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ABSTRACT: Nitrogenase enzymes are the only biological
catalysts able to convert N2 to NH3. Molybdenum-dependent
nitrogenase consists of two proteins and three metallo-
cofactors that sequentially shuttle eight electrons between
three distinct metallocofactors during the turnover of one
molecule of N2. While the kinetics of isolated nitrogenase has
been extensively studied, little is known about the
thermodynamics of its cofactors under catalytically relevant
conditions. Here, we employ a recently described pyrene-
modified linear poly(ethylenimine) hydrogel to immobilize
the catalytic protein of nitrogenase onto an electrode surface.
The resulting electroenzymatic interface enabled direct
measurement of reduction potentials associated with each metallocofactor of the nitrogenase complex, illuminating the role
of nitrogenase reductase in altering the potential landscape in the active site of nitrogenase and revealing the endergonic nature
of electron-transfer steps associated with the conversion of N2 to NH3 under physiological conditions.

■ INTRODUCTION

Metalloenzymes have garnered substantial interest due to their
ability to catalyze a wide range of challenging reactions ranging
from C−H functionalization to N2 reduction under mild
aqueous conditions.1−5 These enzymes contain a bound metal-
ion cofactor whose reactivity is intrinsically tied to the shape of
the active site and electronic nature of the metal.
Experimentally determined thermodynamic properties of
metalloenzymes, such as redox potential, are critical for
constructing accurate models of their corresponding active
sites and establishing a thorough mechanistic understanding of
related biological phenomena. However, characterizing ther-
modynamic properties of such proteins under non-ground-
state conditions remains challenging for techniques that
require freeze-quenching because catalytically relevant states
are often transient, and for direct electrochemical measure-
ments because the catalytic cofactors are obscured by the
protein matrix and not easily accessible to an electrode
surface.6,7 Nitrogenase protein complexes are of substantial
environmental interest for their ability to catalyze the
reduction of N2 to NH3 (Mo-incorporated wild-type)8,9 as
well as CO2 to various hydrocarbons (V-incorporated
variant),10−12 and they are particularly challenging to study
due to the complexity of metallocofactors necessary for
catalysis.

The catalytic protein of molybdenum-dependent nitrogenase
(MoFe protein) is a dimer of dimers containing a [Fe8S7]
cluster (P-cluster) and a [Fe7MoS9C] cluster (FeMoco).13−15

The activity of nitrogenase in vivo depends on a [Fe4S4]
cluster-containing nitrogenase reductase (FeP) as a unique
electron donor.16,17 During catalysis, electrons are initially
transferred from the P-cluster to FeMoco upon binding of FeP
to MoFe via a deficit spending mechanism, in which electrons
are subsequently back-filled into the P-cluster from FeP.18

Once transferred from the P-cluster, electrons are trapped in
the form of Fe hydrides around the Fe centers of FeMoco and
are subsequently utilized to reduce N2.

19−23 While the kinetics
of MoFe have been extensively studied,22,24,25 the thermody-
namic driving forces that enable its exceptional reactivity
remain poorly understood. We recently described a pyrene-
modified linear poly(ethylenimine) (pyrene-LPEI) hydrogel
capable of establishing a coherent bioelectrochemical interface
to drive catalysis of several metalloenzymes without the need
for an exogenous electron mediator.26 Consequently, we
considered the possibility of employing this approach to
directly measure redox potentials for each of the cofactors in
nitrogenase under biologically relevant conditions. Herein, we
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utilize electroanalytical techniques to construct a thermody-
namic profile of the nitrogenase complex. Furthermore, recent
studies have demonstrated the use of photochemistry or
electrochemistry to drive the catalytic turnover of the MoFe
protein.27−32 We aim to uncover common mechanistic features
of the FeP-driven and electrochemically driven turnover of
MoFe during N2 reduction that may enable the design of novel
catalytic motifs.

■ RESULTS

Redox Potential of Nitrogenase Cofactors. To initiate
our investigation, we aimed to determine the reduction
potential of the relevant cofactors of nitrogenase under non-
turnover conditions. Therefore, immobilization of MoFe in the
absence of FeP would enable measurement of cofactors in the
absence of background catalysis. Due to the likely low
concentration of properly oriented protein to enable electro-
chemical communication, we employed square wave voltam-
metry (SWV) as a highly sensitive electrochemical technique
(full discussion of optimization is provided in the Supporting

Information, Figures S1−S3). SWV of pyrene-LPEI films
containing wild-type MoFe under an atmosphere of Ar with
3% H2 (Figure 1) revealed two distinct redox features at −0.23
± 0.01 V (1) and −0.59 ± 0.01 V (2) (all potentials are
reported vs NHE). These potentials are consistent with
previously reported values for the resting/singly oxidized P-
cluster redox couple (PN/+; −0.30 V at pH 7.5)33 and the
resting/reduced redox couple of the isolated FeMoco (MN/R;
−0.60 V),34 respectively (while the only reported value for
active FeMoco was estimated using kinetic analysis to be
−0.48 V under pure Ar at pH 8).35 In order to more precisely
assign each peak, we compared SWVs of wild-type MoFe with
that of an apo mutant that does not contain the catalytically
active FeMoco cluster,36,37 as well as V-nitrogenase and Fe-
nitrogenase (where the molybdenum atom of FeMoco is
replaced by vanadium or iron, respectively).38,39 While 1
remains virtually unchanged for each nitrogenase isozyme, the
resulting voltammograms (Figure 1) reveal a dramatically
different potential of 2 for V-nitrogenase (−0.38 ± 0.02 V) and

Figure 1. (A) Schematic depicting possible electrochemical interfaces with MoFe protein of the nitrogenase complex, where electron transfer can
be measured at either the [Fe8S7] (P-cluster) or [Fe7MoS9C] (FeMoco) cofactors. (B) Representative SWVs of pyrene-LPEI films containing
either wild-type MoFe protein (black line), a MoFe apoprotein (red line) that was expressed without the FeMo-cofactor, or denatured wild-type
MoFe protein (dashed line), where 1 is assigned to the P-cluster and 2 is assigned to FeMoco. (C) Representative SWVs of pyrene-LPEI films
containing either Mo-nitrogenase MoFe (black line), V-nitrogenase VFe (blue line), or Fe-nitrogenase FeFe (red line), where the corresponding P-
cluster remains relatively unchanged and the catalytic cofactor differs by one metal atom. (D) Summary plot of peak potentials for the P-cluster and
FeMoco (or catalytic equivalent) clusters corresponding to several variants of the MoFe protein, where the horizontal bars represent one standard
deviation around the mean value with n = 3, and * represents analogous literature values as detailed in the Supporting Information. All SWVs were
performed at 30 Hz with an amplitude of 20 mV using 100 mM MOPS buffer, pH 7.0, and 25 °C.
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Fe-nitrogenase (−0.40 ± 0.01 V),40−42 and the complete loss
of 2 for the apo MoFe version.
It should be noted that the peak currents varied significantly

for the same cofactor between different proteins; this is most
likely the result of variable concentration of stock protein
solution used to prepare electrode films. Furthermore, the
small relative peak current observed for the P-cluster of Fe-
nitrogenase may be accounted for by difference in the protein’s
tertiary structure compared to Mo-nitrogenase. Fe-nitrogenase
exists as an α2β2δ2 heterohexamer, while Mo-nitrogenase is an
α2β2 heterotetramer. The difference in tertiary structure may
significantly alter the accessibility of the P-cluster in Fe-
nitrogenase to the electrode surface, so that fewer immobilized
Fe-nitrogenase proteins are oriented to enable electrochemical
communication via the P-cluster. While this may provide a
rationale for the observed difference in peak height, it is
difficult to validate such an argument because a crystal
structure for Fe-nitrogenase does not exist as of the writing
of this work. Furthermore, this does not account for the fact
that V-nitrogenase also exists as an α2β2δ2 heterohexamer but
exhibits a slightly larger peak current for the P-cluster than Mo-
nitrogenase and further studies are needed to address this
observation. These results collectively suggest that 2
corresponds to the FeMoco cluster, while a process of
elimination would dictate that 1 likely corresponds to the P-
cluster.

Because electrochemical measurements cannot, in isolation,
be used to correlate a single cofactor within a complex
metalloenzyme to a specific peak potential, it is critical to
compare a variety of isoforms for a single protein as a method
for ensuring correct peak assignment. To this end, comparative
SWV was performed on two MoFe proteins with amino acid
substitutions (Figure S5), in which the serine-188 residue
ligating the P-cluster was replaced with cysteine (S188C)43 or
the histidine-195 residue that acts as a H-bond donor to
FeMoco was replaced with glutamine (H195Q).44 As expected
for S188C, the peak corresponding to FeMoco (2) remains
unchanged, while 1 of S188C is ∼40 mV more reducing
(−0.27 ± 0.01 V) than that of wild-type MoFe.43 For the
H195Q mutant, 1 was identical to that of wild-type MoFe,
while 2 was shifted to be less reducing (−0.56 ± 0.01 V).
Taken together, this evidence is consistent with 1 and 2 arising
from electrochemical reduction of the P-cluster (PN/ox couple)
and FeMoco (MN/R couple), respectively. A compiled list of
potentials is provided in the Table S1.
The general flow of electrons in the MoFe protein has long

been suggested to proceed from the P-cluster to the
catalytically active FeMoco;8,19,45 however, our initial
voltammetry of MoFe suggests the FeMoco is substantially
more reducing than the P-cluster (EM − EP = −0.36 V), so that
there is not sufficient thermodynamic driving force to facilitate
electron transfer in this way on a catalytically relevant time

Figure 2. (A) Scheme of the nitrogenase complex consisting of the Fe-protein (FeP, orange) and the MoFe protein (blue), highlighting the
corresponding metallocofactors, and scheme illustrating the association of FeP and MoFe. (B) Representative SWVs of pyrene-LPEI films coated
with MoFe and increasing relative concentrations of FeP (0.5, 1, 2, 3, 4, or 5 mol equivalents, red line), or the purified AlF4

−-stabilized MoFe/FeP/
MgADP complex (blue line), highlighting the difference in potential of FeMoco upon binding of FeP to MoFe. (C) Binding curve of MoFe in the
presence of FeP determined as a function of SWV peak currents. SWVs were performed at 30 Hz with an amplitude of 20 mV under an atmosphere
of Ar/H2 (3.2%) using 100 mM MOPS buffer, pH 7.0, and 25 °C.
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scale while presuming an electron transfer distance of 14 Å.46

As a critical component of the in vivo catalytic cycle of
nitrogenase, FeP transiently associates with MoFe to act as a
unique electron donor in the nitrogenase complex.16 This
process requires two equivalents of magnesium adenosine
triphosphate (MgATP) per electron transfer for the physio-
logically relevant [Fe4S4]

2+/+ couple of FeP to MoFe, where it
has been proposed that MgATP hydrolysis is necessary to
supply the energy required for dissociation of oxidized FeP
from MoFe.47−49 Additionally, binding of FeP to MoFe has
been implicated in altering the energetics of electron transfer
between the P-cluster and FeMoco;50,51 specifically, the energy
of MgATP and FeP binding is used to alter P-cluster
potential.52 Consequently, we aimed to determine the impact
of FeP binding on the redox landscape of FeMoco in the MoFe
protein.
Pyrene-LPEI films were prepared with MoFe and varying

amounts of FeP. Examining SWVs of the resulting films reveals
several noteworthy features (Figure 2). First, when immobi-
lized with relatively low concentration of FeP, MoFe exhibits
peaks corresponding to the P-cluster and FeMoco as described
above; however, as the relative amount of co-immobilized FeP
is increased, a new discrete peak (−0.43 ± 0.02 V) develops
with a concomitant decrease in the FeP-absent FeMoco peak
(−0.60 ± 0.01 V). In addition, the peak current corresponding
to P-cluster decreases relative to that of FeMoco with
increasing FeP concentration. The latter observation can be
accounted for by the way that FeP binds to MoFe. In the
native nitrogenase complex, FeP binding is specific and occurs
at the MoFe surface nearest the P-cluster so that the
electrochemical accessibility to the P-cluster is dramatically
diminished, while that of FeMoco is relatively unaltered. It
should be noted here that immobilization of MoFe with
denatured FeP does not result in a similar shift in the potential

associated with the FeMoco, suggesting that these modulations
in potential and peak current arise from protein that has
retained some of its native conformation (a detailed
explanation of these observations is provided in the Supporting
Information, Figure S8). This data suggests that the binding of
FeP induces a moderate shift in the reduction potential of
FeMoco even in the absence of MgATP. It should be noted
that binding of FeP to MoFe in the absence of nucleotides is
reported to be very weak, and there are multiple possible
binding conformations of MoFe and FeP in the absence of
nucleotide.
To provide evidence that the MoFe/FeP complex formed

upon immobilization is in a biologically relevant conformation,
we employed a MoFe/FeP complex with the tetrafluoroalu-
minate salt of magnesium adenosine diphosphate (MgADP*
AlF4

−). This complex has previously been reported as an
isolatable form of nitrogenase that is stable to dissociation of
FeP and not catalytically active. Upon preparing and isolating
the MoFe/FeP/MgADP*AlF4

− complex (full details provided
in the Supporting Information), we immobilized it using
pyrene-LPEI onto a carbon electrode. Subsequent SWVs
revealed a peak redox potential for FeMoco (−0.39 ± 0.03 V)
that is in reasonable agreement with that observed for the
nucleotide-free MoFe/FeP that was prepared by immobilizing
a homogeneously dissolved mixture of MoFe and FeP. These
results suggest that either (1) the potential of FeMoco is
altered to some extent by binding of FeP in several different
conformations, or (2) the local environment created upon
immobilization of MoFe and FeP preferentially results in an
excess of MoFe/FeP complex bound in its native conforma-
tion. At this time, we are unable to distinguish between these
possibilities, but both are consistent with an altered reduction
potential exhibited by FeMoco upon binding of FeP.

Figure 3. (A) Schematic of possible reactivity of electrochemically interfaced MoFe protein. (B) Representative CVs of pyrene-LPEI/MoFe films
under pure Ar (black line), Ar with 3% H2 (red line), and pure N2 with active (blue line) or denatured MoFe (dashed line). (C) Representative
SWVs of pyrene-LPEI/MoFe films either with (black line) or without (red line) FeP under Ar/H2, or MoFe under N2 (blue line). (D)
Representative CVs of pyrene-LPEI/MoFe films under Ar/H2 (black lines), pure N2 (blue lines), and N2 with 12% CO (red dotted line) or 25%
CO (red solid line). Experiments were performed using 100 mM MOPS buffer, pH 7.0, and 25 °C; CVs were run at 5 mV s−1, and SWVs at 30 Hz
with an amplitude of 20 mV.
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It might be suggested that the appearance of new peaks in
MoFe films prepared with excess equivalents of FeP could be
the result of redox activity associated with FeP itself. Multiple
attempts were made to immobilize FeP independently and
characterize redox couples associate with its [Fe4S4] cofactor.
However, no consistent peaks were observed under the variety
of conditions attempted. It is possible that the cationic
environment created by the pyrene-LPEI matrix upon
immobilization prevents a coherent interface from being
established between the cofactor of FeP and electrode surface.
Nevertheless, films prepared using the MoFe/FeP/MgADP*
AlF4

− complex were absent of any excess free FeP and still
resulted in an altered FeMoco potential. Finally, an additional
peak is observed in films prepared with either MoFe/FeP or
the MoFe/FeP/MgADP*AlF4

− complex that appear at −0.19
± 0.01 V. The precise identity of this peak is unclear; it may
correspond to the oxidized form of FeMoco (M+/2+), though
precisely equal peak heights would be expected if this were the
case (which is not the case for most of the data collected here).
Electrochemically Driven MoFe Catalysis. Provided

that this shift in reduction potential is a prerequisite for
catalysis, its function remains a significant question. Previous
work has demonstrated that H2 behaves as an inhibitor to N2
reduction at relatively high concentrations (∼10%).53−56
Consequently, we considered the possibility that H2 inhibition
may be more pronounced in the absence of FeP, so that
minimal catalytic activity would be observed in FeP-free
systems in the presence of small amounts of H2. Based on this
hypothesis, we studied films containing MoFe without FeP by
slow scan rate cyclic voltammetry (CV) under an atmosphere
of either Ar/H2 (3.2%), pure Ar, or pure N2 (Figure 3). As
previously observed in the presence of H2 (Ar/H2), MoFe
exhibited a small quasireversible redox wave consistent with
the P-cluster and no catalytic current. However, under pure Ar,
MoFe films exhibited catalytic currents similar to that of
MoFe/FeP/MgATP films under Ar/H2 (data and further
description provided in the Supporting Information). Under
N2, a slightly smaller catalytic current density is observed than
under pure Ar. This finding would suggest that some aspect of
substrate reduction has become a rate limiting step, with the
reduction of the more difficult N2 expected to show a slower
rate of electron flow. It is known that with Fe protein as the
reductant, a step in the Fe protein cycle is rate limiting, and
thus no change in the rate constant of electron flow is seen
under different substrates.52 Furthermore, SWV analysis of
MoFe under pure Ar reveals a shift in reduction potential of
FeMoco consistent with the shift observed upon the
association of FeP in the presence of H2. Finally, Mo-
dependent nitrogenase is known to be reversibly inhibited by
CO so that N2 reduction is prevented without impacting the
ability of MoFe to catalyze H+ reduction.57,58 To confirm that
the differences in current were the result of electrochemically
driven MoFe turnover, we measured catalytic current density
(jmax) by the CV of MoFe in the presence of N2 with
sequentially increasing amounts of CO gas (Figure 3). While
intuition would suggest that introduction of CO would lead to
a decrease in jmax for most heterogeneous electrocatalysts (due
to catalyst poisoning, etc.), increasing the partial pressure of
CO results in increased values of jmax that approach those
corresponding to H+ reduction (observed under pure Ar).
Taken together, these data suggest that the electrochemically
driven MoFe system exhibits analogous kinetics to the native
nitrogenase, H2 negatively affects the thermodynamic land-

scape of FeMoco to inhibit catalytic turnover, and binding of
FeP mitigates H2 inhibition of MoFe.
It should be noted that the catalytic current observed via CV

under N2 in the absence of FeP begins at a potential consistent
with the P-cluster. While the native electron transport pathway
in nitrogenase proceeds through the P-cluster, there have been
mixed reports in the ATP-free electrochemically driven
nitrogenase system whether electron transport occurs through
the P-cluster or directly to the catalytically active FeMoco
depending on whether a mediated or direct electrochemical
approach was employed.26,29 Therefore, it became imperative
to confirm that the catalytic current observed at the P-cluster
corresponds to the enzymatic reduction of N2 to NH3.
To accomplish this, we performed bulk electrolysis using

MoFe-immobilized films under an atmosphere of pure N2
under a variety of applied potentials (experimental setup
provided in the Supporting Information, Figure S4).
Fluorimetric quantification of NH3 (Figure 4) revealed that

Figure 4. (A) Scheme of electrochemically driven MoFe turnover for
15N2 to

15NH3. (B)
15N-non-decoupled (blue line) and 15N-decoupled

(black line) 1H NMR of 15NH3 produced from bulk electrolysis of
15N2 using pyrene-LPEI/MoFe electrodes at −0.25 V for 8 h. (B)
Amount of ammonia produced (red bars) and Faradaic efficiency
(dashed line) for NH3 production from bulk electrolysis of N2 using
pyrene-LPEI/MoFe electrodes at varying applied potential. Experi-
ments were performed using 50 mM MOPS buffer, pH 7.0, and 25
°C.
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maximum yield and Faradaic efficiency were achieved with an
applied potential of −0.45 V; however, NH3 production was
achieved at potentials as high as −0.25 V. Furthermore, a
substantial decrease in NH3 production was observed at
applied potentials lower than −0.5 V. This result runs counter
to standard intuition according to Butler−Volmer kinetics,
which dictates that a stronger reducing potential should
provide a greater electrocatalytic driving force outside of the
inverted Marcus region. While lower potential may afford a
stronger driving force for the electroenzymatic reaction, such
low potentials are sufficient to facilitate electrochemical
reduction of H+ by the carbon electrode surface to form H2
(supported visually by the formation of bubbles on the
working electrode). The combination of decreased NH3 yield
and Faradaic efficiency at sufficiently low potentials for H+

reduction then suggest that a high localized H2 concentration
near the electrode surface may be inhibiting electroenzymatic
activity.
In order to confirm that the NH3 generated was in fact from

electroenzymatic turnover of N2 gas, bulk electrolysis was
performed on MoFe-immobilized films under isotopically
enriched 15N2 at a constant potential of −0.35 V. The
electrolysis solution was studied by 1H NMR with and without
15N decoupling. The resulting NMR spectra revealed a doublet
centered around 6.95 ppm with a coupling constant (74 Hz)
consistent with 15NH3 that, upon

15N decoupling, converged
to a singlet. Furthermore, similar electrolysis of 14N2 were
performed using active and denatured MoFe, and the spectrum
resulting from electrolysis with active MoFe reveal a triplet
consistent with 14NH3 while that of denatured MoFe resulted
in no peak formation. It should be noted that a background
ammonia signal was observed under all electrochemical
conditions using active MoFe films. No such peak was
observed when MoFe was denatured prior to immobilization
(either under 14N2 or 15N2), suggesting that the background
ammonia signal is being generated from a non-N2 substrate
(Figure S7). Collectively, this data confirms that 15NH3 was
produced as a result of electrochemically driven MoFe
reduction of N2.
Electron Transfer as a Function of Reduction

Potential. Combined with assignment of redox potentials to
each metallocofactor, the production of NH3 at −0.25 V
suggests that, similar to the native nitrogenase complex, the
electrochemically driven MoFe system proceeds via electron
transfer through the P-cluster. Assuming that catalysis occurs at
FeMoco in the electrochemical system, this would imply that
electron transfer from the less reducing P-cluster to the more
reducing FeMoco is a thermodynamically uphill process and
thus requires a coupled chemical step to trap the high-energy
intermediate. The catalytic cycle of nitrogenase was previously
established to proceed via a series of consecutive concerted
proton−electron transfers, where an endergonic electron-
transfer sequence could conceivably be driven by the formation
of Fe-hydride bonds on FeMoco.8 In order to lend evidence
that electrochemically driven MoFe operates by a similar
mechanism, the redox potential of the P-cluster was measured
under a variety of different pHs ranging from pH = 6.0 to pH =
9.0. The resulting plot of pH versus the peak P-cluster
potential, Ep (Figure 5), indicates that the P-cluster potential
shifts by ∼41 mV per unit pH. While this is slightly lower than
the previously reported change of 53 mV for the P+/2+

couple,18 the discrepancy may be accounted for by the self-
buffering nature of the polymer matrix which would dampen

changes in bulk pH.59 Consequently, this provides evidence
that, similar to the native nitrogenase mechanism, electro-
chemically driven MoFe turnover feasibly occurs via sequential
proton-coupled electron-transfer (PCET) steps.60

Finally, based on the experimentally measured potentials for
P-cluster and FeMoco here, it would seem that endergonic
electron-transfer steps are required to drive catalytic turnover
of nitrogenase. From the SWV analysis above, H2-inhibition
only impacts the redox potential of FeMoco, so that ΔE =
EFeMoco − EP‑cluster = −0.43 and −0.23 V for MoFe under H2
(3%) and under pure Ar, respectively. However, this does not
account for the impact of FeP binding on the potential of the
P-cluster. As discussed above, the redox potential of FeMoco
was measured in the presence of FeP to better understand the
impact of FeP on potential, but the potential of FeP-bound P-
cluster was not observed due to steric constraints. Never-
theless, previous studies of FeP-MoFe binding demonstrated
that the redox potential of the P-cluster decreases modestly by
∼0.08 V (in the presence of MgATP, determined by EPR
redox titration).61 Combining the shifts in FeMoco reported
here with the previously reported shift in P-cluster upon
binding of FeP, the driving force from redox potential alone
can be described as ΔE = −0.12 V. This data provides
experimental justification for endergonic electron transfer in
the MoFe protein during the conversion of N2 to ammonia
under both physiological conditions (in the presence of FeP/
MgATP) and electrochemical/photochemical conditions (in
the absence of FeP). One caveat to this assertion is that
measurements cannot exclude any possibility of transient high-
energy intermediates that may exist, and more work is needed
to probe for such species.

■ CONCLUSIONS
In summary, the use of SWV to study pyrene-LPEI/MoFe
enzymatic electrode films has enabled direct measurement of
the P-cluster (PN/ox couple) and FeMoco (MN/R) redox
potentials (−0.23 ± 0.01 and −0.60 ± 0.01 V, respectively,
under low-turnover conditions). Incorporation of nitrogenase
reductase (FeP) into pyrene-LPEI films resulted in a distinct
shift in the FeMoco redox potential to −0.43 ± 0.02 V (even
in the absence of MgATP). In addition, a nearly identical shift
in redox potential for FeMoco was observed in the complete
absence of H2 gas, and voltammetric analysis of MoFe in the

Figure 5. Effect of pH on the peak potential of P-cluster in pyrene-
LPEI/MoFe electrode films.
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absence of FeP revealed that electrochemically driven catalysis
could only be observed when the atmospheric H2 content was
below ∼1.8%. Taken together, this may indicate that the shift
in potential of FeMoco is the result of an interaction between
MoFe and H2 where binding of FeP prevents this interaction.
Under all experimental conditions studied herein, the redox

potential of FeMoco was observed to be more reducing than
that of the P-cluster, suggesting a requisite endergonic electron
transfer during catalytic turnover of nitrogenase. In the absence
of FeP and under a pure N2 environment, pyrene-LPEI/MoFe
films could take advantage of this apparent endergonic step by
driving production of NH3 from N2 with an applied potential
of −0.25 V at pH 7.0 (consistent with electrochemical
reduction of P-cluster but not FeMoco).
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