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[NiFe]-hydrogenase from Desulfovibrio vulgaris Miyazaki F is an O,-sensitive enzyme that is inactivated in
the presence of O, but the oxidized enzyme can recover its catalytic activity by reacting with H, under
anaerobic conditions. Here, we report the first neutron structure of [NiFe]-hydrogenase in its oxidized
state, determined at a resolution of 2.20 A. This resolution allowed us to reinvestigate the structure of
the oxidized active site and to observe the positions of protons in several short hydrogen bonds. X-ray
anomalous scattering data revealed that a part of the Ni ion is dissociated from the active site Ni—Fe
complex and forms a new square-planar Ni complex, accompanied by rearrangement of the
coordinated thiolate ligands. One of the thiolate Sy atoms is oxidized to a sulfenate anion but remains
attached to the Ni ion, which was evaluated by quantum chemical calculations. These results suggest
that the square-planar complex can be generated by the attack of reactive oxygen species derived from
O,, as distinct from one-electron oxidation leading to a conventional oxidized form of the Ni-Fe

complex. Another major finding of this neutron structure analysis is that the Cys17° thiolate Sy atom
Received 28th April 2023 dinati to th imal Fe—S cluster f l hvd bond with th in-chai
Accepted 11th August 2023 coordinating to the proximal Fe-S cluster OI’FT]S an unusual hydrogen bond wi e main-chain
amide N atom of Gly19° with a distance of 3.25 A, where the amide proton appears to be delocalized
DOI: 10.1039/d35c02156d between the donor and acceptor atoms. This observation provides insight into the contribution of the

rsc.li/chemical-science coordinated thiolate ligands to the redox reaction of the Fe-S cluster.
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Introduction

[NiFe]-hydrogenases (H,ases) have a binuclear Ni-Fe complex in
the active site to reversibly catalyze the oxidation of molecular
hydrogen (H,), giving two electrons and two protons."”* The
active site complex is buried deep in the catalytic unit composed
of two subunits, called the ‘large’ and ‘small’, and is supported
by cysteine residues from the large subunit (Fig. 1a), where a Ni
ion coordinated by the two terminal cysteine residues and an Fe
ion with one CO and two CN~ ligands are bridged by the two
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cysteine thiolate ligands (Fig. 1b). Moreover, three Fe-S clusters
(one [3Fe-4S]- and two [4Fe-4S]-type clusters), involved in
electron transfer to external electron carriers, are arranged from
the active site to the protein surface, passing through the small
subunit.

It is well known that most [NiFe]-H,ases are oxygen sensitive
and are reversibly inactivated upon exposure to molecular
oxygen (O,),>* which is one factor hindering their utilization for
biological applications.>® The enzyme members can be classi-
fied into four groups, each containing multiple subgroups,
based on the phylogenetic clustering of protein sequences and
taking into account their biochemical characteristics.” A
membrane-bound [NiFe]-H,ase from Desulfovibrio vulgaris
Miyazaki F (DvMF) belongs to group 1b, comprising 22
subgroups, and loses its catalytic activity at ambient O,
concentrations. This results in the formation of oxidized
products of the active site complex.*® Atmospheric oxidation of
the O,-sensitive enzymes generally leads to a mixture of two
spectroscopically different states of the Ni-Fe complex, referred
to as Ni-A and Ni-B (Fig. 1¢).'®"* Ni-A requires considerable time
for its reductive reactivation (‘unready’ state), whereas Ni-B is
readily reactivated in a few seconds (‘ready’ state).® Each binu-
clear complex in the oxidized enzyme exhibits paramagnetic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Overall structure of DvMF-H,ase. The ribbon diagram shows that the heterodimeric enzyme is composed of a large (pale yellow) and

a small (blue) subunit. The active site Ni—-Fe complex and the three Fe—S clusters are labelled, and the constituent atoms are drawn as spheres: Fe,
brown; Ni, bright green; O, red; S, yellow. The Mg?* ion located in the large subunit is similarly depicted as a gray sphere. (b) Chemical structures
of Ni-A and Ni-B. (c) The catalytically active and inactive states of the Ni-Fe complex. The active states are colored in blue and the inactive
oxidized states are colored in orange. Oxidation states of the metal centers in each state and their bridging ligands are indicated in parentheses.
Expected but not experimentally verified reactions are shown by dashed arrows.*?

behavior and is composed of a Ni ion in a formal oxidation state
of +3 bridged by an oxygen-containing ligand to an Fe ion in the
+2 oxidation state.**> Many spectroscopic and theoretical
studies indicate that a hydroxide ion (u,-OH ) bridges between
the two metal centers in both oxidized forms.**** However, this
has not been verified by protein X-ray crystallography because it
remains challenging to visualize protons (H").

Oxidative modification observed at the cysteine thiolate
ligands (cys-sulfoxide (S=O0) or cys-sulfenic acid (S-OH)) could
be a plausible explanation for the difference between Ni-A and
Ni-B (Fig. 1b).®'**> A sulfenylation has been identified at the
proposed catalytic base Cys546",® where the superscript L (or S)
indicates that the residue is from the large (or small) subunit.
Cys546" is assumed to accept a proton derived from the
heterolytic cleavage of H, at the active site and to pass the
proton to the adjacent carboxylate group of Glu34", connecting
the proton to the protein surface via hydrogen-bonding
networks.*® The oxidation of Cys546" to its sulfenate derivative
inactivates the catalytic activity and thus this conversion must
have occurred to form Ni-A, which requires a prolonged
anaerobic incubation, as suggested by Volbeda et al.** On the
other hand, our recent FT-IR and EPR studies indicated that the
aerobically isolated DvMF-H,ase contains mainly a para-
magnetic Ni-B (Ni**) with a minor amount of Ni-A (Ni**) and an
EPR-silent (Ni**) state denoted as Ni-SX.” Furthermore, X-ray
crystallographic analysis suggested that the Ni ion occupancy
in Ni-B was reduced by 20%, even though no reduction in
occupancy was observed for the Fe ion or the CO and CN™
ligands coordinated to Fe.' Linking these two results (ie.,
formation of the oxidized product with Ni** and Ni-elimination

© 2023 The Author(s). Published by the Royal Society of Chemistry

from the active site complex) requires an alternative experi-
mental approach.

[NiFe]-H,ases from Hydrogenovibrio marinus (Hm),"® Ral-
stonia eutropha (Re)," and Escherichia coli (Ec)*® are O,-tolerant
enzymes classified into group 1d and can maintain their cata-
Iytic activities under air. The members harbour a proximal [4Fe-
3S] cluster coordinated by six thiolate ligands, in contrast to the
proximal [4Fe-48S] cluster coordinated by four thiolate ligands
seen in the O,-sensitive enzymes. Under ambient O, concen-
trations, the proximal [4Fe-3S] cluster of the O,-tolerant
enzymes supplies surplus electrons to the Ni-Fe active site for
the reduction of invading O,, accompanied by a large structural
change with disruption of an internal Fe-S bond, which
supports its super-oxidation.'®* The O,-tolerant enzymes thus
can protect the active site from the attack by reactive oxygen
species which probably causes the formation of the unready
states as in Ni-A.>*»*? In contrast, the O,-sensitive enzymes do
not have such an electron supply system from the proximal
[4Fe-4S] cluster, but that would give us an advantage in inves-
tigating structural changes in different redox states of the
proximal Fe-S cluster and in understanding the catalytic elec-
tron transfer.

Here, we report the first neutron structure of O,-sensitive
DvVMF-H,ase in its oxidized state at 2.20 A resolution, allowing
visualization of the protons characteristic of the oxidized
enzyme. In determining the neutron structure by joint X-ray and
neutron (XN) refinement, the high-resolution X-ray data
collected at 1.04 A revealed an oxidized product of the active site
complex with a square-planar geometry, suggesting that it
contains a Ni ion in the +2 oxidation state. We verified the
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presence of the square-planar Ni complex containing a cysteine
sulfenate ligand via X-ray anomalous scattering data and
quantum chemical calculations. Furthermore, the neutron
structure enables us to observe a delocalized amide proton
between the Cys17° thiolate Sy atom coordinated to the prox-
imal Fe-S cluster and the main-chain amide N atom of Gly19%,
providing insight into the contribution of the coordinated thi-
olate ligands to the redox reaction of the Fe-S cluster.

Results and discussion

Reinterpretation of the active site structure in the oxidized
enzyme

X-ray diffraction data collected here (up to 1.04 A resolution)
were used for further structure analysis to clarify the detailed
oxidized structure of the active site Ni-Fe complex (Fig. 2a and

View Article Online
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S1a and Table S1t). Structure refinement with a model con-
taining only Ni-B in the active site allowed visualization of the
conformational changes of the coordinated cysteines as a mFo-
DFec difference electron-density map (Fig. 2¢ and Sict). In the
model used for the map calculation (Fig. 2b), the occupancy for
the Ni ion coordinating a hydroxide O atom was reduced to
68%, estimated by the program phenix.refine in PHENIX as
described in ESI Text 1.f The occupancies for the coordinated
Cys81", Cys546", and Cys549" were also reduced to 68% because
significant negative electron densities for their Sy atoms
appeared, except for Cys84".

Anomalous scattering data were collected at 1.4800 A and
1.4900 A near the X-ray absorption K-edge of nickel (1.4879 A).
In the model-phased anomalous difference Fourier map for
1.4900 A, only one strong peak was observed at the Fe site due to
the lower energy side of the nickel edge (Fig. 2c and S1b¥). The
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Fig.2 Structure determination of the two oxidized forms of the Ni—Fe complex. (a) The active site complex in Ni-B, superimposed with a 2mFo-
DFc electron-density map (contoured at 1.0a, pale blue mesh). The binuclear metal center and the bridging hydroxide ion are drawn as spheres:
Fe, brown; Ni, green; O, red. Constituent residues of the active site are labeled with black letters. (b) Coordination structure of the active site
complex in Ni-B. Selected bond lengths are given in A and the coordinate uncertainties were estimated to be 0.014-0.018 A from Cruickshank’s
DPI (diffraction-component precision index).>¢ (c) The square-planar Ni complex identified as the other oxidized form, superimposed with
model-phased anomalous difference Fourier maps at wavelengths of 1.4800 A (contoured at 4.0g, bright orange mesh) and 1.4900 A (contoured
at 5.0q, hot pink mesh). The green mesh shows an mFo-DFc electron-density map (contoured at 4.5¢), calculated for visualizing structural
differences from the active site containing Ni-B with occupancy of 687%. (d) Coordination structure of the other oxidized form. The square-planar
Ni complex is bridged to the Fe ion by the Cys546" sulfenate O atom.
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anomalous difference Fourier map for 1.4800 A showed three
strong peaks, two of which corresponded to the Fe and Ni sites
of Ni-B. The third peak was close to the thiolate Sy (Cys546")
and thus arose from the Ni ion dissociated from the active site
complex by oxidation. The occupancy of the dissociated Ni ion
was estimated to be 32% by comparing it with the Ni ion in Ni-B.
This dissociated Ni site had been assigned as a sulfoxide or
sulfenic acid O atom of Cys546" in the previous X-ray structure
analyses.®"

Simultaneous with the shift of the Ni ion, the Sy atoms of
Cys81" and Cys84" are released from their coordination of Ni-B
and form a disulfide bond with each other, as assigned previ-
ously.’ Also, each alternative conformation of the Cys546"
and Cys549" thiolate anions makes coordination bonds with the
dissociated Ni ion at distances of 2.25 and 2.15 A, respectively,
to form a mononuclear Ni complex with a square-planar
geometry (Fig. 2d). The deprotonated amide N (Cys549") and
the carboxylate Oe2 (Glu34") are supplied as the other two
ligands, with distances of 2.33 A and 1.83 A, respectively. In
particular, the Glu34" side-chain is flipped to the dissociated Ni
site by about 90° relative to its original position seen in Ni-B.

A residual mFo-DFc electron density appeared at the
bridging ligand site of Ni-B in calculations with 68% occupancy
of the hydroxide O atom (Fig. 2c and Slct). Given that the
occupancy for the bridging ligand site was estimated as 100% of
a monooxygen atom (Table S21), another monooxygen species
remains present after the shift of the Ni ion. The Sy (Cys546")
atom in the alternative conformation (32% occupancy) is
sufficiently close with a distance of 1.65 A to the bridging O site
to form a single covalent bond, indicating the sulfenylation of
Cys546". In that case, the dissociated Ni ion is still bridged to
the Fe ion by the sulfenic acid or sulfenate group of Cys546"
(Fig. 2¢). The Ni oxidation state of mononuclear complexes with
a square-planar geometry is +2 in most inorganic complexes.
This implies that the newly assigned oxidized form corresponds
to an EPR-silent state,"” which we further examined by quantum
chemical calculations.

Evaluation of the oxidized forms of the Ni-Fe complex by
quantum chemical calculations

Quantum chemical calculations were conducted to verify the
geometric and electronic structures of the two oxidized forms of
the active site complex, i.e., the square-pyramidal Ni complex in
Ni-B (Fig. 2b) and the square-planar Ni complex with a cysteine
sulfenate ligand (Fig. 2d). The respective cluster models based
on the crystal structure determined here (the Fe-Ni core with
the CN™ and CO ligands, the bridging X or Sy-X species (X =
0% or OH"), Cys81", Cys84", Cys546", Cys549", and Glu34")
were used as calculation models. The computational details are
described in ESI Text 1.1 Possible combinations of the Ni
charges (Ni** or Ni*"), the spin states (high or low spin), and the
bridging monooxygen species (0>~ or OH ") in each oxidized
form were examined, and their optimized structures were
explored by quantum chemical calculations. The root-mean-
square deviations (RMSDs) of each optimized structure from
the obtained crystal structure were then calculated to estimate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 RMSD values of each optimized structure for the active site
complexes

Bridging species Spin multiplicity RMSD (A)
Ni** in Ni-B o> Doublet 0.91
Quartet 0.56
OH™ Doublet 0.41
Quartet 0.46
Square-planar Sy-O~ Doublet 0.37
Ni** complex Quartet 0.46
Sy-OH Doublet 0.40
Quartet 0.58
Square-planar Sy-O0~ Singlet 0.27
Ni** complex Sy-OH Singlet 0.35

the similarity of the calculated structures to the experimental
data. The RMSD values of each optimized structure from the
active site complex in Ni-B are summarized in Table 1. No
optimized structure with Ni** was found because its model
structure collapsed during the calculation. The calculation
model with the smallest RMSD value confirmed that the active
site in Ni-B has a Ni*" ion in the low-spin state and a bridging p,-
OH™ ligand (Fig. S2at), in good agreement with the active site
complex structure in Ni-B proposed experimentally.'>** On the
other hand, the calculated results for the other oxidized form
show that the RMSD value between the calculation model pos-
sessing a Ni** ion in the low-spin state coordinated by a cysteine
Sy-O~ ligand (Fig. S2bt) and the crystal structure is 0.27 A
(Table 1). This is the smallest of all the calculation models and
validates our proposed geometric and electronic structures of
the square-planar Ni complex in the active site.

Insight into the oxidation process on the active site Ni-Fe
complex

Cysteine can be oxidized to sulfenic acid by reacting with a two-
electron oxidant such as hydrogen peroxide (H,0,) in biological
systems.>**® The cysteine sulfenate ligand was also identified at
the active site in the O,-sensitive Desulfovibrio fructosovorans
(Df) [NiFe]-H,ase,** in which the sulfenylation was proposed to
occur through a peroxide intermediate produced from invading
0,.>**” When looking at the square-planar Ni complex in the
oxidized DvMF-Hase (Fig. 2d), four electrons in total are
consumed by the sulfenylation at the Cys546" Sy-atom and the
disulfide-bond formation between Cys81™ and Cys84". Consid-
ering that the reduction of O, requires four electrons and
additional protons, the square-planar Ni complex could be
produced through the oxidation of the original Ni-Fe complex
by O, diffused from the protein exterior, which might be
protonated leading to the formation of a reactive oxygen species
prior to the sulfenylation of Cys546".%”

Having said that, the major components of the active site
structure in the oxidized enzyme have been thought to be the
paramagnetic forms, Ni-A and Ni-B (Fig. 1b), which were not
differentiated in this study. The square-planar Ni complex
would be one candidate for an oxidized product in the ‘unready’
state because of its large structural differences from the Ni-B

Chem. Sci., 2023, 14, 9306-9315 | 9309
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oxidized form in the ‘ready’ state. An EPR study on Dg-H,ase
using 70, and H,"70 indicates that the bridging u,-OH ™ ligand
in Ni-A (and presumably in Ni-B) is derived from H,O, not from
0,.”® A bridging pn,-OH™ ligand at the active site complex was
also proposed for the O,-tolerant Hm-H,ase that was anaero-
bically oxidized using the chemical oxidant ferricyanide,'® sug-
gesting that one-electron oxidation at the Ni-Fe complex in Ni-
Sla, leading to the formation of Ni-B, is achieved by electron
release via the Fe-S clusters.*

Neutron structure analysis of DVMF-H,ase in its oxidized state

The neutron structure of the oxidized enzyme was determined
at 2.20 A resolution (Fig. $3t). The mFo-DFc neutron scattering
length density map omitting the two Ni ions at the active site
was calculated and presented in Fig. 3a. The neutron scattering
length density for the dissociated Ni ion was relatively weak but
observed at the corresponding site, indicating that the square-
planar Ni complex was already produced prior to X-ray expo-
sure, as the neutron diffraction data were first collected from
the crystal without radiation damage problems. Since the main-
chain amide proton of Cys549" in Ni-B was mainly occupied by
H having a negative scattering length instead of D, the weak-
ening of the neutron scattering length density for the dissoci-
ated Ni ion could be caused by overlapping of the Cys549"
amide proton.

On the other hand, calculation of the mFo-DFc neutron
scattering length density map omitting the bridging O species
resulted in no significant density at the bridging ligand site
(Fig. 3a). No neutron scattering length density was observed
even for the oxygen moiety (with a total occupancy of 100%),
suggesting its cancellation by the negative scattering length of
H from the hydroxide ion. A similar cancellation effect is re-
ported for a water molecule having multiple orientations in an
organic macromolecule.” Thus, the result implies that most of
the molecules in the crystal contain an p,-OH™ (not OD ™) at the
bridging ligand site and that little H/D exchange occurs at the
site, consistent with a previous report that the bridging ligand
in Ni-A/B is not replaced by surrounding solvent molecules.”®
Also, the hydrogen-bonding networks proposed for proton
transfer are disconnected at the gate residue Glu34" in this
oxidized enzyme as described below. This situation would lead
to hinder further H/D exchange at the active site.

The thiolate Sy atom of the putative catalytic base Cys546" is
at a hydrogen-bond distance of 3.20 A to the carboxylate Og2
(Glu34"), assigned in Ni-B with 68% occupancy (Fig. 3b), but no
neutron scattering length density was observed between Sy
(Cys546™) and Osg2 (Glu34"). The Glu34" carboxylate group is
assumed to function as a gate for proton transfer.’* The
formation of a short hydrogen bond (<2.6 A) between Oeil
(Glu34") and Oy1 (Thr18%) could be advantageous for proton
migration, as suggested previously based on a high-resolution
X-ray structure of the reduced enzyme.'® Similarly, in our
neutron structure of the oxidized enzyme, Ogl (Glu34") is
adjacent to Oy1 (Thr18%) at a distance of 2.52 A. However, as
shown in Fig. 3b, the hydroxyl proton of Thr18% is mainly
directed toward Oel (Glu16®), indicating that there is no

9310 | Chem. Sci, 2023, 14, 9306-9315
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Fig. 3 (a) The Ni-Fe complex in Ni-B, superimposed with a mFo-DFc
omit electron-density map (contoured at 4.5a, pale blue mesh) and
with mFo-DFc omit neutron scattering length density maps (con-
toured at 3.2¢ and 2.8¢, colored green and pale green, respectively).
The bridging hydroxide ion and the two Ni sites are indicated by
asterisks because their coordinates were omitted from the map
calculations. The neutron scattering length density for the bridging
ligand site occupied with 100% monooxygen species was not detected
because of its cancellation by the negative scattering length of H. (b)
The key residue Glu34" for proton transfer mediated by Cys546",
superimposed with a 2mFo-DFc electron-density map (contoured at
2.00, blue mesh) for selected atoms and with their mFo-DFc H/D-omit
neutron scattering length density maps. Residues from the large
subunit are colored pale yellow and those from the small subunit are
colored blue. The positive peaks at 3.60, 3.20, and 2.8¢ are colored
dark green, green, and pale green, respectively. Hydrogen bonds are
shown by cyan dashed lines, with the lengths shown in A. The neutron
scattering length density for the main-chain amide proton of Ala548"-
was not observed because of its partial H/D exchange or of having an
alternative conformation.

hydrogen bonding between Oy1 (Thr18%) and Oe1 (Glu34"). The
negative charge of the carboxylate group of Glu34" could be
compensated by the positive charge of the active site Ni ion.
Such an electrostatic interaction would be expected because
side-chain flipping of Glu34" occurred in the other oxidized
form to coordinate with the eliminated Ni ion.** More details on
potential proton transfer pathways are described in ESI Text 2.t

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Three Fe-S clusters are aligned through the protein interior
and provide the best route for electron transfer (Fig. 4a).
Comparison of the X-ray structures of each cluster in this
oxidized enzyme with those in the reduced enzyme shows that
most bond lengths of internal Fe-S coordination are slightly
shorter,®® as summarized in Tables S5-S7.f An unusual
hydrogen bond was observed between the main-chain amide N
(Gly19°%) and Sy (Cys17%) which is involved in the secondary
coordination to the proximal cluster (Fig. 4b). The mFo-DFc H/
D-omit neutron scattering length density map shows an elon-
gated negative density between N (Gly19%) and Sy (Cys17°),
indicating that the amide proton is partially attracted to Sy
(Cys17°). Also, no H/D exchange appeared to occur at that site.
The amide proton would be maintained quite tightly between
the donor and acceptor atoms.

The amide N (Gly19%)-Sy (Cys17°%) distance of 3.25 A is rela-
tively short compared to NH---S hydrogen bonds in small
compounds (3.25-3.55 A).** Two coordinated cysteine sulfur
atoms of the medial [3Fe-4S] cluster and three of the distal
[4Fe-48S] cluster form hydrogen bonds with nearby main-chain
amide groups, with distances of over 3.3 A (e.g., 3.31 A for
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Cys252° (Fig. 4c), 3.37 A for Cys191° (Fig. S5at), and 3.44 A for
Cys222° (Fig. S5bt)). The H/D-omit neutron scattering length
density maps confirmed that the protons in these hydrogen
bonds are attached to the respective main-chain N atoms with
covalent bond lengths, except for the N (Gly251°%)-Sy (Cys249°)
and N (Tyr218%)-Sy (Cys216°) hydrogen bonds, for which no
neutron scattering length density was observed due to cancel-
lation by partial H/D exchange.

Insight into the unusual NH:--Sy hydrogen bond in the
secondary coordination sphere of the proximal [4Fe-4S]
cluster

This neutron structure analysis shows that the Sy (Cys17°)
coordinated to the proximal [4Fe-4S] cluster is partially
protonated by receiving a proton from the main-chain amide N
(Gly19°) (Fig. 4b). The redox transition of the proximal cluster of
DvMF-H,ase is (+2/+1) during the catalytic cycle.**** The
oxidation of the cluster may somehow cause the polarization of
the Fe1-Sy (Cys17°) coordination bond, leading to the abstrac-
tion of the Gly19% amide proton (Fig. S61). Alternatively, such

(a) Three Fe—S clusters in the oxidized enzyme. Constituent atoms of the Fe—S clusters are drawn as spheres (Fe, brown; S, yellow) and the

coordinated cysteine residues are shown as sticks. The interatomic distance between Ni in the active site complex and Fel of the proximal cluster
is indicated with a black dashed line. (b) Hydrogen bond between the main-chain amide N (Gly19°) and Sy (Cys17°). A 2mFo-DFc electron-density
map (contoured at 2.00) for the amide N and thiolate Sy atoms is represented as a blue mesh. The mFo-DFc H/D-omit neutron scattering length
density maps were calculated for visualizing the H and D positions and were superimposed on the atom pair, where the negative peaks at —3.2¢
and —2.8¢ are colored hot pink and pink, respectively. The distance between the amide N (Gly19°) and Sy (Cys17°) is 3.25 A. (c) Hydrogen bond
between the main-chain amide N (Cys150%) and Sy (Cys252%). A 2mFo-DFc electron-density map is depicted in the same way as in (b). In the
mFo-DFc H/D-omit neutron scattering length density maps, the positive peaks at 3.2¢ and 2.8¢ are colored green and pale green, respectively.
The distance between the amide N (Cys150%) and Sy (Cys252°) is 3.31 A.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2023, 14, 9306-9315 | 9311
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Fig. 5 Coordination structures of the proximal cluster under different redox conditions. Structure of the oxidized proximal cluster observed in
this study is shown on the left and that of the reduced cluster reported previously (PDB code 4U9H) is shown on the right. The constituent atoms
are designated by numbering from Fel to Fe4 and from S1 to S4. The subclusters are colored in pale gray. Selected bond lengths are given in A,
where the coordinate uncertainties were estimated to be 0.014-0.016 A for the oxidized cluster and 0.004 A for the reduced cluster based on
Cruickshank's DPI.5¢ From a comparison of both structures, bond lengths differing by 0.05 A or more are indicated by orange numerical values.
The interatomic distance between the main-chain amide N (Gly19°%) and Sy (Cys17°) is given in A.

proton transfer in a hydrogen bond is allowed when the
hydrogen-bond donor and acceptor atoms have the same pK,
values and thus the energy barrier between the two hydrogen
positions is lowered.***” The pK, value of Sy (Cys17°) could be
modulated to be equal to that of N (Gly19°) by an increase in the
oxidation state of the proximal cluster. Actually, the protonation
at Sy (Cys17°) makes it difficult to maintain its coordination
with Fel of the cluster.***® Density functional simulations on
O,-tolerant [NiFe]-H,ases suggest that protonation at the prox-
imal cluster can weaken the internal Fe-S bond, leading to the
large structural change of the cluster required for a transition to
its super-oxidized form.* Considering that Sy (Cys17°) retained
the coordination to the proximal cluster in this analysis, it is
reasonable to infer that the proton in the N (Gly19%)-Sy (Cys17°)
hydrogen bond is delocalized between the respective proton-
ated states, rather than being covalently bound to the thiolate
Sy atom (Fig. S67).

High-potential iron-sulfur proteins (HiPIPs) are among the
most well structurally characterized [4Fe-4S]-type clusters.***>
Typically, HiPIPs have one [4Fe-4S] cluster, with the (+3/+2)
redox pair providing a redox potential of =+350 mV.**** This is
fundamentally different from the redox potential of <—300 mV
for the proximal cluster with the (+2/+1) redox pair in DvMF-
H,ase. The cuboidal cluster is divided into two rhombic [2Fe-
2S] subclusters, where each subcluster is bridged by four
internal Fe-S bonds that are shorter than the other eight bonds.
One subcluster responsible for storing an electric charge in
HiPIP shows slightly shorter internal bond lengths upon
oxidation of the cluster core, presumably due to the formation
of a delocalized mixed-valence pair, giving two Fe*" sites.
Similarly, the proximal cluster of DvMF-H,ase is divided into
the two subclusters Fe1-S2-Fe4-S3 and Fe2-S1-Fe3-S4 by four
short bonds between 2.21 and 2.25 A in length (Fig. 5 and Table
S5t1). Comparing the internal bond lengths of the oxidized
cluster to those of the reduced cluster, the Fel-S2-Fe4-S3

9312 | Chem. Sci,, 2023, 14, 9306-9315

subcluster shows a greater difference than the Fe2-S1-Fe3-S4
subcluster, suggesting the larger effect of a one-electron redox
reaction at the former subcluster. The Fel-S2-Fe4-S3
subcluster is coordinated by two cysteine thiolate anions
(Cys17° and Cys20%). There is no polar atom to form a hydrogen
bond with Sy (Cys20°) and so the effect of a one-electron redox
reaction at the subcluster mainly extends to Sy (Cys17°). Thus,
the amide N (Gly19%)-Sy (Cys17°) hydrogen bond would be
involved in modulating the redox properties of the proximal
cluster. Similarly, the reduction potential of rubredoxin is
proposed to be correlated with the strength of NH---Sy
hydrogen bonds in the secondary coordination sphere.*

The Sy (Cys17°) atom is located on a straight-line connecting
Ni of the active site complex and Fel of the proximal cluster.
Given that a distance of 10.6 A between the redox centers is
sufficient to allow the direct tunneling of electrons,*®* the
amide N (Gly19°)-Sy (Cys17°) hydrogen bond may also have
something to do with the electron transfer.

Conclusions

In summary, we have revealed that the oxidized DvMF-H,ase
possesses two types of oxidized products, the square-pyramidal
Ni(m) complex in Ni-B and the square-planar Ni(i1) complex with
a cysteine sulfenate ligand. The Ni-B complex can be produced
without O, using the chemical oxidant ferricyanide.'® But the
square-planar complex would be produced through an oxida-
tion process different from that of Ni-B, because the cysteine
sulfenylation requires a two-electron oxidant, presumably
a reactive oxygen species derived from 0O,.>**” As previously re-
ported by Tai et al.,” all of the inactive oxidized states of the
active site can be reactivated under anaerobic conditions in the
presence of H,. It would be interesting to see how H, reacts with
the oxidized forms and how the square-planer Ni(n) complex
recovers its original active form.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The neutron structure of DvMF-H,ase determined here leads
to identifying an unusual NH---Sy hydrogen bond in the
secondary coordination sphere of the proximal Fe-S cluster.*® It
is expected that the delocalized proton on the hydrogen bond
could play roles in the modulation of the redox potentials of the
cluster core, as suggested by Zheng et al.,** and in the catalytic
electron transfer reaction. Furthermore, it was confirmed that
most protons involved in the potential proton transfer pathways
containing water molecules were susceptible to H/D exchange.
As a future perspective, the neutron structure analysis of DVMF-
H,ase reduced in the presence of H, will enable us to visually
identify where protons migrate during catalysis, since the H and
D atoms can be strictly distinguished by their negative and
positive densities on neutron scattering length density maps.

Materials and methods

DVMF cells were cultured and harvested as described by Yahata
et al.*® The cells were disrupted by sonication under aerobic
conditions to obtain inactive oxidized enzymes. The membrane-
bound enzymes were solubilized from the recovered pellet by
digestion with trypsin (Sigma-Aldrich, St. Louis, MO, USA) and
subsequently purified as described previously. Crystallization
mother liquor was prepared in heavy water (99.9% D,0; Cam-
bridge Isotope Laboratories, Cambridge, UK) containing
0.2 mM enzyme, 30% (v/v) 2-methyl-2,4-pentane-d12-diol,
10 mM p-glucose-d12 and 25 mM Tris-d11-DCl (pD 7.4). A
tiny seed crystal was immersed into 90 pL of the mother liquor,
which was then equilibrated at 283 K for six to eight weeks
against a reservoir solution consisting of 40% (v/v) 2-methyl-2,4-
pentanediol and 25 mM Tris-d11-DCl (pD 7.4) in D,0. Neutron
diffraction from a resulting crystal was measured at 100 K using
the IBARAKI Biological Crystal Diffractometer (iBIX) equipped
with 30 2D detectors (Tokai, Japan).** In preparation for joint
XN refinement, X-ray diffraction data were collected on beam-
line BL26B1 at SPring-8 (Harima, Japan) from the same crystal.
Anomalous scattering data were also collected over a total
rotation range of 360° on beamline BL5A at Photon Factory (PF)
(Tsukuba, Japan) using two wavelengths near the absorption K-
edge of nickel (1.4879 A). Processing of the diffraction data and
structure refinement were performed as described in ESI Text
1.1 The atomic coordinates of DvMF-H,ase in its oxidized state
have been deposited in the RCSB Protein Data Bank (PDB)
under the accession code 7YW6. All graphic images of molec-
ular structures were generated using PyMOL (PyMOL molecular
graphics system, version 1.8. Schrédinger, LLC). All quantum
chemical calculations were performed using density functional
theory at the B3LYP level with the 6-31g* basis set,”>** imple-
mented in the Gaussian 16 program package (Rev. C01).”* The
computational details are described in ESI Text 1.f

Data availability

All data that support the findings of this study are available
within this paper and its ESI file,{ or from the corresponding
authors upon request.
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