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ABSTRACT: NAD*-reducing [NiFe] hydrogenases are valuable biocatalysts for Hz2-based energy conversion and the regener-
ation of nucleotide cofactors. While most hydrogenases are sensitive towards Oz and elevated temperatures, the soluble
NAD+*-reducing [NiFe] hydrogenase from Hydrogenophilus thermoluteolus (HtSH) is Oz-tolerant and thermostable. Thus, it
represents a promising candidate for biotechnological applications. Here, we have investigated the catalytic activity and ac-
tive-site structure of native HtSH and variants in which a glutamate residue in the active site cavity was replaced by glutamine,
alanine, and aspartate. Our biochemical, spectroscopic, and theoretical studies reveal that at least two active-site states of
oxidized HtSH feature an unusual architecture in which the glutamate acts as a terminal ligand of the active-site nickel. This
observation demonstrates that crystallographically observed glutamate coordination represents a native feature of the en-
zyme. One of these states is diamagnetic and characterized by a very high stretching frequency of an iron-bound active-site
CO ligand. Supported by density-functional-theory calculations, we identify this state as a high-valent species with a biologi-
cally unprecedented formal Ni(IV) ground state. Detailed insights into its structure and dynamics were obtained by ultrafast
and two-dimensional infrared spectroscopy, demonstrating that it represents a conformationally strained state with unusual
bond properties. Our data further show that this state is selectively and reversibly formed under oxic conditions, especially
upon rapid exposure to high 0z levels. We conclude that the kinetically controlled formation of this six-coordinate high-valent
state represents a specific and precisely orchestrated stereoelectronic response towards Oz that could protect the enzyme
from oxidative damage.

Introduction

Hydrogenases are metalloenzymes that catalyze the re-
versible cleavage of molecular hydrogen into two protons
and two electrons. According to the metal content of their
active site, they are grouped into three phylogenetically un-
related classes: [Fe], [FeFe], and [NiFe] hydrogenases. Hy-
drogenases of the [Fe] and [FeFe] classes are synthesized
exclusively under strictly anoxic conditions, whereas sev-
eral [NiFe] hydrogenases are synthesized under oxic condi-
tions and are catalytically active even in the presence of am-
bient O2.

The active site of [NiFe] hydrogenases consists of a nickel

and an iron ion coordinated by four invariant cysteine resi-
dues. Two of them serve as terminal ligands to the nickel

ion, and two are bridging ligands coordinating both the
nickel and the iron ion. This configuration leaves a third
bridging site, which can be vacant or occupied with hydro-
gen- or oxygen-based ligands under catalytic or inhibitory
conditions, respectively.? The iron ion is additionally
equipped with one carbon monoxide (CO) and two cyanide
(CN-) ligands, which give rise to one CO and two CN stretch
vibrations. Changes in the structural and electronic proper-
ties of the active site and its immediate environment affect
the frequencies of these vibrations, which can be monitored
by infrared (IR) spectroscopy.3-> Thus, this technique is a
powerful tool to investigate [NiFe] hydrogenases, and each
redox-structural state of the active-site is most easily iden-
tified by its characteristic CO stretch frequency (see Table



S1 for CO and CN stretch frequencies assigned to the redox
states discussed in this study). Electron paramagnetic reso-
nance (EPR) spectroscopy provides complementary infor-
mation on the electronic structure of paramagnetic redox
states of the [NiFe] site.®” Since the iron maintains a low-
spin Fe!' configuration!®1!! in all known active-site states,
EPR spectroscopy specifically probes the Ni ion, for which
Ni'l, Ni"" and Ni’ states have been observed in [NiFe] hydro-
genases.

[NiFe] hydrogenases can be further divided into four differ-
ent groups depending on their structure, function, cellular
location, and conserved sequence motifs.'%13 Group 3 com-
prises a varied class of hetero-multimeric cytoplasmic
[NiFe] hydrogenases, which possess additional subunits
that are able to bind redox cofactors, such as F420, NAD, or
NADP. The NAD*-reducing Soluble Hydrogenase from Hy-
drogenophilus thermoluteolus TH-1T (HtSH) is a prominent
member of this group that couples the reversible cleavage
of Hz to the redox conversion of NAD. Due to its Oz tolerance
and thermostability, HtSH is an attractive candidate for bio-
technological applications, e.g. the regeneration of nucleo-
tide cofactors.-16

Figure 1. [NiFe] active-site structure of HtSH. (A) Hz-reduced
state (PDB: 5XFA), (B) oxidized state (PDB: 5XF9). The coordi-
nating cysteine residues, the glutamate 32 residue, and the
iron-coordinating CO and CN- ligands are displayed as sticks.
Iron and nickel are depicted by orange and green spheres, re-
spectively. Dotted lines represent the ligand bonding between
the metals and the amino acid residues. The figure has been
generated using The PyMOL Molecular Graphics System, Ver-
sion 2.2.0 Schrodinger, LLC.

Crystal structures of homologously produced HtSH are
available for the air-oxidized and Hz-reduced enzyme.!” The
oxidized [NiFe] site exhibits an unprecedented coordina-
tion geometry with a six-coordinate nickel site. Here, three
bridging cysteines, one terminal cysteine, and the bidentate
carboxylate group of glutamate residue E32 are bound to
the nickel ion in a distorted octahedral fashion. In contrast,
the reduced active site shows the typical configuration of
[NiFe] hydrogenases (Figure 1).17

Similarly, IR spectra of reduced HtSH exhibit absorption
bands that can be assigned to typical catalytic intermedi-
ates, while the spectrum of the oxidized enzyme is remark-
ably different from those of all other [NiFe] hydrogenases.!®
This IR spectrum features an unprecedented high-fre-
quency absorption band at 1993 cm-?, which has been ten-
tatively assigned to the CO stretch vibration of an oxidized
[NiFe] state. Such a feature has not been reported for canon-
ical (group-1) [NiFe] hydrogenases, indicating an unusual
configuration of the active site.1® These observations seem

to suggest a relation between spectroscopic and crystallo-
graphic data, and the unusual configuration of the oxidized
enzyme may represent a means to protect the [NiFe] site
from O2. However, an exact assignment and structural inter-
pretation for the unusual IR feature is not available yet, and
the configuration observed in the crystal phase may not re-
flect the native state of the enzyme that is observed in aque-
ous solution.!® Moreover, structural insights into the inter-
action of HtSH with Oz are so-far missing.

Here, we use various biochemical and spectroscopic tech-
niques to analyze Strep-tagged HtSH (hereinafter referred
to as ‘native’) and different amino acid exchange variants,
all produced heterologously in Ralstonia eutropha and puri-
fied under aerobic conditions. Our data indicate that native
HtSH contains a modified [NiFe] site with a terminal gluta-
mate ligand that can stabilize a tetravalent nickel ion. We
demonstrate that this architecture is not a crystallization
artefact but a specific response towards Oz, which is also ob-
served in aqueous solution. Based on these findings, the O:
protection mechanism of HtSH will be discussed.

Results and Discussion

Due to limited sample concentrations, all IR absorption
spectra in this study are presented as second derivatives,
where absorption bands appear as sharp negative peaks.
The unusual IR signal observed at 1993 cm~! may corre-
spond to a CO ligand bound to the [NiFe] active site of HtSH,
but the frequency is very high and unambiguous proof is
still missing. To verify its assignment, we chose two ap-
proaches. (1) An HtSH-producing R. eutropha derivativel®
was grown in the presence of 13C180 gas. This strategy was
previously shown to yield mature hydrogenase featuring a
[NiFe] active site with a labelled 3C'80 ligand.1®20 As ex-
pected for a quasi-diatomic oscillator, 13C180 labelling re-
sulted in an isotopic shift of 87-91 cm-! for all IR absorption
bands between 1900 and 2000 cm-?, including the unusual
feature at 1993 cm-! (Figure 2). This finding confirms that
this absorption band reflects the stretching vibration of a
hydrogenase-bound CO ligand. However, it does not reveal
whether this CO ligand is bound to the active-site iron or an-
other site of HtSH. (2) To address this question, we used
two-dimensional (2D) IR spectroscopy.?! This technique al-
lows determining the location of IR chromophores (e.g. CO)
based on coupling and energy exchange with nearby molec-
ular groups. Thus, if the CO ligand of interest is bound to the
[NiFe] site (in an unusual fashion leading to a high CO
stretch frequency), it should exhibit interactions with the
tentatively assigned CN stretch modes at 2081 and 2090
cm-1.1621 Indeed, cross signals between CO and CN stretch
vibrations were observed, as best illustrated by pump slices
through the 2D-IR spectrum (Figure 3A and B). Using fre-
quency-domain terminology, these cross signals can be ex-
plained as follows. If HtSH is pumped close to the absorption
maximum of the CO stretch vibration (1994 cm~1), negative
signals corresponding to bleaching (and stimulated emis-
sion) of the CN stretch vibrations can be detected at probe
frequencies of 2082 and 2091 cm-! (Figure 3B). Likewise,
pumping at CN stretch frequencies (2083 and 2091 cm1)
yields a negative feature at 1996 cm-1, indicating a depopu-
lation of the CO stretch ground state (Figure 3A).
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Figure 2. Second-derivative IR spectra of oxidized HtSH isotop-
ologues, measured at 283 K. (A) Native HtSH containing natu-
rally abundant 12C1€0. (B) HtSH selectively labelled with 13C180.
Spectral regions reflecting CO and CN stretch vibrations are in-
dicated, and prominent signals are labelled. Assigned redox-
structural states are discussed in the main text.

These observations confirm that the corresponding CO and
CN stretch vibrations can be assigned to a single oxidized
state of the enzyme, and their interaction indicates that both
sets of ligands are bound to the active-site iron. Based on
these results, we conclude that the absorption band at 1993
cm-!reflects an iron-bound CO ligand, whose stretching fre-
quency is exceptionally high due to peculiarities in the (elec-
tronic) structure of the heterobimetallic active site in oxi-
dized HtSH.

Next, we aimed to understand the molecular basis for the
unusually high stretching vibration of the identified active-
site CO ligand. According to crystal structure data,” this fea-
ture could reflect an active-site architecture with a biden-
tate glutamate ligand (E32) and three bridging cysteines,
one of which serves as a terminal ligand in reduced HtSH
and all other [NiFe] hydrogenases (C462 in HtSH). Since all
active-site cysteines are essential to establish a functional
[NiFe] center, C462 cannot be exchanged for other amino
acids to directly explore its influence on IR spectroscopic
properties of oxidized HtSH. We therefore focused on E32,
whose binding to a terminal Ni site - normally occupied by
C462 - is anticipated to be key to the unusual geometry
shown in Figure 1B.

We constructed three different HtSH variants, in which E32
is replaced by glutamine (Q), alanine (A), or aspartate (D).
These variants were purified by affinity chromatography
(Figure S1), and their specific activity was measured as the
Hz-driven reduction of NAD* to NADH at pH 6.5 and 50 °C
(Figure 4). All three variants, E32Q, E32A, and E32D,
showed very low activities corresponding to 0.2, 2.8,and 6.6
%, respectively, of that of native HtSH. This drop in activity

is comparable to observations for other [NiFe] hydrogen-
ases?224 and can be explained by the lack of conserved E32
(HtSH nomenclature), whose carboxylate side chain is in-
volved in proton transfer during catalysis.???” The E32A
variant is ten-times more active than the E32Q variant, pre-
sumably due to the smaller size of the alanine side chain,
which increases the chance to incorporate a water molecule
or hydroxide ion that could facilitate proton transfer. The
E32D variant shows the highest activity among the three
variants (Figure 4), which becomes even clearer if the activ-
ity is normalized to the [NiFe] cofactor content per protein
amount (Figure 4, Table S2). This finding agrees with obser-
vations for hydrogenases from D. fructosovorans and E.
coli,?%?* and it can be explained by the fact that aspartate
may also act as proton acceptor, albeit less efficiently than
glutamate due to its shorter carboxylate side chain.

To explore how glutamate E32 affects the active-site config-
uration, we first recorded IR spectra of all HtSH variants in
their as-isolated state (Figure 5, left; Figure S2). The previ-
ously reported IR spectrum of native HtSH displays three
CO stretch bands (Figure 5A), each reflecting a distinct re-
dox-structural state. CO bands at 1964 and 1936 cm~! have
been previously assigned to the catalytically inactive and
EPR-silent ‘Nir-B-like’ and Ni:-S states, respectively.1¢ As this
assignment is partly challenged by our new results, we will
refer to both states by their CO stretch frequency in the sub-
sequent paragraphs. As demonstrated by isotope labeling
and 2D-IR spectroscopy (vide supra), the third absorption
band at 1993 cm-! also reflects an active-site CO stretch
mode, which - based on its high frequency - is assigned to a
state at or above the Ni;-B redox level.1¢

The IR spectrum of the E32D variant (Figure 5B) is similar
to that of native HtSH. However, the positions of all three CO
stretch bands are systematically shifted by 5-7 cm™! to-
wards higher frequencies, resulting in absorption maxima
at 1998, 1969, and 1943 cm-'. The CN stretch frequencies
seem to be shifted to a similar extent, but not all corre-
sponding absorption bands could be identified, due to the
lower overall intensity of the IR spectrum of the E32D vari-
ant. We suspect that these shifts reflect a redistribution of
electronic charge at the active site, caused by a change in the
dielectric properties of the environment that may be linked,
inter alia, to a displacement and/or reorientation of the car-
boxylate function of the shorter aspartate side chain. Nota-
bly, these shifts are more pronounced than those observed
for the corresponding variant of the [NiFe] hydrogenase
from D. fructosovorans,?? indicating a more flexible active-
site environment in HtSH. This finding is in line with the
large-scale structural rearrangements necessary for inter-
converting oxidized and reduced HtSH.”

IR spectra of the E32A and E32Q variants of HtSH exhibit
dominant CO stretch bands at 1971/1943 and 1974/1941
cm-1, respectively (Figures 5C and 5D), analogous to signals
at 1964/1936 cm-! observed for native HtSH. Further
weaker CO stretch bands, reflecting oxidized side species,
are detected at, e.g.,, 1960 and 1949 cm-! for both HtSH var-
iants. In line with the multitude of CO stretch signals, sev-
eral partly broadened CN stretch bands can be observed as
well (Figure S2). These features differ clearly from those ob-
served for the native HtSH and the E32D species, but the
overall band patterns detected for E32A and E32Q variants
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Figure 3. 2D-IR spectra of oxidized HtSH, recorded with perpendicular pump-probe polarization. (A) Pump slice through the
2D-IR spectrum reflecting CO stretch bleaching (and stimulated emission) upon excitation of Ni(IV)-Hex CN stretch modes.
(B) Pump slice through the 2D-IR spectrum reflecting CN stretch bleaching (and stimulated emission) upon Ni(IV).-Hex CO
stretch excitation. (C) 2D-IR contour plot of the diagonal CO stretch region. Locations of a Ni(IV):-Hex pump slice (see D) and
two diagonal slices (see E and F) are indicated as color-coded dotted lines. (D) Pump slice reflecting Ni(IV).-Hex CO stretch
transitions (up to the third vibrational level; see C). (E) Main diagonal through the CO stretch region of the 2D-IR spectrum
(see C), reflecting ground state bleaching and stimulated emission associated with 0-1 (ground-state absorption) transitions.
(F) Side diagonal through the CO stretch region of the 2D-IR spectrum (see C), reflecting transient absorption associated with
the 1-2 (first-excited-state absorption) transitions. Arrows in plots E and F indicate minor subforms of Ni:-S and Ni(III),-Hex
states. Spectra in A and B were recorded at a waiting time of Tw = 15 ps. All other data were acquired at Tw = 250 fs. Samples
for 2D-IR measurements were additionally purified by size-exclusion chromatography.
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malized activities are listed in Table S2.
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Figure 5. Second-derivative IR spectra (left) and EPR spectra
(right) of native HtSH and its E32 exchange variants in their as-
isolated, oxidized form. (A, E) Native HtSH, (B, F) E32D, (C, G)
E32A, and (D, H) E32Q variants. IR and EPR spectra were rec-
orded at 283 and 80 K, respectively. IR spectra only depict the
spectral regime associated with the CO stretch vibration; the
CN stretch region is included in Figure S2. EPR signals labeled
with an asterisk (g = 2.01) most likely correspond to negligible
contributions from flavin mononucleotide radicals.

are similar to each other. Most importantly, the dominating
high-frequency CO stretch band - observed at 1993 cm-! for
native HtSH and 1998 cm~! for the E32D species - is absent
in the IR spectra of the E32A and E32Q variants (Figure 5).
These observations demonstrate that the CO stretch band at
1993 (1998) cm-! represents a redox-structural state that
depends on interactions between the carboxylate side chain
of E32 (D32) and the active site. This supports the idea that
this state features terminal glutamate coordination, as re-
flected by the crystal structure of oxidized native HtSH (Fig-
ure 1B). To test the hypothesis that this unusual coordina-

tion pattern is also responsible for the high CO stretch fre-
quency, we used density functional theory (DFT) for calcu-
lating IR spectra of different redox-structural states (see Ta-
ble S3 for a complete overview).?8-31 Surprisingly, we found
that the unusual coordination pattern gives rise to a CO
stretch frequency that is almost indistinguishable from that
observed for a redox-equivalent state with a bridging OH-
ligand, two terminal cysteines, and two bridging cysteines
(as proposed for Ni;-B and Ni:-S states; Figure 6A).

CN
A ¥s—Sa SaCN
/ "\ / Fe\
Ks.“
Cys Cys—$8 S \Cys cO
Glu / Ni-S

\Vof, S SCNCN Cys
ond N\

Ni o .
TR Cys_  Nilll)t-OH
oys” WK ;

co S CN
S Cys S
CN
Ni(lll)-Hex élys HOa_ |/ \‘Fe/
Ni(IV)-Hex / s/ ™
Cys—S S \Cys cO
/
Cys

2000 T T T

1975

©

@

=]
L

CO Stretch Frequency / cm”™
°
B

-
©
o
(=]
1

1875 T T T

Ni Oxidation State / e

T T T T T T T

C exp. WT calc. t-Glu/p-Cys

exp. E32A  calc. t-OH/p-Cys

T T T T T T
200 205 210 215 220 225 230
g-value

Figure 6. Comparison between experimental and calculated IR
and EPR spectroscopic properties. (A) Structural models con-
sidered for different active-site states of HtSH. Variable termi-
nal (t) and bridging (i) ligands are color-coded. Experimentally
detected redox-structural states sharing these coordination
motifs are indicated. (B) CO stretch frequency as a function of
the formal Ni oxidation state. Plotted frequency trends corre-
spond to experimental data (black) and two computational
models reflecting the depicted coordination patterns (orange
and red). (C) Comparison of experimental g-values of wildtype
HtSH and the E32A variant with those calculated for the de-
picted coordination patterns (red and light blue). For details
and further computational results, see main text, Figure S4, Ta-
ble S3, Table S4, and atomic coordinates reported in the Sup-
porting Information.

This indicates that the high-frequency CO stretch band can-
not be explained by glutamate coordination alone. How-
ever, the experimental frequency trend observed for oxi-
dized HtSH - three absorption bands separated by ca. 30



cm! - is well reproduced by a computational scenario in
which the three signals reflect different Ni oxidation states,
i.e. Ni(II), Ni(III), and Ni(IV) (Figure 6B; Figure S4). Thus, we
propose that the high CO stretch frequency observed for
fully oxidized HtSH reflects an active-site species with a for-
mal Ni(IV) ground state that is stabilized by a six-coordinate
ligand sphere involving E32, as observed in the crystal
structure of the oxidized enzyme. As this unprecedented re-
dox-structural state is readily activated by H: (Figure
S5),1617 we assign it to a ‘ready’ stated called Ni(IV)-Hex.

Since the coordination pattern reflected by the crystal
structure cannot be clearly distinguished from other struc-
tural scenarios by IR spectroscopy alone (Figure 6, Figure
S4, Table S3, and Table S4), we also recorded EPR spectra at
80 K (Figure 5, right; Table S5) to gain further insight into
the different HtSH variants and their redox-structural
states. In line with a previous report,¢ the EPR spectrum of
the as-isolated native enzyme (Figure 5E) exhibits no sig-
nals corresponding to IR features at 1936 and 1993 cm™,
supporting our assignment to Ni(II) and Ni(IV) oxidation
states, respectively. In contrast to other oxidized group-3
hydrogenases,32-38 however, we observe a previously re-
ported rhombic signal (gx = 2.26, gy = 2.13, g. = 2.04),'7 in-
dicative of a Ni(III) species, which was barely populated in
our first study.'® This state is easily activated by Hz (Figure
S5), and its population correlates with the IR signal at 1964
cm-L. Thus, we assign both features to a ‘ready’ state at the
Nir-B redox level (Figure 5A) whose EPR signature differs
markedly from that of a typical Ni,-B state,?® though. The
population of this state is very low for the E32D variant
(Figure 5B), so that the corresponding EPR spectrum does
not exhibit any distinct paramagnetic species (Figure 5F). In
contrast, E32A and E32Q variants exhibit another unique
rhombic signature (Figure 5G and 5H) that is clearly distin-
guishable from the one observed for native HtSH. According
to relative signal intensities of EPR and IR spectra, this sig-
nature is likely associated with a Ni(IlI) state characterized
by CO bands at 1971 (E32A) and 1974 cm~! (E32Q). In con-
trast to expectations, the absence of E32 in these variants
does not give rise to a typical Ni,-B signal. Instead, the ob-
served EPR signature differs markedly from the rhombic
signal reported for this [NiFe] intermediate3° and also from
that observed for the native enzyme. We propose that these
spectroscopic peculiarities originate from an inversion of
the Cys-Ni-OH configuration observed for Ni:-B (Figure 64,
orange), in which C462 is still bound to the third bridging
site between Ni and Fe, while E32, which is absent in these
variants, is replaced by a terminal OH- ligand (Figure 6A,
blue). This hypothesis is supported by DFT calculations that
qualitatively reproduce the almost axial g-tensor observed
in the EPR spectra of E32A and E32Q variants (Figure 6C).
Based on the proposed structure, we tentatively refer to this
state as Ni(III)-t-OH.

The above findings demonstrate that Ni(III) states observed
for native HtSH and E32A/E32Q variants are not structural
analogues. Given the sensitivity of the EPR signature to the
glutamate exchange, we propose that the Ni(III) state of na-
tive HtSH, characterized by the CO stretch band at 1964
cm-, also features six-fold coordination involving a termi-
nal glutamate (in contrast to the E32A/E32Q variants).
Thus, we call this state Ni(IIl)-Hex. This proposal is in line

with our DFT calculations (Figure 6; Figure S4) and further
supported by IR spectra recorded from crystals of oxidized
native HtSH (Figure S6). These spectra show that crystal-
lized HtSH features a mixture of states similar to those ob-
served in solution, but X-ray diffraction did not reveal struc-
tural contributions other than the six-coordinate configura-
tion (Figure 1B). This suggests that all notable species of the
mixture share this structural motif, including the dominat-
ing Ni(III)--Hex state and its subforms (vide infra).

Neither IR nor EPR spectroscopy provides direct infor-
mation on the structure of the native Ni(II) state, character-
ized by the CO stretch band at 1936 cm-! (Fig. 5A). As this
Ni(II) state is barely populated in oxidized HtSH crystals
(Figure S6), its structural features may not be reflected by
the published X-ray diffraction data. DFT calculations, how-
ever, indicate that a six-fold coordination is less likely for
Ni(Il) (Table S3). In that case, glutamate clearly favors
monodentate coordination, and one of the bridging cyste-
ines dissociates from nickel. This structural reorganization
yields a square-planar Ni coordination geometry, as ex-
pected for a four-coordinate low-spin d® transition metal
center. Imposing additional structural constraints (see Ta-
bles S5 and S6) did not lead to a stable six-coordinate geom-
etry either. Thus, we propose that the Ni(II) state of as-iso-
lated HtSH features a conventional coordination geometry
with a bridging OH- ligand, two bridging cysteines and two
terminal cysteines (as proposed for the previously assigned
Ni:-S state) in both the native enzyme and its E32X variants.

In total, our spectroscopic and theoretical results suggest
that as-isolated HtSH features an unusual active-site config-
uration with a terminal carboxylate side chain coordinating
the Ni ion in its tri- and tetravalent forms. This glutamate
coordination, which is most likely accompanied by a trans-
fer of the terminal C462 residue to the third bridging posi-
tion of the [NiFe] site, reflects a six-coordinate Ni ion and
agrees well with available crystal-structure data (Figure
1B).17 Our data provide the first evidence that this configu-
ration represents a biologically relevant feature of the en-
zyme that is also formed in aqueous solution under physio-
logically relevant conditions.

To gain further structural insights into the active-site states
of as-isolated native HtSH, we returned to 2D-IR spectros-
copy. Accessing transitions involving multiple vibrationally
excited states (Figures 3C and D), nonlinear IR spectroscopy
allows determining fundamental bond properties by fitting
a Morse potential to experimental transition energies of a
(quasi-)diatomic oscillator.?! This analysis reveals that the
equilibrium bond strength (expressed by the force con-
stant) of the active-site CO ligand increases with the Ni oxi-
dation state (Nir-S < Ni(IlI)--Hex < Ni(IV).-Hex; Table 1).
Consistently, Ni(IV):-Hex appears to feature a weaker Fe-
CO bond than Ni-S, as concluded from the longer CO-stretch
vibrational lifetime, i.e. less efficient energy transfer to-
wards the [NiFe] core (Figure 7; see Material & Methods for
a detailed discussion). Force constants from the Morse anal-
ysis and empirical relations also reveal solution-phase bond
lengths.#® Using this approach and an adequate expression
for CO oscillators,*! we derive solution-phase CO bond
lengths of 1.153, 1.148, and 1.141 A for Nir-S, Ni(II):-Hex,
and Ni(IV):-Hex, respectively (Table 1). The latter two val-
ues agree well with the exceptionally short bond length of
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Figure 7. Vibrational dynamics of oxidized HtSH. (A) Broad-
band IRpump-IRprobe Spectra, recorded with parallel polarization.
(B) Time evolution of first excited states of Nir-S and Ni(IV):-
Hex, derived from transitions highlighted in A. Indicated popu-
lation lifetimes T1 were obtained by fitting monoexponential
decay curves to the experimental data. Due to strong overlap
and cancellation of signals, no reliable vibrational lifetime
could be obtained for the Ni(IlI);-Hex state. Samples for IRpump-
IRprobe measurements were additionally purified by size-exclu-
sion chromatography.

1.142 A reflected by the crystal structure,'” supporting our
assignment. While bond lengths and equilibrium bond
strengths exhibit clear trends, total CO bond strengths (dis-
sociation energies) of all three active-site states of as-iso-
lated HtSH are almost identical (Table 1). While the details
and implications of this observation are beyond the scope
of this paper, our finding indicates that the oft-quoted sim-
ple relation between ‘bond strength’ and vibrational fre-
quency may fall short. Finally, analysis of 2D-IR diagonals

(Figure 3E and F) reveals two or more distinguishable sub-
forms of Nir-S and Ni(IlI),-Hex but not Ni(IV): Hex. This in-
dicates that Ni(IV):-Hex is structurally more constrained
(less flexible and thus preventing the formation of isomeric
subforms), which agrees with its six-fold coordination pat-
tern and the fact that E32 appears to be more tightly bound
in Ni(IV)r-Hex than in Ni(IlI).-Hex (see Table S3). We also
note that the Ni(IV):-Hex state exhibits a peculiar (2D) line-
shape (Figure 3C,E and F), implying a unique distribution of
underlying microstates that demands further investigation
in the future.

Table 1. CO bond properties of oxidized HtSH.*

Redox Vo-1 Vo f 2vox Do d
State | (cp1) | (em ) | (NmY) | (em 1) | (mol1) | (A)
Nir-S 19357 | 1960.1 | 1553.0 | 245 926.3 1.153

N‘gé?f' 1964.1 | 1989.2 | 1599.4 | 253 925.4 1.148

NI}F[I(-:QF 1995.0 2020.9 1650.8 26.0 929.3 1.141

* vo.1, fundamental frequency; vo, harmonic frequency; f,
force constant (equilibrium bond strength); 2voy, anhar-
monic shift (average separation between neighboring spec-
troscopic lines); Do, zero-point dissociation energy (total
bond strength); d, bond length.

Insights into the functional roles of the two Nir-Hex states
can be derived from the 02 dependence of their formation.
Asreported previously, as-isolated HtSH (Figure 8A and 8D)
readily forms catalytically relevant Ni.-C and Nia-SR states
upon reduction.'® Subsequent exposure to air leads to reox-
idation of the enzyme and the predominant formation of the
EPR-silent Ni(IV),-Hex state (Figures 8B and 8E). Interest-
ingly, formation of Ni(IV):-Hex is not observed upon anaer-
obic reoxidation with ferricyanide (Figure 8C and 8F). Un-
der these conditions, Ni(IlI):-Hex is enriched instead, in line
with previous observations from spectroelectrochemical
studies.!® Notably, the formed Ni(IlI).-Hex population can
be rapidly re-activated by Hz treatment, and subsequent in-
cubation of the reduced HtSH with O: results in the for-
mation of Ni(IV):-Hex (Figure S7). These findings demon-
strate that the high-valent Ni(IV).-Hex state is not a purifi-
cation artefact but a specific and reversible structural re-
sponse towards Oz. Consistent with this statement, the rel-
ative amount of Ni(IV)-Hex critically depends on the reoxi-
dation procedure. If reduced HtSH is reoxidized by slow dif-
fusion of air into the IR cell, Ni,-S and Ni(IlI)-Hex states are
formed in addition to Ni(IV)-Hex (Figure S8B), resulting in
a spectrum reflecting an equilibrium mixture similar to that
observed for as-isolated HtSH (Figure S8A). In contrast, fast
exposure to air yields a strong enrichment of the Ni(IV).-
Hex state (Figure S8C). This indicates that formation of this
state is kinetically favored under strongly oxic conditions,
which suggests that this structural and electronic configu-
ration serves as a specific response to Oz that could protect
the active site from irreversible damage. Further support
for this hypothesis comes from the fact that Ni(IV)-Hex is
formed before Ni(Ill)-Hex during slow oxidation by O2 (Fig-
ure S9). This observation indicates that Ni(IV)-Hex is a ki-
netic rather than a thermodynamic product and, thus, un-
likely to reflect a mere response to high potential.
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Figure 8. Second-derivative IR spectra (left) and EPR spectra
(right) of as-isolated native HtSH (A, D), HtSH after Hz reduc-
tion and subsequent aerobic reoxidation with air (B, E), and
HtSH after Hz reduction and subsequent anaerobic reoxidation
with K3Fe(CN)e (C, F). IR spectra only depict the spectral re-
gime associated with the CO stretch vibration; the CN stretch
region and further details are presented in Figures S10 and
S11. IR and EPR spectra were recorded at 283 K and 80 K, re-
spectively. The simulation sum of the Ni(III)-Hex subspecies is
indicated by a grey dotted line. The individual simulated spec-
tra are displayed in Figure S11, and corresponding g-values are
listed in Table S5.

Conclusion

Using selective 13C180 labelling and (2D-)IR spectroscopy,
we have demonstrated that the high-frequency infrared sig-
nal observed for oxidized HtSH can be assigned to the
stretching vibration of an active-site-bound CO ligand. IR
and EPR analyses of amino acid exchange variants revealed
that this signal corresponds to one of at least two [NiFe]
states, designated as Nir-Hex, that feature a six-coordinate
Ni with a terminal glutamate (E32) ligand, as observed in
the crystal structure of oxidized HtSH.!7 This finding is fur-
ther supported by a good match between the crystal struc-
ture and the 2D-IR-derived solution-phase CO bond lengths
of these states. In line with crystal-phase IR spectra, we
therefore conclude that the crystal structure of oxidized
HtSH reflects a mixture of native active-site states that are
also formed in aqueous solution.

While spectroscopic studies on amino acid exchange vari-
ants reveal glutamate coordination for both Ni:-Hex states,
quantum chemical calculations demonstrate that the high
CO stretch frequency observed for one of them cannot be
explained by glutamate coordination and the formation of a
six-coordinate Ni center alone. Instead, our calculations in-
dicate that this high frequency reflects a biologically un-
precedented Ni(IV) ground state, in line with the EPR data
and a previously proposed involvement of tetravalent Ni in
hydrogenase function.#? Besides its unusual coordination
geometry and high formal oxidation state, this unique con-
figuration, called Ni(IV):-Hex, exhibits a strained active-site
geometry, a soft Fe-CO metal-ligand bond, and an unusually

stiff and short but not overly strong CO bond, as revealed by
2D-IR and IRpump-IRprobe data.

In addition to insights into the structure and dynamics of
the Ni(IV).-Hex state, our data also reveal its functional sig-
nificance. While Ni(IlI)-Hex can be enriched in the absence
of Oz at mildly oxidizing potentials, the Ni(IV)-Hex state is
rapidly, specifically, and reversibly formed under oxic con-
ditions, especially upon sudden exposure of catalytic inter-
mediates to high Oz concentrations. This indicates that the
formation of Ni(IV)-Hex represents a kinetically controlled
protective response towards O:. In this respect, bidentate
nickel coordination by E32 and the additional movement of
cysteine C462 from a terminal site to a bridging position be-
tween Niand Fe may prevent oxidative damage in two ways.
On the one hand, the coordinatively saturated [NiFe] site is
sterically shielded from O2 attack. On the other hand, both
E32 and C462 are unable to take over their normal function
as proton relays, thereby preventing proton transport to the
active site, which in turn limits the formation of reactive ox-
ygen species (ROS). Ni(IlI):-Hex could also be involved in
these processes, but the lower Ni oxidation state leads to a
weaker binding of E32, which likely impedes its protective
function. Thus, we propose that Ni(IV)-Hex represents the
key element in the Oz protection mechanism of HtSH.

Notably, formation and reactivation of Ni(IV):-Hex involves
considerable structural rearrangement,'” which can explain
why HtSH is catalytically less active under oxic conditions
than some other Oz-tolerant (group-3) hydrogenases.'® For
instance, the similar NAD*-reducing hydrogenase from the
mesophile R. eutropha retains full activity at 20 % 02 by cat-
alytically detoxifying 02.2843 In contrast, Ni(IV):-Hex repre-
sents a resting state whose primary function is not to sus-
tain Hz cycling under high O: levels but rather to protect
HtSH and maybe other cellular constituents from irreversi-
ble damage related to metal-assisted ROS production. By in-
creasing molecular connectivity in the active site region, six-
fold coordination observed for this state may also add to the
temperature stability of the enzyme in cases where oxida-
tive stress and elevated temperatures are correlated.

So far, it is unclear how the formation of Ni(IV).-Hex is spe-
cifically triggered by O:. Since this state does not contain O-
derived ligands or modifications,'” initiation of the protec-
tive process likely occurs before Oz reaches the [NiFe] cen-
ter. This may involve other reactive sites of the enzyme, con-
sistent with associated changes of the protein matrix. In-
deed, the crystal structure of oxidized HtSH reveals large
amino acid side chain displacements of residues located in
proximity of the [NiFe] site and the nearby [4Fe-4S] cluster,
Y1, which could indicate that formation of Ni(IV)-Hex de-
pends on the redox state of this Y1 cluster.l” However, the
0: specificity of such a mechanism is unintelligible, and no
indications for interactions of this [4Fe-4S] cluster with O2
or ROS have been reported. Thus, we hypothesize that ini-
tial Oz sensing may rather occur at the FMN cofactor, which
is known to readily react with Oz, e.g., in other group-3 hy-
drogenases and homologous respiratory complex I (vide su-
pra).*® While the exact mechanism of the putative sensing
and signal transduction events is unclear, it could involve
intramolecular redox signaling via the enzyme’s FeS clus-
ters, possibly including the mentioned [4Fe-4S] center.



Finally, we like to highlight intriguing similarities between
the proposed protective mechanism and other metalloen-
zymes. Recently, a conserved cysteine residue was found to
shield the substrate binding site of an [FeFe] hydrogenase
from O: attack, thereby preventing active-site from ROS-
induced degradation.** While it is unclear how the for-
mation of this inactive but protected state may be triggered
by 02, active-site shielding was found to involve structural
reorganization remote from the active site and over-oxida-
tion of the [FeFe] center. Another example, even more sim-
ilar to HtSH, can be found in superoxide reductase (SOR), a
non-heme iron enzyme involved in the reductive detoxifica-
tion of 027.#>47 The active site of some SORs features gluta-
mate binding in the oxidized resting state,*8-51 thereby cre-
ating a coordinatively saturated active site that is unable to
take partin undesired side reactions that could, e.g., convert
the enzymatic H202 product into highly reactive «OH. Gluta-
mate binding is reversible upon reductive activation,*44%in-
volving a global rearrangement of the protein, which may
be relevant for inter-site communication during (de-)acti-
vation.*® In total, reversible binding of glutamate or other
suitable ligands, triggered by an off-site redox stimulus,
may represent a general mechanism for preventing unde-
sired reactions of catalytic metal sites with Oz or ROS.
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