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[NiFe] hydrogenases are key enzymes in the hydrogen
metabolism in many microorganisms and oxidize molecular
hydrogen reversibly at a heterobimetallic active site. The
released electrons are usually transferred through three iron—
sulfur clusters to the physiological redox partner."? The
catalytic center has two metal ions Ni and Fe, which are
bridged by two cysteinyl thiolates. Two further are bound to
the Ni while the Fe is additionally coordinated by three
diatomic ligands: one CO and two CN~.F! Different redox
states of the bimetallic center are largely defined by the
oxidation state of the Ni and the chemical nature of an
additional ligand at a third bridging position between the two
metals, which serves as the cleavage site for hydrogen.*!
Flucidating fundamental processes of microbial energy
conversion is essential to promote biotechnological applica-
tions of hydrogen as a clean fuel.’! In this respect, a compre-
hensive understanding of the catalytic mechanism of hydro-
genase requires the characterization of the active site
structure of the species involved. Electron paramagnetic
resonance (EPR) and infrared (IR) spectroscopy are well-
established techniques for probing the various states of the
catalytic cycle.”"! However, both methods are associated with
inherent limitations. EPR spectroscopy is restricted to para-
magnetic Ni states, whereas information about the active site
Fe (Fe", S =0) is largely inaccessible. IR spectroscopy probes
all states of the active site by exploring the stretching
vibrations of the diatomic ligands of the Fe. Thereby, it
senses variations of the electron density distribution in the
bimetallic complex, albeit without immediate insight into the
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structure of the [NiFe] center. In this respect, resonance
Raman (RR) spectroscopy may be a powerful complemen-
tary technique as it allows the vibrational modes that involve
the metal ions to be probed selectively, and thus, directly
reflects the structural and electronic properties of the [NiFe]
site.”

Herein we demonstrate, for the first time, the capability of
RR spectroscopy to provide novel insights into the active site
structure of a [NiFe] hydrogenase within a concerted exper-
imental and theoretical approach. In view of the availability
of crystal structure data and previous in-depth IR and EPR
spectroscopic studies, we have chosen the oxygen-tolerant
membrane-bound hydrogenase (MBH) from Ralstonia eutro-
pha H16 (Re) as a model system.>!

RR spectra of H,-reduced MBH, measured with a 458 nm
excitation at 79 K, display distinct vibrational bands between
400 and 650 cm™' (Figure 1 A, black line), whereas compara-
ble signals are not observed in the spectrum of the oxidized,
as-isolated (untreated) enzyme. The monitored bands appear
in the spectral range characteristic of Fe—CO/CN stretching
and bending modes,"”! as also reported for hydrogenase
model compounds.""! Contributions from iron-sulfur clus-
ter modes can be excluded as they are lower in frequency and,
owing to the resonance enhancement through S—Fe charge-
transfer transitions, primarily detectable in the oxidized
states." These conclusions are supported by Raman spectra
calculated for the active site of the MBH by means of a hybrid
quantum mechanical/molecular mechanical (QM/MM)
model that was recently constructed on the basis of a compu-
tationally refined crystal structure of reduced MBH (for
computational details, see the Supporting Information
SI5).2" In these calculations, RR intensities were approxi-
mated according to the contribution of Fe—CO coordinates to
the potential energy distribution (PED) of individual modes
to mimic the resonance enhancement by the metal-ligand
charge-transfer transition. Indeed, spectra calculated for
various states of the active site display distinct bands between
400 and 650 cm ™, that is, in the range of the experimental RR
bands (see Figure 1). Both the vibrational assignment and the
assumption that an Fe —CO charge-transfer electronic tran-
sition is the origin for the resonance enhancement of these
bands is confirmed by the RR spectrum of *C-labeled H,-
reduced MBH (Figure 1A, red line), which displays distinct
isotopic shifts for all major bands, as predicted by the QM/
MM calculations (Figure 1B-D, red lines). Only small
isotopic shifts, on the order of 1 cm™', are observed upon
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Figure 1. Left panel: A) Experimental RR spectra of H,-reduced MBH, obtained with a 458 nm excitation, and calculated Raman spectra of the
[NiFe] active site for B) Ni-L, C) Ni,-C, and D) Ni,-SR. Black trace non-labeled species; red trace *C-labeled species. Bands marked with an
asterisk are related to the superposition of two closely adjacent normal modes (see Table 1) and, thus, the corresponding isotopic shifts are
deduced from the apparent band maxima. Right panel: active site structure models of B) Ni-L, C) Ni,-C, and D) Ni,-SR.

>N labeling, which is in line with the calculations (see Like most other hydrogenases, H)-reduced MBH has
Table 1). Based on these findings, the bands observed in the  a mixture of catalytically active redox species as detected by
RR spectrum can be evidentially assigned to bending and IR spectroscopy:['! Ni,-C is the paramagnetic (Ni', S =1/2)
stretching modes of the {Fe(CO)(CN™),} moiety as also key intermediate in hydrogen cycling of [NiFe] hydrogenases,
proposed in a recent nuclear resonance vibrational spectros-  carrying a hydride ligand at the third bridging site between
copy (NRVS) study.!"®! the two metals."® In contrast, the fully reduced Ni,-SR state,

Table 1: Experimental frequencies and isotopic shifts of the active site modes of H,-reduced MBH and calculated values for Ni-L, Ni,-C, and Ni-SR (in
cm™).B

Normal mode Experiment Calculated

description® Ni-L Ni,-C Ni,-SR

(NI-L) 'IZC’ 'I4N A'\SC A'\SN 'IZC, 'I4N A'ISC A'ISN 'IZC’ 'I4N A'I}C A'ISN 12C, 'I4N A'\SC A15N

8(Fe-C-O/N) 410 -10 -1 403 -12 =2 421 12 =2 425 12 =2

d(Fe-C-Nay) 447 -2 —4

V(Fe-CNpy) 447 =10 =1 432 -1 -3 455 _ B 458 —12 -2

%E:_’gb'\;m) 496 -13 513 14 1 511 -6 -2 517 15 -2
552 -10  nald - - - 545 —4 -1 548 -3 -1

8 (Fe-C-0) 559 Yy B 565 -10 -1 572 -6 -1 568 -5 0

v(Fe-CO) 567 -15 -1 577 -3 -1 578 —4 -1
568 n.al 0 - - - 590 -16 0 596 -16 0

625 - -
v(Fe-CO) 609 -8 0 612 -7 -1 623 13 628 -12 0
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which most likely carries the hydride ligand as well,[*! is EPR-
silent (Ni", S=0). This species consists of up to three sub-
states, which presumably differ in their protonation and spin
state or their interaction with the protein environment.*!
In principle, both Ni,-C and Ni,-SR may contribute to the
RR spectrum. At low temperatures, however, irradiation of
Ni,-C with visible light, such as the Raman probe beam at
458 nm, may cause dissociation of the bridging hydride,"*
thereby forming the so-called Ni-L state (Ni', S=1/2),
another potentially active intermediate, which also includes
up to three sub-states."™! To mimic the conditions of the RR
experiments, we have recorded low-temperature IR and EPR
spectra in the dark and under constant irradiation at 460 and
455 nm, respectively. The observed signals in the “light-
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Figure 2. Light-induced low temperature difference spectra “light-
minus-dark” of H,-reduced MBH, obtained by A) IR and B) EPR
spectroscopy. The black signals refer to Ni,-C and light gray signals
refer to Ni-L.

minus-dark” difference spectra (Figure 2) can be assigned on
the basis of previous studies:'"*! CO/CN stretching vibra-
tions and g-tensor components displayed in gray, represent
the fraction of the enzyme in the Ni-L state formed at the
expense of the Ni,-C state (black), as indicated by the inverse
sign of the spectroscopic features. These findings show an
essentially complete Ni,-C—Ni-L conversion, thereby
excluding a contribution of the Ni,-C state to the RR
spectrum shown in Figure 1 A.

The spectroscopic experiments on the MBH were further
extended to different reducing conditions (see Supporting
information). IR spectroscopy indicates that the contribution
of Ni,-C strongly increases at the expense of Ni,-SR, if the
fraction of H, in the gas mixture is decreased from 100 to 5%,
reflecting the higher reduction potential of Ni,-C.'"! How-
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ever, RR spectra recorded under both conditions were found
to be identical in terms of band frequencies and intensities
(see Figure SI6), indicating that equal amounts of the same
redox state are probed under both conditions. This situation
suggests that equilibria between all the reduced states are
altered in favor of the detected species during the RR
experiment, which is best explained by an efficient photo-
conversion into the Ni-L state caused by the Raman probe
beam. Indeed, the RR signals vanish if the temperature is
raised above 200 K, in line with the previously reported
thermal decay of Ni-L.® Thus, we conclude that the RR
spectra of H,-reduced MBH solely reflect the Ni-L state
whereas the resonance enhancement of the Ni,-C and Ni,-SR
species is too weak to give rise to detectable RR signals at
458 nm.

Further support for this assignment is derived from the
comparison with Raman spectra calculated for different
redox, spin, and protonation states of the active site. The
calculated spectra of most of these species differ substantially
from the experimental spectrum and, thus, a more detailed
inspection is restricted to the calculated spectra of the Ni,-C,
Ni-L, and Ni,-SR states. For the Ni-L and Ni,-SR states
protonation at the Cys597 sulfur is assumed (Figure 1B-D).
Consistent with the calculations for all three species (see
Supporting Information), the strongest band in the exper-
imental spectrum (559 cm™!) reflects two closely spaced
modes of predominant Fe—CO bending and stretching
character. However, only calculations for Ni-L reproduce
both the experimental frequency and the "*C isotopic shift
(Av) very well, whereas the calculations for Ni,-C and Ni,-SR
over- and underestimate the frequency and the isotopic shift,
respectively. Also the prominent Fe—CO stretching mode,
observed at 609 cm™' (Av=-8cm™') in the experimental
spectrum, is in good agreement with that calculated for Ni-L
(612cm™, Av=—7 cm™), in contrast to the distinctly over-
estimated values for Ni,-C and Ni,-SR. The calculated spectra
of Ni-L also provide the best agreement for the Fe—CN
bending (and stretching) modes in the RR spectrum below
550 cm™!. Thus, the comparison with the calculated spectra
confirms that RR spectroscopy exclusively probes the Ni-L
state under the experimental conditions employed. Note that
the good agreement with the spectrum calculated for Ni-L
only refers to the species with a protonated Cys597 (see
Supporting Information), thereby giving the first experimen-
tal indication of the previously proposed protonation of
a terminal cysteine ligand in the active site of [NiFe]
hydrogenases.””

According to the above observations, the amount of Ni-L
probed by RR spectroscopy is independent of the initial Ni,-
C/Ni,-SR ratio. Since Ni,-C is in equilibrium with Ni,-SR,
photoconversion of Ni,-C could cause a depletion of the Ni,-
SR state if the thermal Ni,-SR —Ni,-C redox transition took
place at 79 K. However, this transition can be excluded since
the “light-minus-dark” IR difference spectrum in Figure 2
does not display any negative signals arising from Ni,-SR.
Moreover, this thermal reaction would result in an overall
increase in paramagnetic species upon irradiation, which is
not observed in the corresponding EPR difference spectrum
(see Figure 2). Thus, we conclude that there is a yet unknown

Angew. Chem. Int. Ed. 2013, 52, 51625165


http://www.angewandte.org

direct photochemical reaction from Ni,-SR to Ni-L that
becomes an efficient reaction channel only under high photon
flux, for example during the RR experiments.

In conclusion, we have presented the first RR spectro-
scopic characterization of the active site of a [NiFe] hydro-
genase, thereby introducing a novel technique that might also
be applied to the characterization of [Fe] and [FeFe] hydro-
genases. Herein, RR spectroscopy was shown to provide
valuable structural and mechanistic insights by directly
probing Fe—CO/CN vibrational modes which reflect bonding
properties of the catalytic center that are considered to be key
parameters in the hydrogen cycling of hydrogenases.”!
Although these Fe-ligand modes are also detectable in
NRVS experiments,'® this experimentally more demanding
technique suffers from a significantly lower spectral resolu-
tion that prevents an identification of specific states of the
active site. Conversely, RR spectroscopy allows for an
unambiguous redox-state assignment and, thus, a specific
characterization of individual species. In concert with com-
plementary spectroscopic and advanced theoretical methods,
this technique also provides valuable information on subtle
but important details of the active site. This includes first
experimental indications for the presence of a protonated
terminal cysteine residue at the active site in the Ni-L state
and the possibility of a direct photoconversion of Ni,-SR into
Ni-L. Thus, this integrated approach is capable of elucidating
structural and electronic details beyond the level of crystallo-
graphic data.l'”!
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