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The binding of 2’-deoxyuridine to human serum albumin (HSA) was investigated by fluorescence spec-
troscopy in combination with molecular modeling under simulation of physiological conditions. The
quenching mechanism was suggested to be static according to the fluorescence measurement. The ther-
modynamic parameters: enthalpy change (AH) and entropy change (AS) were calculated to be —18.87 kJ/
mol and 24.00 J/(mol K) according to the Vant’Hoff equation. These data suggest that hydrophobic inter-
actions are the predominant intermolecular forces stabilizing the complex. Experimental results are in
agreement with the results obtained by molecular modeling study. In addition, the effects of common
ions on the binding constants were also studied at room temperature.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Nucleosides and their derivatives exhibit significant antitumor,
antiviral, and antibacterial activities.!~> 2’-Deoxyuridine (Structure
1) is an important synthon, which is widely used to manufacture
anticancer, antimicrobial, and antiviral medicines. Therefore, it is
of importance to investigate the interaction between 2’-deoxyuri-
dine and human serum albumin (HSA).

HSA is the most abundant protein constituent of blood plasma
and serves as a protein storage component. The three-dimensional
structure of human serum albumin has been determined through
X-ray crystallographic measurement. This globular protein, which
consists of a single polypeptide chain of 585 amino acid residues,
has important physiological functions. It considerably contributes
to colloid osmotic blood pressure and is involved in the transport
and distribution of many molecules and metabolites, such as fatty
acids, amino acids, hormones, cations and anions, and many di-
verse drugs.* HSA can bind and carry through the bloodstream
poorly water-soluble drugs, including anticoagulants, tranquiliz-
ers, and anesthetics.>® It has been shown that the distribution, free
concentration, and the metabolism of various drugs can be signif-
icantly altered as a result of their binding to HSA.” Drug interac-
tions with proteins will in most cases significantly affect the
elimination rate of the drug. Up to now, extensive investigations
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on interactions between proteins and components of living sys-
tems or pharmaceutical molecules have been carried out®® be-
cause such studies can provide information on the features that
affect the therapeutic effect of drugs.

In this paper, we studied the interaction of 2’-deoxyuridine with
HSA at three temperatures under simulation of physiological con-
ditions utilizing fluorescence in combination with molecular mod-
eling. In the meantime, the binding mechanism of 2’-deoxyuridine
to HSA was discussed, and the binding parameters of the reaction
were calculated according to fluorescence data. In addition, the ef-
fects of other ions on binding constants were also investigated.

2. Results and discussion
2.1. Binding mechanism and binding constants

2.1.1. Fluorescence quenching spectral studies

The fluorescence of HSA originates from the tryptophan, tyro-
sine, and phenylalanine residues.'® Actually, the intrinsic fluores-
cence of HSA is essentially due to tryptophan alone, because
phenylalanine has a very low quantum yield and the fluorescence
of tyrosine is almost totally quenched if it is ionized or is near an
amino group, a carboxyl group, or a tryptophan residue.!' When
small molecules bind to HSA, changes of intrinsic fluorescence
intensity of HSA are induced by the microenvironment of trypto-
phan residues. The fluorescence emission spectra of HSA at various
concentrations of 2’-deoxyuridine are shown in Figure 1. Obvi-
ously, HSA has a strong fluorescence emission band at 350 nm at
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Structure 1. The molecular model of 2’-deoxyuridine (CgH;,N,0s, molecular
weight: 228.2).

an excitation wavelength of 282 nm, which is mainly due to its sin-
gle tryptophan residue, while 2’-deoxyuridine had no intrinsic
fluorescence under the present experimental conditions. The fluo-
rescence emission intensity of HSA decreases regularly from
85.9931 to 64.8536 while increasing the concentration of 2’-deox-
yuridine from 0 to 5.0x10~> mol L. The strong quenching of HSA
fluorescence clearly indicates that the interaction between 2’-
deoxyuridine and HSA takes place and results from microenviron-
ment changes of the tryptophan residues and the tertiary structure
of HSA."?

Synchronous fluorescence spectra are frequently used to char-
acterize the interaction between molecular probes and proteins
since it can provide information on the molecular microenviron-
ment in the vicinity of the chromosphere molecules. According to
Miller,’® with large A/ values such as 60 nm, the synchronous
fluorescence of HSA is characteristic of tryptophan residues. When
the A/ value is 15 nm, the synchronous fluorescence is character-
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Figure 1. The fluorescence emission spectra of 2’-deoxyuridine various concentra-
tions and an excitation wavelength of 282 nm in Tris-HCl buffer solution (pH 7.4) at
27 °C: Cysa=0.8 x 1075 M, while the 2’-deoxyuridine corresponding to 0, 0.2, 0.4,
0.6, 0.8, and 1.0 x 107> M is denoted by numerals 1-6.
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Figure 3. Stern-Volmer curves of 2’-deoxyuridine quenching the fluorescence of
HSA at pH 7.40: Cysa and Cy_geoxyuridine are the same as those in Figure 1.

istic of tyrosine residues.'® Synchronous fluorescence spectra of
HSA upon addition of various concentrations of 2’-deoxyuridine
for AZ=15 (a) and 60 nm (b) are shown in Figure 2. Addition of
the drug leads to a dramatic decrease in the synchronous fluores-
cence intensity with distinct shift of spectral peak from 298 to
301 nm (Fig. 2a) and from 339 to 344 nm (Fig. 2b), respectively.
It is considered that the maximum emission wavelength (/max) of
the tryptophan residues is related to the polarity of the microenvir-
onment. Absorption at 330-332 nm suggests that tryptophan resi-
dues are located in the non-polar region, that is, they are buried in
a hydrophobic cavity of HSA; absorption at 350-352 nm indicates
that tryptophan residues are exposed to water, that is, the hydro-
phobic cavity in HSA is disaggregated and the structure of HSA is
looser. Thus, Figure 2b shows distinctly that 2’-deoxyuridine
mainly binds to the hydrophobic cavity of HSA, which is in agree-
ment with the results from molecular modeling and the thermody-
namic parameters obtained from the experimental data. It was also
indicated that the polarity around the tryptophan residues was in-
creased and the hydrophobicity was decreased. In Figure 2a, the
fluorescence of tyrosine residues was also quenched by 2’-deox-
yuridine with a slight shift of emission to a longer wavelength from
298 to 301 nm. It is suggested that the polarity around the tyrosine
residues also increased. The increase in fluorescence intensity for
tyrosine residues was more definite than for tryptophan residues,
which may indicate that the distance between 2’-deoxyuridine
and tryptophan residues is larger.

2.1.2. Quenching mechanisms study
The static quenching and dynamic quenching were differenti-
ated by monitoring at different temperatures. The quenching rate
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Figure 2. Synchronous fluorescence spectra of 2’-deoxyuridine various concentrations while the A4 =15 nm (a) and Az = 60 nm (b): Gysa and Cy'_geoxyuridine are all the same as

those in Figure 1.
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constants decrease with increasing temperature for static quench-
ing, but a reverse effect is observed for dynamic quenching.'®> The
possible quenching mechanism can be investigated by the fluores-
cence quenching spectra of HSA. The Fo/F-[Q] (Stern-Volmer)
curves of 2’-deoxyuridine with HSA at different temperatures
(27, 37, and 47 °C) are shown in Figure 3.

It can be seen from Figure 3 that the Stern-Volmer plots are lin-
ear and the slopes decrease with increasing temperature. This indi-
cates that the interaction between 2’-deoxyuridine and HSA is a
static quenching. In order to confirm this point, the procedure
was assumed to be dynamic quenching. The fluorescence quench-
ing data were analyzed by the Stern-Volmer equation 1,

Fo/F =1+ KTo[Q] = 1 + Ky [Q], (1)

where F and Fy are the fluorescence intensities with and without
quenchers. Kq, Ky, 7o, and [Q] are, respectively, the quenching rate
constants of the molecule, the Stern-Volmer quenching constant,
and the average lifetime of the molecule without quencher and
increasing concentration of quencher. Obviously,

Ko = KqTo. )

Because the fluorescence lifetime of HSA is 108 s,'® an approximate
quenching constant (Kq, L mol~! s~1) could be obtained according to
Eq. 2. The results are listed in Table 1 together with correlation
coefficients.

The maximum scattered collision quenching constant K of var-
ious quenchers with HSA is 2.0 x 10'° L mol~! s~1.!7 Obviously, the
rate constant of the protein quenching process initiated by 2’-
deoxyuridine is greater than that of the scattered procedure. This
shows that the quenching is not initiated by dynamic collision
but results from formation of a complex.

In drug-protein binding studies, several equations have been
used for binding constant calculation. One frequently used is the
Scatchard equation'®:

r/Df = nK — 1K, (3)

Table 1
Quenching constant (Lmol~!S~!) between 2'-deoxyuridine and HSA by Stern-
Volmer equation

T (°C) Stern-Volmer equation

27 Y =0.9966 + 0.3550 x 10°[Q]
37 Y=0.9952 +0.3510 x 10°[Q]
47 Y=0.9916 +0.3236 x 10°[Q]

Kq (Lmol's™") R

3.550 x 10'2 0.9997
3.510 x 10'? 0.9972
3.236 x 10'2 0.9971

0.29 1
0.28 A
0.27 A
0.26
= 0.25 1
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Figure 4. Scatchard curves for 2’-deoxyuridine quenching the fluorescence of HSA:
the Cy_deoxyuridine and Cysa are the same as those in Figure 1.

Table 2
Binding constants (L mol~') between 2'-deoxyuridine and HSA by Lineweaver-Burk
equation

T (°C) Lineweaver-Burk equation K (Lmol 1) R

27 Y=1.277 x 1072+ 0.3691 x 10-°[Q] 3.460 x 10* 0.9988
37 Y=0.847 x 10 2+0.3127 x 10 °[Q] 2.709 x 10* 0.9992
47 Y=0.584 x 1072 +0.3434 x 1079[Q] 1.701 x 10* 0.9992

where 1 is the number of drug molecules bound per mol of protein,
Dy is the concentration of unbound drug, K is the binding constant,
and n is the number of binding sites. The Scatchard plots for the 2'-
deoxyuridine/HSA system at different temperatures are shown in
Figure 4. The linearity of the Scatchard plot indicates that 2’-deox-
yuridine binds to a single class of binding sites on HSA, which is in
full agreement with the number of binding sites n. The binding con-
stants (K, Table 2) agree very closely with those obtained by the
modified Stern-Volmer equation. In addition, there is a strong
interaction between 2’-deoxyuridine and HSA. The binding constant
decreases while the temperature increases, resulting in a decrease
in the stability of the 2’-deoxyuridine/HSA complex, but the effect
of temperature is very small. Thus, the quenching efficiency of 2’-
deoxyuridine to HSA is obviously not diminished when the differ-
ence in temperature is not large.

Because the binding site is approximately 1, the binding con-
stants obtained by using the Lineweaver-Burk equation are ap-
plied in the discussion of binding modes. The static quenching
equation is

(Fo—F)'=F,' +K'F,'[Q ", (4)

where K is the binding constant of the drug with HSA, which can be
calculated from the slope and intercept of the Lineweaver-Burk
curves as shown in Figure 5 (K = intercept/slope). The results are
listed in Table 2.

This result confirm that the binding between 2’-deoxyuridine
and HSA is important and the effect of temperature is small. Thus,
2’-deoxyuridine can be stored and removed by the protein in vivo.
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Figure 5. Lineweaver-Burk curves for 2’-deoxyuridine quenching the fluorescence
of HSA at pH 7.40: Cysa and Cor_deoxyuridine are the same as those in Figure 1.

Table 3
Thermodynamic parameters of 2'-deoxyuridine-HSA interaction at pH 7.4
Complex T(°C) AG((kfmol™') AH (kfmol™!) AS (Jmol 'K)
2'-Deoxyuridine-HSA 27 —-26.07 —18.87 24.00
37 —26.31
47 —25.92
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Figure 6. Van't Hoff plot for the interaction of 2’-deoxyuridine and HSA.

2.2. Binding modes

The acting forces between a drug and a biomolecule involves
weak interactions such as hydrogen bond formation, van der Waals
forces, electrostatic forces, and hydrophobic interaction.!® Thermo-
dynamic parameters such as enthalpy change (AH) and entropy
change (AS) of the binding reaction are the main evidence for con-
firming binding modes. From the thermodynamic standpoint,
AH >0 and AS >0 implies a hydrophobic interaction; AH <0 and
AS < 0 reflects the van der Waals force or hydrogen bond forma-
tion; and AH ~ 0 and AS > 0 suggests an electrostatic force.?°

The temperature-dependence of the binding constants was stu-
died at three different temperatures (27, 37, and 47 °C) considering
that HSA could not undergo any structural degradation. Because
the temperature effect was very small, the interaction enthalpy
change could be regarded as a constant if the temperature range
is not too large. The thermodynamic parameters (Table 3) were de-
termined from the linear Van't Hoff plot (Fig. 6) according to the
thermodynamic Eqgs. 5 and 6, where R is the gas constant, by plot-
ting the binding constants (K value in Table 2) according to the
Van't Hoff equation

InK = —AH/RT + AS/R 5)
AG = AH — TAS = —RTInK (6)

As shown in Table 3, AG and AH were found negative, and AS
was positive. Therefore, the formation of the 2’-deoxyuridine-
HSA coordination compound was spontaneous and the exothermic
reaction accompanied a positive AS value. According to the con-
cepts of Neméthy and Scheraga,?! Timasheff,>? and Ross and Subr-
amananian,?° the positive AS value is frequently taken as evidence
for hydrophobic interaction. Furthermore, specific electrostatic
interactions between ionic species in aqueous solution are charac-
terized by a positive value of AS and a negative AH value. Accord-

Table 4
The binding constants (K, L mol~!) between 2’-deoxyuridine and HSA at 27 °C in the
presence of common ions

lons K(10%) Rusa lons K(10%) Rusa

K* 2913 0.9996 Zn** 1.757 0.9997
Cca%* 1.068 0.9996 Pb?* 2.244 0.9997
Nl;l‘fr 2.042 0.9974 Mg2+ 0.536 0.9974
Bi** 2.899 0.9999 F 3.220 0.9982
cu?* 2.951 0.9981 Si0;2 0.180 0.9998
C2042’ 1.057 0.9998 NO;~ 3.198 0.9990
Mn?* 2.206 0.9999 CO;~ 0.559 0.9984
cd? 1.062 0.9996 APR* 3.133 0.9991
ng* 0.277 0.9994 Co** 2.072 0.9998
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Figure 7. Overlap of UV absorption spectra of 2’-deoxyuridine and the fluorescence
emission spectra of HSA. (a) The fluorescence emission spectrum of HSA
(0.8 x 1075 M); (b) the UV absorption spectrum of 2’-deoxyuridine (0.2 x 107> M).

ingly, it was not possible to account for the thermodynamic
parameters of the 2’-deoxyuridine-HSA complex on the basis of a
single interaction. It was more likely that both hydrophobic and
electrostatic interactions are involved in the binding process. But
2'-deoxyuridine must be considered to be largely unionized under
the experimental conditions, as could be expected from its struc-
ture. Thus, electrostatic interaction could not play a major role in
the binding, and binding of 2’-deoxyuridine to HSA is then mainly
based on hydrophobic interactions.

2.3. Binding distance

According to the Féster’s non-radiative energy transfer theory,?3
the rate of energy transfer depends on: (i) the relative orientation
of the donor and acceptor dipoles, (ii) the extent of overlap of the
emission spectrum of the donor with the absorption spectrum of
the acceptor, and (iii) the distance between the donor and the
acceptor. The energy transfer effect is related not only to the dis-
tance between the acceptor and the donor, but also to the critical
energy transfer distance Ry, that is,

E=R§/(R§ +1°), (7)

where r is the distance between the acceptor and the donor and Ry
is the critical distance when the transfer efficiency is 50%, which can
be calculated by

RS =8.8 x 10 2°kK*N~¢), (8)

where k? is the spatial orientation factor between the emission di-
pole of the donor and the absorption dipole of the acceptor. The di-
pole orientation factor k? is the least certain parameter in
calculation of the critical transfer distance, Rq. Although theoreti-
cally k? can range from O to 4, the extreme values require very rigid
orientations. If both the donor and acceptor are tumbling rapidly
and free to assume any orientation, then k? equals 2/3.2* If only
the donor is free to rotate, then k? can vary from 1/3 to 4/3.2%¢ N
is the refractive index of the medium, ¢ is the fluorescence quantum
yield of the donor, and J is the overlap integral of the fluorescence
emission spectrum of the donor, and the absorption spectrum of
the acceptor, given by

J =Y F(e(z)r*a / S F(2)AL, 9

where F(2) is the fluorescence intensity of the fluorescent donor in
wavelength (1) and is dimensionless, ¢(2) is the molar absorption
coefficient of the acceptor in wavelength. The energy transfer effi-
ciency is frequently calculated from the relative fluorescence yield
in the presence (F) and absence (Fy) of acceptor
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E=1-F/F, (10)

J could be evaluated by integrating the spectra in Figure 8. It was re-
ported for HSA that k? =2/3, ¢ = 0.118, and N = 1.336.2” The value of
the overlapped integral calculated from Figure 7 was
3.0933 x 10 cm® L mol . Based on these data, it results that r
the distance between 2’-deoxyuridine and the tryptophan residue
in HSA is 4.75 nm, a value smaller than 7 nm, confirming the static
quenching interaction between 2’-deoxyuridine and HSA.

2.4. The effects of other ions on the binding constants

The HSA molecule contains elements such as S, P, Cu, and Mn
among others. In addition, some trace metal ions occur in vivo,
which have definite ability to bind proteins.?®2?° To investigate
the effect of coexisting ions, the binding constants in the presence
of other ions were investigated at 27 °C under the experimental
conditions. The results listed in Table 4 show that the binding con-
stants between 2’-deoxyuridine and HSA decrease in the presence
of other ions, implying some binding between metal ions and HAS.
This confirms that the presence of other ions directly affects the
binding between 2’-deoxyuridine and HSA. The competition be-
tween coexistent ions and 2’-deoxyuridine decreases the binding
constant between 2’-deoxyuridine and HSA, which causes the
shortening of the storage time of the nucleotide drug in the blood
plasma and enhances the maximum effectiveness of the nucleotide
drug.

2.5. Molecular modeling study

Molecular modeling was further employed to improve our
understanding of the interaction of 2’-deoxyuridine and HSA. From
the 3-D structure of crystalline albumin, it is known that HSA
comprises three homologous domains (denoted I, II, and III): I com-
prises residues 1-195; II residues 196-383; and III, residues 384-
585, each with two subdomains, A and B possessing common
structural motifs. It is suggested that the principal regions of ligand
binding to HSA are located in hydrophobic cavities in subdomains
IIA and IIIA, which are consistent with site [ and site II, respectively,
and one tryptophan residue (Trp-214) of HSA is in subdomain I1A.3°
There is a large hydrophobic cavity present in subdomain IIA that
many drugs can also bind. The crystal structure of HSA was taken
from the Brookhaven Protein Data Bank (entry codes 1 h9z).3! The
potential of the 3-D structures of HSA was assigned according to

Figure 8. Molecular modeling of interaction between 2’-deoxyuridine and HSA. The
residues of HSA and 2’-deoxyuridine are represented using differently colored
sticks. The hydrogen bond between the ligands and the protein is indicated by
dashed line.

the ameer 4.0 force field with Kollman-all-atom charges. The initial
structures of all the molecules were generated by the molecular
modeling software sysy. 6.9.1.32 The geometries of these com-
pounds were subsequently optimized using the Tripos force field
with Gasteiger-Marsili charges. The auropock 3.05 program>334
was used to calculate the interaction modes between the ligands
and HSA. The Lamarckian genetic algorithm (LGA) implemented
in Autopock was applied to calculate the possible conformations of
the ligands that bind to the protein. During the docking process,
a maximum of 10 conformers was considered for this compound.
The conformer with the lowest binding-free energy was used for
further analysis.

The best energy ranked result is shown in Figure 8. It was obvi-
ous that the 2’-deoxyuridine molecule was situated within the
subdomain IIA hydrophobic cavity, and 2’-deoxyuridine was adja-
cent to hydrophobic residues, such as Arg(218), Arg(222), Ala(215),
Lys(195), Phe(211), Trp(214), His(242), and Glu(292), of subdo-
main IIA of HSA. The results of molecular modeling suggest that
the interaction between 2’-deoxyuridine and HSA was dominated
by hydrophobic forces, which is in agreement with the binding
mode proposed from thermodynamic analysis. In addition, there
were some hydrogen bonds between 2’-deoxyuridine and residues
of HSA such as Lys(195), Arg(218), Arg(222), and Glu(292).

3. Materials and methods
3.1. Materials

Appropriate amounts of HSA (Sigma) were dissolved in doubly
distilled water to prepare the stock soln at a final concentration
of 20 x 10> M and this was stored in the dark at 0-4°C; a
1.0 x 10> M 2’-deoxyuridine soln was obtained by dissolving it
in doubly distilled water. Tris-HCl buffer soln (0.1 M pH 7.4),
0.5 M NaCl working soln, and 1.0 mg/mL coexistent ions solns were
prepared. Unless otherwise mentioned, all chemicals were analyt-
ical grade and were used without further purification. Doubly dis-
tilled water was used throughout the experiment.

3.2. Apparatus and methods

All fluorescence measurements were carried out on a FP-6500
spectrofluorimeter (JASCO, Japan) and a RF-540 spectrofluorimeter
(Shimadzu, Japan) equipped with a thermostat bath and 1.0 cm
quartz cells, using 5 nm/5 nm slit widths. A T6 UV-vis spectropho-
tometer (Purkinje General Instrument Co. Ltd Beijing, China)
equipped with 1.0 cm quartz cells was used for scanning the UV
spectra. All pH values were measured by a pH-3digital pH-meter
(Shanghai Lei Ci Device Works, Shanghai, China) with a combined
glass electrode. All calculations were performed on an SGI
workstation.

3.3. Fluorescence measurements

Tris-HCl buffer soln (2.0 mL), 2.0 mL NaCl, and appropriate
amounts of 2’-deoxyuridine and HSA were added to a 10 mL stan-
dard flask and diluted to 10 mL with doubly distilled water. Fluo-
rescence quenching spectra of HSA were obtained at excitation
and emission wavelengths of Jex=282nm and Zep=300-
450 nm. The synchronous fluorescence spectra were recorded from
280 nm to 340 nm at A2 =15 and from 310 to 380 at A/ =60 nm.

3.4. Molecular modeling study
The potential of the 3D structures of HSA was assigned accord-

ing to the amgeer 4.0 force field with Kollman-all-atom charges. The
initial structures of all the molecules were generated using the
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molecular modeling software sysyL 6.9.1. The geometries of this
drug were subsequently optimized using the Tripos force field with
Gasteiger—Marsili charges. The autopock3.05 program was used to
calculate the interaction modes between the drug and HSA. The
Lamarckian genetic algorithm (LGA) implemented in Autobpock
was applied to calculate the possible conformation of the drug that
binds to the protein. During the docking process, a maximum of 10
conformers was considered for the drug. The conformer with the
lowest binding-free energy was used for further analysis. All calcu-
lations were performed on a SGI FUEL workstation.

4. Conclusions

In this paper, the binding reaction between 2’-deoxyuridine and
human serum albumin was investigated utilizing fluorescence
spectroscopy in combination with molecular modeling. The studies
of the interaction of 2’-deoxyuridine and HSA showed that a com-
plex was formed between these species through the static quench-
ing mode. It could be deduced that the binding mode in the binding
reaction between 2’-deoxyuridine and HSA was mainly of hydro-
phobic nature as estimated from the signs of AH and AS, which
was confirmed by the results of molecular modeling. These results
may be of significance in pharmacology and clinical medicine.
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