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Abstract

Understanding the direct electron transfer processes between redox proteins and
electrode surface is fundamental to understand the proteins mechanistic properties and
for development of novel biosensors. In this study, nitric oxide reductase (NOR)
extracted from Marinobacter hydrocarbonoclasticus bacteria was adsorbed onto a
pyrolytic graphite electrode (PGE) to develop an unmediated enzymatic biosensor
(PGE/NOR)) for characterization of NOR direct electrochemical behaviour and NOR
electroanalytical features towards NO and O,. Square-wave voltammetry showed the
reduction potential of all the four NOR redox centers: 0.095+0.002, -0.108+0.008, -
0.328+0.001 and -0.635+0.004 V vs. SCE for heme ¢, heme b, heme b; and non-heme
Feg, respectively. The determined sensitivity (-4.00x10® + 1.84x10°° AuMand - 2.71x10
®+1.44x10° A/uM for NO and O,, respectively), limit of detection (0.5 yM for NO and 1.0
MM for O,) and the Michaelis Menten constant (2.1 and 7.0 uM for NO and O,,
respectively) corroborated the higher affinity of NOR for its natural substrate (NO). No
significant interference on sensitivity towards NO was perceived in the presence of O,,
while the O, reduction was markedly and negatively impacted (3.6 times lower
sensitivity) by the presence of NO. These results clearly demonstrate the high potential
of NOR for the design of innovative NO biosensors.
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1. Introduction

Biological denitrification is an anaerobic pathway used by different bacteria to generate
energy [1]. In denitrification, the reduction of nitrate to dinitrogen gas is accomplished by
four different types of metalloenzymes (nitrate reductase, nitrite reductase, nitric oxide
reductase (NOR) and nitrous oxide reductase) in four simple steps (nitrate — nitrite —
nitric oxide — nitrous oxide — dinitrogen gas) [1]. In the third step, two nitric oxide
radicals ("NO, herein abbreviated NO) are conjugated to form nitrous oxide and water in
a two electron/proton reaction (2NO + 2e” + 2H" — N,O + H,O (eq. 1)) with the
involvement of NOR. NO is a signalling molecule involved in important biological
processes in humans including neurotransmission, vasodilation, platelet aggregation,
gene expression and apoptosis [2]. NO has also been implicated in a wide range of
pathological processes, such as chronic infections and inflammations, diabetes, and
neurological diseases (Parkinson and Alzheimer) [3]. Concerning NOR, three classes
(cNOR, CuNOR and gNOR) exist, which are composed by different electron transfer
centers and subunits [4]. cNOR, the first class, is a membrane enzyme with two different
subunits, a NorB (the catalytic center) and a NorC (responsible for electron transfer) [5,
6]. cNOR can be extracted from Paracoccus denitrificans [7-9], Pseudomonas nautica
(also designated as Marinobacter hydrocarbonoclasticus) [5, 10, 11], Pseudomonas
aeruginosa [12, 13], Halomonas halodenitrificans [14], Roseobacter denitrificans [15]
and Thermus thermophilus [16].

Several methods have been applied to study the NO reduction by different NORs, which
included density functional theory (DFT) calculations [7, 12, 17], fluorescence [18],
Raman [19, 20] and UV/Vis spectroscopy [21, 22]. More recently, electrochemical
methods, mainly cyclic voltammetry [5, 10, 11] and spectroelectrochemistry [8] have
been also explored due to their inherent advantages, namely inexpensive
instrumentation, possibility of miniaturization, requirement of low volumes, high
sensitivity and low limits of detection (LOD) [23-26]. Electrochemical biosensors, in
particular third-generation biosensors (based on direct electron transfer (DET), i.e. in the
absence of mediators, [27-31]) are the next promising step to detect NO in in vivo
studies.

Recent works have permitted to obtain crucial information on NOR catalysis behaviour
towards NO, however, some questions still remain unanswered due to controversial
opinions [5, 10] One of those questions rely on the competition between the two most
important substrates of this enzyme, NO and O,. Therefore, in this study, NOR purified
from Marinobacter hydrocarbonoclasticus was adsorbed onto a pyrolytic graphite
electrode (PGE) to produce an unmediated enzymatic biosensor (PGE/NOR) for
characterization of NOR electroanalytical features towards NO and O,. In addition, the
direct electrochemical behaviour of the purified NOR was evaluated.

2. Materials and methods

2.1 Reagents

n-dodecyl-B-D-maltoside (DM), di-potassium hydrogen phosphate (K;HPO,, >99%) and
sulfuric acid (H,SO,4, 96%) were purchased from Panreac (Spain), 2-phenylethanol (PE,
2 99.0%) from Sigma-Aldrich (Germany) and ethanol (>96%) from Carlo Erba (ltaly).
Potassium hydroxide (KOH, 87.50%) and potassium dihydrogen phosphate (KH,PO,,
99.50%) were bought from Pronolab (Mexico) and Merck (USA), respectively. NO and O,
with the desired concentrations were prepared by dilution from buffer stock solutions. NO
solutions of different concentrations were prepared by dilution from a buffer stock
solution of 100 uM prepared by bubbling a 5% NO/95% He gas mixture (Air Liquid,
Portugal) into phosphate buffer 100 mM pH 6.0. For the O, effect study, the O,
concentration was varied by adding different volumes of air-equilibrated water (assumed



as being 245 yM at 25°C) to the anaerobic reaction mixture. All solutions and stock were
prepared immediately before being used. Ultrapure water obtained from a Millipore water
purification system (18 MQ, Milli-Q; Millipore, Molsheim, France) was used in all
experiments.

2.2 NOR purification and characterization

NOR is not commercially available and it was purified from membrane extracts of
Marinobacter hydrocarbonoclasticus grown anaerobically as described by Prudéncio et
al. [32]. The enzyme purity was estimated by its UV-visible spectrum (Abs,10/Abs2g ratio
of 1.3; UV 1800-Shimadzu, Germany) [33] and electrophoresis assays under
denaturation conditions (tricine SDS-PAGE) (Bio-Rad, Mini-PROTEAN® Tetra Handcast
Systems, Portugal) based on the protocol of Laemmli [34]. Two bands corresponding to
NOR subunits (NorC (17 kDa) and NorB (35-40 kDa)) were obtained and are in
agreement with those presented by Girsch and de Vries [35]. Moreover, the specific
activity of the purified NOR of 760 U/mg was determined by amperometry with an ISO-
NO sensor (2 mm, World Precision Instruments, Inc., UK: one unit corresponds to 1
umol of NO/min) as described previously by Timéteo et al. [33].

2.3 Biosensor preparation

PGE was sequentially hand polished with 5.0, 1.0 and 0.3 ym alumina (Gravimeta Lda,
Portugal), briefly sonicated with ethanol and finally rinsed with ultrapure water. Surface
activation was performed by cyclic voltammetry (CV) in 0.5 M H,SO, at 100 Vs™ in the
range of 0 to 1.6 V vs. saturated calomel electrode (SCE). NOR (7 pL of 14 mg/mL —
760 U/mg) was then immobilized on the PGE surface (0.4 cm diameter) using the
solvent casting technique and dried using ultra-pure argon [36]. All the assays were
conducted inside an anaerobic chamber (MBraun UniLab, Germany), at room
temperature, where O, concentration was set at 0.1 ppm.

2.4 Electrochemical measurements

The PGE/NOR was set as the working electrode, and a platinum wire and SCE were the
secondary and reference electrodes, respectively. The three-electrode system was
connected to an pAUTOLAB potentiostat controlled by GPES 4.9.7 software (Eco
Chimie). The redox behaviour of NOR was evaluated by CV at different scan rates (from
0.10t0 2.0 Vs™) in a potential range of 0.4 to -0.9 V with a previous deoxygenation of the
buffer solution (100 mM potassium phosphate buffer, 0.02% (v/v) DM and 0.01% PE at
pH 6.0) using ultra-pure argon gas during 20 minutes. For the O, effect study, the O,
concentration was varied by adding different volumes of air-equilibrated water (assumed
as being 245 uyM at 25°C) to the anaerobic reaction mixture. Bioelectrocatalytic studies
of NO and O, reduction were performed by CV at 5 mV/s and by square wave
voltammetry (SWV) at 8 Hz, step potential of 6 mV and amplitude of 20 mV in the same,
as previously described, potential range.

3. Results and discussion

3.1 Characterization of the nitric oxide reductase-based biosensor

The characterization of the DET of the purified NOR was firstly performed by CV at 0.50
Vs™ in buffer solution (100 mM potassium phosphate, 0.02% DM and 0.01% PE) at pH
6.0 under anaerobic conditions (Fig. 1 (A)). The pH of 6.0 was chosen based on the
previous data reported by Duarte et al. [5] and Garny et al. [37] since, at this value,
maximum enzyme catalytic activity was attained due to the protonation of the residues
surrounding the catalytic centre. A cathodic (at 0.28 V) and an anodic (at 0.26 V) peak
were detected with a formal potential (E*) of -0.27 + 0.01 V at 0.50 Vs™' corresponding to



the low spin heme b; of the NOR bi-nuclear catalytic center, which is related to the
reduction/oxidation of heme—(Fe(lll)/Fe(Il)) groups in accordance with Cordas et al. [10].

The observed cathodic (l,;) and anodic (l,.) peak current ratio (I,o/l,.) =1 and the linear
regressions of the I, and |,, versus the tested scan rates (v; 0.10 to 2.0 Vs™)) (Fig. 1
(B)); le(A) = - 2.56x10° £ 4.70x10° v (Vs™") — 1.32x107 + 3.68x10°®; r*=0.997; n=10 and
La(A) = 2.60%10° + 4.90x10% (Vs™) + 7.17x10°  3.83x10°%, r*=0.997; n=10) indicated
that this is a surface electron-transfer process with no diffusion control [38]. The peak to
peak separation (AEp) was = 0 mV for the highest scan rates (0.35 to 2.00 V/s), which is
in agreement with the theoretical value for ideal surfaces, but AEp = 30 mV for the
lowest scan rates (0.1 to 0.23 V/s). This profile could be influenced by the amino acids
around the heme b3, the protonation states of ligands to the heme iron or the protonation
of the water molecule coordinated to the iron center [39]. SWV assays allowed to
observe the other NOR redox centers in addition to the redox signal of the previously
described heme bs-center (Fig. 1 (C)), due to the SWV higher sensitivity when compared
with CV. The NOR reduction potential was determined for heme ¢, heme b, heme b; and
non-heme Feg as being 0.095+0.002, -0.108+0.008, -0.328+0.001 and -0.635+0.004 V,
respectively (Fig. 1 (C)) (at 50 Hz, step potential of 5 mV and amplitude of 20 mV).
These results are in agreement with those previously reported for formal potentials of
NOR (Table 1) with non-significant deviations, except for heme ¢ with a value of -
0.033+0.017 V (this peak is less defined than the others, which may promote higher
potentials discrepancies). Dependence between the peak current and the scan rate was
perceived for all three redox centers that were not detected by CV (heme c: |, (A) = -
9.83x107 + 1.62x107" v (Vs™") — 2.75x10® + 3.64x10°%; r*=0.995; n=6; heme b: |, (A) = -
1.04x10° £ 6.28x10°% v (Vs™) + 4.09x10°® + 2.33x10°®; r*=0.99; n=7; non-heme Fes: |, (A)
=-2.05%10°+1.67x10" v (Vs") — 2.75x10" + 4.66x10°%; r’=0.994; n=7) (Fig. 1 (D)).

(Here Table 1)

(Here Figure 1)

The surface concentration of the electroactive species and rate constant were also
determined using the obtained electrochemical data. The surface concentration of the
electroactive species (1, molcm™) was estimated based on equation 2 [40]:

Q=nFAT* Eq. 2

where Q (A.s) is the charge involved in the reaction, A (cm?) is the geometric area of the
working electrode, n is the number of the electron transferred, F (sA.mol”) is the
Faraday constant, as being 1.2x10™"" molcm™, corresponding to a multilayer coating. By
applying the Laviron model [41], a value of the rate constant, ks, for the redox reaction of
the catalytic heme b; centre was assessed as 0.60 s™', demonstrating the good electron
transfer between NOR and the electrode surface.

3.2 Nitric oxide bioelectrocatalysis

In this work, the NO bioelectrocatalysis by the PGE/NOR was followed by SWV and CV
(Fig. 2). Heme proteins-modified electrodes using haemoglobin, myoglobin, cytochrome
¢, among others, have been applied for the detection of NO [42-44]. NOR, a specific
bacterial heme protein, bioelectrocatalyses directly the NO to N,O reduction (-0.71 £
0.01 V; Fig. 2 (A)) with the release of water according to the reaction 2NO+2e



+2H*—N,0+H;0 (eq. 3) [7], thus avoiding the necessity of using electroactive mediators.
NOR catalytic subunit (NorB) is formed by a low-spin heme b and a singular catalytic
diiron center constituted by the heme b; and one non-heme iron (Feg), which are bridged
by a p-oxo/hydroxo group [45]. This special feature, when compared to the other
proteins, seems to have a crucial role on the NOR higher specificity and efficiency for
NO reduction, making it a very interesting target to develop new NO biosensors.
Moreover, free energy profiles for NO reduction by NOR have been originating important
information on its mechanism proving that it needs low activation energy to efficiently
catalyze the NO reduction [7, 12, 15]. The irreversible behavior of NO reduction at the
developed biosensor may be observed in Fig. 2 (B); Fig. 2 ((C)-(D)) exhibit the attained
calibration curve data (square wave voltammograms and corresponding mean
regression equation) when the PGE/NOR was exposed to dlfferent concentration of
dlssolved NO (0.50 to 6.98 uM): I, (A) = -4.00x10° + 1.84x10° [NO] (uM) - 1.36x10" +
6.78x107; r’=0.99; n=6. These results were used to determine the detection (LOD; 3x
the standard deviation of the y-intercept (Sy)/slope) and quantification (LOQ; 10xSy-
intercept/slope) limits [46], as being 0.5 and 1.7 yM, respectively. The Michaelis-Menten
constant (K,,) was also estimated according to the Michaelis-Menten equation (eq. 4).

Iss= lrax[C/(Knit[C]) Eq. 4

where Iss (A) is the current after addition of the substrate; C (uM) is the concentration of
the substrate; l..x (A) is the maximum current measured under saturated substrate
conditions [47]. The attained K, value, 2.1 yM, is similar to 2.2 yM, which was reported
by Duarte et al. [5] proving the great affinity of the purified NOR for the NO substrate
(Table 1). This behaviour may be due to the efficient orientated immobilization of the
catalytic center of NOR and its availability for NO reduction [5]. The determined catalytic
rate constant (k..), 1.82 s, is lower than the previously attained using steady-state
kinetic experiments with NOR immobilised onto a graphite rotating disk electrode,
mimicking the role of the physiological partner [5]. However, these comparisons should
be made with caution since significantly different experimental setups and concentration
ranges were used.

NOR was shown to be a divergent member of the superfamily of O,-reducing heme-
copper oxidases [48]. This enzyme was also reported to be catalytically active towards
O, reduction trough the following reaction: O,+4H"+4e—2H,0 (Eq. 5) [17]. Therefore,
the influence of O, (at 5.98 uM) on the NO reduction was similarly characterized. No
significant interference on sensitivity towards NO was perceived since the following data
were achieved: |, (A) = -3.76x10®° = 1.95x10° [NO] (uM) — 9.87x10® + 7.19x10°®;
r’=0.99; n=6) (Fig. 2 (E)-(F)); the ratio between regression equation slopes (in the
absence and presence of O,) was 1.06. These results also suggested that the reaction
between NO and O, to yield nitrogen dioxide radical, according to Eq. 6 under the low
(physiological) NO concentrations [49, 50], did not significantly contribute to the
consumption of NO.

2°NO+0, =— 2°NO, Eq.6

Nevertheless, it should be noted that this reaction (Eq. 6) also interferes with the aerobic
NO measurements by any (bio)sensor or methodology. Therefore, the attained
biosensor sensitivity seems adequate to determine the NO release in biological systems
or in environmental studies under anaerobic or aerobic conditions.

(Here Figure 2)



3.3 Dioxygen bioelectrocatalysis

Using the same approach as the one applied for NO, the O, bioelectrocatalysis by NOR
was studied by CV and SWYV in the absence (Fig. 3 (A)-(D)) and in the presence (Fig. 3
(E)-(F)) of NO. The efficient O, bioelectrocatalysis by NOR promoted the appearance of
an irreversible reduction peak at -0.25 + 0.02 V (Fig. 3 (A)-(C)), which increased linearly
with the O, concentration from 1.22 to 11.67 yM. When NO was introduced at the 2.44
MM level, a significant negative impact on the biosensor sensitivity towards O, was
perceived with a value about 3.6 times lower (I, (A)=-7.57x10° % 2.71x10™"° [O,] (uM) -
8.06x10™"° £ 1.09x10°; r’=0.994; n=6) than the reached in the absence of NO (I, (A)=-
2.71x10° £ 1.44x10° [O,] (UM) - 3.93x10° + 9.89x107; r’=0.99; n=6). On the other
hand, the peak current of NO did not suffered any marked effect due to the
augmentation of the O, concentration in the electrolyte, being stable at 1.89 x107 + 9.00
x10° A (RSD = 4.8% at 2.44 uM; n=6) (Fig. 3 (E)-(F)). As expected, the determined LOD
(1.0 uM) and LOQ (3.2 uM) values for O, electroanalysis were considerably higher than
those reached for NO detection. Also, the greater Michaelis-Menten constant value (7.0
pMM), when compared to the K, obtained for the bioelectrocatalysis of NO (2.1 uM),
reinforced the higher affinity of NOR to NO and the preference of this enzyme for its
natural substrate.

(Here Figure 3)

4. Conclusions

A third generation biosensor composed by PGE/NOR was used to characterize the NOR
electrochemical behaviour. Considering that NOR is catalytically active towards NO and
O, reduction, the bioelectrocatalysis of these two substrates, under anaerobic
conditions, was studied when both existed separately and when the two substrates were
in competitive environment. NOR demonstrated to have affinity for both substrates but
exhibited a lower Michaelis Menten constant (2.1 for NO vs. 7.0 uM for O,) for its natural
substrate (NO). The attained high sensitivity for NO suggests the potential applicability of
this NOR-based biosensor to real biological samples in aerobic conditions and
demonstrate the possibility of using NOR in the design of unmediated nitric oxide
biosensors. Still, further studies are needed to characterize other possible interfering
substrates existing in real matrices. Moreover, future research is being undertaken to
enhance the NOR electron transfer rate and lifetime at the PGE.
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Figure captions

Figure 1. (A) Representative cyclic voltammograms of the electrochemical behavior of
PGE (—) and PGE/NOR (-----) in buffer solution at 0.50 Vs™. (B) Influence of the scan
rate (0.10, 0.15, 0.20, 0.22, 0.25, 0.35, 0.50, 0.75, 1.0 and 2.0 Vs'1) on the oxidation (*)
and reduction () peak current of the principal heme center of NOR (heme bs). (C)
Square-wave voltamograms of PGE/NOR biosensor at different frequencies (20, 30, 40,
45, 50, 70, 100 and 150 Hz) (step potential of 5 mV and amplitude of 20 mV) showing
the non-heme Feg (1), heme bs; (2), heme b (3) and heme ¢ (4) peak centers. (D)
Influence of the scan rate (0.10, 0.15, 0.20, 0.22, 0.25, 0.35 and 0.50 Vs™) on the
reduction peak current of non-heme Feg (%), heme b (¢) and heme c (B) peak centers.
Experimental conditions: Assays were performed under anaerobic conditions in 100 mM
potassium phosphate pH 6.0, 0.02% n-dodecyl-B-D-maltoside and 0.01% 2-
phenylethanol.

Figure 2. (A) Comparative square-wave voltammograms of the PGE (— ) and
PGE/NOR (-----) exposed to 2.44 uM NO. (B) Cyclic voltammograms of PGE/NOR
biosensor exposed to two different NO concentrations (0.50 (—) and 2.44 (-----) uM).
(C) Square-wave voltamograms of NOR — catalysed NO reduction at 0.50, 1.23, 1.48,
244,476, 6.98 uM and (D) the respective peak current vs. NO concentration curve. (E)
Square-wave voltamograms of NOR - catalysed NO reduction at the same
concentrations as indicated in (C)-(D) but in the presence of 598 uM of O,; (F)
respective peak current vs. NO concentration curve. Experimental conditions: Assays
were performed under anaerobic conditions in 100 mM potassium phosphate pH 6.0,
0.02% n-dodecyl-B-D-maltoside and 0.01% 2-phenylethanol at 5 mV/s for CV and at
frequency of 8 Hz, step potential of 6 mV and amplitude of 20 mV for SWV.

Figure 3. (A) Comparative square-wave voltammograms of the PGE (— ) and
PGE/NOR (-----) exposed to 5.98 uM 0O,. (B) Cyclic voltammograms of PGE/NOR
biosensor exposed to two different O, concentrations (1.22 (—) and 5.98 (-----) uM).
(C) Square-wave voltamograms of NOR — catalysed O, reduction at 1.22, 3.02, 3.62,
5.98, 11.67 uyM and (D) the respective peak current vs. O, concentration curve. (E)
Cyclic voltamograms of NOR — catalysed O, reduction at the same concentrations as
indicated in (C)-(D) but in the presence of 2.44 uM of NO; (F) respective peak current vs.
O, concentration curve. Experimental conditions: Assays were performed under
anaerobic conditions in 100 mM potassium phosphate pH 6.0, 0.02% n-dodecyl-3-D-
maltoside and 0.01% 2-phenylethanol at 5 mV/s for CV and at frequency of 8 Hz, step
potential of 6 mV and amplitude of 20 mV for SWV.



Highlights

- Direct electron transfer of nitric oxide reductase (NOR) was described.

- NOR bioelectrocatalytic activity towards NO and O, reduction was characterized.
- Lower Michaelis Menten constant was obtained for NO than for O,.

- O, has no significant effect on NOR sensitivity towards NO reduction.

- The unmediated NOR-based biosensor can be useful for NO sensing in biological
events.



Table 1- Formal potential (E®) and Michaelis Menten constant (K.,) reported for nitric
oxide reductase biosensors for NO detection.

Biosensor E” (Vvs. SCE) K. Ref.
(LM)
NOR/Pyrolytic graphite electrode -0.368+£0.013* (heme bs) n.r. [11]
NOR/ Rotating graphite disk electrode  -0.610+0.014* (Feg) n.r. [10]
-0.403£0.009* (heme bs)
-0.19840.012* (heme b)
-0.033+£0.017* (heme c)
NOR/Rotating graphite disk electrode Not reported 2.2 for NO [5]
n.r. for O,
NOR/Pyrolytic graphite electrode -0.635+0.004 (Feg) 2.1 for NO This
-0.328+0.001 (heme bs) 7.0 for O, study

-0.108+0.008 (heme b)
0.095+0.002 (heme c)

* Potential values reported vs. NHE [10-11] were converted to potentials vs. SCE to

allow comparison between studies.
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