð10Þ

where F(k) is the fluorescence intensity of the fluorescence reagent
when wavelength is k, and e(k) is the molar absorbance coefficient
of the acceptor at the wavelength of k. From these equations, J, E,
and R0 can be calculated, so the value of r also can be evaluated.

The overlaps of the fluorescence spectrum of HSA and the
absorption spectrum of a1 are shown in Figure 4. The overlap inte-
gral calculated according to the above relationship is
1.734 � 10�14 cm3 L mol�1 for HSA. It has been reported that
k2 = 2/3, n = 1.336, U = 0.118 for HSA. Based on these data, the dis-
tance between a1 and the tryptophan residue in HSA is 4.06 nm.
Obviously, it is lower than 7 nm after interaction, which is in accor-
dance with conditions of Föster’s non-radiative energy-transfer
theory. It indicated that the energy transfer happened when bind-
ing between a1 and HSA, and energy transfer may depend on the
distance between the tryptophan residue and a1 bound to HSA.

3.2.4. Identification of binding sites on HSA and molecule
modeling

Descriptions of the 3D structure of crystalline albumin show
that HSA comprises three homologous domains (I–III): I (residues
1–195), II (196–383), III (384–585), each of which can be divided
into two subdomains (A and B). HSA has a limited number of bind-
ing sites for endogenous and exogenous ligands that are typically
bound reversibly and have binding constants in the range of 104–
108 M�1.27 Sudlow et al.28 have suggested that there are two main
distinct binding sites on HSA, site I and site II, which locate in the
hydrophobic cavities of sub-domains IIA and IIIA, respectively, and
one tryptophan residue (Trp-214) of HSA is in subdomain IIA.29

There is a large hydrophobic cavity present in subdomain IIA to
which many drugs can bind.

The best energy-ranked result is shown in Figure 5. The a1 mol-
ecule was located within the binding pocket and was adjacent to
Figure 4. The overlap of UV absorption spectrum of a1 with the fluorescence
emission spectrum of HSA. (a) The fluorescence emission spectrum of HSA
(8 � 10�7 M); (b) The UV absorption spectrum of a1 (5.78 � 10�6 M).



Figure 6. Synchronous fluorescence spectrum of HSA with a1 (T = 295 K, pH 7.40),
cHSA = 1.2 � 10�6 M, c(a1)/(10�6 M), a–f: 0, 5.78, 11.56, 17.34, 23.12, 28.90.
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hydrophobic residues such as TRP-214, PHE-223, LEU-238, LEU-
260, ILE-264, and ILE-290 of HSA. The result suggested the exis-
tence of hydrophobic interactions between them. Furthermore
there were also a number of specific electrostatic interactions
and hydrogen bonds, because several ionic and polar residues in
the proximity of the ligand play an important role in stabilizing
the a1 molecule via H-bonds and electrostatic interactions. There
were hydrogen interactions between H (NH2) of the a1 molecule
and the residues LYS-195, 50-O and ARG-218, 5-O and ARG-222,
6-O and ARG-222, 11-O and HIS-242, 12-O and HIS-242, H (300-
OH) and GLU-292 of HSA. The results suggested that the formation
of hydrogen bonds decreased the hydrophilicity and increased the
hydrophobicity to keep stability in the a1–HSA system. Therefore,
the results of modeling indicated that the interaction between a1
and HSA was dominated by hydrophobic forces, which was in ac-
cord with the binding mode study.

3.2.5. Conformation investigation
Synchronous fluorescence spectra give information about the

molecular environment in a vicinity of the chromosphere mole-
cules and have several advantages, such as sensitivity, spectral
simplification, spectral bandwidth reduction, and the avoidance
of different perturbing effects.29 Yuan et al.30 have provided a use-
ful method to study the environment of amino acid residues by
measuring the possible shift in wavelength emission maximum
kmax, the shift in position of emission maximum corresponding to
the changes of the polarity around the chromophore molecule.
When the D-value (Dk) between the excitation wavelength and
emission wavelength were stabilized at 15 or 60 nm, the synchro-
nous fluorescence gave the characteristic information of tyrosine
residues or tryptophan residues.31 To explore the structural change
of HSA by the addition of a1, the synchronous fluorescence spectra
(Fig. 6) of HSA with various amounts of a1 were measured. The ef-
fect of a1 on HSA synchronous fluorescence spectroscopy is shown
in Figure 6. It is apparent that there is a small red shift of trypto-
phan residues fluorescence upon addition of the drug, whereas
the emission maximum of tyrosine kept its position. The red shift
of the emission maximum indicates that the conformation of
HSA has changed, the polarity around the tryptophan residues
has increased and the hydrophobicity is decreased.32

UV–vis absorption measurement is a very simple method and
one that is applicable for exploring the structural changes29 and
Figure 5. The interaction model between a1 and HSA, The residues of a1 and HSA
are represented using different colored stick models. The hydrogen bond between
the ligand and the protein is indicated by a dashed line.
to signal the complex formation.33 For reconfirming the structural
change of HSA by addition of a1, the UV–vis absorbance spectra of
HSA with various amounts of a1 was also measured and is dis-
played in Figure 7. The baselines of the UV–vis absorbance spectra
at 320–200 nm were raised and the absorption spectral maximum
showed a blue shift (from 256 to 249 nm), indicating that an inter-
action had occurred between a1 and HSA. Thus the HSA molecules
associated with a1 to form an a1–HSA complex, while the peptide
strands of HSA molecules extended even more and the hydropho-
bicity was decreased. This conclusion agrees with the results of the
conformational changes by synchronous fluorescence spectra,
which indicate that the approach using synchronous fluorescence
spectroscopy is scientifically valid.29

3.2.6. Effect of co-ions on binding of a1 to HSA
Previous studies indicated that HSA has a high affinity metal-

binding site at the N-terminus. The multiple binding sites underlie
the exceptional ability of HSA to interact with many organic and
inorganic molecules and make this protein an important regulator
of intercullar fluxes and the pharmacokinetic behavior of many
drugs.34 Therefore, it is of interest to examine the effect of inor-
ganic cations and anions in the solution system of a1–HSA. The ef-
fect of common ions on the binding constants at 295 K is listed in
Table 4. As shown in Table 4, the binding constants between a1
and protein have changed in the presence of common ions, imply-
ing some binding between metal ions and HSA. This confirmed that
the presence of metal ions directly affected the binding between
a1 and HSA. As a result, the competition between coexistent ions
and a1 decreases the binding constant between a1 and HSA, which
causes a shortening of the lifetime of a1 in blood plasma and en-
hances the maximum effectiveness of the drug.
Figure 7. UV absorption spectra of HSA in the absence and presence of a1.



Table 4
The binding constants between a1 and HSA in the presence of other ions

Ions K (�104) R Ions K (�104) R

Zn+ 0.62 0.9994 Cd2+ 0.14 0.9989
SO4

2� 1.43 0.9992 Hg2+ 0.63 0.9992

CO3
2� 0.31 0.9995 Al3+ 0.15 0.9986

PO4
3� 1.16 0.9988 Cl� 0.10 0.9990

Mg2+ 1.19 0.9998 Mn2+ 0.42 0.9992
F� 1.14 0.9999 Pb2+ 1.01 0.9988
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4. Conclusions

An improved approach to the title compound a1 has been
developed that gives high selectivity and good yield. Studies on
the interaction of a1 with HSA show that the intrinsic fluores-
cence of HSA is quenched through a static quenching mechanism,
and the binding of a1 to HSA is predominantly due to hydropho-
bic interactions estimated from the signs of DH and DS. These
findings are consistent with the results from a molecular model-
ing study. The binding of a1 to HSA can induce a conformational
change of HSA, which is proved by the qualitative analysis data of
synchronous fluorescence spectra. This study also indicates that
a1 is a strong quencher and is bound to HSA with high affinity.
These results and theoretical data indicate that a1 could bind
to HSA and be effectively transported and eliminated in the body.
Such findings may provide be a useful guidelines for further drug
design.
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