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Imidazole is incorporated into many important biological molecules and the most obvious is the
amino acid histidine, which has an imidazole side chain. Imidazole can act as a cation and as an
anion when it combines with salts. The electroactive ions diffuse to the electrode surface and
adsorbs to it in the presence of Oz. Therefore, the bare GCE showed response as a chemical sensor
to both the control (dH20) and experimental (Imidazole) analytes in anaerobic and aerobic
conditions. The chemical sensor was characterised electrochemically in response to an electron

transfer mechanism in redox reactions.

In order to study the biochemical sensor, the chemical sensor was first characterised
electrochemically in response to an electron transfer mechanism in a redox reaction as shown in

figure 4.1 (A and B). Whereby the 1 iffusion of electroactive ions on the

surface of the bare GCE in anaerobic ‘_IIHIHI“I‘—Ill—
when the solution was saturated wi

imograms were observed. However,

t analytes; dH-O (figure 4.1 A) and

imidazole (figure 4.1 B), adsorptior U NIVERSITY of the,as an increase in the catalytic peak
WESTERN CAPE

currents and potential shift in a reduction reaction. Therefore, these results depicts that the bare

GCE is involved in electron transfer as a chemical sensor with no interference and it can further

be used to create an electrochemical enzyme based biosensor such as AtNOGC1/GCE biosensor

(Zhu et al., 2014).

4.2 The electrochemical behaviour of the immobilised AtNOGC1 on the GCE surface in the

presence and absence of Oa.

The immobilisation of AINOGC1 protein onto the GCE surface was performed by the method
described in section 2.3.2, whereby crosslinking agents such as didodecyldimethylammonium
bromide (DDAB), Bovine Serum Albumin (BSA) and glutaraldehyde were used. The cyclic

voltammetry (CV) responses of AtNOGC1/GCE biosensor in the presence and absence of O> was
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conducted in PBS (0.05 M Na;HPOzand 0.3 M NaCl; pH 8.0) at 2 mV.s! scan rate and a potential

window between +150 mV and -800 mV as shown in figure 4.2.

In anaerobic (black) solution with 0.25 M imidazole, there was no catalytic peak current responses
observed. However, in aerobic (green) solution without imidazole the onset potential was observed
at -200 mV (vs Ag/AgCl) and a reduction wave with Epc of -550 mV (vs Ag/AgCl). The aerobic
(red) solution with 0.25 M imidazole showed increased response with I,c of 0.8 pA at the same
peak potential value of -550 mV (vs Ag/AgCl). Therefore, an Iy difference of 0.3 pA between the
aerobic solutions with 0.25 M imidazole (red) and without imidazole (green) was observed at the

same peak potential of -550 mV (vs Ag/AgCl).
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Figure 4.2: Cyclic voltammetry showing responses of the AINOGC1/GCE biosensor in the presence and absence
of Oz. All CV experiments were conducted in PBS (0.05 M Na;HPO4and 0.3 M NaCl; pH 8.0) at a scan rate of 2
mV.s* and a potential window between +150 mV and -800 mV. Argon gas was used to purge the solution for anaerobic
(black) condition with no catalytic peak current generated and was saturated by bubbling to acquire excess O, for
aerobic (red and green) conditions. The solution with 0.25 M imidazole (red) displayed a high cathodic peak current
of 1.5 pA as compared to a slow reaction rate (green) without imidazole with an I,c of 1.2 pA in the presence of the
0.
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The overall comparison of the O free solution (black) to the O> rich solution (red and green) in
the reaction rate was about 1.15 pA excess increase. The electrochemical properties of the
immobilised heme protein such as AtNOGC1 aid in the determination of whether electrons are

able to move from the electrode surface to the active site of the immobilised AtINOGC1/GCE.

The binding affinity of AtNOGC1/GCE biosensor to signalling molecules and second messengers
was studied under anaerobic and aerobic conditions. The electrochemical reduction of AINOGC1
protein was determined to be greatly influenced by the presence of O, on the AtNOGC1/GCE
biosensor surface. For redox reaction to take place, O is essential in the electron transfer between
prosthetic heme groups of the protein and electrode surface (Gorton et al., 1999). Since, adsorption
took place at the surface of the AINOGC1/GCE biosensor in the presence of Oz and imidazole as

shown in figure 4.2.

Imidazole is believed to restore the Fe** state of the heme through reduction, as demonstrated with
the FixL heme-based sensor which is more reactive towards the large polar imidazole (Mansy et
al., 1998) and our results also showed that imidazole assisted O to bind to AINOGC1 with more
affinity as shown in figure 4.2 (green voltammogram). The AtINOGCL1 protein is also annotated as
a flavin containing mono-oxygenase (FMO), which specialises in oxidation reactions. Since,
FMO’s requires O2 in their reactions as a co-factor such as nicotinamide adenine dinucleotide
phosphate (NADPH) and flavin adenine dinucleotide (FAD) (Férstermann and Sessa, 2011).
Therefore, in the presence of O, there was oxygenation of AtNOGC1 coupling of the heme group
from AtINOGC1-Fe®* to AtINOGC1-Fe?* state, but when 0.25 M imidazole was added, the reduction
peak potential shifted to a more reduction potential as illustrated in figure 4.2 (from green to red
voltammogram), therefore it shows that imidazole restored the AtNOGC1-Fe?" back to the

AtNOGC1-Fe** state (Kokhan et al., 2010).
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4.3 Electrocalalytic activity of signalling molecules and second messengers
4.3.1 Electrocatalytic activity of nitric oxide (NO) on AtNOGC1/GCE biosensor

The AtNOGC1 protein comprises of a heme-nitric oxide and/or oxygen (H-NOX) binding domain
for binding NO and O,. NO was produced in the laboratory by a method previously described in
section 2.3.4.1. The CV responses of the AtNOGC1/GCE based biosensor were evaluated at
milliliter (mL) concentration arrays of the NO analyte from 0.5 mL to 2.5 mL in PBS (0.05 M
NazHPOs, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at 2 mV.s™ scan rate and a potential window
between +150 mV and -800 mV. Figure 4.3 shows the CV of the biosensor under anaerobic or

aerobic conditions, in the presence and absence of NO.

2 0 N L . 1 A 1 N [
4 AtNOGC1-0.1 M PBS (pH 8.0)
— without O,

1.5 ——with O,
e -0, +0.5:mI NO
<
3 1.0- O,+1miNO
- 0,+1.5mINO
S | —o,+25mino
= 0.51
S
o

0.0-

-0-5 L) I

02 00 -02 -04 -06 -0.8
Potential (V)

Figure 4.3. Cyclic voltammetry showing responses of the nitric oxide (NO) towards the AtINOGC1/GCE
biosensor in the presence and absence of Oz. All CV experiments were conducted in PBS (0.05 M Na;HPO4, 0.3 M
NaCl and 0.25 M imidazole; pH 8.0) at a scan rate of 2 mV.s™ and a potential window between +150 mV and -800
mV. Argon gas was used to purge the solution for anaerobic (black) conditions and was saturated by bubbling to
acquire excess O, for aerobic (red) conditions which displayed a higher I, of 0.5 pA. Therefore, when different
volumes of NO were added into the aerobic solution from 0.5 mL (green), 1 mL (blue), 1.5 mL (cyan) to 2.5 mL
(magenta) a constant increase of I, from 0.9 to 1.7 pA was observed around E,c of -500 mV (vs Ag/AgCl).
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In the absence of O, and NO (black) solution, there was no catalytic response observed since the
voltammogram consist of a flat wave. When the solution was saturated with excess O2 (red), the
reduction current suddenly increased with Ic of 0.48 YA around Epc of -500 mV (vs Ag/AgCl).
Therefore when 0.5 mL PBS saturated with NO gas was added in the solution (green), an lpc of 1.8
A was observed around the same peak potential value of -500 mV. Thereafter, a constant catalytic
increase in lpc of 0.25 pA when 1 mL (blue), 1.5 mL (cyan) and 2.5 mL (magenta) were added

around the same peak parameters of -500 and -540 mV (vs Ag/AgCl).

Cyclic voltammetric responses of the AtNOGC1/GCE biosensor corresponding to different
concentrations of NO showed a cathodic shift potential as the concentration of NO was increased.
The reverse voltammetric waves did not have any anodic current as they showed plain
voltammograms. The reduction cyclic voltammetric current of AINOGC1-NO responses showed

only one redox species due to the observation of only one cathodic peak in the CV.

The binding of NO to AtNOGC1 was investigated in an AtNOGC1-Fe®*" to AtNOGC1-Fe?*
conversion. Since it has been reported by Mulaudzi et al (2011) that under anaerobic conditions,
NO binds to AtNOGC1 protein in its resting state (AANOGC1-Fe3*) and the bound AtNOGC1-NO
remains bound in its reduced state (AtNOGC1-Fe?*). The increase in the reduction current peak
with a cathodic shift peak potential was observed in the presence of O, as shown in figure 4.3,
whereby the catalytic peak also increased with an increase in NO. Therefore, these observations
suggested that the AtINOGC1-Fe** reduction was accompanied by the oxygenation step i.e. the
binding of two Oz molecules. The first O, molecule bind to the AINOGC1-Fe** and results in
AtNOGC1-Fe?*-0O, form and the second O, molecule was involved in the cleavage of the O, to O2
bond (O-0O) (Ignaszak et al., 2009). The CV responses of the constant increase in the catalytic

current peak from 0.5 mL to 2.5 mL NO at the same potential peak of -500 mV (vs Ag/AgCl) was
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observed in figure 4.3, these results can be explained by the mono-oxygenation catalytic cycle of

heme enzymes such as AtNOGCL1 as it took place in a reduction reaction (Lewis and Pratt, 1998).

4.3.1.1 Electrochemical characterisation of the bare GCE, modified GCE with DDAB/BSA and

AtNOGC1/GCE biosensor in the presence and absence of NO

In order to study the electrochemical behaviour of the modified DDAB/BSA-AtNOGC1/GCE
biosensor, several control parameters were performed to monitor the catalytic responses of the
crosslinking agents. The CV experiments were performed in aqueous solution of PBS (0.05 M
NazHPOs, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) in aerobic conditions at 2 mV.s™ scan rate
with a potential window between +150 mV and -800 mV. Figure 4.4 shows the CV responses of
the (A) bare GCE, (B) DDAB/BSA/GCE and (C) AtNOGC1/GCE biosensor in the presence and

absence of 0.5 mL NO in aerobic solution.

In figure 4.4 (A), a chemical sensor which is the bare GCE showed a high catalytic reduction peak
with a potential value of -500 mV and an Iy increase from 1.5 to 1.6 pA when 0.5 mL PBS with
NO was added to the aerobic solution. Addition of 0.5 mL PBS with NO in the electrochemical
solution of AINOGC1/GCE biosensor resulted in a drastic decrease in the electrochemical current
response as shown in figure 4.4 (D), indicating the possibility of adsorption of NO molecules on
the AtNOGC1/GCE biosensor surface at the same Epc of -500 mV. However, when GCE was
coated with the recombinant AtNOGC1 protein, the reduction peak potential was decreased when
compared to the bare GCE and DDAB/BSA/GCE. Redox potential of all different coated and non-
coated GCE shown to vary in the range from -400 to -500 mV (vs Ag/AgCl) when 0.5 mL NO

was added into the electrochemical solution.
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Figure 4.4: Cyclic voltammetry showing responses of the bare GCE, modified GCE with DDAB/BSA and
AtNOGC1/GCE biosensor in the presence of NO. All CV experiments were conducted in PBS (0.05 M Na;HPOQ,,
0.3 M NaCl and 0.25 M imidazole; pH 8.0) at a scan rate of 2 mV.s and a potential window between +150 mV and
-800 mV. (A) Bare GCE generated a reduction peak in aerobic (black) solution with I, of 1.45 pA around Epc of -500
mV (vs Ag/AgCl) and a solution (red) which contained 0.5 mL NO showed an increase in the catalytic current and a
shift towards more reduction. (B) When bare GCE was immobilised with 10 mM DDAB and 2 mg/ml BSA, the
reduction reaction rate of aerobic (black) solution with buffer only was observed with I,c of 1.25 pA and when 0.5 mL
NO was added to the solution (red), there was an increase in the catalytic current responses around same Ej. of -500
mV. (C) Cyclic voltammetry response of AINOGC1/GCE biosensor in aerobic (black) solution without NO, showed
a drastic decrease in the catalytic current peak at a potential value of -500 mV. However when 0.5 ml NO was added,
the Iy increased from 0.4 to 9.5 pA at the same potential value of -500 mV. (D) CV response of aerobic solution in
the presence of 0.5 mL NO, the bare GCE (black) displaced a high catalytic peak than both DDAB/BSA/GCE (red)
and AtNOGC1/GCE (green) with I, of 1.75 pA. Therefore, redox potential coated and non-coated GCE showed to
vary in the range from -400 to -500 mV in the presence of NO.

4.3.2 Electrocatalytic activity of carbon monoxide (CO) on AINOGC1/GCE biosensor

Carbon monoxide (CO) uses catalytically dose-dependent CO donors known as heme aqueous and

CO aqueous which also promotes physiological processes such as seed germination in plants. Due
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to its catalytic activity and selectivity in aqueous solutions, it is important to determine its binding

affinity as a signalling molecule to AANOGC1/GCE biosensor as shown in figure 4.5.
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Figure 4.5. Cyclic voltammetry showing responses of the carbon monoxide (CO) towards the AINOGC1/GCE
biosensor in the presence and absence of Oz All CV experiments were conducted in PBS (0.05 M Na;HPO,, 0.3 M
NaCl and 0.25 M imidazole; pH 8.0) at a scan rate of 10 mV.s* with a potential window between +150 mV and -800
mV. Argon gas was used to purge the solution for anaerobic (black) solution and was saturated by bubbling to acquire
excess O for aerobic (red) solution which display a high I of 3.4 pA. Different volumes of CO were added into the
aerobic solution from 0.5 mL (green), 1.0 mL (blue), 1.5 mL (cyan) to 2.0 mL (magenta) of CO. A constant decrease
in l,c from 3.6 to 3.4 pA was observed from -680 mV to -610 mV with cathodic peak shift potential towards an
oxidizing agent region.

In the absence of O, and CO (black) free analyte solution, there was no catalytic response observed
in PBS (0.05 M NazHPO4, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at 10 mV.s! scan rate with
a potential window between +150 mV and -800 mV. Therefore, when the solution was saturated
with excess O (red), there was an increase in the catalytic response with Ipc of 3.5 HA around Epc
of -700 mV (vs Ag/AgCl) and when 0.5 mL of PBS with CO gas was added in the solution (green),
an lpc increased to a maximum reduction peak of 3.75 pA around Epc of -680 mV (vs Ag/AgCl).
The electrode showed a shift to less negative potential as a strong oxidizing agent. Thereafter, a

constant catalytic decrease in lpc and a shift in potential to a more positive potential was observed
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when CO concentration was increased from 1 mL (blue), 1.5 mL (cyan) and to 2 mL (magenta).
CO reduction may be caused by the adsorption of the heme group as the concentration of CO with
O2 is added to the electrolyte solution. The reaction rate is influenced by the current which is

dependent on the potential.

The effect of CO saturation on the AtNOGC1/GCE based biosensor in figure 4.5 can be explained
by CO binding to the heme group, which affects the reduction potentials of the Fe**/Fe?* couple.
However, it has been reported that CO can inhibit the mono-oxygenation reaction of the heme
oxygenase (HO) catalytic cycle by binding to the ferrous heme complex such as AtNOGC1-
Fe3*/Fe?* (Migita et al., 1998). Carbon monoxide rapidly and strongly binds to the reduced
AtNOGC1-Fe*" heme, which produces a shift in the reduction formal redox potential to a less
(negative) reduction potential as shown in figure 4.5. This can be well illustrated by the following

reaction:
(AtNOGC1-heme) Fe** + CO « (AtNOGC1-heme-CO) Fe?*

The shift in potential to a less (negative) reduction by ~ 50 mV for AINOGC1 when different CO
concentrations were added into the solution was observed as shown in figure 4.5. Fleming et al
(2007) also reported the same magnitude of the shift in potential that is consistent with the results
obtained in this study for other heme enzymes such as P450 (Fleming et al., 2007). Both the Fe3*
and the Fe?* state of the heme can bind to CO, since the cathodic peak potential of the AINOGC1-
Fe3*/Fe?* couple in the presence of Oz agreed well with the value reported by Mulaudzi et al (2011),
that redox responses of gas signalling molecules vary in the peak potential range of -400 to -600

mV (vs Ag/AgCl) (Mulaudzi et al., 2011).
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4.3.2.1 Electrochemical characterisation of the bare GCE, modified GCE with DDAB/BSA and

AtNOGC1/GCE biosensor in the presence and absence of CO

Electrochemical response of the AtNOGC1/GCE biosensor in the presence of CO was studied to
confirm that the reduction was not influenced from the direct electron transfer of the bare GCE nor
the solid support DDAB/BSA vesicle. The CV experiment was conducted in aerobic solution of
PBS (0.05 M NazHPO4, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at 2 mV.s scan rate with a
potential window between +150 mV and -800 mV as shown in figure 4.6 (A) Bare GCE, (B)
DDAB/BSA/GCE and (C) AtNOGC1/GCE biosensor in the presence and absence of 0.5 mL PBS

saturated with CO.

In figure 4.6 (A) represent voltammograms of the bare GCE in the absence (black) and presence
(red) of 0.5 mL CO, an addition of CO to the electrochemical solution led to an increase in the
reduction peak. Similarly, to the GCE modified with DDAB/BSA in figure 4.6 (B). However, a
well-defined cathodic peak was observed when the GCE was modified with AtNOGCL1 protein
with Ipc of 1.4 pA (black) and 1.5 pA (red) at a potential peak value of -500 mV (vs Ag/AgCl).
This crosslinkers provides an excellent environment for rapid electron exchange between heme
proteins and electrode surface, whereby they carried a solid support as a carrier between AINOGC1

protein and GCE surface.
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Figure 4.6: Cyclic voltammetry showing responses of the bare GCE, modified GCE with DDAB/BSA and
AtNOGC1/GCE biosensor in the presence of CO. All CV experiments were conducted in PBS (0.05 M Na;HPOy,
0.3 M NaCl and 0.25 M imidazole; pH 8.0) at a scan rate of 2 mV.s* and a potential window between +150 mV and
-800 mV. (A) The bare GCE generated a reduction peak in aerobic (black) solution with I,c of 1.4 pA and a solution
(red) which contained 0.5 mL CO showed an increase in the catalytic current with I of 1.55 pA around Egc of -500
mV (vs Ag/AgCI). (B) The modified GCE with 10 mM DDAB and 2 mg/ml BSA showed a decrease in the reduction
peak of aerobic (black) solution with buffer only, as it was observed with I, of 1.15 pA and when 0.5 mL CO was
added to the solution (red), there was an increase in lp; of 1.25 pA around same Eyc of -500 mV (vs Ag/AgCl). (C)
Cyclic voltammetry response of the AtNOGC1/GCE biosensor in aerobic (black) solution without CO displayed a
well-defined catalytic current peak at a potential value of -500 mV. However when 0.5 ml CO was added, the Ipc
increased from 1.4 to 1.45 YA at the same potential value of -500 mV. (D) CV response of aerobic solution in the
presence of 0.5 mL CO, the bare GCE (black) showed a maximum catalytic peak than both DDAB/BSA/GCE (red)
and AtNOGC1/GCE biosensor (green) at I, of 1.55 pA. Redox potential of immobilised and none-immobilised GCE
showed to vary in the range from -450 to -500 mV in the presence of CO.

4.3.3 Electrocatalytic activity of calcium ion (Ca?*) on AINOGC1/GCE biosensor

Electrochemical responses of the AINOGC1/GCE biosensor were evaluated at nano-molar (nM)

concentration arrays of the calcium ion (Ca?*) analyte from 1 nM to 7 nM in PBS (0.05 M
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Na2HPO4, 0.3 M NaCl and 0.25 M imidazole; pH 8.0). The AtNOGC1/GCE biosensor activity
was analysed in the presence and absence of O, and Ca?* as shown in figure 4.7 (A). Therefore, in
an O, and Ca?* free solution (black), there was no catalytic peak response observed. In the presence
of O (red) only, there was a generated reduction catalytic peak with an Ic of 1 A around Epc of
-560 mV (vs Ag/AgCl). Therefore, when 1 nM Ca?* (green) was added to the solution, there was
an increase in the catalytic reduction peak to an Ipc of 1.25 pA around the same Epc. A constant
increase of an Ipc from 1.35 to 1.6 pA (blue, cyan, magenta, yellow and dark yellow) was observed
at the same Epc when different Ca?* concentrations were added to the solution. An increase in the

electrochemical response current correspond to an increase in the Ca?* concentrations from 1 nM

to 7 nM.
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Figure 4.7: Cyclic voltammetry showing responses of calcium ion (Ca?) concentrations towards the
AtNOGC1/GCE biosensor in the presence and absence of O2. (A) All CV experiments were conducted in PBS
(0.05 M NazHPO,, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at 2 mV.s™! scan rate with a potential window between
+150 and -800 mV. The argon gas was used to purge the solution for anaerobic (black) conditions and was saturated
by bubbling to acquire excess O, for aerobic (red) conditions which displayed a high I,c of 1 pA around Epc of -560
mV (vs Ag/AgCl). Different concentrations of Ca?* were added into the aerobic solution from 1 nM (green), 2 nM
(blue), 3 nM (cyan), 4 nM (magenta), 5 nM (yellow) to 7 nM (dark yellow). Therefore, a constant increase of Ip. from
1 pA to 1.7 pA was observed around Epc of -550 mV (vs Ag/AgCl). (B) Calibration profile curve (red) and linear
relationship (black) of AtNOGC1/GCE biosensor of current (WA) vs Ca?* concentration (nM).
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The electrochemical kinetic response of the AINOGC1/GCE biosensor on the Ca?* concentrations
were further analysed by plotting a calibration curve of current (LA) vs Ca?* concentrations (nM)
as shown in figure 4.7 (B). A standard linear regression (black) was fitted from 1 nM to 3 nM Ca?*
concentrations with a maximum adsorption current of 4.25 pA at 3 nM Ca?* concentration. The
calibration curve (red) was plotted from 4 nM to 7 nM Ca?* concentrations as the solution indicated

that a saturation point was reached at 6 YA corresponding to 7 nM Ca?".

The electrochemical concentration-dependent responses of the AtNOGC1/GCE biosensor
statically standard curve was fitted by using origin 7 software (Origin Lab, USA). The maximum
effective concentration of the Ca?* towards the AtNOGC1/GCE based biosensor was observed at
a cathodic current value of 0.3 A, which corresponded to the 2 nM Ca?* concentration as shown
in figure 4.7 (B). The maximum inhibition current response was observed at a cathodic current
value of 0.57 pA which corresponded to the 7 nM Ca®* concentration of the biosensor’s

electroactive surface in figure 4.7 (B).

The dynamic linear range of the Ca?* concentration towards the AINOGC1/GCE based biosensor
was evaluated from 1 nM to 3 nM. The electrode reaction of Ca?* on the AINOGC1/GCE biosensor
is an adsorption controlled process due to the linear regression fit (r> = 0.995) of the cathodic peak
current from 1 nM to 3 nM. These results showed excellent stability and reproducibility at the
same Epc of -560 mV (vs Ag/AgCl). Similar electrochemical studies of calcium dobesilate (CD)
have been reported by Xu et al (2009), whereby electrochemical behaviour of CD showed excellent
activity on gold nanoparticle modified glass carbon electrode with a couple of diffusion controlled

stable redox peaks (Xu et al., 2009).
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4.3.3.1 Electrochemical characterisation of the bare GCE, modified GCE with DDAB/BSA and

AtNOGC1/GCE biosensor in the presence and absence of Ca?*

Immobilisation of proteins of interest by using crosslinkers enables for an indirect determination
of whether the immobilisation process affects the properties of the protein, as it can be deduced
from the crosslinkers behaviour as shown in figure 4.8 (A) Bare GCE, (B) DDAB/BSA/GCE and
(C) AtNOGC1/GCE biosensor, when 7 nM Ca®" was added to aerobic solution. The CV
experiments were performed in aqueous solution of PBS (0.05 M Na;HPO4, 0.3 M NaCl and 0.25
M imidazole; pH 8.0) at 2 mV.s* scan rate with a potential window between +150 mV and -800

mV.

Figure 4.8 (A) shows the CV response of the bare GCE with a catalytic reduction current peak of
1 pA (black) without Ca?* and catalytic reduction current peak of 1.25 pA (red) with 7 nM Ca?*
at a potential value of -450 mV (vs Ag/AgCl). However, when the GCE was coated with
AtNOGC1, there was a shift in the reduction peak potential to a value of -550 mV (vs Ag/AgCl).
In addition to the observation of the GCE modified with AtNOGC1 there was an increase in the
catalytic current peak of 1.7 4A as shown in figure 4.8 (D) when compared to the bare GCE and

DDAB/BSA/GCE.

Modification of the electrode surface showed an increase in the electron transfer. Since, cationic
lipid DDAB form a stable lipid bilayer at room temperature and the positive charge on the
ammonium ion allows it to interact electrostatically with negatively charged graphite electrodes
such as GCE. In addition, the structure of glutaraldehyde is not limited to monomeric form in
aqueous solution and it has weak absorbance (at 235 nm). The advantage with glutaraldehyde as a

crosslinker is that it can react with several functional groups of proteins.
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Figure 4.8: Cyclic voltammetry showing responses of the bare GCE, modified GCE with DDAB/BSA and
AtNOGC1/GCE biosensor in the presence of Ca?. All CV experiments were conducted in PBS (0.05 M Na
Phosphate buffer, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at a scan rate of 2 mV.s* and a potential window
between +150 mV and -800 mV. (A) The bare GCE generated a reduction peak in aerobic (black) solution with 1. of
1 pA and a solution (red) which contained 7 nM Ca?* showed an increase in the catalytic current with I,c of 1.25 uA
around Epc of -450 mV (vs Ag/AgCl). (B) The modified GCE with 10 mM DDAB and 2 mg/ml BSA showed an
increase in the reduction peak when 7 nM Ca?* was added into the aerobic (red) solution with lpc of 1.5 UA around Ep
of -500 mV (vs Ag/AgCl). (C) Cyclic voltammetry response of the AtNOGC1/GCE biosensor in aerobic (black)
solution without Ca?* displayed a well-defined catalytic current peak at a potential value of -550 mV. However, when
7 nM Ca?* was added, the I increased from 1.1 to 1.7 YA at the same potential value of -550 mV. (D) CV response
in aerobic solution in the presence of 7 nM Ca?* when bare GCE (black) showed a less catalytic peak than both
DDAB/BSA/GCE (red) and AtNOGC1/GCE (green). Redox potential of all different coated and non-coated GCE
showed to vary in the range from -450 to -550 mV (Ag/AgCl) in the presence of 7 nM Ca?*.
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4.4 Electrochemical characterisation of the binding affinity of NO, CO and Ca?*" to

AtNOGC1/GCE hiosensor

In order to study the binding affinity of AtNOGC1 protein to signalling molecules such as NO and
CO, and second messenger; Ca?* in combination, CV experiments with different analytes were
performed in PBS (0.05 M NaHPO4, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at room
temperature with a potential window between +150 mV and -800 mV at a scan rate of 2 mV.s* as

shown in figure 4.9.
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Figure 4.9. Cyclic voltammetry showing binding affinity responses of the nitric oxide (NO), carbon monoxide
(CO) and calcium ion (Ca?*) towards the AINOGC1/GCE biosensor in the presence of O2. Cyclic voltammetric
experiments were conducted in PBS (0.05 M Na;HPO,, 0.3 M NaCl and 0.25 M imidazole; pH 8.0) at a scan rate of
2 mV.s* with a potential window between +150 mV and -800 mV. When 0.5 mL NO (black) was added to the aerobic
solution an Ipc of 0.5 pA was observed at Epc -500 mV (vs Ag/AgCI). Therefore, when 0.5 mL CO (red) was added to
the solution an Ipc of 1.5 A was observed at Ep. -550 mV (vs Ag/AgCl) and when 7 nM Ca?* (green) was added to
the solution, maximum catalytic peak was generated with I, of 1.7 pA around at Eyc -550 mV (vs Ag/AgCl).

CV responses of the aerobic (green) solution with 7 nM Ca?* which displaced the highest reduction
catalytic peak with Ipc of 1.7 pA around Epc of -550 mV (vs Ag/AgCl), when compared to the

catalytic responses of solutions which contains 0.5 mL NO (black) and 0.5 mL CO (red). There is
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a potential peak value of NO solution observed at -500 mV in comparison to the Ca?* and CO peak
potential value of -550 mV. The difference in the rate of electron transfer can determine the binding
affinity of different analytes to the AtNOGC1/GCE based biosensor. Therefore, addition of

analytes in the electrochemical solution may increase the rate of oxygenation of the AtNOGC1.
4.7 Discussion

The aim of this chapter was to determine the binding affinity of signalling molecules; NO and CO
and second messenger; Ca®* to an Arabidopsis protein, AAINOGC1. Since AINOGC1 has been
annotated as a flavin containing mono-oxygenase, therefore it was important to monitor its
responses in the presence and absence of O in all electrochemical experiments. AtNOGC1 is a
heme containing protein which is characterised by an H-NOX domain and a GC domain (Mulaudzi
etal., 2011). The AtNOGC1 is a heme protein which is a co-factor consisting of Fe3* in the centre

of the large heterocyclic porphyrin ring made up of pyrolic groups (Gorton et al., 1999).

The biological sensor was composed by immabilising AINOGC1 protein on the bare GCE surface
with crosslinking agents which include; didodecyldimethylammonium bromide (DDAB), bovine
serum albumin (BSA) and glutaraldehyde to develop an electrochemical enzyme based biosensor.
These crosslinking agents are stable at room temperature and they do not interfere with electron
transfer on graphite electrodes such as GCE (Migneault et al., 2004). The results obtained in figure
4.4, 4.6 and 4.8 support that electrochemical response of the AINOGC1/GCE biosensor was not
influenced from the direct electron transfer of the solid support crosslinking vesicle. Therefore,
modification of the GCE surface with crosslinking agents and the AtNOGCL1 protein enhanced
electron transfer (Iwuoha et al., 1998), since there was a more reduction shift in the peak potentials

of the immobilsed GCE.
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It has been identified that graphite electrodes such as GCE showed their excellent promotion of
direct electron transfer of heme proteins such as AINOGC1 than noble metal electrodes such as
gold and platinum. The GCE showed a good selectivity to determine the binding affinity of
AtNOGC1 protein bioelectrode to stress signalling molecules; NO, CO and Ca?" in the presence
of imidazole. This study demonstrated that AINOGC1 protein plays an important role as an
electron transporter in redox reactions. Similarly, Fufezan et al (2008) reported that heme co-
factors are essential part of life because of their role in electron transportation. Furthermore, heme
co-factors showed the ability to transport, store and detect many important molecules. In addition
to its involvement in modulating gene expression, heme co-factors has been mostly used in redox

chemistry (Fufezan et al., 2008).

The electrochemical reduction of the AtNOGC1 protein was determined to be greatly influenced
by the presence of the reactive O, molecule on the AINOGC1/GCE surface. Biosensors are
analytical tools which offer quantitative or semi quantitative analytical information by means of a
biological recognition element in contact with a suitable transducer. The binding of the AINOGC1
protein to stress signalling molecules; NO, CO and Ca?" was successful with no interference. The
advantage of biomolecules biosensors such as AINOGC1 bioelectrode is that they are reproducible
and can be used to determine the binding of many biological molecules in a research level. This
study has shown for the first time that AtNOGCL is able to bind and sense CO in addition to NO
and this is a characteristics of the human soluble guanylyl cyclase (Schmidt, 1992). Furthermore
its ability to bind Ca?*, also mean that AINOGC1 might have dual functions and maybe a novel

Ca?* binding protein in higher plants.
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Chapter 5: Conclusion and future prospects

Identification and characterisation of proteins that are involved in signalling pathways through
binding different stress signals is important to understand mechanisms of stress tolerance towards
the development of stress tolerant crops. Identification of guanylyl cyclases in higher plants is one
of the major breakthroughs which indicated the importance of NO in cGMP synthesis (Mulaudzi
et al., 2011) and the in planta existence of the NO/cGMP signalling cascade (Jodoui et al., 2013).
However the amount of cGMP generated in an NO activation manner is not comparable to that
which is produced by human sGC, this raised a lot of questions as to whether AINOGCL1 is the

only NO activated GC (Gross and Durner, 2016).

To further elucidate the role of AINOGC1 in binding stress signalling molecules, the recombinant
protein was prepared as previously described in chapter 2 according to the method of Mulaudzi et
al (2011). An enzyme (AtNOGC1)-based biosensor was prepared and utilised in this study
(Chapter 4) using electrochemical technigues. Previous investigations indicate that in addition to
sensing NO, the human sGC also sense CO which activates its GC domain to synthesise cGMP
(Stones and Marletta, 1994), this is interesting since CO has been shown to perform similar
functions as NO. This information stimulated the need to further investigate the ability of
AtNOGCL1 to bind CO. The AtNOGC1 protein bioelectrode was able to bind CO as demonstrated
in chapter 4 through an increase in the reduction peaks with lpc = 3.75 pA at Epc = -680 mV (vs
Ag/AgCl). Although its activation by CO to synthesise cGMP is still outstanding, this work has
demonstrated the involvement of AtNOGCL1 in signalling CO, and thus a possible role in plant
stress response. In addition, CO has been confirmed to be produced by many pathways in plants
and so far hemoglobin is one of the well-known scavenger of CO (Liu et al., 2010). This study has

also added new information that since AINOGC1 is able to bind CO, it might also play a role as a
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CO scavenger through regulating it in plants to avoid its negative toxic effects, however further
research is required to support this statement. In addition, plant breeders or engineers who wish to
increase the production of CO in plants for better stress tolerance have a better chance, since in
addition to hemoglobin as a scavenger, AINOGC1 might also serve the same purpose. This study
has supported future work to investigate the ability of CO to indirectly synthesise cGMP through
the activation of AtNOGC1. This is important since cGMP is a second messenger that is involved
in many important physiological and biochemical processes in plants especially increasing plant

tolerance to abiotic and biotic stresses (Donaldson et al., 2004; Durner et al., 1998).

Additionally and uniquely our protein based bioelectrode demonstrated the ability of AINOGC1
to bind Ca?*, another important and well-studied stress signalling molecule both in animals and in
plants (Fujita et al., 2006). Britt et al (2015) indicated that molecules that activate and stimulate
human sGC might have a role in Ca®* regulation (Britt et al., 2015). But till today there are no clear
reports indicating the direct involvement of GC’s with Ca?*, except for the ability of cGMP to
modulate various Ca®" processes (Bazan-Perkins, 2012; Perez-Zoghbu et al., 2010; Koch and
Stryer, 1988). Previous study indicated that Ca?* was able to increase cGMP synthesis however at
lower concentrations (Mulaudzi T, PhD thesis unpublished data, 2011). The response observed in
this study upon addition of different [Ca2*] on the AtNOGC1 protein bioelectrode suggests a direct

interaction and probably regulation of Ca?* by AINOGCL1.

AtNOGCL1 is a plant sGC which signals NO (Mulaudzi et al., 2011), thus this study supported this
statement by demonstrating that AINOGC1 also signals CO and Ca?*. These results suggest that
AtNOGCL1 is involved in many plant physiological processes including growth, development and

response to abiotic and biotic stresses.
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Appendices

Appendix I: Determination of AINOGCL protein concentration

Table 3.1: The absorbance (595 nm) of the standard and unknown samples concentration (ug/mL). Bradford
assay was conducted by using FLUOstar OPTIMA (BMG LABTECH, Germany, 2010) multi-detection microplate
reader.

Standard Absorbance

concentration (595 nm)

(Hg/mL)

0 0.248

2.5 0.25

5 0.2535

10 0.258

15 0.2615

25 0.2645

AINOGC1 protein Absorbance

Diluent factor (595 nm)

1:50 0.254

1:1000 0.2535
Equation for the calculation of AINOGC1 protein concentration Equation 1

1:50
y = 0.0007x + 0.2494

0.254 — 0.2494 = 0.0007x
x = 6.57 (50 diluent factor)
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x = 3285

1:1000

y = 0.0007 + 0.2494
0.2535 — 0.2494 = 0.0007x
x = 5.86 (1000 diluent factor)
x = 5860

Average concentration

28515860 — 3094.25 ug/mL
3094.25
2 = 31mg/ml

Final concentration = 3.1 mg/mL

Standard curve
0.27
y =0.0007x + 0.2494
0.265 R%Z=0.9336
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Figure 3.3: Standard curve of BSA to determine the AtINOGC1 protein concentration by Bradford assay. The
standard curve plot shows the linear relationship of the absorbance (595 nm) against the BSA concentration (pg/mL).
From the linear regression equation the AtNOGCL1 protein concentration was calculated to a final concentration of 3.1
mg/mL.
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