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Hydrogenases catalyze the simplest of chemical reactions— 
the reversible conversion of protons and electrons to hydro-
gen. These metalloenzymes have attracted immense interest 

because they are extremely active catalysts for these reactions and 
can be applied in fuel cells, electrocatalytic or photocatalytic devices 
and serve as models for synthetic catalysts1–4. Of particular interest 
are systems aiming at artificial photosynthesis for solar-based H2 
production from water splitting, forming the basis for a carbon-free, 
hydrogen-fueled economy5,6. In terms of enzyme-based systems, 
[FeFe] hydrogenases are an obvious choice for this application, as 
they have the highest H2 production activities7,8, but these enzymes 
are irreversibly inactivated by even trace amounts of O2, which limits 
their use in H2 evolution devices. In contrast, [NiFe] hydrogenases  
can be reductively reactivated after exposure to O2, but the standard 
enzymes form inactive Ni(III) species (Ni-A and Ni-B), of which 
Ni-A reactivates only very slowly9. A group of [NiFe] hydroge-
nases are O2 tolerant10, producing only the rapidly reactivated Ni-B  
species upon contact with O2, but these enzymes are not suited  
for H2 production owing to a very strong bias toward H2 oxidation 
and pronounced H2 inhibition of H+ reduction3.

The subfamily of [NiFeSe] hydrogenases11, which have a seleno-
cysteine as a direct ligand to the active site Ni (Fig. 1a,b), are the 
enzymes that display the most interesting properties for H2 evolu-
tion applications12. They have a fast rate and catalytic bias toward 
H2 production, in contrast to standard [NiFe] hydrogenases13–15, and 
show much less product inhibition by H2 (refs. 15–17). In addition, 
they do not form the inactive Ni(III) species characteristic of [NiFe] 
hydrogenases and are reactivated quickly at low potentials16,18–21, 
being capable of H2 production in the presence of small amounts 
of O2 (refs. 15,16). These properties have been exploited in biocata-
lytic applications of [NiFeSe] hydrogenases for photo- and electro-
chemical H2 production14,17,22–26 and also for electrochemical ATP 
synthesis27. Furthermore, the superiority of [NiFeSe] hydrogenases 
has also been revealed in vivo, as these enzymes are preferentially 
expressed when selenium is available28,29. For example, in D. vulgaris  

Hildenborough the [FeFe] and [NiFe] hydrogenases are down-
regulated in the presence of selenium, indicating a physiological  
preference for the [NiFeSe] hydrogenase29.

However, the incorporation of selenocysteine requires a com-
plex dedicated machinery and has a very high energetic cost. Given 
also that sulfur is a much more abundant element than selenium, 
there must a strong biological advantage for using selenocysteine 
over cysteine30,31. Selenoproteins are mostly oxidoreductases in 
which selenocysteine is involved in the catalytic reaction. Despite 
numerous studies, there is still no consensus about why seleno-
cysteine is used in selenoenzymes. The most studied group is that 
involved in thiol-disulfide exchange reactions, and possible factors 
discussed include selenocysteine’s lower pKa compared to cysteine, 
its increased nucleophilicity, increased electrophilicity, higher 
polarizability and hypervalency, better leaving group ability or a 
combination of all these, as selenocysteine performs multiple roles 
during the catalytic cycle31,32. However, several cysteine homologs 
of selenocysteine-containing enzymes can catalyze their enzymatic 
reactions with high catalytic efficiency, raising questions about the 
real necessity for selenium32,33. Another important argument for the 
superiority of selenocysteine is its ability to resist irreversible oxi-
dative inactivation31,33,34. In fact, although selenium is more easily 
oxidized than sulfur, the resulting selenium oxides are much more 
electrophilic and unstable than their sulfur analogs and therefore 
easier to reduce back to the parent state. Thus, oxidation of the sele-
nocysteine residue to the corresponding selenenic or seleninic acids 
is readily reversible, whereas reduction of a sulfenic acid is more dif-
ficult, and that of a sulfinic acid virtually impossible34,35. This prop-
erty apparently enables selenoenzymes to better resist irreversible 
oxidative inactivation compared to their cysteine counterparts34.

Here we report the first recombinant expression system for 
a [NiFeSe] hydrogenase allowing the production of engineered  
forms of the enzyme. We generated a protein variant in which the 
selenocysteine residue was replaced by cysteine, converting the 
[NiFeSe] enzyme into a [NiFe] hydrogenase and thus enabling us to 
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Hydrogenases are highly active enzymes for hydrogen production and oxidation. [NiFeSe] hydrogenases, in which seleno-
cysteine is a ligand to the active site Ni, have high catalytic activity and a bias for H2 production. In contrast to [NiFe] hydroge-
nases, they display reduced H2 inhibition and are rapidly reactivated after contact with oxygen. Here we report an expression 
system for production of recombinant [NiFeSe] hydrogenase from Desulfovibrio vulgaris Hildenborough and study of a seleno-
cysteine-to-cysteine variant (Sec489Cys) in which, for the first time, a [NiFeSe] hydrogenase was converted to a [NiFe] type. 
This modification led to severely reduced Ni incorporation, revealing the direct involvement of this residue in the maturation 
process. The Ni-depleted protein could be partly reconstituted to generate an enzyme showing much lower activity and inactive 
states characteristic of [NiFe] hydrogenases. The Ni-Sec489Cys variant shows that selenium has a crucial role in protection 
against oxidative damage and the high catalytic activities of the [NiFeSe] hydrogenases. 
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distinguish the effect of the selenocysteine residue from that of the 
protein structure in the catalytic properties and oxygen tolerance of 
these enzymes. This single mutation had a high impact on the active 
site, strongly affecting nickel incorporation, catalytic activity and O2 
sensitivity of the resulting enzyme.

reSulTS
The recombinant D. vulgaris [NiFeSe] hydrogenase
To set up an expression system for a [NiFeSe] hydrogenase, we 
opted for homologous expression of the enzyme in D. vulgaris 
Hildenborough, given the known specificity of the maturation  
proteins and the selenocysteine insertion machinery. The native  
D. vulgaris [NiFeSe] hydrogenase (comprised of HysA and HysB)  
is a lipoprotein bound to the membrane by a lipidic group linked to 
Cys4 of the large subunit HysA36. We designed an expression vector 
for a soluble form of this hydrogenase in which the first 11 residues 
of HysA, containing the lipobox that directs attachment of the lipid 
group, were removed. Such a soluble form is also produced by native 
D. vulgaris cells13. This vector was used to transform D. vulgaris 
Hildenborough by electroporation, generating a strain that expresses 
a soluble periplasmic form of the enzyme (Supplementary Results, 
Supplementary Fig. 1). The recombinant [NiFeSe] (r[NiFeSe]) 
hydrogenase was purified by affinity chromatography based on a 
Strep-tag fused to the N terminus of HysA. The purified r[NiFeSe] 
hydrogenase displayed a H2 production activity of 8,280 ± 382 s−1 
(5,640 ± 260 U mg−1) (Table 1), which is close to the maximal activ-
ity reported for the native wild-type (WT) enzyme in the presence 
of phospholipids (10,134 s−1 (6,908 U mg−1)), and much higher  
than the value previously reported for the soluble form (847 s−1  
(580 U mg−1))13.

To confirm the structural integrity of the r[NiFeSe] hydroge-
nase, we purified and crystallized it anaerobically. The structure, 
refined to 0.95-Å resolution, revealed the recombinant enzyme to 
be identical to the WT form without presenting any oxidative dam-
age. Thus, the expression system was successful in producing fully 
active enzyme in a native configuration. The active site (Fig. 1c)  
was found in a conformation that corresponds to the reduced state 
(Sec489 in conformer III)20,37, as reported for the reduced enzyme 
from Desulfomicrobium (Dm.) baculatum38. Two Ni positions 
(referred to as Ni-1 and Ni-2) were observed ~1 Å from each other, 
both bound to Sec489, and the total Ni occupancy was only 87%. 
The selenocysteine residue had three slightly different positions,  

corresponding to binding of Ni-1 (81%), Ni-2 (7%) and no Ni 
(12%). The identification of the minor Ni site (Ni-2) was possible 
only with the near atomic resolution of the diffraction data. The 
Ni–Se bond distances were similar for both sites (2.31 Å and 2.25 Å,  
respectively) and the Ni–Fe distance changed from 2.55 Å (Ni-1) 
to 3.17 Å (Ni-2). These active site features were initially inferred 
from 2|Fo| – |Fc| and |Fo| – |Fc| maps (Supplementary Fig. 2a)  
and then confirmed from the calculated anomalous difference  
maps (Supplementary Fig. 2b). Different Ni positions were also 
identified in the crystal structures of oxidized Dm. baculatum 
[NiFeSe] hydrogenase39.

We also isolated and crystallized the r[NiFeSe] hydrogenase 
under aerobic conditions and refined the resulting structure 
(r[NiFeSe]-Ox) to 1.30-Å resolution. Previous structures of aero-
bically crystallized [NiFeSe] hydrogenases show oxidative modifi-
cations in the active site20,39, which are due to O2 exposure during 
purification and especially the long crystallization periods. In the 
case of r[NiFeSe]-Ox, the active site was present in three different 
conformations (Supplementary Fig. 3a–e) owing to the presence  
of an exogenous sulfur bound to Ni, as previously described20. There 
was also evidence for oxidative damage, as Cys75, one of the ter-
minal ligands to Ni, was oxidized to sulfenate (36%) and sulfinate 
(64%), whereas in previous structures20,37 it was fully oxidized to 
sulfinate. Also, the proximal [4Fe-4S] cluster suffered partial oxi-
dative damage (~24%) to a form that was refined as [4Fe-4S-2O] 
(Supplementary Fig. 3f–h). The total Ni occupancy of the active 
site refined to 85%, and a minor Ni site could not be clearly identi-
fied in this structure.

According to experimental data40 and molecular dynamics simu-
lations41 of [NiFe] hydrogenases, the most probable proton transfer 
pathway in both [NiFe] and [NiFeSe] hydrogenases involves a glu-
tamate residue (Glu28 in the D. vulgaris enzyme) that receives pro-
tons from the active site. The refined r[NiFeSe] structure suggested 
a possible interaction between Sec489 and the carboxyl group of 
Glu28, in which the distance between the selenium atom and the 
Oε1 of Glu28 is ~3.3 Å. This value is in the range expected for a 
hydrogen bond, hinting at H+ transfer between Sec489 and Glu28.

The impact of the Sec489Cys substitution
We constructed Sec489Cys hydrogenase, a variant [NiFeSe] hydroge-
nase in which the selenocysteine residue is exchanged for a cysteine, 
converting it to a [NiFe] enzyme. The H2 production activity  
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Figure 1 | The 3D structure of D. vulgaris [NiFeSe] hydrogenase. (a,b) overall (a) and detailed (b) views of the reduced structure of the native soluble 
protein after aerobic purification and crystallization (pdb 3Ze7). in a, the two protein chains are displayed as cartoons; the [niFeSe] active site, its 
coordinating ligands and the three [Fe4S4] clusters are shown in ball-and-stick representation. in b, the [niFe] binuclear center and the side chains of its 
coordinating protein ligands are shown as a ball-and-stick model, and the HysA protein chain as a semitransparent cartoon. the oxidative damage of cys75 
was omitted. (c) the [niFeSe] active site and its surroundings in the crystal structure of the anaerobically purified and crystallized r[niFeSe] hydrogenase 
and its corresponding 2|Fo| – |Fc| (gray mesh, 1.5 map r.m.s.) and |Fo| – |Fc| (green mesh, 3.5 map r.m.s.) maps. no negative peaks are visible at –3.5 r.m.s. in the 
|Fo| – |Fc| map. Atoms are color coded as follows: brown, Fe; green, ni; gold, S; red, o; gray, c; blue, n; orange, Se. H atoms omitted for clarity.
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of the isolated Sec489Cys hydrogenase was drastically reduced,  
to 4.5 ± 1.8 U mg−1, which corresponded to a turnover rate of  
6.6 ± 2.6 s−1 (0.08% of the r[NiFeSe] activity). Nevertheless, the 
CD spectrum of the Sec489Cys variant was identical to that of 
the r[NiFeSe] protein, indicating that it was properly folded 
(Supplementary Fig. 4). The structure of the aerobically crystal-
lized Sec489Cys hydrogenase was refined to a resolution of 1.4 Å. 
Surprisingly, the structure revealed that most of the protein mole-
cules lacked Ni at the active site (only ~15% Ni occupancy). Instead, 
a putative sulfur species (85% occupancy) was found in place of 
the missing Ni atom (Fig. 2a–c). The sulfur ligand completed the 
octahedral coordination of the Fe atom (2.4 Å) and could also be 
covalently bound to Cys489 Sγ (at 2.1 Å). This residue, which cor-
responds to selenocysteine in the WT protein, was partly oxidized 
to sulfenate (Cβ-SγO, 18%) and sulfinate (Cβ-SγO2, 63%) as assessed 
from the refined occupation factors of the oxygen atoms. The near 
absence of Ni resulted in the presence of three different confor-
mations for the Ni ligand Cys75. In the first conformation (32%) 
the Cys75 was oxidized to sulfenate and coordinating the Ni atom 
(Fig. 2b), whereas the other two conformations (37% and 31%) 
were observed when Ni was absent and suggested a disulfide bond 
between Cys75 and Cys78 (Fig. 2c). The proximal [4Fe-4S] cluster 
was 26% oxygen damaged to [4Fe-4S-2O].

reconstitution of the Ni–Fe active site
In an attempt to increase the Ni content of the Sec489Cys hydro-
genase, cells were first grown with increasing Ni concentrations 
(up to 200 μM), as it was previously shown that deletion of the 
genes encoding HypA and HypB, the proteins responsible for Ni 
insertion42,43, could be overcome by growth in the presence of high 
Ni concentrations42. However, no meaningful effect was achieved 
by this approach. Next, we tested several conditions for in vitro 
reconstitution of the active site of the Sec489Cys hydrogenase and 
obtained the best results by adding NiCl2 to the cell disruption 
buffer and incubating the purified enzyme with NiCl2 under H2 
(Supplementary Fig. 5). The H2 production activity of the reconsti-
tuted enzyme (Ni-Sec489Cys hydrogenase) increased with increas-
ing concentrations of Ni, up to a value of 183 ± 10 s−1 (125 ± 7 U mg−1).  
This activity is comparable to that observed for the native D. vulgaris 
[NiFe]1 hydrogenase (287 s−1, 174 U mg−1)13, indicating substantial 
Ni integration into the active site. Quantification of Ni versus Fe 
content by inductively coupled plasma atomic emission spectros-
copy consistently indicated an excess of bound Ni in the reconsti-
tuted enzyme (11 ± 1 Fe/Ni in Sec489Cys versus 15 ± 1 Fe/Ni in WT)  
(Supplementary Table 1). Thus, the in vitro reconstitution protocol 
leads to Ni incorporation into the active site but also to some unspe-
cific Ni binding to the protein.

Notably, the H2 uptake activity of the Ni-Sec489Cys hydrogenase 
(85 ± 13 s−1) was closer to its H2 production activity than for the 
r[NiFeSe] hydrogenase, indicating a stronger effect of the Sec489Cys 
substitution on the H2 production than on the H2 uptake activity 

(Table 1). We measured the pH profiles of both activities for the 
r[NiFeSe] and Ni-Sec489Cys hydrogenases. The profiles were quite 
similar, with optimum pH values close to 6.0 for H2 production and 
near 11 for H2 uptake, in agreement with the values reported for the 
WT [NiFeSe] hydrogenase44. The pH profile of the H–D exchange 
activity was also measured for the r[NiFeSe] and Ni-Sec489Cys 
hydrogenases (Supplementary Fig. 6). The profiles were again very 
similar, with the same optimum pH value at 6.0, although the maxi-
mum exchange activity measured for the Ni-Sec489Cys hydroge-
nase (66 ± 7 s−1) was approximately 15 times smaller than that of the 
r[NiFeSe] hydrogenase.

Structures of the Ni-Sec489Cys hydrogenase
The Ni-reconstituted Sec489Cys enzyme was purified and crys-
tallized both anaerobically (Ni-Sec489Cys) and aerobically 
(Ni-Sec489Cys-Ox). In the anaerobic protocol there was a brief 
contact with oxygen during concentration of the protein that was 
performed aerobically. This is a quick procedure and in the recom-
binant enzyme did not lead to any oxidative damage. In contrast, 
in both crystal structures of the Ni-Sec489Cys enzyme the electron 
density at the active site revealed a similar complex mixture of oxi-
dized states: Cys489 (selenocysteine in the WT protein) was partially 
oxidized to sulfinate, and Cys75 was partly oxidized to sulfenate. In 
contrast, in the anaerobically purified and crystallized r[NiFeSe] 
hydrogenase prepared using the same procedure (including aero-
bic protein concentration), no oxidative damage was observed for  
these two residues.

The anaerobic Ni-Sec489Cys crystal structure at 1.04-Å reso-
lution confirmed substantial Ni incorporation into the active site, 
with a total Ni occupancy refined to 61% (Fig. 3a). This incor-
poration level allowed a comparison between the Ni-Sec489Cys 
hydrogenase and standard [NiFe] hydrogenases. Considering the 
measured activity of 183 ± 1 s−1 and a Ni content of ~60%, the maxi-
mal H2 production activity of the fully Ni-loaded Sec489Cys hydro-
genase would be around 300 s−1, which is comparable to the values 
reported for [NiFe] hydrogenases, and <4% of the value measured 
for the r[NiFeSe] enzyme (Table 1). An anomalous difference map 
(Supplementary Fig. 7) combined with the near-atomic data reso-
lution allowed the identification of three different positions for the 
Ni atom in the active site. Two of them corresponded to the Ni-1 
and Ni-2 sites described for the r[NiFeSe] structure (Fig. 3b,c). The 
third Ni site was ~1 Å away from the other two but did not match 
a standard active site geometry, suggesting it was a transient spe-
cies formed during reconstitution. Its low refined occupancy (6%) 
obscured the coordination details. Cys489 (selenocysteine in the 
WT protein) was 59% oxidized to sulfinate, and four different con-
formations for Cys75 were observed. Two of them corresponded to 
the coordination of the Ni-1 and Ni-2 sites (Fig. 3b,c), and the other 
two were observed in the absence of Ni and suggested a disulfide 
bond between Cys75 and Cys78 (Fig. 3d). A partly occupied exoge-
nous sulfur was found at the active site, occupying the Ni position as 

Table 1 | enzymatic activity of the different D. vulgaris [NiFeSe] hydrogenase variants
turnover rate (s−1)

[niFese]m hydrogenasea r[niFese] hydrogenase ni-depleted sec489Cys hydrogenase ni-sec489Cys hydrogenase

ni contentb ~99%c ~85% ~15% ~60%
H2 production 10,134 8,280 ± 382 6.6 ± 2.6 183 ± 10
H2 uptake 1,320 2,430 ± 175 n.d. 85 ± 13

Isotopic D2–H+ exchange activity

Hd + H2 evolution n.d. 2,000 ± 300 n.d. 66 ± 7
aReported activity of the native, membrane-associated [niFeSe] hydrogenase13. bAs determined from the crystal structures. cvalue determined from a refined crystal structure of native soluble enzyme. 
n.d., not determined. values represent mean of at least 3 independent experiments ± s.d. (see text and online Methods).

http://dx.doi.org/10.1038/nchembio.2335
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observed in the structure of the nonreconstituted Sec489Cys vari-
ant (Fig. 3d). Notably, despite the substantial oxygen damage at the 
active site, the proximal [4Fe-4S] cluster was found in the canonical 
cubane form, in agreement with the very short oxygen exposure.

In the aerobic Ni-Sec489Cys-Ox crystal structure at 1.35 Å reso-
lution, the Ni occupancy refined to 44% (Supplementary Fig. 8). 
This lower Ni occupancy at the active site was due to the fact that the 
second Ni position was not modeled owing to the lower data resolu-
tion. However, the electron density suggested it was present ~0.9 Å 
from the first Ni, as in the r[NiFeSe] and Ni-Sec489Cys structures. 
Cys489 was 75% oxidized to sulfinate, and the same four conforma-
tions for Cys75 were observed as with the Ni-Sec489Cys structure. 
Most notably, unlike the previous structures, a bridging oxy ligand 
refined as OH− (61%) was present between Ni and Fe, similarly to 

the bridging oxide ligand in the crystal structures of oxidized [NiFe] 
hydrogenases. In this structure, the proximal [4Fe-4S] cluster was 
33% oxygen damaged to [4Fe-4S-2O].

Spectroscopic evidence for a typical [NiFe] active site
In the as-isolated oxidized form of the native WT [NiFeSe] hydro-
genase, the FTIR spectrum showed the active site to be present in 
two different conformations, termed Ni-ISI and Ni-ISII, where the 
first conformation corresponded to the more intense CO band at 
1,904 cm−1 and the second to a CO band at 1,939 cm−1 (ref. 19). 
We also analyzed the aerobically isolated r[NiFeSe] hydrogenase by 
FTIR (Fig. 4a) and found that it was more than 80% in the Ni-ISII 
state, as deduced from the intense CO band at 1,940 cm−1 and CN− 
bands at 2,079 and 2,094 cm−1. This indicated a higher homogeneity 
of the active site in the recombinant enzyme. Nevertheless, upon 
reduction with H2, the r[NiFeSe] hydrogenase displayed a mixture 
of two Ni-R isoforms (CO bands at 1,910 and 1,935 cm−1 and several 
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Ni-2

Ni-3
ii
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b c d

Figure 3 | The active site and its surroundings in the crystal structure of 
the anaerobically purified and crystallized Ni-Sec489Cys hydrogenase. 
(a) the final refined structure with 2|Fo| – |Fc| and |Fo| – |Fc| maps (as in  
Fig. 1c), showing the three ni positions and the conformations of cys75 
and cys489. the positive peaks ((i) and (ii)) in the final |Fo| – | Fc|  
map probably correspond to the similarly labeled terminal o atoms  
of the sulfinate forms of cys75 in further side chain orientations  
(not modeled). Red dashed lines represent presumed chemical bonds.  
(b–d) the predominant structural forms of the active site, and their  
relative percentages, as interpreted from the final refined structure.  
(b) the ni-1 site bound to cys489 in its sulfinate form and cys75 in one 
of its sulfenate forms. (c) the ni-2 site bound to cys489 and cys75 in the 
second sulfenate form. (d) the ni-depleted form, with cys75 forming a 
disulfide bond with cys78, cys489 probably as a mixture of cysteine  
and sulfinate and an exogenous S atom completing the octahedral 
coordination of the Fe atom. Atom colors and HysA protein chain are  
as in Figure 1. H atoms omitted for clarity. 
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Figure 2 | The active site and its surroundings in the crystal structure 
of Sec489Cys-ox. (a) the refined structure superimposed with 
corresponding 2|Fo| – |Fc|, |Fo| – |Fc| maps (as in Fig. 1c) and anomalous 
Fourier maps (orange mesh, 4.5 map r.m.s.). Red dashed lines represent 
presumed chemical bonds. (b,c) probable predominant structural forms  
of the active site, and their relative percentages, as interpreted from  
the final refined structure (online Methods). (b) the ni-containing  
minor component, with ni bound to cys489 and cys75 sulfenates.  
(c) the ni-depleted major component, with an exogenous S atom 
completing the octahedral coordination of the Fe and possibly bound to 
cys489 (red dashed line). cys75 in two conformations forms a disulfide 
bond with cys78. A water molecule is hydrogen bonded (yellow dashed 
lines) to an o from the cys489 sulfinate and the peptide hydrogen H from 
val77. Atom color scheme and representations are as in Figure 1.  
H atoms were omitted for clarity.
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overlapping CN− bands in the range of 2,059–2,085 cm−1). The pres-
ence of these two forms revealed structural heterogeneity that could 
be related to the observation of two Ni positions in the structure of 
the reduced state (r[NiFeSe]).

In the FTIR spectra of the Ni-Sec489Cys hydrogenase (Fig. 4a), 
the active site bands were similar to those of standard O2-sensitive 
[NiFe] hydrogenases, both in the oxidized and in the reduced state9. 
In particular, the overlapping bands around 1,946 cm−1 due to the 
CO stretching vibration in the oxidized state resembled the Ni-A 
and Ni-B FTIR spectra of standard [NiFe] hydrogenases. Therefore, 
the FTIR spectra also indicated that the electron density distribu-
tion in the active site of the Ni-Sec489Cys hydrogenase resembled 
that of a [NiFe] hydrogenase.

The [NiFeSe] hydrogenases do not form the Ni-A or Ni-B inac-
tive states typical of [NiFe] hydrogenases, and are EPR silent in the 
oxidized state18. The EPR spectrum of the aerobic Ni-Sec489Cys 
hydrogenase (Fig. 4b) showed signals indicating the presence  
of both Ni-A and Ni-B species (gmax = 2.32 and 2.26). In contrast,  

the r[NiFeSe] enzyme was EPR silent in the same conditions  
(Fig. 4b), as previously described.

DISCuSSIoN
Selenocysteine-containing enzymes were initially believed to be 
restricted to anaerobes, given the ease of oxidation of the seleno-
cysteine residue, which could make it unsuitable for aerobic con-
ditions45. However, evolutionary studies of selenoproteins have 
instead indicated that their numbers have gone up after increases 
in oxygen levels in the atmosphere, suggesting that selenocysteine is 
helpful in adaptation to an aerobic environment33,46. Selenocysteine 
is also present in many enzymes involved in antioxidant defense, 
which may seem paradoxical, as selenium is more easily oxidized 
than sulfur. This is apparently related to the fact that selenium reacts 
with O2 and reactive oxygen species in a very reversible manner, as 
selenium oxides are much easier to reduce than sulfur oxides.

The process of oxidative inactivation is of particular importance 
for the development of biotechnological applications of hydroge-
nases, which include the [NiFeSe] hydrogenases, a group of sele-
noenzymes. However, the role of selenocysteine in catalysis versus 
oxygen tolerance has not been directly investigated in this family  
of enzymes. In the [NiFeSe] hydrogenases, the selenocysteine resi-
due is believed to be directly involved in catalysis, and the corre-
sponding cysteine residue in the [NiFe] enzymes has been shown 
to bind a H+ resulting from H2 oxidation, in the most reduced  
state (Ni-R)47.

We developed an expression system for the D. vulgaris 
Hildenborough [NiFeSe] hydrogenase that enables the produc-
tion of variant forms of the enzyme. The availability of a system to 
produce recombinant [NiFeSe] hydrogenase provides a ready sup-
ply of the enzyme for future detailed studies and enables enzyme 
engineering to generate variants with improved properties. The 
recombinant enzyme was produced in a soluble form, which greatly 
facilitates further studies and applications. It showed high catalytic 
activity, comparable to the native enzyme, and was structurally 
identical. The recombinant enzyme showed slightly less than full 
Ni incorporation into the active site (~90%), suggesting that the 
native maturation machinery responsible for Ni insertion could not 
keep up with the rate of protein expression. Two crystal structures 
at near-atomic resolution, obtained in anaerobic and aerobic condi-
tions, revealed that Ni can be present in more than one position, as 
recently reported for the [NiFeSe] enzyme from Dm. baculatum39, 
and allowed the reassignment of the oxygen-damaged form of the 
proximal cluster as [4Fe-4S-2O]. The presence of Ni positions with 
different Ni–Fe distances is conspicuous and raises the question of 
whether some of these positions could correspond to inactive states 
of the enzyme. Further studies are required to address this point. 
The aerobically crystallized enzyme showed less oxidative damage 
than previously reported20,37, probably owing to the faster affinity 
purification protocol. In the case of Dm. baculatum, the enzyme 
purified aerobically was present in a very complex mixture of oxi-
dized states39, and the protein had to be purified anaerobically to 
obtain better resolved structures. Still, a heterogeneous active site 
with a mixture of states was also observed for the protein crystallized 
under air. An important difference from the D. vulgaris r[NiFeSe] 
hydrogenase was that the selenocysteine was oxidized to a mix-
ture of selenenate and seleninate, which were not observed in the  
D. vulgaris enzyme. Instead, oxidation to a sulfinate was observed at 
the Ni-terminal ligand Cys75, which is an irreversible change. The 
absence of selenium oxides in the D. vulgaris enzyme may be related 
to the presence of the exogenous sulfur atom at the active site, which 
induces side chain conformations of selenocysteine (conform-
ers I and II) not found in the equivalent cysteine residue in [NiFe] 
hydrogenases (always conformer III), that limits access to the sele-
nium atom20. Alternatively, such selenium oxides may be formed  
only transiently, in contrast to the sulfinate modification of Cys75. 
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The high heterogeneity in the active site of the oxidized [NiFeSe] 
hydrogenases, as revealed by FTIR15,19,39, is in agreement with a facile 
production of selenium oxides, which can be rapidly reduced when 
the enzyme is reactivated16,19,21. Nevertheless, the overall structure 
of the NiFe active site in the Sec489Cys variant was very similar to 
those in other standard [NiFe] hydrogenases, aside from some local 
differences in the surroundings that are due to differences in amino 
acid sequences (Supplementary Fig. 9).

The structure of the Sec489Cys variant revealed that Ni incor-
poration was dramatically compromised by the selenocysteine-to-
cysteine substitution. This finding reveals the direct involvement of 
this active site residue in the Ni incorporation process. The insertion 
of Ni into the active site involves the HypA and HypB proteins and 
occurs only after insertion of the Fe(CN)2CO moiety42. However, 
how the HypA and HypB proteins interact with the hydrogenase 
large subunit has not been elucidated. Our results indicate that 
Sec489 is directly involved in the incorporation process, possi-
bly acting as a nucleophile to attack the Ni atom bound to HypA 
and/or HypB. The drastically reduced Ni content of the Sec489Cys 
hydrogenase suggests that the lower nucleophilicity of the cysteine 
residue in this variant compromises this process. In D. vulgaris, 
there are two HypA (DVU2292 and DVU2328) and one HypB 
(DVU2329) homologs, for the maturation of four [NiFe] and one 
[NiFeSe] hydrogenases. This suggests that at least one HypA protein 
will be involved in the maturation of multiple enzymes. If the same 
HypA protein is responsible for Ni insertion in the [NiFeSe] and 
one or more of the [NiFe] enzymes, one would not expect that the 
Sec489Cys substitution would affect Ni incorporation, unless, in the 
case of the [NiFe] hydrogenase homolog(s), the nucleophilicity of 
the Ni-coordinating cysteine residue is enhanced by nearby residues 
before the protein is fully folded, which would not be required in the 
case of the [NiFeSe] enzyme owing to the intrinsic higher nucleo-
philicity of selenium. Alternatively, an unknown protein other than 
HypA may be involved in the maturation of the [NiFeSe] enzyme. 
Further work will be required to elucidate this key point.

Notably, incubation of the isolated Sec489Cys hydrogenase with 
Ni enabled further incorporation of this metal, allowing a compari-
son of the reconstituted variant with standard [NiFe] hydrogenases. 
To our knowledge, this is the first report of in vitro Ni reconstitu-
tion of an isolated [NiFe] hydrogenase, opening new possibilities 
for investigation of the active site maturation. We observed a third 
Ni site in the Ni-Sec489Cys structure, suggesting it corresponds 
to a trapped intermediate of the in vitro insertion of Ni into the 
active site. The fully reconstituted Ni-Sec489Cys hydrogenase 
had at best 4% of the H2-production activity of the recombinant 
r[NiFeSe] enzyme, which is a direct result of the lower chemical 
reactivity of cysteine versus selenocysteine. The [NiFeSe] hydroge-
nases display a bias toward H2 production, in contrast to the [NiFe] 
enzymes. In the Ni-Sec489Cys variant, the H2 production activity 
was more strongly reduced than the H2 oxidation one, which agrees 
with the fact that selenocysteine is more acidic than cysteine, and 
thus favors H2 production. Interestingly, the optimal pH for both 
H2 production/oxidation and H–D exchange activities was similar 
for the r[NiFeSe] and Ni-Sec489Cys proteins, indicating that this 
residue does not have a major role in determining the pH optimum  
for both activities.

The structures of the Ni-Sec489Cys hydrogenase revealed that 
this substitution has a dramatic effect on the oxygen sensitivity  
of the active site. Oxidative damage was present even in the anaero-
bically purified and crystallized enzyme, which was not observed  
in the r[NiFeSe] form treated in exactly the same conditions. The 
oxidative modification was even present in Cys489, even though a 
sulfur ligand was also present at the active site, which in the r[NiFeSe] 
form is presumed to protect the corresponding Sec489 residue 
from contact with O2. Furthermore, the structural evidence indi-
cated that in the oxidized structure (Ni-Sec489Cys-Ox) a bridging  

oxy species, presumably OH−, was present at the active site, as in 
the inactive oxidized forms of [NiFe] hydrogenases. The FTIR and 
EPR characterization of the Ni-Sec489Cys hydrogenase also agreed 
with the presence of inactive Ni-A and Ni-B species, associated with  
the presence of bridging oxide species. However, and in contrast with 
the oxidized structure of the r[NiFeSe] enzyme (r[NiFeSe]-Ox), the 
Cys75 Ni ligand was not oxidized to sulfinate. This observation sug-
gests that the oxidation of Cys489 changes the electron distribution 
at the active site, diminishing the reactivity of Cys75 toward oxygen. 
Our results strongly suggest that selenocysteine is directly respon-
sible for the increased oxygen tolerance and rapid recovery from 
oxygen damage of [NiFeSe] hydrogenases, as well as for their higher 
catalytic efficiency, particularly for H2 production. Furthermore, 
this study revealed that the selenocysteine/cysteine ligand is directly 
involved in Ni incorporation, providing further insight into the 
maturation process of [NiFe] and [NiFeSe] hydrogenases.
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Methods, including statements of data availability and any associated  
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oNlINe meTHoDS
Genetic constructs. A mutant strain lacking the hysA and hysB genes 
(below referred to as hysAB) encoding the [NiFeSe] hydrogenase was pro-
duced by double homologous recombination in D. vulgaris as described48, 
generating strain IPAR01 (electroporation parameters: 1.500 V, 250 Ω, 
and 25 μF). For the hysAB deletion, the plasmid pMOIP01 was produced 
by sequence ligation independent cloning (SLIC)49. Three segments were 
amplified by PCR: 1,055 bp upstream of hysAB (hysAB Up Fw – GCCTTT
TGCTGGCCTTTTGCTCACATGGACAAGG ATGAGCCCGTTGTGA
A and hysAB Up Rev – AAGACTGTAGCCGTACCTCGAATCTATG C
AGTGCCAGCCAATAGAGTGAA), 885 bp downstream of hysAB (HysAB 
Dwn Fw –AAT CCGCTCACTAAGTTCATAGACCGGACGCCCAT
GATGTTAGGGTTCCAA and hysAB Dwn Rev – CGAGGCATTTCTG 
TCCTGGCTGGGCGTACGCATTACGCA CGTATCAT) and the kan-
amycin resistance gene from pSC2748 (Kan 1Fw–TAGATTCGAGGT 
ACGGCTACAGTCTTACGGTCACAAACAGGTACGCCCCCAGAGTC 
and Kan 2 Rev –CGGTCTATGAACTTAGTGAGCGGATTTCTCGTGT 
AGCCGATGCAGTGAGGTAGCTTGCAG); and then added to the pMO719 
background via SLIC. The products from the amplifications were transformed 
into E. coli α-select Silver Efficiency (Bioline), and successful transformants 
were isolated on LB medium containing 50 μg/ml kanamycin and 100 μg/ml 
spectinomycin. Correct isolates were identified by the expected PCR ampli-
cons from the plasmid constructs and also by sequencing performed at the 
DNA Core Facility at the University of Missouri. The pMOIP01 plasmid was 
electroporated into D. vulgaris according to a previous established proto-
col48, from which strain IPAR01 (ΔhysAB) was obtained, by selecting with 
MOYLS4 medium containing 400 μg/ml geneticin. The deletion of hysAB 
was confirmed by Southern blot using as probe an upstream fragment of the 
hysAB genes.

To produce the soluble form of HysAB, an expression vector was constructed 
encoding the hysB gene followed by a Strep-tag and the hysA gene lacking the 
first 11 amino acid residues. To create this vector, two segments were amplified 
by PCR: the hysB gene (HysB Exp Vctr Fw – AGGTTGGGAAGCCCTGCAATG 
CAGTCCCAGGAGGTACCATATGAGTCTCACAAGGCGTGATTTCGTC 
and HysB Exp Vctr Rev –TTTTTCGAACTGCGGGTGGCTCCACATGATAT 
CCTCCTGAAGCGACTGACGG) and the Strep-tag with the hysA gene  
(HysA Exp Vctr Fw - TGGAGCCACCCGCAGTTCGAAAAA GGGGCCACC 
GGCAGGACGACCATC and HysA Exp Vctr Rev– GATCGTGATCCCCTGCGC 
CATCAGATCCTTGGCTCGCGGCCCCTCCCCTTCATGAT); and then 
added into pMO9075 background via SLIC. The amplification products were 
transformed into E. coli α-select Silver Efficiency, and cells were plated on 
spectinomycin (100 μg/ml)-containing agar plates. The correct plasmid con-
struct was screened by colony PCR and later confirmed by sequencing at the 
DNA Core Facility at the University of Missouri. The pMOIP03 vector was 
successfully introduced in IPAR01 by electroporation48 in MOYLS4 medium 
containing 400 μg/ml geneticin and 100 μg/ml spectinomycin, generating the 
complemented strain IPMM01. The plasmid was confirmed by PCR amplifica-
tion of the insert and also by sequencing performed at GATC Biotech.

The amino acid exchange Sec489Cys in the large subunit (HysA) of the  
D. vulgaris [NiFeSe] hydrogenase was generated by the NZYMutagenesis 
kit using the mutagenic primers 5′-TGCACGGCACAGCCCAGGCACGG 
GTCGAAGGCGCG-3′ and 5′-CGCGCCTTCGACCCG TGCCTGGGCTGT 
GCCGTGCA-3′. Plasmid pMOIP03 carrying a hysAStrephysB fragment was 
used as the template. The amplification products were transformed into 
E. coli α-select Silver Efficiency and the new plasmid construct named 
pMOIPM02 was screened by colony PCR and sequencing at GATC Biotech. 
The pMOIPM02 vector was used for homologous recombination using strain 
IPAR01, generating the complemented strain IPMM02.

Cell growth and protein purification. All D. vulgaris strains were culti-
vated in modified Postgate medium C with an iron concentration of 25 μM.  
This medium has lactate as electron donor and sulfate as electron acceptor,  
and nickel chloride and sodium selenide, both at a concentration of 1 μM, 
unless otherwise stated. The cells synthetizing the r[NiFeSe] hydrogenase 
(IPMM01) were harvested at late exponential phase, resuspended in 20 mM 
Tris-HCl buffer, pH 7.6, and disrupted in a French pressure cell, under a N2 

atmosphere to prevent O2 exposure. The soluble fraction was obtained by ultra-
centrifugation (42,000 × g, 90 min). Purification was carried out both under 
aerobic and anaerobic conditions. Anaerobic purifications were carried out 
inside a Coy anaerobic chamber (95% N2, 5% H2) using an AKTA Prime plus 
system. The soluble fraction was applied to a Q-Sepharose HP column equili-
brated with 20 mM Tris-HCl, pH 7.6, buffer. A stepwise NaCl gradient was 
performed and fractions were separated according to their UV–visible spectra. 
The fractions containing hydrogenase, which eluted between 200 and 300 mM 
NaCl, were pooled. The buffer was exchanged to 20 mM Tris-HCl, pH 8.0, 
by concentrating the fractions with a 30-kDa cutoff ultracentrifugation unit 
(Amicon Ultra-15 30K NMWL, Millipore) and then loaded onto a column 
containing Strep-Tactin resin (IBA GmBH) equilibrated with 50 mM Tris-HCl, 
pH 8.0, 150 mM NaCl (Buffer W). After five washing steps with Buffer W, 
the recombinant protein was eluted with eluting buffer (Buffer W + 2.5 mM 
desthiobiotin). Protein concentration was determined with the bicinchoninic 
acid assay from Pierce using BSA as standard.

In vitro metal reconstitution of the Sec489Cys hydrogenase. For in vitro 
nickel reconstitution of the Sec489Cys hydrogenase, 1 or 5 mM NiCl2 · 5H2O 
was present in the buffer for disruption of IPMM02 cells. After purification, 
100 μl of the nickel-depleted protein at 100 μM was incubated under anaerobic 
conditions with 100 μl 20 mM Tris-HCl buffer at pH 8.0 containing 0, 1 or  
5 mM NiCl2 · H2O, at room temperature (RT) for 1 h, under a H2 atmosphere. 
The protein was subsequently washed several times with 20 mM Tris-HCl,  
pH 7.6, buffer, and concentrated, using Amicon Ultra centrifugal filters 30K for 
the crystallization trials and pH activity profiles. For the ICP, FTIR and EPR 
experiments, the Sec489Cys hydrogenase eluted from the affinity column was 
washed five times with 20 mM Tris-HCl, pH 7.6, buffer with 5 mM NiCl2 · H2O 
using Amicon Ultra centrifugal filters 30K, to remove traces of desthiobiotin. 
The protein was subsequently incubated at RT under H2 with 20 mM Tris-HCl, 
pH 7.6, and 5 mM NiCl2 · H2O for 1 h. After the incubation, the reconstituted 
enzyme was washed five times with 20 mM Tris-HCl, pH 7.0, 1 mM EDTA  
and concentrated with a 30-kDa cutoff ultracentrifugation unit (Amicon 
Ultra-15 30K).

Western blot analysis. The crude cell extracts were run on a 12% SDS–PAGE 
gel. Proteins were then transferred to 0.45-μm polyvinylidene difluoride mem-
branes (Roche) for 1 h at 100 mV and 4 °C in a Mini Trans-Blot Electrophoretic 
Transfer Cell (Bio-Rad). The membranes were equilibrated with Tris-buffered 
saline solution with Tween-20 (TBST; 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 
0.05% Tween-20), and then treated with antiserum raised against the native 
D. vulgaris [NiFeSe] hydrogenase29. The antibody was diluted 1:500 in TBST. 
Immunodetection was performed by treatment with anti-mouse immunoglob-
ulin G (heavy plus light chain) alkaline phosphatase conjugate (from Sigma) 
diluted 1:5,000, followed by a solution of nitroblue tetrazolium salt and 5-bromo- 
4-chloro-3-indolyl phosphate toluidine salt (NBT/BCIP solution; Roche).

H2 production by gas chromatography. Hydrogenase activity was rou-
tinely assayed by H2 production as previously described13, unless otherwise  
stated. The activity of the crystallized protein was measured immediately after 
dissolving crystals harvested from the crystallization drop in 50 μl 20 mM  
Tris-HCl, pH 7.6, buffer.

Hydrogenase uptake activity assays. The H2 uptake activities of r[NiFeSe] 
and Sec489Cys hydrogenases were measured spectrophotometrically in a  
Coy anaerobic chamber (95% N2, 5% H2) with methyl viologen (MV) as the 
electron acceptor, as previously described50. The purified enzyme was activated 
for approximately 1 h at RT in an anaerobic vial containing 1 mL of 50 mM 
Tris-HCl buffer at pH 7.0 with 1 mM MV and traces of dithionite. H2 oxidation 
activity was measured at 37 °C in a cuvette containing 1 mL 50 mM Tris-HCl 
buffer, pH 7.0, and 2 mM MV with a trace of dithionite to eliminate residual 
oxygen. The sample vials and buffers were saturated with pure H2 after oxy-
gen removal under vacuum. The reaction was started by the addition of 10 μL  
stock solution of activated r[NiFeSe] hydrogenase (5–10 μM range) and 
Sec489Cys hydrogenase (50–100 μM range), and the rate of MV reduction was 
measured at 604 nm, with a UV–VIS spectrophotometer (Shimadzu). Specific 
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placed inside an anaerobic Genbox (Biomerieux). The protein concentrations 
used were 10.4 and 15.5 mg/mL respectively. Crystallization drops were pre-
pared by mixing 2 μL protein solution with an equal volume of precipitant (20% 
PEG 1500 (w/v) and 0.1 mM Tris-HCl, pH 7.6) and equilibrated against 500 μL  
reservoir. Crystals of r[NiFeSe] and Ni-Sec489Cys appeared after 1 week  
and were cryoprotected using a solution containing 20% glycerol, 20% PEG 
1500 (w/v) and 0.1 mM Tris-HCl, pH 7.6. The crystals were quickly harvested 
in a plastic glove box flushed with N2 (gas), flash-cooled in N2 (liquid) and 
stored. Diffraction data from the r[NiFeSe] were collected at the PXIII beam-
line of the Swiss Light Source (SLS) at the Paul Scherrer Institute in Villigen, 
Switzerland using a PILATUS 2M-F detector and a wavelength of 0.7514 Å; 
data from the Ni-Sec489Cys crystal were measured at the I02 beamline of the 
Diamond Light Source (DLS) in Didcot, UK, using a PILATUS 6M-F detector 
and a wavelength of 0.9795 Å. All data sets were collected at 100 K, and the 
wavelength chosen was on the high-energy side of the K-absorption edge of 
the selenium atom. The diffraction images were indexed and integrated using 
XDS51, and conversion of intensities to structure factor amplitudes was carried 
out with CTRUNCATE in the CCP4 program suite52. The data collection and 
processing statistics are listed in Supplementary Table 2.

Structure determination and refinement. The crystal structures were deter-
mined by the molecular replacement method with PHASER53 via the CCP4 
Graphics User Interface54. The coordinates of the protein chains of the large 
and small subunits of the previously published crystal structure of D. vulgaris 
[NiFeSe] hydrogenase (PDB 2WPN)20 were used as search models, after removal 
of all non-protein atoms. Following a quick initial refinement with REFMAC55, 
COOT56 was used to perform model corrections and addition of the active site 
metals and Fe–S clusters. Refinement was continued with PHENIX57, consist-
ing of 3–5 macrocycles with refinement of positional coordinates, individual 
isotropic atomic displacement parameters for all non-hydrogen atoms (and 
also refinement of the anomalous dispersion parameters for the Se atom, in  
the case of the r[NiFeSe] and r[NiFeSe]-Ox structures. Model inspection and 
editing was done with COOT56 against σA-weighted 2|Fo| – |Fc| and |Fo| – |Fc| 
electron density maps. Water molecules were added with PHENIX and checked 
with COOT. Hydrogen atoms in calculated positions were added to the struc-
tural models and included in the refinement in riding positions. In the final 
refinement stages, individual anisotropic atomic displacement parameters for 
all protein non-hydrogen atoms were refined for all structures.

In the crystal structure of the anaerobically purified and crystallized 
r[NiFeSe] hydrogenase, the occupancy factors of the two Ni sites were refined 
independently, allowing for incomplete Ni incorporation into the active site. 
The sum of the occupancy factors of the three selenocysteine positions was 
constrained to unity. A positive feature in the final |Fo| – |Fc| map (Fig. 1c) 
could be due to a different minor Fe conformation (not modeled).

In the crystal structure of the as-isolated Sec489Cys hydrogenase 
(Sec489Cys-Ox), the sum of the occupancy factors of the Ni and S sites and of 
the three forms of Cys75 were constrained to unity. The probable predominant 
structural forms of the active site and their relative percentages (Fig. 2b,c) were 
interpreted from the final refined structure: the first is estimated from the 
refined occupancy of the Ni site and the second from the combined occupan-
cies of the non-oxidized Cys75 conformers forming a disulfide bridge with 
Cys78. The percentages do not add up to 100% because we could not uniquely 
identify the remaining structural forms.

In the crystal structure of the anaerobically purified and crystallized 
Ni-Sec489Cys hydrogenase, the occupancy factors of the three Ni sites and the 
exogenous sulfur atom were refined independently. The probable predominant 
structural forms of the active site and their relative percentages (Fig. 3b–d) 
were interpreted from the final refined structure.

MOLPROBITY58 was used to investigate model geometry in combination 
with the validation tools provided in COOT. For all the five crystal struc-
tures reported here, the number of Ramachandran outliers did not exceed 
0.13% of the total number of non-proline and non-glycine residues, and the 
MOLPROBITY clash score did not exceed 2.0. The refinement statistics are 
included in Supplementary Table 2. Figures were generated using the PyMOL 
Molecular Graphics System, Version 1.7.1 (Schrödinger, LLC).

activities were determined in a range of concentrations where linearity of  
activity with protein concentration was established. Each enzyme assay was 
carried out in triplicate. For the pH dependency assays, a buffer mix was used 
containing sodium citrate, MES, HEPES, Tris and sodium carbonate, each  
at 10 mM concentration. Activity-stained native-PAGE was performed as  
previously described13.

Hydrogen–deuterium exchange activity. The D2–H+ exchange activity of D. 
vulgaris hydrogenases was measured by membrane-inlet mass spectrometry, 
in which a thermostatized anaerobic vessel at 37 °C with magnetic stirring was 
connected through a 14-μm Teflon membrane to a mass spectrometer (Pfeiffer 
Prisma). The output signal of the spectrometer for each mass value is propor-
tional to the partial pressure of the corresponding gas in the reaction vessel. 
The output signal was first calibrated by saturating the reactor solution with 
100% H2 and then by 20% D2 in 80% Ar (Air Liquide). The D2–H+ assays were 
performed as previously described44 in a buffer mix containing sodium citrate, 
MES, HEPES, Tris and sodium carbonate, each at 10 mM concentration.

FTIR spectroscopy. Hydrogenase samples in Tris-HCl buffer (pH 7.6) were 
first concentrated to 100 μM by ultrafiltration for measurements in a trans-
mission CaF2 cell with 82-μm path length. The FTIR spectra were recorded at 
2-cm−1 resolution and averaging 1,024 scans using a Bruker Tensor 27 Fourier 
transform spectrometer, equipped with a mercury cadmium telluride detector 
and a purge gas system (Whatman) for removal of CO2 and H2O. A transmis-
sion cell with CaF2 windows was used for standard FTIR measurements.

Circular dichroism spectroscopy. CD measurements were carried out in 
a JASCO spectropolarimeter J-810, using cuvettes of 1.0-mm path length. 
Spectra were acquired at 20 °C between 195 and 260 nm, with data pitch of  
0.5 nm, wavelength sampling velocity of 100 nm min−1 and performing at  
least five accumulations. All spectra were normalized to mean residue molar 
ellipticity (deg cm2 dmol−1 res−1).

Electron paramagnetic resonance spectroscopy. EPR spectra were obtained 
using a Bruker EMX spectrometer equipped with an ESR-900 continuous flow 
helium cryostat. Measurements were performed at pH 7.6. The EPR conditions 
were T = 90 K, microwave power 2.013 mW; modulation amplitude 1 mT and 
microwave frequency 9.508 GHz.

Crystallization and X-ray diffraction data collection. Crystals of the aerobi-
cally purified r[NiFeSe] hydrogenase (r[NiFeSe]-Ox) and Sec489Cys hydro-
genase (Sec489Cys-Ox) were obtained aerobically at room temperature by 
the sitting drop vapor diffusion method, using 20% PEG 1500 (w/v) and 0.1 
mM Tris-HCl (pH 7.6) as precipitant. The protein concentrations used were 
9.2 and 12.5 mg/mL, respectively. Crystallization drops were prepared by mix-
ing 1 μL protein solution with an equal volume of precipitant and equilibrated 
against 500 μL reservoir. For the Ni-reconstituted Ni-Sec489Cys-Ox hydro-
genase crystals, a 12 mg/mL protein solution and 20% PEG 3350 and 0.2 M 
sodium malonate as precipitant were used. The crystals appeared after 1 week, 
were cryoprotected using a solution containing 20% glycerol, 20% PEG 1500 
(w/v) and 0.1 mM Tris-HCl (pH 7.6) (r[NiFeSe]-Ox and Sec489Cys-Ox) and 
20% glycerol, 20% PEG 3350 and 0.2 M sodium malonate (Ni-Sec489Cys-Ox), 
flash-cooled in N2 (liquid) and stored. Diffraction data from the r[NiFeSe]-Ox, 
Sec489Cys-Ox and Ni-Sec489Cys-Ox crystals were collected at the European 
Synchrotron Radiation Facility (ESRF) in Grenoble, France. Data from the 
r[NiFeSe]-Ox crystal were collected at beamline ID14-1 on an ADSC Q210 
detector using a wavelength of 0.9334 Å; data from the Sec489Cys-Ox crystal 
were collected at beamline ID14-4 on an ADSC Q315r detector using a wave-
length of 0.9701 Å; and data from the Ni-Sec489Cys-Ox crystal were collected at 
beamline ID23-2 on a PILATUS3 2M detector using a wavelength of 0.8726 Å.  
A preliminary Ni-Sec489Cys-Ox data set was also collected at beamline 
PROXIMA II of the SOLEIL synchrotron in St. Aubin, France.

The anaerobic crystallization drops for the anaerobically purified r[NiFeSe] 
hydrogenase and reconstituted Ni-Sec489Cys hydrogenase Ni-Sec489Cys were 
first prepared inside a Coy anaerobic chamber (95% N2, 5% H2), and then 

http://www.rcsb.org/pdb/explore/explore.do?structureId=2WPN
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Data availability. The final atomic coordinates and experimental structure 
factors were deposited in the Worldwide Protein Data Bank with accession 
codes 5JSH, 5JSK, 5JSU, 5JSY and 5JT1 for the r[NiFeSe]-Ox, r[NiFeSe], 
Sec489Cys-Ox, Ni-Sec489Cys and Ni-Sec489Cys-Ox structures, respectively. 
All other data supporting the findings of this study are available within the 
paper and its supplementary information files.
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