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Abstract The interaction of 1-dodecyl carbamoyl methylene pyridinium chloride
(DAPC) with bovine serum albumin (BSA) was investigated by UV—Vis absorption, CD
and fluorescence spectroscopies. The results of fluorescence titration reveal that DAPC
strongly quenched the intrinsic fluorescence of BSA and caused a blue shift of the emission
wavelength through a static quenching mechanism. The reduction of the binding constant
(K4) and number of binding sites (1) between DAPC and BSA was studied with increasing
temperature. The binding process is exothermic and entropy driven. The distance r be-
tween the donor of BSA and the acceptor of DAPC decreases with increasing concentration
of DAPC. Furthermore, CD spectra and synchronous fluorescence spectra shows that
DAPC induced conformational changes of BSA.

Keywords Bovine serum albumin - Pyridinium cationic surfactant - Spectroscopy -
Interaction

1 Introduction

Proteins play a vital role in life process, and they can bind a wide range of ligands,
including metal ions, surfactants, drugs and so on [1-5]. In recent years, attention has
been focused mainly on the interactions between surfactants and proteins, not only
because of their application to the food, medicine, cosmetic, biological and other fields,
but also as models of biological system, to accelerate biological technology for
the chemical industry, medicine and other traditional fields [6—10]. Among various
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bio-macromolecules, serum albumin is the most abundant soluble protein in the circu-
latory system of a wide variety of organisms, and possesses many physiological func-
tions. The most outstanding function of serum albumins is that they serve as a depot
protein and transport protein for many compounds [11, 12]. Bovine serum albumin
(BSA) is the protein commonly used for research purposes, due to its stability, solubility
and versatile binding ability and especially its structural homology with human serum
albumin (HSA) [13].

Most of studies about the interaction of protein—surfactant have concentrated mainly on
common surfactants such as cetyltrimethyl ammonium bromide (CTAB) [14], sodium
dodecylsulfate (SDS) [15], tert-octylphenoxy polyethoxyethanol (X-100) [16], cationic
cethyltrimethylammonium (CTAC) [17], polyoxyethylene(20) sorbitan monolaurate
(Tween-20) and so on [18]. In the recent years, pyridinium cationic surfactants with
antibacterial properties have been developed with countless applications in various areas
such as germicides and fungicides, cosmetic products, pharmaceutical preparations,
household products, gene delivery agents, corrosion inhibitors and so on [19]. Usually,
pyridinium cationic surfactants possess direct anti-inflammatory activity and inhibiting
action on several matrix metalloproteinase proteins, which cause inflammation, and they
are used as disinfectants for eating and drinking utensils and food processing equipment.
Moreover, their antimicrobial activity is also employed in the dairy industry for saniti-
zation of milk cans and milking machines [20]. Pyridinium cationic surfactants are con-
sidered to be non-toxic when adsorbed on the skin, but can be highly toxic if ingested [21].
If they enter the bloodstream, they would interact with serum albumin [22]. Therefore, the
interaction of pyridinium cationic surfactants with serum albumin is interesting for human
health and life quality.

In the present work, the interaction of BSA with 1-dodecyl carbamoyl methyl pyri-
dinium chloride (DAPC) was probed by means of steady-state fluorescence, UV—Vis and
CD spectrophotometries. The binding constant, number of binding sites and standard state
thermodynamic parameters were calculated. The binding forces, energy transfer and
conformation are also discussed. This study investigates the binding affinity and binding
mechanism at the molecular level and it may offer a better understanding for the bacte-
ricidal efficiency of pyridinium surfactants (Scheme 1).

2 Materials and Methods
2.1 Apparatus

Fluorescence measurements were conducted on an F-4500 fluorescence spectrophotometer
(Hitachi, Japan) equipped with a thermostat bath and 1.0 cm quartz cells; the slit widths
were set at 5 and 10 nm. The UV spectrum were measured using a TU-1901 UV-Vis
spectrophotometer (Persee, China) equipped with 1.0 cm quartz cells. The CD spectra
were recorded on a MOS-450 spectropolarimeter (France, Bio-Logic) equipped with
0.10 cm quartz cells.

Scheme 1 Structure of DAPC
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2.2 Reagents

BSA was purchased from Beijing Boxing Biological Company and was dissolved in Tris—
HCI buffer solution with pH = 7.40 containing 0.02 mol-L™"-NaCl, and stored at 0—4 °C.
The BSA concentration was fixed at 1.0 pmol-L™'; DAPC was synthesized and purified
according to the reported literature [19] and the DAPC (5.0 umol-L™") solution was pre-
pared in Tris—HCI buffer solution (0.02 mol-L 7}, pH = 7.40, 0.02 mol-L~! NaCl). All the
reagents were analytical reagent. All of the solutions were prepared using ultrapure water.

2.3 Procedures

AS5.0 um01~L’1 solution of DAPC was added gradually to 20 mL of the solution of BSA
(1.0 pmol-L™1) using a microinjector with final concentrations of DAPC ranging from 0 to
3.0 umol-L™". 3.0 mL of solution was used to fill a quartz cell with an optical path length
of 1 cm. The fluorescence spectra were recorded at different temperatures of 298, 308 and
318 K, in the range of 290490 nm upon excitation at 280 nm for BSA. Synchronous
fluorescence spectra of BSA titrated with various concentrations of DAPC were recorded
from 250 to 420 nm (A4 = 60 nm) and from 270 to 380 nm (AA = 15 nm) with the
excitation and emission slit widths of 2.5 and 2.5 nm, respectively.

The absorption spectra of DAPC (1.0 pmol-L™") were recorded in the range of
290-490 nm. Then, the overlap of the absorption spectra of DAPC with the fluorescence
emission spectrum of BSA was used to calculate the energy transfer. The BSA concen-
tration was fixed at 1.0 umol~L*1, the UV-Vis absorption spectra and CD spectra of the
solution were measured with gradually increasing the concentration of DAPC.

3 Results and Discussion

3.1 The Effect of DAPC on the Fluorescence Emission of BSA

The intrinsic fluorescence of BSA is mainly contributed by the tryptophan residues [23,
24]. Figure 1 shows the effect of DAPC on the fluorescence emission of BSA. It can be

observed that BSA had a strong fluorescence emission band at 358 nm when the excited
wavelength was selected at 280 nm and DAPC had no intrinsic fluorescence (Fig. 1).
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Moreover, with increasing concentration of DAPC, the fluorescence intensity of BSA was
quenched by nearly 75 % and a blue shift of 7 nm of the maximum emission wavelength
from 358 to 351 nm was observed, indicating that a DAPC-BSA complex was formed.

Amphiphilic molecules with hydrophobic and hydrophilic groups may bind selectively
to proteins by hydrophobic/hydrophilic interfaces, because water-soluble globular proteins
have hydrophobic functional groups in the interior and hydrophilic groups on the exterior
[25]. According to Burstein [26], the maximum emission wavelength of tryptophan resi-
dues is extremely sensitive to its environment, and the maximum fluorescence emission
wavelength will be 350-353 nm if they are in the aqueous phase; and a blue shift will
appear if the protein is exposed to a hydrophobic environment. As shown in Fig. 1, a blue
shift of the maximum emission wavelength of BSA from 358 to 351 nm was observed.
This indicates that the tryptophan residues of BSA may pass from the aqueous phase into a
hydrophobic environment with increases of the DAPC concentration; thus the DAPC may
bind selectively at hydrophobic interfaces of BSA.

Fluorescence quenching is usually classified as dynamic quenching or static quenching.
In order to obtain the quenching mechanism, the procedure was firstly assumed to be
dynamic quenching. For the dynamic quenching, the fluorescence data were then analyzed
according to the Stern—Volmer equation [27].

%: 1+ kq70[Q] = 1 + Ksv[Q] (1)

In Eq. 1, Fy and F denote the fluorescence intensity in the absence and presence of
quencher, respectively, and K, and k4 represent the Stern—Volmer quenching constant and
the bimolecular quenching rate constant, respectively. [Q] is the concentration of the
quencher, the average fluorescence lifetime of the macromolecule 7, is 10~* s~' for BSA
[28]. According to the Stern—Volmer equation and the experimental data, the Kgv and kg
were calculated and are listed in Table 1.

Figure 2 shows the Stern—Volmer plots, with good linearity, for the interaction of
DAPC with BSA at different temperatures. A small deviation of the Stern—Volmer plots
from linearity was observed toward the y-axis at higher concentrations of DAPC, indi-
cating that the quenching mechanism of the interaction between DAPC and BSA may be
mainly controlled by static quenching according to the reports by Wei et al. [29] and Li
et al. [30].

It can be seen from Table 1 that the rate constants (kg X 10" L-molfl-sfl) between
DAPC and BSA at different temperature are 4.79 (298 K, R = 0.9965), 4.10 (308 K,
R =0.9957) and 3.31 (318 K, R = 0.9933), respectively. All of them are far greater
than 2.0 x 10'° L-mol™"s™'. Also, Kgv (x 10°> L-mol™") decreased from 4.79, 4.10 to
3.31 with increasing temperature. In general, the maximum collision-quenching constant
of various quenchers with the biopolymer is 2.0 x 10" L-mol™'s™" and Kgy increases

Table 1 Quenching constants of DAPC with BSA at different temperatures

System T/IK K,./10° L-mol ™" I(q/lol3 L-mol 's7! R?

DAPC-BSA 298 4.79 4.79 0.9965
308 4.10 4.10 0.9957
318 3.31 3.31 0.9933
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Fig. 2 Stem—Volmer plots for 2.0
the interaction of DAPC with
BSA at different temperatures

0.0 0.4 0.8 12 1.6
[Q] (uM)

with increasing temperature for a dynamic quenching process [31]. Therefore, the
quenching mechanism of BSA interacting with DAPC is probably static rather than
dynamic quenching, and originates from the formation of a complex between DAPC and
BSA.

In order to further prove that it was static quenching, the fluorescence data were further
analyzed using the Lineweaver—Burk equation [32]:

Fo 1 n 1

Fo—F fKwslQ f

in which Kj g is the static quenching constant and F, and F are the same as above. The

double-reciprocal plot of Fy (Fy — F)~! versus [Q]’1 is shown in Fig. 3 and K g calcu-
lated from the slope are listed in Table 2.

Table 2 shows that the quenching constant (K| g) decreases with increasing temperature.

According to the literature [33], the quenching constant (K g) increases with the increasing

temperature due to the increased collision rate of molecules in the dynamic quenching
process. So, the static quenching mechanism is further verified.

(2)
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For the static quenching process, the binding constant (K,) and the number of binding
sites (n) can be calculated, as small molecules bind independently to a set of equivalent
sites, on a macromolecule by using the following equation [34]:

logyg [FO F] = log,y Kx — nlog;o[Q] (3)
where K, and n are the binding constant and the number of binding sites, respectively, and
[Q] represents the total concentration of quencher. Figure 4 shows the plots of logjo
[(Fy — F)~YF) against logo [Q], and the values of K, and n were obtained from the slopes
and intercepts of these plots and are listed in Table 2.

From the data in Table 2, it is clear that there is a strong binding force between DAPC
and BSA; the greater the K value, the more stable the complex. The decrease of binding
constant with increasing temperature indicates a decline in the stability of the DAPC
binding to BSA complex. The value of n, which represents the number of binding sites, is
close to two, indicating that two binding sites in BSA are accessible to DAPC. Also,
n decreases with increasing temperature, suggesting desorption of DAPC or the decom-
position of the BSA-DAPC complex.

3.2 Thermodynamic Parameters of the Binding Process

The interactions between a small molecule and a biological macromolecule are non-
covalent and include hydrogen bonding, hydrophobic force, electrostatic interaction, and
the van der Waals force. The standard enthalpy change (AH’), entropy change (AS®) and
Gibbs energy change (AG®) can be used to characterize the binding process. The ther-
modynamic parameters were calculated by the van’t Hoff relations [35]:

AH®  AS°
InK = — ﬁ + T (4)
AG® = —RTInK = AH’ — TAS® (5)

the plot of In K versus 1/T (Fig. 5) enables the determination of AH°, AS® and AG®, and
these values are presented in Table 3.

As shown in Table 3, AHC is small and negative, having a value of —15.0 kJ-mol ™%,
whereas AS° has a positive value of 57.0 J-mol~'-K™'. The negative enthalpy changes
(AH®) and positive entropy changes (AS°) indicate that the binding processes of DAPC to
BSA is entropically driven and exothermic. Ross and Subramanian [36] characterized the
sign and magnitude of the thermodynamic parameters associated with various individual
kinds of interaction that may take place in protein association process. From the water
structure viewpoint, a positive AS® value is generally thought of as an evidence for a

Table 2 The binding constants and the number of binging sites for BSA by DAPC at different temperatures

System T/IK Kx/10° L-mol ! n Ky 5/10° L-mol ™!
DAPC-BSA 298 K 4.03 1.69 3.19

308 K 3.27 1.65 2.03

318 K 278 1.63 1.17
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Fig. 4 Double-logarithm 0.6
relation of logo [(Fo — F)/F] O 298K
versus log;o[Q] 04l
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hydrophobic interaction because the water molecules that are arranged in an orderly
fashion around the DAPC and protein acquire a more random configuration [37]. The
negative value of AH® of —15.0 kJ-mol ™" observed in this experiment cannot be attributed
mainly to electrostatic interactions, since the value of AH is relatively small [13, 36].
Whenever there is a hydrogen bond in the binding reaction, a negative AH° value will be
obtained [36]. Therefore, it is not possible to account for the thermodynamic parameters of
the DAPC to BSA complex on the basis of a single intermolecular force. Meanwhile, for
the DAPC-BSA system, it is found that the main contribution to AG? arises from the AS°
term rather than from AH’. So hydrophobic interactions most likely play a major role in the
binding of DAPC to BSA, but hydrogen bonding cannot be excluded [36].

3.3 Energy Transfer Between DAPC and BSA

The overlap of the UV-Vis absorption spectrum of DAPC with the fluorescence emission
spectrum of BSA is shown in Fig. 6. It is apparent that the fluorescence spectrum of BSA
significantly overlaps with the UV-Vis spectrum of DAPC. According to Forster’s non-
radiative energy transfer theory [38], energy transfer takes place if the distance between
BSA and DAPC is smaller than 8 nm. It is well known that the distance between BSA and

Fig. 5 Van’t Hoff plot for the 13.0
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Table 3 The thermodynamic parameters of the interaction of BSA with DAPC

System T/IK AH°/K]-mol ™! AS®/3K-mol™! AG°/kJ-mol ™!
DAPC-BSA 298 —31.98

308 —14.97 57.02 —32.49

318 —33.13

DAPC can be calculated according to the Forster’s non-radiative energy transfer theorys;
the energy transfer efficiency (E) is not only related to the distance (r) but also to the
critical energy transfer distance (Ry) [39]:

F RS

Fy RO + 70
where r and R, represent the distance between acceptor and donor, and the critical distance

at which the energy transfer efficiency is 50 %, respectively. The value of R, calculated
using Eq. 7 is:

RS = 8.8 x 1072k * o] (7)

where k” is the spatial orientation factor that depends on the alignment of the donor and
acceptor dipoles, 7 is the refractive index and @ is the luminescence quantum yield. J is
the overlap between the emission spectrum of the donor and the absorption spectra of the
acceptor, and J is given by:

S F(A)ea(2)2t AL g
 OSSF(A)AAL (®)

in which F(2) is the fluorescence intensity of the fluorescent donor in the wavelength 1 to
A+AJ and &4 is the extinction coefficient of the acceptor at wavelength 4.

According to literature [40], K = 2/3, @o = 0.15 and n = 1.336 for BSA, and the
results calculated using Eqs. 68 are listed in Table 4.
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Figure 6 shows the large overlap of emission spectra of the donor BSA and the UV—-Vis
spectra of the acceptor of DAPC. The data in Table 4 show clearly that Ry and » diminish
gradually with the increase of DAPC concentration and both are less than 8 nm; mean-
while the energy transfer efficiency increases, indicating that BSA and DAPC get closer as
the concentration increases. All the results indicate that the energy transfer from BSA to
DAPC has a high probability.

3.4 Synchronous Fluorescence Spectroscopy Studies

Synchronous fluorescence spectroscopy provides information on the microenvironment of
chromophores in BSA. As we know, BSA emits fluorescence due to the presence of Tyr
and Trp residues. Thus, synchronous fluorescence spectra of BSA will provide information
about the Trp residues or Tyr residues when the wavelength interval (A7) are 60 or 15 nm,
respectively [41]. Figure 7 shows the fluorescence spectra of BSA with different con-
centrations of DAPC. With the addition of DAPC, a slight blue shift from 292 to 290 nm of
the maximum emission wavelength of Trp residues (A4 = 60 nm) appeared, the maximum
emission wavelength of Tyr residues at AL = 15 nm did not have a large shift (from 298 to
297 nm) indicating that the interaction of DAPC with BSA does not affect the microen-
vironment around Tyr residues, while the Trp residues are placed in a more hydrophobic
environment [37, 42]. There is a large hydrophobic cavity in subdomain IIA where both
Trp-212 and Tyr-263 residues are located, in which many substances may bind [43].
Therefore, the observation implies that the DAPC molecule may combine with Trp-212
and Tyr-263 of BSA. The shifted emission wavelength for the Trp and Tyr residues
suggests that DAPC has changed the conformation of BSA.

Figure 7 shows that the synchronous fluorescence intensities of Trp residues on BSA
decreased by 66.95 % at various concentrations of DAPC. The fluorescence quenching of
Tyr residues on BSA decreased by 46.28 % in the presence of DAPC. Thus, the fluores-
cence quenching of Trp residues is much larger than that of Tyr residues, which indicates
that Trp residues contributed more to the quenching of intrinsic fluorescence and DAPC is
more accessible to the Trp residues on BSA.

3.5 UV-Vis Absorption Spectroscopy

UV-Vis absorption can be applied to detect the structural changes of protein and under-
stand the complex formation process [44]. Therefore, the effect of various amounts of
DAPC on the structural changes of BSA was studied by UV-Vis spectra. As shown in
Fig. 8, upon addition of DAPC to BSA, the UV absorbance intensity of BSA at 280 nm
increased. It shows that the DAPC-BSA complex formed and the conformation of BSA
changed [45]. Moreover, it further confirms the quenching of BSA by DAPC is static

Table 4 Parameters of energy transfer between BSA (1.0 umol-L™") and DAPC of different concentration

Cp APC/pmoLL" J/107" em®-L-mol ™! E Ry/nm R/nm
1.00 11.52 0.35 2.61 2.90
2.00 449 0.54 2.23 2.17
3.00 2.88 0.70 2.07 1.80
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Fig. 7 Synchronous fluorescence spectra of the DAPC-BSA complex (Cgsa = 1.0 pmol-L™",
Cpapc = 5 umol-L™!, T = 298 K and pH = 7.40)

quenching, i.e., the fluorescence quenching of BSA arising from the DAPC-BSA complex
is predominant, while that from dynamic collision could be negligible [46]. Meanwhile, a
moderate blue shift (AL = 2-3 nm) of the maximum absorption wavelength appeared
upon addition of DAPC to BSA. This phenomenon indicates the conformation of BSA
changed, the polarity around the tryptophan residues increased and the hydrophobicity
decreased [40]. This conclusion agrees with the other results of conformational changes by
UV-Vis spectra [47].

3.6 Circular Dichroism

CD spectroscopy is a quantitative technique to monitor the conformational changes of
protein upon interaction with small molecules. Figure 9 shows CD spectra of BSA with
different concentrations of DAPC. It is obvious that the pure BSA exhibites two strong
double minimum signals at 220 and 208 nm, which correspond to the characteristic signals
of the a-helix structure of BSA [48]. With the addition of DAPC to BSA, the intensity of

Fig. 8 UV-Vis absorption 0.10
spectra of BSA in various
concentrations of DAPC.
(Cgsa = 1 pmol-L™7, 0.08
Cpapc = 5 pmol- L™,
T = 298 K and pH = 7.40)
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Fig. 9 CD spectra of DAPC 15
interacting with BSA
(Cpsa = 1 pmol-L™", 1ol

Cpapc = 5 l»lmOI'Lil’
T = 298 K and pH = 7.40)
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the double minimum signals of a-helicity of BSA decreased, indicating that the o-helix
content decreased when DAPC is bound to BSA [49]. The results can be expressed in terms
of the mean residue ellipticity (MRE) in deg-cmz-dmolfl, according to the following Eq. 9
[50]

Oob
0 = —= 9
10 10nlC, ®)
where 0, is the CD in millidegrees, n the number of amino acid residues (583), / the path
length of the cell (0.1 cm), and C, is the mole fraction. The o-helical content can be
calculated from the [0] values at 208 nm using the following Eq. 10 [51]:

% — helix (%) = — 2o =4, 000

"~ 33,000 — 4,000 (10)

According to the above equations, the percentage o-helix content of BSA was calculated.
The results indicate that the o-helix content of BSA changed from that of 55.0 % for free
BSA to 38.3 % for the BSA-DAPC system. The decreasing a-helix content suggests that
the binding of DAPC with BSA induces a slight unfolding of the constituent polypeptides
of the protein, some secondary-structure changes in BSA, and the exposure of some
hydrophobic regions (which were earlier buried) increased. This is consistent with the
results of the synchronous fluorescence.

4 Conclusions

In this work, the interaction between DAPC and BSA was investigated by different
spectroscopic techniques including fluorescence spectroscopy, UV—-Vis absorption spec-
troscopy and circular dichroism spectroscopy. The results show that the fluorescence
quenching of BSA is initiated by DAPC and the quenching mechanism is static quenching.
In the binding of DAPC and BSA the hydrophobic interaction plays a major role. The
average binding distance between the donor (BSA) and the acceptor (DAPC) is less than
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8 nm. Furthermore, the secondary structure of BSA molecules is changed in the presence
of DAPC.
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