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ABSTRACT: [FeFe]-hydrogenases are metalloenzymes that
reversibly reduce protons to molecular hydrogen at exceptionally
high rates. We have characterized the catalytically competent
hydride state (Hhyd) in the [FeFe]-hydrogenases from both
Chlamydomonas reinhardtii and Desulfovibrio desulfuricans using
57Fe nuclear resonance vibrational spectroscopy (NRVS) and
density functional theory (DFT). H/D exchange identified two
Fe−H bending modes originating from the binuclear iron cofactor.
DFT calculations show that these spectral features result from an
iron-bound terminal hydride, and the Fe−H vibrational
frequencies being highly dependent on interactions between the
amine base of the catalytic cofactor with both hydride and the
conserved cysteine terminating the proton transfer chain to the active site. The results indicate that Hhyd is the catalytic state one
step prior to H2 formation. The observed vibrational spectrum, therefore, provides mechanistic insight into the reaction
coordinate for H2 bond formation by [FeFe]-hydrogenases.

■ INTRODUCTION

Hydrogenases are enzymes that catalyze the reversible
oxidation of molecular hydrogen and reduction of protons
with high turnover frequencies under physiological condi-
tions.1,2 The [FeFe]-hydrogenases exhibit exceptional activity
in both catalytic directions (>10 000 s−1 for DdHydAB),3 in
part due to the unique structure of their active site cofactor.
The active site of [FeFe]-hydrogenase, the “H-cluster”,1,2

consists of covalently linked binuclear [2Fe]H and iron−sulfur
[4Fe-4S]H subclusters (Figure 1). The Fep and Fed sites of
[2Fe]H, respectively proximal and distal to [4Fe-4S]H, are
bridged by a CO ligand and an azadithiolate (ADT) cofactor,
the latter also providing the nitrogen base of the frustrated
Lewis pair crucial to H2 conversion processes.

4−6 Fed, the site at
which hydrogen binds, is the Lewis acid.7,8 Many previous
experimental and theoretical studies9−12 implicate a Fed−Hh···
HA−NADT species as the key intermediate leading to H−H
bond formation (Figure 1A). Despite its mechanistic
importance, however, experimental characterization of such
H···H interactions in the enzyme has not been available so far.
Here, we show that under reducing conditions at low pH, the

[FeFe]-hydrogenases from Chlamydomonas reinhardtii
(CrHydA1) and Desulfovibrio desulfuricans (DdHydAB) both
exhibit species with these key Fed−Hh···HA−NADT interactions.
These turnover conditions give high steady state levels of the
terminal hydride bound state, Hhyd, by maximizing the rate of
electron and proton transfer to the hydrogenase, such that the
last step in hydrogen formation becomes rate limiting.
The ADT entity is situated at the terminus of a proton

transfer pathway (Figure 1B). Protons are relayed to the active
site from the protein surface via conserved residues (Glu144/
159, Ser189/198, Glu141/156, and finally Cys169/178
respectively in CrHydA1/DdHydAB, here and below).15,16

The proton transfer chain is conserved in both algal and
bacterial [FeFe]-hydrogenases.16 In contrast, the electron
transport chains, containing accessory Fe−S clusters leading
to [4Fe-4S]H, vary significantly between organisms. For
example, CrHydA1 lacks accessory clusters altogether, while
DdHydAB contains two additional [4Fe-4S] clusters, and the
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bidirectional hydrogenase from Clostridium pasteurianum
(CpHydA1) contains one [2Fe-2S] and three [4Fe-4S] clusters.
The thiol of Cys169/178 interacts via hydrogen bonding

with the bridgehead NADT nitrogen of the ADT cofactor.
Exchanging this cysteine for another amino acid can abolish or
severely reduce the activity of [FeFe]-hydrogenases, as seen
with the C299S variant of CpHydA1,16,17 and the C169A and
C169S variants of CrHydA1,7,17 whereas C298D of hydro-
genase from Clostridium acetobutylicum (CaHydA) retains
significant activity.18 Modification of the proton transfer
pathway by artificial maturation with complexes that substitute
the −NH− ADT bridgehead with −O− (ODT) or −CH2−
(PDT) also causes nearly complete loss of activity.1,19

Along with decreased activity, modification of the proton
transfer pathway can stabilize states that are otherwise elusive,
including some with unusual IR signatures now assigned as
Hhyd.

7,17 The Hhyd state is thought to feature a reduced

[4Fe-4S]H
+ subcluster and a homovalent Fep(II)Fed(II)

binuclear [2Fe]H site, with a hydride Hh bound in the apical
position on Fed.

20

In previous work, we used nuclear resonance vibrational
spectroscopy (NRVS) to examine the [257Fe-ODT]H-CrHydA1
Hhyd species.

21 NRVS is a synchrotron-based X-ray technique
that involves observation of vibrational sidebands that occur in
combination with nuclear transitions.22−24 57Fe NRVS is
particularly useful for vibrational analysis of Fe-containing
enzymes because it is only sensitive to normal modes with 57Fe
motion. Using the recently developed method of artificial
maturation of [FeFe]-hydrogenase with [257Fe]H-labeling
makes the technique completely selective for the normal
modes of the subcluster.25−27 For the [257Fe-ODT]H
-CrHydA1 Hhyd samples, under H2/H2O conditions, Fe−H
features were observed at 670 and 727 cm−1 (Figure S3) and
rationalized by density functional theory (DFT) calculations as

Figure 1. (A) Schematic illustration of the [FeFe]-hydrogenase H-cluster proposed for the Hhyd state. The hydride Hh at the iron site of the [2Fe]H
subcluster Fed, distal to [4Fe-4S]H, interacts with the “Axial” proton HA of the ADT bridgehead nitrogen NADT. The cysteine, shown here as
−SC−HC, terminates the proton supply chain and is in contact with NADT. (B) The H-cluster and its protein environment based on the crystal
structure (1HFE).13,14 Proposed proton (H+) and electron (e−) transfer pathways are shown in semitransparent gray arrows. Red and blue numbers
correspond to the amino acid residues in CrHydA1 and DdHydAB, respectively.

Figure 2. FT-IR spectra of the Hhyd state. Samples (10 μL) of 3−5 mM [257Fe]H-CrHydA1 at pH 6 (A) and 2−4 mM [257Fe]H-DdHydAB at pH 4
(B) were reduced with 100 mM sodium dithionite and transferred to the FT-IR cells. The samples were prepared either in H2O under a 2% H2
atmosphere (upper spectra) or in D2O under a 2% D2 atmosphere (lower spectra). Spectra were recorded within 5 min after the initial sample
reduction. The peaks are shaded to indicate from which state they derive: Hox (purple), Hoxblue (blue), Hhyd (pink), HredH

+ (green), HsredH
+

(orange), Hox-CO (gray).
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terminal hydride Fed−Hh bending modes. The corresponding
red-shifted Fed-Dh modes were associated with the perturbed
Fed/p−CO bands at 625 and 564 cm−1 under D2/D2O
conditions.21 The Fed−Hh vibrations at 670 and 727 cm−1

were assigned, respectively, to H− motion perpendicular to and
within the approximate mirror symmetry plane of [2Fe]H,
which passes through Fep, Fed, and Hh (FepFedHh plane). Here
we focus on the NRVS spectra for the Hhyd species from
CrHydA1 and DdHydAB artificially maturated with [257Fe]H.
As we show in this report, the structure of the hydride

state(s) in [FeFe]-hydrogenase is extremely sensitive to subtle
effects that are not directly at the Fed−Hh center. These remote
effects include hydrogen bonding between Fed−Hh and ADT
and between ADT and Cys169/178, the very sites that were
modified in previous studies that demonstrated the existence of
iron hydrides.21,28 The overarching question remains: in the
absence of such perturbations, what is the structure of an iron-
hydride in hydrogenase under turnover conditions? The present
paper addresses this question.

■ RESULTS AND DISCUSSION

Hhyd State Accumulation. The Hhyd states of the
catalytically active [257Fe]H-CrHydA1 and [257Fe]H-DdHydAB
enzymes were stabilized at low pH values (pH 6 and pH 4,
respectively) and with high concentrations of a low potential
reductant (sodium dithionite).29 These turnover conditions
give high steady state levels of Hhyd, which we rationalize as
follows. With such a high concentration of reductant, the rate of
electron transfer to the hydrogenase is very high. Around
neutral pH, proton transfer from the nitrogen base in the
HsredH

+ state is rate limiting. Protonation at low pH, of the
amino acid residues in the proton transfer pathway, increases
the rate of proton transfer from the nitrogen base to the open
coordination site on Fed forming the Hhyd state. The rate
limiting step then becomes the coupled electron/proton
transfer leading to hydrogen formation. Also, under these
conditions, an initial burst of hydrogen production saturates the
sample with hydrogen, which can rebind to Fed in the oxidized
state reforming the Hhyd state.
FTIR Spectroscopy. The FTIR spectra for the Hhyd state in

both [257Fe]H-CrHydA1 and [257Fe]H-DdHydAB under H2/
H2O and D2/D2O (Figure 2) are very similar to those observed

for [257Fe-ODT]H-CrHydA1.
21 The characteristic red-shift of

the bridging CO band due to H/D exchange is attributed to
coupling between the bridging CO vibration and the Fed−Hh
vibration.21 The possibility that this shift is due to H/D
exchange in hydrogen bonds to the bridging CO ligand can be
excluded because hydrogen bonds to the bridging CO ligand
are not indicated crystallographically.14,30,31 The Hhyd state in
[257Fe]H-CrHydA1 was formed in high stoichiometric yield
(≈90%) and appeared to be very stable (Figure S1A). In
DdHydAB, however, lower stability of the Hhyd state (Figure
S1B) due to the much higher activity of this enzyme (≈10 000
s−1 compared with ≈1000 s−1 for CrHydA1) gave slightly lower
yields (≈ 50%) of the Hhyd state.

32,33 The major impurities were
the Hox state and a protonated form of the Hox state (termed
Hox-blue).

29,34 The Mössbauer (Figure S2A) and EPR (Figure
S2B) spectra of CrHydA1 in the Hhyd state under H2/H2O are
very similar to those previously published for both wild type
CrHydA1 and the C169S mutant.28

NRVS Spectroscopy. NRVS spectra for the two [FeFe]-
hydrogenases under H2/H2O and D2/D2O conditions are
illustrated in Figure 3A. Features in the 150−400 cm−1 range
are primarily due to Fe−S bending and stretching motions, and
hence they are relatively unaffected by H vs D conditions.
Bands near 450 cm−1 involve mostly Fe-CN motion. Strong
bands between 500−600 cm−1 are modes mostly of Fe-CO
bending and stretching character; although their profiles are
similar under H vs D conditions, there are indeed subtle
changes that derive from coupling with Fe−H/D motion.21

Distinct evidence for the presence of an Fe−H/D bond
comes in the higher frequency region between ≈620−750 cm−1

(Figure 3B). In both H2/H2O samples there are bands at 675
and 744/747 cm−1, which are replaced by a feature at 629/627
cm−1 in the D2/D2O samples. The high frequencies and isotope
sensitivity help assign these features as hydride/deuteride
bands. The close similarity of the Fe−H/D modes in the two
different enzymes suggests nearly identical structures for the
Hhyd state. However, to our initial surprise, the two main
hydride bands for the enzyme spectra are upshifted vs those
observed for [257Fe-ODT]H-CrHydA1 (Figure S3).21 For both
proteins, the [257Fe-ODT]H 670 cm−1 band is upshifted by 5
cm−1 to 675 cm−1, while the [257Fe-ODT]H 727 cm−1 band
upshifts by 17/20 cm−1 to 744/747 cm−1 for [257Fe]H-

Figure 3. NRVS spectra of [FeFe]-hydrogenases. (A) The overall NRVS for samples of [257Fe]H-CrHydA1 (top) and [2
57Fe]H-DdHydAB (bottom)

prepared under H2/H2O (blue) and D2/D2O (red). (B) Expansion of the Fe−H/D region of the NRVS for the same samples. Numbers at the top
indicate representative peak positions in H2/H2O (blue) and D2/D2O (red) samples.
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CrHydA1/DdHydAB. The obvious question: why should

changing N for O in the bridgehead atom, which is at a

nonbonding distance of >3 Å from the Fed, yield such

significantly different shifts in the Fe−H bending mode
vibrational frequencies?

DFT Calculations. Although several X-ray crystal structures
are available for [FeFe]-hydrogenases,14,30,31 structural studies

Figure 4. DFT modeling of the Hhyd state alternatives. (A) The best-fit Hhyd‑A state optimized at three different modeling levels S (purple tubes), L
(green tubes) and L′ (tubes in element colors) (see Supporting Information), overlaid with the X-ray crystal structure30 of the CpI [FeFe]-
hydrogenase (gray wire frame). All protons except the mechanistically central protons (Hh, HA and HC) are omitted for clarity. The same structures
with all protons included are shown in Figure S4. (B) Close view of the alternative Hhyd configurations Hhyd‑A (green), Hhyd‑E (blue), Hhyd* H+ (yellow)
and HhydH

+ (red) from L modeling, overlaid with the X-ray crystal structure (gray). Dashed lines indicate interatomic interactions Hh···HA,
NADT···HC, and SC···HE within 3 Å as detailed in Table S3. For the complete L models view, see Figure S6.
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are lacking for the enzyme with a bound hydride. Four
schematic alternatives on Hhyd based on earlier proposals21 are
shown in Figure 5F. Two of them, designated Hhyd‑A and Hhyd‑E,
assume an uncharged bridgehead amino group, in either “axial”
−NADTHA− (HA pointing toward Fed) or “equatorial”
−NADTHE− (HE pointing away from Fed) conformation. The
other two alternatives Hhyd* H+ and HhydH

+ assumed a
protonated −NADTH2

+− form wherein both HA/E locations
are occupied, and the [4Fe-4S]H−[2Fe]H subclusters in either
[4Fe-4S]+−Fep(II)Fed(II) or [4Fe-4S]2+−Fep(I)Fed(II) oxida-
tion levels.
DFT modeling of the Hhyd state, therefore, provides insight

into the conformation and the protonation state of the bridging
ADT ligand, as well as the electronic configuration at the Fe
sites. We started our analysis at a “Small” DFT modeling level
called S, including only the [2Fe]H subcluster and the Cys421/
382 side chain that coordinates Fep (see Figures 4A, S4, and S5,
Tables S1 and S2, and Supplementary Discussion in Supporting
Information for details on the DFT modeling); earlier, this type
of modeling has been applied to rationalize the NRVS Fe−H
bands in [257Fe-ODT]H-CrHydA1.

21 As shown in Figure S10,
the S modeling of the four Hhyd states produced a significantly

variable distribution of the Fed−Hh bands. Only S-Hhyd‑A with
its Fed−Hh modes at 668 and 764 cm−1 satisfactorily simulated
the observed spread and relative intensities of the two NRVS
bands. The “Small” DFT models were thus useful for
distinguishing the major protonation and conformational
alternatives.
It is well-known, however, that the [4Fe-4S]H subcluster and

the protein environment surrounding the H-cluster play crucial
roles in the enzyme’s properties,16 and H-bonding between
ADT protons and the neighboring Cys169/178 residue are also
important. We, therefore, proceeded to explore the four Hhyd

alternatives using a “Large” modeling level L that, beyond S,
integrated protein side chains surrounding the [2Fe]H
subcluster (see Figures 4A and B, S4 and S6). A second large
model, labeled L′ and additionally included the [4Fe-4S]H
subcluster, was evaluated (see Figure S7).
The 600−900 cm−1 “active window” is uniquely sensitive to

Fe−H/D bending motions. As shown in Figure 5A−E, model
L-Hhyd‑A is the only simulation that reasonably replicates the
positions and intensities of the two observed Fe−H bands. The
other L-Hhyd models predict either too many bands (L-Hhyd‑E),
only a single band (L-Hhyd* H+), or hardly any bands

Figure 5. NRVS spectra in the 600−900 cm−1 “active window” region (A) for [257Fe]H-CrHydA1/DdHydAB compared with spectra for the states
(B) Hhyd‑A, (C) Hhyd‑E, (D) Hhyd* H+ and (E) HhydH

+ simulated using L modeling. Blue spectra are for the H-variants and red spectra are for the D-
variants. Stick-style peaks in (B−E) are Hh/Dh-PVDOS (partial vibrational density of states) spectra that quantify the hydride-only contribution to
the computed vibrational modes. The vertical dotted lines indicate the main peak positions in the observed NRVS spectra. The right panel (F) shows
a schematic view of the Hhyd variants, placed into the context of the [FeFe]-hydrogenase mechanism.
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(L-HhydH
+), with intensity levels above the experimental noise.

Interestingly, the total intensity concentrated in the calculated
Fed−Hh bands decreases in the sequence Hhyd‑E > Hhyd‑A >
Hhyd* H+ > HhydH

+, which correlates with the strength of the
ADT-hydride interaction, as reflected by the Hh···HA distances
collected in Table S3. Only for the Hhyd‑E alternative that lacks
the HA proton, modeling S and L predict essentially the same
set of Fed−Hh bands (Figure S10C). For other Hhyd alternatives
the Hh···HA hydride interaction with ADT is communicated
further to Cys169/178 only in the L models, and S vs L band
positions generally diverge (Figure S10B,D,E). For the best-fit
hydride state, inclusion of Cys169/178 in the L-Hhyd‑A model
leads to an improvement in the higher frequency Fed−Hh mode
position by 15 cm−1 (764 in S-Hhyd‑A and 749 in L-Hhyd‑A, vs
744/749 cm−1 observed, see Figure S10B). We note also that
our preference for Hhyd‑A is supported by its ≈6−9 kcal/mol
lower energy vs Hhyd‑E (Table S5). Simulations for the entire
spectral range reported in Figures S9 and S11−S14 provide
additional support for Hhyd‑A, and unequivocally indicate the
benefits of the large DFT models for reproducing NRVS bands
<400 cm−1.
The motion of the various nuclei that is the source of the

calculated intensities for the L-Hhyd‑A bands (Figure 5B) are
illustrated in Figure 6A and animated vibrational modes
available in Supporting Information. The mode calculated at
665 cm−1 and associated with the band observed at 675 cm−1

involves essentially pure Hh motion normal to the FepFedHh

plane. In contrast, the three higher frequency modes are in-
plane Hh motions becoming increasingly less pure and more
strongly coupled to the ADT bridgehead, Cys169/178, and
further molecular fragments. The in-plane modes can be
characterized in terms of in/out of phase motion of the hydride,
ADT, and cysteine H nuclei: [Hh↓HA↓HC↓] at 749,
[Hh↑HA↓HC↓] at 766, and [Hh↑HA↓HC↑] at 788 cm−1.
Among the in-plane modes, only the one at 749 cm−1 has
sufficient 57Fe motion to be detected in the NRVS experiment

and associated with the Hhyd band observed at 744/747 cm−1.
Transition from the S to L modeling for the Hhyd‑A spectral
simulations reveals that the intrinsically decoupled out-of-plane
hydride mode hardly changes its position (Figure S10B, 668 to
665 cm−1) upon the protein environment inclusion. In contrast,
the coupled in-plane mode shifts by −15 cm−1 as discussed
above. Here, S vs L modeling replicates the behavior of the
[257Fe-ODT]H vs [257Fe]H protein systems on the two Fe−H
band shifts (see the NRVS section above); only in the [257Fe]H
systems the Hh···HA interaction is present, and the higher
energy Fed−Hh mode becomes delocalized.

Mechanistic Proposal. The details of the catalytic
mechanism of [FeFe]-hydrogenases have been debated for
decades.1,8,11,12,35 Past proposals for the catalytic mechanism
can be divided into one set involving a bridging hydride
between Fep and Fed

36 (Mechanism I as described by Trohalaki
and Pachter11) and another set involving a terminal hydride on
Fed (Mechanism II).35 We see no evidence that Hhyd involves a
bridging hydride. Notably, in contrast to the [257Fe]H-
CrHydA1/DdHydAB samples and the best-fit Hhyd‑A state
producing two (Fe−H bending) bands in the NRVS “active
window” (Figure 5A and B), bridging Ni(II)(μ-H)57Fe(II)
hydrides in [NiFe]-hydrogenase and a model complex
produced only a single (Ni−H−Fe wagging) band.37 A
qualitatively similar result displaying strong deviations to the
o b s e r v e d H h y d s p e c t r a i s o b t a i n e d f r om a
57Fep(II)(μ-H)

57Fed(II) DFT candidate called L-Hμ‑hyd‑A (see
Figures S8 and S15, and Supplementary Discussion in
Supporting Information). Other reports also disfavor bridging
hydride-based mechanisms on a variety of grounds.12,38 We
thus consider the implications of the NRVS results on
mechanisms involving a terminal hydride. For this case, a
consensus has emerged that proton transfer from an −NH2

+−
form of the bridgehead nitrogen to Fed hydride is the key step
in H2 formation.

Figure 6. DFT-calculated normal modes and possible mechanism of H2 formation in [FeFe]-hydrogenase. (A) The unscaled arrow representation of
relevant atoms motion in the normal modes at 665, 749, 766, and 788 cm−1 for model L-Hhyd‑A (cf. Figure 5B). Contributions from the Hh and

57Fe
nuclei to the vibrational energies are given. (B) Proposed sequence of events leading to H2 formation: Hhyd becomes protonated leading to HhydH

+,
and subsequently bond formation occurs giving the H2 product complex. H2 release generates the Hox state of the enzyme, which can be reduced and
protonated to form Hhyd again.
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We note that model L-Hhyd‑A predicts a Hh···HA distance of
2.01 Å (Table S3), a similar Fe−H···H−N distance of 1.88 Å
observed in the [(H)Fe2(adt-NH2)(CO)2(dppv)2](BF4)2 com-
plex by X-ray crystallography.9 This distance is still quite a bit
longer than the ≈1.5 Å H···H distance reported by Bullock and
co-workers for a strong Fe−H···H−N dihydrogen interaction.10

The long Fe−H···H−N distance in the complex is, however, a
consequence of hydrogen bonding to the BF4

− anion.39

Therefore, model L-Hhyd‑A probably represents motions of the
nuclei related to a step prior to the last step leading to H2
formation. H2 production from state Hhyd‑A requires transfer of
the amino proton to subsequently yield an Fed−H2 complex
(see Figure 6B). This process requires assistance from the
proton transport chain, either to first produce −NH2

+− (or to
transfer H+ in a concerted mechanism). DFT modeling L′
including both [2Fe]H and [4Fe-4S]H subclusters indicates that
protonation of Hhyd‑A yields an [4Fe-4S]2+−Fep(I)Fed(II)
species HhydH

+, and the [4Fe-4S]+−Fep(II)Fed(II) alternative
Hhyd* H+ is disfavored (see Figure 5F, Table S4, and
Supplementary Discussion in Supporting Information).
For the next step, Bullock and co-workers have proposed that

−NH2
+−/Fe−H and −NH−/Fe−H2 species exist in rapid

equilibrium, both in their model complex and in [FeFe]-
hydrogenases.10 Our calculations for model L-HhydH

+, which
posits an Fep(I)Fed(II) redox level and −NH2

+−/Fe−H
coordination, finds an Hh···HA distance of 1.38 Å (Table S3),
even shorter than in the Bullock complex, and it is thus
reasonable that a similar −NH2

+−/Fe−H ⇄ −NH−/Fe−H2
equilibrium would occur. We propose that protonation of
Hhyd‑A, in concert with electron transfer from [4Fe-4S]H to
[2Fe]H, yields HhydH

+, which can directly yield an Fe−H2
species. Capturing this dihydrogen complex experimentally is
an excellent target for future studies.

■ CONCLUSIONS
The key hydride intermediate in [FeFe]-hydrogenase catalysis
has been directly identified for the first time in two native
enzymes using selective vibrational spectroscopy. The NRVS
vibrational data are consistent with a terminal hydride at the
distal iron of the [2Fe]H subsite interacting with the amine
proton of the azaditholate cofactor. As indicated by the
diversity of the DFT-simulated spectra, the Fed−Hh center in
the [FeFe]-hydrogenases is exquisitely sensitive to its environ-
ment. The protonation states of the amine and its interaction
with the cysteine residue at the end of the proton supply chain,
as well as the redox levels of the [2Fe]H and [4Fe-4S]H
subclusters are shown to strongly influence the Fed−Hh
bending vibrations. Rationalized by theory, distinctive
57Fe−H/D spectroscopic signatures from NRVS are, therefore,
anticipated to be diagnostic in other Fe-containing enzymes
and molecular models. Although iron hydrides have been
detected previously in variants of the [FeFe]-hydrogenases, the
present work gives the first structure for the enzyme−substrate
complex in a catalytically competent state. Furthermore, the
structure of this hydride intermediate paints a coherent picture
for the sequence of events leading to evolution of H2.

■ METHODS
Sample Preparation. [257Fe]H-CrHydA1 and [2

57Fe]H-DdHydAB
were prepared as described previously,27,40 but using an 57Fe-labeled
azadithiolate cofactor.25 All sample preparation steps were performed
in an anaerobic glovebox (Coy) under 2% H2 (or D2)/98% N2.
Samples of [257Fe]H-CrHydA1 (60 μL of 3−5 mM) in pH 6 buffer (50

mM MES, 50 mM HEPES, 150 mM NaCl, either in H2O or D2O) and
[257Fe]H-DdHydAB (60 μL of 2−4 mM) in pH 4 buffer (100 mM
sodium acetate, 150 mM NaCl, either in H2O or D2O) were reduced
with 100 mM sodium dithionite, 50 μL were transferred to each NRVS
cell and frozen in liquid nitrogen, and the remaining 10 μL were
loaded into an FTIR cell and measured within 5 min.

Fourier-Transform Infrared Spectroscopy. FTIR spectra were
collected using a Bruker IFS 66v/S FT-IR spectrometer equipped with
a liquid nitrogen cooled Bruker mercury cadmium telluride (MCT)
detector. Measurements were performed at room temperature in the
double-sided, forward−backward mode with a resolution of 2 cm−1, an
aperture setting of 1.5 mm and a scan velocity of 20 Hz. Data were
processed using home-written routines in the MATLAB platform.

Nuclear Resonance Vibrational Spectroscopy. NRVS spectra
for [257Fe]H-CrHydA1 and [257Fe]H-DdHydAB were recorded at
SPring-8 BL09XU41 and BL19LXU.42 BL09XU uses a Si(111) double
crystal in a high heat load monochromator (HHLM) to produce
14.414 keV radiation with ≈1.0 eV resolution, followed by a high
energy resolution monochromator (HRM) [Ge(422) × 2Si(975)] to
increase the resolution to 0.8 meV. The beam flux was ∼2.5 × 109

photons/s and the beam size was about 0.6 (height) × 1 (width) mm2.
A 2 × 2 avalanche photodiode (APD) detector array was used to
collect the delayed nuclear fluorescence and the Kα fluorescence
following nuclear excitation. The temperature at the base of the sample
was maintained at 10 K with a LHe cryostat. The Stoke/anti-Stoke
imbalance derived real sample temperatures were 40−70 K.43

BL19LXU42 provides the fundamental beam at 7.2−18 keV energy
region, covering 57Fe nuclear resonance at 14.414 keV. Its 25-m
undulator produces about 5x higher beam flux at HHLM than that at
BL09XU. Therefore, it is a good choice for NRVS measurements on
weak vibrational features, such as 57Fe-H/D. BL19LXU is not a
dedicated nuclear scattering beamline, and a similar HMR and
associated NRVS measurement system was integrated into the
BL19LXU’s experimental hutch during the first 36−48 h of each
beamtime. Therefore, BL19LXU provided 14.414 keV radiation with
0.8 meV resolution, with an average photon flux of ∼5.4 × 109

photons/s. The beam size was also 0.6 × 1 mm2. The delayed signal
was also measured with a 2 × 2 APD array. The real sample
temperatures were also 40−70 K.

NRVS spectral analysis was performed using the PHOENIX
software package44 executed through spectra.tools.45 The energy
scales were calibrated with a standard sample of [NEt4][

57FeCl4] with
a prominent peak at 380 cm−1.

Since the relative strength of NRVS transitions varies dramatically
and since it is necessary to emphasize one region of interest (e.g., for
searching for Fe−H−Fe or X−Fe-H), the scans were divided into
segments with different data collection times (second per point, or
s/p). In general, 1 s/p was used for the range from −240 to 400 cm−1

(covering the Fe−S region), then 5−10 s/p. for the Fe−CN and
Fe−CO region from 400 to 620 cm−1. A longer scanning time
(16−23 s) was used for the Fe−H or X−Fe−H region (e.g., at
640−800 cm−1). The scan ranges are all relative about the resonance
energy.

DFT Calculations. The density functional theory (DFT) method-
ology presently applied to the [FeFe]-hydrogenase H-cluster modeling
is mostly equivalent to that employed earlier.21 The structural
optimizations and subsequent normal mode calculations were
performed using GAUSSIAN 09 Revision D.0146 based on the
densities exported from single point calculations performed by
JAGUAR 9.447 that provided high-quality initial guess. The
BP8648,49 functional and the LACV3P** basis set as implemented
in JAGUAR were employed, unless otherwise mentioned. For the first-
and second-row elements, LACV3P** implies 6-311G** triple-ζ basis
sets including polarization functions. For the Fe atoms, LACV3P**
consists of a triple-ζ basis set for the outermost core and valence
orbitals, and the quasi-relativistic Los Alamos effective core potential
(ECP) for the innermost electrons. The molecular systems environ-
ment was considered using a self-consistent reaction field (SCRF)
polarizable continuum model and integral equation formalism (IEF-
PCM)50 as implemented in GAUSSIAN 09, with the static dielectric
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constant set to ε = 4.0 as often used for proteins, and the remaining
IEF-PCM parameters at their default values for water.
Our attempts to vary the DFT methodology described above using

alternative functionals (specifically nonhybrid PBE,51 hybrid PBE0,52

and hybrid B3LYP53−56 including variations on the exact exchange
admixture) did not produce any better correspondence between the
DFT-calculated and NRVS-observed vibrational data. When appli-
cable, the B3LYP functional results are for single-point calculations
only.
Computational schemes were furthermore tested (i) excluding and

(ii) including two-body D3 empirical dispersion correction by Grimme
et al. in its original formulation,57 as well as (iii) D3 reformulated with
Becke−Johnson damping.58 Optimal results for reproducing the
observed NRVS spectra were found from using scheme (i) for
modeling levels S and L > 400 cm−1, and from using scheme (ii) for
modeling level L′ < 400 cm−1; the H-cluster modeling levels S/L/L′
are explained in section “Model Setup” of the Supporting Information
and Table S1, and shown in Figures 4A and S4.
DFT Spectra Simulation. DFT-based vibrational data (Figures

5B-E, S9−S15) were generated using selective [257Fe]H subcluster
labeling as employed in the NRVS experiment. Simulation of the
deuterated samples, referred in the text as “D-variants”, introduced
additional H-to-D substitutions applied to hydrogen nuclei labeled as
Hh/HA/HE/HC throughout the manuscript. The 57Fe-PVDOS and
hydride-only H−/D−-PVDOS intensities were extracted from normal
mode outputs using an in-house Q-SPECTOR program, successfully
applied earlier.21,37,59−63 To account for the resolution of the present
NRVS experiment, computed 57Fe-PVDOS intensities were broadened
by convolution with a full width at half-maximum (fwhm) = 14 cm−1

Lorentzian. Homogeneous empirical scaling of the calculated
frequencies by 96% was applied to modeling levels S and L, and no
frequency scaling has been applied (100%) to modeling level L′. On
the basis of the approach described in Supplementary Discussion of
the Supporting Information, the representative full-range spectra
(Figures S9, S11−S14) combined 57Fe-PVDOS from modeling levels
L > 400 cm−1 and L′ < 400 cm−1 and referred to as “L-modeling”. This
combined approach provided essentially unambiguous mapping
between the 57Fe-PVDOS features observed for the protein samples
and calculated for the best-fit state Hhyd‑A.
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