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ABSTRACT: [NiFe]-hydrogenases catalyze the reversible reaction H2 ⇄ 2H+ + 2e–. Their basic module consists of a large sub-
unit, coordinating the NiFe(CO)(CN)2 center, and a small subunit that carries electron-transferring iron-sulfur clusters. Here, 
we report the in vitro assembly of fully functional [NiFe]-hydrogenase starting from the isolated large and small subunits. 
Activity assays complemented by spectroscopic measurements revealed a native-like hydrogenase. This approach was used 
to label exclusively the NiFe(CO)(CN)2 center with 57Fe, enabling an unprecedented view of the catalytic site by means of 
nuclear resonance vibrational spectroscopy. This strategy paves the way for in-depth studies of [NiFe]-hydrogenase catalytic 
intermediates. 

Utilizing the naturally abundant nickel and iron, [NiFe]-
hydrogenases catalyze the reversible interconversion of H2 
into protons and electrons close to the thermodynamic po-
tential and at high turnover frequencies.1,2 [NiFe]-hydro-
genases are multisubunit enzymes that generally contain a 
heterodimeric hydrogenase module composed of a large 
subunit harboring the catalytic NiFe(CO)(CN)2 center and a 
small subunit equipped with iron-sulfur clusters.3,4 The O2-
tolerant regulatory [NiFe]-hydrogenase (RH) from Ral-
stonia eutropha represents a valuable model enzyme char-
acterized in detail using a variety of spectroscopic 
tecniques.5–7 One key advantage is that the RH active site 
can be enriched in two intermediate states of the catalytic 
cycle, i.e. Nia-S and Nia-C. In the Nia-S state, the bridging po-
sition between the Ni and Fe ions remains vacant, while the 
Nia-C state is characterized by a bridging hydride (Figure 1). 
We have shown recently that the RH large subunit HoxC – 
when detached from the small subunit HoxB – exhibits cat-
alytic and spectroscopic properties that are quite different 
from those of native RH.5,8 Therefore, the question arose of 
whether the isolated HoxC subunit would interact with the 
small subunit HoxB to produce a fully functional [NiFe]-hy-
drogenase. Here, we addressed this problem by reporting 
the in vitro reconstitution of a [NiFe]-hydrogenase based on 
the independent purification of the two subunits and their 
subsequent assembly. 

 

Figure 1. In vitro assembly of the regulatory [NiFe]-hydrogen-
ase. The isolated large subunit, HoxC (blue, L), resides in the 
Nir-SI and Nir-SII resting states. Upon addition of the small sub-
unit HoxB (green, S), the HoxBC complex is formed, which pos-
sesses the typical catalytic intermediates Nia-S, Nia-SR, Nia-C, 
and Nia-L. See text for details. 
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The RH large subunit HoxC was purified as described be-
fore (Supporting Information).8 Consistent with previous 
infrared (IR) spectroscopic investigations, the as-isolated 
HoxC protein (HoxCai) contains an intact active site residing 
predominantly in the diamagnetic resting states Nir-SI and 
Nir-SII (Figure 2). These states are supposed to harbor wa-
ter-derived ligands at the active site (Figure 1).8 By contrast, 
as-isolated RH (RHai) resided predominantly in the Nia-S 
state (Figure 2). Upon incubation of RHai with H2, the Nia-C 
state was enriched.5,9,10 Previous experiments on HoxCai re-
vealed that the same H2 treatment did not cause any change 
of the active site.8 Contrary to HoxC, the HoxB subunit was 
aerobically purified as N-terminally Strep-tagged protein 
from the heterologous host Escherichia coli (Supporting In-
formation, Figures S1-S3, Table S1). Previous EPR and 
Mössbauer studies on native RH indicated that HoxB har-
bors three [4Fe-4S] clusters with different midpoint poten-
tials.5  

 

Figure 2. Infrared spectra of as-isolated HoxC (HoxCai), as-iso-
lated RH (RHai), H2-reduced RH (RHred), oxidized HoxBC com-
plex (HoxBCox), and H2-reduced HoxBC complex (HoxBCred). 
The IR bands are related to the stretching vibrations of redox-
sensitive CO and CN ligands of the [NiFe]-hydrogenase active 
site. The color code for the band labels is as defined in Figure 1. 
The bands marked with an asterisk refer presumably to minor 
amounts of Nir-S species. The IR spectra of RH and the HoxBC 
complex are normalized with respect to the dominant CO ab-
sorption. 

To characterize the Fe-S clusters of freshly purified, as-
isolated HoxB (HoxBai), we performed continuous-wave 
(cw) X-band EPR spectroscopy. HoxBai appeared to be 
mainly EPR-silent with trace signals of [3Fe-4S]+ clusters, 
consistent with partial [4Fe-4S] cluster degradation (Figure 
3a, Figure S4a).5 Notably, minor [3Fe-4S]+ species were de-
tected also in native RH (Figure S4b). Reduction of HoxBai 
with sodium dithionite produced a rhombic EPR signal as-
cribed to a reduced [4Fe-4S]+ cluster (Figure S4a, Table S2).  

 

Figure 3. EPR spectra of native RH, HoxBai, HoxCai, and the 
HoxBC complex taken under different redox and illumination 
conditions. (a) From top to bottom: EPR spectra at 80 K of Hox-
Cai, HoxBai, a mixture of HoxBai and HoxCai treated with H2, the 
HoxBC mixture treated with sodium dithionite and H2, and like-
wise treated RH. The g values of the Nia-C species (green) are gx 
= 2.193, gy = 2.135, and gz = 2.011 (Table S2). Minor signals in-
dicated by asterisks are attributable to [3Fe-4S]+ clusters of the 
HoxB subunit. (b) EPR spectra of the reduced HoxBC complex 
and native RH recorded at 5 K. The characteristic split and 
broadened Nia-C signal arose from the dipolar and exchange 
coupling of the paramagnetic [NiFe] site and the proximal [4Fe-
4S]+ cluster. The spectral contributions indicated with a violet 
bracket are assigned to [4Fe-4S]+ clusters of unbound HoxB. (c) 
EPR spectra recorded at 80 K for reduced HoxBC complex 
(solid lines) and native RH (dashed lines) before and after illu-
mination (illu.) with LED light (455 nm). The g values for the 
light-induced Nia-L1 and Nia-L2 signals are gx = 2.248, gy = 
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2.091, gz = 2.044 and gx = 2.302, gy = 2.074, gz = 2.051, respec-
tively (Table S2). EPR spectra related to native RH as a control 
are displayed in grey. 

Further power- and temperature-dependent EPR meas-
urements indicated additional minor signals of the [4Fe-4S] 
clusters (Figure S4c,d). The partial reduction of the iron-sul-
fur cluster relay in HoxB is in line with previous observa-
tions for native RH.5  

For in vitro assembly of HoxBC, HoxCai and HoxBai were 
incubated for 2 h in different ratios at pH 8.0 and 10 °C un-
der anoxic conditions in the presence of a 10 – 15-fold molar 
excess of sodium dithionite and a continuous flow of H2. A 
5-fold excess of HoxB over HoxC, resulted in the highest spe-
cific activity of (6.0 ± 0.7) U ∙ mg-1, which was measured 
spectrophotometrically as H2-mediated reduction of meth-
ylene blue. For comparison, the specific activity of native RH 
reached values of (4.5 ± 0.3) U ∙ mg-1. The 5:1 ratio of 
HoxB:HoxC that was required for full activity owes to the 
fact that the HoxB preparation (Figure S3) was less pure 
than that of HoxC. Importantly, the individual HoxCai and 
HoxBai subunits did not exhibit any activity under these con-
ditions. IR spectroscopic investigation of reconstituted 
HoxBC revealed the characteristic CO and CN bands at-
tributed to the diatomic ligands of the [NiFe] cofactor, 
thereby confirming the successful assembly of the two RH 
subunits (Figure 2). In H2-reduced HoxBC we observed the 
typical CO and CN bands of the catalytic intermediate Nia-C 
(νCO = 1961 cm-1) in addition to minor amounts of Nia-SR 
(νCO = 1948 cm-1) (Figure 2, Table S3). Oxidative treatment 
of reduced HoxBC with air led to the accumulation of the 
Nia-S state with a characteristic CO band at 1943 cm-1, as 
also observed for as-isolated native RH. 

Complementary EPR spectroscopic studies revealed the 
typical signature of the paramagnetic Nia-C state in the re-
duced HoxBC complex (Figure 3a). Notably, the correspond-
ing g-values are basically identical to those obtained for re-
duced native RH (Table S2).11 Lowering the temperature to 
5 K led to the broadening and partial splitting of the Nia-C 
signal, indicative for the magnetic interaction between the 
paramagnetic [NiFe] active site and the reduced proximal 
[4Fe-4S]+ cluster. The same split signal was observed for na-
tive RH (Figure 3b).5 Importantly, neither HoxBai or HoxCai 
nor a mixture of both proteins incubated with H2 showed 
any relevant EPR signal (Figure 3a). This indicates that re-
duction of HoxB is a prerequisite for HoxBC dimer assembly 
and subsequent formation of the Nia-C state. In standard 
[NiFe]-hydrogenases, illumination at cryogenic tempera-
tures converts the Nia-C state into the Nia-L state, which is 
suggested to be an intermediate of the catalytic cycle.12–14 
Thus, we investigated the light sensitivity of the Nia-C state 
in HoxBC. A reduced sample was first flash-frozen in the 
dark and the Nia-C state monitored by EPR spectroscopy 
(Figure 3c). Subsequently, the sample was illuminated with 
LED light (455 nm) at 80 K, which resulted in the Nia-C-to-
Nia-L conversion, identical to the behavior of native RH (Fig-
ure 3c). In fact, we detected two different Nia-L species, des-
ignated Nia-L1 and Nia-L2 (Table S2), whose structural dif-
ference is still under debate.15–17 

The in vitro assembly of the RH allows an unprecedented 
spectroscopic view onto the catalytic center of mature 
[NiFe]-hydrogenases. The independent purification of the 
two subunits and their subsequent assembly enables spe-
cific labeling of either of the subunits with, e.g., 57Fe, which 
can be exploited by applying isotope-sensitive techniques 
such as nuclear resonance vibrational spectroscopy (NRVS). 
In case [NiFe]-hydrogenases have been uniformly labeled 
with 57Fe, vibrational bands of the catalytic center are de-
tectable exclusively in the 420 – 630 cm-1 region. Active site-
related signals in the low-frequency region (0 – 420 cm-1) 
are usually obscured by the strong Fe-S cluster signals.18-20  

 

Figure 4. NRVS of reconstituted and selectively labeled HoxBC 
in comparison to native RH. (a) 57Fe-PVDOS data of the assem-
bled HoxB-[57Fe]C complex and native [57Fe]RH, both enriched 
in the Nia-S state. (b) 57Fe-PVDOS data of the HoxB-[57Fe]C com-
plex (black trace) and [57Fe]HoxC (red trace), along with the 
corresponding DFT-calculated spectra based on the Nia-SS– 
(black trace) and Nir-SµOHSH (red trace) models (see SI for de-
tails). The spectra of [57Fe]RH and [57Fe]HoxC are adapted from 
ref 20. The spectral regions in (a) are marked with dashed ar-
rows using the following color code: red, Fe–CO/CN bands of 
the active site; olive green, Fe–S modes of the [4Fe-4S] clusters; 
orange, [NiFe]/protein modes; blue, Fe–S modes involving 
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bridging cysteines. Dominant active site bands in (a) are la-
beled with the corresponding wavenumbers. Spectra including 
error bars are shown in Figure S12. In (b), the matching 
NRVS/DFT bands for Nia-S and Nir-SI spectral changes are high-
lighted by vertical black and red bars, respectively. 

To suppress the Fe-S cluster signals, we generated a 
HoxBC complex where only the HoxC subunit was enriched 
with 57Fe. Figure 4a shows the NRVS spectra of uniformly 
labeled RH and site-specifically labeled HoxBC, both en-
riched in the Nia-S state. Active site labeling of the HoxBC 
protein led to a relative increase in intensity of the Fe–
CO/CN related bands in the ~ 400 – 620 cm-1 region (Figure 
4a, semitransparent red). The dominant bands at 554 and 
597 cm-1 in HoxBC perfectly coincide with those of native 
RH. Moreover, we also detected active site-related features 
in the low-frequency region, which are usually covered by 
Fe-S cluster modes. By normalizing the spectra to the inte-
gral intensities of the main Fe–CO bands, the relatively mi-
nor spectral contribution of the [NiFe] active site to the 
whole NRVS spectrum of RH becomes readily visible (Figure 
S5). Notably, the selective labeling enabled the observation 
of mixed Fe–CO/CN bands at 421, 445, 467, and 508 cm-1, 
which are hardly resolved in the spectrum of native RH.20 

DFT calculations performed on a model of HoxBC in the 
Nia-S state successfully reproduced the experimental NRVS 
data (Figure 4b), as described in detail in the SI (Supple-
mentary Results, Figures S6-S10). Notably, our Nia-SS– active 
site model, featuring a vacant substrate binding site be-
tween Ni and Fe as well as a deprotonated Ni-bound cyste-
ine Cys479, aligns well with the active site structure of the 
F420-reducing [NiFe]-hydrogenase from Methanosarcina 
barkeri in the Nia-S state (Figure 5).10 The resolution of the 
latter was, however, not high enough to address the proto-
nation state of the corresponding cysteine residue (see SI). 
The transition from Nir-S to the Nia-S state involves removal 
of the metal-bridging hydroxy ligand (Figure 1), which is re-
flected by complex perturbations of the Fe–CO/CN spectral 
pattern in the ~ 400 – 620 cm-1 region, and in the ~ 100 – 
200 cm-1 region containing [NiFe] cofactor ‘breathing’ 
modes (Figure 4b).20 These spectral changes allowed to re-
solve the two diamagnetic Nir-S and Nia-S states, which 
share the same NiIIFeII oxidation level (Figure 1).  

 

Figure 4. DFT model of the RH/HoxBC [NiFe] cofactor in the 
Nia-S state. The metal-ligand core of the Nia-SS– model (element 
colors) is superimposed with the X-ray structure of the F420-re-
ducing [NiFe]-hydrogenase from Methanosarcina barkeri 

(MbFRH) residing in the Nia-S state (semitransparent purple),10 
yielding an RMSD = 0.23 Å for the matching atoms pairs. See 
Figures S6-S8 for alternative Nia-S models and a full-size view 
of the employed HoxBC homology model. 

The results presented here clearly demonstrate that indi-
vidually purified [NiFe]-hydrogenase subunits can be as-
sembled in vitro, revealing a fully active enzyme. The HoxBC 
complex formation results in the removal of the water-de-
rived active site ligands, as demonstrated by the conversion 
of the Nir-SI/II states dominating in HoxCai into the catalytic 
intermediates Nia-S, Nia-C and Nia-SR states in assembled 
HoxBC. Furthermore, EPR-based evidence for Nia-C/Nia-L 
and the magnetic interaction of the paramagnetic active site 
with the proximal [4Fe-4S]+ cluster confirm that the assem-
bled HoxBC complex is identical to native RH. Our strategy 
paves new avenues to study catalytically relevant [NiFe]-
hydrogenase intermediates using 57Fe-sensitive spectro-
scopic techniques, which have already been applied suc-
cessfully on [FeFe]-hydrogenases.21–23 Corresponding ex-
periments to elucidate the structural basis of the catalytic 
Nia-C intermediate and its tautomers Nia-L1 and Nia-L2, 
which can be easily enriched in the HoxBC complex, are cur-
rently underway. 
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