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logical conditions by using fluorescence spectroscopy, ultraviolet absorption spectroscopy, FT-IR spec-
troscopy and circular dichroism spectroscopy and atomic force microscope. Spectroscopic analysis of
the fluorescence emission quenching and ultraviolet absorption revealed that the quenching mechanism
of bovine serum albumin by MPNDO was static quenching procedure. The binding constant and binding
sites number at different temperatures were measured. The average binding distances between donor
(BSA) and acceptor (MPNDO) was estimated to be 1.46 nm (301 K), based on the Foster non-radioactive
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action force was mainly van der Waals forces. The data collected through synchronous fluorescence, FT-IR
spectroscopy and circular dichroism spectroscopy demonstrated that the conformation of BSA was not
affected obviously in the presence of MPNDO.
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Introduction

1,3,4-Oxadiazolines derivatives have attracted great much
attention mainly due to some of their biological properties such
as insecticidal activity, antifungal activity, anti-HIV and anticon-
vulsive activity [1-3]. Up to now, most papers have focused on
1,3,4-Oxadiazolines derivatives, however, to our best knowledge,
MPNDO, which belongs to 1,3,4-phenoxy oxazoline derivatives
have not been reported. Due to the higher biological properties
compared with 1,3,4-Oxadiazolines, it is significantly meaningful
to obtain further product of higher activity and make a part of
the early work to do some guidance for new drug synthesis. Serum
albumins are the major soluble protein constituents of the circula-
tory system and can play a dominant role in the transport and dis-
position of various compounds such as metabolites, drugs, and
other biologically active substances, mostly through the formation
of noncovalent complexes at specific binding sites [4-6]. Thus
study on the combination of serum albumin with drugs and their
derivatives is of great significance not only in providing basic infor-
mation about the nature of drugs and pharmacokinetics but also in
explaining the relationship between the structures and functions
of drugs [7]. Bovine serum albumin (BSA) is usually selected as
the protein model because of the advantages of abundance, medi-
cal importance, low cost, stability, unusual ligand-binding proper-
ties, and also particularly owing to its structural homology with
human serum albumin [8]. BSA is made up of 637 amino acid res-
idues, two of which are tryptophans located at positions 134 and
212. The structure of albumin at physiological pH is predominantly
o-helical (67%) with the remaining polypeptide occurring in turns
and extended or flexible regions between sub-domains with no -
sheets [9]. Bovine serum albumin (BSA) is composed of three struc-
turally homologous domains (I, II and III), each domain contains
two sub-domains (A and B). Trp-134 is in the first domain and lo-
cated on the surface of the molecule, while Trp-212 is in the second
domains and located within a hydrophobic binding pocket [10].

The spectroscopic technique, including UV-vis absorption spec-
troscopy, fluorescence spectroscopy, FT-IR spectroscopy and circu-
lar dichroism spectroscopy, is of great help in studying interactions
of small molecules with protein. Fluorescence assay has been
widely used to investigate proteins, and because of the sensitivity
of the fluorescence to the change of the biomoleculars, researchers
can use fluorescence measurements to understand molecular
interaction. In this paper, measurements including atomic force
microscope, fluorescence quenching spectroscopy and ultraviolet
absorption spectroscopy serve as aids for studying the binding
mechanism and the effect of energy transfer. The conformation
change of BSA was further discussed on the basis of synchronous
fluorescence spectroscopy, FT-IR spectroscopy and circular dichro-
ism spectroscopy.

Experimental
Apparatus

All fluorescence measurements were carried out on a LS55 spec-
trofluorimeter (PerkinElmer, USA) equipped with a TB-85 Thermo
Bath (Shimadzu, Japan) and a 1.0 cm quartz cells. The emission
and excitation slits were 5 nm, 10 nm, respectively, and the scan
speed was 500 nm min~!. The UV-via absorption spectra were ob-
tained from a Lambda 35 UV-vis spectrophotometer (PerkinElmer,
USA) using a 1.0 cm quartz cell. AFM measurements were studied
with an AJ-III AFM instrument (Aijian, Shanghai, China) in tapping
mode. Standard silicon (Si) cantilevers (spring constant,
0.6-6 N m™') were used under its resonance frequency (typically,
60-150 kHz). All AFM images were acquired at room temperature

under ambient conditions. FT-IR measurement was carried out at
room temperature on a Nicolet 6700 FT-IR spectrometer with a
germanium attenuated total reflection (ATR) accessory (Thermo
Nicolet, USA). The CD measurements were performed at 1.0 nm
interviews with a MOS-450 spectrometer (Biologic, France)
equipped with a 0.1 cm path-length cell at 301 K. NMR spectra
were recorded on an Avance 400 (Bruker, Germany). A FE20 pH
meter with a combined glass electrode (Mettler Toledo, Shanghai,
China) was used for pH measurements. ESI mass spectrum was re-
corded using a Waters ZQ4000/2695 LC-MS spectrometer (USA).
Element analysis was performed on the Vario EL III (Elementar).

Materials

The compound MPNDO was prepared according to the refer-
ence [11] and the route for synthesis is shown in Scheme 1. Com-
pound 2 (0.005 mol) was dissolve in acetic anhydride (20 mL) in
50 mL round bottom flask. The mixture was heated to reflux for
9 h with stirring, and then transferred into 250 mL ice water, stir-
red for 1 h. The precipitation was separated from the solution by
filtration and recrystallized with N,N-dimethylformamide, finally,
white crystals were obtained. The compound MPNDO was charac-
terized by 'H NMR spectrum, '3C NMR spectrum, IR spectrum,
which were consistent with proposed formulation and the struc-
ture of MPNDO was shown in Scheme 1. The melting point (mp)
was measured as 176 °C. 'TH NMR (CDCls;, TMS): 6 2.420 (s, 3H,
Ph—CH3), 5.239 (s, 2H, COCH,), 2.524 (s, 3H, OCH3), 6.788-6.810
(d, 1H, | = 8.8 Hz, Ar—H), 7.145-7.167 (t, 1H, ] = 8.8 Hz, Ar—H),
7.261-7.277 (d, 2H, J=64Hz, Ar-H), 7.387-7.393 (t, 1H,
J=24Hz, Ar—H), 7.656-7.675 (d, 2H, J=76 Hz, Ar—H), 8.574 (s,
H, C—H). *C NMR (CDCl3): ¢ 21.67, 21.86, 25.97, 69.89, 114.82,
124.17, 126.82, 127.48, 128.54, 129.70, 129.85, 129.99, 130.30,
143.10, 152.62, 165.27, 168.37, 172.00. FTIR (KBr): v/em™~' 1721
(s, C=0), 1642 (m, C=N), 1566, 1606 (m, Ar), 1278, 1067 (w,
C—0—CQ). EIMS: m/z (%) =379 [M*]. Elemental analyses: C;gH;Cl>-
N,03, calculated C (57.01%), H (4.25%), N (7.39%), measured C
(56.86%), H (4.34%), N (7.31%).

The BSA was purchased from Shanghai Rich Joint Chemical Re-
agents Company. The solution was prepared into a concentration
of 1.0 x 107> mol L~! by dissolving the solid BSA in a Tris-HCl buf-
fer. The Tris-HCl (0.05molL~!, pH=7.40) buffer containing
0.05mol L~! NaCl was selected to keep the pH value constant
and to maintain the ionic strength of the solution. Compound
MPNDO was prepared into a concentration of 1.0 x 10~ mol L™
in dimethyl sulphoxide (DMSO). DMSO (Alfa Aesar) is of spectro-
photometric grade. All other chemicals are of analytical grade.
Doubly distilled water was used throughout. All testing aqueous
solution contained 1% DMSO for determination.

Procedures

A 10 pL aqueous solution containing appropriate concentration
of BSA (1.0 x 10> mol L™!), of MPNDO (7.5 x 10~®mol L"), of
BSA-MPNDO conjugates was dropped onto a freshly cleaved mica
surface, respectively. After that, the mica was rinsed with pure
water and dried in air for AFM imaging. Appropriate amounts of
1.0 x 107* mol L~! MPNDO were added to 6 10 mL flasks, respec-
tively, and then 1 mL of BSA solution was added and diluted to
10 mL with Tris-HCI buffer. The final concentrations of MPNDO
in BSA solution were 0.0, 1.0, 2.0, 3.0, 4.0 and 5.0 x 10" mol L',
respectively. The resultant mixtures were then incubated at
301K for 0.5 h. The fluorescence spectra of BSA under different
concentrations of MPNDO were tested in the range of 300-
500 nm upon excitation at 280 nm, each spectrum was the average
of three scans. The synchronous fluorescence spectra were noted at
certain scanning intervals AJ (A4 =15 nm, 60 nm). 20 pL solution
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Scheme 1. The synthesis route for MPNDO.

containing appropriate concentration of BSA (1.0 x 1074 mol L),
of BSA-MPNDO conjugates was dropped on ZnSe window and
dried with dry air. The FT-IR spectra of BSA in presence and ab-
sence of MPNDO taken via the ATR method with resolution of
4 cm~! and 32 scans were recorded (n = 3 replicates) in the range
of 400-4000 cm™~'. The corresponding absorbance contributions
of buffer and free MPNDO solutions were recorded and digitally
substracted with the same instrumental parameters. The CD spec-
tra of BSA (5.0 x 1077 mol L™!) in presence and absence of MPNDO
(1.0 x 10~8 mol L) were corrected for buffer absorption and re-
corded in the range of 190-250 nm, and each spectrum was the
average of three scans.

Results and discussion
Mechanism of fluorescence quenching

AFM study

Formation of BSA-MPNDO bioconjugates were monitored by
AFM (Fig. 1). All samples showed many small dots dispersed on
mica surface uniformly and these dots might be ascribed to BSA,
BSA-MPNDO bioconjugates or MPNDO. From Fig. 1A, an average
size of 3.1 nm had a high proportion and these dots might be as-
cribed to BSA, another dots with an average size of 6.6 nm might
result from BSA-MPNDO bioconjugates (Fig. 1B). Since the size of
the BSA was about 3.1 nm and the size of the MPNDO was about
1.6 nm (Fig. 1C), it was reasonable to conclude that one BSA-
MPNDO bioconjugates consisted of one BSA and one MPNDO. A
few dots with a larger size might result from BSA-MPNDO con-
sisted of many BSA and many MPNDO.

Fluorescence titration of BSA against MPDNO
The fluorescence spectra emission (Jex =280 nm, Jem =345.5
nm) of BSA with the addition of MPNDO were obtained (shown
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Fig. 2. Fluorescence spectra of BSA with the addition of MPNDO at 301K.
c(BSA)=1.0 x 10°°mol L!; ¢(MPNDO)/(10 mol/L), a-f: 0, 1, 2, 3, 4, 5
respectively.

in Fig. 2). The results showed that a gradual decrease in the
fluorescence intensity of BSA was caused by quenching but
there was no emission wavelength shift in the presence of
MPNDO, the same trends were also observed at other temperatures
(307K, 313 K).

Quenching can be induced by dynamic process resulting from
collisional encounters between fluorophore and quencher, or static
process caused by the formation of a ground-state complex be-
tween the two compounds. Dynamic and static quenching can be
distinguished by their different dependence upon the temperature
of binding constants and viscosity [12]. Generally, the dynamic
quenching constants are expected to increase with increasing tem-
perature, but the reverse effect is for static quenching [12]. For dy-
namic quenching, the fluorescence data at different temperatures
were analyzed by the well-known Stern-Volmer Equation [12]:

2500 nm 2500 nm

Fig. 1. AFM images of BSA (A); BSA-MPNDO (B); MPNDO (C). ¢(BSA) = 1.0 x 10> mol L=!; ¢((MPNDO) = 7.5 x 10~ mol L.
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Fig. 3. The Stern-Volmer plots of the fluorescence quenching of BSA by MPNDO at
different temperatures.

Fo/F =1+K,T0[Q] = 1 +Ks[Q] M

where Fy and F are the fluorescence intensities in the absence and
presence of drug, respectively, K, is the biomolecular quenching
rate constant, 7o is the average lifetime of molecule in the absence
of drug and its value is 1078 s [13], [Q] is the drug concentration, Ksy
is the Stern-Volmer quenching constant.

The Stern-Volmer plots are presented in Fig. 3 and the values of
Ksy were 4.2 x 10*°Lmol™! (301K), 3.5x 10*Lmol™! (307 K),
2.8 x 10* L mol~! (313 K), Ksy decreased with a rising temperature,
which indicated that the fluorescence quenching mechanism may
be static. The calculated quenching constants at the corresponding
temperature constant K; obtained were calculated as 4.2, 3.5,
2.8 x 10" L mol ! s~ It was found all the values of K, were larger
than the maximum diffusion collision quenching rate constant of
various quenchers with the biopolymer [14]. This result indicated
that the quenching mechanism between BSA and MNPDO was
mainly a static quenching process.

UV-vis absorption spectrum

UV-vis absorption measurement is also a simple but effective
method in detecting static quenching and dynamic quenching
[15]. As dynamic collision only affects the excited state of quench-
ing molecules, whereas it has no influence on the absorption spec-
trum of quenching substance. However, ground-stated complex
formation will frequently result in perturbation of the absorption
spectrum of the fluorophore [13]. The absorption spectra of BSA
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Fig. 4. UV-vis spectrum (a) the absorption spectrum of BSA only; (b) the absorption
spectrum of MPNDO only; (c) the absorption spectrum BSA-MPNDO system; (d) the
absorption spectrum sum of (a) and (b). c¢(BSA)=7.5x10molL7};
¢(MPNDO)=2 x 10> mol L.

in the presence and absence of MPNDO are shown in Fig. 4. The
absorption of BSA (curve a) is characterized by a strong band at
278 nm and MPNDO has a weak absorption band at 298 nm (curve
b). Compared with curve d (sum of curve a and curve b), the addi-
tion of MPNDO led to increase in the BSA absorption with a new
absorption peak at 320 nm (curve c), which may be result from
the formation of a ground-state complex. The above observations
further confirmed that the probable quenching mechanism be-
tween BSA and MPNDO is initiated ground-state complex
formation.

Binding constant and binding sites

For static quenching, if it is assumed that there are similar and
independent binding sites in the biomolecule, the binding constant
and the number sites can be determined according to the method
described by Chipman et al., using the following equation [16,17]:

log|(Fo — F)/F] = log K, + nlog[Q] @)

where K, is the binding constant and n is the number sites. Accord-
ing to the plot of log(Fy — F)/F versus log[Q] at different tempera-
tures (Fig. 5.), the binding constant K, and binding sites n of
MPNDO to BSA are estimated as 2.01 x 10* L mol~!, 0.94 (301 K),
2.32 x 103 L mol~', 0.77 (307 K), 8.54 x 10> Lmol~!, 0.70 (313 K),
respectively. The values of K, decreased with increasing tempera-
ture, which was assumed to decrease the stability of MPNDO-BSA
complex. And the values of n decreased with increasing tempera-
ture, which might be due to changes in the protein structure with
temperature [18,19].

The acting force between MPNDO and BSA

The interaction forces between a ligand and protein may in-
clude hydrophobic force, electrostatic interactions, van der Waals
forces and hydrogen bonds. The thermodynamic parameters can
account for main forces contributing to protein stability[20], and
according to the views of Ross and Subramanian [21]: (1) AH>0
and AS >0, hydrophobic forces, (2) AH<0 and AS<0, Van der
Waals interaction and hydrogen bond, (3) AH <0 and AS > 0, elec-
trostatic interactions. The enthalpy is often taken to be a constant if
the temperature of system is changed a little. Van't Hoff Equations
[21] are used to obtain the thermodynamic parameters.

InK, = —AH/(RT) + AS/R, AG=AH —TAS = —R T InK (3)

where K, is binding constant at the different temperatures and R is
the gas constant. The values of AH, AS and AG were calculated to be

—205.2 kf mol~!, —602.6] mol~'K~!, —23.1KkJmol~!. Obviously,
-0.6 -
w 08
™
Io
w
o 101
1.2 -
-6.0 -5.8 -5.6 -5.4 5.2

Ig [MPNDO]

Fig. 5. The plots of log(F, — F)/F versus log ¢((MPNDO) at different temperatures.
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Fig. 6. Spectra overlap between the fluorescence emission of BSA (a) and the
absorption spectrum of MPNDO (b). c(BSA) = c((MPNDO) = 1.0 x 10~ ® mol L.

both the entropy and the enthalpy were negative. So it can be con-
cluded that the Van der Waals interaction and hydrogen bond play
major roles in the acting force. However, given the structural for-
mula of MPNDO does not contain -XH (X = O, S, N) group, the pos-
sibility of forming hydrogen bond between BSA and MPNDO is quite
low. Therefore, it can be concluded that the Van der Waals interac-
tion was the main force during the binding of MPNDO to BSA.

Energy transfer between MPNDO and BSA

Forster’s non-radioactive energy transfer theory is often used to
determine the drug binding distance between the donor and
acceptor under the following conditions: the donor can produce
fluorescence light, the fluorescence emission spectrum of donor
and the UV-vis absorption spectrum of the acceptor have enough
overlap, the distance between the donor and acceptor approaches
is less than 8 nm [22]. The efficiency of energy transfer (E) can be
expressed according to Forster’s energy-transfer theory [22]:

E=RS/(RS+1%) =1 F/F (4)

where F and F, are the fluorescence intensities of BSA in the pres-
ence and absence of MPNDO, r is the distance between the acceptor
and donor, and Rg is the critical distance when the transfer effi-
ciency is 50%. The value of Ry was evaluated using the following
equation:

RS =8 x 10 ®K*®N Y| (5)

where K2 is the spatial orientation factor of the dipole, N is the
refractive index of the medium, @ is the fluorescence quantum yield
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Fig. 8. CD spectra of BSA in the absence and presence of MPNDO
o(BSA) =5.0 x 10~ mol L™'; ¢((MPNDO)=1.0 x 10 ¥ mol L.

of the donor, and J expresses the degree of spectral overlap between
the donor emission and the acceptor absorption. J could be calcu-
lated by the equation:

J =" (Fo(2)ea(2)i*a2) [ (Fo(2)A% (6)

where F(Z) is the fluorescence intensity of the fluorescent donor of
wavelength 4 and &(1) is the molar absorption coefficient of the
acceptor at wavelength J. In the present case, K? =2/3, N=1.336,
and @ =0.15 for BSA [23]. The overlap of the fluorescence emission
spectrum of BSA and the absorption spectrum of MPNDO are shown
in Fig. 6, together with above equations, we could obtained these
parameters: J=9.10 x 10" cm® L mol !, and the binding distance
r between MPNDO and the BSA is found to be 1.46 nm, indicating
that the energy transfer from BSA to MPNDO occurred.

Conformational investigation

Synchronous fluorescence spectral change of BSA

The synchronous fluorescence spectrum can give only the tyro-
sine residues and the tryptophan residues of BSA when the wave-
length internal (AZ) is 15 nm and 60 nm, respectively [24]. The
shift in position of maximum emission wavelength correspond to
changes of the polarity around the chromospheres molecule, red
shift of fluorescence spectrum suggests the polarity of the sur-
rounding environment increasing, the hydrophobicity decreasing,
and vice versa [18], thus the environment of amino acid residues
can be studied by measuring the possible shift in maximum emis-
sion wavelength [25-26].

1000
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O 1 1
260 280 300 320
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Fig. 7. Synchronous fluorescence spectra of BSA in the present of MPNDO. ((A) A4 =15 nm and (B) A% =60 nm). c(BSA) = 1.0 x 10~ mol L™!; ¢((MPNDO)/(10~° mol/L), a-f: 0,

1, 2, 3, 4, 5, respectively.
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The synchronous fluorescence spectra were measured at
AZ=15nm and AZ=60nm and presented in Fig. 7. As it can be
seen that the emission peak intensity of BSA gradually declines
upon addition of the MPNDO, while no significant shift change
on maximum emission wavelength was observed. These experi-
mental results indicated that the protein conformation was not af-
fected obviously during the binding process.

Fourier Transform Infrared (FT-IR) study

Infrared spectrum of a protein exhibit a number of amide bands,
which represent different vibrations of the peptide moiety. Among
all amide modes of the peptide group, the single most widely used
one in studies of protein secondary structures is the amide I. The
amides I and II peak occur in the region of 1600-1700 cm~! and
1500-1600 cm™}, respectively. Amide I band is more sensitive to
the changes in protein secondary structure compared to amide II.
Hence, the amide I band is more useful for the study of protein sec-
ondary structure [27-30]. FT-IR spectra of BSA (1.0 x 1074 mol L™ ')
were recorded with and without the addition of MPNDO. No
changes were observed in the spectra of the amide I and N-H resid-
ual amide II bands, which were present at 1656 and 1557 cm™',
respectively (data not shown). This further confirmed that no
changes to the secondary structure of BSA had occurred because
of the interaction with the MPNDO.

Circular Dichroism (CD) study

Additional evidence regarding no conformational changes of
BSA in the presence of MPNDO came from the Circular Dichroism
(CD) spectroscopy, one of the valuable methods for better under-
standing protein secondary structure. To obtain an insight into
the conformational behavior of BSA in presence and absence of
MPNDO, CD spectroscopic measurements were performed. The
CD spectrum of BSA exhibited two negative bands at 210 and
222 nm (curve a in Fig. 8), which is characteristic of o-helical in
the advanced structure of the protein [31]. The band at 208 nm
corresponds to m-7t* transition of the o-helical, whereas the band
at 222 nm corresponds to m-n* transition for both the a-helical
and random coil [32]. It is clearly evident from Fig. 8 that CD spec-
trum of BSA (curve a) remains essentially similar to that of the
BSA-MPNDO conjugates (curve b) confirming no perturbation in
the secondary structure of the protein after the conjugation with
MPNDO.

Conclusions

In this paper, a new compound, 2-(4-methylphenyl)-3-(N-acet-
yl)-5-(2,4-dichlorophenoxymethyl)-1,3,4-oxodiazoline was syn-
thesized and the interaction between MPNDO and BSA has been
studied. The intrinsic fluorescence of BSA has been quenched by
MPNDO through static quenching mechanism. The average diame-
ter of BSA-MPNDO changed to be 6.6 nm from 3.1 nm (BSA),
1.6 nm (MPNDO), the binding constant, binding sites number and
average binding distances between BSA and MPNDO at different
temperatures were obtained. The thermodynamic parameters indi-
cated that the action force was mainly van der Waals forces. The
microenvironment and conformation of BSA were demonstrated
not to be changed obviously in the presence of MPNDO by synchro-
nous fluorescence spectra, FT-IR spectra, and circular dichroism
spectroscopy.
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