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model of carbon monoxide
dehydrogenase exhibits tunable covalency across
cluster oxidation and ligand-bound states

Luke C. Lewis, a Prajakta Badve, c Itzel P. Vaca, b Pujan Ajmera, b Yuri Lee, b

Anastassia N. Alexandrova, b Katlyn K. Meier c and Hannah S. Shafaat *ab

The nickel-containing carbon monoxide dehydrogenase (CODH) uses a unique heterometallic [NiFe4S4]

cluster active site, called the C-cluster, to catalyze the reversible reduction of carbon dioxide (CO2) to

carbon monoxide (CO) at low overpotential and with perfect selectivity. Only the properly assembled

nickel-bound form is capable of this reactivity, though how the structure of the cluster promotes such

selectivity remains poorly understood. We have developed a model of the C-cluster by constructing

a [NiFe3S4] cluster in the iron–sulfur cluster binding site of the Pyrococcus furiosus ferredoxin protein

(NiFd) that replicates the thiolate ligation and aqueous environment of the native system. In this work, we

interrogate the roles of each individual metal site and the whole-cluster covalency across two oxidation

states that mirror the C-cluster in the Cox and Cred1 states. We have also studied the system bound to

a CODH substrate (CO) and C-cluster inhibitor (CN−). A comprehensive suite of spectroscopic

techniques, including pulsed electron paramagnetic resonance (EPR), variable-temperature, variable-field

Mössbauer, and high-energy resolution fluorescence-detected X-ray absorption (HERFD-XAS)

spectroscopy, have been used in conjunction with quantum mechanics/molecular mechanics (QM/MM)

and broken symmetry density functional theory (BS-DFT) calculations to elucidate the electronic

properties of these heterometallic clusters. This work reveals that the supporting iron-sulfide subcluster

and thiolate ligands play a critical role in buffering charge density as the cluster traverses multiple states.

An unusually weak exchange interaction between the Ni site and the iron atoms is found to exist in the

CO-bound form, suggesting that substrate binding electronically isolates the nickel site, giving a low-

spin ground state that drives localized chemistry to occur at the nickel center. These results have

implications for understanding how reactivity is controlled in native CODH to promote CO oxidation and

CO2 reduction rather than deleterious hydrogen evolution.
Introduction

Iron–sulfur clusters are ubiquitous in nature, performing a wide
variety of functions in all kingdoms of life.1,2 While iron–sulfur
clusters are best known for their role in electron transfer, these
cofactors also catalyze important chemical transformations in
different protein scaffolds, including the diverse range of
reactivity associated with the radical S-adenosylmethionine
enzymes.1,3–5 A smaller subset of iron–sulfur clusters contain
a heterometallic [MFexSy] cluster active site and are found in gas
cycling and energy converting enzymes such as nitrogenase and
carbon monoxide dehydrogenase (CODH).6–9
y, The Ohio State University, Columbus,

, University of California Los Angeles, Los

faat@ucla.edu

ami, Cox Science Center, 1301 Memorial

mail: kmeier@miami.edu

y the Royal Society of Chemistry
CODH is a homodimeric enzyme found in anaerobic bacteria
and archaea that catalyzes the reversible reduction of carbon
dioxide (CO2) to carbon monoxide (CO), with perfect selectivity
and negligible overpotential under ambient temperatures and
pressures.7,10–12 The active site of CODH contains a unique
heterometallic [NiFe4S4] cluster, known as the C-cluster, which
is comprised of a single exogenous Fe site (Feu) coupled to
a cubane [NiFe3S4] subsite through one bridging sulde
(Fig. 1).13–15 While there have been extensive efforts put forward
to understand the mechanism of CO2 reduction by CODH, only
two intermediates have been quantitatively isolated and struc-
turally characterized, and spectroscopic metrics of the active
site remain unclear due to the complexity of the native
system.7,16–19 Thus, it has become desirable to develop a model
that recreates key structural motifs of the active site in
a simplied system to permit comprehensive characterization
of the geometric and electronic structure.6,20–22

In response to this, we have developed a protein-based
model of CODH using a nickel-substituted ferredoxin protein
Chem. Sci.
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Fig. 1 Geometric structures and proposed oxidation states of (A) key CODH intermediates and the (B) analogous NiFd states.
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(NiFd) from Pyrococcus furiosus.23–25 We have shown that this
model binds CO, a substrate of CODH, and CN−, an inhibitor of
CODH, at the nickel site, offering stable and isolable systems
that contain biological ligand motifs and operate in aqueous
solution, covering some reactivity gaps that persist in synthetic
models (Fig. 1).22–24,26–28 While prior work studied the overall
cluster across different ligand-bound and oxidation states,
providing insight into key elements required for CO binding, we
were unable to resolve the electronic structure of the individual
sites. As such, the underlying basis for the high degree of
selectivity and reactivity seen in native CODH remained elusive
(Fig. 1).

Iron–sulfur clusters have complex electronic structures that
are difficult to interpret without the use of multiple comple-
mentary, high resolution spectroscopies.2,29,30 While the pres-
ence of many sites generally makes it difficult to determine the
electronic structure of the individual iron centers, Mössbauer
spectroscopy detects all 57Fe species, revealing the geometry,
oxidation state, and spin state at the individual iron
centers.29,31–34 By applying a variable magnetic eld during
collection, the sign and magnitude of the hyperne values for
each iron center can be obtained, enabling interpretation of the
complex spin-coupling schemes that dominate the electronic
structure of iron–sulfur clusters in all redox states.29,34–36

Coupling Mössbauer spectroscopy with additional techniques
such as electron paramagnetic resonance (EPR) and high-
energy-resolution uorescence-detected X-ray absorption
(HERFD-XAS) spectroscopies offers a complete picture of the
electronic structure of heterometallic iron–sulfur
clusters.23,30,34,37–40 EPR spectroscopy generally selects for half-
integer spin states (e.g., S = 1

2, S = 3/2), while the use of
multiple frequencies provides a better understanding of high-
Chem. Sci.
spin species (S > 1
2) by constraining the spin-Hamiltonian

parameters. In addition, element-specic techniques such as
HERFD-XAS selectively probe the nickel site, invisible to
heterogeneity from residual homometallic clusters. Combining
these techniques with computational models provides
a complete understanding of the electronic structure of the
whole system and provides a roadmap for future characteriza-
tion of CODH intermediates.41–45

In this work, we combine Mössbauer, multifrequency X-
and pulsed W-band EPR, and HERFD-XAS spectroscopic
investigations on the reduced, oxidized, CO- and CN-bound
NiFd clusters with quantum mechanics/molecular
mechanics and broken-symmetry DFT calculations to deter-
mine how the different oxidation and ligand-bound states of
NiFd inuence the electronic structure of the cluster and
individual iron sites. We have fully resolved the nature of the
oxidized NiFd cluster, which represents a high-delity model
of the cubane in the as-isolated Cox state of the CODH C-
cluster. Comparison to the reduced NiFd cluster (NiFdred),
which models the cubane subsite of the Cred1 state of CODH,
demonstrates how the cluster structure supports facile redox
state transitions by delocalizing charge through the bridging
sulde ligands. Moreover, we have developed a unique spin
coupling model for the NiFd–CO state that highlights excep-
tionally weak exchange interactions between the Ni–CO center
and the [Fe3S4] subcluster, with implications for under-
standing charge distribution in crucial catalytic intermediates
in CO activation and CO2 reduction. Ultimately, we hypothe-
size that the ligand-dependent, variable intracluster interac-
tions may be essential for reproducing the desirable reactivity
and selectivity of CODH.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Results
Multifrequency EPR spectroscopy constrains the spin-
Hamiltonian parameters of NiFdred and NiFd–CO

One-electron reduction of the NiFd cluster produces a para-
magnetic species (NiFdred) that is readily observable using EPR
spectroscopy. At X-band frequencies (9.37 GHz), this species
exhibits a rhombic signal (E/D > 0) with major features at gapp =
5.7, 5.0, 2.7 and 1.9, consistent with that of a high-spin, Stot = 3/
2 cluster (Fig. 2A). This species has previously been character-
ized and simulated at X-band frequencies with spin Hamilto-
nian parameters giso = 2.0 and E/D = 0.16.23,24 Addition of CO to
the headspace of the reduced NiFd results in a complicated
spectrum with additional resonances around g ∼4 and g ∼2
(Fig. 2B). These features have been assigned to a single species
with a ground spin-state Stot,GS = 1

2 and a low-lying excited state
(Stot,ES = 3/2) that is readily populated at temperatures as low as
5 K. Residual signal belonging to the NiFdred species is attrib-
uted to low solubility of CO in aqueous media and modest
Fig. 2 (A) and (B) X-band CW EPR spectra (n= 9.37 GHz, T= 8 K, Pmw= 20
pulsed W-band EPR spectra (n = 94 GHz; T = 5 K) of (C) NiFdred and
parameters: p/2 = 32 ns, s = 260 ns.

© 2026 The Author(s). Published by the Royal Society of Chemistry
binding affinity of CO to the NiFd cluster, which we estimate to
have a Kd > 1 mM on the basis of pressure-dependent experi-
ments (Fig. S24). Temperature-dependent spectra of the NiFd–
CO species show a small but nearly monotonic change in rela-
tive populations of the S= 1

2 and S= 3/2 states between 4.5–15 K
(Table S1). The S = 1

2 state exhibits a similar asymmetrically
broadened lineshape and temperature-dependent behavior as
the [Fe3S4]

+ Fd (Fig. S1), which suggests the metal–metal
exchange coupling of the NiFd–CO is subject to spin
canting.34,40,46,47

Performing EPR experiments at higher elds and frequen-
cies, such as the 34 GHz Q- and 94 GHz W-bands, provides
increased resolution of g-tensor anisotropy and additional
information on high-spin systems with zero-eld splitting
tensors larger than the microwave quanta at X-band (D >
0.3 cm−1). Given our initial estimates on D, we decided to obtain
echo-detected eld-swept (EDFS) spectra at W-band on the high-
spin NiFdred and NiFd–CO species to more accurately resolve
the spin-Hamiltonian parameters.24,25 To avoid the challenges
mW) of (A) NiFdred and (B) NiFd–CO. (C) and (D) Hahn-echo-detected
(D) NiFd–CO. Dashed lines indicate simulated spectra. Experimental

Chem. Sci.
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associated with rapid relaxation of high-spin species, the high-
power, low-deadtime HiPER instrument at the U.S. National
High Magnetic Field Laboratory was used.48,49

The W-band echo-detected eld-swept (EDFS) spectrum of
NiFdred exhibits broad intensity from 0.5–4.5 T (Fig. 2C). In
order to determine which signals can be attributed to the
NiFdred species, microwave nutation and relaxation experi-
ments were performed at four different magnetic eld positions
along the absorption envelope (Fig. S2–S4). Extremely fast T1
and T2 relaxation rates, with lifetimes of ∼2 ms and 100 ns,
respectively, and similar nutation proles are observed at all
eld positions, suggesting that the signals arise from
a common, high-spin system. The nutation frequency of ∼30
MHz is consistent with an S = 3/2 species (Fig. S4), based on
comparison to an S = 1

2 species that exhibited a nutation
frequency of ∼12 MHz (Fig. S21). Unfortunately, the rapid
relaxation further indicated that additional pulsed EPR
measurements, such as ENDOR or ESEEM, would likely be
intractable. The X- and W-band EPR experimental spectra are
simultaneously simulated as a Stot = 3/2 species with a near-
axial g-tensor, g = [1.92 1.97 1.93], rhombicity of E/D = 0.17,
and zero-eld splitting principal component D = −2.5 cm−1

(Fig. S5–S7). These values are consistent with previous results,
albeit resolved with higher condence.23 Because of the
complexity of simulating and interpreting the X-/W-band EPR
spectra of NiFdred and NiFd–CO, an in-depth discussion on
selected simulation parameters and further analysis has been
provided in the SI.

Unlike the NiFdred spectrum, the W-band EPR spectrum of
NiFd–CO species only exhibits intensity in a narrow range from
2.8–3.6 T (Fig. 2D), though the spectrum is more complex than
expected for a single S = 1

2 species.41 Notably, the low-eld
transitions seen at X-band frequencies near g ∼4 are absent at
these elds, suggesting the spin Hamiltonian is dominated by
the electronic Zeeman term and not the ZFS term. This neces-
sitates a small energy separation of the spin ladder, as the
microwave energy at W-band is ∼3 cm−1. In order to simulate
this data in conjunction with the X-band spectra, we con-
structed a spin-coupled model that contains an [Fe3S4]

0 frag-
ment coupled to the Ni+-CO site. The magnitude of the effective
electronic exchange interaction (Jeff) is proportional to the
energy difference between the ground and excited states, while
the sign of Jeff determines the lowest energy ground state
(Fig. S8–S9):

Jeff f Eex − Egs

Using this model, the spectra are best simulated as a spin-
coupled system with an S = 1

2 Ni+ center having intrinsic g =

[2.32 2.22 2.09] and an S = 1 [Fe3S4]
0 system with intrinsic g =

[2.01 2.04 2.06], D = +0.84 cm−1, and E/D = 0.052 (Fig. S8). The
value of Jeff therefore represents the degree of exchange inter-
action between the Ni+ center and the [Fe3S4]

0 subsystem, which
we found to be antiferromagnetically coupled (Jeff=−1.0 cm−1).
This results in a spin ladder with two populations at 5 K, an
Stot,GS = 1

2 ground state (44%) with projected values of g = [1.91,
Chem. Sci.
1.99, 2.05] and an Stot,ES = 3/2 exited state (56%) with projected
values of g = [2.12, 2.09, 2.07] and D1 = −0.079 cm−1, D2 =

−0.107 cm−1, D3 = 0.187 cm−1 (Fig. S10–S18). The simulation
provides an acceptable t to the data at both X- and W-bands
(Fig. 2B and D), and the relative populations of the Stot,GS = 1

2
and Stot,ES = 3/2 states are also consistent with the results
observed at X-band (Tables S1 and S2). Relaxation experiments
performed at 3.25 T resulted in longer T1 and T2 relaxation rates
than the Stot= 3/2 NiFdred, with lifetimes of∼130 ms and 250 ns,
respectively (Fig. S19). While S = 1

2 species generally have slower
T1 and T2 relaxation owing to the absence of low-lying excited
states, there are many additional contributing factors that may
affect relaxation.43 Nutation experiments across the absorption
envelope give frequencies of ∼12 MHz and ∼40 MHz, suggest-
ing that the features from 3.24 T to 3.41 T may derive from two
contributing spin systems, the previously proposed Stot,GS = 1

2
ground and Stot,ES = 3/2 excited states (Fig. S20 and S21).
Mössbauer spectroscopy probes the individual iron sites and
interactions between metal centers

Mössbauer spectroscopy was used to dene the oxidation states,
spin states, and intracluster coupling within the [Fe3S4]
subcluster across the NiFd redox and ligand-bound series.
Measurements performed at low temperatures in variable
parallel applied magnetic elds enabled us to establish how
electron redistribution and metal–metal coupling evolve upon
reduction/oxidation and binding of CN− or CO. Detailed tting
procedures and coupling models are provided in the SI. Sample
optimization and quality was veried using EPR spectroscopy
before data collection (Fig. S22–S24). Mössbauer spectra of the
reference [Fe3S4]

+/0 ferredoxin species closely match previously
reported parameters,29,32–34,40 conrming the expected all-ferric
and mixed-valent electronic structures, respectively (Fig. S25,
S26A, S27 and Table 1). The spectra of [Fe3S4]

+ and [Fe3S4]
0 were

used to identify contaminants in NiFd samples as shown in the
SI, Fig. S26B, C and S28–S30.

The reduced NiFd species, NiFdred, exhibits a para-
magnetically broadened spectrum at 1 kG, consistent with
a half-integer spin state of Stot = 3/2 (Fig. 3, green). Aer
subtraction of residual [Fe3S4]

0 Fd from the spectra, we deter-
mined that NiFdred accounted for ∼50% of the sample. The
NiFdred species is best described as having a delocalized, mixed-
valent Fe2.5+ pair antiferromagnetically coupled to a third ferric
site, indicating substantial electron delocalization within the
[Fe3S4] subcluster upon incorporation of nickel (Table 1,
Fig. S26B and S28).33 Analysis of the spectra suggests that two
iron centers form a double-exchanged S0 = 9/2 dimer, with the
third iron center in antiparallel alignment.

The one-electron oxidation of NiFdred yields NiFdox. In an
applied magnetic eld of 1 kG, the Mössbauer spectrum of
NiFdox consists of a set of nested doublets with small quadru-
pole splittings centered at ∼0.4 mm s−1 (Fig. 3, black). Aer
subtracting contributions from [Fe3S4]

0 Fd, [Fe3S4]
+ Fd, and

NiFdred contaminants (Fig. S29), the NiFdox complex is best
described as having a total spin of Stot = 1, with an E/D= 0.22 (D
=−1.9 cm−1). Two iron sites, Fe1 and Fe2, have identical isomer
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mössbauer spectra of NiFdox (black), NiFdred (green), NiFd-CN
(orange), and NiFd–CO (blue) at T = 4.2 K in an applied magnetic field
of 1 kG. Contributions from known [Fe3S4] species have been
subtracted.

© 2026 The Author(s). Published by the Royal Society of Chemistr
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y

shis and quadrupole splittings (d = 0.46 mm s−1, and DEQ =

1.33mm s−1) that are consistent with amixed valent delocalized
Fe2.5+ pair. In strong applied magnetic elds, the two cluster
types yield distinct spectra, with hyperne values suggesting
that these two sites are aligned antiparallel to the third iron site,
Fe3, (d = 0.35 mm s−1, and DEQ = 0.85 mm s−1), to yield
a subcluster spin of S = 2, which then antiferromagnetically
couples to the S = 1 Ni2+ site, resulting in an overall spin Stot =
1. The Mössbauer parameters used to simulate the experi-
mental spectra are shown in Table 1, with the full spectral
tting presented in Fig. 4. The hyperne coupling constants for
site 3 are more isotropic compared to sites 1 + 2, implying
a different ligand eld or magnetic coupling environment. In
the high-eld Mössbauer spectra shown in Fig. 4B–D, Fe site 3
mainly contributes to the spectral shoulders near ±3 mm s−1

and ±4 mm s−1, while the combined signal from sites 1 + 2
accounts for most of the intensity in the middle of the spectra.
Together, these features are indicative of a cluster with an
overall delocalized electronic structure, consistent with
a [Fe2.5+–Fe2.5+–Fe3+] formulation as shown in Fig. 8.

Binding of the CODH C-cluster inhibitor, CN−, to NiFdred is
quantitative, with a dissociation constant Kd∼160 mMdetermined
from EPR studies (Fig. S23 & S26C). Cyanide binding to the nickel
center only slightly perturbs the electronic structure at the iron
sites, as seen by the minor changes in the Mössbauer parameters
relative to NiFdred (Fig. 3, orange, Table 1).25 The modest increase
in isomer shi suggests slightly increased charge density at the
iron sites upon binding cyanide. Nevertheless, Mössbauer
parameters used to t the NiFd-CN spectra remain consistent with
those previously published by Srivastava et al., and the system is
best described with a Stot = 3/2 ground state.24,33

Finally, binding of CO to NiFdred yields NiFd–CO, which
exhibits signicantly narrower spectra, consistent with a lower
Chem. Sci.
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Fig. 5 Mössbauer spectra of NiFd–CO collected at 120 K (A) and 4.2 K
(B–E) in parallel applied magnetic fields of (A and B) 1 kG, (C) 30 kG, (D)
50 kG, and (E) 70 kG. The black hash marked spectra represent the
difference spectra, corresponding to 40% NiFd–CO, obtained after
subtraction of 45% [Fe3S4]

0 (experimental data) and ∼15% NiFdred
(simulation). The blue curves are simulations of the experimental
difference spectra. Parameters used to generate the blue curves are
presented in Table 1.

Fig. 4 Mössbauer spectra of NiFdox collected at 4.2 K in parallel
applied magnetic fields of (A) 1 kG, (B) 30 kG, (C) 50 kG, and (D) 70 kG.
The black dashed traces represent the difference spectra obtained
after subtracting contributions from ∼34% [Fe3S4]

+, ∼15% NiFdred, and
∼9% [Fe3S4]

0. The resulting spectra correspond to ∼42% NiFdox. The
solid black lines show the overall simulation, while the magenta and
violet curves represent the individual contributions from Fe sites 1 + 2
and Fe site 3, respectively. Mössbauer parameters used for the
magenta and violet traces are listed in Table 1.
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spin state (S < 3/2) (Fig. 3, blue, Fig. 5, Table 1). Due to the low
binding affinity of CO to NiFdred (Fig. S24), the species of
interest (NiFd–CO) accounted for 40% of the total sample. In
addition to the low yield of the CO-bound species, analysis of
the data is complicated by the presence of a low-lying S = 3/2
excited state that is appreciably populated, even at 5 K
(Fig. S18, S30, S31, Tables S1 and S2). However, the fast elec-
tronic spin relaxation observed in the high temperature (T =

120 K) data collected for NiFd–CO and the symmetry of the
spectrum provides insight into the homogeneity of the iron
sites in the cluster and serves as the rationale to treat the iron
sites as equivalent in the analysis described below (Fig. 5).
These data also constrain the isomer shi and quadrupole
splitting to d = 0.45 mm s−1 and DEQ = 1.2 mm s−1 (Fig. S32),
values that are comparable to those obtained for the reduced
cluster.

The presence of a low-lying excited state prevents the
Mössbauer spectra of the CO-bound species from being t using
a simple description of the iron sites in the cluster with a total
spin dened for the system, as was done for other NiFd species
(Fig. S31). This is because the coupling between the sites in the
cluster is weak, and the cluster does not exhibit a well-isolated
Chem. Sci.
ground state. Instead, tting the Mössbauer spectra presented
here required consideration of contributions from both the
ground and excited states via a two-spin model. Reasonable
simulations of the difference spectra of NiFd–CO (Fig. 5) are
best described in a spin-coupled representation provided that
we: (i) take the average Mössbauer parameters for all Fe sites at
a relative spectral area contribution of 1.0, and (ii) that we
model the second site in the spin coupling model as an S = 1/2
site (with no explicit spectral contribution in the Mössbauer
data). Based on these assumptions and the overall spin state of
the complex, we propose that NiFd–CO is composed of a [Fe3S4]

0

subcluster with total spin S= 1 that is aligned antiparallel to a S
= 1/2 Ni+-CO site. A more detailed description of this congu-
ration is described in the Discussion section (vide infra). In
short, the Mössbauer data were t assuming a total spin of Stot
= 1/2 (with isotropic exchange coupling constant, J = 1.0 cm−1),
whereas the ferromagnetic coupling of the sites would yield
a total ground spin of Stot = 3/2. The energy level diagram cor-
responding to this description is shown in Fig. S8 and S9.

While we acknowledge that taking the average of the Möss-
bauer parameters for the three iron sites in the cluster and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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treating them as a single site, even in strong applied magnetic
elds, introduces an inherent limitation in our analysis, it was
the most tractable simulation and calculation approach that we
could reasonably achieve. Additionally, inclusion of multiple,
distinct iron sites did not improve the quality of the ts. It is
also worth noting for the reader that there are several so
parameters that could not be uniquely determined but are re-
ported as the values used to generate the simulated spectra
presented herein. Nevertheless, the Mössbauer analysis pre-
sented here offers a valuable framework for future analyses in
the eld.
High-energy-resolution uorescence-detected X-ray
absorption spectroscopy (HERFD-XAS) on the nickel site in
NiFd

To complement the highly resolved information on each of the
Fe centers in NiFd obtained using Mössbauer spectroscopy, we
performed high-energy-resolution Ka uorescence-detected X-
ray absorption spectroscopy (HERFD-XAS) at the nickel and Fe
K-edges on the different states of NiFd (Fig. 6 and S34). This
technique suppresses the lifetime broadening of the 1s core-
hole and provides far superior experimental resolution of the
metal pre-edge features than total uorescence yield (TFY) XAS
(Fig. S33–S38). As a result, overlapping 1s / 3d and charge-
transfer transitions can be separated, permitting better
comparison across different states and to theory. The rising
edge positions can also be resolved more clearly, providing
a more robust measurement of element-specic electron
density. While the Fe Ka HERFD-XAS spectra of WT NiFd show
only minor changes across all of the species (Fig. S34), the Ni Ka
HERFD spectra show clear distinctions between the oxidized
and reduced states, including changes in pre-edge feature
Fig. 6 (A) Ni Ka HERFD-XANES spectra of NiFd in the oxidized (black),
Zoomed-in view of the pre-edge region for the oxidized and reduced NiF
peak decompositions are indicated in grey and dark green for NiFdox andN
dominant pre-edge transitions for each species. Spectra and stick transi

© 2026 The Author(s). Published by the Royal Society of Chemistry
intensity, number, and edge energy (Tables S3 and S4). Specif-
ically, the pre-edge transitions split from one peak in the
reduced state to two resolved features in the oxidized species.
This splitting was not resolved in the TFY-XAS and is consistent
with the presence of two 3d acceptor orbitals, as would be ex-
pected for a tetrahedral, high-spin Ni2+ center. The NiFdred
species shows only one pre-edge feature and a red-shi of the
edge position from 8342.3 eV in the oxidized sample to
8338.4 eV, consistent with a more electron-rich Ni+ center
(Fig. 6). The∼4 eV shi in edge position suggests a large change
in covalency along with electron density at the nickel site, with
shis of this magnitude previously reported in XAS studies of
other nickel metalloproteins and synthetic complexes.50–52

For the NiFd–CO species, the rising edge position shis to
higher energy by almost 1 eV relative to NiFdred, but remains
signicantly lower than that of the NiFdox species, justifying the
formal assignment as a Ni+ center (Table S3). We attribute the
lower electron density at the nickel center to p-backbonding into
the CO ligand, which is consistent with resonance Raman data
showing a high degree of activation for the bound CO (nCO =

1964 cm−1).25 A new pre-edge feature for NiFd–CO is also
observed at 8334.4 eV, almost 2 eV higher in energy than the pre-
edge feature of NiFdred. The shi of this 1s / 3d transition to
higher energies is consistent with the increased ligand eld
strength expected for a CO-bound species. In contrast to the
NiFd–CO species, the pre-edge intensity of the NiFd-CN species
decreases signicantly, and the edge position shis hyp-
sochromically to align with the NiFdox species. The associated
formation of a sharp feature at∼8336 eV can be attributed to a 1s
/ 4p transition. Collectively, as noted previously, these obser-
vations are consistent with geometric rearrangement to yield
a low-spin, square-planar Ni2+ center with large 3d–4p mixing.
reduced (green), CO-bound (blue) and CN-bound (orange) states. (B)
d and NiFd–CO compared to TD-DFT calculated transitions. Gaussian
iFdred, respectively. Natural transition orbitals (NTOs) are shown for the
tions are offset for clarity.

Chem. Sci.
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Broken-symmetry density functional theory (BS-DFT)
investigations of NiFd electronic structure

Using the published crystal structure (PDBID: 2Z8Q) of the Pf
D14C Fe4S4 ferredoxin, computational models of the NiFdred,
NiFdox, and NiFd–CO states were built, with extensive equili-
bration used to provide reasonable structures for analysis.
Median structures were then subjected to a QM/MM optimi-
zation in the broken-symmetry density functional theory (BS-
DFT) formalism. The oxidation states of the complex that
were elucidated previously provide, for each state, three
broken-symmetry ground states, each consisting of a Ni–Fe
pair antiferromagnetically coupled to an Fe–Fe pair.25 We
denote here BS1, BS2, and BS3 as the broken-symmetry
congurations that ferromagnetically pair Ni–Fe1, Ni–Fe2,
and Ni–Fe3 (Fig. 7A–C) to produce the ground state. These are
the only ground states that can be constructed with all sites
locally high spin. The lowest energy QM/MM broken-symmetry
geometry was chosen for further analysis (Table S5). For the
NiFdred and NiFdox states, the BS3 geometry was lowest in
energy, and for NiFd–CO, BS1 was lowest in energy (Fig. 7 and
Table S5). At these geometries, spin ladders were constructed
using the high-spin (all sites ferromagnetically coupled) and
three broken-symmetry ground states. The spin-ladders reect
the interdependence between geometry and electronic struc-
ture, with BS3 being lowest in energy for NiFdred and NiFdox,
and BS1 being lowest in energy for NiFd–CO when single point
calculations were performed (Table S5). For NiFdred, the BS1,
BS2, and high-spin states were 7.4, 6.6, and 23.0 kcal mol−1

higher than BS3. NiFdox had a similar ordering of states, with
the respective spacings for BS1, BS2, and high-spin at 4.1, 2.7,
and 33.7 kcal mol−1 above the lowest energy spin congura-
tion (Table S5). The alternative lowest energy spin
Fig. 7 Geometry-optimized QM/MM models of (A) NiFdox, (B) NiFdred a
population analysis in going from NiFdox to NiFdred. Atoms and charge ch

Chem. Sci.
conguration in NiFd–CO resulted in BS2, BS3, and the high-
spin state at 11.7, 5.5, and 22.3 kcal mol−1 above the computed
ground state (Table S5). Neither removal of point charge
embedding for any NiFd state nor a trial larger QM region for
NiFdred changed the preferred BS conguration (Table S5).
This permitted the use of a primary-sphere QM region for
further analysis of the electronic structure.

Natural population analysis (NPA) shows that upon reduc-
tion of NiFdox to NiFdred, the negative charge on Ni increases by
∼0.2e, while the charges on the bridging sulde atoms in Fe3S4
increase by a total of ∼0.5e. Little change to the charges on Fe
are seen (Fig. 7D), though the cysteine thiolate sulfur atoms
bear an increase in charge of ∼0.2e. These ndings are in line
with the formal reduction process being dominated by the
electronegativity of Ni and would be expected to increase
covalency of the nickel site, as reected in the substantial shi
in HERFD-XAS edge position. The spin density at the Ni center
also decreases in magnitude from −1.4 to −1.1, consistent with
reduction of the high-spin S = 1 center to an S = 1/2 species.
Binding of CO to NiFdred to give NiFd–CO shows a substantial
charge decrease of ∼0.4e and spin decrease to −0.7 at the Ni
center, along with decreased charge and spin at one of the Fe
centers (Fe2) (Table S5).

The lowest energy broken-symmetry states were used to
calculate Mössbauer parameters, including d, DEQ, and Aiso
(Table 1), with augmented basis sets and established bench-
marking used to accurately interpret core electron properties.
The strongest agreement between experiment and BS-DFT is
seen for the NiFdox model. The computed isomer shi and
quadrupole splitting agree well with experiment, featuring two
distinct sets of Fe centers in the cluster, and the hyperne
parameters indicate that the two identical Fe centers are
nd (C) NiFd–CO used in this study. (D) Change in charge from natural
anges are colored as follows: Fe (orange); Ni (green); S (yellow); O (red).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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antiferromagnetically coupled to a high-spin, ferric site. DFT
calculations of these parameters for the high-spin states do not
agree (Table S6), even qualitatively, with experimental trends,
lending support to the model that the ground state of NiFdox is
well-described by a double-exchange coupled Fe2.5+/Fe2.5+ pair,
antiferromagnetically (AF) coupled to a single Fe3+ to give an S=
2 subcluster. The S = 1 Ni2+ site is then AF-coupled to the
[Fe3S4]

0 subcluster to result in the overall Stot = 1 spin state for
the entire cluster. Magnetic site–site J-couplings (Jij) using the
Heisenberg–Dirac–van–Vleck Hamiltonian were computed for
the NiFdox state including higher S states, as the BS determinant
showed strong agreement with experiment, giving an effective
Jeff = −158 cm−1 between the S = 1 Ni and S = 2 Fe subsite
(Table S7 and Fig. S39). Calculated Mössbauer parameters for
NiFdred show qualitative agreement with the experimental
Mössbauer spectra, having two identical Fe sites antiferro-
magnetically coupled to a third Fe, but the near-quantitative
agreement is lost. Here, d and DEQ show a similar 2 + 1 pair-
ing of Fe sites as seen in NiFdox. Calculations on the NiFd–CO
state gave average values for d and DEQ that are in reasonable
agreement with experiment, but given the complexity of the
electronic structure of that state (vide infra), the site-specic
values are not necessarily expected to align well with experi-
ment (Table 1).

To complement examination of the electronic structure of
the Fe centers, the Ni K-edge X-ray absorption pre-edge features
were calculated with time-dependent density functional theory
(TD-DFT), using specialized inputs to probe core orbital exci-
tations.53,54 The lowest energy BS states were used to excite Ni
core electrons to the valence shell. Natural transition orbitals
(NTO) were computed to identify the dominant source of the
transitions and conrm the identity of pre-edge features
(Fig. 6B, inset). The rst pre-edge feature in NiFdred is identied
as a quadrupole-allowed 1s / 3d transition, with a high
contribution from the Ni 3dz2 orbital. The maximum of the
NiFdox peak is shied to higher energy relative to NiFdred.
Similarly, two dominant peaks are predicted with high contri-
butions in the NTOs from orthogonal Ni 3d orbitals that
resemble the Ni 3dx2−y2 and 3dz2 orbitals. These match the
assignment of a physical Ni+ and Ni2+ site in NiFdred and NiFdox,
respectively, corresponding to suggested interpretations from
previous work.25 The NiFd–CO pre-edge is calculated to be more
intense and blue-shied by ∼0.2 eV relative to the NiFdred pre-
edge feature. The peak for NiFd–CO originates from a 1s/ 3dz2
transition with mixing into the C 2p orbital, similar to the other
states but with a rotated z-axis relative to NiFdred (Fig. 6B). The
calculations signicantly underestimate the energy shi of the
pre-edge feature but do reproduce the intensity increase seen
experimentally.

No calculations were performed on the NiFd-CN, which is
suggested from the XAS to undergo substantial geometric
rearrangement at the nickel center to form a localized, low-spin
Ni2+ site. Additional approaches are being developed to validate
electronic structures and geometries of NiFd-CN and related
systems in order to computationally characterize these mixed-
spin clusters.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Discussion
Element-specic electronic structure reveals cluster redox
plasticity in NiFd and ligand involvement in modulating
charge distribution

In an earlier study that explored redox-state changes and ligand
binding to NiFd species,23 it was suggested that the majority of
electronic changes occurred at the Ni center, though the extent
to which the electron density was distributed around the cluster
was unresolved. This was largely attributed to the minor
changes in the Fe K-edge XANES, which reected a global
average of all iron centers in the sample, and the high degree of
covalency of the nickel sulde site. In this work, variable-eld
Mössbauer spectroscopy and analysis coupled with the nickel
K-edge HERFD-XAS and QM/MM studies provide a more
complete picture of the changes occurring at all of the metal
centers and the resultant charge that is buffered by the bridging
sulde and terminal thiolate ligands.

Like the Cox state in CODH, the NiFdox species is EPR-silent,
making it more challenging to characterize the electronic
structure than the other, EPR-active states. Previously obtained
results from the Ni XANES are consistent with the nickel center
adopting a Ni2+ oxidation state in a tetrahedral geometry
leading to a local S = 1 spin state, though the spin state of the
cluster remained unclear.25 Using Mössbauer spectroscopy, the
electronic structure picture of the iron sites can be resolved. The
isomer shis and quadrupole splittings of the three iron sites
are only slightly perturbed upon incorporation of the Ni2+

center when compared to the [Fe3S4]
0 cluster. In particular, the

isomer shi of site 3 experiences a modest increase, which may
suggest an increase in electron density at this site due to the
covalency of the Fe–S–Ni bond. The similarities in the values at
all three iron sites compared to the [Fe3S4]

0 cluster suggest that
the cluster is comprised of a Fe2.5+ mixed valent pair, aligned
antiparallel to the ferric center (Fig. 8). The overall spin state,
Stot = 1, likely arises from the antiferromagnetic coupling of the
high-spin Ni2+ (S= 1) center to the [Fe3S4]

0-like S= 2 subcluster.
Computational analysis supports this assessment, with calcu-
lated Mössbauer parameters from the lowest energy BS wave-
function showing a 2-Fe mixed-valence pair with similar isomer
shis and quadrupole splittings antiferromagnetically coupled
to the third Fe center. The calculated effective exchange
coupling of Jeff = −158 cm−1 between the S = 1 Ni and S = 2 Fe
subcluster suggest a well-isolated S = 1 ground state, as
observed experimentally, and the qualitatively correct spectro-
scopic parameters obtained from BS-DFT for NiFdox indicate the
method offers a reliable tool for elucidating the electronic
structure.

Reducing the cluster gives an S = 3/2 total spin state, and on
the basis of the Ni/Fe K-edge XAS data, we previously postulated
that reduction of NiFdox occurs primarily at the Ni2+ center to
form a Ni+ center. However, the experimentally resolved isomer
shis (d = 0.5 mm s−1) and quadrupole splittings (DEQ =

−1.4 mm s−1) for the three nearly equivalent iron centers in
NiFdred increase to more closely resemble values associated
with delocalized Fe2.5+ centers.29,55 In the analogous reduced
Chem. Sci.
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Fig. 8 Proposed electronic and geometric structures of Fd species with Fe charge density indicated as a heat map from red (ferric) to orange
(ferrous) as assigned using EPR and Mössbauer spectroscopies.
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[Fe4S4]
+ cluster, the system is described as a double-exchange-

coupled mixed valent dimer (d ∼0.49 mm s; jDEQj = 1.32 mm
s−1) antiferromagnetically coupled to a ferrous dimer (d
∼0.58 mm s−1; jDEQj = 1.89 mm s−1).29 It is thus clear from the
Mössbauer analysis of NiFdred that the third iron also becomes
reduced, but less so than would be expected for a full one-
electron reduction to an Fe2+ center. This suggests that the Ni
center accepts more electron density than all of the Fe centers.
The ∼4 eV red-shi in the edge position from the HERFD-XAS
supports this conclusion, consistent with the formal Ni+

oxidation state proposed in previous studies.25

However, it may be more appropriate to consider the change
in charge distribution in terms of fractional values. NPA charges
in the NiFdox and NiFdred forms show that the electron density
on Ni increases upon reduction to a greater extent than any
individual other atom, but only by ∼0.2e. Moreover, while the
average calculated increase in the isomer shi of the Fe centers
in NiFdred is 0.12 mm s−1, the NPA shows minimal change in
charge on the iron centers. Instead, nearly all of the remaining
charge is compensated by increased density on each of the m3-
sulde ligands and cysteine thiolates, and it is likely that this
increase in ionic bonding character contributes to the increased
isomer shi.29,56 A recent study on a synthetic Ni2Fe3S4 cluster
has suggested the presence of metal–metal (Ni–Fe) bonding,
Chem. Sci.
which could have implications for synthetic and biological
cubane clusters, including NiFd and CODH.21,22 However, our
previous Ni K-edge EXAFS data of all of the distinct NiFd species
(dNiFe = 2.65–2.75 Å) found that Ni–Fe distances appear to be
signicantly longer than those observed for the synthetic
Ni2Fe3S4 cluster (dNiFe∼2.52 Å), and are comparable to the bond
lengths observed in biological [Fe4S4] clusters (dFeFe ∼2.6–2.7 Å)
and synthetic [NiFe3S4] clusters (dNiFe ∼2.69 Å) with “non-
bonded” Ni–Fe centers such as the [NiWFe2S4] cluster from the
Holland group (dNiFe ∼2.79–2.88 Å).21,26,57,58 Although bonding-
like orbitals were observed using Pipek–Mezey (PM) orbital
localization (Fig. S40), they only exist for the Ni–Fe pair that is
ferromagnetically coupled, and only observed in the a channel,
for both NiFdred and NiFdox species, as opposed to the doubly-
occupied PM-localized bonding orbitals observed in previous
works.21,22,59 Further bonding analysis supports a lack of Ni–Fe
bonding (SI). For this reason, we believe the covalency and
electron density is mediated through the sulde bridges and
not directly through metal–metal bonds. The three iron centers
are suggested to adopt the same physical oxidation state as each
other, being more electron rich than in the NiFdox state, though
it is not straightforward to assign this numerical value and we
refrain from doing so (Fig. 8). The multifrequency EPR data
conrm the well-isolated ground spin state of Stot = 3/2, in line
© 2026 The Author(s). Published by the Royal Society of Chemistry
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with the spin ladder calculations and the large calculated AF
exchange coupling constants, and the zero-eld splitting (ZFS)
value obtained from the multifrequency EPR simulations is
consistent with values obtained from Mössbauer spectroscopy.

The binding of CN− to NiFdred induces signicant changes,
as evidenced by the spectroscopic properties. The ground spin
state remains as a well-isolated Stot = 3/2 state, but the cluster
adopts near-axial symmetry and the sign of the ZFS tensor
inverts. The changes in the Ni K-edge HERFD-XAS spectra,
including a decrease in pre-edge intensity, increase in the 1s/
4p transition, and blue-shi of the edge position to overlap with
that of NiFdox, suggest that the Ni center adopts a low-spin,
square-planar Ni2+ conguration. The signicant shis in the
XAS pre-edge and edge features, as well as previously obtained
Ni K-edge EXAFS data conrm that CN− binds to the nickel
center.25 In this model, it is postulated that the extra electron
density is distributed among the three remaining iron centers,
which would be expected to lead to an overall increase in the
average isomer shi of the three irons. However, these increases
are minimal, with experimentally determined isomer shis at
Fe1 and Fe2 of d = 0.53 mm s−1 reecting an increase of
0.03 mm s−1. The isomer shi at Fe3 also shows a modest
increase of 0.03 mm s−1 (d = 0.53 mm s−1), suggesting a minor
increase in electron density (Fig. 8). Typically, the addition of
one electron to an [Fe3S4] cluster is associated with an overall
summed increase in isomer shi of ∼0.4 mm s−1, which is
much greater than the cumulative +0.15 mm s−1 observed
across the [Fe3S4] fragment in NiFd-CN.While this small change
does not account for all of the added expected electron density,
iron–sulfur clusters are highly covalent in nature, which may
result in the extra electron density being delocalized across the
CN− ligand, bridging suldes, and iron centers such that there
is not a signicant change in the isomer shi at all three irons.
The cyanide ligand may also accept some electron density,
though the FTIR band observed at 2050 cm−1 is only slightly
lower in energy than free CN− at 2080 cm−1, suggesting weak p-
accepting and stronger s-donating character.23

Though CN− and CO are isoelectronic and generally
considered to bind to metals in a similar manner, a growing
body of work suggests that binding of CO and CN− to clusters
differentially affect the electronic structure.25,60 This is clearly
borne out in the case of NiFd. Moreover, the binding affinities
for CN− (Kd∼160 mM) and CO to NiFdred (Kd > 1 mM) differ by at
least one order of magnitude (Fig. S23 and S24), suggesting the
electronic structure differences affect reactivity as well. The
Mössbauer and multifrequency EPR spectroscopy indicate that
the NiFd–CO species adopts a ground spin state of Stot,GS = 1/2,
with a low-lying Stot,ES = 3/2 excited state, in contrast to the
ground spin states of both NiFdred and NiFd-CN. The isomer
shi of the iron sites (d = 0.45 mm s−1) is lower than what is
observed in the NiFdred cluster, with a shi in Ni K-edge posi-
tion to higher energy, consistent with CO acting as a strong p-
acceptor and depleting electron density from all the metal
centers across the cluster. These observations along with the Ni
K-edge XANES, edge position, NTO, and the CO vibrational
frequency (nCO = 1964 cm−1) suggest CO binds directly to the
nickel center, which remains in the formal +1 oxidation state.25
© 2026 The Author(s). Published by the Royal Society of Chemistry
The Stot,GS = 1/2 ground spin state is best explained by weak
antiferromagnetic coupling between the S= 1/2 Ni+ site to a S=
1 [Fe3S4]

0 fragment. The S = 1 spin state of the [Fe3S4]
0 subsite

differs from the S= 2 ground spin state of the canonical [Fe3S4]
0

cluster (Table 1), though this is not unexpected given the
distinct Mössbauer parameters observed. The unusual spin
state and equivalence across the Fe sites implies that the subsite
experiences spin canting, much like the oxidized [Fe3S4]

+

cluster, which may also explain the similarities in lineshape of
the temperature-dependent EPR signatures of the NiFd–CO and
[Fe3S4]

+ Fd (Fig. S1). Attempts to construct an Stot = 1/2 state
using broken-symmetry DFT, which employs a single, collinear
spin determinant, do not reproduce the experimental parame-
ters that are seen in the EPR and Mössbauer spectra for NiFd–
CO (Table S6), further supporting amodel in which spin canting
must be invoked. As an alternate explanation, the approxi-
mately C3v symmetry around the cluster in the CO-bound state
would likely give near-degenerate spin congurations. This is
distinct from the structures in NiFdox and NiFdred, highlighting
a limitation in the broken-symmetry method and calling for
a multicongurational approach in future work. The X- and W-
band temperature-dependent EPR simulations are consistent
with the observed antiferromagnetic exchange coupling (Jeff =

−1.0 cm−1) determined from the Mössbauer simulations. This
value is signicantly lower than the site–site exchange
couplings observed in other iron–sulfur clusters (jJijj = 20–
100 cm−1) and those computed for the NiFdox (Jeff =

−158 cm−1).32 The weak coupling observed between the Ni site
and the [Fe3S4] cluster fragment implies that in this state, the Ni
center may behave more like a mononuclear system, while the
[Fe3S4] subsite may modulate the reactivity by acting as an
electron reservoir. In this manner, the [Fe3S4] subsite may act
similarly to the [Fe4S4] cluster components in the H- and A-
clusters of [FeFe] hydrogenase and acetyl CoA synthase (ACS),
respectively.7,61,62
Spectroscopic investigations of NiFd provide a roadmap for
characterization of the CODH electronic structure

Due to the high reactivity and complexity of native CODH, many
steps within the catalytic mechanism for the reduction of CO2

have not been well characterized.7,16 With the development of
nickel-substituted ferredoxin as a high-delity CODH model, it
has become possible to gain detailed information on the
simplied NiFd model in order to better understand the elec-
tronic structure of the C-cluster. The overall electronic cong-
urations of NiFdox and NiFdred are analogous to those of the
CODH cubane subsite in Cox and Cred1, respectively, and Cred1,
like NiFdred, is the redox state of CODH that is known to bind
both CN− and CO, albeit binding to both with weaker affinity
than in CODH.16,63 Further strengthening the utility of drawing
a comparison between NiFd and the CODH C-cluster, we nd
that computationally, the electronic structure is dominated by
the cubane core and fairly unresponsive to the distal protein
contributions. Specically, we found that the vertical spin
ladder at the lowest-energy BS geometry was unaffected by
either eliminating the electrostatic inuence of the protein or
Chem. Sci.
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increasing the QM region. The insensitivity of the electronic
structure to environmental embedding or including a better
description of close-range polarization, which has been recently
favored for understanding metalloenzyme electronic structure,
indicates that the spin conguration is dominated by the rst
coordination sphere rather than electrostatic inuences.64

These computational studies allow the inuence of the protein
scaffold to be explored in a way otherwise inaccessible by
experiment.

Previous Mössbauer spectroscopy studies on CODH have
focused on the Cox, Cred1, and CN-bound Cred1 clusters. In these
studies, three unique iron sites were identied: FCII, which is
now known to be the exogenous iron; FCIII, which is presum-
ably one of the Fe centers in the heterometallic subsite; and
a mixed-valent pair of iron sites.15 The Mössbauer results from
our studies highlight the distinct difference in the third iron
site of NiFdred. The isomer shi and quadrupole splitting of the
Fe3 site (d = 0.50 mm s−1) of NiFdred is notably lower than FCIII
(d = 0.63 mm s−1) suggesting more electron density is localized
onto that FCIII center in CODH.15 This is likely best explained by
considering the geometric structure, where the broken Ni-Sbridge
bond in CODH would disrupt the exchange pathway and
localize more electron density on FCIII. These observed differ-
ences in Mössbauer parameters imply that the FCIII site may be
one of the Fe centers located next to the open cubane sulde.
Moreover, the decrease of ∼0.3 mm s−1 observed for the
quadrupole splitting of FCII when CN− binds to the Ni center in
CODH is comparable to the changes at Fe that result from CN−

binding to the nickel center in NiFdred.15 That the effects of
ligand binding to the Ni center propagate to the Fe centers
highlights the cooperative nature of all metal centers in the
cluster.

In particular, analysis of the CO-bound NiFd species
provides a unique opportunity to understand the largely
uncharacterized, substrate-bound state of CODH. Historically,
there has been controversy over the electronic structures of
numerous CODH intermediates, with many proposed congu-
rations for the Cred2 species. Amongst these, a biologically
unprecedented formal Ni0 species along with nickel-hydride
species have been proposed.16,65 Most recently, it has been
postulated that the 2 additional electrons in the Cred2 state are
located within the CO2 adduct, and thus the Cred2 state cannot
form in the absence of CO2.66 Model systems, such as NiFd and
synthetic clusters, aid in the assignment of ambiguous elec-
tronic states of intermediates. In our system, the experimental
data suggests that the NiFd–CO species is best modeled as an
isolated Ni+ center weakly interacting with the [Fe3S4]

0 cluster,
which seems to act solely as an electron reservoir or buffer
(Fig. 8). This may indicate that the [NiFe3S4] heterometallic
subsite may behave similarly upon CO binding. In this case, the
C-cluster may be described as a binuclear [NiFeu] subsite that
serves as the substrate binding site, which is coupled to an
[Fe3S4] subsite that modulates the electron density at the [NiFe]
site. This arrangement would thus be similar to the structures
of other enzyme active sites.7,67 Additionally, this may explain
the superior selectivity observed in CODH for CO2 reduction
over H2 evolution, as the [Fe3S4] subsite may buffer electron
Chem. Sci.
density to prevent formation of a deleterious nickel-hydride
state, which could evolve H2. Such intermediates are sus-
pected in synthetic mononuclear CO2 reduction catalysts, which
exhibit nonselective reactivity potentially because they lack the
ability to buffer electron density away from the active metal
centers.68–70 Experiments such as the ones carried out here,
particularly the K-edge HERFD-XAS and variable-temperature,
variable-eld EPR spectroscopy, could provide detailed insight
into the Ni site(s) in CODH.

Conclusions

The nickel-substituted ferredoxin (NiFd) protein was probed in
different redox- and ligand-bound states using a suite of
advanced spectroscopic techniques to provide electronic infor-
mation on the individual iron centers, the nickel site, and
cluster altogether. Multifrequency EPR spectroscopy of the
NiFdred and NiFd–CO species reveals full spin Hamiltonian
parameters for the two clusters, including a unique spin-
coupling scheme for NiFd–CO, while HERFD-XAS reveals
element-specic insight into the electronic conguration of the
nickel center, including spin state and structural distortion. The
magnetic properties of the NiFd system provide insight into the
electronic and geometric structures of the Cred1 and CO-bound
states of CODH, proposing that the C-cluster may be explained
more accurately as a [NiFe] subsite coupled to a [Fe3S4] subsite
to drive reactivity at the Ni center. The results from this work
highlight the strength of utilizing multiple methods to connect
the electronic structure of heterometallic iron–sulfur clusters
with the complex, multielectron chemical transformations that
they perform.

Materials and methods
Protein expression and purication

Pure samples of WT Pf Fd were obtained as described previ-
ously.23,25 The plasmid (pTrc99aPfFd) containing the gene for
fdxA for WT Pf Fd was received as a gi from Professor Michael
Adams (University of Georgia). The plasmid was transformed
into chemically competent JM105 E. coli cells (ATCC 47016). A
300 mL culture of Luria–Broth (LB) media containing 70 mg
mL−1 of carbenicillin (Gold-Bio) was grown at 37 °C while
shaking at 200 rpm for 17 h. 50 mL of this culture was then used
to inoculate 2 L of LB media supplemented with 70 mg mL−1

carbenicillin and 25 mM FeCl3 (Ward's Science) in a 6 L ask.
The culture was grown to OD600 = 0.4 at 30 °C shaking at
200 rpm, at which point it was supplemented with 250 mM L-
cysteine (BioBasic Canada). At OD600 = 1.0 the cell cultures were
then placed in a 4 °C bath to cool down prior to inducing
protein expression by addition of 1 mM IPTG (Gold-Bio) at 30 °C
shaking at 200 rpm for 12 h. The cells were harvested by
centrifugation at 6800×g for 7min at 4 °C. Finally, the cells were
washed with 50 mM Tris-HCl buffer (VWR) and stored at−80 °C
until lysis. To lyse the cells, the cell pellet was resuspended in
3 mL g−1 cell pellet of 10 mM Tris-HCl buffer, pH 8.0, con-
taining 100 mM NaCl (Fisher), 1 mM EDTA (VWR), 5 mM PMSF
(GoldBio), and 0.33 mg mL−1 of lysozyme (GoldBio). The
© 2026 The Author(s). Published by the Royal Society of Chemistry
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suspension was then incubated at 30 °C shaking at 200 rpm for
1 h, then the suspension was sonicated to further lyse the cells.
Next, 50 mg mL−1 of DNAse I (Gold-Bio) was added to the lysed
cells, and the suspension was incubated for an additional
30 min at 30 °C shaking at 100 rpm. To precipitate additional E.
coli proteins from the lysis solution, the suspension was heated
to 65 °C for 1 h. Cellular debris was then pelleted out by
centrifugation at 39 000×g for 30 min at 4 °C. The resulting
claried lysate was buffer-exchanged into 50 mM Tris–HCl
buffer, pH 8.0, and loaded onto a HiTrapTM Q FF (Cytiva) anion
exchange column. The protein was eluted using a 100 mL linear
gradient from 0 to 0.6 M NaCl in Tris-HCl pH 8.0. Fractions
containing Pf Fd WT were pooled together and dialyzed over-
night into 5 mM sodium acetate, pH 3.0. Any resulting precip-
itate was pelleted out by centrifugation at 39 000×g for 10min at
4 °C. The lysate was then loaded onto a HiTrapTM SP HP
(Cytiva) cation exchange column in 5 mM sodium acetate
buffer, pH 3.0. The protein was eluted using a 100 mL linear
gradient from 0 to 0.6 M NaCl. Fractions containing Pf Fd were
collected and exchanged into 50 mM Tris-HCl buffer, pH 8.0.
This solution was concentrated and loaded onto a Sephadex G-
75 size exclusion column (hand-packed) and eluted using
50 mM Tris-HCl buffer, pH 8.0. Pure fractions were collected
and concentrated, before treatment with 50 mM K3Fe(CN)6
(Sigma) and 10 mM EDTA at RT for 2 h. The protein solution
containing [Fe3S4]

+ Fd was then desalted using a 10-DG
Desalting Column (Bio-Rad) to remove excess iron and ferricy-
anide and then concentrated and stored at 4 °C. Protein purity
was veried using SDS-PAGE.
Preparation of 57FeSO4

The 57FeSO4 solution was prepared by dissolving isotopically
enriched 57Fe (96.18%) metal (Cambridge Isotope Labs) with 2
molar equivalents of H2SO4 at 37 °C at 200 rpm for 12 h. Aer total
dissolution, the solution was stored at −80 °C until ready to use.
Minimal media growth using 57FeSO4

Pure samples of 57Fe-labelled WT Pf Fd were obtained by heter-
ologous expression of Pf Fd in JM105 E. coli cells in minimal
media supplemented with 57FeSO4. A 100 mL overnight starter
culture of Luria-Broth media containing 70 mg mL−1 of carbeni-
cillin (GoldBio) was grown overnight at 37 °C while shaking at
200 rpm for 17 h. Then, 5mL of this culture was used to inoculate
1 L of minimal media containingM9 salts, supplemented with 70
mg mL−1 carbenicillin, 25 mM 57FeSO4, 20 mM glucose (Fischer),
100 mM CaCl2 (BioBasic), 2 mM MgSO4 (BioBasic), and 100 mg
mL−1 thiamine (Sigma). The cells were incubated at 37 °C while
shaking at 200 rpm until the optical density at 600 nm reached
0.3, at which point the culture was supplemented with 300 mM L-
cysteine (BioBasic) and an additional 25 mM 57FeSO4. The cells
were continuously incubated at 37 °C while shaking at 200 rpm
until an optical density at 600 nm reached 0.6, at which point the
cells were placed into an ice bath for 15 min. Protein expression
was induced using 1 mM IPTG (GoldBio), and the cells were
allowed to incubate at 30 °C while shaking at 175 rpm for 16 h.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The cells were harvested, lysed, and the protein puried as
described previously.23

Reconstitution of [MFe3S4] (M = Ni) cluster in WT Pf Fd

Preparation of [MFe3S4]
+ Fd samples was performed as

described previously.123 To prepare [MFe3S4]
+ Fd samples, the

puried [Fe3S4]
+ was reduced with 3 molar equivalents of

sodium dithionite (DT, Beantown Chemical) for 20 min under
an anaerobic atmosphere. Aer the cluster had been fully
reduced, 20 molar equivalents of Ni(NO3)2 (Sigma-Aldrich) was
added and allowed to incubate for 2 h under an anaerobic
atmosphere. The resulting protein solution was then desalted
using a 10-DG Desalting Column to remove excess metals and
dithionite. To prepare 57Fe-labelled protein, the samples were
prepared with the procedure listed above except that [57Fe3S4]
Fd was used.

Preparation of samples for CN binding studies with NiFd

All NiFd-CN samples were prepared in an anaerobic chamber
(O2 < 2 ppm) in 50 mM Tris buffer, pH 8. NiFdred aliquots at 50
mM and 250 mM were prepared based on A408 for the Fe–S
absorption band. Stock solutions of KCN were prepared in
50 mM Tris buffer, pH 8. A total of four samples were prepared
at each protein concentration with 0.5, 1.0, 2.0 and 10.0
equivalents of KCN relative to protein. Aer addition of KCN,
samples were allowed to sit for 20 minutes, then transferred to
quartz EPR (X-band) tubes and ash frozen using lN2. The
fraction of NiFd-CN and NiFdred present at varying CN−

concentrations was determined based on EPR spectral simula-
tions. An approximate KD was calculated by tting the data sets
at 50 mM and 250 mMNiFdred to the Langmuir binding equation
based on a one-site binding model (Fig. S23).

Optimization of NiFd–CO sample preparation

CO binding to NiFdred is weak and the solubility of CO in
aqueous solutions is low, so it was crucial to determine the
optimal preparation conditions to maximize CO binding. For all
samples, freshly reconstituted NiFd samples were incubated
with 4 molar equivalents of DT in an anaerobic chamber. CO
was then introduced to the headspace of a sealed borosilicate
vial to 1 atm of CO at RT, 1 atm of CO while the vial was kept on
ice, 2.7 atm of CO at RT, or 1 atm of CO while bubbling the
solution with CO at RT. The samples were then allowed to
incubate for 20 min under the CO atmosphere and 50–200 mL of
the solution were directly loaded into EPR tubes and frozen in
liquid nitrogen. Each preparation was from a different puri-
cation and nickel reconstitution of NiFd at concentrations
ranging from 100 mM to 1 mM. For visualization, the spectra
were normalized to the NiFd signal at g = 5.6. It was found that
pressurization of the headspace with CO to 2.7 atm achieved the
highest and most reproducible binding of CO (Fig. S24).

Preparation of Mössbauer samples

All Mössbauer samples were prepared inside an anaerobic
chamber (O2 < 2 ppm) before 500 mL of solution was loaded into
Chem. Sci.
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a Delrin Mössbauer cup and frozen in LN2. To conrm the
purity of all samples, a small amount was loaded into a EPR
tube (Wilmad Lab-Glass) and checked using CW-EPR spec-
troscopy (Fig. S22). All samples were prepared using 57Fe-
labelled [Fe3S4] Fd in vivo. To prepare the [Fe3S4]

+ Fd sample,
500 mL of 1 mM puried and freshly desalted protein was buffer
exchanged into 50 mM CHES buffer (GoldBio), pH 8.5, and
loaded into the Mössbauer cup. The [Fe3S4]

0 Fd sample was
prepared by buffer exchanging 500 mL of 1 mM [Fe3S4]

+ Fd into
50 mM CHES buffer, pH 8.5, before incubating with 4 molar
equivalents of DT for 20 min. The NiFdred sample was prepared
by incubating 1 mM of freshly reconstituted and desalted
[NiFe3S4] Fd with 4 molar equivalents of DT in 50 mM CHES
buffer, pH 8.5. Aer 10 min, 500 mL of the solution was loaded
into a Mössbauer cup. The NiFdox sample was prepared by
incubating freshly reconstituted and desalted [NiFeS4] Fd with
20 molar equivalents of acetate (VWR) for 10 min in 50 mM
CHES buffer, pH 8.5, and loaded into a Mössbauer cup. The
NiFd-CN sample was prepared by incubating 1 mM of freshly
reconstituted and desalted [NiFe3S4] Fd with 4 molar equiva-
lents of DT and 30 molar equivalents of KCN in 50 mM CHES
buffer, pH 8.5. Aer 10 min, 500 mL of the solution was loaded
into a Mössbauer cup. The NiFd–CO sample was prepared by
incubating 1 mM of freshly reconstituted and desalted [NiFe3S4]
Fd with 10 molar equivalents of DT in 50 mM CHES buffer, pH
8.5. 600 mL of the solution was then loaded into a 2 mL boro-
silicate vial and sealed. The headspace was then evacuated and
pressurized to 40 psi with CO. Aer 15 min, 500 mL of the
solution was loaded into a Mössbauer cup. Caution! Cyanide
samples must be handled at basic pHs (pH > 8) to avoid out-
gassing of toxic HCN fumes. All CN− and CO manipulation was
carried out in a glovebox that was directly vented.

Preparation of EPR samples

All EPR samples were prepared inside an anaerobic chamber
(O2 < 2 ppm) before loading into quartz EPR (X-band) tubes or
FEP tubes (W-band). 57Fe-labelled samples of NiFd samples
were prepared by using 57Fe-labelled [Fe3S4] Fd prepared using
the in vivomethod. NiFdred was prepared by incubating 1 mM of
freshly reconstituted and desalted [NiFe3S4] Fd with 4 molar
equivalents of DT in 100 mM CHES buffer, pH 8.0. Aer 10 min,
the solution was diluted to 20% w/v glycerol before loading 62
mL of solution into an FEP tube, and 50 mL of solution into an
EPR tube. NiFd–CO was prepared as described above, with
1 mM freshly reconstituted and desalted [NiFe3S4] Fd.

Preparation of XAS samples

Samples were prepared inside an anaerobic chamber (O2 < 2
ppm) and checked for purity using EPR spectroscopy (Fig. S41).
The NiFdred, NiFdox and NiFd-CN samples were prepared in
50 mM Tris buffer, pH 8, targeting a 1.5 mM protein concen-
tration. The WT [Fe3S4]

+ Fd cluster was reconstituted with Ni by
reducing WT [Fe3S4]

+ Fd with 6 equivalents of DT for 20 min
with stirring. Then, 20 equivalents of Ni(NO3)2 were added to
WT [Fe3S4]

0 Fd and allowed to stir for 2 hours. Protein solution
was desalted using a 10-DG Desalting Column (Bio-Rad)
Chem. Sci.
equilibrated with 50 mM Tris buffer, pH 8, to obtain the as-
isolated NiFd sample. Fractions containing NiFd were
collected and concentrated using a 3 kDa Amicon® ultra
centrifugal lter. For the NiFdred and NiFd-CN samples, 10
equivalents of DT were added to the concentrated protein
solution and stirred for 20 minutes. For the NiFd-CN sample, 30
equivalents of KCN were added following DT addition, and the
sample was stirred for an additional 20 minutes. For the NiFdox
sample, 20 equivalents of thionin acetate were added to the
concentrated as-isolated NiFd protein solution and stirred for
20 minutes. Glycerol was added as a glassing agent to a nal
concentration of v/v 30% in each sample. Samples were then
loaded into a white Delrin cylindrical cell (10 mm diameter ×
10 mm height) with a Kapton tape-sealed window and frozen
with liquid nitrogen. The NiFd–CO sample was prepped in
100 mM CHES buffer, pH 8, targeting a 1.5 mM protein
concentration. Aer the addition of 6 equivalents of DT and 20
equivalents of Ni(NO3)2 to WT [Fe3S4]

+ Fd the protein solution
was stirred for 2 hours under a CO headspace. Protein solution
was then desalted with a 10-DG Desalting Column (Bio-Rad)
equilibrated with CO-saturated 100 mM CHES buffer, pH 8.
Protein fractions were concentrated using a 3 kDa Amicon®
ultra centrifugal lter. Protein solution was transferred to a GC
vial and placed on a chilled aluminum block, subsequently 10
equivalents of DT were added. CO was bubbled through protein
solution via a needle for one hour and then pressurized with CO
for 45 minutes. No glassing agent was added to NiFd–CO
sample to prevent loss of bound CO. Sample was then trans-
ferred to a white Delrin cell with a Kapton tape-sealed window
and frozen with liquid nitrogen.
EPR spectroscopy

Continuous-wave (CW) X-band EPR spectra were collected using
a Bruker EMXPlus equipped with a ColdEdge cryogen-free
helium cryostat and recirculation system and an Oxford
Instruments MercuryITC temperature controller. All presented
spectra were obtained using a microwave frequency of 9.37 GHz
and a modulation frequency and amplitude of 100 kHz and 10
G, respectively. Background signals were removed by baseline
subtraction using IGOR Pro 9.00 (Wavemetrics, Lake Oswego,
OR).

W-band electron spin echo-detected (ESE) eld swept spectra
were measured using the pulse sequence tp–s–2tp–s–echo. The
length of the p/2 microwave pulse was set to tp = 32 ns, and the
interpulse delay was s = 260 ns for NiFdred/NiFd–CO. The shot
repetition time (SRT) was 500 ms. W-band T2 relaxation experi-
ments were collected using the pulse sequence tp–svary –2tp–
svary–echo, where svary was in incremented from 250 ns–5 ms in
logscale for a total of 201 pts. The echo intensities for each
measurement are then plotted vs. time to give the decay traces.
W-band T1 inversion recovery experiments were collected using
the pulse sequence mwsat–T–twait–tp–s–2tp–s–echo with mwsat =

12 ms, and T = 25 ms and twait incremented from 2 ns–3 ms for
501 pts. Nutation experiments were conducted using the pulse
sequence tprep–s–twait–tp–s–2tp–s–echo with tprep incremented
from 2 ns to 800 ns with 201 points. Nutation frequencies were
© 2026 The Author(s). Published by the Royal Society of Chemistry
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determine by baseline correction of the time domain data,
applying a Hamming window, and zero lling to 402 pts before
applying a fast Fourier Transform (FFT) All spectra were simu-
lated using the Easyspin plugin (version 5.23) Matlab toolbox.71

Mössbauer spectroscopy

Variable temperature, variable eld Mössbauer spectra were
recorded using Janis Research Super-Varitemp dewars that
allowed studies in parallel applied magnetic elds up to 7.0 T.
Data were collected over the temperature range of 4.2–150 K.
Mössbauer spectral simulations were performed using the
WMOSS soware package (SEE Co). Isomer shis are quoted
relative to Fe metal at 298 K.

Ni Ka high energy resolution uorescence detected X-ray
absorption spectroscopy

Ni Ka HERFD-XAS spectra of all samples were collected at the
Cornell High Energy Synchrotron Source (CHESS) ID2A:
Photon-In Photon-Out X-ray Spectroscopy (PIPOXS) beamline.
Samples were maintained at 80 K for the duration of experi-
ments using a lN2 cryostat from Lake Shore Cryotronics, Inc. A
set of ve Ni analyzer Si(620) crystals with 850 mm radius of
curvature were used for light monochromatization and a Pilatus
100 K detector was used to collect the Ni Ka uorescence data.
The incident energy was calibrated to the rst inection point of
a Ni metal foil (8333 eV). To ensure against photodamage, an
appropriate beam ux was determined independently for each
sample by evaluating photoreduction aer subsequent scans
and attenuating the beam until sequential scans gave over-
lapping spectra (Fig. S35–S38). Data were collected in the energy
range 8200–8800 eV: 8200–8320 eV at 5 eV steps, 8320–8370 eV
at 0.2 eV steps, 8370–8500 eV at 1.0 eV steps and 8500–8800 eV
at 5 eV steps. Multiple scans were collected at fresh sample
spots and averaged to give the nal presented data. Spectra were
processed using the Athena soware package and normalized to
a total intensity of 1 at the tailing plateau of the spectrum.72

Edge positions were considered to be the energy at which the
normalized intensity is at a value of 0.5.

Computational model preparation and equilibration

NiFdox, NiFdred, and NiFd–COmodels were built using the X-ray
crystal structure of the D14C Fe4S4 ferredoxin protein (PDB ID:
2Z8Q). The ChimeraX program was used to make the Fe / Ni
substitution, the Cys14 / Asp14 substitution, as well as place
the CO ligand for NiFd–CO.73 Small model (the 1st coordination
sphere) BS-DFT calculations using TURBOMOLE were used to
generate metal force constants through the MCPB.py program,
utilizing B3LYP-D3 and def2-TZVP basis set for all atoms, and
charge tting was performed similarly using a larger model to
obtain a force eld for the cluster.74,75 The systems were solvated
in a 10 Å water box described by the OPC water model, and all
amino acids not bound to the cluster were parametrized using
the ff19SB force eld.76,77 The AMBER22 program was used to
equilibrate the structures using classical molecular dynamics
(MD), using the following steps in order: solvent-only minimi-
zation, full system minimization, 100 ps heating to 310 K in
© 2026 The Author(s). Published by the Royal Society of Chemistry
NVT, 1 ns restrained NPT simulation to obtain constant density,
5 ns unrestrained NPT equilibration, and a 100 ns NPT
production.78 From 5 independent 100 ns simulations, the
frame with the lowest average root-mean-squared deviation
(RMSD) of the backbone was used to obtain representative
structures for QM/MM.
QM/MM analysis of spin states, Mössbauer and EPR
parameters, and K-edge spectra

Single representative structures for NiFdox, NiFdred, and NiFd–CO
were chosen, as mentioned previously, for electronic structure
analysis viamixed quantummechanics-classical mechanics (QM/
MM) simulations. The Chemshell package was used as the QM/
MM driver, with ORCA 6.0.1 used for QM energies/gradients
and analysis, and DL-POLY for the MM energies/gradients.79–82

The QM region consists of the NiFe3S4 site and the primary sphere
coordinating residues and ligands, and the rest of the systems
were described by the classical force eld used in MD. The ZORA-
TPSSh functional, with a ZORA relativistic recontracted def2-TZVP
basis set, was used for all atoms with D3 dispersion correction,
which has been shown to provide reliable geometries at the QM
and QM/MM level for Fe–S clusters.83 The resolution of identity
approximation with chain-of-spheres exchange (RIJCOSX) was
utilized to accelerate the calculations.84,85 For each structure,
broken symmetry states were constructed using a converged high-
spin (all metal sites ferromagnetically coupled) reference, and
pairs of Ni and Fe were chosen to construct 3 broken symmetry
states for each NiFdox/red/−CO, ipped aer orbital localization
built into ORCA. The choice of ipping Fe1, Fe2, or Fe3 along with
Ni (as labeled in Fig. 8A) corresponds to BS1, BS2, and BS3,
respectively. The geometries of these representative structures
were optimized using the broken-symmetry references, and the
lowest energy geometries (BS3 for NiFdred and NiFdox, BS1 for
NiFd–CO) were used for further analysis.

Natural population analysis (NPA) of the charges in the active
site were computed via the Janpa program at the lowest energy
geometries.86 The other ground-state broken-symmetry densi-
ties, as well as the ferromagnetically coupled high-spin (HS)
states, were computed at the geometries with the same level of
theory as the optimization. A QM/MM calculation with a larger
QM region was performed on the NiFdred system including
residues Ile12, Gly13, Ala15, Ile16, Pro57, Val58, and three
nearby water molecules in addition to the previously mentioned
QM region, described by the same level of theory.

For NiFdox state, Heisenberg exchange (J) couplings were
computed between the Ni and Fe centers using the following
phenomenological Hamiltonian:

Ĥ ¼ cH0 þ
X
i;j

Jij

� bSi$ bSj

�
(1)

which for collinear spins simplies the total energy:

E ¼ E0 þ
X
i;j

Jij
�
Sz;i$Sz;j

�
(2)

where Sz,i is the local spin on any Ni and Fe center, and E0 is
a constant factor to t the Heisenberg exchange Hamiltonian.
Chem. Sci.
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The number of possible spin congurations exceeds the
number of exchange J terms, so they were solved for via singular
value decomposition of eqn (2).87

Single-point calculations on the lowest energy geometries of
NiFdox, NiFdred, and NiFd–CO were used to compute Mössbauer
and EPR parameters. The EPRNMR module of Orca was used to
compute the 57Fe parameters and hyperne couplings.88–90 The
isomer shi d was obtained from the computed charge density
r(0), following the benchmark provided in a previous study to
match the level of theory used here.91 To calculate the pre-edge
transitions in the K-edge XAS spectra, TD-DFT was applied to
the lowest energy geometries of NiFdox, NiFdred, and NiFd–CO.
Since this property concerns core electrons, the core properties
basis set CP(PPP) was used to accurately model the excitations,
and 50 roots were computed using the lowest energy orbital,
corresponding to 1s on Ni.54
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