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ABSTRACT 

 

Nitric oxide synthase (NOS) plays a critical role in a number of key physiological and 

pathological processes. Investigation of electron-transfer reactions in NOS would 

contribute to a better understanding of the nitric oxide (NO) synthesis mechanism. 

Herein, we describe an electrochemically driven catalytic strategy, using a 

nanocomposite consisted of the oxygenase domain of neuronal NOS (D290nNOSoxy), 

indium tin oxide (ITO) nanoparticles and polyvinyl alcohol (PVA). Fast direct 

electron transfer between electrodes and D290nNOSoxy was observed with the 

heterogeneous electron transfer rate constant (ket) of 154.8±0.1 s
-1 

at the scan rate of 5 

Vs
-1

. Moreover, the substrate N
ω
-hydroxy-L-arginine (NHA) was used to prove the 

concept of electrochemically driven biocatalysis of D290nNOSoxy. In the presence of 

the oxygen cosubstrate and tetrahydrobiopterin (BH4) cofactor, the addition of NHA 

caused the decreases of both oxidation current at +0.1 V and reduction current at 

potentials ranging from -0.149 V to -0.549 V vs Ag/AgCl. Thereafter, a series of 

control experiments such as in the absence of BH4 or D290nNOSoxy were performed. 

All the results demonstrated that D290nNOSoxy biocatalysis was successfully driven 

by electrodes in the presence of BH4 and oxygen. This novel bioelectronic system 

showed potential for further investigation of NOS and biosensor applications. 

 

Keywords:  

Nitric oxide synthase, Tetrahydrobiopterin, N
ω
-hydroxy-L-arginine, Indium tin oxide 

nanoparticles, Biocatalysis 
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1. Introduction 

 

Nitric oxide (NO) is one of the ubiquitous cellular signaling molecule involving an 

amazing range of physiologic effects, including neurotransmission, vasodilation, 

cytotoxicity, and involvement in almost all pathologic states [1-3]. In mammalian 

species, NO is synthesized by nitric oxide synthase (NOS), a homodimeric 

flavo-hemoprotein that catalyzes the five-electron oxidation of L-arginine (L-Arg) to 

NO and L-citrulline (Cit) via two steps with an intermediate of 

N
ω
-hydroxy-L-arginine (NHA) [4]. Heme iron is involved in both steps of the NOS 

reactions [5], and the overall reaction is similar to the monooxygenations catalyzed by 

cytochrome P450 [6,7].  

Three isoforms of NOS enzymes have been characterized: neuronal NOS (nNOS), 

inducible NOS (iNOS), and endothelial NOS (eNOS). Though different in size, amino 

acid, sequence, expression level and functions of the evolved NO product, these 

isoforms display a lot of structural and mechanism similarities. Each NOS enzyme 

consists of two domains, an N-terminal oxygenase domain and a C-terminal reductase 

domain. The former contains a cysteine-ligated heme and binding sites for the 

tetrahydrobiopterin (BH4) cofactor and the substrates of L-Arg or NHA [8,9], while 

the latter has binding sites for NADPH, flavin adenine dinucleoide (FAD) and flavin 

mononucleotide (FMN). As revealed in previous studies, these two domains are 

linked by a polypeptide chain as a binding site for calmodulin (CaM) [10,11]. The 

FAD and FMN prosthetic groups transfer electrons from NADPH to the heme iron. 

And, CaM-binding activates the interdomain electron transfer reaction in eNOS and 

nNOS [12]. 

The role of BH4 cofactor in NOS catalysis has been extensively studied. 

Specifically, BH4-binding to NOS influences enzyme dimerization [13], binding 

affinity for substrates [14], heme midpoint potential [15] and stability of heme-dioxy 

complex [16]. However, the function of BH4 cofactor in NOS catalysis can not be 

completely explained by these effects. A variety of studies suggested that the redox 

properties of BH4 are essential to its functions in NOS catalysis. It was speculated 

that BH4 might provide the second electron to a heme-dioxy complex for oxygen 

activation, during which a BH4 radical (BH3·) was formed as illustrated in Scheme 1 

[17,18,19]. Further evidence indicates that the generated radical BH3· in the first step 

of L-Arg hydroxylation must be reduced back to BH4 before the second step of NO 

synthesis starts [20,21]. Besides, it is noted that the one-electron-transfer role of BH4 

is unique to NOS, which is fundamentally different from other enzymes that utilize 

BH4 as a substrate or cofactor [8, 22-24].  

 

Here Scheme 1 

 

Using the purified heme oxygenase domain of nNOS, the direct electron exchange 

between electrodes and the enzyme in didodecyldimethylammonium bromide film has 

been investigated [6]. In the same film, the direct electrochemistry of iNOS on the 

surface of basal plane graphite electrodes was has also been achieved. Based on the 

pH-dependent data, the heme axial water ligand gates electron transfer in iNOS was 

demonstrated [7]. However, there remains an unmet challenge to drive the catalytic 

cycle in the way of delivering electrons from electrodes to enzyme so as to replace the 

electron donation of co-enzyme such as NADPH [6,7]. The electrochemically driven 

strategy would promote the development of inexpensive and rapid assays or 

biosensors, which would not only enable electrochemical investigation of the catalytic 
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pathway but also simplify the applications for biological synthesis [25-27].  

In this paper, the oxygenase domain of nNOS (D290nNOSoxy) was embedded into 

a nanocomposite which combined the good conductivity of indium tin oxide (ITO) 

nanoparticles with the remarkable biocompatibility of polyvinyl alcohol (PVA), and 

the direct electron transfer between D290nNOSoxy and electrodes was investigated. 

Moreover, the catalytic behavior of D290nNOSoxy was studied, during which the 

electrode was used as the electron source instead of NADPH. Furthermore, the critical 

functions of BH4 and oxygen in nNOS biocatalysis process were verified by a series 

of control experiments.  

 

2. Experimental section 

 

2.1. Reagents 

 

The oxygenase domain of neuronal nitric oxide synthase without residues 1-290 

(D290nNOSoxy) was expressed and purified as described earlier [28]. The molecular 

weight (MW) of D290nNOSoxy was about 49 kDa. Polyvinyl alcohol (PVA, MW 

22000) was purchased from Serva. Indium tin oxide (ITO, nanoparticles with an 

average diameter of ca. 10-40 nm, dispersion, 25 wt% in isopropanol,) and 

tetrahydrobiopterin (BH4) were obtained from Sigma-Aldrich Chem. Co. 

N
ω
-hydroxy-L-arginine (NHA) was purchased from Calbiochem. Phosphate buffer 

solution (PBS, 0.1 M, pH 7.0) was prepared by mixing the stock solution of K2HPO4 

and KH2PO4. Deionized water was prepared with a Millipore system. Other reagents 

were of analytical reagent grade unless otherwise specified and were used as received. 

 

2.2. Electrode preparation  

 

The glassy carbon electrode (GCE) with a diameter of 3 mm was successively 

polished using 1.0 and 0.3 μm alumina powder, followed by rinsing thoroughly with 

deionized water. After successive sonication in 1:1 nitric acid, acetone and deionized 

water, the electrode was rinsed with deionized water and dried at room temperature. 

To prepare D290nNOSoxy modified electrode, 1.42 μL of PVA (170 μg/mL), 5.38 

μL of H2O, 1.2 μL of ITO nanoparticles (25 wt% in isopropanol) and 4 μL of 

D290nNOSoxy were mixed together. Then 10 μL of this mixture was dropped on the 

surface of the pretreated GCE to obtain D290nNOSoxy/ITO/PVA/GCE. For control 

experiments, only 10 μL of the mixture of H2O, ITO nanoparticles and PVA was 

casted onto the surface of GCE to obtain ITO/PVA/GCE. All modified electrodes 

were dried at 4 
o
C overnight to allow the formation of uniform films and were 

thoroughly rinsed with deionized water before use.  

 

2.3. Apparatus and procedures 

 

Cyclic voltammetry (CV) and square wave voltammetry (SWV) were performed on 

a computer-controlled electrochemical analyzer (CHI440, CHI Instrument) with the 

conventional three-electrode system composed of modified GCE as the working 

electrode, platinum wire as the counter electrode and a KCl saturated Ag/AgCl as the 

reference electrode. To create the anaerobic environment, the buffer solution was 

bubbled thoroughly with high-purity nitrogen for 10 min before use. All experiments 

were carried out at the ambient temperature of about 25 °C.  

The morphology of ITO/PVA nanocomposite was characterized by using scanning 
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electron microscopy (SEM, JEOLJSM-5610LV, Japan) and transmission electron 

microscopy (TEM, JEOL JEM-100S, Japan). 

 

3. Results and discussion 

 

3.1. Electrochemical behaviors of D290nNOSoxy entrapped in ITO/PVA 

nanocomposite  

PVA was well-known for its excellent film-forming ability, high solvent 

permeability, good adhesion, and remarkable biocompatibility [29,30]. ITO 

nanoparticles have advantages of its high electrical conductivity over a broad 

potential window which facilitates electron transport toward the electroactive centers 

of proteins [31,32]. The microstructure of ITO/PVA nanocomposite was investigated 

by SEM and TEM. The SEM image in Fig. 1A shows that ITO nanoparticles were 

dispersed well in PVA and a uniform film was formed on the electrode surface. From 

the TEM image (Fig. 1B), it is seen that the film was extremely porous, providing a 

suitable microenvironment to keep the bioactivity of D290nNOSoxy. 

 

Here Fig. 1 

 

The electron transfer properties of D290nNOSoxy in ITO/PVA nanocomposite 

were investigated by the electrochemical measurements. As shown in Fig. 2A, the CV 

curve of D290nNOSoxy/ITO/PVA/GCE gave a pair of well-defined redox peaks in 

oxygen-free solution at the scan rate of 9 Vs
-1

, while no peaks were observed on 

ITO/PVA/GCE in the same potential window. Obviously, the redox peaks 

corresponded to the heme iron (Fe
Ⅱ

/Fe
Ⅲ

) redox couple in D290nNOSoxy. The formal 

potential of -0.385 V vs Ag/AgCl was consistent with other studies of heme proteins 

[32,33].  

 

Here Fig. 2 

 

At lower scan rates from 0.01 to 0.5 Vs
-1

, the reduction peak was pronounced while 

the oxidation peak was very small, which was probably due to the interference of 

residual oxygen in the film and solution [34]. At higher scan rates ranging from 3 to 

19 Vs
-1

, the reduction and oxidation peak currents rose linearly with the linear 

equations as Ipc(μA) = (0.871±0.036) v(Vs
-1

) + (3.404±0.434) (R=0.995) and Ipa(μA) 

= (-0.431±0.009) v(Vs
-1

) - (0.051±0.115) (R=0.996), respectively (inset in Fig. 2A), 

suggesting a surface-controlled process. The small peak-to-peak separation of 42±1 

mV at the scan rate of 5 Vs
-1 

indicated the fast electron transfer rate between 

electrodes and the redox protein in the immobilized layer. The heterogeneous transfer 

rate constant of the first electron (ket) was estimated to be 154.8±0.1 s
-1 

at the scan rate 

of 5 Vs
-1 

by the method of Laviron [35]. The value was comparable with former 

studies of 80.0 s
-1 

at
 
10 Vs

-1
 for cytochrome P450 2B4 on modified electrodes with 

nonionic detergent and colloidal clay nanoparticles [34], 350.0 s
-1 

at
 
16.7 Vs

-1
 for 

iNOS in DDAB films on the surface of BPG electrodes [7], and 12.3 s
-1 

at
 
0.5 Vs

-1
 for 

cytochrome P450 2C9 in CYP2C9/CRP-microsome/ITO/CS [32]. These 

investigations clearly suggested that the film of ITO/PVA nanocomposite provided a 

favorable bioenvironment for the immobilization of proteins exposing redox active 

site in the event of electron-transfer.  

Electron transfer in biological systems is often accompanied with proton movement. 

The variation of the reduction potentials with pH was plotted in Fig. 2B. The increase 
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of pH from 5.5 to 8.5 caused a negative shift of the formal potential with the linear 

equation as E(V) = (-0.047±0.001) pH + (0.044±0.012) (R=0.991). The slope of 

-47±1 mV/pH unit was close to the value found for a reduction process involving one 

electron and one proton [36]. Actually, the distal pocket of heme was hydrophobic and 

hence lacked obvious proton-donating residues when the hydrophilic substrate was 

absent. The proton-coupled electron transfer demonstrated that the structure of NOS 

might control the electron transfer to the heme active site in another yet unknown 

process [7, 37].  

 

3.2. Electrochemistry of free BH4  

 

In spite of some differences between the redox properties of enzyme-bound BH4 

and free BH4, the electrochemical behavior of free BH4 is still appealing. Fig. 3A 

shows CV curves obtained on bare GCE in anaerobic solution with different 

concentrations of BH4. As the concentration of BH4 increased, the peak current at 

+0.1 V vs Ag/AgCl increased obviously. To further characterize the oxidation reaction 

at +0.1 V, CVs were performed at different scan rates (data not shown). As the scan 

rates varied from 0.1 to 0.5 Vs
-1

, the peak current at +0.1 V increased proportionally 

with the square root of the scan rates and the relationship was shown as   Ip(μA) = 

(−0.063±0.009) v
1/2

(mVs
-1

)
1/2

 - (0.094±0.001) (R=0.998). Besides, the difference 

between potentials of the maximal and half-maximal currents EP-EP/2 was 55.4 mV, 

which suggested that it was an electrochemically reversible one-electron oxidation 

reaction at +0.1 V [22]. Actually, the one-electron oxidation product of BH4 is the 

radical BH3· that has been observed in catalytic reactions with the heme domain of 

nNOS [38] and iNOS [8]. 

 

Here Fig. 3 

 

However, as the radical BH3· was extremely thermodynamically unstable, it would 

remove the second electron rapidly and form the two-electron oxidation product of 

quinonoid BH2 (qBH2), which would be reduced at -0.4 V vs Ag/AgCl [22, 39]. As a 

result, the more BH4 was oxidized at +0.1 V, the more qBH2 was generated, giving 

rise to the reduction current at -0.4 V (Fig. 3A). Generally, unstable qBH2 was 

rearranged to form 7,8-dihydrobiopterin (7,8-BH2), which would be oxidized at the 

higher potential [40]. Under this experimental condition, there was a small oxidation 

peak of 7,8-BH2 at +0.7 V vs Ag/AgCl. Owing to the short scan time, only a small 

amount of 7,8-BH2 was generated from qBH2 [22, 39].  

In aerobic solution, several factors including pH, temperature and buffer can 

influence the oxidation behavior of BH4 [41]. Fig. 3B shows the CV curves of the 

freshly prepared BH4 before and after being kept in aerobic PBS (0.1 M, pH 7.0) for 

12 h. After aerobic oxidation, the two peaks at +0.1 V and -0.4 V disappeared 

completely, while a sharp oxidation peak appeared at +0.7 V vs Ag/AgCl which was 

ascribed to the oxidation of 7,8-BH2. At the same time, the small peak emerging at 

+0.5 V indicated the generation of another unknown auto-oxidation product of BH4. 

However, no obvious change in CV curves was observed after aerobic oxidation for 2 

h in the same solution (data not shown). These results evidently indicated that BH4 

was able to be oxidized slowly in aerobic 0.1 M pH 7.0 PBS and the predominant 

oxidation product was 7,8-BH2 [42,43]. To maintain the activity of BH4, all the BH4 

solution used in the following experiments was freshly prepared.  
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3.3. Electrochemically driven biocatalysis  

 

After the addition of BH4 and incubation for 10 min, the reduction potential of 

D290nNOSoxy heme moved from -0.243 V to -0.271 V vs Ag/AgCl (Fig. 4). The 

similar behavior has been observed for nNOS oxygen domain by 

spectroelectrochemical titrations [15].  

 

Here Fig. 4 

 

The negative shift of the reduction potential of D290nNOSoxy implied that BH4 

had a lower affinity to the reduced form of D290nNOSoxy compared with its affinity 

to the oxidized form [15,27]. The following equation illustrated the relationship 

between the binding constants of BH4 to the reduced form of enzyme (KD,red) and to 

the oxidized form of enzyme (KD,ox).  

 

KD,red=10
-[(Em,b –Em,f) nF/ (2.303RT)]

KD,ox                             （1） 

 

where Em,b is the measured reduction potential of BH4-bound enzyme, Em,f is the 

measured reduction potential of BH4-free enzyme, R is the gas constant, F is the 

Faraday constant, and T is the experimental temperature [15]. According to eq. 1, the 

quantitative relationship between KD,red and KD,ox was illustrated as KD,red = (2.98±0.01) 

KD,ox (for one-electron reaction at 25 °C), which meant that the binding affinity of 

BH4 to the ferrous heme form of D290nNOSoxy decreased by about 3-fold of that to 

the oxidized form. This result was consistent with the electron donating role of BH4 

to the ferrous-dioxygen complex of nNOS [17-19] and the BH4 binding site in close 

proximity to the heme center [8,9]. As a result, when the heme was reduced, it was 

difficult for BH4 to get bound to the active site of nNOS. Besides, upon BH4 binding, 

the heme center would become hard to be reduced by the electrode. 

In the presence of oxygen, the same electrochemical experiment was carried out on 

D290nNOSoxy/ITO/PVA/GCE. As shown in Fig. 5A, the introduction of oxygen 

dramatically changed the shape of CV curves for D290nNOSoxy heme, together with 

an increased reduction current and a decreased oxidation current, suggesting a typical 

electrocatalytic oxygen reduction process and the fast binding of oxygen to the ferrous 

heme [6,32,44]. After the addition of BH4 cofactor and incubation for 10 min, the 

reduction potential of D290nNOSoxy negatively shifted from -0.258 V to -0.286 V vs 

Ag/AgCl, which was similar to that observed in oxygen-free solution, implying the 

successful binding of BH4 to the active site of D290nNOSoxy. Interestingly, 

BH4-binding to D290nNOSoxy under the aerobic condition made the reduction 

current of D290nNOSoxy increase obviously (Fig. 5A, curve c), whereas it decreased 

with the addition of BH4 in the anaerobic atmosphere (Fig. 4, curve b). The 

discrepancy might indicate that the bound BH4 had provided electrons for the 

ferrous-dioxygen complex and sped the oxygen activation of the ferrous heme domain 

[16,17,19].  

 

Here Fig. 5 

 

NHA, the substrate which can be directly catalyzed by nNOS to yield NO [4,5], 

was used to prove the concept of electrochemically driven catalysis of D290nNOSoxy. 

When the BH4 cofactor and oxygen cosubstrate were present, the addition of NHA 

caused decreases of both the oxidation current at +0.1 V and the reduction current 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 7 

ranging from -0.149 V to -0.549 V (Fig. 5A, curve d). In the control experiments, no 

change was observed on ITO/PVA/GCE or when the same volume of PBS was added 

into the solution (data not shown). The above findings might indicate the occurrence 

of the electrochemically driven catalysis of D290nNOSoxy. As NO synthesis was an 

oxygen-dependent process [4], the decreased reduction current could be due to the 

consumption of oxygen in the catalysis process. 

To further verify the critical function of BH4 in nNOS biocatalysis, NHA was 

added into aerobic PBS in the absence of BH4. As shown in Fig. 5B, the addition of 

NHA made the reduction potential of D290nNOSoxy heme positively shift from 

-0.318 V to -0.282 V, but the reduction current changed little. The positive movement 

of the heme reduction potential has been proved to be correlated to the low-to-high 

spin shift of nNOS upon substrate binding, which acted as a gate of the NOS catalytic 

cycle by facilitating the first electron transfer [6,21]. Meanwhile, the lack of 

decreased reduction current suggested that the amount of oxygen in the solution was 

not consumed after the addition of NHA. In other words, the electrochemically driven 

catalysis of D290nNOSoxy hardly occurred without BH4. Therefore, it was 

reasonable to predict that the above decreased oxidation current at +0.1 V (Fig. 5A, 

curve d) was caused by the depletion of BH4, which would be converted into radicals 

when it participated in NO synthesis.  

All the measurements were repeated for three times with the same modified 

electrode and the same result was obtained. Therefore, we infer that the 

electrochemically biocatalysis of D290nNOSoxy was successfully driven by 

electrodes, and the oxygen cosubstrate and BH4 cofactor played significant roles in 

the catalysis process. 

 

4. Conclusions  

 

In summary, an electrochemically driven biocatalysis of D290nNOSoxy was 

successfully constructed by integrating D290nNOSoxy, ITO nanoparticles and PVA. 

The nanocomposite provided a favorable bioenvironment for maintaining the 

bioactivity of immobilized enzymes, making it an idea platform for the studies of 

NOS catalysis process. This novel bioelectronic system had potential for further 

research of NO synthesis mechanism and bioreactor/biosensor applications. We were 

also pursuing studies to understand the regulation of L-Arg conversion driven by 

D290nNOSoxy/ITO/PVA/GCE, and how BH4 affected this biocatalysis process. 
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Captions 

 

Scheme 1. Oxidation reaction of L-Arg and NHA by NOS. 

 

Fig. 1. (A) SEM and (B) TEM images of ITO/PVA nanocomposite. 

 

Fig. 2. (A) CV curves obtained on (a) D290nNOSoxy/ITO/PVA/GCE and (b) 

ITO/PVA/GCE at the scan rate of 9 Vs
-1

 in anaerobic 0.1 M pH 7.0 PBS. The inset 

shows dependence of peak currents on scan rates. (B) SWV with 50 mV amplitude 

and 10 Hz frequency on D290nNOSoxy/ITO/PVA/GCE in anaerobic 0.1 M PBS with 

different pH of 5.5, 6, 6.5, 7, 7.5, 8, 8.5 (from down to up). The inset is the linear 

relationship between pH and the formal potential of the reduction peak of 

D290nNOSoxy.  

 

Fig. 3. (A) CV curves obtained on bare GCE in anaerobic 0.1 M pH 7.0 PBS with (a) 

52.83 μM, (b) 101.54 μM and (c) 149.52 μM BH4. (B) CV curves in 149.52 μM BH4 

(a) before and (b) after being kept in aerobic 0.1 M pH 7.0 PBS for 12 h. Scan rate: 

0.5 Vs
-1

. 

 

Fig. 4. CV curves obtained on D290nNOSoxy/ITO/PVA/GCE (a) without and (b) 

with the addition of 52.83 μM BH4 and incubation for 10 min. Electrolyte: anaerobic 

0.1 M pH 7.0 PBS, scan rate: 1 mVs
-1

. 

  

Fig. 5. (A) CV curves obtained in 0.1 M pH 7.0 PBS that was (a) nitrogen saturated, 

(b) air saturated, (c) air saturated with the addition of 40 μM BH4 and incubation for 

10 min, and (d) with the continued addition of 731 μM NHA. (B) CV curves obtained 

on D290nNOSoxy/ITO/PVA/GCE in BH4-free solution (a) before and (b) after the 

addition of 366 μM NHA. Scan rate: 1 mVs
-1

. 
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Scheme 1 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Highlights 

►An electrochemically driven catalytic strategy was described ►Fast direct 

electron transfer between electrodes and D290nNOSoxy was observed ► 

D290nNOSoxy biocatalysis was successfully driven by electrodes in the presence of 

BH4 and oxygen  

 

 


