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As a frequently used neonicotinoid insecticide, imidacloprid can impair the chemoreceptive behavior of
honey bees even at sublethal doses, while the physiochemical mechanism has not been further revealed.
Here, multiple fluorescence spectra, thermodynamic method, and molecular docking were used to study
the interaction and the functional inhibition of imidacloprid to the recombinant CSP1 protein in Asian
honey bee, Apis cerana. The results showed that the fluorescence intensity (lem ¼ 332 nm) of CSP1 could
be significantly quenched by imidacloprid in a dynamic mode. During the quenching process, DH > 0, DS
> 0, indicating that the acting forces of imidacloprid with CSP1 are mainly hydrophobic interactions.
Synchronous fluorescence showed that the fluorescence of CSP1 was mainly derived from tryptophan,
and the hydrophobicity of tryptophan decreased with the increase of imidacloprid concentration. Mo-
lecular docking predicted the optimal pose and the amino acid composition of the binding process.
Circular dichroism (CD) spectra showed that imidacloprid reduced the a-helix of CSP1 and caused the
extension of the CSP1 peptide chain. In addition, the binding of CSP1 to floral scent b-ionone was
inhibited by nearly 50% of the apparent association constant (KA) in the presence of 0.28e2.53 ng/bee of
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Neonicotinoid insecticides, being the pesticide most widely
used in the world in recent thirty years, can inhibit the bioactivity
of the insect nicotinic type acetylcholine receptor as part of the
nervous system of insects [15]. Although the neonicotinoid in-
secticides exhibit broad-spectrum systemic characteristics, high
neurotoxicity of pests and low toxicity to humans and animals [16],
they can be highly toxicant to some beneficial insects such as honey
bees. For example, the mean acute oral toxicity (AOT) LD50 values of
imidacloprid at 72 h is 69.68 ng/honey bee [17].

Recent more evidences have indicated that the exposure to field
level pesticides can affect honey bees on learning performance,
behavior, and neurophysiology, although they do not cause direct
mortality (so called sublethal effect) [18]. While these sublethal
doses do not kill individual bees, they may seriously influence on
the activities and functioning of the whole bee colony [19,20].
Recently there have been some noteworthy reports that sublethal
doses of insecticide treatment can dramatically cause changes in
the transcriptional level of insect CSPs genes, such as the up-
regulation of CSP8 in the diamondback moth, Plutella xylostella,
treated with permethrin [21], CSP1 and CSP2 in the silkworm,
Bombyx mori, treated by avermectins [22], and CSP1 in the whitefly,
Bemisia tabaci, treated with neonicotinoid thiamethoxa [23]. These
studies showed that insect CSPs seem to be able to respond to in-
secticides, while it remains still unknown whether the insecticides
interact directly with CSPs, thus affecting their chemoreceptive
functions.

The Asian honey bee, Apis cerana, has a sensitive developed
sense of chemoreceptive and olfactory system to prefer the wide
range of flowers, including wild plants [24]. In the previous study,
the chemosensory protein CSP1 was found to be highly expressed
in the antennae of worker honey bee, and had a strong affinity with
natural semiochemicals such as b-ionone. It indicates that CSP1 is a
typical chemoreceptive protein involved in the chemosensory
system of A. cerana [25]. As the exposure to sublethal doses of
neonicotinoid imidacloprid have been widely evidenced to impair
chemoreceptive associative behavior involved in foraging, olfactory
learning, memory and other advanced cognitive functions of
worker honey bees [26e28], in this study, by means of the com-
bined multiple fluorescence spectroscopy, thermodynamics and
docking analysis, we first demonstrated the direct interaction be-
tween imidacloprid and CSP1 as well as the functional inhibition of
CSP1 binding to natural semiochemical in vitro. The evidences
initially not only elucidate the molecular basis of neonicotinoid
insecticide at sublethal dose level affecting and impairing the
chemoreceptive function of honey bee, A. cerana, but also provide a
theoretical explanation for the chemoreceptive response of honey
bees under sublethal neonicotinoid insecticide stress.

2. Materials and methods

2.1. Chemicals and reagents

Imidacloprid (>97% purity) (the chemical structure is shown in
Fig.1(A)) and b-ionone (>98% purity) were both purchased from TCI
co. Japan, and dissolved in spectroscopic pure grade methanol
(Tedia, USA) to prepare 1.0 � 10 �3 mol L�1 stock solutions, and
stored at 4 �C in the dark. Milli-Q water (18.2 MU, Millipore, US)
was used throughout, and all the other solvents and chemicals used
in this study were of analytical reagent grade.

2.2. Preparation of recombinant CSP1 protein

CSP1 gene was amplified by RT-PCR form worker bees antennae,
then cloned into pMD18-T vector [29]. The CSP1 gene was then
cloned into pET-32a (þ) vector and transformed into BL21 (DE3)
competent cells for expression of CSP1 protein. After induction with
the concentration of 1 mmol L�1 IPTG, the recombinant CSP1 pro-
tein was purified by affinity chromatography on a ProteinIso™
Ni2þ-NTA Resin column, and dialyzed by using PBS buffer (pH 7.4)
for 72 h at 4 �C to obtain soluble recombinant CSP1 protein. The
final concentration of CSP1 was measured by Bradford method,
then quantified to be 1 mmol L�1, and stored at �20 �C until use.

2.3. Multiple fluorescence spectra of CSP1 protein with imidacloprid

(1) Fluorescence quenching spectroscopy. Fluorescence
quenching spectra were obtained by using RF-5301pc type
fluorescence spectrophotometer (Shimadzu, JP). The fluo-
rescence excitation wavelength is 281 nm, the fluorescence
emission and excitation slit width is 5 nm, and the scanning
range is 290e500 nm. The CSP1 recombinant protein was
diluted to 1 mmol L�1 with PBS buffer (pH 7.4), and added to
the quartz cuvette with 1 cm width. The CSP1 protein was
continuously titrated by 1 mmol L�1 imidacloprid, and the
fluorescence emission spectra of the protein were recorded
until the maximum fluorescence intensity no longer
decreased. The thermodynamic experimental temperatures
were set at 284 K and 294 K, respectively.

(2) Synchronous fluorescence (SF) spectra. The SF spectra of
tyrosine and tryptophan in CSP1 were recorded at Dl (lex -
lem) ¼ 15 and 60 nm, respectively. The polarities change of
the binding microenvironment were determined when imi-
dacloprid binding to CSP1 protein.

(3) Ultraviolet absorption (UV) spectra. The UV spectra were
obtained by using UV-1800 type UV-vis spectrophotometer
(Shimadzu, JP). The UV spectra of CSP1 and the mixture of
CSP1 and imidacloprid with equal ratio were measured at a
wavelength of 190e400 nm.
2.4. Circular dichroism (CD) spectra

CSP1 was titrated with different concentrations of imidacloprid,
and the CD spectra were scanned in the range of 200e250 nm. The
molar ratio of protein to imidacloprid was 1: 0, 1: 0.5 and 1: 4,
respectively. The secondary structure changes of CSP1 were
calculated from the CD spectroscopic data by the SELCON3 program
[30].

2.5. Molecular docking analysis

The interaction pattern between the protein and the small
molecule ligand can be analyzed by molecular docking [31]. The
predicted three-dimensional crystal structure of CSP1 was obtained
based on the homologous prediction from Mamestra brassicae
CSPMbraA6 crystal structure (PDB entry code, 1n8v) [32] via the
SWISS-MODEL server [33]. The 3D structure of imidacloprid was
obtained in NCBI (registration code: 638014). By using Molegro
Virtual Docker (MVD) 4.2 software (beta trial), the imidacloprid
was docked into the predicted binding cavity of CSP1 crystal
structure. The search and scoring criteria of optimal binding poses
were calculated and evaluated based on the MolDock Optimizer
and MolDock Score, respectively [34].

2.6. Functional inhibition of CSP1 by imidacloprid

The 1 mmol L�1 CSP1 protein solution was titrated with
10 mmol L�1 b-ionone in the same method as in section 2.3-(1)
above. The fluorescence emission spectra were recorded until the
fluorescence intensity at the maximum emission wavelength of the
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CSP1 protein was completely quenched. The gradient ratio mixture
of CSP1/imidacloprid (1:0, 1:1, 1:5, 1:9, and 1:13 mmol L�1) were
titrated with 10 mmol L�1 b-ionone under the same conditions,
respectively. The binding constants of b-ionone with different ratio
mixture of CSP1 with imidacloprid were calculated and compared.
3. Results and discussion

3.1. Expression of recombinant CSP1 protein and fluorescence
quenching spectra

The plasmid pET-32a (þ)/CSP1 was transformed into the
competent BL21 (DE3) E. coli. After induced by IPTG, and purified by
Ni2þ-NTA column, the recombinant CSP1 protein was obtained
through the thorough dialysis in PBS. The result of SDS-PAGE
electrophoresis of protein induction and purification was shown
in Fig. 1, Lane 1 and lane 2 shows that the whole of lysis bacterial
proteins including pET32-CSP1 plasmid without and with induc-
tion of 1 mmol L�1 IPTG. Lane 3 was the purified recombinant CSP1
protein. The molecular weight of recombinant CSP1 protein is
about 28 KD, and the purity reached above 95%.

When imidacloprid was titrated into the recombinant CSP1
protein system, as shown in Fig. 2(A), the fluorescence emission
spectra of CSP1 were quenched at the maximum emission wave-
length of about 332 nm, with the increase of imidacloprid con-
centration. It indicated that imidacloprid could regularly quench
the intrinsic fluorescence of CSP1 protein. That is, there was an
occurrence of the binding interaction between imidacloprid and
CSP1.
3.2. Synchronous fluorescence spectra

In order to further study the micro-conformational changes of
the two major fluorescent amino acids (Tyrosine and Tryptophan)
in CSP1 interacting with imidacloprid, synchronous fluorescence
scanning was performed when Dl ¼ 15 and 60 nm, respectively.
Both of the wavelengths reflect the tyrosine and tryptophan resi-
dues in the binding site of the fluorescence characteristics,
respectively [35]. In addition, the change in the polarity of the
protein binding site can be evaluated by the change of the
Fig. 1. SDS-PAGE of induced and purified recombinant CSP1 protein. M represents
protein molecular weight marker. Lane 1 and lane 2 shows that the whole of lysis
bacterial proteins including pET32-CSP1 plasmid without and with induction of
1 mmol L�1 IPTG, respectively. Lane 3 shows that the purified recombinant CSP1
protein, which is pointed by a black arrow on the right of the figure.
maximum emission wavelength.
As shown in Fig. 2(B and C), tryptophan fluorescence intensity

was significantly higher than tyrosine, indicating that the fluores-
cence intensity of CSP1 mainly from tryptophan. With the increase
of imidacloprid concentration, tryptophan fluorescence quenching
is more intense than tyrosine, suggesting that tryptophan plays a
major role in the quenching process and is closer to the binding site.
In addition, the maximum emission wavelength of tryptophan
produced the red shift Fig. 2(C), indicating that the tryptophan
residue of the hydrophobicity of the microenvironment is reduced
and the polarity is increased [36]. In contrast, the maximum
emission wavelength of tyrosine is essentially constant, so the
polarity does not change (Fig. 2(B)). The above shows that trypto-
phan is mainly involved in the interaction of CSP1 with imidaclo-
prid, which is consistent with other reported chemosensory
proteins [37], pheromone binding protein [38], even serum albu-
min [39], and so on.

3.3. Fluorescence quenching mechanism

Fluorescence quenching due to different mechanisms can be
divided into dynamic quenching and static quenching [40]. Dy-
namic quenching is a quenching phenomenon caused by excitation
energy in the excited state, which is the result of molecular colli-
sion. Static quenching is caused by the stable complex formed by
the ground state fluorescent substance and quencher [41]. Dynamic
quenching was performed using the Stern-Volmer equation [42]:

F0

F
¼ 1 þ Kqto½Q � ¼ 1 þ Ksv½Q � (1)

Where F0 is the fluorescence intensity of the fluorescent material
when imidacloprid is not added; F is the fluorescence intensity of
the fluorescent substance when the quencher concentration is
equal to [Q]; Kq is the fluorescence quenching rate constant; (The
average lifetime of the bioprospector is about t0 ¼10 �8 s); Ksv is the
Stern-Volmer dynamic quenching constant [43]. The fluorescence
intensities at 284 and 294 K were measured, respectively. As shown
in Fig. 3(A) and Table 1, the Ksv value increased with increasing
temperature, indicating that the quenching mechanism was dy-
namic quenching. Since dynamic quenching is produced by mo-
lecular diffusion, the higher the temperature, the more
intermolecular collisions [44].

The dynamic binding between the protein and the small
molecule ligand does not form a complex, and the mixing system
will remain stable, which means that the UV absorption spectrum
of the protein will remain constant after the addition of the small
molecule ligand [45]. As shown in Fig. 3(B), the UV absorption peak
shape of CSP1 showed almost no change after addition of imida-
cloprid in equimolar concentration (1 mmol L�1), indicating that
CSP1 did not form a complex with imidacloprid, further confirming
its quenching mechanism as dynamic quenching. Interestingly, this
dynamic binding of imidacloprid to CSP1 is quite different from the
previously reported static binding of imidacloprid to odorant-
binding protein ASP2 in A. cerana [46], suggesting that the inter-
action patterns of these two chemoreceptive proteins of insects
with imidacloprid are different.

3.4. Thermodynamic analysis

In general, weak interactions between macromolecules and
small organic molecules mainly include hydrogen bonds, van der
Waals forces, electrostatic interactions and hydrophobic in-
teractions [47]. The above forces are related to the following ther-
modynamic parameters:



DG ¼ �RT ln K ¼ DH � TDS (2)

DH ¼ RT1T2 ln
�
K0;2

�
K0;1

�

T2 � T1
(3)

DS ¼ ðDH � DGÞ=T (4)

DG, DH and DS are the change of Gibbs free energy, enthalpy change
and entropy change, respectively. When DH <0 and DS <0, it is
shown that the two functions are based on hydrogen bond and Van
der Waals force. When DH > 0 and DS > 0, the effect is based on the
typical hydrophobic interaction. When DH < 0 and DS > 0, they are
generally hydrophobic and electrostatic forces [48]. The thermo-
dynamic parameters of CSP1 and imidacloprid were calculated as
shown in Table 1. Since DG < 0, the binding between CSP1 and
imidacloprid was based on the spontaneous effect of the decrease
of free energy. Since DH > 0 and DS > 0, it is shown that the main
driving force of the interaction is hydrophobic force. This hydro-
phobic interaction is consistent with the interaction between ASP2
and imidacloprid [46], suggesting that imidacloprid has similarity
to the action of insects chemoreceptive proteins.



Table 2
Individual residue contribution in CSP1 that interacts with imidacloprid.

Residues interacted Site Number Epaira

Phe 44 �24.1035
Gln 63 �16.0482
Asp 9 �9.4608
Phe 43 �9.3838
Asp 40 �8.6277
His 47 �7.3377
Ile 62 �6.9446
Val 11 �4.0133

a Epair: hydrophobic and electrostatic forces energy between a ligand atom and a
receptor atom.
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3.5. Circular dichroism (CD) spectra

CD spectroscopy is always used to study the secondary structure
change of protein when binding with small molecule ligands [49].
The double negative peaks at 208 and 222 nm are typical CD
spectral characteristics of the a-helix structure in the protein [50].
As see in Fig. 3(C), the double negative peaks of CSP1 declined with
the increase of imidacloprid concentration, indicating that the
binding of imidacloprid resulted in the change of the secondary
structure, that is, the extension of peptide chain of CSP1 protein.
This is also similar to the interaction of ASP2 and imidacloprid,
indicating that the changes of secondary conformation of the two
proteins to imidacloprid are similar [46].
3.6. Molecular docking

According to the CSPMbraA6 crystal structure (PDB ID, 1n8v) of
Mamestrabrassicae [32], the three-dimensional crystal structure of
CSP1 was obtained by using the SWISS-MODEL algorithm. The
sequence alignment of CSP1 and CSPMbraA6 (1n8v) is shown in
Fig. 4(B). According to the MolDock energy score (Table 2), the
optimal model for the binding of CSP1 to imidacloprid was esti-
mated and shown in Fig. 3(A). Based on this model, there were 8
major amino acids predicted in the interaction between CSP1 and
imidacloprid, including four hydrophobic residues (Val11, Phe43,
Phe44, and Ile62), one polar neutral residue (Gln63), 2 acid residues
(Asp9 and Asp40), and one basic residue (His47) (Fig. 3(A)). From
Fig. 3(A), imidacloprid is also close to the two tryptophan (Trp 73
and Trp82) in CSP1, which is consistent with the results that
tryptophan mainly contribute the fluorescence emission in section
of CSP1 synchrotron fluorescence spectra (Fig. 3(B)).
Fig. 4. Molecular docking of CSP1 with imidacloprid (A) and the Double-Log plots of the
(A). Imidacloprid interacts with residues located on a-helices as well as N-terminal flexible re
tryptophan residues. (B). Amino acid sequence alignment between CSP1 and CSPMbraA6 (1n
tryptophan residues are labeled by blue letters. 4 conserved cysteines are shown as yellow sh
b-ionone was 10 mmol L�1 (final concentration of imidacloprid is 0, 1, 5, 9, and 13 mmol L�1

157 mmol L�1, in turn). (For interpretation of the references to colour in this figure legend,
3.7. Functional inhibition of CSP1 by imidacloprid

For the further investigation of imidacloprid affecting the
function of CSP1 in vitro, 10 mmol L�1 b-ionone was titrated with
1 mmol L�1 CSP1 protein solution as well as a serious of mixture of
imidacloprid and CSP1 protein in different proportions (molar ratio
of CSP1: imidacloprid was 1:1, 1:5, 1:9 and 1:13, respectively).
When excited at 281 nm, the fluorescence emission spectra and the
fluorescence intensity at the maximum emission wavelength of
332 nm were recorded. The apparent binding constant KA was
calculated by the double Log equation below [51]:

lg
F0 � F

F
¼ lgKA þ nlg½Q � (5)

Where F0 is the fluorescence intensity of the fluorescent substance
when the quencher is not added; F is the fluorescence intensity of
the fluorescent substance when the quencher concentration is
equal to [Q]; KA is the apparent binding constant; n is the number of
binding sites. According to Fig. 4(C) and Table 3, the apparent
fluorescence of the mixture of CSP1 and imidacloprid quenching by b-ionone (C).
gion. Red represents the residues that provide hydrophobic interactions. Blue represent
8v). The 8 residues of CSP1 interacting with imidacloprid are labeled by red letters. Two
adow. (C). The concentration of CSP1was 1 mmol L�1, and the tittering concentration of
, respectively. The final concentration of b-ionone is 20, 30, 40, 50, 60, 76, 93, 125 and
the reader is referred to the web version of this article.)
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