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ABSTRACT. Nitric oxide reductases (NORs) reduce nitric oxide to nitrous oxide in the
denitrification pathway of the global nitrogen cycle. NORs contain four iron cofactors and the NO
reduction occurs at the heme bs/non-heme Feg binuclear active site. The determination of
reduction potentials of the iron cofactors will help us elucidate the enzymatic reaction mechanism.
However, previous reports on these potentials remain controversial. Herein, we performed
electrochemical and surface-enhanced infrared absorption (SEIRA) spectroscopic measurements
of Pseudomonas aeruginosa NOR immobilized on gold electrodes. Cyclic voltammograms
exhibited two reduction peaks at —0.11 and —0.44 V vs. SHE, and a SEIRA spectrum using a
vibrational probe of CO showed a characteristic band at 1972 cm= at 0.4 V vs. SHE, which was
assigned to vCO of heme b3—CO. Our results suggest that the reduction of heme bgz initiates the

enzymatic NO reduction.
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Denitrification is an energy generation process for certain bacteria under low-oxygen conditions
from nitrate instead of molecular oxygen and an important process for the global nitrogen cycle.

In the denitrification process, the sequential reduction of nitrate to dinitrogen (NO3™ — NO;™ —
NO — N20 — Nb) is carried out by several different metalloenzymes including nitric oxide

reductase (NOR).! NORs are transmembrane proteins (Figure 1a) and convert highly cytotoxic
nitric oxide to nitrous oxide (2NO + 2H* + 2 — N0 + H20).2* For pathogenic bacteria such
as Pseudomonas aeruginosa, the highly efficient NO reduction is crucial to surviving inside hosts.®
Understanding the efficient reaction mechanism will provide insights into how NO dynamics are
controlled in biological processes. The elucidation of the enzymatic reaction mechanism can also
offer important guidance for developing highly efficient and selective electrocatalysts for the
electrochemical nitrate reduction to N2, which is a promising industrial approach to remove nitrate
ions from nitrate-contaminated groundwater and wastewater.®” NO is an important intermediate
for electrochemical nitrate reduction and the selective NO reduction to N2O using electrocatalysts
can lead to the desired final product of harmless N2 but not NH3 or NH,OH 81!

The enzymatic NO reduction is known to occur at the binuclear iron reaction center
containing a high-spin heme (heme bs) and a non-heme iron (Feg) (Figure 1b). This reaction
center receives electrons from the electron transfer iron cofactors of heme b and heme c, which is
placed in a small subunit NorC (Figure 1a) and accepts electrons from physiological electron
mediators such as cytochrome css1.24 The NOR reaction mechanism remains under debate and
three mechanisms for the NO reduction have been proposed (Figure 1c): cis-heme bz mechanism,
the second NO molecule attacks the nitrogen atom of the NO molecule coordinated to heme b3
iron; trans mechanism, one NO molecule is bound to each iron and then the two coordinated NO

molecules are coupled to form the N-N bond; cis-Feg mechanism, two NO molecules are



coordinated to the Feg iron, followed by reductive N-N coupling. To understand the reaction
mechanism, electrochemical properties of the four iron cofactors of NORs have been studied using
spectroelectrochemical titration'?® and protein film electrochemistry (PFE),*®” which provides
current—potential responses of redox-active metalloenzymes immobilized on the electrode
surface.'®2% These techniques revealed that the four iron cofactors are sequentially reduced and
the four-electron-reduced NOR is the active form for the NO reduction.’*!” However, the
assignments of previously reported redox potentials were unclear owing to the lack of monitoring
specific molecular signatures during the redox measurements. Since vibrational spectroscopy is
useful for the characterization of the active site structure, vibrational spectroscopic measurements
coupled with the PFE would be ideal to understand accurate redox behavior of metalloenzymes at

the electrode interface.?1-28
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Figure 1. (a) Overall structure of cNOR from P. aeruginosa (PDB: 300R)* and (b) the
arrangement of four iron cofactors in cNOR: heme c, heme b, heme bz and Feg. The reduction

potentials for heme bz and Feg and the onset potential for the enzymatic NO reduction are shown.



These potential were determined in this work. (c) Three proposed reaction mechanisms for the

enzymatic NO reduction: cis—=heme bs, trans and cis—Feg.

Herein, we report the PFE of a cytochrome c-dependent NOR (cNOR) under catalytic and non-
catalytic conditions and SEIRA spectroscopy of cNOR under electrochemical control. The cNOR
was isolated from P. aeruginosa*?® and immobilized on a SEIRA-active gold thin film3%3! directly
or via a linker (Figure 2a), where the gold film had a roughness factor ranging between 2.5 and
3.5 (Figure S2). For the direct immobilization of the cNOR (cCNOR-Au), an aqueous solution
containing the cNOR was drop-cast onto the bare Au film. For the immobilization via linkers
(cNOR-NHCO-Au), the ctNOR solution was drop-cast onto the Au film that was modified with a
self-assembled monolayer (SAM) of 3-mercaptopropionic acid (HOOC-Au), and then incubated
with covalent bonding reagents of N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydroxide (EDC).3? The formation of the SAM on the Au film
was confirmed by SEIRA spectroscopy (Figure S3) and electrochemical reductive desorption,

which gave a surface density of 3.29 nmol cm= for the linker (Figure S4).
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Figure 2. (a) Schematic representation of the preparation of cNOR-modified Au electrodes

with/without the SAM of 3-mercaptopropionic acid. (b) SEIRA spectra of cNOR-Au and cNOR-



NHCO-Au in a 50 mM MES-buffered electrolyte solution containing 50 mM K>SO in H20 at

pH 6.5 under Ar. The corresponding electrodes without cNOR were used for reference spectra.

SEIRA spectroscopy of cNOR-Au and cNOR-NHCO-Au revealed that transmembrane helices
of the cNOR were vertically oriented to the Au film with/without the SAM. SEIRA spectra of
cNOR-Au and cNOR-NHCO-Au showed two characteristic peaks at ca. 1655 cm™ for the amide
| band and 1540 cm™ for the amide 11 band (Figure 2b). Amide | bands at ~1650 cm™ indicate
that there are dehydrated helical amide groups.334 Thus, it is most likely that the cNOR has its
native structure with transmembrane a-helices (Figure 1a)* on the Au surface with/without the
SAM. Notably, the SEIRA spectra of cNOR-Au and cNOR-NHCO-Au showed a stronger amide
I band and a weaker amide Il band: amide I/amide Il band peak intensity ratios were determined
to be 1.8 to 1.9 for the SEIRA spectra of cNOR-Au and cNOR-NHCO-Au. These ratios were
higher than the ratio of ca. 1.6 determined for a FT-IR transmission spectrum of the cNOR in
solution (Figure S5). In the a-helix, the amide | mode is known to be parallel to the helix axis but
the amide Il mode perpendicular.®® Thus, the transmembrane helices were oriented perpendicular
to the Au surface because of the surface selection rule.***

The band peaks of cNOR-NHCO-Au were higher than those of cNOR-Au. This difference
originates from differences in protein structure and/or orientation on the Au surface. For the
CNOR-Au electrode, the enzyme could be tethered to the Au surface via the surface-exposed
cysteine, Cys86, on the cNOR (Figure S6),* making the transmembrane helices perpendicular to
the Au surface. Such surface-exposed cysteine residues were reported to keep functioning without

protein denaturation even on the metal surface.® In the case of cNOR-NHCO-Au, surface-



exposed amine groups such as lysine on the cNOR (Figure S7) could form covalent bonds with
terminal carboxylate groups of the SAM on the Au surface. It is known that the protein orientation
on SAMs can be controlled by electrostatic interactions with terminal functional groups of
SAMs.203239 Thys, the cNOR was anchored to the HOOC-terminated SAM and its a-helices
tended to be more vertically oriented to the Au surface than those for cNOR—-Au, resulting in the
higher peaks for cNOR-NHCO-Au. Note that no clear peaks on amide bond vibrational modes
were observed for the cNOR that was covalently bonded to an H>N-terminated SAM of 2-
aminoethanethiol on the Au substrate (Figure S8). It seems that the orientation of the cNOR is
highly sensitive to the terminal group of SAMs and a-helices of the cNOR may be perpendicular
to the HOOC-terminated SAM but not to the H2N-terminated SAM.

The redox behavior of iron cofactors of the cNOR was captured in cyclic voltammograms (CVs)
in the absence of the substrate NO. CVs of cNOR-Au were recorded in a buffered aqueous solution
at pH 7 under Ar and two reduction peaks were observed at —0.11 and -0.44 V vs. SHE (Figure
3a). The same redox behavior was reported for the cNOR from P. nautica immobilized on a
pyrolytic graphite electrode under Ar,*’ suggesting that cNORSs are redox-active not only on carbon
but also on Au. The integration of the reduction peak at -0.44 V vs. SHE gave a protein surface
density of 12.2 pmol cm. Unfortunately, no clear reduction peak was observed for cNOR-
NHCO-Au, suggesting that much fewer amounts of the protein were immobilized via the SAM

than those for the cNOR-AU.



E/Vvs. SHE

(b)o;”” TTTTTTTTTTTTT

.

E

o

<

3 == = Au under Ar

— N — Auunder NO ]
-80 |- = = = cNOR-Au under Ar ~

= = cNOR-Au under NO E
80 Lo s e bo s st e tesatsasl
06 04 -02 0 02 04
{C) E [V vs. SHE
T

20F

e [

o

< .40},

3 [ {f ---HOOC-Au under Ar

- L :f — HOOC-Auunder NO
B0 - --cNOR-NHCO-Au under Ar

= cNOR-NHCO-Au under NO

i TSN TR R
06 -04 -02 0 0.
E/Vwvs SHE

04

Figure 3. (a) A CV of cNOR-Au under Ar. (b) LSVs of the bare Au under Ar (the dotted line in
black) and NO (the solid line in black) and cNOR-Au under Ar (the dotted line in red) and NO
(the solid line in red). (c) LSVs of HOOC-Au without cNOR under Ar (the dotted line in black)
and NO (the solid line in black) and cNOR-NHCO-Au under Ar (the dotted line in red) and NO
(the solid line in red). CVs and LSVs were recorded at 0.5 V st and 0.02 V s}, respectively, in a

50 mM MES-buffered electrolyte solution containing 50 mM K>SO4 at pH 6.5. The arrows

indicate the sweeping direction.



To understand the electrocatalytic activity of the cNOR for the NO reduction, linear sweep
voltammograms (LSVs) of ctNOR-modified electrodes were recorded under NO. The cNOR-
immobilized electrodes of cNOR-Au and cNOR-NHCO-Au showed catalytic cathodic currents
with an onset potential of ca. -0.35 V vs. SHE under NO (Figures 3b and 3c). Similar
electrocatalytic behavior was reported on P. nautica cNOR immobilized on a pyrolytic graphite
electrode.” No catalytic current was observed for the electrodes unmodified with cNOR under NO
or those modified with the cNOR under Ar (Figure 3b and 3c). Thus, the electrocatalytic currents
originate from the enzyme on the electrode.

The electrocatalytic activity of the cNOR anchored to the SAM was higher than that on the
electrode surface without the SAM. A turnover frequency of the cNOR was determined to be
approximately 0.52 s™* from chronoamperometry measurements of cNOR-Au at —0.4 V vs. SHE
under NO (Figure S9). Notably, both of cNOR-Au and cNOR-NHCO-Au gave the same order
of magnitude in catalytic current densities for the NO reduction (Figures 3b and 3c), even though
the cNOR-NHCO-Au electrode kept fewer protein amounts than the cNOR-Au electrode, as
mentioned above. These results indicate that the catalytic activity of cNOR-NHCO-Au was higher
than that of cNOR-Au and the protein orientation for cNOR-NHCO-Au was more suitable for
interfacial electron transfer from the electrode to the enzyme. For cNOR-Au, the enzyme could
be tethered to the Au surface via Cys86 (Figure S6), where the electron transfer cofactor heme c,
which can accept electrons from cytochrome css1 under physiological conditions,? was placed
away from the electrode surface. Thus, it is most likely that the hydrophilic domain of the subunit
NorC that contains heme c* faced the Au surface for cNOR-NHCO-Au (Figure 2a).

To assign the two reduction peaks observed in the CV, potential-dependent SEIRA spectra of

cNOR-NHCO-Au were recorded using carbon monoxide (CO), which serves as a vibrational



probe of heme protein active sites with Fe''.*° The electrochemical reduction of heme bz from Fe'"

to Fe'' can be tracked by the vCO band in potential-dependent SEIRA spectra of the cNOR, leading
us to determine the reduction potentials of the binuclear iron reaction center. During applying
potential steps from 0 to 0.4 V vs. SHE, a characteristic peak appeared at 1972 cm™ at —0.4 V vs.
SHE (Figure 4). This peak was assigned to the stretching mode of the CO that bonds to heme b3
(heme b3—-CO), not to that for Feg—CO (ca. 2066 cm™).*142 Thus, the reduction peak at —0.44 vs.
SHE (Figure 3a) was associated with the reduction of the iron center from Fe'"' to Fe!' for heme
bs (Figure 1b). The other reduction peak observed at —0.11 V vs. SHE (Figure 3a) could be
assigned to the reduction of Fe'"' to Fe'' for Feg because electron transfer heme b and heme ¢ have

much more positive redox potentials. 14
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Figure 4. Potential-dependent SEIRA spectra of CO-adsorbed cNOR-NHCO-Au applying
potentials from 0 to —0.4 V vs. SHE. A 50 mM MES-buffered electrolyte solution containing 50
mM K2SO4 in H20 at pH 6.5 was used as the electrolyte solution. A SEIRA spectrum of HOOC-

Au without cNOR at the corresponding potential was used as the reference spectrum.
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The determination of the onset potential for the electrocatalytic NO reduction and the reduction
potentials of heme bz and Feg enable us to exclude the cis-Feg mechanism. The onset potential at
ca. —0.35 V vs. SHE was close to the reduction potential of the heme bz at -0.44 V vs. SHE,
indicating that the electrocatalytic NO reduction is initiated by the reduction of heme bsz. Our
results are in good agreement with the previous experimental results that indicate that the four-
electron-reduced NOR is the active form for the NO reduction.**'’ Thus, heme bs should be
involved in the enzymatic NO reduction, which means that the cis-Feg mechanism is highly
unlikely. Although it was mentioned that heme Fe''-NO complexes are too stable to initiate the
NO reduction,'* recent studies on NOR models suggested that the N-O bond of the heme b3 Fe'-
NO can be weakened by the interaction between the terminal nitrosyl O-atom and Feg, where Feg
serves as an electron donor and a Lewis acid.**=* In such a scenario, the reduced heme b3—NO
species can be involved in the NO reduction by NORs.

In summary, the PFE of the cNOR from P. aeruginosa and the SEIRA spectroscopy of the
CO-adsorbed cNOR revealed that the reduction of Fe'"' to Fe'' for heme bs was observed at —0.44
V vs. SHE and this reduction potential was close to the onset potential for the electrocatalytic NO
reduction. These findings suggest that heme bs should be involved in the enzymatic NO reduction
and the cis-Feg mechanism is highly unlikely. Further experimental studies on SEIRA
spectroscopy of cNOR-modified electrodes under catalytic conditions are underway in our group

to gain more mechanistic insights into the enzymatic NO reduction.
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