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ABSTRACT: Nitrogenase is the only enzyme known to reduce molecular =

nitrogen to ammonia, so it has been an oxidoreductase enzyme of great 0=0
interest to the electrofuels and catalysis communities, as people consider the +
design of bioinspired nitrogen reduction catalysts for the production of ; H'
ammonia. This Perspective details the use of nitrogenase as an electro- (=) 5 g \
catalyst to learn mechanistic information about the electron-transfer - SR AR

mechanism as an inspiration for molecular and metal-based electrocatalysts ¥
and for a variety of energy applications, including energy-efficient ammonia
production and biofuel cells. This Perspective also addresses the issues and

challenges of nitrogenase bioelectrocatalysis that will need to be addressed

in the coming years.

ver the past decade, there was been a wealth of

interest in electrofuels, where electricity is used to

electrochemically generate a fuel (ie, hydrogen).
This has included a focus on nitrogen-based electrofuels
produced from nitrogen reduction. There have been a wealth
of molecular and heterogeneous electrocatalysts studied,' ™
but it is very difficult to reduce nitrogen to ammonia.
Therefore, researchers have turned to biological inspiration
from the only enzyme known to reduce nitrogen to ammonia,
which is called nitrogenase. Nitrogenases are complex
oxidoreductase enzymes that are typically classified by their
cofactor. The most studied nitrogenase is the MoFe nitro-
genase that contains a FeMo-cofactor, but there are also VFe
nitrogenases and FeFe nitrogenases with similar cofactors
containing metal substitutions.” The different cofactors lead to
different preferences for product selectivity (i.e, carbon
dioxide reduction, proton reduction, nitrite reduction, and
nitrogen reduction). These nitrogenase enzymes are actually a
bienzyme cascade where the catalytic nitrogenase gains energy
from a second protein called the Fe protein that delivers the
energy from ATP to the nitrogenase,5 as shown in Figure la.
Therefore, it is difficult to understand electron-transfer
mechanisms within the MoFe, VFe, or FeFe nitrogenase,
because you may be limited by the electron transfer between
the two proteins. Also, it is difficult to utilize this bienzyme
cascade, because it requires the two proteins to dynamically
interact (come together to transfer electrons then move apart
to consume ATP and come together again to transfer
electrons, etc.) and it is ATP-dependent enzyme, so ATP
would need to be regenerated via an ATP regeneration
scheme.”™® The ATP regeneration system complicates the
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electrochemical cell by adding an additional enzyme or
enzymes to the catalytic cascade. In theory, the enzyme should
be able to be controlled electrochemically. There is early work
by Schultz and co-workers studying the electrochemistry of the
FeMo-cofactor,” but there has not been an electrochemical
study of the enzyme until the past few years, except traditional
redox titrations to determine the redox potentials of the
cofactors.

Bioelectrocatalysis is the field of research focused on
utilizing oxidoreductase enzymes as electrocatalysts. There
are two different classifications of bioelectrocatalysis in the
literature: direct electron transfer and mediated electron
transfer. Direct electron transfer means that the protein can
directly communicate with the electrode through tunneling of
electrons between the electrode and the cofactor'® or other
metal centers in the protein.'' This allows for the
bioelectrocatalysis to occur at the potential of the active site
of the protein [or the additional metal centers in the protein
(i.e, multiheme proteins will typically transfer electrons
internally from the active site to the hemes and then the
hemes to the electrode surface via an internal electron-transfer
relay)]."" The ability of bioelectrocatalysis to occur at the
potential of the active site or other metal centers in the protein
allows for accurate studies of enzyme kinetics and mechanisms.
However, because of diffusional cofactors (i.e., NAD/NADH
and NADP/NADPH) and buried active sites in oxidoreductase
enzymes, it is not always possible to attach the protein to the
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Figure 1. (a) Crystal structure of nitrogenase (PDB: 4WZA) from
Azotobacter vinelandii illustrating the transient association of the
Fe protein to the MoFe protein. (b) ET between the Fe,S, cluster
of the Fe protein to the P cluster and the FeMo-co of the MoFe
protein. (c) Proposed route of heterogeneous ET of MoFe
nitrogenase immobilized in poly(vinylamine) using cobaltocene
as a diffusional electron mediator. Reprinted with permission from
ref 15. Copyright 2016 Royal Society of Chemistry.

electrode in a configuration where the active site is within a
reasonable tunneling distance to the electrode.'”"

When tunneling between the active site/cofactor and
electrode is not possible or slow, mediated electron transfer
can use a small molecule or polymer-based redox moiety to
shuttle electrons to/from the electrode. This redox moiety
should have a potential close to the potential of the active site
and reversible electrochemistry.14 Typically, mediated elec-
tron-transfer systems result in higher current densities than
direct electron transfer, but they have potential inefficiencies. It
is also important to note that mediators can do their own
catalysis and are at potentials different than the active site, so
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they can result in studying kinetics and/or mechanisms that
may or may not be the same as the protein in solution. In the
field of bioelectrosynthesis for electrofuels, it is important to
note that there are far fewer mediation schemes for reductive
processes than oxidative processes (ie, oxidation of the
electrofuel).

Similar to other bioelectrocatalysis for electrofuels, the first
reports of nitrogenase bioelectrocatalysis were with mediated
electron transfer. It was found that cobaltocene/cobaltocenium
dissolved in solution is an effective mediator for MoFe
nitrogenase bioelectrocatalysis,"> where the nitrogenase is
immobilized in a nonconductive and nonmediating hydrogel
(poly(vinylamine)), as shown in Figure 1b. The Vincent group
also showed in 2017 that europium complexes in solution can
be used as mediators for MoFe nitrogenase.'® Nitrogenases are
promiscuous enzymes, as shown in Figure lc, so a variety of
substrates have been studied for the bioelectrocatalysis of
MoFe nitrogenases, including protons,]5 nitrite,"> carbon
dioxide,"” and azide."® Some examples are shown in Figure
2. The cobaltocene-mediated system involves immobilizing the
MoFe nitrogenase in a chemically cross-linked poly-
(vinylamine) hydrogel on carbon electrodes (i.e., glassy carbon
or Toray carbon paper), where the hydrogel physically
constrains the enzyme to the electrode, but the hydrogel is
not conductive and does not contain immobilized redox
moieties. The Seefeldt group has used this technique to
investigate enzyme mechanism.'® Specifically, they have
studied the mechanism of hydrogen formation by metal-
hydride protonation and electrochemically determined hydro-
gen/deuterium isotope effects.'® Because nonelectrochemical
assays require the Fe protein and electron transfer between the
Fe protein and the MoFe protein is the rate-determining step
of these assays, kinetic isotope effect measurements were not
possible until this electrochemical assay was developed. This
electrochemical assay showed that for the MoFe protein itself,
a single hydrogen is involved in the rate-limiting step and that
the rate-limiting step is indeed hydrogen gas formation. This
work shows the utility of bioelectrocatalysis in studying
enzyme mechanism.

One common strategy for immobilizing mediators is to
produce redox polymers from the mediators and use the
polymers for immobilizing the enzyme AND transferring the
electrons from the electrode via self-exchange-based con-
duction. This strategy has been used for a variety of enzymes
(hydrogenase, laccase, glucose oxidase, FAD-dependent
glucose dehydrogenase, cellobiose dehydrogenase, and bilir-
ubin oxidase),'” but cobaltocene redox polymers do not
mediate nitrogenase bioelectrocatalysis for any of the above
reactions (i.e, proton reduction, nitrite reduction, azide
reduction, carbon dioxide reduction, etc.), even though they
mediate formate dehydrogenase bioelectrocatalysis of carbon
dioxide reduction.”® Future research will investigate other
redox polymers to find redox polymers capable of promoting
mediated bioelectrocatalysis, because combining the mediator
and the immobilization polymer is typically a more efficient
method of mediated bioelectrocatalysis.

It is important to note that no mediated bioelectrocatalysis
of nitrogen reduction was observed with just the MoFe
nitrogenase. Therefore, we explored combining the MoFe
nitrogenase and the Fe protein into a biprotein cascade.
Cobaltocene/cobaltocenium is not an effective mediator for
the biprotein cascade of the MoFe nitrogenase and the Fe
protein. We found that methyl viologen would act as a
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Figure 2. Cyclic voltammograms of MoFe protein bioelectrode in
HEPES buffer (pH 7.4) containing 200 uM cobaltocene/
cobaltocenium at a scan rate of 2 mV s~ (solid black lines) in
the (a) absence of any additional substrates or in the presence of
(b) 50 mM azide or (c) 50 mM nitrite. MoFe protein bioelectrodes
were also prepared with the $-98Tyr — His MoFe protein (red
solid lines). Equivalent control bioelectrodes were prepared with
either BSA (blue line) or apo-MoFe protein (black dashed line) in
the presence of the respective substrates. Reprinted with
permission from ref 15. Copyright 2016 Royal Society of
Chemistry.

mediator for the biprotein cascade.”’ The MoFe nitrogenase
and Fe protein cannot be immobilized at the electrode surface,
because they require transient interactions for catalytic
function, so we operated the biprotein cascade in solution
with methyl viologen mediator in solution. This resulted in a
biocathode that was capable of nitrogen reduction to ammonia,
as shown in Figure 3. Coulombic efficiencies are relatively high
(59 + 6%) considering that the mediator and the enzymes are
not immobilized.”!

After showing nitrogen bioelectrocatalysis using the
biprotein cascade, we combined this biocathode with a
hydrogenase bioanode to produce a hydrogen/nitrogen biofuel
cell. This hydrogen/nitrogen biofuel cell (Figure 4) resulted in
an open-circuit potential of only 228 + 28 mV,”" because it is
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Figure 4. Hydrogen/nitrogen biofuel cell: (Top) Compartmental-
ization of hydrogenase and nitrogenase Fe/MoFe proteins by the
use of a proton exchange membrane (PEM) leads to a fuel cell
configuration that is able to utilize MV as the electron mediator in
both chambers and simultaneously produce ammonia and
electrical energy from hydrogen and nitrogen at room temperature
and ambient pressure. (Bottom) Representative polarization (left
y-axis) and power curves (right y-axis) of a hydrogen/nitrogen
EFC. Reproduced with permission from ref 21. Copyright 2017
Wiley.

using the same mediator (methyl viologen) at both the anode
and the cathode, but this system was designed to just show
proof of concept that we could use a nitrogenase biocathode in
a biofuel cell. It is also important to note that based on the
polarization curve in Figure 4, the fill factor for this fuel cell is
quite small, because the mediator is not immobilized at the
cathode or the anode; there is no flow of reactants in this fuel
cell; and the fuel cell configuration is an H-cell with a
separation of a couple of centimeters between the anode and
the cathode, which results in losses due to resistance. This
biofuel cell had four main issues: (1) Nitrogenase is very
oxygen sensitive, so the entire biofuel cell had to operate in a
glovebag. (2) There is a substantial loss in potential due to the
use of methyl viologen mediator at both the anode and
cathode. (3) The biprotein cascade eliminates the possibility of
immobilizing the enzyme, which is required for any
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Figure S. Shethna biocathodes: (Left) Schematic of the bioelectrochemical cell where N, was introduced to the cell by the injection of air
over the headspace of the solution. (Right) (a) Fluorimetric quantification of NH; produced by nitrogenase bioelectrosynthetic N, reduction
from air in the absence and presence of Shethna protein. (b) "H—'SN NMR (500 MHz) of *NH,* produced by the bioelectrosynthetic
reduction of *N, “air” (79% *N,/21% 0O,) in the presence of FeSII, with (black) or without (red) '*N decoupling. Reproduced from ref 22.

Copyright 2017 American Chemical Society.

bioelectrochemical application to be feasible. (4) An ATP
regeneration system is required to make this bioelectrode
function, and that ATP regeneration system is expensive and
energy intense.

In order to address the oxygen sensitivity of nitrogenases, we
looked to nature for inspiration. In nature, there is a structural
protein, named Shethna, that protects nitrogenase from
oxygen. This protein is a conformational switch protein that
locks the Fe protein and the MoFe protein into a super-
complex that protects it from exposure to oxygen. When the
oxygen concentration decreases, the protein switches and
releases the supercomplex for bioelectrocatalytic use. The
Shethna protein was combined with the Fe protein and the
MoFe protein to produce a biocathode similar to the
biocathode discussed above and shown in Figure 3, except
for the addition of the Shethna protein. The Shethna protein
does protect the Fe protein and the MoFe protein. The oxygen
that is dissolved in the cell is consumed by the methyl viologen
in the biocathode, so the system does function to produce
ammonia directly from air,”” as shown in Figure 5. The
ammonia production was verified by fluorescent assay and
NMR studies of bulk electrolysis with nitrogen-15 labeled
nitrogen gas.22 However, it is important to note that there are
issues with both of these assays. The fluorescence assay shows
positive response for other amines, so proper controls are
always needed. The nitrogen-15 labeled nitrogen gas is
produced from nitrogen-15 labeled ammonia, so there is
always a small contamination; therefore, well-designed
experimental protocols are also very important in this assay
as well. This Shethna system addressed the issue of oxygen
tolerance, but not the other issues with the nitrogen
bioelectrocatalytic systems (i.e, ATP regeneration, potential
losses due to mediators, etc.). It is also important to note that
because the methyl viologen is consuming oxygen, then this
strategy would dramatically decrease the Faradaic efficiency of
the biocathode.
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In order to eliminate the need for the Fe protein, direct
electron-transfer systems are needed. Recently, it was reported
that MoFe nitrogenase can be immobilized in a pyrene-
modified linear poly(ethylenimine) (LPEI) hydrogel on a
carbon electrode. This immobilization strategy showed
bioelectrocatalysis for proton, nitrite, and nitrogen without
the need for the Fe protein or ATP,* as shown in Figure 6.
This solves the problem of immobilization, and this system is
ATP-independent; more importantly, it allows for bioelec-
trocatalytic response at the potential of the electron relay in the
protein. Although bioelectrocatalysis is usually established by
cyclic voltammetric experiments in the presence and absence
of substrate, square wave voltammetry is useful for determining
cofactor potentials. Square wave voltammetry results of MoFe
nitrogenase in the pyrene-modified LPEI show distinct redox
peaks for both the P cluster and the FeMo-cofactor. This
electrochemistry shows that both redox species can commu-
nicate with the electrode and allows for mechanistic studies of
which mode of electron transfer occurs with each substrate of
interest (proton reduction, nitrogen reduction, etc.). In the
future, this direct bioelectrocatalysis system will be beneficial
for studying kinetic isotope effects, inhibition, and the rates of
internal electron transfer between the P cluster and the FeMo-
cofactor. It will also help to better understand the role of ATP
and the Fe protein in the catalytic process.

Although MoFe nitrogenase is the most studied nitrogenase,
there are a wealth of other nitrogenases. Recently, the
bioelectrochemistry of FeFe nitrogenase was explored for
carbon dioxide reduction to formate and methane.'” Also, the
bioelectrochemistry of VFe nitrogenase was studied with
cobaltocene mediators. VFe nitrogenase is an interesting
nitrogenase, because it can catalyze carbon dioxide reduction
to build carbon—carbon bonds. Although VFe nitrogenase can
readily perform proton reduction like MoFe nitrogenase, this
paper showed that it can also produce ethylene and propene
from carbon dioxide, as shown in Figure 7.2* This shows the
utility of the nitrogenase active sites for (bio)electrocatalysis in
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Figure 6. (A) Cyclic voltammograms of pyrene-modified LPEI
films containing MoFe protein and 5 mg mL™' MWCNT—COOH
under Ar (black dashed trace) and after 5 min (red solid trace) or
10 min (blue solid trace) of bubbling of ultrahigh purity N,. (B)
Production of NH; using N, as the only substrate after constant
potential bulk electrolysis of pyrene-LPEI/MoFe films for 8 h.
Reproduced with permission from ref 23. Copyright 2018 Royal
Society of Chemistry.

This MoFe nitrogenase direct electro-
chemistry shows that both redox
species (FeMo-cofactor and the P
cluster) can communicate with the
electrode and allows for mechanistic
studies of which mode of electron
transfer occurs with each substrate of
interest (proton reduction, nitrogen
reduction, etc.).

general, whether hydrogen production, ammonia production,
formate production, or hydrocarbon production. To date, all of
these studies have been mediated electron transfer, but direct
bioelectrocatalysis systems for FeFe nitrogenase and VFe
nitrogenase will also be interesting for mechanistic studies of
these enzyme systems as well.

Summary and Future Outlook. Over the last several years,
there has been great interest in nitrogenase bioelectrocatalysis
for a variety of applications. These applications include
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for 30 min. Reproduced from ref 24. Copyright 2018 American
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utilizing electrochemistry to more directly understand enzyme
mechanisms, because it allows for the ability to study the
enzyme in the absence of other proteins (i.e., the Fe protein)
and also with direct electron transfer without worrying about
the effect of the redox mediator/dye on the chemistry and
activity of the protein.”> The information that will be learned
from these fundamental studies will be of interest to the
electrocatalysis community, who are using nitrogenase as their
inspiration for molecular and materials-based electrocatalyst
design. Other applications of nitrogenase bioelectrocatalysis
include bioelectrosynthesis and biofuel cells. Bioelectrosyn-
thesis is the use of nitrogenase in an electrolyzer for producing
ammonia from nitrogen gas at atmospheric pressure and
ambient temperature. The bioelectrosynthesis discussed above
has high Faradaic efficiency but low stability (losing activity
over the first few days of use). Recently, it has also been shown
that nitrogenase bioelectrocatalysis can be used as the
biocathode in a biofuel cell. Most biofuel cells utilize the
oxygen reduction reaction catalyzed by a multicopper oxidase
(i.e., laccase or bilirubin oxidase) as the biocathode and
combine the biocathode with a glucose, glycerol, lactate,
ethanol, hydrogen, or fructose bioanode.>*~%® This early work
has showed that biocathodes can function with nitrogen to
produce a value-added product (ammonia). This technology
could also be applied to hybrid biosupercapacitors, which is a
relatively new research area in biochemistry.
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Although the above applications are interesting and
important to the energy community, there are many challenges
that still need to be addressed, including increasing the current
density of nitrogenase bioelectrodes and increasing the stability
of nitrogenase bioelectrodes. In the world of bioelectrocatal-
ysis, nanostructured materials have been designed and
modified to improve current densities for a variety of enzyme
electrocatalysis (i.e., laccase, fructose dehydrogenase, glucose
oxidase, etc.),”” but those materials engineering techniques
have yet to be applied to nitrogenase. These include the use of
gold nanoparticles, carbon nanotubes, graphene, and quantum
dots. It is important to note that semiconductor quantum dots
have been used for photocatalysis of nitrogen to ammonia with
nitrogenase,”” but not electrocatalysis. Although current
density is technologically important, stability is probably the
biggest issue with nitrogenase bioelectrodes today. Instability
comes in several forms: temperature stability of the nitro-
genase, oxygen stability of the nitrogenase, stability of the
polymer/enzyme composite material, stability of the bioelectr-
odes to proteases, etc. This is a challenging issue for all
bioelectrodes,”® and there are several methods to address this
issue.

There are many challenges that still
need to be addressed in nitrogenase
bioelectrocatalysis, including increas-
ing the current density of nitrogenase
bioelectrodes and increasing the
stability of nitrogenase bioelectrodes.

One way to address stability issues is to focus on microbial
bioelectrocatalysis versus enzymatic bioelectrocatalysis, be-
cause microbes grow, reproduce, and are continually producing
new nitrogenase enzymes. There have been several systems
utilizing algal and cyanobacteria bioelectrocatalysis for
ammonia production recently. Leddy and Paschkewitz have
electrochemically produced ammonia using a SA- mutant of
Anabaena variabilis immobilized on a glassy carbon electrode
with a hydrophobically modified Nafion film.*"** It has been
shown that ferredoxin mediates nitrogenase bioelectrocatalysis
in the cell when SA-1 mutant of A. variabilis is immobilized on
indium tin oxide coated polyethylene,” so this would be an
example of internally mediated bioelectrocatalysis, but the
nitrogenase is being constantly reproduced by the cell and the
cell is protecting the nitrogenase from oxygen through its
natural mechanisms. Nocera and co-workers have also used
nitrogenase with hydrogen-oxidizing bacteria Zanthobacter
autotrophicus to produce ammonia from nitrogen, but here
they are essentially producing hydrogen as the mediator for the
bacteria.”* These strategies address the stability issue, but
because microorganism life must be sustained, they do require
environmental control of temperature, pH, ionic strength, etc.
They also typically result in lower volumetric catalytic activity
because of the large volume of the microorganisms versus the
individual proteins.

Another method to address stability issues is through
materials strategies. For instance, hydrogenase is also a very
oxygen-sensitive enzyme. Plumeré and co-workers designed a
redox polymer system for immobilizing the enzyme that
provides oxygen protection to the enzyme.’ This system
provides long-term oxygen tolerance of hydrogenase bioelectr-
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odes, and similar strategies should work for nitrogenases. From
a long-term stability perspective, many researchers have
develoged strategies for immobilizing and stabilizing pro-
teins,”® and many of these strategies could be applied to
bioelectrodes. For instance, Kim and co-workers have designed
immobilization strategies for protecting enzymes from
proteases and providing temperature stability.”’ > These
techniques utilize cross-linking techniques, but there are also
a wide variety of polymer-based stabilization techniques.*’~**
In the future, these materials strategies will need to be
combined to improve the stability of nitrogenase bioelectrodes.

In conclusion, nitrogenase is an intriguing oxidoreductase
enzyme that can be electrochemically evaluated through either
mediated electron transfer or direct electron transfer. The
results of electrochemical perturbation can be used to
understand enzyme mechanism or for electrochemical energy
applications (i.e., bioelectrosynthesis, biofuel cells, and
biosupercapacitors), but there are still stability issues that
need to be addressed for the use of nitrogenase in
bioelectrochemical applications.
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