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Highlights 

 We made field effect transistors with graphene-immobilized odorant-

binding proteins 

 Such devices respond to odorants with trends similar to those of the native 

protein 

 The biosensor is finely tuned to phenolic natural compounds, as the native 

protein 

 Protein mutants have been also investigated using the same approach 

 

 

Abstract 

We describe the fabrication and performance of a biosensor for odorants, using wildtype and 

engineered mutants of the Italian honeybee (Apis mellifera ligustica) odorant binding protein 

14 (OBP14), immobilized onto a reduced graphene oxide field-effect transistor (rGO-FET). 

The binding properties of the protein when immobilized on the biosensor are similar to those 

measured in solution, thus providing a method for measuring affinities to small molecules as 

an alternative to the current fluorescence assay. Out of the 14 chemicals tested, the best 

ligands for wildtype OBP14 were eugenol, homovanillic acid and related compounds sharing 

a phenol-methoxy backbone. Other chemicals, including methyl eugenol, showed affinities to 

OBP14 100-1000 times lower. We have also tested two mutants of OBP14. The first, bearing 

a HisTag at its N-terminus for better orientation on the sensor surface, showed only minor 

differences in its binding properties for chemicals when compared to the wildtype. The 

second contained an additional disulfide bond between helices α3 and α6, thus reducing the 

dynamics of OBP14 and leading to a higher affinity for eugenol. These data also 

demonstrate that it is feasible to produce biosensors with desired ligand specificities by 

introducing selected mutations into the structure of OBPs or other active proteins. 

 

Keywords: honeybee (Apis mellifera), odorant detection, odorant-binding protein, 

reduced graphene oxide, olfactory electronic biosensor, field-effect transistor  
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1. Introduction 

Insects detect and discriminate olfactory cues with specialized sensilla, mainly 

located on the antennae, through the action of membrane-bound olfactory receptors 

[ORs; 1,2] and soluble odorant binding proteins (OBPs). The latter are small acidic 

polypeptides (~13-16 kDa) highly concentrated in the lymph of the chemosensilla [3-

7]. Based on their ligand-binding properties, OBPs have been suggested to act as 

carriers for hydrophobic odorants and pheromones through the aqueous sensillar 

lymph to the odorant receptors, which are located in the membrane of olfactory 

neurons. Recently, however, evidence has been reported that OBPs might play 

additional roles assisting in the discrimination between different volatile organic 

compounds [8-14]. Moreover, functional studies with ORs expressed in heterologous 

systems provided evidence that the presence of the appropriate OBPs increases the 

sensitivity and selectivity of ORs to pheromones [15-18]. 

Thanks to recent genome and transcriptome projects, a high number of insect OBP 

sequences are available and three-dimensional structures have been solved for more 

than 20 of them [19-25]. In a few cases, as with OBP14 of the honeybee, ligands 

inside the hydrophobic cavity of the protein have been visualized by X-ray 

crystallography [24]. 

All OBPs share a common compact folding of six -helical domains, further stabilized 

by three interlocked disulfide bridges in classic OBPs and two bridges in so-called “C-

minus” OBPs, endowed with 4 or 5 cysteines [26,27]. As a consequence, the 

structure of OBPs is exceptionally stable to temperature, solvents and proteolysis 

[5,28,29]. These characteristics, combined with their simple and inexpensive 

production, make such proteins ideal and robust sensing elements for inclusion in 

artificial devices for environmental monitoring, medical diagnostics or food quality 

control [4]. 

A biosensor using an OBP or another binding protein would also offer an alternative 

label-free approach to measure binding affinities of odorant molecules. Currently, the 

most widely adopted method monitors the reduction in fluorescence [30-32], this 

approach needs a versatile fluorescent probe being capable to bind the protein and 

allowing to be competed by the odorant [5,33,34]. However, to validate the use of a 

biosensors for measuring binding constants, it is essential to demonstrate that the 

protein behaves similarly in solution and when immobilized on the sensing device. 
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In recent years, various biosensing devices mimicking the olfactory system have 

been developed [35-43] but only a limited series of studies using OBPs as target 

elements for the design of a ‘bio-electronic nose’ have been reported in the literature 

[44-48]. Following our first account, where we basically demonstrated the feasibility of 

the method [44], here we present the fabrication, operation, and quantitative 

characterization of a label-free biosensor for odorant detection based on reduced 

graphene oxide field-effect transistor (rGO-FET) functionalized with honeybee 

OBP14 as the active bio-mimetic sensing element [24,49]. Using our device, we have 

compared the specificity of the protein on the biosensor and in solution, and studied 

the responses of two OBP14 mutants, one featuring an additional disulfide bond, the 

second bearing an His-tag anchor for directional immobilization.  

 

2. Materials and methods 

2.1. Expression and purification of OBPs 

Preparation of OBPs, selection of ligands, binding studies in solution and 

immobilization of OBPs on the rGO surface are described in the supplementary 

information.  

 

2.2. Fabrication and electrical characterization of OBP-based biosensor devices  

The whole assembly process follows our previously reported protocol [44] and was 

quantitatively examined using spectroscopic methods as described before [44]. The 

biosensor was established in a field effect transistor configuration with an Ag/AgCl 

liquid gate-, an Au source- and Au drain-electrode evaporated onto the functionalized 

surface (Fig.1, A). Reduced graphene oxide was contacted with electrodes and 

covered with OBP14 using the specific linker (Fig.1, B). Recordings of eugenol with 

the described biosensor device showed the specific current dependence on the gate 

voltage: In the source-drain current versus gate voltage (ISD-vs-VG) scans one can 

clearly distinguish between the two ambipolar branches typical of graphene FETs: 

the cathodic scan is dominated by the hole mobility, while the anodic scan is 

determined by the electron mobility, separated by the Dirac voltage seen at ca. VG = 

0.4 V. The used source-drain voltage was VSD = 50 mV. Recording these ISD-vs-VG 

curves in aqueous solutions of ligands at different concentrations shows a distinct 

shift of the cathodic branch which we attribute to small variations of the electrical 

dipole of the OBP monolayer immobilized on the graphene gate surface upon the 
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binding of the ligands to the OBP. This significant concentration dependency appears 

for a range of gate voltages (cf. Fig.1C); for all kinetic and titration measurements 

(global analysis) the gate voltage was fixed to VG = -0.6V. The electrical properties of 

such FET devices were tested as described before [44,50,51]. 

The general procedure for the entire kinetic/titration experiments started with 

continuously flushing the detection area with pure buffer (1 mM PBS, pH = 8.0) until a 

stable baseline of the source-drain current was established. Subsequently, the 

biosensor was titrated with different odorant concentrations in the range of 100 nM – 

4 mM (depending on the ligand) and changes in source-drain current (ΔIDS) were 

monitored in real time (cf. Fig. 2). A flow rate of 300 µL/min was chosen in order to 

minimize mass transfer of the analyte to the sensor surface [52-54]. Typically, a 

solution with a certain odorant concentration was injected into the measuring cell and 

the odorant was allowed to interact with the immobilized OBP14 until equilibrium was 

reached, as indicated by a constant source-drain current. This process was repeated 

with odorant solutions of different concentrations until saturation of the surface with 

the target analyte was reached and no significant further changes in the source-drain 

currents were detected. Surface titration experiments were terminated by a final 

washing with pure buffer in order to dissociate ligands from their complexes with 

OBP14, resulting in a typically complete restoration of the initial baseline current. In 

almost all devices, a very moderate drift of the source-drain current was observed 

with time. For this reason, the drain current response curves were normalized by 

subtraction of the (interpolated) baseline current. Kinetic and equilibrium parameters 

of the above described kinetic/titration experiments were globally analysed using the 

Langmuir model as described previously [44]. 

 

3. Results  

3.1. Kinetic and titration experiments with WT-OBP14 

We first assembled a rGO-FET sensor, functionalized with the A. mellifera WT-

OBP14, and recorded its response to odorants applied in solution through the flow 

cell. As in our previous paper [44], we have decided to immobilize the sensing protein 

on a field-effect transistor (FET) on the basis that a three-terminal-device offers the 

possibility of determining a number of additional characterization parameters as 

compared to a simpler two-terminal-device (current measurements). Examples are 

electron and hole mobilities (μel and h), respectively, the threshold voltage (Vth), the 
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transfer function and others [55,56]. We have studied these aspects theoretically and 

experimentally for rGO FETs and their use in various settings in biosensing [54]. Fig. 

2 shows the results of a typical experiment. The variations in the source-drain current 

(IDS) of a rGO-FET during exposure to eugenol solutions from 10 M to 100 M are 

recorded in real-time. Rinsing with pure buffer between ligand applications brings the 

current signal back to the baseline level, indicating the reversibility of the process. 

Since eugenol is a neutral compound, we propose that binding of this ligand modifies 

the dipole distribution within the odorant binding protein immobilized on the gate, 

coupling capacitively to the conductive channel of the transistor.  

Most relevant for using this electronic device as a quantitative biosensor is the fact 

that the current change is related in a unique (and reproducible) way to the analyte 

occupancy of the binding pocket, which depends on its concentration in the bulk 

solution. The observation that the interaction is fully reversible is important, i.e. the 

analyte can be fully washed away by rinsing with buffer. This is a prerequisite for 

applying the Langmuir model for the quantitative analysis of the kinetic and 

thermodynamic equilibrium parameters of the system.  

In a second experiment, we titrated OBP14 immobilized on the same sensor with 

homovanillic acid solutions in order to construct a full Langmuir binding curve. As in a 

similar experiment reported in our previous paper [44], the sensor response was 

measured by monitoring changes in the source-drain current (ΔISD), while higher 

amounts of the odorant were successively applied as aqueous solutions through the 

flow cell (Fig. 3A). At each concentration step we can observe a change of ISD 

reaching a new stationary level. Plotting these values of the changes of the stationary 

currents, ISD, relative to their extrapolated maximum values, ISD,max, i.e. 

ISD/ISD,max, as a function of the applied concentration of homovanillic acid, 

produced a typical Langmuir binding isotherm (Fig. 3B). The data points can be well 

described by the equation: 

 

 = KA cHV/ (KA cHV + 1)                                               Equation (1) 

 

with the affinity constant KA = 2.5 105 M-1 (cf. red solid curve in Fig. 3B ).  

A closer inspection of the binding and dissociation events allows for the evaluation of 

the kinetic association and dissociation rate constants. Fig. 3C provides a detailed 

plot of the time dependent current change, ISD, from the steady state value reached 
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at 6 M ligand concentration to the new stationary level reached after increasing the 

bulk odorant concentration to 10 M with the solid line fit curve giving the 

corresponding rate constant.  

By plotting all measured k-values as a function of the bulk concentration of 

homovanillic acid we obtain a linear increase in the rate constants k (Fig. 3E) as 

predicted by the Langmuir model: 

 

k = kon cHV + koff                                                                          Equation (2) 

 

from which we can determine the on rate, kon, as the slope of the fit line, and koff  as 

the intersection with the y-axis. 

As an internal consistency check, the dissociation process can also be observed as 

an increase of the source-drain current (back to the background current) upon 

switching the bulk odorant concentration to zero, i.e. rinsing again with pure buffer 

through the flow cell (Fig. 3D). According to the Langmuir model (cf. Eqn 2 with cHV = 

0), the corresponding data can be fitted by a single exponential curve indicating that 

the dissociation rate constant koff = 0.008 s-1 and its error margins 0.0064 s-1 < koff < 

0.0096 s-1 are in good agreement with the extrapolated value from Fig. 3E. 

According to the Langmuir model, the relation between the rate constants and the 

affinity constant is given by:  

 

KA = kon / koff                                                                                   Equation (3) 

 

With the rate constants derived from fits to the data like those presented on Fig. 3E 

one obtains, according to Eqn. (3), a second set of affinity constants KA (or their 

inverse, i.e., the dissociation constants, Kd) that can be compared with those derived 

from titration experiments (Fig. 3B). Fig. 4 reports both sets of values, i.e., Kd,LI from 

the titration experiments (Langmuir isotherm plot) and Kd,kin from the kinetic runs (k 

versus c plot). We see that for each ligand the difference between the two values is 

lower than a factor of 3. Given the fact that one measurement is from an equilibrium 

titration experiment while the other is from kinetic runs with different doses of ligand, 

this agreement is satisfactory and confirms the assumption that the binding of 

odorants to OBPs is fully reversible and can be described by the Langmuir model. 
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3.2. Specificity of OBP14-functionalized sensor 

Using the electronic biosensor assembled with honeybee OBP14, we have measured 

the binding of some floral and pollen specific odorants, as well as structurally similar 

compounds. At the same time, all the necessary blanks and references have been 

included, whose results are reported in the supplementary information. We have 

used 14 ligands (Fig. 4), confirming and extending the results obtained in our 

previous work [44]. In particular, the data relative to the ligands homovanillic acid, 

citral, methyl eugenol and geraniol have been already reported in our previous paper 

[44], while the others are new. The crystallographic structure of OBP14 complexed 

with eugenol showed the importance of the hydroxyl group of the ligand, situated at 

the appropriate position to establish hydrogen bonds with the hydroxyl residue of 

Ser108 and the carbonyl group of Lys111 [24].  

 

To further verify and confirm this fact, we have included among our ligands 

compounds in which the hydroxyl group is either conserved or masked (Fig. 4). The 

measured affinity constants, as reported in Fig. 4, are derived from the Langmuir 

isotherm (Kd,LI, cf. equation 1) as well as from the reaction rate constants, Kd,kin, for 

each of the tested ligands (cf. equation 2) and are reported in the order: equilibrium 

affinity constants (in bold), kon, koff and Kd,kin, derived from the measured reaction rate 

constants. 

We can observe that:  

1. our ligands display affinity constants across 3 orders of magnitude; 

2. The affinity constants for ligands very similar in structure, e.g., eugenol and 

methyl eugenol, can vary by a factor of 35, indicating good selectivity of the 

sensor [44];   

3. all good ligands for OBP14 (homovanillic acid, coniferyl aldehyde, vanillyl 

acetone, methyl vanillate, coniferyl alcohol, vanillin, eugenol) share a phenolic 

group as a common structural feature; masking such group, as in the molecule 

of methy leugenol results in a substantial loss of affinity; 

4. all non aromatic structures proved to be non ligands for honeybee OBP14; 

5. between strong and weak ligands the dissociation rate constants, koff, vary by 

only a factor of three, while association rate constants, kon, span nearly 3 

orders of magnitude. 
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3.3. Binding of ligands to mutants of OBP14 

Further, we performed experiments with two mutants of OBP14. The first one, 

HisTag-OBP14, contained an additional segment of six histidines at its N-terminus. 

This modification was introduced with the aim of immobilizing the protein on the 

sensor surface in an oriented fashion, using a bifunctional pyrene-NTA-linker. As this 

mutant had not been described before, we measured its binding to the fluorescent 

probe N-phenyl-1-aminonaphthalene (1-NPN) in solution (cf. also Fig. S4) and found 

a lower affinity (Kd = 2.9 M) compared to the wild type protein (Kd = 0.32 M, cf. the 

solution binding data presented in Fig. S2) [24].  

The second mutant (S-S-OBP14) contains two additional cysteines, joined in a third 

disulphide bond, to reproduce the six-cysteine motive of classical OBPs and confer 

better stability to the protein [24,29]. 

Fig. 5 reports the results of binding experiments of eugenol to WT-OBP14 and its two 

mutants immobilized on the sensor. The affinity of this ligand to the wild-type OBP14 

was measured in our previous work [44]. Here, while we verified a good 

reproducibility of the results with the WT, we investigate the effect of mutations on the 

binding of this good ligand. In particular, we can observe that: 

1. the oriented immobilization of the HisTag-OBP14 did not generate a higher 

current signal, nor did it significantly modify the rate constants; instead, it 

produced a signal with a lower intensity when compared to the wild type 

protein immobilized through random links (Fig. 5 A and B). This effect could be 

due to an increased distance of the protein from the surface of the sensor 

when using the relatively long NTA spacer, thus reducing the capacitive 

coupling of the dipole changes produced by ligand binding to the rGO-FET 

measuring channel (Fig. 1B);  

2. the HisTag-OBP14 mutant shows only little differences in rate constants and 

affinity constants compared to the WT-OBP14 (cf. Table 1). This fact was 

observed with eugenol, isoamyl acetate and geraniol, representative of strong, 

medium and weak ligands, respectively (Table 1); 

3. in the double mutant (S-S-OBP14: Gln44Cys, His97Cys), the introduction of a 

third disulphide bridge strongly affects the binding properties of the protein 

(Fig. 5C). This can be seen in the shift of the Langmuir isotherm in Fig. 5D, as 

well as in the slope of the rate constants in Fig. 5E (cf. also the values for kon, 

koff, and Kd, given in Table 1). The increase in the binding strength by a factor 
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of 10 relative to the wild type is quite significant, and offers the possibility of 

modifying the binding properties of OBPs by site-directed mutagenesis. 

 

4. Discussion 

4.1. Affinity constants for ligands with a basic phenolic structure 

Using the honeybee OBP14 as sensing element, we have assembled an electronic 

device narrowly tuned to odorants containing phenolic structures. The presence of a 

free hydroxyl group in para position is essential for good affinity of the ligand to the 

protein. This group establishes a specific hydrogen bond with the carbonyl of Lys 

111, as shown in the crystal structure of OBP14 complexed with eugenol [24]. 

In a previous study using circular dichroism we had shown that ligands bound to 

OBP14 increase the thermal stability of the protein [29] (cf. Fig. S4). We had further 

demonstrated that the increase in thermal stability correlated with the binding 

strength of the ligand, being highest for phenolic compounds.  

Besides confirming such a structural specificity, the study presented here provides 

further support to the fact that the hydroxyl group is specifically essential for good 

fitting of the ligand to the protein, both in the biological system and in the rGO-FET 

device. In fact, homovanillic acid and coniferyl aldehyde, both endowed with a free 

hydroxyl group, proved to be the strongest ligands investigated. On the other hand, 

while eugenol is a strong ligand, its close derivative, methyl eugenol showed much 

poorer affinity. Moreover, we find another substitution pattern dependence that plays 

a major role in ligand recognition: Comparison of the two phenolic compounds, 

eugenol and homovanilic acid, which differ in terms of a carboxyl / ethenyl 

substitution, shows a ~6 fold difference of affinities (Table 1).  In addition, the 

obtained affinity constants from the non-aromatic small molecules, showed much 

lower affinities (as the ligands citral, geraniol, isoamyl acetate and sulcatone).  

These phenylpropenes play an important role in plant pollination by bees and in the 

chemical ecology of fruit flies [57]. In terms of sensitivity, we have shown that a 

variation of 4 M in the concentration of the analyte (Fig. 3C) produces a signal that 

is clearly detected and measured with a high degree of confidence, indicating that 

our sensor can be used in situations where micro-molar accuracy is required. 

 

4.2. Tuning ligand affinities by genetic manipulation of OBPs 
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The selectivity of OBP14 can be improved and in general modified by introducing 

structural modifications in the protein. In this study we have used, in addition to the 

wild type OBP14, a mutant bearing two amino acid substitutions with the consequent 

establishment of a third disulfide bridge (S-S-OBP14). This modification made the 

protein more rigid and increased its affinity to eugenol from 40 M for the WT-OBP14 

to 4 M for the S-S-OBP14 mutant. The increase in thermal stability of the OBP14-

eugenol complex was also higher for the mutant as compared to the wild type (Fig. 

S4).  

These results represent a first step towards the design of new biosensors tailored to 

specific odorant molecules, which can be obtained by selective amino acid 

substitutions in the binding pockets of OBPs.  

The introduction of a His-tag at the N-terminus of the protein, instead, did not improve 

the performance of the sensor, most likely because of the increased distance 

between the core of the protein and the graphene surface. However, such an 

approach, that allows regular alignment of the protein molecules on the sensor 

surface, should be further investigated using shorter polypeptide arms or different 

ways of immobilization.  

Electronic devices, using an array of such biosensors, could eventually be applied to 

the analysis of complex mixtures of odorants, as those present in nature, with a 

strategy borrowed from the functioning of biological olfactory systems.                           

 

5. Conclusions 

We have developed an olfactory biosensor based on a rGO-FET derivatised with 

OBP14 from the honeybee as the sensing element. Our device responds to several 

floral and pollen odorants with a sensitivity and selectivity matching those reported in 

fluorescent binding assays.  

On the basis of these results, our biosensor can be used for directly measuring 

affinities of small ligand to a binding protein. Currently, by far the most adopted 

method for monitoring binding to a protein is based on the displacement of a 

fluorescent reporter, whose emission spectrum is modified when bound to the 

hydrophobic pocket of a protein [30]. Such an approach, although simple and rapid, 

requires a fluorescent compound with good affinity for the protein of interest. The 

biosensor here described, instead, can measure affinities without the need of a 

reporter molecule, nor does it require the use of radioactive ligands. Moreover, our 
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device, unlike other current techniques, allows measurement of kinetic parameters in 

addition to thermodynamic equilibrium constants.   

Within a longer perspective, the results obtained with the two mutants of the protein 

create a basis for designing new biosensing elements with desired specificity, using 

site-directed mutagenesis to modify the scaffolding of the polypeptide chain, as well 

as the micro-environment of the binding pocket. Such strategies will represent a first 

step towards the development of arrays of biosensors with complementary 

specificities necessary to mimic the complexity and the sophisticated performance of 

an insect antenna or a vertebrate nose. 
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Figure legends 

 

 

Fig. 1. (A) Scheme of the set-up and device configuration consisting of an Ag/AgCl 

liquid gate electrode, an Au source- and Au drain-electrode, evaporated onto 

reduced graphene oxide flakes which were deposited onto the silicon substrate and 

functionalized with OBPs. The artist’s sketch shows the functionalization with OBPs 

(lower right of A). The assembled flow cell with the sensor, inlet and outlet for 

odorants is given lower left inset of A; (B) fabrication and functionalization of rGO-

FETs onto a silicon wafer with 300 nm SiO2 and reduced graphene oxide (rGO) 

flakes with subsequent approach placing source and drain electrodes (5 nm Cr and 

70 nm Au), followed by the 1-pyrenebutanoic acid succinimidyl ester (PBSE)-linker, 

(or NTA-linker), coupling the OBP14 to the surface (cf. suppl. inf.), followed by protein 

(OBP14) immobilization; (C) current versus voltage, (ISD-vs-VG ), recordings  of the 

OBP14 functionalized FET-biosensor at detecting different eugenol concentrations 

(indicated with different colors) flowing through the cell.  
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Fig. 2. On-line time recording and global measurements (kinetic and titration). The 

source-drain-current, IDS,  was monitored (black line) upon addition  of odorant 

molecules (eugenol in this case, cf. inset) at different concentrations to the buffer (red 

arrows pointing up with correspondent concentration values), which flow across the 

gate of the rGO field-effect-transistor in the flow cell, changes the ISD.Rinsing with 

pure buffer between stimulus applications (blue arrows pointing down) brings the 

current signal back to the baseline level, indicating the reversibility of the process. 
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Fig. 3. Full analysis of the binding of homovanillic acid to OBP14: (A) global analysis 

for homovanillic acid binding to WT-OPB14 on the FET gate surface; different 

concentrations of homovanillic acid (indicated with red arrows pointing up, the 

correspondent concentration values in µM); buffer wash at the beginning and end of 

the measurement (indicated with blue arrows pointing down). (B) Langmuir binding 

isotherm diagram given by the data from panel (A): ∆ISD of each tested concentration 

(circles) and the red solid a fitting curve with error margins in red (KA+20% , KA=3.0 

105 M-1 (dash-dotted line), and (KA -20%, KA=2.0 105 M-1 (dotted line). (C) 

determination of the rate constant k and its error margins for one concentration, 

exemplified for the monitored  real-time current change, ΔISD, after injection of 10 µM 

odorant solution: reaction rate constant k being the fit (red solid line) of the data 

points (black) k=0.024 s-1, , and corresponding error margins dash-dotted line with 

k’= k + 20%, and dotted line, k’’= k - 20%; (D) determination of the rate constant koff : 

being the fit (red solid line) ofthe experimental data, ΔISD, after flushing the gate 

surface with buffer (arrow), k=0.008 s-1, and corresponding error margins: dash-

dotted line with k’= k + 20%, and dotted line with k’’= k - 20%; (E) evaluation of the 

rate constants (kon, koff) given the linear fit (red line) of the reaction rate constants fits 

of each concentration step(circles), reaction rate constants are derived  as exemplary 
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explained in panelin (C), are plotted as a function of the bulk concentration, cHV , and 

kon, koff  given by equation 2: kon = 1130 M-1s-1 being the slope, and the intersection of 

the fit line with the ordinate, i.e. k for cHV = 0, yields koff = 0.008 s-1. 

 

 

Fig. 4. Binding affinities of the odorants tested. The values reported are in the order: 

equilibrium affinity constants (Kd, LI, in bold), kon, koff and Kd, kin, derived from the 

measured reaction rate constants. All ligands share a phenol group, such as in 

eugenol and structurally related compounds, that proved essential for a good affinity, 

as shown by the lack of binding of methyl eugenol. All non aromatic structures proved 

not to be ligands for honeybee OBP14. 
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Fig. 5. Full analysis of binding of the odorant eugenol to the three odorant binding 

proteins: (A), WT-OBP14, (B), HisTag-OBP14, (C), S-S-OBP14. Panels A-C show 

the global analysis, different concentrations of eugenol (indicated with red arrows 

pointing up, the correspondent concentration values in µM); and buffer wash at the 

beginning, as well as at the end of the measurement (indicated with blue arrows 

pointing down). The red solid curves represent fits to the data(black line) . (D) 

Langmuir isotherms of eugenol binding to the three odorant binding proteinsgiven by 

the data in panels (A-C): ∆ISD of each tested concentration: WT-OBP14 (circles), 

HisTag-OBP14 (squares), S-S-OBP14 (triangles) is shown . T, the red sigmoidal 

fitting curves with error margins:  affinity constants, Kd, error margins Kd +20% (dash-

dotted line), and Kd -20% (dotted line). Affinity constants Kd are as summarized in 

table 1. (E) Evaluation of the rate constants (kon, koff) given the linear fit (red line) of 

the reaction rate constants of each concentration step C, WT-OBP14 (circles), 

HisTag-OBP14 (squares), S-S-OBP14 (triangles), reaction rate constants are derived 

as explained in Fig.3,with +/- 20% error margins, . and are plotted as a function of the 

bulk concentration, cHV, and kon, koff  given by equation 2: kon being the slope, and the 

intersection of the fit line with the ordinate, i.e. k for cHV = 0, yields koff. 
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Table 1. Association rate constants, kon, dissociation rate constants, koff, and dissociation constants, 

Kd, for the three OBPs, WT-OBP14, HisTag-OBP14, and S-S-OBP14, tested with eugenol, isoamyl 

acetate, and geraniol. 

WT - OBP14 kon / M-1s-1 koff / s-1 Kd / µM 

Eugenol  160 0.006 40 

Isoamyl acetate  8 0.008 1000 

Geraniol  2.5 0.008 3200 

HisTag - OBP14 kon / M-1s-1 koff / s-1 Kd / µM 

Eugenol  110 0,003 20 

Isoamyl acetate  6 0.009 1000 

Geraniol  2 0.006 3700 

S-S - OBP14 kon / M-1s-1 koff / s-1 Kd / µM 

Eugenol 750 0.006 4 

 

 

 


