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Metalloradical-driven enzymatic CO2 
reduction by a dynamic Ni–Fe cluster
 

Yudhajeet Basak    1,3, Christian Lorent    2,3  , Jae-Hun Jeoung1, Ingo Zebger    2 &  
Holger Dobbek    1 

Carbon monoxide dehydrogenases (CODHs) selectively catalyse the 
reversible reduction of CO2 to CO and water. The catalytic centre of CODHs 
contains a unique [NiFe4(OH)(µ3-S)4] cluster whose role in activating and 
converting CO2 is poorly understood. Here we reveal the structures of all 
catalytically relevant oxidation states with and without substrates and 
products bound. We show that the Ni–Fe cluster combines a rigid Fe–S 
core with a dynamic Ni(I/II)–Fe(II) dyad. The redox-active element is the 
Ni ion, cycling between square-planar Ni(II) and T-shaped Ni(I) states with 
metalloradical character, the latter serving as the nucleophile for CO2 
activation. The Fe(II) ion switches between two positions, the one preceding 
CO2 activation is close to Ni(I) with a potential Ni(I)–Fe(II) interaction and 
the other binds the substrates CO2 and water. We demonstrate how the Ni–Fe 
cluster creates an efficient CO2 reduction catalyst and provides a blueprint 
for the design of novel catalysts based on abundant transition metals.

Catalysts that selectively bind and efficiently reduce CO2 are required 
for a sustainable economic future, but their development is challenged 
by high activation energies, product inhibition and lack of substrate 
selectivity1,2. Carbon monoxide dehydrogenases (CODHs) are ancient 
enzymes found in anaerobic bacteria and archaea that catalyse the 
reversible reduction of CO2 with two protons and two electrons to CO 
and water2–5. CODHs are among the few enzymes in nature that contain 
nickel, here integrated within a [NiFe4(OH)(µ3-S)4] cluster, known as 
the C cluster, which can be described as a distorted NiFe3S4 cubane 
connected to an Fe(II) in an exo position6–8. The C cluster transfers elec-
trons to and from a [4Fe4S] cluster, known as the B cluster6,7. According 
to the current model of the catalytic cycle, the C cluster alternates 
between three different electronic states, referred to as Cred1, Cint and 
Cred2, which have been distinguished by means of their spectroscopic 
properties9–12. In its most reduced paramagnetic state (Cred2), the C clus-
ter reduces CO2, while in the two-electron more oxidized paramagnetic 
Cred1 state, it binds and activates CO (refs. 9,10). The diamagnetic Cint 
state is one-electron more reduced than Cred1 and one-electron more 
oxidized than Cred2 (ref. 11).

Despite numerous spectroscopic and crystallographic investi-
gations, the catalytic mechanism of the reduction of CO2 by CODHs 

remains poorly understood as we lack the structures of the spectro-
scopically defined C states and the electronic states of the determined 
structures13,14. Thus, key mechanistic questions remain unanswered, 
such as the structures of the three catalytic redox states, the catalytic 
role and electronic state of the Ni ion, the structure of the CO2-activating 
nucleophile and the reaction steps following CO2 binding, including the 
generation and release of the reaction product CO (ref. 14).

In this study, we resolved the structures of the catalytically relevant 
Cred1, Cint and Cred2 states and followed the reaction from CO2 activation 
to the CO-bound state by combining atomic resolution crystallography 
with infrared and electron paramagnetic resonance spectroscopy to 
assign electronic states to the structures. We show that the structural 
plasticity of the Ni–Fe dyad is essential for CO2 activation and that the 
Ni ion is the redox-active unit under turnover conditions.

Results
Parallel structural and spectroscopic studies
We used CODH-II from Carboxydothermus hydrogenoformans as a 
model CODH15. All investigated cluster states were prepared in crystal 
form and treated identically for analysis by X-ray diffraction, infra-
red (IR) and electron paramagnetic resonance (EPR) spectroscopy 
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(Extended Data Fig. 1). The nine crystal structures were resolved at 
resolutions between 1.0 and 1.3 Å (Supplementary Table 1).

EPR analysis of the Cred1, Cint and Cred2 states
The crystals of all three states were incubated with 6 mM Ti(III)–eth-
ylenediaminetetraacetate (Ti(III)–EDTA) and exhibited a dominant 
EPR signal in the range of g = 2.02 to g = 1.84 (Fig. 1 and Extended  
Data Fig. 2). Using the pH dependence of the midpoint potentials and  
by adding substrates, we were able to quantitatively accumulate  
all three catalytically relevant redox states of the C cluster in the crys-
talline state (Fig. 1a). While we accumulated the Cred1 state by treating 
crystals at pH 6.0, we observed the Cint state at pH 8.0 and the addi-
tion of 45 mM NaHCO3 at pH 8 quantitatively enriched the Cred2 state 
(Fig. 1a). The Cred1 state was assigned at pH 6, based on the typical g 
values at g = 1.82 and 1.64 (Supplementary Table 4), while at pH 8, we 
only observed a signal at g = 2.03 (Supplementary Table 4), charac-
teristic of the gx value of the reduced B cluster (Bred)15. No species were 
detected in the spectral region typical of the C cluster, which indicates 
a diamagnetic Cint state. This intermediate converted to the Cred2 state 
(gy = 1.82 and gz = 1.74) when NaHCO3 was added. Although the EPR 
samples consisted of hundreds of crystals, the signals showed only 
slight anisotropy (Extended Data Fig. 3).
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Fig. 1 | The three catalytic C cluster states Cred1, Cint and Cred2. a, EPR spectra of 
the three electronic states of the C cluster in crystal suspensions, recorded at 10 K 
and 0.25 mW. The intense signal from Ti(III) (dashed lines) dominates the centre 
of the spectra (Extended Data Fig. 2). The rhombic signals from Cred1 (red) and 
Cred2 (blue) were simulated, while species indicative of the Ni-deficient C cluster 
state CredΔNi and Bred are highlighted in purple and dark cyan, respectively. The 
absence of any paramagnetic C cluster signal is indicative for the diamagnetic 
Cint state (orange) in the mddle EPR spectrum. The asterisk labels a deviation 
from the simulation, which could originate from an additional minor species or 
relate to the slight angle dependence of the EPR spectra (Extended Data Fig. 3). 
b–d, Crystal structures of the EPR-identified states determined from crystals 
treated in the same way as those used for EPR spectroscopy. For each state, 
the σA-weighted 2Fobserved − Fcalculated (2Fo − Fc) maps (Fobserved, observed structure 
factor amplitudes; Fcalculated, calculated structure factor amplitudes) in blue 
mesh, contour level = 1.0σ, and blue isosurface, contour level = 2.0σ) of Ni–Fe1 
with the bound OH or CO2 ligand are shown separately to the right of the refined 
crystal structure. Two alternative positions of Fe1 are shown as ‘i’ for the ‘in’ 
conformation (denoted Fe1,i) and ‘o’ for the ‘out’ conformation (denoted Fe1,o), 
with the alternative conformation of His261 coordinating Fe not shown for 
clarity. The occupancies of the OH ligands in b and c and of CO2 in d were refined 
to 0.67, 0.52 and 0.66, respectively. Each state was chemically poised at stable 
redox potentials (Cred1 = −409 mV, Cint = −530 mV and Cred2 = −530 mV versus the 
standard hydrogen electrode (SHE)) using Ti(III)–EDTA (see Methods).

Structures of the Cred1, Cint and Cred2 states
In the Cred1 state, the C cluster clearly shows the electron density of 
a ligand between Ni and Fe1 (Fig. 1b and Extended Data Fig. 4). Bond 
lengths of 2.24 Å (Ni–OH) and 2.05 Å (Fe1–OH) are consistent with a 
bridging µ-OH ligand (Fig. 1b) and agree with model calculations pre-
dicting a Ni2+–Fe2+-bridging hydroxo ligand in the Cred1 state16. The Ni 
ligands have a slightly distorted square-planar arrangement with the 
bridging OH ligand lying below the plane defined by Ni and its three 
S ligands (Fig. 1b).

In contrast to the Cred1 state, the Ni in the C cluster in the Cint state 
has only three ligands in a slightly distorted T-shaped coordination 
(Fig. 1c). The hydroxy ligand is still part of the C cluster, but is further 
away from Ni (Ni–OH distance of 2.66 Å) and becomes a terminal ligand 
for Fe1 (Fe1–OH bond length of 1.96 Å; Fig. 1c). The structure is very 
similar to previously reported structures8 that are likely to represent 
the same EPR-silent state of the C cluster.

Adding Ti(III)–EDTA alone was not sufficient to generate the Cred2 
state, which accumulated when we added NaHCO3. The conditions 
were very similar to those previously used to enrich the CO2-bound 
state, and the crystal structure of Cred2 is indistinguishable from the 
CO2-bound structures reported previously8,17, with CO2 bound by Ni 
and Fe1 (Fig. 1d) and all three having equivalent occupancies (Sup-
plementary Table 2). The bond lengths and angles are consistent with 
CO2 being two-electron reduced and unprotonated, corresponding to 
a carbonite ligand17,18. The short Ni–C bond is consistent with a poten-
tial carbene character of the ligand17,19. The cooperative activation of 
CO2 by Ni and Fe1 is supported by the presence of amino acids within 
hydrogen-bonding distances of the oxygen atoms.

A pH jump splits the CO2 ligand and generates CO
We wondered why the C–O cleavage reaction in our crystals did not 
proceed from the Cred2 state because CO2 is sufficiently reduced. How-
ever, the carbonite ligand is unprotonated and C–O bond splitting 
requires contact with an electrophile (proton)2,20. It is therefore likely 
that at the slightly basic pH 8.0, the reduction of CO2 is less favour-
able than the oxidation of CO (ref. 4) and protonation may become 
rate-limiting. To increase the proton concentration in the solution, 
we lowered the pH by immersing crystals in the Cred2 state in a buffer 
at pH 4.0 for 20–30 s before cryo-cooling (hereafter referred to as 
the pH jump).

The structure after the pH jump shows a weaker electron density 
for the bound CO2 and additional features around the Ni ion (Fig. 2a). 
First, the electron density of Ni loses its spherical shape and becomes 
elongated. This elongation is also observed in anomalous difference 
maps, revealing two positions for the Ni ion. In one position, Ni is in 
the plane defined by its three sulfur-containing ligands, which is the 
position in the CO2-bound Cred2 state. The second position is 0.7 Å above 
the square-planar Ni ion, with similar Ni–S distances as before, but with 
a distorted tetrahedral ligand arrangement (Fig. 2a).

Above this second Ni ion position, we observe an additional elec-
tron density with the typical elongated shape of a diatomic ligand. 
Modelling this density with water resulted in a residual electron density, 
indicating a terminally bound diatomic molecule, such as CO. The 
occupancies of the tetrahedral Ni ion and CO match (Supplemen-
tary Table 2), consistent with the CO being bound in the coordination 
sphere of the tetrahedrally coordinated Ni ion. The refined CO ligand 
has a Ni–C bond length of 1.83 Å and is tilted out of the expected linear 
Ni–C–O arrangement (Fig. 2a). To obtain further information on the 
identity of the ligand bound to Ni, we recorded IR spectra of the crystals 
following a pH jump. The IR spectrum reveals prominent bands at 1,971 
and 1,980 cm−1 (Fig. 2b), which exhibited the expected isotopic shift 
to lower wavenumbers (1,925 and 1,935 cm−1) when the crystals were 
incubated with 13C-containing NaHCO3 solution.

Finally, to confirm the presence of a CO ligand bound to Ni, we 
incubated crystals under a CO/N2 atmosphere in the presence of 
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Ti(III)–EDTA (pH 8.0, Cint state) at an overpressure of 83 kPa for 1 h. 
The resulting structure is very similar to the pH jump structure, with 
the same two Ni positions but a stronger electron density for the apical 
CO ligand and a higher occupancy of the tetrahedrally coordinated Ni 
(Fig. 2c and Extended Data Fig. 6). Electron density corresponding to a 
CO2 ligand bound to the square-planar coordinated Ni position shows 
that some of the CO has turned over. Compared with the pH jump 
structure, we observe more CO-bound and less CO2-bound molecules. 
The IR spectrum of the CO-incubated crystals shows the same domi-
nant bands as in the pH jump experiments (Fig. 2d). In addition, some 
weaker bands between 2,020 and 2,060 cm−1 are also detected. When 
incubated with 13CO, all of the bands were shifted by −44 to −48 cm−1 
(Fig. 2d). Without the pH jump or in the absence of CO, we observed 
no absorptions from metal-bound CO in the IR spectra of the crystals 
(Extended Data Fig. 7).

Thus, the spectroscopic data and structures are consistent with 
the conversion of CO2 to CO after the pH jump and a conversion of CO 
to the CO2-bound Cred2 state.

A Ni(I)–CO complex has formed
The main signals observed in the IR spectra between 1,950 and 
2,000 cm−1 indicate the presence of CO bound to a Ni(I) ion, in line with 
the spectroscopic data from a recently reported CODH-mimicking Ni–
Fe ferredoxin and other Ni(I)–CO complexes (Supplementary Table 3)21. 
Both CO-bound structures show that the Ni ion moves out of the sulfur 

plane to bind CO, adopting a distorted tetrahedral coordination that 
would be consistent with a Ni(I) ion (Fig. 2). The weaker signals above 
2,020 cm−1 can be related to a smaller amount of CO bound to a Ni(II) ion.

The Cred2 state contains a carbonite ligand
While we observed the Cred2 signature with Ti(III)–EDTA only in the pres-
ence of CO2, we wondered whether we might be able to generate the 
Cred2 signal at more negative reduction potentials than those obtainable 
with Ti(III)–EDTA. We therefore treated CODH crystals at pH 8.0 with 
Eu(II)–diethylenetriaminepentaacetate (Eu(II)–DTPA)22 and checked 
for the generation of Cred2 by EPR spectroscopy. Crystal suspensions 
showed clear EPR signals for Bred, and we tentatively assigned additional 
signals slightly shifted from those of the B cluster to a minor amount of 
a Ni-deficient reduced C cluster (Fig. 3a)23. However, we observed only 
a very weak signal from Cred2, with most of the C cluster being EPR-silent 
(Extended Data Fig. 8). As a Ni–hydride has been proposed for the Cred2 
state16, whose formation may be limited by available protons at pH 8, we 
increased the proton concentration, incubating CODH crystals in 8 mM 
Eu(II)–DTPA at pH 6.0, but still did not observe a quantitative paramag-
netic signal of the C cluster (Fig. 3a). Only when we added NaHCO3 to 
the incubation solution at pH 8 did we observe a prominent signal from 
Cred2 with gx = 1.98, gy = 1.82 and gz = 1.74 (Fig. 3a and Supplementary 
Table 4). While this species was partially obscured in the Ti(III)–EDTA 
sample, we can fully define it in the presence of Eu(II)–DTPA, where an 
almost quantitative conversion to the Cred2 state is indicated (Extended 
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Fig. 2 | The CO-bound C cluster. a, Crystal structure (left) and electron density 
map (right) of the CO- and CO2-bound state (0.15 and 0.60 occupancies, 
respectively) of the C cluster after the pH jump. In addition to the carbonite 
ligand, we observe electron density for a diatomic ligand above Ni, which 
is attributed to CO. Two alternative positions of Ni are shown: one with 
square-planar coordination (labelled A) and one with a distorted tetrahedral 
coordination (labelled B). b, IR spectra of identically treated crystals after the pH 
jump and incubation in a 12C- and 13C-containing NaHCO3 solution. The optical 
density (OD) is a measure of how much light is absorbed. c, The crystal structure 
(left) and electron density map (right) after incubation of crystals with CO in 
the presence of Ti(III)–EDTA (pH 8.0) reveals electron density for CO and CO2 

bound to Ni (0.38 and 0.34 occupancies, respectively). d, IR spectra of crystals 
incubated with 12CO or 13CO in the presence of Ti(III)–EDTA (pH 8.0). Bands from 
Ni(I)–CO and Ni(II)–CO species are highlighted in green and pink, respectively. 
Additional signals between 1,850 and 1,950 cm−1 may also represent vibrations 
from metal carbonyls, but they could not be unambiguously assigned due to the 
absence of an isotopic shift. In these mixed-state structures, the major species 
are shown in dark colours, while the minor species are in light colours. In a and  
c, the electron density maps are shown as a mesh: σA-weighted 2Fo − Fc in blue  
with a contour of 1.0σ and Fo − Fc omit in green with a contour of 4.0σ. With  
Ti(III)–EDTA at pH 8.0, the crystals were chemically poised at −530 mV versus SHE.
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Data Fig. 8). Significant line broadening of the Bred signal was observed, 
which suggests spin coupling between the paramagnetic B and C cluster 
states. As with Ti(III)–EDTA, CO2 is clearly defined in this state in the 
electron density map (Extended Data Fig. 4i) and has accumulated to 
an occupancy of 79% relative to the occupancy of Ni in the C cluster. 
In contrast to the structure obtained with Ti(III)–EDTA, some electron 
density of the CO ligand is visible. The presence of bound CO in the 
crystals is corroborated by the corresponding IR spectra that show 
a clear signal at 1,967 cm−1 (Extended Data Fig. 7), originating from 
Ni(I)-bound CO, as observed after a pH jump and incubation with CO 
(Fig. 2). The presence of CO in the NaHCO3-treated crystals is unlikely 
to be due to turnover at the C cluster, but to the ability of Eu(II)–DTPA to 
directly reduce CO2 (or hydrogen carbonate) to CO, which we observed 
in solution (Extended Data Fig. 9).

The Cred2 state is central to our understanding of the reaction 
mechanism of CODHs, but its structure remains uncertain, mostly 
because the similar spectral properties of Cred1 and Cred2 give no indica-
tion of where the two additional electrons of the Cred2 state may reside 
and different possible sites have been proposed, such as a Ni–hydride 
ligand, a Ni–Fe bond or a formal Ni(0) state16,24. Based on our data alone, 
we cannot rule out the existence of different Cred2 states. However, 
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2Fo − Fc maps (blue mesh, Ti(III)-reduced pH 8.0; orange mesh, Eu(II)-reduced 
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Fig. 4 | A rigid Fe–S cluster core holds the mobile Ni–Fe pair. Superimposition of 
the structures of the C clusters in the five states determined in this study, namely, 
Cred1, Cred2, Cint,i, Cint,o and Cint–CO, showing that the Fe3S4 core remains unchanged 
despite the movements of the Ni and Fe1 ions. The five states are colour-coded 
and the positions of Ni and Fe1 are indicated.

as the formation of Cred2 has frequently been reported to depend on 
the presence or absence of CO2, CO or cyanate9,12,25, the presence of a 
carbonite ligand seems to be the feature distinguishing the Cred1 and 
Cred2 states. It also explains why Cint accumulates in the presence of 
Ti(III)–citrate under N2/Ar atmosphere but is rapidly converted to Cred2 
in a CO2 atmosphere12.

Although Cred2 can be described as containing a Ni(II) ion with its 
characteristic square-planar coordination, the short Ni–CO2 bond and 
calculated charges of around 1− for the ligand18 would be consistent 
with a greater charge delocalization between the carbonite ligand 
and the C cluster. This shift of charge from the carbonite ligand to the 
C cluster is probably also responsible for the slightly longer Ni–S bond 
length in the Cred2 state compared with in the Cred1 state (Extended Data 
Fig. 5). In summary, a carbonite ligand bound to the C cluster seems 
to agree with the spectroscopic data available for the Cred2 state that 
indicate small changes in charge and conserved spin states for Cred1 and 
Cred2, and the absence of an OH ligand at Fe1 in Cred2 (ref. 26).

A Ni(I) ion is characteristic of the Cint states
We observed the C cluster to be in EPR-silent Cint states under different 
conditions, namely, with Ti(III)–EDTA at pH 8.0, Eu(II)–DTPA at pH 8.0 
and pH 6.0, and when we added CO to the reduced states. We therefore 
wondered whether all these EPR-silent states have something in com-
mon and compared their structures.

The structure of CODH incubated with 8 mM Eu(II)–DTPA at pH 8.0 
(Extended Data Fig. 4h) is very similar to that incubated with Ti(III)–
EDTA and CO, where the majority of the C cluster has a tetrahedrally 
coordinated Ni bound to CO and a minor fraction containing CO2 
bound to square-planar Ni, explaining the observed traces of the Cred2 
signature. The CO is likely to have been generated from and by Eu(II)–
DTPA (Extended Data Fig. 9). In all of the structures described above, 
Fe1 is found in two positions: the dominant position is labelled ‘o’ for 
the ‘out’ position and the alternative position is labelled ‘i’ for the ‘in’ 
position (Extended Data Fig. 4). In the ‘out’ position, Fe1 carries an OH 
ligand, whereas in the ‘in’ position it loses its OH ligand, with Cys526 
now completing its tetrahedral coordination. The in/out movement 
also leads to changes in the Ni–Fe distances, which in the ‘out’ position 
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of Fe1 are 2.8 Å to the T-shaped Ni and 3.5 Å to the tetrahedral CO-bound 
Ni, whereas in the ‘in’ position of Fe1 the Ni–Fe1 distance shrinks to 2.6 Å. 
When we incubated crystals with 8 mM Eu(II)–DTPA at pH 6.0, the occu-
pancy of the ‘out’ position of Fe1 strongly decreased and that of the ‘in’ 
position increased (Supplementary Table 2). Surprisingly, the Eu(II)–
DTPA-reduced crystal structure at pH 6.0 shares the same structural 
properties previously proposed for Cred2, such as two unusually short 
Ni–Fe distances (Ni–Fe1: 2.60 Å and Ni–Fe3: 2.58 Å), which may indicate 
Ni–Fe bonds24 or the presence of a Ni–Fe-bridging hydride, similar 
to that in Ni–Fe hydrogenase, in which a Ni–Fe distance of 2.57 Å was 
found27. However, the spectroscopic data showed no indication of a Cred2 
state when we lowered the pH and the C cluster remained EPR-silent. 
Incubating Eu(II)–DTPA-treated crystals at pH 6.0 with CO generated 
about 50% of the CO-bound state described above (equivalent to 67% 
of all Ni having CO bound) with Fe1 in the ‘out’ position with an OH 
ligand (Supplementary Table 2). This is in line with the corresponding 
IR spectra, which exhibit an intense band at 1,970 cm−1 (Extended Data 
Fig. 7i). Thus, the binding of CO to Ni results in its movement away from 
Fe1 and Fe3 and affects the in–out equilibrium of Fe1 (Fig. 3c), consist-
ent with some Ni–Fe1 interaction when both metals are close. Notably, 
the related EPR spectrum shows a substoichiometric resonance at 
gx = 1.98, gy = 1.82 and gz = 1.79, similar but not identical to Cred2 (Fig. 3a). 
The intensity of the signal (Extended Data Fig. 8) coincides with the 
occupancy of the bound CO2 (Supplementary Table 2); therefore, we 
assign the structure to a Cred2′ state enriched at low pH. Despite the 

large movements of Fe1 and Ni, the Fe3S4 core of the C cluster remains 
unchanged in all of the observed structures (Fig. 4).

In summary, we have observed three structurally distinct 
EPR-silent states of the C cluster, with different coordination spheres 
for Fe1, with an OH or a second cysteine ligand, and Ni, with a T-shaped 
coordination or tetrahedral geometry with a CO ligand (Fig. 3c). For the 
CO-bound state, the CO stretching frequency indicates the presence 
of Ni(I). In the other Cint structures, Ni has a slightly distorted T-shaped 
coordination. We argue that all of these Cint states contain a Ni(I) ion.

In the Cred1 state, the Ni ion has a distorted square-planar coordina-
tion with a Ni–Fe-bridging OH ligand, consistent with a Ni(II) ion. The 
one-electron reduction of the Cred1 state to the Cint state is concomitant 
with the dissociation of the OH ligand from the Ni ion, indicating its 
reduction to Ni(I) by populating the antibonding dx2−y2 orbital28. The 
formation of Ni(I) has chemical precedent as T-shaped complexes are 
well documented for Ni(I), but are atypical for Ni(II) (refs. 29,30). 
T-Shaped Ni(I) complexes, similar to other low-valent T-shaped 3d 
metals, harbour unusual reactivities, reflected in their designation as 
metalloradicals28,30. The reactivity of these complexes is determined 
by the unpaired electron directed towards the open coordination site 
and by their tendency to undergo one-electron oxidation to 
square-planar Ni(II) complexes.

The unsaturated threefold coordination of Ni in an Fe–S scaffold 
found in the Cint states has recently been mimicked in a synthetic model 
in which three-coordinate Ni was integrated into a WFe2S4 cluster31. 
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Fig. 5 | Catalytic cycle of Ni–Fe CODHs. a, In the Cred2 state (PDB: 9FPH), the  
C cluster carries an unprotonated carbonite ligand. b,c, Hydrogen bonds from 
His93 and Lys563, together with the covalency of the Ni–C bond, maintain 
negative charges on the O atoms and foster the protonation of the Fe-bound O 
of CO2 (b), destabilizing the C–O bond and splitting the COOH ligand (c). d, The 
Cred1–CO state is likely to be short-lived because Ni(II) is an atypical CO binder51. 
Under oxidizing conditions, CO will diffuse out of the active site and generate  
the Cred1 state (PDB: 9FPG). e,f, A two-electron reduction will generate the Cint,o 
state (PDB: 9FPF) (e), whose protonation gives the Cint,i state (PDB: 9FPN) (f).  
g, The Cint,i state is ready to activate CO2, giving the Cint,i–CO2 state, and regenerate 
the Cred2 state in a, which requires two internal electron transfers to CO2, one from 
Ni(I) and the second from Bred via the C cluster, marked by a hash (#). h, Under 
strong reducing conditions, the B cluster (Bred) may be reduced so that Ni(II)–CO 

(Cred1–CO) can be reduced to Ni(I)–CO (Cint,o–CO state; PDB: 9FPI, 9FPJ and 9FPO). 
The electron transfer is probably facilitated by a shift of the Ni(I)/Ni(II) reduction 
potential caused by the π-acidic CO ligand. After reduction, Ni(I) moves out of 
the S plane, which aligns CO with the hydrophobic gas tunnel. This state can react 
after a one-electron reduction, either by reacting with CO2, which would support 
the dissociation of CO, or CO can dissociate first, giving the Cint,o state. The 
potentially slower pathway along Cint,o–CO may be prevented in the presence of 
CO2 by the more negative redox potential of the B cluster12. When the external  
CO concentration is high under reducing conditions, the formation of the  
Cint,o–CO state may be responsible for the observed inhibitory effect of CO  
(ref. 25). We propose the reverse cycle including Cred1 for the CO oxidation 
reaction. The asterisks indicate that Box can be reduced to the Bred state under 
reducing conditions.
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Notably, the three-coordinate Ni was found to be Ni(I) in the oxidized 
and reduced states of the synthetic C cluster model with a Ni–W bond 
that is structurally analogous to the Ni–Fe3 interaction in the C cluster31. 
Finally, a Ni(I) ion would explain the observed diamagnetism of the C 
cluster in the Cint states, arising from antiferromagnetic coupling of 
the spin of the unpaired electron in Ni(I) with the S = 1/2 spin of the 
Fe3S4 unit.

Discussion
The CODH mechanism can be modified and refined in light of our 
results. First, we have revised the electronic structure of the C clus-
ter and the role of Ni (Fig. 5a–h). During the catalytic cycle, only one 
electron is directly taken up by the C cluster and the only metal ion 
that changes its oxidation state during the catalytic cycle is Ni, cycling 
between Ni(I) and Ni(II). As CO2 is reduced by two electrons, the second 
electron must be delivered by the B cluster. The oxidation state of the 
B cluster is likely to determine whether CO oxidation (with Box) or CO2 
reduction (with Bred) is the prevalent reaction, which is supported by 
the more negative reduction potential of the B cluster in the presence 
of CO2 (ref. 12). The [Fe3S4] unit of the C cluster serves to integrate and 
hold the Ni ion, creating its T-shaped S coordination with electron 
buffering capacity. The two electrons that distinguish Cred1 (Fig. 5d) 
and Cred2 (Fig. 5a) are stored in a carbonite ligand. The Ni–OH bond 
observed in the Cred1 state would indicate that CO reacts by inserting 
into the Ni–OH bond (Fig. 5c), forming a Ni–C(O)O(H)–Fe unit (Fig. 5b), 
whose deprotonation generates the observed Cred2 state (Fig. 5a).

The revised electronic structure of the C cluster in the different 
states also has direct implications for the activation of CO2. Notably, the 
Cred2 state is not the state that activates and reacts with CO2, as it already 
contains a carbonite ligand (Fig. 5a). It is therefore the Cint state that is 
responsible for the initial binding and activation of CO2, indicating that 
the Ni(I) ion is the nucleophile that reacts with CO2. Of the three differ-
ent Cint states (Cint,o, Cint,o–CO and Cint,i in Fig. 5e,h,f) that we observed, it 
is likely that it is the Cint,i state that reacts with CO2 (Fig. 5f). The T-shaped 
Ni(I) ion, with its metalloradical character exposing its singly occupied 
molecular orbital at the binding site of CO2, is most probably a central 
element of the CO2 activation complex.

Synthetic and computational models of the CO2 reduction cycle 
suggest that the Ni(I)–CO complex may persist until CO2 is activated 
at the Ni ion32,33. However, the affinity of the Cint states for CO seems 
to be only moderate, in line with T-shaped Ni(I)–CO complexes that, 
despite being sufficiently π-basic, are not strong CO binders29. The 
distortion from linearity along the Ni–C–O axis, enforced by the protein 
matrix, probably lowers the CO affinity even further (Fig. 5h). At low 
CO concentrations and neutral to slightly acidic conditions, where 
CODHs reduce CO2 more rapidly4, Cint,i would be the dominant spe-
cies, together contributing to a reductive activation of CO2. CO2 would 
encounter Ni(I) and Fe1 with open coordination sites pointing towards 
the dynamic CO2 channel (Fig. 5f,g)34. How the proximity and potential 
metal–metal interaction between Ni(I) and Fe1 in the Cint,i state further 
modulates the reactivity with CO2 needs to be investigated in the future.

Our study supports a role for Ni as the redox-active, nucleophilic 
unit in the C cluster: it accepts one electron and supports the storage 
of two electrons in its carbonite ligand. The reactivity of the T-shaped 
Ni(I) metalloradical state and its dynamic interplay with an Fe(II) ion 
provide a blueprint to develop CO2-converting catalysts.

Methods
Production of carbon monoxide dehydrogenase II from  
Carboxydothermus hydrogenoformans
The cooS-II gene encoding carbon monoxide dehydrogenase II from 
Carboxydothermus hydrogenoformans (CODH-IICh) was amplified by 
PCR from the genomic DNA of C. hydrogenoformans Z-2901 (DSM 
6008) and cloned into a linearized pET28a vector (Novagen) to gener-
ate the expression plasmid pPKS2. This plasmid was transformed into 

Escherichia coli Rosetta (DE3) cells co-harbouring pRKISC (ref. 8). Cul-
tures were grown at 30 °C in a modified terrific broth medium supple-
mented with 1.5% (v/v) glycerol, 0.04 mM NiCl2, 0.45 mM Na2S, 0.6 mM 
FeSO4 and 2 mM cysteine under a continuous nitrogen flux. Protein 
expression was induced with 0.2 mM isopropyl-β-d-thiogalactoside at 
an optical density of 0.6–0.7 at 600 nm. After 1 h, 1 mM NiCl2, 0.75 mM 
Na2S, 1 mM FeSO4 and 50 mM KNO3 were added. Cells were collected 
aerobically by centrifugation and frozen in liquid nitrogen.

All subsequent purification steps were conducted inside an 
anoxic glove box (Model B, COY Laboratory Products) under an 
atmosphere of 95% N2 and 5% H2 at 20 °C. Cells were lysed by soni-
cation on ice and the lysate was solubilized with 0.9% (v/v) deoxy-
cholic acid for 60 min. After ultracentrifugation, the supernatant was 
applied to a Ni2+-immobilized metal affinity chromatography column 
(Ni Sepharose, GE Healthcare). All of the buffers used for purifica-
tion contained 2 mM Na dithionite. Imidazole was removed from 
the eluted protein by gel filtration (G-25 column, 10 mm × 60 mm) 
and the protein was concentrated using a centrifugal filter unit with 
a molecular weight cut-off of 30 kDa (Vivaspin 500, Vivascience). 
Purified CODH-IICh was stored at −80 °C.

Enzyme activity
The specific CO oxidation activity of CODH-IICh was determined by 
monitoring the CO-dependent reduction of oxidized methyl violo-
gen (MVox) at 578 nm (reduced MV, molar absorption coefficient at 
578 nm = 9.7 mM−1 cm−1) with a CO headspace at 25 °C. The protein 
batches used for crystallization had a specific activity of 1,226–
1,279 U mg−1 (corresponding to 11,529–12,028 U mg−1 at 70 °C (ref. 
17)), where 1 U can be defined as reducing 2 µmol MVox per minute.

Crystallization and crystal treatment
Crystallization and soaking experiments were carried out in an anoxic 
glove box. Crystals of CODH-IICh were grown by hanging drop vapour 
diffusion using 16–18 mg ml−1 of protein in 14–18% (w/v) polyethyl-
ene glycol (PEG) 2000 monomethyl ether (MME), 100 mM sodium 
4-(2-hydroxyethyl)-1-piperazineethanesulfonate (HEPES; pH 7.5) and 
2 mM Na dithionite by mixing equal volumes of protein solution and 
reservoir (2 µl each). All crystals were collected in a solution containing 
25% (w/v) PEG 2000 MME, 50 mM HEPES (pH 7.5) and 2 mM Na dithion-
ite and subjected to post-crystallization treatment as described below.

The crystal treatment procedures are schematically depicted in 
Extended Data Fig. 1.

We previously used the Ti(III)–citrate complex (−600 mV versus 
SHE at pH 8.0) to reduce CODH-IICh in kinetic and crystallographic 
investigations8,17,35. In this study, we used the more stable Ti(III)–EDTA 
(−530 mV versus SHE at pH 8.0) complex as reducing agent, mixing 
20% (w/v) Ti(III) chloride with a 25% molar excess of EDTA to a final 
concentration of 100 mM Ti(III)–EDTA in 0.2 M MOPS buffer (pH 7.2)36. 
The structures of the reduced and CO2-bound samples determined in 
this work using Ti(III)–EDTA superimpose without obvious structural 
differences on the previously published atomic resolution structures17. 
In addition, a stock solution of Eu(II)–DTPA (ref. 22) was prepared by 
mixing equimolar amounts of Eu(II) chloride and DTPA to a final con-
centration of 100 mM in 1 M Tris-HCl buffer (pH 8.0)37, which was also 
used as a reducing agent for its highly negative reduction potential 
and significantly lower background in the spectral region of interest 
in EPR spectroscopy.

Multiple Ti(III)-reduced samples of the C cluster were prepared 
(Extended Data Fig. 4). For the initial Ti(III)-reduced pH 8.0 sample, sin-
gle crystals of CODH-IICh were incubated in buffer A1 (100 mM Tris-HCl 
(pH 8.0), 25% (w/v) PEG 2000 MME and 6 mM Ti(III)–EDTA) for 3 h. 
For buffer A1, we measured a redox potential of −530 mV versus SHE. 
The Ti(III)-reduced CO-bound sample was prepared by placing the 
Ti(III)-reduced crystals in buffer A1 in a homemade gas chamber pres-
surized with 83 kPa CO for 1 h (Ti(III)-reduced pH 8.0 + CO sample). 
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The Ti(III)-reduced pH 6.0 sample was obtained by incubating single 
crystals of CODH-IICh in buffer A2 (100 mM Bis-Tris (pH 6.0), 25% (w/v) 
PEG 2000 MME and 6 mM Ti(III)–EDTA) for 3 h. The Ti(III)-reduced 
CO2-bound sample was prepared by soaking the Ti(III)-reduced pH 8.0 
crystals in buffer A1 in the presence of 45 mM NaHCO3 (pH 7.9 buffered 
by 100 mM Tris-Cl) for 30 min (Ti(III)-reduced pH 8.0 + CO2 sample)8. 
The rapid pH drop (referred to as pH jump) of the Ti(III)-reduced 
CO2-bound crystals was achieved by incubating the crystals in buffer 
A3 (100 mM Na acetate buffer (pH 4.0), 25% PEG 2000 MME and 6 mM 
Ti(III)–EDTA) for 20–30 s (Ti(III)-reduced pH 8.0 + CO2 pH jump sam-
ple). CODH-IICh crystals with isotopes of 13C for the Ti(III)-reduced 
pH 8.0 13CO- and 13CO2-bound samples were prepared in the same way 
as their 12CO and 12CO2 counterparts.

Two control experiments were performed on the Ti(III)-reduced 
pH 8 + CO2 pH jump sample (Extended Data Fig. 4):

	1.	 A pseudo-pH jump was achieved by incubating the 
Ti(III)-reduced pH 8.0 + CO2 sample in buffer A1 without CO2 
(pH 8.0) for 10 min.

	2.	 A potential jump of the Ti(III)-reduced pH 8.0 + CO2 sample 
from −530 mV to −191 mV versus SHE maintaining pH 8.0 
was carried out by incubating the crystals in buffer B1 
(100 mM Tris-HCl (pH 8.0), 25 % PEG 2000 MME and 2 mM 
anthraquinone-2,6-disulfonate) for 20–30 s.

To obtain the Eu(II)–DTPA-reduced samples (Extended Data Fig. 4) 
at pH 8.0 (Eu(II)-reduced pH 8.0 sample) and pH 6.0 (Eu(II)-reduced 
pH 6.0 sample), single crystals were incubated in buffer C1 (100 mM 
Tris-HCl (pH 8.0), 25% (w/v) PEG 2000 MME and 8 mM Eu(II)–DTPA) 
and buffer C2 (100 mM Bi-Tris-HCl (pH 6.0), 25% (w/v) PEG 2000 MME 
and 8 mM Eu(II)–DTPA), respectively, for 3 h. The Eu(II)-reduced 
CO2-bound pH 8.0 state was prepared by soaking the Eu(II)-reduced 
pH 8.0 crystals in buffer C1 in the presence of 45 mM NaHCO3 (pH 7.9 
buffered by 100 mM Tris-HCl) for 30 min (Eu(II)-reduced pH 8.0 + CO2 
sample). The Eu(II)-reduced CO-bound sample at pH 6.0 was prepared 
by placing the Eu(II)-reduced pH 6.0 crystals in buffer C2 in a home-
made gas chamber pressurized with 83 kPa CO for 1 h (Eu(II)-reduced 
pH 6.0 + CO sample).

Crystals of the final samples were shock-cooled directly in liquid 
nitrogen, where the 25% (w/v) PEG 2000 MME in the final soaking solu-
tion acted as cryo-protectant.

The redox potentials of the soaking solutions containing Ti(III)–
EDTA and Eu(II)-DTPA were measured using a PT 5900 BNC redox 
electrode with an integrated Ag/AgCl reference (Xylem Analytics). The 
redox potential of each solution was measured in a glove box (model 
B, COY Laboratory Products) under an atmosphere of 95% N2 and 5% 
H2. Each measurement was carried out using 2 ml of the respective 
solution, allowing 15–20 min under stirring for the stabilization of the 
redox potential readings.

Sample preparation for spectroscopic analysis
All samples for crystal IR and EPR spectroscopic analysis were prepared 
by the same treatments as the crystals prepared for X-ray diffraction 
analysis described as illustrated in Extended Data Fig. 1. For IR spectros-
copy, four to eight larger crystals were transferred to a custom-made 
IR plate and frozen in liquid nitrogen immediately38. For EPR spectros-
copy, several hundred crystals from 6 to 24 crystallization drops were 
collected for each sample, transferred to an EPR tube and stored in 
liquid nitrogen until further use.

The reduction of CO2 to CO or ligand degradation (for example, by 
decarboxylation) was monitored by IR spectroscopy (Extended Data 
Fig. 9), analysing the formation of carboxyhaem (Fe(II)–CO). The assay 
contained 10 mM haemoglobin from bovine blood, the reducing agent 
(10 mM Na thionite, Ti(III)–EDTA or Eu(II)–DTPA) and, if indicated, 
NaHCO3 (70 mM) as the CO2 source, using the same buffers as in the 
crystal assays.

Data collection, structure determination and refinement
Diffraction data were collected on beamlines 14.1 and 14.2 operated by 
Helmholtz-Zentrum Berlin at the BESSY-II storage ring39 and beamlines 
P13 and P14 operated by EMBL Hamburg at the PETRA-III storage ring 
(DESY)40 at 0.9184 Å and 100 K. Diffraction data were integrated and 
scaled using XDSAPP41,42, autoPROC43 or the EDNA framework Fast 
Processing System44.

Initially, a rigid body refinement using model 3B51.pdb8 was fol-
lowed by two rounds of simulated annealing refinement using Phenix45 
to minimize model bias. Restraints of metal clusters of CODH-IICh were 
generated using REFMAC5 from CCP446 and further adjusted in the 
course of the refinement.

We began modelling each sample using the published model with 
[NiFe4S4] as the C cluster with two alternative exo-Fe1 positions (Fe1,i 
and Fe1,o). All structures were initially refined without modelling the 
non-protein ligands of the C cluster. After global refinement of the 
protein structure, refinement of the C cluster followed by refinement 
of Ni and ligand modelling were carried out. In general, looser restraints 
were used for the refinement of all of the metal clusters because of 
sufficiently high resolution (dmin ≥ 1.31 Å). All ligand Fo − Fc omit maps 
were calculated after removal of the ligand. After iterative manual 
model building using Coot47, several cycles of iterative refinements 
were routinely performed using phenix.refine from Phenix.

After refining the C cluster in each sample, including Ni and Fe1, 
we followed the developing strong positive densities in the Fo − Fc omit 
maps to reveal several ligands around the C cluster and then modelled 
these accordingly as CO, CO2, OH and/or H2O (see below for details).

In several of the samples (Extended Data Fig. 4d,e,h,i,k), after the 
first refinement using [NiFe4S4] as the C cluster, the Ni would automati-
cally be refined by phenix.refine using relaxed restraints to a position 
(referred to as Ni,X in Extended Data Fig. 6a). The refined Ni,X would 
be placed above that of Ni,A observed in other samples, with a higher 
B factor and clear positive density above and below Ni,X even after 
anisotropic refinement (Extended Data Fig. 6a). When we placed Ni 
at the position Ni,A with an occupancy of Ni,X, we observed a positive 
density above and a negative density at Ni,A after B-factor refinement 
(Extended Data Fig. 6c). After occupancy and B-factor refinement of 
Ni,A, the negative density was resolved; however, the positive density 
above it persisted (Extended Data Fig. 6d). This strongly suggests 
that Ni has two alternative positions: Ni,A and Ni,B (Extended Data 
Fig. 6e). Ni,B and Ni,A were refined using loose bond distance and angle 
restraints, which allow clear refinement of both of the Ni positions. For 
ligand refinement in subsequent steps, the positional and occupancy 
refinement of the two alternative Ni ions and the rest of the C cluster 
is switched off.

The initial refinements of the C cluster in many samples (Extended 
Data Fig. 4c–i,k) revealed a triatomic density bridging Ni and Fe1,o, 
also observed in the −600 mV + CO2 state of CODH-IICh (Protein Data 
Bank (PDB): 4UDX)8,17. The triatomic density was modelled well as 
CO2, resulting in a structure indistinguishable from the published 
−600 mV + CO2 structure.

After modelling and refinement of the C cluster, a density observed 
in the Fo − Fc omit maps between Fe1 and Ni was modelled as an OH 
ligand (Extended Data Fig. 4a,b), first as Fe1,o–OH (Fig. 1c), as in pre-
viously published structures of CODH-IICh (PDB: 3B51)8, and then as a 
µ2-bridging OH (Fig. 1b)

In cases where simultaneous states existed, once CO2 was refined, 
a positive density persisted next to the O2 of CO2, bound to Fe1,o, which 
overlaps with the position of the OH. This indicates the presence of a 
terminal OH ligand bound to Fe1,o in the C cluster, where the product 
CO2 was not formed. The modelling of OH resolved the positive density 
(Extended Data Fig. 4d,h,k).

After the initial refinement of the C cluster, the Ni positions in 
several of the samples (Extended Data Fig. 4d,e,h,i,k) exhibited a strong 
positive electron density in the Fo – Fc omit map at the apical space of the 
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Ni ion of the C cluster (Extended Data Fig. 6) that was visibly elongated 
and diatomic in character. When a water molecule was modelled as a 
control in the apical density and refined with tight distance restraints, 
a strong positive density was observed between the water and the Ni,B 
atom, indicating the presence of a diatomic molecule. As these samples 
were incubated with CO under high pressure or CO2 under turnover 
conditions, we modelled the observed density with CO. The Ni,A–CO 
distance of 2.39 Å is longer than the typical metal–carbonyl bond length 
of 1.80 Å (ref. 48), while the Ni,B–CO distance of 1.81 Å aligns well with 
the typical bond length. Therefore, the observed positive density above 
the Ni ion was modelled with CO completing the tetrahedral geometry 
of Ni,B (Extended Data Fig. 4d).

For all of the structures containing bound CO2, a weak Fo − Fc omit 
electron density was revealed above the Ni ion, identical to the water 
molecule modelled in the previously published −600 mV + CO2 state 
(PDB: 4UDX)17. We therefore modelled it as a water molecule as well 
(Extended Data Fig. 4c,f,g) and always found it to be within the distance 
of a hydrogen-bonding interaction and with a low occupancy. In sam-
ples with mixed states (Extended Data Fig. 4d,e,h,i,k), a slight deforma-
tion of the 2Fo – Fc map and a weak positive density of the Fo – Fc map, 
even after CO modelling, suggested the presence of a small amount of 
water. The observed positive density was resolved after several cycles 
of refinement with the water molecule.

After the final refinements of all of the reported structures, 96.35–
96.68% of the residues were in the Ramachandran-favoured region and 
0.16–0.47% were outliers. Other data collection and refinement statis-
tics for the reported structures are provided in Supplementary Table 1.

IR spectroscopy
The IR spectra of protein crystals were recorded on a Bruker Tensor 
27 Fourier transform (FT) IR spectrometer linked to a Hyperion 3000 
IR microscope equipped with a ×20 IR transmission objective and a 
mercury cadmium telluride detector38. The temperature was adjusted 
to 80 K using a liquid N2-cooled cryo-stage (Linkam Scientific). The IR 
spectra of protein solutions were recorded using a Bruker Vertex 80v 
FTIR spectrometer at 283 K. The protein solution was injected into 
a homemade, gas-tight IR transmission cell incorporating two CaF2 
windows separated by a 50-µm Teflon spacer. All IR spectroscopic data 
were accumulated and processed using the OPUS software (versions 
6.5 and 7.5) from Bruker.

EPR spectroscopy
EPR spectra were recorded on a Bruker EMX plus X-Band spectrom-
eter equipped with an ER 4122 super-high Q resonator using the 
Xenon software (version 1.1b.58) from Bruker. The temperature 
of the Oxford ESR900 helium flow cryostat was controlled by an 
Oxford ITC4 temperature controller. As references, an EPR spectrum 
of buffer solution recorded with identical experimental parameters 
was subtracted from the spectra of the samples, unless indicated 
otherwise. A spline function was used to correct broad baseline drifts, 
for example, from Eu(II)–DTPA. To monitor the anisotropic spectral 
changes in the crystal suspension (Extended Data Fig. 3), EPR tubes 
were rotated clockwise within the resonator while recording spectra 
for each respective rotation angle relative to the starting position. 
The following experimental parameters were used: microwave fre-
quency, 9.3 GHz; modulation amplitude, 10 G; modulation frequency, 
100 kHz. The EPR spectra were simulated using MATLAB toolbox 
EasySpin (version 5.2.36)49.

Control experiments
Pseudo-jump control experiments were performed to check whether 
the observed changes in the position of CO2 or its occupancy during 
the pH jump could be attributed to the dissociation of CO2 from the C 
cluster when soaked in a buffer without a CO2 source. Therefore, we 
soaked the CO2-bound crystals in buffer A1 without NaHCO3 instead 

of in buffer A3 as used in the pH jump. The crystals were soaked for 
10 min in buffer A1, compared with 20 s in buffer A3 for the pH jump, to 
ascertain whether ligand dissociation took place over a longer period 
of time. The CO2 ligand of the pseudo-jump was indistinguishable in 
structure and occupancy (Extended Data Fig. 4f) from that in the other 
CO2-bound samples.

The original pH jump buffer used Ti(III)–EDTA as the reduc-
ing agent. However, the reduction potential for Ti(III)–EDTA is 
pH-dependent and drops to −234 mV versus SHE at pH 4.0 (buffer A3), 
while it is −530 mV versus SHE at pH 8 (buffer A1). Therefore, we simu-
lated a similar potential drop by soaking Ti(III)-reduced pH 8.0 + CO2 
crystals in buffer A3 without a change in pH to make sure that our obser-
vations were inherently due to a change in pH alone and not to a change 
in the reduction potential. We did not observe any structural change 
in the potential jump structure compared with the Ti(III)-reduced 
pH 8.0 + CO2 sample (Extended Data Fig. 4g).

Reproducibility
To test the reproducibility of the CO-bound structures of the 
Ti(III)-reduced pH 8.0 + CO and Ti(III)-reduced pH 8.0 + CO2 pH jump 
samples, following the same treatment procedures, we determined 
several more crystal structures for both samples over the course of 
several months and multiple synchrotron measurements. These crystal 
structures were less clearly resolved at the apical and equatorial posi-
tions in their respective 2Fo − Fc and Fo − Fc omit maps and/or were of 
lower resolution. However, their electron densities showed the same 
changes that were modelled and refined in the same manner as the 
structures detailed in this Article.

Due to the unique structure of the Eu(II)-reduced pH 6.0 sample, 
with the exo-Fe being in the Fe1, i position, we determined several 
more structures of multiple crystals using the same treatment pro-
cedure independently of each other at different time points. Nearly 
all of them indicated the same observed structural changes and were 
modelled and refined in the same manner as the structure elucidated 
in this study.

The samples used for the IR and EPR measurements were repro-
duced simultaneously with those used for the crystal structure 
determinations.

Other software
The figures of structures presented in this Article were prepared using 
UCSF Chimera (version 1.16)50, PerkinElmer ChemDraw Prime 19.1 and 
Adobe Illustrator 2020. The figures showing spectra were prepared 
using Origin 2024, Origin 2025 and Inkscape (1.3.2). The graphical 
abstract was prepared using PyMol (2.5.8) and Powerpoint 365 (ver-
sion 2504).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The atomic coordinates and reflection files of all structures have been 
deposited with the Protein Data Bank at http://www.pdb.org with 
accession numbers 9FPF (Ti(III)-reduced, pH 8.0 crystal, Cint,o state), 
9FPG (Ti(III)-reduced pH 6.0 crystal, Cred1 state), 9FPH (Ti(III)-reduced, 
pH 8.0 + CO2 crystal, Cred2 state), 9FPI (Ti(III)-reduced, pH 8.0 + CO 
crystal, Cint,o–CO state), 9FPJ (Ti(III)-reduced + CO2 pH jump crystal, 
Cred2 and Cint,o–CO states), 9FPK (Eu(II)-reduced, pH 8.0 crystal), 9FPL 
(Eu(II)-reduced, pH 8.0 + CO2 crystal), 9FPN (Eu(II)-reduced, pH 6.0 
crystal, Cint,i state) and 9FPO (Eu(II)-reduced, pH 6.0 + CO crystal, 
Cint,o + CO state). Other crystallographic structures and data used in 
this study that have already been published are also deposited with 
the Protein Data Bank (3B51 and 4UDX). Source data are provided with 
this paper.
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Extended Data Fig. 1 | XRD, IR and EPR measurements. The final conditions of the crystal samples and the associated experiments are indicated in a square box with a 
distinct colour (pink for the Ti(III)-EDTA-based treatment and yellow for the Eu(II)-DTPA-based treatment).
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Extended Data Fig. 2 | EPR spectra of Ti(III)-EDTA and Eu(II)-DTPA at pH 8.0 
recorded at 10 K with 1 mW microwave power. (a) Broad range scan of Ti(III)-
EDTA and Eu(II)-DTPA. (b) Narrow range scan of Ti(III)-EDTA, Ti(III)-EDTA + CO2 
and Eu(II)-DTPA. Whereas the signal of the paramagnetic Ti(III) dominates 

central parts of the EPR spectrum, spectra of Eu(II)-DTPA show significantly less 
background in the CODH-relevant spectral region between g-values of 1.6 and 
2.4. The S = ½ signal from Ti(III) (gx = 1.97, gy = 1.95, gz = 1.90) is broadened and 
slightly shifted to larger g-values, if NaHCO3 is added to the crystallisation buffer.
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Extended Data Fig. 3 | Angle-dependent EPR spectra of CODH crystal 
suspensions recorded at 10 K and 1 mW microwave power, reduced with 
Eu(II)-DTPA or Ti(III)-EDTA. (a) Ti(III)-reduced pH 6.0 sample. (b) Ti(III)-reduced 
pH 8.0 + CO2 sample. (c) Eu(II)-reduced pH 8.0 sample. (d) Eu(II)-reduced pH 
8.0 + CO2 sample. (e) Eu(II)-reduced pH 6.0 sample. (f) Eu(II)-reduced pH 6.0 + CO 

sample. The different paramagnetic species have the following color code: Bred 
(dark cyan), CredΔNi (violet), Cred1 (red), Cred2 (blue) and Cred2’ (light blue). For the 
displayed spectra the resonator background was not subtracted and no baseline 
correction was performed to identify small anisotropic changes upon rotation of 
the sample.
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Extended Data Fig. 4 | Crystallographic view of all Ti(III)- and Eu(II)-reduced 
structures. (a) Ti(III)-reduced pH 8.0 (Cint,o state). (b) Ti(III)-reduced pH 6.0 (Cred1 
state). (c) Ti(III)-reduced pH 8.0 + CO2 (Cred2 state). (d) Ti(III)-reduced pH 8.0 + CO 
(Cint,o-CO state). (e) Ti(III)-reduced + CO2 pH jump (Cint,o-CO state). (f) Ti(III)-
reduced pH 8.0 + CO2 pseudo-jump sample. (g) Ti(III)-reduced pH 8.0 + CO2 

potential jump sample. (h) Eu(II)-reduced pH 8.0. (i) Eu(II)-reduced pH 8.0 + CO2. 
(j) Eu(II)-reduced pH 6.0 (Cint,i state). (k) Eu(II)-reduced pH 6.0 + CO (Cint,o-CO 
state). Sigma-A weighted 2Fo – Fc maps are contoured at 1.0 σ (blue mesh) and 
omit Fo – Fc maps (green mesh) are contoured at 4.0 σ for the ligands after the first 
round of refinements using simulated annealing without corresponding models.
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Extended Data Fig. 5 | Schematic drawing of cluster C in different Ti(III)-EDTA 
and Eu(II)-DTPA reduced structures. (a) Ti(III)-reduced pH 8.0 (Cint,o state). (b) 
Ti(III)-reduced pH 6.0 (Cred1 state). (c) Ti(III)-reduced pH 8.0 + CO2 (Cred2 state). 
(d) Ti(III)-reduced pH 8.0 + CO (Cint,o-CO state). (e) Ti(III)-reduced + CO2 pH jump 

(Cint,o-CO state). (f) Eu(II)-reduced pH 8.0. (g) Eu(II)-reduced + CO2.  
(h) Eu(II)-reduced pH 6.0 (Cint,i state). (i) Eu(II)-reduced pH 6.0 + CO (Cint,o-CO 
state). Distances are depicted in Ångstrom (Å). Other than (h) Fe1,i has not been 
shown for clarity.
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Extended Data Fig. 6 | Modelling of the two Ni positions in the C-cluster of the 
Ti(III)-reduced pH 8.0 + CO sample. (a) Ni in the Ti(III)-reduced pH 8.0 sample 
when refined initially at Ni,X. (b) Depiction of anomalous difference Fourier 
maps for Ni and Fe atoms depicted. (c) Ni refined as a single position (Ni,A), with 
the same occupancy as Ni,X (69%). (d) Ni,A refined at 31% occupancy. (e) Final 

occupancy refinement: Ni,A (31%) and Ni,B (38%). Sigma-A weighted 2Fo – Fc 
maps (blue mesh) are contoured at 1.0 σ. Fo – Fc omit maps are contoured at + 
(green mesh) and - (red mesh) 5.0 σ. Anomalous difference Fourier maps in (b) 
for Fe atoms (orange mesh) is contoured at 7.0 σ and for Ni ions (violet mesh) is 
contoured at 5.0 σ. Fe1,i has not been shown for clarity.
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Extended Data Fig. 7 | Reproducibility of IR spectra of crystals soaked in 
Ti(III)-EDTA or Eu(II)-DTPA recorded at 80 K. (a) Ti(III)-reduced pH 8.0 sample. 
(b) Ti(III)-reduced pH 8.0 + CO sample (The inset shows the dark-minus-light 
difference spectrum after illumination with 530 nm LED for 0.5 hour). (c) Ti(III)-
reduced pH 8.0 + CO2 sample. (d) Ti(III)-reduced + CO2 pH jump sample. (e) Ti(III)-
reduced pH 6.0 sample. (f) Eu(II)-reduced pH 8.0 sample. (g) Eu(II)-reduced pH 
8.0 + CO2 sample. (h) Eu(II)-reduced pH 6.0 sample. (i) Eu(II)-reduced pH 6.0 + CO 

sample. The integrated intensity of the CO bands of the Eu(II)-reduced pH 8.0 
sample is approximately 3 times less, and the intensity of the Eu(II)-reduced pH 
6.0 sample 20 times less, respectively, compared to the intensity of the Eu(II)-
reduced pH 8.0 + CO2 or Eu(II)-reduced pH 6.0 + CO sample, for crystals of similar 
size. Additional minor signals between 1850 and 1950 cm−1 may also represent 
metal carbonyl vibrations, but could not be unambiguously assigned due to the 
absence of an isotopic shift (Fig. 2)
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Extended Data Fig. 8 | EPR experimental spectra and simulations of CODH 
crystal suspensions recorded at 10 K, reduced with Eu(II)-DTPA. (a) Eu(II)-
reduced pH 6.0 sample and (b) Eu(II)-reduced pH 6.0 + CO sample, both 
recorded at 0.063 mW microwave power. (c) Eu(II)-reduced pH 8.0 sample and 
(d) Eu(II)-reduced pH 8.0 + CO2 sample, both recorded at 0.25 mW microwave 
power. The black solid line represents the experimental spectrum and the grey 
dotted line the simulated spectrum. The simulated species have the following 
colour code: Bred (dark cyan), CredΔNi (violet), Cred2 (blue), Cred2’ (light blue) and 
Ni-signal (brown). The difference between the experimental and the simulated 
data likely corresponds to the observed minor orientation dependence of the 

EPR spectra (Extended Data Fig. 3). The Ni-signal (g = 2.35, 2.25, 2.21; gav = 2.27) 
is presumably related to a weak population of Ni from a degraded C-cluster or 
non-physiological nickel complex. A similar type of signal with a gav significantly 
larger than 2 (gav of Cred1 and Cred2 signals are clearly below 2, see Table S3) was 
observed before for the CODH from Moorella thermoacetica (assigned to a 
Cred3 or C* state52) or the CODH from Rhodospirillum rubrum53. For these states a 
catalytic relevance has not yet been shown. The Bred signal was used as an internal 
standard for quantification, since the B-cluster is fully occupied in the crystal 
structure and should be fully reduced at the applied redox potential.
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Extended Data Fig. 9 | Utilising IR spectroscopy at 283 K to monitor the CO2 
content and carboxyheme (Fe(II)-CO) formation in haemoglobin solution for 
different chemical reductants. (a) IR absorbance spectra of Ti(III)-EDTA + CO2 
at pH 6, Eu(II)-DTPA + CO2 at pH 8, Ti(III)-EDTA + CO2 at pH 8, sodium dithionite 
(NaDT) at pH 8 + CO2, Eu(II)-DTPA at pH 6, Eu(II)-DTPA at pH 8 and Ti(III)-EDTA 
at pH 8 (from top to bottom) after 1 hour incubation with the reductant. The 
displayed spectral range is characteristic for the antisymmetric stretching 
vibration of CO2 in aqueous solution at 2343 cm−154. At lower pH values the CO2/
HCO3

− equilibrium is shifted towards CO2. (b) IR spectra of NaDT at pH 8 + CO2, 
Ti(III)-EDTA + CO2 at pH 8, Ti(III)-EDTA + CO2 at pH 6 and Ti(III)-EDTA + CO2 at 
pH 8 (from top to bottom). The spectra are displayed as second derivatives 

due to the weak intensity of the Fe(II)-CO band. The displayed spectral range is 
characteristic for the CO stretching vibration of carboxyheme at 1950 cm−155. (c) 
IR spectra of Eu(II)-DTPA at pH 6, Eu(II)-DTPA at pH 8 and Eu(II)-DTPA + CO2 at pH 
8 (from top to bottom). The dashed and solid lines represent the spectra after 
1 hour and 13 hours incubation, respectively. (d) Time-dependent evolution of 
the integrated signal intensity of the Fe(II)-CO band at 1950 cm−1 of Eu(II)-DTPA at 
pH 8 (red) and Eu(II)-DTPA + CO2 at pH 8 (blue). The inset shows the absorbance 
spectra after 13 hours. The carboxyheme formation for Eu(II)-DTPA at pH 8 
and Eu(II)-DTPA + CO2 follows different kinetics. The direct CO2 reduction by 
the europium ions, but also a degradation of the carboxylate-containing DTPA 
ligands, might be contributing to the observed reactivity56,57.
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