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The catalytic mechanism of [NiFe]-hydrogenases is a subject of extensive research. Apart from at least four
reaction intermediates of H,/H* cycling, there are also a number of resting states, which are formed under
oxidizing conditions. Although not directly involved in the catalytic cycle, the knowledge of their molecular
structures and reactivity is important, because these states usually accumulate in the course of hydrogenase
purification and may also play a role in vivo during hydrogenase maturation. Here, we applied low-
temperature infrared (cryo-IR) and nuclear resonance vibrational spectroscopy (NRVS) to the isolated
catalytic subunit (HoxC) of the heterodimeric regulatory [NiFe]-hydrogenase (RH) from Ralstonia
eutropha. Cryo-IR spectroscopy revealed that the HoxC protein can be enriched in almost pure resting
redox states suitable for NRVS investigation. NRVS analysis of the hydrogenase catalytic center is usually
hampered by strong spectral contributions of the FeS clusters of the small, electron-transferring subunit.
Therefore, our approach to investigate the FeS cluster-free, *’Fe-labeled HoxC provided an

unprecedented insight into the [NiFe] site modes, revealing their contributions in a spectral range
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Accepted 11th December 2020 otherwise superimposed by FeS cluster-derived bands. Rationalized by density functional theory (DFT)

calculations, our data provide structural descriptions of the previously uncharacterized hydroxy- and
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water-containing resting states. Our work highlights the relevance of cryogenic vibrational spectroscopy

rsc.li/chemical-science and DFT to elucidate the structure of barely defined redox states of the [NiFe]-hydrogenase active site.

subunit of the heterodimeric functional unit, the [NiFe] active
site contains a Ni and an Fe ion bridged by two cysteine (Cys)

Introduction

Hydrogenases catalyze the reversible cleavage of dihydrogen,
thereby making use of earth-abundant transition metals.
Among them, O,-tolerant [NiFe]-hydrogenases are particularly
attractive in view of a remarkable catalytic performance under
usually inhibiting oxic conditions."* Buried deeply in the large
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residues; two additional terminal Cys bind exclusively to the Ni,
while two CN™ and one CO ligands participate in the coordi-
nation of the Fe (Fig. 1). H, splitting releases two protons that
are transferred to nearby proteinaceous H' acceptors. The
concomitantly released electrons are channeled through an FeS
cluster chain located in the small subunit to the hydrogenase's
redox partner.>” Although [NiFe]-hydrogenases have been the
subject of intensive research for decades, many questions
remained open regarding the nature of some resting states as
well as catalytically relevant intermediates. Infrared (IR) spec-
troscopy represents a valuable technique to monitor the redox-
sensitive CO and CN™ ligands of the active site, and electron
paramagnetic resonance (EPR) spectroscopy provides impor-
tant electronic and structural information on the active site
redox states.®® During catalysis, nickel serves as a redox-active
metal center, while iron retains an Fe"" low-spin configuration
throughout the entire catalytic cycle (Fig. 1, left panel).™®
However, some redox states are EPR-silent, and direct IR spec-
troscopic detection of possible hydride H™ and hydroxy OH™
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Fig. 1

(Left) Schematic representation of the subunit composition of the RH and the proposed catalytic cycle of [NiFe]-hydrogenases. The states

involved in the H; transformation include the Ni,—S intermediate that presumably binds H, in the bridging position between the nickel and the
ironions. H; splitting results in a two-electron reduced Ni,—SR state characterized by a bridging hydride. Release of one electron and one proton
results in a hydride-carrying Ni,—C species, which is a tautomeric form of the Ni;—L state. Release of another electron and a further proton
restores the Ni,—S intermediate.** Protonation of a terminal cysteine as well as the bridging hydride are highlighted in red. The Ni and its oxidation
state are depicted in green. (Right) Schematic representation of the [NiFe]-hydrogenase large subunit HoxC and proposed structures of its resting
states. The as-isolated HoxC protein occurs in a mixture of the Ni,—S, and Ni,—S;, species. One-electron oxidation results in the formation of the
Ni,—B” species. Protonation of the terminal cysteine, as found for the Ni,—SR and the light-induced Ni,—L intermediates (left panel), and the OH~/
H,O active site ligands assigned in this work are depicted in bold case letters.

bridging ligands at the active site is hindered by strong spectral
contributions of the protein and/or the solvent. Furthermore,
resonance Raman (RR) spectroscopy has also been applied for
the analysis of metal-ligand vibrations of [NiFe]-hydrogenase
intermediate states characterized by a vacant bridging posi-
tion between Ni and Fe (i.e. Ni,—-S and Ni,-L, Fig. 1)."%"*
Nuclear resonance vibrational spectroscopy (NRVS) is
a synchrotron-based technique that allows selective observation
of vibrational modes of Mossbauer-active nuclei. Using the *>’Fe
nuclear resonance at 14.4 keV, NRVS has provided valuable
structural information about [NiFe]-,*>** [FeFe]-,"*'* and [Fe]-
hydrogenases.” A typical NRV spectrum of [NiFe]-hydrogenase
comprises dominant bands of Fe-S(-Fe) stretching and
bending modes in the region between 100 and 420 cm ™, which
are mostly related to the FeS clusters of the electron transport
chain, as well as Fe-CO/CN stretching and bending modes of
the [NiFe] active site in the 400-650 cm ™" spectral region. Most
of the iron atoms in the enzyme are located in the FeS clusters;
therefore their spectral contributions surpass the signals of the
single active site iron. This results often in poorly resolved
signals of the Fe~-CO/CN modes, which have a relatively low
intensity. Furthermore, certain bands related to the FeS clusters
and the [NiFe] active site are superimposed, hindering their
unambiguous assignment.’>*>'®* Nevertheless, a combined
approach of NRVS and density functional theory (DFT) has

2190 | Chem. Sci, 2021, 12, 2189-2197

provided significant structural details of the [NiFe] active site in
catalytic intermediates, revealing the existence of a hydride-
containing Ni,—SR intermediate.™

Apart from H,-cycling intermediates, several resting states
are formed under non-turnover conditions." Although these
states are not directly involved in the catalysis, the knowledge of
their molecular structure is important, because they accumu-
late in the course of hydrogenase purification and often require
extensive reactivation procedures. Additionally, they may also
play a role in vivo during hydrogenase maturation protecting the
active site from redox inactivation.*

Recently, we isolated the catalytic subunit HoxC from the O,-
tolerant regulatory [NiFe]-hydrogenase (RH) of Ralstonia eutro-
pha. HoxC hosts exclusively the [NiFe] active site and exhibits
little activity due to the predominance of inhibited resting
states.”” Therefore, the HoxC protein is an ideal target for
a selective and detailed spectroscopic investigation of the
catalytic center in its resting states (Fig. 1) without interference
from the auxiliary FeS clusters. In this work, we applied low-
temperature IR and NRVS techniques together with DFT
calculations on the >’Fe-labeled HoxC protein to gain structural
information of these so-far poorly characterized [NiFe]-
hydrogenase states. We uncovered the vibrational bands of
the active site in a broad spectral range, previously super-
imposed by the Fe-S vibrations. This enabled us to define new

© 2021 The Author(s). Published by the Royal Society of Chemistry
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structural determinants of the catalytic center,
a bridging hydroxy-ligand and a protonated Ni-bound cysteine

namely

residue, as key elements of the two resting states. These new
finding may represent benchmarks for future NRVS studies on
site-selectively labeled hydrogenases as well as biomimetic
[NiFe] compounds.

Results and discussion

IR detection of CO and CN~ ligands of the [NiFe] active site at
ambient and cryogenic temperatures

The as-isolated HoxC protein (HoxC,;) contains a stoichiometric
amount of the [NiFe] active site, which resided in the
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Fig. 2 IR spectra of HoxC,;, HoxC.y and RH (top to bottom) taken at

283 K and 85 K. (a) IR spectral region characteristic of CO and CN
stretching modes recorded at 283 K. The spectrum of HoxC,; exhibits
spectral contributions of the Ni,—S, (red) and Ni,—S;, (dark blue) resting
states, respectively. The spectrum of RH is dominated by signals
attributed to the Ni,—S state (labeled in black). The IR data of HoxCqy
comprise contributions from two paramagnetic oxidized Ni,—B’ (minor
species) and Ni,—B” states labeled in purple and blue, respectively. (b)
IR spectral region characteristic of CO and CN stretching modes
recorded at 85 K for the same samples. Contributions from the cor-
responding CN absorptions of Fe(CN)g*>~ and Fe(CN)g2~ present in the
chemically oxidized HoxCox were subtracted for the sake of clarity.*®
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diamagnetic and isoelectronic Ni—S; and Ni,—S;; states at
ambient temperature (Fig. 1 and 2a)."** A previous study
showed that these states can be partially interconverted by
shifting the pH of the buffer.” This has been interpreted with
the presence of a protonatable bridging ligand at the active site,
attributed to a hydroxy (OH ") group (Fig. 1).2°> Native RH, for
comparison, resided preferentially in the Ni,-S state charac-
terized by a vacant bridging position and a CO absorption in the
IR spectrum at 1943 cm ™', which remains stable over a broad
pH range (Fig. S11)."** As NRVS is conducted under cryogenic
conditions (estimated sample temperature of 40-80 K), it is
advisable to record the corresponding IR spectra of the HoxC
and RH proteins at similarly low temperatures to allow a direct
comparison of the two spectroscopic techniques. In fact, the
mixture of the Ni,—S; and Ni,—S;; states, observed for HoxC,; at
283 K, converted into an almost pure Ni,—S; species at 85 K
characterized by a CO absorption at 1955 cm™ ' (Fig. 2b).
According to our previous interpretation,*® the Ni,~S; and Ni,—Sy
species just differ in the protonation state of the bridging ligand
(OH™ vs. H,0). Thus, cryogenic temperatures seem to stabilize
the hydroxy ligand (Fig. 1), which is presumably related to the
temperature-dependent changes of the active site surrounding.
The enrichment of the Ni,—S; state turns out to be reversible.
Indeed, setting the temperature of the HoxC sample to 298 K
(RT) restored the original Ni,—S;/Ni,—Sy; ratio (Fig. S2t). Native
RH, by contrast, retained a single CO absorption at 1946 cm ™"
in the IR spectrum, ie. it maintained the Ni,-S state at 85 K
(Fig. 2b). Thus, HoxC and RH exhibit different IR spectra both at
room temperature and under cryogenic conditions, reflecting at
least slightly divergent active site structures.

In our previous work, we showed that HoxC,; can be oxidized
by ferricyanide, revealing a species denoted as HoxCo.'
According to X-ray, EPR and DFT studies, standard [NiFe]-
hydrogenases form paramagnetic Ni'" species such as the Ni~
B state upon oxidation (Fig. 1)."** The IR spectrum of HoxC,,,
recorded at room temperature, displayed bands assigned to Ni,-
B-like species termed Ni,-B’ and Ni,-B’, respectively.” Low-
temperature IR measurements performed on HoxC, revealed
the Ni,~B” state, characterized by a CO absorption at 1979 cm ™,
as the predominant species at 85 K (Fig. 2b). The oxidation of
the nickel site was confirmed by EPR measurements (Fig. S31)."°
The fact that almost pure Ni,~S; and Ni,-B” states were observed
in HoxC,; and HoxC,,, respectively, allowed for establishing
DFT models, which were subsequently used to interpret the low-
temperature IR and NRV spectra.

DFT modeling of the HoxC active site in the Ni,—S- and Ni,-B-
like states

DFT calculations were used to model the structural details and
vibrational spectra of the [NiFe] active site in the HOXC,;/HOxXxCoyx
proteins. In the absence of experimentally resolved crystallo-
graphic structures of either HoxC or native RH, the DFT
modeling was based on the corresponding X-ray structure of the
membrane-bound hydrogenase (MBH) from the same
organism.”” The model setup is described in detail in the ESI}
Materials and methods. In comparison to the large subunit of

Chem. Sci,, 2021, 12, 2189-2197 | 2191
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MBH, our HoxC homology model revealed a larger active site
pocket with a lower number of contacts between the protein
side chains and the metal ligands (Fig. S41). The DFT calcula-
tions were performed for the reduced, diamagnetic Ni,-S-like
[Ni"Fe"] species with an overall spin of zero and for the
oxidized, paramagnetic Ni,~B-like [Ni""Fe''] state with a spin of
1/2. According to previous structural predictions for the
reversibly inhibited ready-states of [NiFe]-hydrogenases,"?*?°
our models contained a bridging hydroxy (LOH subscript in the
model notations) ligand at the active site (Fig. S5-S77). For the
Ni,~S species, local energy minima were also obtained with
awater molecule serving as either a metal-bridging (wH,0), a Ni-
terminal (Ni-H,0),>** or an Fe-terminal (Fe-H,O) ligand
(Fig. S8-S107). All models revealed a hydrogen bonding between
the guanidinium group of the conserved arginine residue and

Fig. 3 DFT models: (a) Nir—SﬁgH of the reduced Ni,-S, state, (b)
Ni—S}i_p,0 Of the reduced Ni—Sy state, and (c) Ni—Bjgy of the
oxidized Ni,—B” state, displaying the [NiFe] cofactor metal ligands and
their contacts with the nearby side chains in HoxC. For alternative
models and the entire HoxC homology model employed, see Fig. S4-
S10.+

2192 | Chem. Sci, 2021, 12, 2189-2197
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the alternative metal-bound pOH/H,O species (Fig. S6-S107).
The DFT model set was further extended by considering the
Ni-bound terminal cysteine Cys479 with either a protonated
thiol (SH superscript in the model notations), as, e.g., in the
Ni,~S\ o model shown in Fig. 3a, or a deprotonated thiolate (S,
as shown in Fig. 3b and S6-S10%). This is in line with the
proposed protonation of the corresponding cysteine residue in
the catalytically relevant Ni,—-SR and Ni,-L states of [NiFe]-
hydrogenases.>*** We also examined the second Ni-bound
terminal cysteine Cys60 as a possible protonation site. The
corresponding Ni,~S %" " model is shown in Fig. S6.7

Notably, the structural optimization of the Ni,~S, oz models
revealed an over-elongated bond between the Ni" ion and the
bridging sulfur ligand of Cys482,'?*%* whose length depended
on the protonation state of the Ni-terminal cysteines. The Ni,~
Shom, Nii—S5ig" 5™ and Ni,~Sjon models yielded Ni'™--S(Cys482)
distances of 2.7, 2.8 and 3.0 A, respectively, consistent with an
essentially lost coordination. All other Ni/Fe-S (Cys # Cys482)
distances remained within a narrow bonding range of ~2.2-2.4
A across the entire model set. No bond elongation or lost
coordination between the Ni™" ion and the bridging sulfur
ligand of Cys482 was found for the Ni,~B,oi models, as, e.g., in
the Ni,-Bjou model (Fig. 3c), in line with available crystallo-
graphic data.”* To account for the flexibility of the Ni coordi-
nation sphere, the present DFT models included explicitly the
two short CXXC protein sequence spacers spanning the two
cysteine pairs ligating the nickel (Fig. S41).

DFT reproduces the experimental IR spectra of the Ni,-S; and
Ni,-B” states of HoxC

DFT calculations based on the Ni,-Syon and Ni~Bjog models
(Fig. 3a and c, or S6 and S7t) predict CO and CN stretching
frequencies as well as relative IR intensities close to those
detected in the low-temperature IR measurements (Fig. 2b, S11a
and b¥). While the absolute positions of the DFT-simulated CO
and CN bands in proteins commonly rely on a linear fit proce-
dure (described in the ESI} Materials and methods), the corre-
sponding direction of band shifts is independent of the fitting
procedure and reflects a polarization of the Fe-bound CO/CN™
ligands. Thus, a charge increase of 1+ per active site unit results
in a predicted blue-shift of the CO stretching frequency of ~20-
30 cm™'. This is reflected by the simulated IR bands from
a series of models at three levels of charge, i.e. (i) Ni,~Syon, (ii)
Ni,~Bion/Ni-S5hy; and (iii) Ni,~Biry (Fig. S111). The blue shift
of ~20-30 cm ™" is in a good agreement with the experimentally
monitored spectral shift of 24 cm™" observed for the Ni-S,
(HoxC,;) and Ni,~B” (HoxC,y) states (Fig. S11a and bt). This is
consistent with the oxidation of the nickel ion from Ni" to Ni'™
for the Ni,-S; to Ni,-B” conversion (Fig. S37),**** assuming
that the protonation status of Cys479 was unchanged. Alto-
gether, the experimental and theoretical data are consistent
with a total charge increase of 1+ at the [NiFe] active site when
moving from HoxC,; to HoxCyy. Thus, the comparison of the
experimental and DFT-computed IR spectra does not allow
a conclusive statement whether or not Cys479 is protonated.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The low-temperature IR spectrum of HoxC,; also revealed
traces of the Ni,—Sy; species, identified through the CO band at
1943 cm ™', which is shifted just by 12 cm™ " compared to the CO
band at 1955 cm ™" of Ni,~S; (Fig. 2b). Therefore, the Ni~S; and
Ni—Sy; states carry rather an identical charge. Among the
different Ni,—S models explored, a red-shifted CO band with
the same active site charge was computed assuming
a terminal H,O ligand at the Ni ion and a deprotonated Cys479
(Ni,—S}i_y,0» Fig. 3b, S12t and 1). The relative energy difference
between the Ni—Sy_y, and Ni-Spop models is just
2.0 kcal mol™'. Thus, the corresponding Ni,—Sy and Ni,—S;
species may coexist in a temperature-dependent dynamic
equilibrium with a slight preference for Ni,-S; (Fig. S21). Yet, an
alternative rationalization of the minor red-shifted Ni—Sy is
that it represents a species singly deprotonated with regard to
the Ni,-S; state, still carrying the bridging hydroxy ligand (Ni,—
Sion vs. Ni-Spou, Fig. S11af). A recent computational study
supported the Ni,~Syon and Ni,—S¥; y,0 active site assignment
for the Ni,—S;; states.®

Experimental and DFT-computed NRV spectra of the active
site in HoxC,; and HoxC,, proteins

The NRV spectra of *’Fe-enriched HoxC,; and RH are shown in
Fig. 4. As native RH has three [4Fe4S] clusters, bands originating
from the FeS clusters dominate the corresponding spectrum.
The spectral contributions of the [NiFe] site are relatively weak
and visible only in the high-frequency region of 420-600 cm "
(Fig. 4).* Further details about the NRVS characterization of RH
are provided in the ESI Supplementary results and Fig. S13 and
S14.1 The most intense active site bands in RH are detected at
553 cm ™' and 596 cm ' and are attributed mainly to Fe-CO
stretching and bending modes."? Bands below 530 cm ™, which
are due to Fe-CN and mixed Fe-CO/CN modes, could not be
properly resolved due to their relatively low intensity.

NRYV spectra for the HoxC,; and HoxC,y samples were ob-
tained under conditions identical to those applied for the
cryogenic IR measurements. The NRV spectrum of the HoxCy;
sample, which mostly resided in the Ni,-S; state (Fig. 2b),
comprises main bands at 554, 600 and 612 cm™ ' in addition to
features at 507, 474, 445 and 427 cm ' (Fig. 4). The corre-
sponding spectrum of HoxC,y, which mostly resided in the Ni,—
B’ state (Fig. 2b), is shown in Fig. S15.1 Due to the absence of
the FeS clusters, the observed bands could be attributed
exclusively to the [NiFe] center. This also led to a notable
increase of the intensity of the characteristic Fe-CO/CN vibra-
tions in the ~400-600 cm™" region compared to the RH spec-
trum (Fig. 4, red shaded rectangle). Moreover, we also observed
the spectral contributions of the active site in the low-frequency
region with a main band at 180 cm ™. This spectral region of the
HoxC NRV spectrum (Fig. 4, 5 and S151) is shaped by the (i)
torsional/‘breathing’ modes of the cofactor (~150-220 cm™ "),
(ii) [NiFe] core displacements relative to the protein framework
(~50-150 cm 1), and (iii) displacements of the cofactor in phase
with the nearby side chains or ‘acousticc modes (below
~50 cm '). The intermediate-frequency region (~250 to
400 cm ™), containing high-intensity FeS cluster bands in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 NRVS partial vibrational density of states (PVDOS) of >’Fe-
labeled RH (bottom) and its large subunit HoxC (top), in their isolated
forms, normalized to an integrated PVDOS of 3. Different spectral
regions are indicated with arrows using the following color code: red,
bands related to Fe—CO/CN of the [NiFe] active site; orange, bands
related to [NiFe] site/protein modes; blue, bands related to Fe—uS
modes involving bridging cysteines; olive, bands related to the Fe-S
modes of the [4Fe4S]-clusters. Representative bands in the RH and
HoxC spectra are labeled with numbers in black. The corresponding
NRVS data including the error bars are presented in Fig. S20.}

uniformly *’Fe-labeled RH spectrum, is largely free of distinct
bands of HoxC. The only vibrations of a similar type in the active
site are Fe-uS(Cys) stretching modes of the two bridging cyste-
ines, detectable in the region of 270-380 cm™' (Fig. S19g7).
These contributions cannot be detected in the presence of
(NRV-active) FeS clusters (Fig. 4). Consistent with low-
temperature IR spectroscopic measurements (Fig. 2b), the
spectral differences of the NRVS data indicate that the catalytic
centers of RH (Ni,-S) and HoxC,; (Ni,—S;) reside in different
states (Fig. 1).

The DFT models described above (Fig. S6-S10t) were used to
generate the *’Fe-PVDOS profiles of the HoxC,; and HoxCoy
proteins in the Ni—~S; and Ni,~B” states, respectively (Fig. S16
and S171). Fig. 5 shows a comparison of the HoxC,; experi-
mental spectrum (0-700 cm™ " region) with the DFT-calculated
spectra based on the Ni,—S models. The computed data based
on the Ni,-S)oy and Ni,~S6y models - both carrying a bridging
hydroxy group - reproduce the experimental spectrum very well
(Fig. 5a, S16 and S187).

Yet, an alternative hydroxy-bridged Ni,—S model in which
Cys60 is protonated (Ni,~S55i5" ") revealed a distinet ~20 cm ™"
splitting of the high-intensity ~550 cm ™" band and is therefore
rather incompatible with the experimental spectrum (Fig. 5b).
All the other models, carrying either bridging H,O (Nirfsﬁgzo
and Nirfsﬁgzo, Fig. 5¢), a terminal, Fe-bound water molecule
(Ni,—S§._y,0 and Ni—SPf ,, , Fig. 5d) or a terminal, Ni-bound
water molecule (Ni—S¥;_y; o, and Ni—S}{ ;; , Fig. 5e), led to
>’Fe-PVDOS signatures with an inferior match to the experi-
mental spectrum of HoxC,;. A closer examination of the low-
frequency region (0-200 c¢cm™') revealed that the Ni-~

Chem. Sci., 2021, 12, 2189-2197 | 2193
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— HoxC,; NRVS (reiterated)

E— H Cys60-SH
N'r'SpOH >

; Cys, Cys
— Ni-Synz0°" yoeo~sg s Cys
¢ . s Ni'-SXE ",CO
==== Nir-Syn20™" Cy5479\(ﬁ)/ \,o:’ \NCN
H

; SH
— Ni-Spe.r20

==== Ni-Spe-n20

: SH
Ni-Sni.H20

-=== Ni-Sni.20

T 1

800
Wavenumber (cm™)

Fig. 5 Comparison of the experimental NRV spectrum of the HoxC,; sample (Ni,—S, grey trace reiterated in (a—e)) overlaid with the corre-
sponding DFT-calculated *’Fe-PVDOS bands using alternative [Ni"Fe"] models, schematically shown on the right side of the spectra. The
DFT spectra derived using either protonated (solid lines) or deprotonated (broken lines) Cys479 are shown for the following models (a) best-fit
Ni,=S8n and Ni—Ston (Fig. S61); (c) Ni— SquO and Ni— SHH o (Fig. S8%); (d) Ni—S 0 and Ni— -Se mo (Fig. S91); (e) Ni— Sort e and
Ni—S{i_,0 (Fig. $107). The DFT spectrum derived from the alternative hydroxy model with protonated Cys60, Ni,—Sc&i5°" SH is hrghllghted in (b).
Both pOH™ models in (a) reproduce the experimental data in the Fe~CO/CN region above 400 cm™. Minor differences in the low-frequency
spectral region around 180 cm™! (Fig. S16+) strengthen the Ni,— SMOH model, in line with the better prediction of the experimental IR absorptions

for the CO and CN stretching modes (Fig. S11a¥).

Sion model, which carries a protonated Cys479, provides

a more accurate fit (solid line in Fig. 5a) to the experimental
spectrum than the unprotonated form (Ni,~Syon, dotted line in
Fig. 5a, see also Fig. S16%). In this respect, the shape and
position of the high-intensity band at ~180 ecm ™" in the calcu-
lated HoxC spectrum were found remarkably sensitive to the
specific fOH ™ /(1/Ni-/Fe-)H,O ligand coordination as well as to
the protonation of the Ni-bound terminal cysteine(s) (Fig. 5 and
S16%).

Analogously to low-energy NRVS maxima in the spectral
region characteristic of FeS clusters, preferentially attributed to
S-Fe-S bending vibrations (Fig. S13 and S14at),"**® the active
site normal modes forming the ~180 ¢cm™" band comprise

2194 | Chem. Sci, 2021, 12, 2189-2197

‘delocalized’ Cys(S)-Ni/Fe—(S)Cys bending modes involving
entire side chain motions of the four cysteines. Additional
details on the effects influencing the >’Fe-PVDOS profiles are
provided in the ESI} Supplementary results. The experimental
spectrum of HoxC, was best reproduced by DFT-computed data
based on the Ni— BHSH model, which contains a protonated
Cys479 cysteine (Fig. S17t). Thus, the Ni,~S; and Ni,-B” states
differ only in the oxidation level of the Ni ion, and the Ni,-S; to
Ni,-B” transition represents a one-electron oxidation of Ni"

Nji'",202236 This is fully consistent with our DFT-supported IR
analysis (Fig. 2b and S11f) and the EPR measurements
(Fig. S31). Accordingly, the NRVS data of the HoxC,x sample
revealed red-shifts of 8-15 cm ™' of bands in the region above

© 2021 The Author(s). Published by the Royal Society of Chemistry
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HoxC,, 15 cm™
HOXCOX — -1

DFT Ni-S o1
DFT Ni-B, oy

2cm’”’

500 550 600

Wavenumber (cm™)
Fig. 6 Comparison of the experimentally observed and DFT-calcu-
lated >’Fe-PVDOS bands in the 400-650 cm™* spectral region for
HoxC, and HoxCy. Experimental spectra (top: red trace, HoxC,;; blue
trace, HoxC,y) are compared to their DFT-calculated counterparts
based on the corresponding models that contain either protonated
(middle: Ni,—S:8 and Ni,—B3, states) or deprotonated Ni-bound
terminal cysteine (bottom: Nir—SﬁaH and Ni,—BﬁaH states). Bands
calculated using Nir—SﬁgH and Nir—BﬁgH models are in better agree-
ment with the NRVS data, including their shift magnitudes marked in
the figure. The corresponding NRVS data including the error bars are
presented in Fig. S20.}

500 cm ' dominated by the Fe-CO stretching vibrations
compared to the HoxC,; sample (Fig. 6), thereby reflecting the
oxidation of the active site.

View Article Online
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The red-shifts of this magnitude are predicted by the cor-
responding DFT models with protonated Cys479 (Ni,~Shou —
Nir—BﬁgH). The related models without terminal cysteine
protonation (Ni,~S;jon — Ni—Bjou) revealed smaller band
shifts, which do not reflect the experimental data (Fig. 6).
Notably, while the oxidation of the active site led to a red-shift
of the Fe-CO/CN vibrations in NRVS (Fig. 6), a blue-shift was
observed for the IR stretching frequencies of the active site
CO/CN" ligands (Fig. 2b). This can be rationalized by charge
polarization effects at the Fe site. Stronger bonds within the
diatomic ligands, reflected by the blue-shifted IR bands
related to the CO and CN stretching vibrations, imply, in turn,
weaker Fe-CO/CN bonds, resulting in a red-shift of the cor-
responding NRVS bands. The accurate prediction of this
redox-dependent vibrational shift relies on the inclusion of
explicit interactions between the HoxC protein environment
and the [NiFe]-cofactor, as confirmed by our computational
test using an alternative minimal model omitting all the
residues except the four cysteines directly coordinating the
two metals (ESI Supplementary results and Fig. S18c¥).

Taking advantage of the good agreement between the
experimental and computed vibrational spectra, we were able to
unveil the most prominent bridging hydroxy nOH™ displace-
ments in the active site of HoxC (Fig. S197). The largest pOH ™~
displacements were correlated with the pO(H)-PVDOS profile
(Fig. S19bt). In the corresponding Ni,~S5on/Ni~Bjog models,
we deduced Ni-pOH stretches at 506/494 cm ™" (Fig. S19¢t), Fe~
UOH stretches at 424/409 cm ™' (Fig. S19dt), and Ni-pOH-Fe
wagging modes at 284/268 cm ', in which the pOH™ ligand
moves perpendicularly to the Ni-Fe axis of the active site. The
most relevant Fe/Ni-pOH modes are depicted in Fig. 7. In spite
of their inherently low >’Fe-PVDOS intensities, the Ni-pOH and
Fe-plOH stretches gain intensity via vibrational coupling to the
Fe-CO/CN coordinates. They are associated with the

Fig. 7 Arrow-style representation of important Fe/Ni—pOH vibrational modes from representative DFT models for the Ni,—S; (model Ni,—
SﬁgH, top) and Ni,—B” (model Ni,—BSH,,, bottom) states. The corresponding vibrational energies (cm™?) are indicated in the top left of each panel.

it

Left to right: Ni-pnOH-Fe wagging, Fe—pOH stretching, and Ni—pOH stretching modes. The stick-style mode intensities relevant to the inter-
pretation of the >’Fe-PVDOS spectra are marked in Fig. $18b and S19b—d.f Animations of these and other normal modes are available as part of

the ESL}

© 2021 The Author(s). Published by the Royal Society of Chemistry
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experimental NRVS features at 507/502 (Ni-pOH) and 427/
420 cm~' (Fe-pOH) of Ni~Sy/Ni~B", respectively (Fig. S16a/
S17at). Because of their relatively low intensities, no specific
bands in the experimental NRV spectra could be confidently
associated with the essentially pure Ni-uOH-Fe wagging
modes.

Conclusions

With the present study, we provide insight into the active site
structure of two interconvertible redox states of a [NiFe]-
hydrogenase active site by means of vibrational spectroscopy
and concomitant DFT calculations. Specific >’Fe enrichment of
the catalytic subunit HoxC of the regulatory [NiFe]-hydrogenase
from R. eutropha resulted in a strong enhancement of the active
site spectral features, as revealed by NRVS analysis. The absence
of FeS clusters enabled the observation of low-intensity Fe-CO/
CN modes as well as active site bands usually superimposed by
the strong spectral contribution of FeS cluster signals. By
combining NRVS with cryo-IR spectroscopy, we targeted the two
hydroxy-bridged Ni,—S; and Ni,~B” states of the [NiFe] active site,
which turned out to differ just in the oxidation state of the Ni
ion. In fact, the two DFT-based homology models of the catalytic
center Ni~Sjon and Ni-Bjou, comprising a bridging OH™
ligand and a protonated terminal cysteine, reproduced accu-
rately the active site bands obtained by NRV and cryo-IR
spectroscopy.

Previous studies suggested a protonatable bridging hydroxy
ligand between Ni and Fe ions in the Ni-S state(s),>"?>3*
whose removal produces a catalytically competent Ni,-S inter-
mediate.**** Our results provide structural details for these
states, including a protonated terminal cysteine, which is
consistent with previous studies supporting a conserved
protonation state in the Ni,-B and Ni,-S; resting states.>>*%3*>
Additionally, the presence of an acid-base couple (OH™ and H")
at a close distance in the HoxC active site suggests that water
removal might be a crucial step of hydrogenase maturation.
This step might be mediated by the attachment of the FeS-
carrying small subunit, enabling the formation of H,-metabo-
lizing catalytic intermediates. Recent results on the in vitro
assembly of large and small subunits of RH from R. eutropha
seem to corroborate this mechanism.*

Another important outcome of the present work is that
temperature has a strong impact on the equilibrium distribu-
tion of the enzymes' redox states. Therefore, samples measured
at ambient temperature by, e.g., IR spectroscopy, should be
used with care as a reference for experiments performed at
cryogenic temperatures. This conclusion proved to be valid also
for [FeFe]-hydrogenases.**** It can probably be extended to the
structural characterization of other biological and synthetic
catalysts, where spectroscopic measurements at room temper-
ature, e.g. IR, UV-visible, are used to interpret data collected
using cryogenic techniques, including EPR and synchrotron-
related X-ray crystallography, NRVS and XAS.

In summary, our study demonstrated the power of advanced
vibrational spectroscopic techniques at cryogenic temperatures
in combination with DFT calculations to elucidate the

2196 | Chem. Sci., 2021, 12, 2189-2197
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molecular active site structure of metalloenzymes. Here, we
enriched and studied two hydroxy-containing redox states of
[NiFe]-hydrogenases. In case catalytic intermediates can be
trapped in a similar manner, this strategy will be useful to
unravel their corresponding active site architectures.
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