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Abstract Fluorescence and ultraviolet spectroscopies were applied to investigate the
interaction between five N-benzyl piperidones (NBP) and bovine serum albumin (BSA)
under imitated physiological conditions. The experimental results show that these NBPs
have a static fluorescence quenching effect on the endogenous fluorescence of BSA at the
temperatures 302 and 310 K. According to the fluorescence quenching theory, the Stern—
Volmer quenching constant (Kgy), the binding constant (K,), and the number of binding
sites (n) were obtained. Also, the effect of substituents on the binding capacity between
NBP and BSA is in the order: C6H5 < 4-CH3OC6H4 < 4-CH3C6H4 < 2,4-C12C6H3 <
4-CIC¢Hy. The corresponding thermodynamic parameters (AG, AH, and AS) were obtained
at two different temperatures and indicate that hydrogen bonding and van der Waals forces
play main roles in stabilizing the BSA-NBP complex. The binding distance between the
tryptophan residue in BSA and NBP was found to be much <7 nm based on the Forster
theory of non-radiation energy transfer. The effect of NBP on the conformation of BSA
was analyzed as well by synchronous fluorescence spectroscopy.
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1 Introduction

Serum albumin (SA) is the most common and important carrier protein in blood plasma,
which can extensively bind with many exogenous and endogenous substances. Drug
molecules will reach the SA receptor site and have pharmacological effects when being
stored and transported via blood plasma inside the human body. Therefore, it is significant
to have research into the binding capacity of proteins under different conditions. Because
BSA and HSA have a homology of 76 % and have similar 3D structures, BSA is an
appropriate protein model to study the interaction between HSA and drugs [1-5]. Inves-
tigations of the interaction of SA with drug molecules can lead us to understand the
absorption and distribution of the drug [6, 7]. The profound significance of the interaction
between drugs and protein in clinical therapy on pharmacodynamics and pharmacokinetics
makes this an extraordinarily active field of research [8].

N-benzyl piperidones (NBP) are types of pharmaceutical intermediates, which have
been widely used in the synthesis of analgesic, anti-inflammatory, anti-histamine, anti-
arrhythmia, anti-psychosis, mental disease, and anti-tumor medicines. Its general structure
is shown in Scheme 1 [9]. Investigating the interaction of NBP and BSA can provide
information on understanding the mechanism of action of NBP on the human body.

Fluorescence spectroscopy is a suitable and helpful way to determine the interaction
between small molecules and biomolecules [10]. Through analysis of the fluorescence
parameters, some information concerning the structural changes in a biomacromolecule
can be gotten. In this paper, UV-Vis and fluorescence techniques were applied to inves-
tigate the interaction between bovine SA and five NBP compounds.

2 Experimental Details
2.1 Materials

BSA (=99 %) was obtained from Jitian Bioengineering Co. (Shanghai, China) and was
dissolved in an aqueous Tris—HCl (0.10 mol-L™!, pH = 7.37) buffer to form a BSA solution
with the concentration 1.00 x 1075 mol-L™'. The Tris—=HCl buffer (0.10 mol- L™},
pH = 7.37) containing 0.10 mol-L ™" NaCl was selected to keep the pH value constant and to
maintain the ionic strength of the solutions. The NBP solution (1.50 x 1073 mol-L’l) was
prepared in DMF. All other reagents were of analytical grade and all of the water used in the
experiments was double distilled water.

2.2 Apparatus

Fluorescence spectra were recorded on a Shimadzu RF-5301 fluorescence spectropho-
tometer (Tokyo, Japan) with a SB-11 water bath (Eyela) and 1.0 cm quartz cells. The

Scheme 1 The structure of NBP Ar
Q 1: GCgHs
Ar/\ﬁﬁ/\m 2: 2,4-Cl,CqHy
N 3: 4-CICgH4
4: 4-CHiCgH4
Ph 5: 4-CH3OCgH,
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excitation and emission slits were 5 and 10 nm, respectively. The synchronous fluores-
cence spectra were obtained by setting the excitation and emission wavelength interval
(AZ) at 15 and 60 nm, respectively. The absorption spectra were obtained from a Shimadzu
UV-2501 spectrophotometer (Tokyo, Japan). The pH measurement was made with a Leici
pHS-2 digital pH-meter (Shanghai, China) with a combined glass—calomel electrode.

2.3 Procedures

A 25 mL solution, containing the appropriate concentration of BSA (1.00 x
1073 mol-Lfl), was titrated by successive additions of NBP solution with concentrations
varying from 0 to 5.40 x 10~ mol-L™". Titrations were done manually by using a micro-
injector. Fluorescence spectra were measured in the 280-600 nm range at the excitation
wavelength 280 nm at two temperatures (302 and 310 K, with +0.1 K control). The
synchronous fluorescence spectra were obtained by scanning the solutions while fixing A4
at 15 and 60 nm.

The UV-Vis absorption spectra of a 1.00 x 107> mol-L ™" NBP solution were mea-
sured in the 200-600 nm range at 302 K.

3 Results and Discussion
3.1 Fluorescence Quenching Studies of BSA

The condition that drug molecules have biological activity requires that the drug and target
molecules interact [11]. In order to investigate the interaction between NBP and BSA, we
carried out additions of NBP to a fixed concentration of BSA. The relative decrease of the
fluorescence intensity with increase in the NBP concentration at 302 K is plotted in Fig. 1.
It can be seen from this figure that the fluorescence intensity of BSA decreases regularly
with the addition of NBP and there is an obvious emission wavelength shift. This shows
that NBP can interact with BSA and at the same time quench its intrinsic fluorescence [12].

3.2 The Mechanism of Quenching of BSA Fluorescence by NBP

Fluorescence quenching can occur via various mechanisms, usually classified as static
quenching and dynamic quenching. Static quenching occurs when a non-fluorescent
complex of the ground state fluorophore is formed, while dynamic quenching occurs when
the fluorophore and the quencher collide with each other during the lifetime of the excited
state [13]. For the purpose of examining the quenching mechanism, we first suppose that
the fluorescence quenching mechanism is dynamic quenching and that the mechanism can
be analyzed by the Stern—Volmer equation as follows [14]:

% =1+ Ksv[Q] =1 + Kq70[Q] (1)

where Fy and F are the relative fluorescence intensities of BSA in the absence and presence
of quencher, respectively; [Q] is the quencher concentration; K,, Kgy and 1, are the
bimolecular quenching rate constant, the dynamic quenching constant, and the average
lifetime of the molecule without quencher, respectively. According to the Stern—Volmer
quenching equation, the Stern—Volmer plots of the quenching of BSA fluorescence by NBP
at the two temperatures are shown in Fig. 2.
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Fig. 1 Effect of five different NBP compounds on the quenching of BSA fluorescence where Ao, = 280 nm
and cgsa = 1.0 x 107> mol'L™" and T = 302 K; cnpp (a-j) 0.0, 0.6, 1.2, 1.8, 2.4, 3.0, 3.6, 4.2, 4.8, and
5.4 (x 107> mol-.L™")
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Fig. 2 Stern—Volmer plots of BSA (1.00 x 107> mol-L™") quenched by five NBP compounds at two
temperatures (filled square 302 K and filled circle 310 K)

Within a certain concentration range, the curve of Fy/F versus [Q] (Stern—Volmer
curve) will be linear if the quenching type is single static or dynamic quenching [15]. It can
be seen from Fig. 2 that the Stern—Volmer curves are linear. Dynamic and static quenching
can be distinguished by the value of the quenching constant Kgy. According to the
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literature [16—18], for dynamic quenching the maximum scatter collision quenching con-
stant of various quenchers with a biopolymer is 2.0 x 10'°© L-mol™"-s™'. That is, if the
value of K, is much >2.0 x 10" L-mol~"-s™', it can be concluded that the quenching is
not initiated by dynamic quenching, but probably by static quenching, resulting from the
formation of a drug-BSA complex. The values of Kgy and K are listed in Table 1. These
values show that Ky decreases with increasing temperature at low concentrations of NBP
[19] and the value of K is much larger than 2.0 x 10" L-mol~'-s™'. All of the foregoing
statement indicates that a static quenching mechanism is operative.

3.3 Binding Parameters and Binding Sites

For static quenching, the relationship between fluorescence quenching intensity and the
concentration of quenchers can be described by a modified form of the Stern—Volmer

equation [20]:
Fo —
logio

where K, is the binding constant and » is the number of binding sites per BSA molecule.
Figure 3 shows the double-logarithm curves (log;o [(Fo — F)/F] versus log;o [NBP]) that
can be used to determine the values of K, and n. Table 2 lists the resulting calculated
values of K, and n. The values of K, fall in the order: compound 1 < compound
5 < compound 4 < compound 2 < compound 3; this order indicates that compound 3 has
the strongest binding capacity while compound 1 has the weakest binding capacity with
BSA. All of the substituents on the benzene ring (-2,4-Cl,, -4-Cl, -4-CHj3;, -4-OCHj3)
enhanced the binding capacity of NBP with BSA.

We speculate that this may be due to the following two reasons: on one hand, larger
drug molecules may contain a relatively larger hydrophobic regions, which can better react
with part of the hydrophobic surface of a protein; on the other hand, with increasing
electronegativity of the substituent, the affinity increases.

In addition, from the values of n (n ~ 1) it can be inferred that there is one independent
class of binding sites on BSA for NBP.

F> = logioKa + nlogio[Q] (2)

Table 1 The quenching constants of BSA by different NBP compounds at different temperatures

Compound T (K) Ksy (L-mol™") K, (L'mol"s™") R SD (x 10* L-mol™")
1 302 1.61 x 10* 1.61 x 10'? 0.9961 0.0402
310 1.60 x 10* 1.60 x 102 0.9954 0.0521
2 302 3.04 x 10* 3.04 x 10" 0.9947 0.0601
310 3.00 x 10* 3.00 x 10" 0.9945 0.0553
3 302 453 x 10* 453 x 102 0.9956 0.0681
310 3.89 x 10* 3.89 x 10" 0.9962 0.0744
4 302 3.50 x 10* 3.50 x 10" 0.9943 0.0647
310 3.45 x 10* 3.45 x 10" 0.9945 0.0758
5 302 279 x 10* 279 x 102 0.9967 0.0271
310 270 x 10* 270 x 102 0.9940 0.0250

R is the correlation coefficient, SD is the standard deviation for Kgy
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Fig. 3 Plots of logo [(Fy — F)/F] versus log;o, [NBP] at two temperatures (filled circle 302 K; filled square

310 K)

Table 2 The binding constants and the number of binding sites of the five NBP compounds to BSA

System T (K) Ko LY n R SD (x 10* L-mol™")
BSA-—compound 1 302 2.11 x 10° 0.79 0.9996 0.0126
310 1.43 x 10° 0.75 0.9973 0.0075
BSA-compound 2 302 1.29 x 10° 1.15 0.9981 0.0404
310 6.84 x 10* 1.09 0.9981 0.0298
BSA-compound 3 302 2.63 x 10° 1.18 0.9990 0.0179
310 743 x 10* 1.07 0.9969 0.0282
BSA-compound 4 302 5.89 x 10* 1.06 0.9936 0.0075
310 5.19 x 10* 1.05 0.9964 0.0182
BSA-compound 5 302 498 x 10* 1.07 0.9981 0.0221
310 3.45 x 10* 1.03 0.9965 0.0286

R is the correlation coefficient, SD is the standard deviation for K

3.4 Thermodynamic Parameters and the Nature of the Binding Forces

The interaction can be characterized by the thermodynamic parameters AG, AH, and AS,
which can provide evidence to confirm the binding modes. There are actually four types of
non-covalent interactions that can play a significant role in drug (and some other organic
molecules) binding to a protein: Van der Waals, hydrophobic, hydrogen bonding, and/or
electrostatic interactions [21]. The thermodynamic parameters of the system were com-
puted using the van’t Hoff equation [22]:
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AH AS
Kan=——+—
InKa RT + R (3)
Utilizing the binding constants of the system, K, values obtained earlier, the values of
AH and AS can be calculated from the linear relationship between InK, and the reciprocal
absolute temperature, and the Gibbs energy change AG can be obtained from the following
relationship:

AG = AH — TAS (4)

Numerous studies making use of large quantities of laboratory experiments summarize
the binding property’s thermodynamic pattern between bio-macromolecules and organic-
micromolecule. That is, when AS > 0 there may be hydrogen bonding and/or electrostatic
interactions; when AS < 0, the binding force may be Van der Waals and hydrophobic;
when AH < 0 and AS < 0, the binding force is Van der Waals and hydrophobic; AH > 0
and AS > 0 are typical of hydrogen bonding; AH ~ 0 or AS > 0 and small in value
indicates electrostatic interaction; when AH < 0, electrostatic interaction is the major
binding force [22-24]. Regardless of the type of interaction(s), biomolecules and organic
molecules in aqueous solution may be solvated.

The values of AH, AS and AG were calculated and are listed in Table 3. The negative
values of AG, AG < 0, indicate that the binding process is spontaneous. That the values of
AH and AS are also negative indicates that the main binding forces between NBP and BSA
are hydrogen bonding and van der Waals.

3.5 Energy Transfer

Based on the Forster non-radiative resonance energy transfer theory, if all the following
three conditions are met, then energy transfer will happen followed by fluorescence
quenching. First, the donor can produce fluorescent; second, the UV absorbance spectrum
of the receptor and the fluorescence emission spectrum of the donor significantly overlap;
and third, the distance between donor and receptor should be <7 nm [25]. Based on this
theory, the energy transfer efficiency (E) is related to the distance of the donor—receptor ()
and Forster’s critical distance (Ry). The efficiency of energy transfer between donor and
receptor can be modeled using using equation below:

F RS

E=1——= 5
Fo  R§+r® ®)

where Ry is the critical distance where the energy transfer efficiency is 50 %, and it can be
acquired from the donor emission and the receptor absorption spectra using Eq. 6. The
dipole orientation factor K = 2/3 if both the donor and acceptor are tumbling rapidly and
are free to assume any orientation. In the present case, N = 1.336 and ® = 0.118 [26]:

R§ =18.8 x 10°¥K*®N*J (6)

where K? is the spatial orientation factor, N the average refractive index of the medium, ®
is the quantum yield of the donor in the absence of receptor, and J the overlap integral of
the fluorescence emission spectrum of the donor and the absorption spectra of the receptor,
which can be calculated by the following equation:
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Fig. 4 Fluorescence spectra for BSA and UV absorbance spectra for the five different NBP compounds:
cpsa = cnpp = 1.00 x 107> mol'L™! and T = 302 K

Table 4 The distance parameters between BSA and NBP

System J (em® L-mol ™) E Ry (nm) r (nm)

BSA—compound 1 245 x 1071 0.22 221 2.73

BSA—compound 2 346 x 1071 0.15 235 3.14

BSA—compound 3 3.69 x 1071 0.22 2.37 2.93

BSA—compound 4 325 x 1071 0.19 232 2.95

BSA—compound 5 241 x 1071 0.17 2.20 2.87
S STF(A)e(2) 24 AL 7

Y F(AW)AL

where A is the wavelength of the corresponding fluorescence spectrum of BSA and
absorption spectrum of NBP. F(1) is the fluorescence intensity and &(4) is the molar
absorptivity of the receptor at wavelength A.

Results are listed in the table below from calculations based on Fig. 4. We can see in
Table 4 that the distance between NBP fluorescent amino acids and BSA is <7 nm.
Therefore, non-radiative energy transfer can occur between BSA and all of five small drug
molecules.

3.6 Conformation Investigation
Synchronous fluorescence spectra can provide effective information about the microen-
vironment around fluorogens in biomolecules [27]. The excitation wavelengths of Tyr and

Trp residues in ordinary spectrum of BSA are 255 and 300 nm, respectively. Concerning
the transfer of energy from Tyr to Trp residues, the emission peak positions of the two
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Fig. 5 Synchronous fluorescence spectroscopy of the effect of NBP on BSA: a A/ =15 nm;
b A/ =60 nm. In all cases cgsa = 1.0 x 107> mol-.L™" and T = 302 K; cxpp (a—j): 0, 0.6, 1.2, 1.8,
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amino acids are the same, and therefore fluorescence of Tyr and Trp residues can’t be
distinguished. However, synchronous fluorescence spectroscopy is able to distinguish their
peaks. In general, for BSA molecules, when A/ between excitation and emission wave-
length is fixed at 15 and 60 nm, respectively, synchronous fluorescence provides charac-
teristic information for the tyrosine residues and tryptophan residues [28].

The synchronous fluorescence quenching curves of BSA solutions titrated with solu-
tions of various concentrations NBP compounds are shown in Fig. 5. The results show that
the emission wavelength of Fig. 5 plots A1-AS have a slight red shift and Fig. 5 plots
B1-B5 have a blue shift, revealing that the conformation of BSA has been changed [29].

4 Conclusions

In this paper, the interaction of five synthesized NBP compounds with bovine SA (BSA)
molecules was investigated by fluorescence and ultraviolet spectroscopy. Examination of the
resulting data has revealed that the binding increases with increasing concentration of NBP at
low drug—protein ratios. The obtained experimental results suggest that 4 of the substituents
on the benzene ring have great influence on the binding constant and the binding force
between NBP and BSA, which is predominantly due to the Van der Waals force. In order to
evaluate the association constant K4 and the number of binding sites n, the double-logarithm
curves were constructed. Due to the effect of substituents, the binding capacity falls in this
order: —C6H5 < —4—OCH3C6H4 < -4—CH3C6H4 < —2,4—C12C6H3 < -4—C1C6H4. The values of
n are near 1, so there is only one binding site between NBP and BSA. Furthermore, as their
binding distance is <7 nm, non-energy transfer occurrs. Synchronous fluorescence spectra
show both red and blue shifts, which are evidence of an effect on the conformation of BSA.
This study is expected to have certain practical significance to the interactions of the phys-
iologically important protein SA with NBP compounds.
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