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Abstract 

Based on mimicking biological olfaction, biosensors have been applied for the detection of various 
ligands in complex environment, which could represent one of the most promising research fields. 
In this study, the basic characters of one insect odorant binding protein (OBP) as a biosensor were 
explored. To explore the molecular recognition process, the tertiary structure of the protein was 
modeled and the protein-ligand interactions with 1,536,550 chemicals were investigated by the 
molecular docking. The availability of large amount of recombinant SlitOBP1 overcame the diffi-
culty to obtain biological sensing material. After obtained the purified recombinant protein, the 
result of fluorescence binding assays proved the candidate protein has good affinities with the 
majority of the tested chemicals. With the aid of simulation docking, the key conserved amino 
acids within the binding site were identified and then mutated to alanine. After mutation, the 
protein-ligand binding characteristics were recorded, and the competitive binding assays were 
carried out to provide experimental verification. The detailed information on its structure and 
affinities investigated in this study could allow the design of specific mutants with desired char-
acteristics, which provides a solid base for tailoring OBP for biosensor and provides a role model 
for screening the other elements in olfactory system for different applications. 

Key words: Odorant binding protein, Biosensors, Molecular simulation, Fluorescence binding, Site-directed 
mutagenesis. 

Introduction 
The demand for versatile technologies that can 

be used as sensors for the detection of volatile chem-
icals has rapidly increased in the last decade for var-
ious applications, including homeland security [1], 
environmental pollution control, health and wellness 
[2]. These sensors possess features including preci-
sion, reversibility, selectivity, low cost, versatile 
sensing and compactness [3]. Biological olfactory 
system are highly sensitive and have broad detection 
spectra [4], and thus represent excellent candidates for 

biomimetic sensors [5-8]. Indeed, the sensor based on 
biological olfactory system only requires a protein 
with reversible binding capability [9]. However, in-
tensive efforts have been taken to determine the 
pharmacological profile and ligands specificities of 
individual olfactory receptors, until now, only a few 
studies focus on the odorant binding proteins (OBPs). 
OBPs are important components of chemosensory 
system [10, 11, 12], and have attracted increasing at-
tention in recent years due to their great potential as 
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biosensing elements [13-15]. Indeed the increasing 
understanding of biochemical, physiological and be-
havioral aspects of ligands sensation could promote 
the development of biosensor [16, 17]. The exceptional 
stability of OBPs to thermal denaturation and prote-
olytic degradation also made these proteins ideal for 
use in sensing devices [18, 19]. However, there are 
only limited research papers describing the basic 
characteristics of OBPs as biosensors.  

In fact, in insects, OBPs have two major roles: 
detection and delivery of chemical stimuli. They are 
associated to olfaction, chemoreception and highly 
concentrated in the lymph of chemosensilla in insects 
[20]. Insect OBPs have a highly conserved folding 
pattern that is completely different from their coun-
terparts in vertebrates [19]. Particularly, the accurate 
detection of surrounding environment is crucial for 
insects to survive, thus, many insects have developed 
intricate, sensitive and specific tuned olfactory sys-
tems to detect the differentiate compounds at high 
resolution [21, 22]. Moreover, due to the high com-
plexity of the chemical language used by Spodoptera 
litura to communicate, investigation of the olfactory 
system in OBPs of this insect is of particular interest 
and insect OBPs are perhaps best known in the order 
Lepidoptera [23]. Each OBP could recognize a range 
of semiochemicals with vastly different molecular 
shapes and sizes, functional groups, charge, hydro-
phobicity and even concentration [24]. A better un-
derstanding of the selectivity of these OBPs towards 
different semiochemicals could facilitate the design of 
sensor for specific chemicals. 

Previously, Spodoptera litura OBP1 was cloned 
and the expression was investigated by our team. The 
OBP1 showed distinct conservation in the evolution 
and this specific protein showed 78.1%, 87.6% and 
79.9% identity to the OBP1 of the Helicoverpa assulta, 
Heliothis virescens and Helicoverpa armigera, respec-
tively [25]. In addition, among the 16 known OBPs in 
S. litura, OBP1 was found to be up-regulated in re-
sponse to several chemicals (Unpublished data), 
which indicated it equipped diverse sensing abilities. 
Together with previously established characteristics, 
the OBP1 from S. litura is a promising candidate. In 
this study, a three dimensional (3D) model of OBP1 
was constructed by homologous modeling, and the 
plausible binding modes between the model protein 
and 1,536,550 molecules were then inferred by dock-
ing simulation to determine its affinities to different 
molecules. Large amount of chemicals were screened 
in this study to demonstrate the binding activities of 
SlitOBP1 as a multisensor, and using the identified 
binding characters, the SlitOBP1 could be specifically 
modified to use as biosensors in monitoring certain 
ligands. This study demonstrated insect OBPs have 

broad ligand sensing capabilities and can be modified 
to be used as specific chemical biosensors to provide 
foundation for fabricating biosensor as well as other 
biotechnological applications and to provide a potent 
method for building multisensor device for ligands 
discriminations. 

Materials and Methods 
Insect 

An artificial diet was applied for rearing S. litura 
(F.) [26] at 25 ± 1 ℃ in a 14:10 light : dark photoperiod 
and 60–70% relative humidity (RH). The new 
emerged adults were transferred to Chinese cabbage 
[Brassica campestris L.ssp. Chinensis (L.)] and raised at 
25 ℃ and 60-70% RH. Three and four days after 
emergence, the adult moths were used for extraction 
of RNA. 

Chemicals 
The Available Chemicals Directory (ACD, 

Asinex Ltd Moscow, Russia), comprising 1,579,000 
compounds, were used to investigate the binding af-
finities of SlitOBP1 in simulation docking. 21 ligands 
with the highest purity were purchased from Sigma 
(St Louis, USA) and stored according to the manu-
facturer’s instructions to investigate the lig-
and-binding activities of SlitOBP1. 

Sample preparation and RNA isolation 
The total RNA from S.litura was extracted by the 

E.Z.N.A.TM total RNA isolation system kit (Omega, 
USA) according to the manufacturer's instructions. 
The M-MLV reverse transcriptase (TaKaRa, China) 
and oligo(dT)18 was used to transcribe the isolated 
RNA to first-strand cDNA at 42 ℃ for 60 min. After 
heating at 95 ℃ for 5 min, the reaction was terminat-
ed, and then stored at -20 ℃. 

Alignment and homology modeling  
A blast search of the full length of cloned 

SlitOBP1 (accession number EF159978) was conduct-
ed against the current Protein Data Bank (PDB; 
http://www.rcsb.org) to find structural template. The 
initial model was constructed by DS MODELER [27] 
in Discovery Studio 2.1 (Accelrys Software Inc.). To 
refine the initial homology model, the CHARMm 
force field was employed and three energy minimiza-
tion procedures were processed. After performing 
1000 steps of steepest descend (SD) and 2000 steps of 
conjugate gradient (CG) minimization, a molecular 
dynamic (MD) simulation was carried out to examine 
the quality of the model structure. First, minimization 
was carried out while all of the hydrogen atoms were 
relaxed and the other atoms were fixed. Then, the 
side-chains were energy-minimized while the main 
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chain was restrained. Finally, minimization was per-
formed while all the atoms were relaxed. The 
non-bond cutoff distance of 7 Å was used, and the 
long-range electrostatic interaction was calculated 
using the spherical cutoff method [28]. The final 3D 
model was evaluated by PDF total energy, verify 
score [29] and Ramachardran plot [30].  

Molecular docking 
The compounds in the Available Chemicals Di-

rectory (ACD) database were screened by the 
Lipinski’s rule of five in the ISIS BASE. The ‘rule of 
five’ stated that: poor absorption or permeation are 
more likely when: there are more than 5 H-bond do-
nors (expressed as the sum of OHs and NHs); The 
MWT is over 500; The log P is over 5 (or MLogP is 
over 4.15); There are more than 10 H-bond acceptors 
(expressed as the sum of Ns and Os). The active site 
pockets of the receptor were found automatically by 
the Binding site in Discovery Studio 2.1. Binding site 
uses a CHARMm-based molecular dynamics scheme 
to seek for the optimal binding sites for docking [31]. 
Based on the analysis of the geometry shape of the 
surface of the protein, the cavity which could bind to 
the substrate was identified, and the potential binding 
sites were predicted. Then, the optimal binding site 
was chosen based on the shape and location of the 
cavity, the location of the residue and the conserved 
acid amino. A site sphere radius was set to assign the 
entire binding pocket. Other parameters were set as 
default. The docking program Ligandfit and 
CDOCKER were used to perform the automated mo-
lecular simulation. The ‘Number of Monte Carlo Tri-
als’ and ‘Energy Grid’ in the Ligandfit were used to 
first round screening. Electrostatic energy was ex-
cluded in the calculation of the ligand internal energy. 
Other parameters were set as default, the Extension 
from site was set as 3.0, the Nonbonded cutoff dis-
tance was set as 10.0, the Maximum internal energy 
was set as 10000, the RMS threshold for ligand/site 
match was set as 2.0, the rigid body SD iterations was 
set as 10, the Rigid Body BFGS iterations was set as 20, 
and four scoring function were applied. Subsequent-
ly, the CDOCKER was used for second screening. The 
Top hits was set as 10, the Random Conformations 
was set as 10. The top compounds were ranked by the 
corresponding values of -CDOCKER energy, 
-CDOCKER interaction energy, -PLP1 and Ligscore1, 
and all the values were preserved to find the most 
probable binding mode. During the analysis of the 
screened chemicals, the two scoring functions, PLP1 
and LigScore1 appeared to be more precisely than 
other two functions. After evaluating the scores, con-
formation and detailed binding mode by these two 
functions, and combining with other two, 21 chemi-

cals were selected for the subsequent analysis. 

Expression of Recombinant and Purification 
for SlitOBP1 

By using gene-specific primers with the re-
striction enzyme sites (F-5’-CGCGAATTCATGTTG 
CTGTTGTTGCGCGC-3’, R-5’-CCGCTCGAGTCAGC 
GCGCCTCAGCCTCCA-3’), the sequence encoding 
SlitOBP1 was amplified with ExTaq DNA polymerase 
(TaKaRa, Japan). By T4 DNA ligase (Takara, China), 
the PCR product was connected to pET28a (Invitro-
gen, US) and then transformed to BL21 (DE3) compe-
tent cells (Takara, China). After the identification by 
PCR, the positive clone was inoculated in liquid LB 
overnight at 37 ℃. When its OD600 reached 0.4-0.6, 1 
mM Isopropyl-D-thiogalactoside (IPTG) was added to 
incubate for another 12 h at 28 ℃. The total protein 
was purified from the supernatant by affinity chro-
matography using HisTrap columns (GE Healthcare). 
After dialysis in Tris-HCl (pH=7.4) overnight, the 
Bovine Enterokinase was used to remove the His-tag. 
The purified protein was collected and examined by 
12% SDS–PAGE and Western blot. Bradford method 
was used to determine protein concentration [32].  

Fluorescence-Based Ligand Binding Assays 
The F-4500 FL Fluorescence Spectrophotometer 

(HITACHI) was used to record fluorescence spectra in 
a 1 cm light path quartz cuvette at 23 ℃. The slit 
width of 5 nm was used for excitation and emission. 
The final 21 ligands of different structure and rational 
binding modes appeared in four scoring functions, 
and available to purchase, were selected to be the 
candidates in the competitive binding assay. Chro-
matographic purity grade methanol was used to dis-
solve the fluorescent probe N-phenyl-1-naphthy-
lamine (1-NPN) and all ligands used in competition 
experiments. By exciting the fluorescence of 2 μM 
1-NPN in 50 mM Tris-HCl at 337 nm, the affinity of 
1-NPN to SlitOBP1 was measured and recorded the 
emission spectra between 350 nm and 480 nm. In 
presence of SlitOBP1 at 2 μM and 1-NPN at 2 μM, the 
affinities of the selected 21 chemicals were measured 
by competitive binding assays by adding ligands from 
0 to 20 μM. All values reported were obtained from 
three independent measurements. 

To calculate the binding constants, the corre-
sponding to the maximum fluorescence emission was 
plotted against the ligand concentrations. The amount 
of bound ligand was measured using the values of 
fluorescence intensity with a stoichiometry of 1:1 
protein: ligand. The curves were linearized by 
Scatchard plots. The dissociation constants of the 
competitors were calculated using the corresponding 
IC50 values according to the equation: Ki = [IC50]/(1 + 
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[1-NPN]/K1-NPN), where [1-NPN] is the free concen-
tration of 1-NPN and K1-NPN is the dissociation con-
stant of the complex protein/1-NPN [33]. 

Simulation of site-direct mutagenesis 
All the residues which were within 4.0 Å dis-

tances around the molecule in the molecular docking 
were represented as sites of binding, and the binding 
free energy between the active site and ligand was 
calculated by the Calculate Interaction Energy pro-
gram. When the absolute values of Van der Waals 
forces interaction energy and Electrostatic interaction 
energy with ligands were above 2.5 kcal/mol [34], or 
formed hydrogen bond or conjugation effect with the 
ligands, the amino acids were considered as key res-
idues and were selected for mutagenesis study. These 
key residues were mutated to alanine, respectively. 
The structural models of the mutants were 
re-constructed by Discovery Studio as described pre-
viously. The binding activities were measured by the 
simulation docking as previously described. The 
downrange of the scores in docking were calculated 
by the formula: 

The downrange score after mutation (%)= (The 
score before mutant- The score after mutant) / (The 
score before mutant) ×100 

Molecular dynamics was applied to evaluate the 
stability of the binding. The model was used the 
TIP3P force filed [35]. Na+ and Cl- were added to reg-
ulate the value of PH. The Energy minimization for 
optimization of residue geometry was applied until 
the gradient tolerance was satisfied.  

Expression of mutants 
The SlitOBP1 protein was mutated to yield the 

mutants SlitOBP1 Trp37 (tryptophan to alanine), 
SlitOBP1 Phe12 (phenylalanine to alanine), SlitOBP1 
Ile52 (isoleucine to alanine), SlitOBP1 Thr9 (threonine 
to alanine), SlitOBP1 Glu98 (glutamic to alanine) by 
using the quickchange site-directed mutagenesis kit 
(Agilent) as the recommended procedure. The correct 
insertion of mutations was verified by DNA se-
quencing. Expressions of the proteins were carried 
fout as described previously. SDS-PAGE was used to 
monitor protein expression and purification. The 
binding activities were also investigated by the com-
petitive binding assays as previously described. 

Results 
Molecular modeling 

In order to obtain a template for modeling the 
structure of SlitOBP1, we searched the PDB database 
using the amino acid sequence of SlitOBP1 as query. 
There were 35 hits in total and the best one was the A 
chain of Bombyx mori GOBP2 which showed a con-

sistency of 53%, similarity of 72%, E-value of 
1.05167E-59, and bit score of 225.713. In addition, the 
full length of this template protein was 141 amino 
acids, the resolution was 1.40 Å, which meet the re-
quirement of the homologous modeling. Therefore, 
the solution structure of GOBP in Bombyx mori (PDB 
code: 2WCJ) was selected as template (Fig. 1A) and 
the 3D model of SlitOBP1 was predicted by homology 
modeling using the alignment between SlitOBP1 and 
BmorGOBP. After refinement, the heavy atoms root 
mean square deviation (RMSD) between the model 
and the template was 1.5 Å up and down fluctuations, 
suggesting that the differences between the model 
and the template in the overall structure were negli-
gible (Fig. 1B). The Verify Score of the final SlitOBP1 
model determined by Profiles-3D was 66.29 (Fig. 1C), 
which is close to the expected verification score of 
64.68. The Verify Score of the final SlitOBP1 was 
above 0, and the Ramachardran plot showed the 
structure of 99.3% amino acid residues were in al-
lowed regions (Fig. 1D), implying that the overall 
quality of the predicted SlitOBP1 structure was relia-
ble.  

Six α-helices were present in the predicted 3D 
structure of SlitOBP1, located between residues 1-24 
(A), 33–38 (B), 46-79 (C), 83-101 (D), 107-126 (E) and 
134-139 (F). Three pairs of disulfide bridges connected 
Cys19 and Cys54, Cys50 and Cys108, Cys97 and 
Cys117 (Fig. 1E). In this model, the hydrophilic resi-
dues were mostly present on the surface of the pro-
tein, while the hydrophobic residues formed a hy-
drophobic cavity inside of the protein (Fig. 1F). 

Molecular docking 
Based on the principle of five rules in the ISIS 

BASE, the unreasonable and repetitive compounds 
were removed and the 1,625,185 compounds were 
used for the subsequent screening. Five potential 
binding sites were identified by the Binding site pro-
gram (Fig. 2). The one was chosen as the binding site 
for screening for its localization in the hydrophobic 
cavity, and other binding sites were deviated from the 
cavity. After evaluated by the five scoring functions, 
the 20% default ligands (the ligands could form the 
complex with the receptor protein) stand for 42% of 
the total number. This suggested that the method and 
parameters setting applied in this screening is rational 
and efficient. After docking by the Ligandfit, 1,536,550 
compounds could be docking successfully with the 
SlitOBP1. By the established method, the top 20% 
compounds ranking by the Consensus Score were 
selected for the second screening. Subsequently, 23765 
out of 23940 compounds were docking successfully by 
the CDOCKER. The compounds without the CAS 
numbers were ruled out, and the final 2040 com-
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pounds were selected. Based on the scoring functions, 
including -CDOCKER interaction energy, -CDOCKER 
energy, -PLP1 and LigScore1, the ranking top 100 
compounds were shown in the Table 1. These com-
pounds, which could bind to SlitOBP1, displayed a 
variety of different structures, including terpenoids, 
linear aldehydes, ketone, and aromatic compounds. 

The results showed the SlitOBP1 possesses broad 
spectra of ligand-binding activities to many com-
pounds in various applications. The result of detailed 
binding mode of one selected chemical (45234-02-4) 
with the protein was showed in Fig. 3.  

  

 

 
Figure 1. Three-dimensional (3D) model of SlitOBP1. (A)Sequence alignment of SiltOBP1 and BmorOBP. Strictly identical are highlighted with red background. (B) 
Root-mean square deviation obtained from the 1 ns molecular dynamics trajectory for SlitOBP1. (C) The Verify Score (Profile-3D) of the protein model of SlitOBP1. Residues 
with positive compatibility score are reasonably folded. (D) The Ramachandran plot of SlitOBP1. (E) The model of the SlitOBP1. Ribbon represented the selected conformer of 
the SlitOBP1. The three disulfide bridges are represented as yellow sticks. The secondary structures are labeled. A, B, C, D, E, F showed the six α-helices. (F) The hydrophobic 
and hydrophilic model of the SiltOBP1. The protein was folded and formed a spherical structure. The solid surface of the protein was covered by the hydrophilic residues, while 
the hydrophobic residues formed a hydrophobic cavity in inside of the protein (the white mesh surface). 

 

 
Figure 2. The five binding sites prediction of SlitOBP1. The five binding sites were identified based on the Binding Site Program in DS. The green one was represented as 
Binding site 1, the red one was for Binding site 2, the blue one was for Binding site 3, the purple one was for Binding site 4 and the white one was for Binding site 5. 
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Figure 3. Detailed binding mode of one selected chemical (45234-02-4) with the SlitOBP1. (A) The binding mode between the ligand and SlitOBP1; (B) The position 
of 45234-02-4 in the binding pocket of SlitOBP1; (C) The 3D binding mode between 45234-02-4 and the key residues in the SlitOBP1; (D) The 2D binding mode between 
45234-02-4 and the key residues in the SlitOBP1. The arrows point to the hydrogen bonds, and conjugated effects were showed by yellow lines. 

 

Table 1. Chemicals screened by four score functions in the docking analysis with SlitOBP1. 

CAS No. -CDOCKER 
energy 

-CDOCKER 
Interaction energy 

-PLP1 LigScore1 CAS No. -CDOCKER 
energy 

-CDOCKER 
 Interaction energy 

-PLP1 LigScore1 

375-95-1 5.66456 38.6991 92.32 2.72 678-39-7 12.0627 40.6552 90.46 1.29 
754-96-1 14.7061 41.5673 93.99 2.88 865-79-2 8.13773 39.7778 91.82 2.83 
2342-09-8 10.4978 35.2783 87.04 2.52 2545-89-3 65.1184 43.2304 76.22 4.07 
5545-52-8 53.468 43.9979 80.33 1.31 5891-53-2 70.7165 42.5603 72.4 2.45 
6099-08-7 58.9235 40.5716 72.36 2.18 10567-86-9 23.4187 32.8927 70.36 3.45 
15080-84-9 49.5768 41.7062 70.14 2.14 17355-09-8 53.8239 43.7485 70.44 2.85 
20556-13-2 58.3522 41.7623 69.74 3.28 23680-31-1 48.4742 41.8875 69.35 1.45 
24305-27-9 42.031 48.771 79.74 2.5 30670-30-5 14.3854 40.0041 89.06 2.53 
42406-77-9 42.2214 37.7094 76.02 1.5 45234-02-4 70.5762 38.7205 72.96  2.97 
157843-41-9 9.39257 42.3274 82.27 3.41 203303-01-9 15.3247 37.8305 85.54 2.59 
430447-82-8 49.3832 39.6555 76.22 1.91 145-13-1 -17.066 48.341 75.36 3.31 
298-25-9 -6.811 51.013 67.29 3.45 974-23-2 -13.646 48.085 68.93 3.29 
97970-92-8 44.108 46.643 75.11 3.6 18797-79-0 -1.93 48.604 83.49 2.3 
50-24-8 -29.79 47.565 77.92 2.96 53-03-2 -17.895 48.297 77.04 3.26 
3546-11-0 25.128 43.484 77.76 3.83 898792-70-6 21.233 42.774 82.88 1.89 
5220-98-4 25.443 49.026 75.47 2.46 474-45-3 -7.417 47.362 75.51 3.15 
3788-44-1 57.871 46.901 75.49 3.79 516-54-1 -5.032 49.098 76.06 3.11 
37481-42-8 31.588 45.445 82.44 1.98 75522-73-5 11.787 46.752 78.41 2.06 
655256-70-5 24.284 45.997 76.16 3.6 80-75-1 -13.706 46.877 77.04 3.18 
1923-27-9 1.291 48.813 78.64 2.77 2681-55-2 -9.172 46.323 76.15 3.13 
596-69-0 -70.85 44.134 75 2.73 975-53-1 -26.872 49.709 79.06 3.36 
103335-41-7 -5.825 48.346 78.29 2.84 4777-62-2 -20.033 50.85 80.3 3.29 
1239-31-2 5.09 47.713 80.84 2.71 23930-19-0 -1.695 50.498 75.75 3.31 
1482-78-6 -4.581 48.931 79.12 2.84 1600-76-6 -9.031 46.425 81.35 2.72 
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38398-44-6 -7.135 51.478 80.82 3.11 10388-62-2 -71.942 44.895 75.7 2.63 
3684-84-2 -3.216 45.385 82.21 3.25 22733-60-4 -10.97 46.621 76.02 3.11 
35100-44-8 -18.866 48.178 79.19 2.95 19427-36-2 -7.934 47.701 80.58 3.24 
103303-35-1 -23.264 49.377 79.87 3.2 82419-52-1 31.319 42.116 76.37 3.13 
264218-23-7 5.133 40.165 78.34 2.83 566-42-7 -17.567 48.278 80.88 3.82 
641-78-1 -13.068 47.328 76.24 2.79 1000776-27-1 46.836 52.262 80.15 2.65 
143691-84-3 14.767 49.475 79.53 4.08 75263-33-1 39.288 49.301 77.73 2.43 
56258-32-3 21.974 44.602 84.84 3.43 1241-87-8 18.77 45.665 80.06 3.82 
124858-35-1 30.042 48.353 89.21 2.7 71795-44-3 35.502 47.371 80.02 2.33 
317807-10-6 19.695 42.542 78.37 2.43 75530-60-8 13.451 51.474 83.8 3 
806-29-1 -18.711 45.22 81.24 3.01 433690-46-1 35.43 49.76 81.93 3.11 
533922-44-0 34.501 46.763 82.18 3.64 571-67-5 -3.522 43.374 82.71 2.58 
532940-59-3 26.991 47.063 85.01 2.93 435282-71-6 31.114 45.625 80.64 3.52 
34061-33-1 10.708 38.643 70.23 2.14 913835-39-9 32.066 39.347 72.31 3.31 
957060-97-8 31.913 38.511 70.17 3.27 72666-14-9 30.778 39.451 69.72 3.93 
520-17-2 23.067 37.483 68.93 2.71 72617-60-8 -15.525 38.467 68.02 2.83 
1881-37-4 0.168 38.988 71.87 2.81 331759-58-1 36.648 38.6 75.12 3.03 
67034-83-7 -15.668 43.242 71.73 3.1 946049-56-5 31.732 38.083 76.39 2.96 
3569-77-5 28.344 38.857 68.79 3.35 4747-99-3 38.789 42.468 67.33 3.47 
21178-57-4 -0.063 39.578 74.35 3.57 145915-60-2 2.558 37.71 83.67 3.36 
5189-96-8 -5.336 40.639 69.93 3.21 89875-86-5 -20.632 36.333 69.09 2.66 
38734-38-2 12.374 43.012 76.64 2.28 98067-16-4 27.058 44.607 66.55 2.67 
53-43-0 -15.654 43.182 71.73 3.1 175448-32-5 -9.385 36.938 69.51 3.13 
532940-59-3 27.684 45.391 85.01 2.93 913835-39-9 32.066 39.347 72.31 3.31 
21178-57-4 -0.66 38.778 67.46 3.33 530133-81-4 20.029 39.874 91.04 2.98 
161987-77-5 10.727 36.739 78.46 2.32 36271-80-4 -4.822 41.479 77.9 3.07 

 
 

Fluorescence Binding Assays 
The SlitOBP1 was induced and expressed suc-

cessfully (21.9 μg/μl). The purified protein was re-
solved as a single band with molecular weight of 25 
kDa as determined by SDS-PAGE and Western blot 
(Fig. 4A (a)&(b)). By titrating SlitOBP1 with increasing 
concentration of 1-NPN, a saturation and linear 
Scatchard plot (Fig. 4B) were observed. The SlitOBP1 
could bind to the probe with a dissociation constant of 
3.237 ± 0.20 μM (Fig. 4B). By using 1-NPN as the flu-
orescent reporter, the affinity of SlitOBP1 to a series of 
compounds was measured (Fig. 4C&D). The IC50 
values (the concentration of the ligand that yielded 
50% of the initial fluorescence value) and calculated 
binding constants were reported in Table 2. The 
SlitOBP1 showed high affinities with most of the 
tested compounds, including 375-95-1, 50-24-8, 
53-03-2 and 865-79-2, while some chemicals showed 
no binding potential to the receptor protein, such as 
2342-09-8 and 30670-30-5. 

 

Table 2. Key residues of the interaction between SlitGOBP1 and 
candidate compounds. 

Interaction Key residues 
VDW interacton 
energy 

Thr9, Phe12, Ile52, Met68, Ile94, Phe118, Leu61, Leu62, 
Phe12,  Phe36, Phe33, IAla115, Trp37, Val114 

Electrostatic in-
teracton energy 

Arg110, Ser56, Thr73, Thr9, Arg110, Met5, Glu98 

hydrogen bond Thr9, Trp37, Ser56 
conjugated effect Phe12, Ala115,  Phe118, Phe33 
The marked bold represented the selected key residues for the following experi-
ment. 

 

Key residues and simulation of site-directed 
mutagenesis 

The structural studies provided insight into the 
ligand-binding mechanism of SlitOBP1. During the 
binding of SlitOBP1 with various ligands, the hydro-
gen bond, van der Waals interactions, electrostatic 
force and conjugative effect were crucial for binding 
activities. After docking with the screened com-
pounds, nine amino acids of SlitOBP1 were identified 
as key residues for the ligand binding specificity (Ta-
ble 3). The nine key amino acids were mutated to ala-
nine, respectively, and the binding activities of each 
mutant to the 21 compounds were evaluated. The 
result showed the Phe12, Ile52, Ile94 and Phe118 
could affect the formation of Van der Waals interac-
tions, while Thr9, Trp37, Ser56, Glu98 and Arg110 
could affect the formation of electrostatic force and 
hydrogen bond, eventually could affect the confor-
mation of the cavity to the final binding affinities of 
the protein. The results showed majority of the scores 
of binding activities of mutations were reduced sig-
nificantly, which suggested these key residues could 
be responsible in regulating the binding activities of 
the SlitOBP1 to the compounds. The Table 4 showed 
the docking scores of partial compounds by compar-
ison of the wild type model and mutant model. The 
analysis of 1 ns molecular dynamics revealed that 
these complexes of SlitOBP1 and compounds were 
stable, which suggested the obtained result was relia-
ble (Fig.5A&B).  
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Table 3. Fluorescence competitive binding affinities of selected 
components to recombinant SlitOBP1. 

Ligands CAS SlitOBP1 
  IC50 Ki 
Alcohols    
1H,1H,2H,2H-perfluoro-1-decanol 678-39-7 5.97 3.69 
1H,1H,10H,10H-perfluoro-1,10-decanediol 754-96-1 6.68 4.13 
1H,1H,9H,9H-perfluoro-1,9-nonanediol 203303-01-9 9.45 5.84 
Acids    
Perfluorononanoic acid 375-95-1 6.08 3.76 
9-Chlorohexadecafluorononanoic acid 865-79-2 6.00 3.73 
H-Lys-Glu-OH 45234-02-4 5.86 3.62 
H-Glu-Lys-OH 5891-53-2 - - 
H-Gly-Tyr-Gly-OH 6099-08-7 6.11 3.78 
H-Phe-Met-OH 15080-84-9 - - 
H-Lys-Ile-OH 20556-13-2 7.52 4.65 
H-Tyr-Glu-OH 2545-89-3 - - 
N-Cbz-L-Aspartic acid 4-tert-butyl ester 5545-52-8 6.70 4.14 
Ketones    
1,2-Dehydrocortisone 53-03-2 5.00 3.09 
Delta-5-pregnenolone 145-13-1 14.77 9.13 
11β,17α,21-trihydroxypregna-1,4-diene-3,20-
dione 

50-24-8 5.02 3.10 

Heterocyclic compounds    
16,17-epoxypregnenolone 974-23-2 8.28 5.12 
Corynoline 18797-79-0 - - 
Pyr-His-Pro-NH2 24305-27-9 7.18 4.44 
L-Tyrosine benzyl ester 42406-77-9 7.23 4.47 
Others    
Perfluorosebaconitrile 2342-09-8 - - 
1H,1H,2H,2H-perfluorodecylamine 30670-30-5 - - 

 
 

Site-directed mutagenesis of SlitOBP1 and 
binding specificities of mutants 

 By the site-directed mutagenesis, the residues 
(Phe12, Ile52, Thr9, Trp37, Glu98) were replaced with 
the alanine. When analyzed by SDS-PAGE, the ex-
pressed mutant protein showed band with similar 
molecular weight with wild-type protein (Supple-
mentary Fig. 1). Probed by 1-NPN, the saturation and 
linear Scatchard plot was observed, and saturation 
binding curves analysis revealed that the dissociation 
constants for 1-NPN to mutants Phe12, Ile52, Thr9, 
Glu98 and Trp37 were 6.78 ± 0.25 μM, 5.43 ± 0.31 μM, 
4.21 ± 0.19 μM, 3.67 ± 0.25 μM and 4.54± 0.28 μM, re-
spectively. Affinities of the mutant proteins to these 
21 chemicals were measured by competitive binding 
assays. The result showed that, after mutanting the 
key amino acids, many ligands could not compete 
with 50% of the 1-NPN even when their concentration 
reached 20 μM. Interestingly, in mutant Phe12 and 
Ile52, all the ligands could not bind to the OBP1. As 
predicted by computer simulation, most of the ligands 
showed poor binding affinities to the mutants, while 
some chemicals also showed better binding activities, 
such as the 6099-08-7 with mutant Thr9, mutant Glu98 
and 678-39-7 with mutant Trp37 (Fig. 6).  

 

Table 4. comparison between the docking score using original model and mutant model. 

Mutant 
amino acid 

CAS No. Decreasing auplitude of 
score after mutant (%) 

Mutant 
amino acid 

CAS No. Decreasing auplitude of 
score after mutant (%) 

Mutant 
amino acid 

CAS No. Decreasing auplitude of 
score after mutant (%) 

Phe12 42406-77-9 7.37  974-23-2 15.38  53-03-2 19.11 
 974-23-2 64.76  754-96-1 39.70  50-24-8 12.82 
 754-96-1 40.04  53-03-2 -0.73  2545-89-3 3.67 
 53-03-2 27.54  50-24-8 6.08  6099-08-7 -6.84 
 50-24-8 13.70  2545-89-3 3.06  865-79-2 45.33 
 2545-89-3 4.15  6099-08-7 -9.06 Trp37 754-96-1 23.66 
 20556-13-2 4.15  20556-13-2 0.02  53-03-2 37.71 
 45234-02-4 5.84  45234-02-4 -0.61  50-24-8 17.79 
 24305-27-9 14.87  24305-27-9 13.82  2545-89-3 5.59 
 678-39-7 48.92  678-39-7 29.77  6099-08-7 -0.63 
 375-95-1 112.54  375-95-1 16.61  678-39-7 -0.41 
 5545-52-8 13.67  5545-52-8 1.55  5545-52-8 6.64 
 865-79-2 43.73  865-79-2 20.39  865-79-2 38.21 
Ile52 974-23-2 17.22 Phe118 42406-77-9 -0.69 Ser56 42406-77-9 -2.34 
 754-96-1 27.26  974-23-2 20.37  2545-89-3 -0.11 
 53-03-2 26.82  754-96-1 26.04  6099-08-7 -2.53 
 50-24-8 7.82  53-03-2 45.92  20556-13-2 6.19 
 2545-89-3 -0.58  50-24-8 15.24  45234-02-4 2.20 
 6099-08-7 0.68  6099-08-7 -1.05  24305-27-9 5.38 
 45234-02-4 3.07  20556-13-2 6.51 Glu98 974-23-2 36.12 
 24305-27-9 2.02  24305-27-9 1.86  2545-89-3 2.63 
 678-39-7 17.08  678-39-7 6.38  6099-08-7 -9.45 
 375-95-1 44.88  375-95-1 30.92  375-95-1 -82.33 
 5545-52-8 5.24  5545-52-8 2.77 Arg110 754-96-1 -10.06 
 865-79-2 79.73  865-79-2 35.38  53-03-2 35.25 
Ile94 42406-77-9 -11.82 Thr9 754-96-1 1.63  50-24-8 6.95 
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Figure 4. Competitive binding study of SlitOBP1 to a series of selected compounds. (A) Expression and purification of SlitOBP1. (a) The blot showed one specific 
band at around 25 KDa in agreement with the predicted value. SlitOBP1 was induced and expressed in pET-28a vector. Purification was accomplished by HisTrap affinity columns; 
Lane 1-2 showed the protein after renaturation; Lane 3-6 showed purified inclusion body of the protein. M: molecular weight marker of 20.1, 29.0, 44.3, 66.4 and 97.3 KDa. (b) 
Western blot analysis of the SlitOBP. Immunoblotted with serum (diluted 1: 2000) and visualized by ECL. M: molecular weight marker of 20.1, 29.0, 44.3, 66.4 and 97.3 KDa. 1: 
control. 2: Purified protein. (B) The binding curve of 1-NPN and relative Scatchard plot analysis (inset). To measure the affinity of 1-NPN to SlitOBP1, the fluorescence of 2 μM 
1-NPN in 50 mM Tris-HCl was excited at 337 nm and emission spectra were recorded between 350 nm and 480 nm. Then, 2 μM of protein was added and titrated with aliquots 
of 1 mM 1-NPN to final concentrations of 2 to 20 μM. The experiment was replicated for at least three times, and the data were analyzed using Prism software and indicated the 
presence of a single binding site. The dissociation constant was 3.237 (±0.20 SEM). (C)&(D) The solution was excited at 337 nm. Competitive binding of the selected ligands with 
SlitOBP1. Final solutions of 2 μM SlitOBP1 protein and 2 μM 1-NPN were titrated with 1 mM solution of each ligand in methanol to final concentrations of 0-20 μM. The figure 
reported averages of three replicates.  

 

Discussion 
Far and wide, the inspired biosensor offers po-

tential applications for environmental monitoring, 
agriculture, anti-bioterrorism, disease diagnostics, 
and food safety [36]. The intrinsic properties of OBPs 
make them excellent candidates for biosensors [17]. 
Ramoni et al [37] investigated the possibility of uti-
lizing a mutant of OBP as nano-biosensors for the 
indication of hazardous compounds. Pietrantonio et al 
[13] presented biosensors for vapor phase detection 
based on surface acoustic wave resonators coated 
with OBPs [17], and a biosensor based on OBP was 
designed with its ligands detected by electrochemical 
impedance sensing [12]. The application of these pro-
teins in ligands detection is very appealing, and the 
focus of this study is to explore an insect OBP on the 
basis of its broad binding activities. Moreover, the 

design of mutants with desired characteristics enables 
more specific and efficient detections.  

The way in which organisms detect volatile 
compounds within the environment has been of in-
terest to scientists for decades [38]. For their crucial 
role of OBPs in olfaction, structural properties are the 
main target of future investigations. Homology mod-
eling is an efficient method for 3D construction, which 
can provide a structural basis for evaluating and de-
signing ligand sensors [36]. As demonstrated in this 
study, the SlitOBP1 is composed of six α-helical do-
mains arranging in a very compact structure, which 
encloses a hydrophobic cavity. Compared to verte-
brate OBPs, the presence of three interlocked disul-
phide bridges in insect OBPs confers limited flexibility 
to the structure, which prevents insect OBP from 
thermal denaturation and proteolysis [19]. This long C 
terminus structure of SlitOBP1 may be enough to 
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form the seventh α-helix as previously mentioned 
[20,38], which could form a “molecular switch” at low 
pH to provide a fast, efficient way of releasing the 
ligand and restoring the functionality of the biosensor 
element [19].  

The OBPs could be presented as ideal sensor 
material due to their versatile sensing and detecting 
abilities. The identification of potential binding modes 
and poses can be obtained by the molecular docking 
accurately [40]. To investigate the ligand binding 
process, the molecular recognition was simulated by 
molecular docking [41]. Based on the conformation of 
protein and ligands, the detailed binding modes were 
doped out. The method described previously in the 
Cheng [42] was applied for the parameter settings in 
the Ligandfit, and the results showed the binding ef-
ficiency was depended on the number of Monte Carlo 
Trials and different energy grid. For screening the 

chemicals in the first round by the 
Ligandfit, the scoring function, the 
PLP1 showed better evaluation ability 
than others. By taking the PLP1 scoring 
function as the prior evaluation, the 
number of chemicals is reduced from 
1,536,550 to 23,940 by the first round 
screening, only accounting for 1/64 of 
the original number. Thus, the molec-
ular docking could be applied for 
eliminating improper ligands [36]. In-
stead of reducing the number of the 
chemical, the aim of the second round 
screening is to identify the chemicals 
which have better and more rational 
binding mode with the protein. Alt-
hough the simulation method applied 
here could not identify the best bind-
ing candidate, it still represents a reli-
able, convenient and rapid way to 
screen the candidate chemicals. 23765 
out of 1,625,185 compounds were 
found to have good affinities with 
SlitOBP1, including aliphatic alcohols, 
ketones, aldehydes, esters and acid, as 
well as heterocyclic and aromatic 
compound derivatives. It is significant 
to investigate the dynamic state by the 
molecular dynamics simulation con-
sidering the ligand and the receptor 
protein as a complex as all the proteins 
are dynamic in solution and have 
structural flexibility. In this study, the 
complexes of the protein and the 
compounds were investigated by the 
1ns molecular dynamics simulation. 
The potential energy and root-mean 

square deviation showed the compounds could form 
stable complex with the protein. The fact that 
SlitOBP1 can bind to large number of natural and 
synthetic structurally unrelated organic compounds 
suggests that the protein can be applied to detect di-
verse chemicals in many fronts, including threatening 
compounds for human health in the air and in water, 
volatile organic compounds (VOCs) or chemicals 
have potential impact on climate and long-term health 
effect.  

To validate the reliability of simulation docking, 
the top 21 ligands of different structure and rational 
binding modes appeared in four scoring functions 
were selected to be the candidate ligands in the com-
petitive binding assay. In the previous studies, the 
compounds used as binding candidate ligands with 
the tested OBPs were sex pheromones and plant vol-
atiles, and the aim is at illuminating the role of OBPs 

 
Figure 5. Evaluation of the complexes by molecular dynamics. (A) Potential energy with respect to 
simulation time for 1ns molecular dynamic of the complex of SlitGOBP1 with partial selected candidates; (B) 
Root-mean square deviation obtained from the 1ns molecular dynamics trajectory for the complex of 
SlitGOBP1 with partial selected candidates. 
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in the perception of such chemicals in insect olfactory 
system [43,44]. To our knowledge, many compounds 
investigated here were the first time used to evaluate 
the use of OBP as a biosensor. These compounds were 
selected based on their relevance to environment, bi-
ology and biosensor, etc. For example, the chemical 
678-39-7 was reported to have the ability to combine 
bioaccumulative potential, toxic effects and extreme 
persistence [45], the chemical 375-95-1 was reported to 
be water surface-active fluorocarbon derivatives [46], 
the 45234-02-4 was an excitatory transmitter of major 
significance in the mammalian central nervous system 
[47], the chemical 53-03-2 was applied for prostate 
cancer [48].  

Consistent with the result of the simulation 
docking, the SlitOBP1 could reversibly bind to most of 
identified chemicals in the competitive fluorescence 
binding assays. A number of compounds, namely, 
53-03-2, 45234-02-4, 375-95-1, 865-79-2 and 50-24-8, 
could effectively displace 1-NPN, suggesting that 
these compounds have high affinities with SlitOBP1. 
In line with results in the simulation docking, most of 
the selected compounds could bind to the protein. The 

only three exceptions are 2343-09-8, 30670-3-5 and 
15080-84-9, which may be due to the strengthening 
the fluorescence emission by Trp109 on the surface of 
the protein. Generally speaking, the aliphatic com-
pounds and ketone showed better consistency, while 
the heterocyclic compounds and chemicals with hal-
ogen showed opposite results against previous 
demonstrated in the simulation docking. This may be 
due to the complex structure and the formation of 
other covalent coordination bond. The consistency of 
the most tested chemical compounds between the 
simulation docking and experimental data suggested 
the result of the molecular docking was reliable and 
the method could be applied in the future screening to 
save manpower and time. Moreover, the results 
demonstrated the OBP possesses board affinities to 
bind and detect various chemicals. The broad binding 
activities of OBP is presumably due to the peculiar 
characteristics of its ligand binding site, i.e., a hydro-
phobic cavity lined with hydrophobic amino acid 
residues. The fact that the 20 lipophilic amino acids 
exist inside the protein may explain its binding activ-
ities to some lipid solubility compounds. 

 
Figure 6. Binding affinities of the ligands to the SlitOBP1 mutants. (A) Binding affinities of mutant Thr9. (B) Binding affinities of mutant Glu98. (C) Binding affinities of 
mutant Trp37. Final solutions of 2 μM SlitOBP1 protein and 2 μM 1-NPN were titrated with 1 mM solution of each ligand in methanol to final concentrations of 0-20 μM. The 
figure reported averages of three replicates. (D) The Ki values of the binding affinities. Values are means of three independent experiments. Ligands concentration > 20μM for 
half-maximal relative fluorescence intensity was represented as “-“. 
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Besides its broad binding spectrum, in particu-
lar, this class of proteins has another advantage that 
they can be easily modified by genetic engineering 
techniques to improve their binding specificities [49]. 
The results of the molecular simulation suggested that 
hydrogen bonds and electrostatic interaction played 
important roles in increasing the structural stability of 
the protein-ligand complexes. Oxygen atoms of many 
ligands, including 45234-02-4, 678-39-7, 754-96-1, 
could form hydrogen bond with the Thr9, Ser56, and 
Trp37, which lay in the middle of the binding pocket 
of the protein. The conjugative effect also plays an 
important role, for example, in the binding with 
chemical 45234-02-4, 24305-27-9, 2545-89-3 and 
20556-13-2. The surrounding residues, which were 
close to the interactions, were identified as key resi-
dues in the binding activities. After nine key amino 
acids were mutated to alanine, respectively, the 
binding activities of these mutants to the screened 
compounds were evaluated. The evaluations were 
important in assessing the matching degree between 
the ligand and SlitOBP1 in orientation and confor-
mation, as well as in comparing the binding modes of 
different ligands to the protein [50]. In this study, four 
scoring functions were applied to improve the result 
by reaching the assessment consistency. After mu-
tated these key residues, the mean value of the func-
tion scores showed that most of the docking results 
were lower than the wild-type complexes (Table 3). 
Moreover, the mutant of both Phe12 and Phe118 re-
sulted in lower docking scores to all the tested lig-
ands. The results suggested these amino acids could 
regulate the interactions between the protein and the 
ligands. Thr9, Trp37, Ser56, Glu98 and Arg110 seemed 
to be indispensable to the formation of hydrogen 
bonds and electrostatic interaction. The phenomenon 
was also observed in previous reports; for instance, 
Ser56 of BmorPBP [51], which was also identified as 
key amino acid at the binding entrance, and can in-
fluence the specific pheromone binding. In addition, 
the Ser52 and Thr57 of LUSH were found to be able to 
determine the binding specificity of LUSH by forming 
hydrogen bonds with hydroxyl of alcohol [52]. 
Moreover, a study proved that the Phe89 could con-
trol the access of a ligand inside the binding cavity of 
the protein [53]. Taking together, the results showed 
that these amino acids at the entrance or middle of the 
binding cavity are critical for determining the binding 
specificity of the protein. However, some of the 
docking results after these mutants showed better 
scores compared with previous ones. This may be due 
to the rearrangement and re-conformation of the 
binding cavity to form new binding site to the ligands 
with formation of non-covalent forces. And to provide 
practical verification, the competitive binding assays 

were carried out. None of the chemicals could com-
pete 50% 1-NPN, even when the ligand concentration 
reached 20 μM or higher after mutating the Phe12, 
Ile52. A possible and direct explanation is that the 
ligands could not be recognized by the mutant and 
could not enter in the binding cavity due to the loss of 
hydrogen bonding. The mutation of Thr9, Glu98 and 
Trp37 showed lower affinities towards most of the 
ligands compared with the wild type, which was 
consistent with the result of computer simulation. 
Perhaps because of the capacity of the mutant to es-
tablish new van der Waals interactions or other force, 
mutant Thr9, Glu98 and Trp37 showed a slight in-
crease in binding to some ligands. Some results 
showed inconsistency with the computer simulation, 
such as the binding activity of the mutant Thr9 to 
203303-01-9 and the mutant Glu98 to 50-24-8, this may 
be due to the complex binding mechanism or different 
binding mode of long chain chemicals, which needs 
further investigation. Overall, the selectivity and 
specificity of SlitOBP can be further increased by tar-
geted mutagenesis.  

OBPs possess many desirable features such as 
broad binding affinities to different structure com-
pounds and stable at different pH values, making 
them suitable for biosensors [54]. The fact that the 
OBP is able to interact with a broad range of com-
pounds could be effectively used in an olfactory ele-
ment-based biosensor [55,56]. In this study, we inves-
tigated the binding capabilities of SlitOBP1 using a 
combination of computer simulation methods, muta-
genesis, and competitive binding assay. As a result, 
SlitOBP1 showed specificities towards diverse organic 
compounds, which is promising for building a mul-
tisensor device for various ligands discrimination. 
Future work will focus on the strategy to adopt for 
transducing chemical information encoded in the 
molecule into electrical signals that could be easily 
measured, amplified and processed. Moreover, the 
exploration method of the SlitOBP1 in this study 
could provide a platform and role model to explore 
other elements in the olfactory systems as biosensor or 
other applications.  
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