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Abstract

The binding characteristics between 2,5-di-[2-(3,5-bis(2-pyridylmethyl)amine -4-hydroxy-phenyl) ethylene] pyrazine (1) or its complex (1-Zn)
and serum albumins were studied by fluorescence spectroscopy in pH 7.4 aqueous solution. 1-Zn emitted weak fluorescence at 580 nm in a pH
7.4 Tris—HCl bufter solution when excited at 435 nm, however, the fluorescence intensity increased upon addition of serum albumins with the blue
shift of emission peak to 524 nm. The binding constants were estimated as 8.40 x 107 and 3.03 x 10° mol~' L for bovine serum albumin (BSA) and
human serum albumin (HSA) respectively, and the number of binding sites was 1 for each. The quenching mechanism of fluorescence of serum
albumins by 1-Zn was considered as a static quenching process. The binding distance between 1-Zn and serum albumins and the energy transfer
efficiency were obtained based on the theory of Forester spectroscopy energy transfer. The effect of 1-Zn on the conformation of serum albumins was
further analyzed using synchronous fluorescence spectrometry. The experiment results clearly showed that 1-Zn is a highly sensitive protein sensor.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

As the major protein constituent of blood plasma, serum
albumins facilitate the transport of many compounds such
as fatty acids, hormones, bilirubin and many drugs [1].
They aroused common interests among bio-scientists, chemists
and therapeutists [2]. It is known that fluorescence assay
provides many advantages such as high sensitivity, high selec-
tivity, on site detection, easy operation and low cost, thus
it has been widely applied to detect proteins [3-6]. The
search for good fluorescent probes for biosystem has attracted
much attention. In order to avoid fluorescence bleaching
and tissue burning, fluorescent compounds possessing high
quantum yield, long wavelength of excitation and emission
were favored. Recently, several fluorescent reagents have been
developed for the detection of proteins in solution such as
fluorescamine [7], cyanine dyes [8] and in sodium dodecyl
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sulfate (SDS)-polyacrylamide gels, such as SYPRO Ruby [9].
Some metal—organic complexes have many merits such as high
stability, good solubility and high quantum yield [4,10]. We
previously synthesized compound 2,5-di-[2-(3,5-bis(2-pyridyl-
methyl)amine-4-hydroxy-phenyl) ethylene] pyrazine which
served as a sensor for lead ion [11]. In this further study, we
found a strong green fluorescence at 524 nm of 1-Zn (Scheme 1)
in the presence of proteins when excited at 435 nm. Therefore,
1-Zn is an ideal fluorophore because its excitation and emis-
sion wavelengths belong to the visible region, and it formed
stable complex with proteins. 1-Zn showed stronger binding
affinity with proteins than 1 did. The theory of energy transfer
was employed to investigate the binding mechanism of proteins
with 1 or 1-Zn. The binding mode, binding constants as well as
binding distance have been displayed.

2. Experimental
2.1. Apparatus

All fluorescence measurements were carried out on a F-
4500 spectrofluorimeter (Hitachi, Japan) equipped with a xenon
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Scheme 1. Structure of sensor (1-Zn).

lamp source and a 1.0cm quartz cell, and the scan speed
was 240nm min~!. Absorption spectra were recorded on
a Shimadzu-2501 UV-vis spectrophotometer (Japan) using
a 1.0cm quartz cell. All pH measurements were made
with a pHS-3 digital pH-meter (Shanghai REX instrument
factory, Shanghai, China) with a combined glass-calomel elec-
trode.

2.2. Reagents

The synthesis and characterization of 1 can be referred to the
literature [11].

The stock solution of 1 and Zn(ClO4); were prepared
in dimethyl sulfoxide (DMSO) and the concentrations were
1.0 x 10~* and 4.0 x 10~* mol L™ respectively. 1-Zn was pre-
pared by mixing 1 and zinc solution in a ratio of 1:1 (v/v). They
should be freshly prepared and ultrasonicated for 5 min before
usage.

HSA (Zhejiang Kangsheng Biological Products Institute)
was prepared into 2.50 x 10~*mol L~! stock solution by dis-
solving 1.7000 g in 10 ml water and diluting to 100 mL with the
0.01 mol L~! Tris—HCl buffer of pH 7.4 containing 0.15 mol L~!
NaCl. The stock solution of BSA (Wuhan Yafa Biological Tech-
nology Company) having the same concentration was prepared
likewise. They were stored at 0—4 °C. All the chemicals used
were of analytical grade and doubly distilled water was used
throughout unless otherwise noted.

2.3. Procedure

To a 10ml colorimetric tube, 0.5 ml BSA solution and 1-
Zn or 1 were added. The mixture was diluted to the mark with
0.01 mol L~! Tris—HCl buffer. The concentration of DMSO was
kept at 5% (v/v). The solution was fully mixed. Fluorescence
quenching spectra were obtained at excitation wavelength of
280 nm. Fluorescence enhancing spectra were obtained at exci-
tation wavelength of 435 nm. The fluorescence intensity around
550 nm was recorded and applied to the quantitative analysis of
proteins.

The synchronous fluorescence spectra of solutions prepared
in the similar way like the previous ones were recorded with
A set as 15 and 60 nm respectively. The slit widths for all
fluorescence measurements were set as 5 nm.
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Fig. 1. Fluorescence titration of sensor 1-Zn (1.0 x 10~ mol L~!) with BSA. The excitation wavelength was set at 435 nm. The arrows indicated the increase of
protein’s concentration. The concentrations of BSA were 0, 0.2,0.8, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,4.5,5.5, 7.0, 8.5, 10.0, 20.0, 30.0, 40.0, 50.0 and 70.0 x 1077 mol L1,
respectively. Inset 1 was the fluorescence titration of the sensor with HSA. The concentrations of HSA were 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.5, 5, 6.0, 7.0, 8.0,
9.0, 10.0, 20.0, 30.0, 40.0 and 60.0 x 10~7 mol L ™!, respectively. Inset 2 was the photograph of sensor 1-Zn in the presence and absence of BSA.
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3. Results and discussion
3.1. Fluorescence titrations of 1-Zn with BSA and HSA

The fluorescence titrations of 1-Zn with BSA and HSA
were presented in Fig. 1. Upon addition of BSA, the maxi-
mum emission wavelength of 1-Zn was remarkably blue shifted
from 580 to 524 nm along with a dramatic enhancement of flu-
orescence intensity. The solution emitted green fluorescence
and was easily detected via naked eyes (Seen in the inset of
Fig. 1). At the same time a good linear response of fluores-
cence intensity as a function of BSA concentration was obtained.
The linear equation is AF=—3.558+3.720 x 10°Cgsa (n=9,
R=0.996) while the concentration of BSA ranged from
1.17 x 1077 to 4.5 x 1075 mol L~! and the detection limit was
1.17 x 1078 mol L. Similar results were obtained for HSA as
follows, AF = —3.420+ 1.691 x 10°Cysa (n=9, R=0.996) and
detection limit as 2.86 x 1078 mol L™!. It should be pointed out
that the mixture emitted strong fluorescence in the visible region
and the excitation wavelength was in the visible region as well.
Thus, 1-Zn is a good fluorescent probe for proteins.

Under identical condition, fluorescent titrations of 1 with
BSA and HSA were also studied and presented in Fig. 2. For 1,
the trends of spectral change were similar to those of 1-Zn, which
were the blue shift of emission peak and intensity enhancement.
But the sensitivity is lower than that of 1-Zn and emission was
difficult to observe by naked eyes. It was reasonable because
1-Zn possessed higher quantum yield than 1 [11].

The effect of foreign compounds on the determination of BSA
was studied. Upon addition of 2.0 x 10~ mol L=! BSA into
1.0 x 107®mol L~! 1-Zn solution, the existence of following
amounts of foreign ions and compounds did not interfere with

the determination of BSA while the error was less than +10%:
1000-fold Na* and K*, 50-fold Mg?* and urea, 25-fold Ba?*,
AI**, Ag* and cystine, 22-fold glucose and methionine, 20-
fold cysteine, 10-fold Ca?t, Pb?*, Ni2*, Cd?*, Fe3+, tryptophan,
tyrosine, glycine and 2-fold Hg>*.

3.2. Fluorescence quenching mechanism

In order to illustrate the interaction between 1-Zn and pro-
teins, increasing amounts of 1-Zn was added into protein
solution and the spectral changes were shown in Fig. 3. The
fluorescence intensity of BSA at 335 nm decreased. The sim-
ilar result was obtained for HSA. The quenching was caused
by intermolecular energy transfer between 1-Zn and proteins
under the excitation at 280 nm. The same experiments were car-
ried out on 1 and results were presented in Table 1. We assume
these phenomena were caused by dynamic quenching. For the
dynamic quenching, the decrease in intensity is described by the
well-known Stern—Volmer equation:

Fo
—+ = 1+ KqlQl = 1 + Ky [Q] (1

where Fy and F are the steady-state fluorescence intensities in
the absence and presence of 1-Zn respectively, K is the quench-
ing rate constant of biomolecule, 7 is the average lifetime of
molecule without the quencher and its value is 1078 s [12], Ky is
the Stern—Volmer quenching constant, [Q] is the concentration
of quencher.

From the Stern—Volmer plot, K, can be obtained as the slope,
thus Ky was estimated and the results were shown in Table 1.
Usually, the maximum diffusion collision quenching rate con-
stant of various quenchers for the biomacromolecule is about
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Fig. 2. Fluorescence titration of 1(1.0 x 1074 mol L™') with BSA. The arrows indicated the increase of protein’s concentration. The concentrations of BSA were
0,0.2, 0.5, 1.0, 2.0, 3.0, 5.0, 7.0, 8.0, 9.0 and 10.0 x 10~ mol L~! respectively. The inset was the fluorescence titration of 1(1.0 x 10=% mol L’l) with HSA. The
concentrations of HSA were 0, 0.5, 0.8, 1.0, 1.5, 2.5, 3.5, 4.5, 5.5, 6.0, 6.5, 7.5 and 8.5 x 1079 mol L~! , respectively. The excitation wavelength was set at 435 nm.
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Fig. 3. Fluorescence spectra of BSA (1.0 x 10~% mol L~!) with increasing concentration of 1-Zn. The arrows indicated the increase of 1-Zn’s concentration. The
concentrations of 1-Zn were 0, 0.2, 0.5, 0.8, 1.0, 1.2, 1.5, 1.8, 2.0, 2.5, 3.0 and 3.5 x 107 ® mol L ™! respectively. The inset was the fluorescence spectra of HSA
(1.0 x 10~ mol L_‘) in the presence of 1-Zn. The concentrations of 1-Zn were 0, 0.2, 0.5, 1.0, 1.5, 2.0, 2.7, 3.5, 4.2, 5.2 and 6.7 x 10~®mol L~! respectively. The

excitation wavelength was set at 280 nm.

2.0 x 10" mol~! Ls~! [13]. Obviously, the derived quenching
rate constants were larger than the K of the diffusion course
by three orders of magnitude for sensor 1-Zn or two orders of
magnitude for 1. Hereby, the fluorescence quenching was the
consequence of the static quenching instead of the dynamic col-
lision quenching. Apparently, sensor 1-Zn was more sensitive
to proteins than 1 was.

3.3. Binding constants and number of binding sites

Binding constant displays the interaction between the
quencher and the protein. It was easily estimated from the fol-
lowing equation [14] and the parameters for static quenching is
described as follows:

Fo— F

lg———— =1g Kp +nlglQ]

7 @

where Fy and F are the steady-state fluorescence intensities in
the absence and presence of the quencher respectively, Ky, is the
binding constant to a site, n is the number of binding sites per
HSA or BSA, [Q] is the concentration of the quencher.

From the plot, the binding constants and the number of bind-
ing sites could be obtained and were presented in Table 2. The
results displayed that the binding constants between sensor 1-Zn
and proteins were lager than those of 1 and proteins by about
two orders of magnitudes.

3.4. Energy transfer between 1-Zn and BSA or HSA

We can evaluate the distance and relative angular orientation
between the protein and 1-Zn using Fluorescence resonance
energy transfer (FRET) method. An energy transfer could occur
through direct electrodynamic interaction between the primarily
excited molecule and its neighbors. The spectroscopic method
is suitable for measuring distance over several nanometers [15].
Using FRET, the distance r of binding between 1-Zn and the
protein could be calculated by the equation [16]:

6
E=1-+__%

- _So 3
Fo  R§+r® ©)

where E is the efficiency of energy transfer between the donor
and the acceptor, F' and Fy are the fluorescence intensities in

Table 1

Quenching rate constants for the interaction between receptors and proteins

Receptor Linear equation Kg/mol™' L Kq/lnorl Ls! R

1-Zn BSA: F/Fy=0.986+5.16 x 10° [1-Zn] 5.23 x 10° 5.23 x 1013 0.996
HSA: F/Fy=0.937+6.46 x 10° [1-Zn) 6.89 x 10° 6.89 x 1013 0.996

1 BSA: Fo/F=0.982+7.94 x 10* [1] 8.09 x 10* 8.09 x 102 0.994
HSA: Fo/F=1.05+9.94 x 10* [1] 9.47 x 10* 9.47 x 10'2 0.999
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Table 2
Binding constants and number of binding sites
Linear equation Binding constants K}, Binding sites R
1-Zn BSA: 1g(Fo — F)/F=7.92+1.3611g [1-Zn)] 8.40 x 10" mol~'L 1.36 0.995
HSA: Ig(Fo — F)/F=6.48 +1.15g [1-Zn] 3.03 x 10°mol~! L 1.15 0.995
1 BSA: 1g(Fg — F)/F=5.30+1.071g [1] 2.02 x 105mol 'L 1.07 0.998
HSA: Ig(Fo — F)/F=4.78 +0.948 1g [1] 5.98 x 10*mol~! L 0.95 0.999

the presence and absence of 1-Zn, respectively, Ry is the critical
distance when the efficiency of transfer is 50%, which can be
calculated by

RS =879 x 107 BK2n*¢J 4)

where K2 is the spatial factor of orientation; »n is the refractive
index of the medium, ¢ is the fluorescence quantum yield of the
donor.

It was shown in Fig. 4 that there were overlaps between the
absorption spectra of 1-Zn and the emission spectra of BSA or
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Fig. 4. Overlap of the fluorescence spectra of BSA (a) and HSA (b) with the
absorption spectra of 1-Zn. The concentrations of the protein and 1-Zn were
both 1.0 x 10~®mol L.

HSA. From Fig. 4, we can calculate the overlap integral J.

_JoT FO)s()A* da,
T F)da

&)

where F(1) is the corrected fluorescence intensity of the donor
in the wavelength range from A to A + AX; & (1) is the molar
absorbance coefficient of the acceptor at A.

In the present case, K2 =2/3,n=1.36, ¢=0.15[17]. We could
calculate J, Ro, E and r. All these parameters were displayed in
Table 3. The energy transfer will most probably take place when
the average distance between a donor fluorophore and acceptor
fluorophore is on the 2—8 nm scale [18] and 0.5Ry<r<1.5Ry
[19]. The results indicated that the energy transfer from BSA to
1-Zn occurred with high possibility. The parameters for receptor
1 were obtained according to the same method. It was obvious
that 1-Zn bound proteins more strongly because r was smaller
than that of 1-protein.

3.5. Conformation investigation

The synchronous fluorescence spectroscopy is a com-
mon method to provide information about the conformational
changes of protein. They have several advantages like spec-
tral simplification, spectral bandwidth reduction and avoiding
different perturbing effects. The spectrum characteristic of tyro-
sine and tryptophan residues in protein was observed when AA
was set as 15 and 60 nm respectively. Synchronous fluorescence
spectral changes of BSA and HSA upon addition of 1-Zn or 1
with varied concentration were displayed in Fig. 5. The maxi-
mum emission of BSA or HSA slightly change when AA =15nm
or AL =60nm. However, the emission intensity underwent dra-
matic change. It has been shown in Table 4 that the slopes were
similar for HSA and BSA when AX was the same. However,
the slope was higher when A\ was 60 nm than 15 nm indicat-
ing sensor 1-Zn or 1 was closer to tryptophan residues than to
tyrosine residues. The conformations of proteins were changed
while binding 1 or 1-Zn complex.

Table 3
Energy transfer parameters between receptors and protein

Receptor Protein Jem? (mol L)~ ! Ry (nm) E R(nm)

1-Zn BSA 1.080 x 10~ 14 2.55 0.350 2.83
HSA 1.056 x 10~14 2.54 0.273 2.99

1 BSA 2434 x 10714 2.94 0.073 4.49
HSA 2351 x 10714 2.95 0.108 420
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Fig. 5. Synchronous fluorescence spectra of BSA (1.0 x 10~® mol L~") upon addition of 1-Zn. The arrows indicated the increase of protein’s concentration. (a)
AN =15nm, (b) A\ =60 nm. The insets were the synchronous fluorescence spectra of HSA (1.0 x 10~% mol L") upon addition of 1-Zn. The concentrations of 1-Zn
were 0, 0.1, 1.0, 1.5 and 2.0 x 1075 mol L~ for BSA and 0, 0.5, 2.0, 3.5 and 5.0 x 10"®mol L~! for HSA respectively.

4. Conclusions
Table 4

Linear relationships for the quenching synchronous spectra of proteins

A novel fluorescent complex (1-Zn) was used for sensing

Protein Al Slope R proteins. Its excitation wavelength and emission wavelength
1-Zn BSA 15 —3.18 x 10’ 0.999 were at 435 and 528 nm, respectively. Therefore 1-Zn is a good
BSA 60 ~3.59 % 10° 0.998 candidate to serve as fluorescent probe in biochemical system.
HSA 15 =290 x 10 0.998 Especially, emission of 1-Zn-protein was easy to detect by naked
HSA 60 —8.41 x 107 0.993 . .,
eyes. 1-Zn is a strong quencher for proteins’ fluorescence and
1 BSA 15 —6.07 % 103 0993 binds to BSA or HSA with high affinity. FRET studies indicated
Ezi ?(5) :gigi }86 8'332 the energy transfer from proteins to 1-Zn. Synchronous fluo-
HSA 60 —503 x 107 0.991 rescence spectroscopy revealed that the secondary structure of

BSA or HSA molecules changed in the presence of 1-Zn.
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