Communication

J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Direct Observation of an Iron-Bound Terminal Hydride in [FeFe]-
Hydrogenase by Nuclear Resonance Vibrational Spectroscopy
Edward ]. Reijerse,_}_’(ﬂ Cindy C. Pham,”! Vladimir Pelmenschikov,*™1 Ryan Gilbert-Wilson, "

Agnieszka Adamska-Venkatesh,% Judith F. Siebel,T Leland B. Geeft Yoshitaka Yoda,* Kenji Tamasaku, -
Wolfgang Lubitz,*"® Thomas B. Rauchfuss,*’|| and Stephen P. Cramer*”

"Max-Planck-Institut fiir Chemische Energiekonversion, Stiftstrasse 34-36, 45470 Miilheim, Germany
JtDepartment of Chemistry, University of California, Davis, California 95616, United States

SInstitut fiir Chemie, Technische Universitit Berlin, 10623 Berlin, Germany

IISchool of Chemical Sciences, University of Illinois at Urbana—Champaign, Urbana, Illinois 61801, United States
Materials Dynamics Laboratory, RIKEN SPring-8, Hyogo 679-5148, Japan

© Supporting Information

ABSTRACT: [FeFe]-hydrogenases catalyze the reversible
reduction of protons to molecular hydrogen with
extremely high efficiency. The active site (“H-cluster”)
consists of a [4Fe—4S]y cluster linked through a bridging
cysteine to a [2Fe]y subsite coordinated by CN~ and CO
ligands featuring a dithiol-amine moiety that serves as
proton shuttle between the protein proton channel and the
catalytic distal iron site (Fey). Although there is broad
consensus that an iron-bound terminal hydride species
must occur in the catalytic mechanism, such a species has
never been directly observed experimentally. Here, we
present FTIR and nuclear resonance vibrational spectros-
copy (NRVS) experiments in conjunction with density
functional theory (DFT) calculations on an [FeFe]-
hydrogenase variant lacking the amine proton shuttle
which is stabilizing a putative hydride state. The NRVS
spectra unequivocally show the bending modes of the
terminal Fe—H species fully consistent with widely
accepted models of the catalytic cycle.

he unique architecture of the H-cluster in all [FeFe]-
hydrogenases”” is depicted in Figure la. It features a
classical [4Fe—4S] cluster linked through a bridging cysteine
ligand to a binuclear [2Fe]y subsite that is coordinated by two
CN™ and three CO ligands as well as an azadithiolate (ADT)
ligand that bridges the two Fe atoms. The amine group of ADT
shuttles protons to and from the distal iron site (Fey). In contrast
to the situation in [NiFe]-hydrogenase, where hydride substrates
are stabilized in the bridging position between the two metals,™’
[FeFe]-hydrogenase is postulated to operate via terminal
hydride intermediates.”” Studies on synthetic molecular
catalysts indeed point to the intermediacy of terminal hydrides,
which interact with the pendant amine of the ADT ligand.”
Several redox and protonation states assumed to be relevant
for the catalysis have been identified in the enzyme from
Chlamydomonas reinhardtii (CrHydA1) by FTIR>™"' The
active oxidized state H,, is represented as [4Fe—4S],*'-
Fe(I)Fe(II). Two singly reduced states have recently been
identified: H,4 = [4Fe—4S]y"-Fe(I)Fe(Il) and H, H*
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Figure 1. Schematic structure of the H-cluster containing (a) the native
azadithiolate (ADT) bridging ligand and (b) the oxadithiolate (ODT)
bridging ligand for which the proton transfer is blocked.

[4Fe—4S],**Fe(I)Fe(I)(NH,") where protonation of the
ADT amine is coupled to electronic rearrangement within the
H-cluster.” The doubly reduced state is characterized as H,.qH"
= [4Fe—4S]y"-Fe(I)Fe(I)(NH,"). According to widely accep-
ted models of the catalytic cycle,*”” H,, interacts with molecular
hydrogen which is deprotonated by the pendant ADT amine in
concert with electron transfer from the [2Fe]y; subsite to the
[4Fe—4S]*" cluster yielding an Fe(II)Fe(II)-bound hydride.
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Recent EPR/FTIR/Madssbauer studies by King et al. identified
an H-cluster species stabilized in CrHydAl under strongly
reducing conditions and in a C169S mutant with restricted
proton transport properties.'”'" The spectral properties of this
“Hyyq” species could best be modeled by density functional
theory (DFT) calculations assuming a [4Fe—4S]y*-Fe(II)Fe(1I)
(NH)[H™] configuration, i.e., a reduced [4Fe—4S]y cluster and
a homovalent diferrous [2Fe]y subsite with a terminal hydride
bound to Fey. Although the analysis of this species is convincing,
the presence of the hydride is only indirectly inferred from its
influence on the electronic structure of the H-cluster.
Spectroscopic observation of the hydride itself is, however, still
lacking. To address this problem, we developed a strategy to
accumulate the hydride species in high concentration and
identify it directly through nuclear resonance vibrational
spectroscopy (NRVS). This technique has been recently used
to identify the bridging hydride in [NiFe]-hydrogenases.’

An effective strategy to accumulate the putative hydride
intermediate is to obstruct the flow of protons to and from the
active site by blocking the proton relay pathway.'”'> Our
approach is based on the modification of the [2Fe]y subcluster
itself. We exploit the recently established technique to directly
reconstitute the apoprotein with a synthetic binuclear
subcluster,”*™"* thus bypassing the native maturation sys-
tem.'”"” These studies had shown that incorporation of
[Fe,(ADT)(CN),(CO),]*” produced fully functional
CrHydAl enzyme.'* This artificial maturation approach allows
selective “’Fe-labeling of the diiron subsite. The resulting
enzyme can be exquisitely characterized using the synchrotron-
based NRVS technique that probes vibrational sidebands of the
’Fe Mossbauer nuclear resonance. NRVS is well suited for
selectively investigating the [2%'Fe]y site of CrHydAl because
only the 'Fe nuclei contribution to vibrational motion is
observed."®

Of the many analogues of [2Fe]y that have been introduced
into the enzyme,'>'® the ODT variant in which the bridging
amine group is replaced by an oxygen, is distinct. The ether
group in ODT is much less basic than the amine of ADT, and
thus is a poor proton relay.'” The effect of ODT/ADT exchange
is shown by the observation that CrHydAl([2Fe]-ODT)
almost exclusively forms an “H,,like” state upon artificial
maturation.'”” The H,,,, state is an oxidized inactivated state
characterized by a reduced [4Fe—4S]y cluster and an
Fe(I)Fe(Il) subsite.”””' Because the ODT-variant, similarly
to the C169S mutant,'” features a disrupted proton transfer
apparatus as shown in Figure 1b, it is reasonable to assume that
the active site of CrHydA1([2Fe]y-ODT) is trapped in an
intermediate state that is transient when the proton coupled
electron transfer (PCET) apparatus is intact. The oxidized iron
core may indicate the presence of a substrate, i.e. a terminal
hydride, bound to Fey. To characterize this state in detail, we
have prepared CrHydAl containing the [2°"Fe];-ODT subsite
and analyzed these samples in H,O/H, and D,0/D, buffers
using FTIR and NRVS. The spectroscopic results have been
rationalized by DFT calculations (using BP86 and B3LYP
functionals) on a model of the [2Fe]y; subsite (see Supporting
Information 1.6).

As shown in Figure 2a,b, the FTIR spectra of the two samples
(H,0/D,0) suggest that, according to the relative band
intensities, more than 70% of the H-clusters adopt the H,,,
like state. Its FTIR signature is virtually identical to that of the
putative Hy 4 species reported by King et al.'>'" Of particular
interest is the band at 1869 cm™" assigned to the semibridging
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Figure 2. FTIR spectra of CrHydA1([2*"Fe];;-ODT) in the CO/CN
region (a) recorded in H,O/H,, (b) recorded in D,0/D,, and (c)
calculated using DFT for the H/D variants. Experimental CO bands
assigned to the hydride state are marked in red.

v(C=O0) stretching mode. This vibration is expected to
effectively couple to the apical ligand on Fey in trans position
to CO, if present. Upon H/D exchange, the semibridging CO
band is red-shifted by 8 cm™". This isotope shift clearly indicates
the involvement of a hydrogen species in the Hy,-like (“thd”)
state. Indeed, as shown in Figure 2¢c, DFT modeling of the
binuclear [2°"Fe];-ODT subsite (see Supporting Information
1.6 and Figure 3a) predicts a shift of =S cm™" for the IR-active
semibridging ¥(C=O0) normal mode upon H/D exchange.
Although the v(C=O0) and v(*’Fe;—H) stretching vibrations
are coupled, this coupling is predicted to be effectively
eliminated via isotope labeling in the D-variant (see Supporting
Information for the vibrational mode animations).

To identify unequivocally the presence of the Fes-H/D
species, the very same CrHydA1([2°"Fe];-ODT) samples were
examined by NRVS experiments. In the region below 400 cm™),
the spectra for both samples (H/D) are nearly identical, with
features between 160 and 400 cm ™" assigned to >’Fe—S bending
(8) and stretching (v) modes of the [2Fe]y subsite. Above 400
cm™!, the major bands are representing v/5(°*’Fe—CO/CN)
modes (see Supporting Information 4.2, and Figures S2 and S3,
as well as vibrational mode animations).

As illustrated in Figure 3b,c, the H/D-variant NRVS spectra
are also quite similar in the region from 400 to 600 cm™". From
previous work,18’22 we assign the H/D sample features at 451/
448 cm™' primarily to v(*’Fe—CN) motion, whereas the bands
observed from 470 to 600 cm™" correspond to v/5(*"Fe—CO)
motions. Most remarkably, the H/D spectra are completely
different above 600 cm™'. The H,0/H, CrHydA1([2>Fe]y-
ODT) sample exhibits a well-resolved band at 727 cm™" and a
smaller feature at 670 cm ™', whereas the D,0/D, sample instead
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Figure 3. Experimental and DFT calculated NRVS spectra of CrHydAl
maturated with [257Fe];-ODT. (a) Schematic representation of the
[25Fe]-ODT DFT model. (bc) NRVS spectra (solid lines) of
CrHydA1([2°"Fe];;-ODT) in the 400—800 cm™' range recorded on
samples in (b) H,0/H, (blue) and (c) D,0/D, (red), shown overlaid
with the corresponding DFT spectra (broken lines) of [2%"Fe],;-ODT;
the NRVS bands are labeled with their positions (cm™). (d)
Representations of the DFT 6(*’Fe;—H/D) normal modes assigned
to the individual NRVS bands; mode frequencies and contributions (%)
to the vibrational energy from the S’Fe/H/D nuclei are given. The
calculated NRVS band positions were scaled with factor of 0.96. For the
full-range (0—800 cm™) spectra, see Figures S2 and S3.

shows a sharp peak at 625 cm™" and enhanced intensity of the
peak at 564 cm ™.

The nature of these higher energy features is quantitatively
explained by DFT calculations. The 727 and 670 cm™' NRVS
bands for the H,O/H, sample are assigned to bending modes of
the ’Feg-H unit. The DFT calculations predict corresponding
modes of ~80—90% &(Fe;—H) contribution at 723 and 670
cm™, with the hydride motion respectively in or perpendicular
to the Fe,-Fe;-H plane as indicated in Figure 3d. The relative
intensities of these 5(Fey—H) bands can be explained by the
amount of *’Fe motion in each mode. Conversely, CrHydAl-
([2°"Fe]-ODT) in D,0/D, is predicted to have related modes
of ~30—40% S5(Fey—D) contribution respectively at 620 and
567 cm™, both strongly mixed with 5(Fe;—CO) motion. The
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620 cm™' mode also involves bending of the ODT unit. The
isotope-dependent spectral changes in the 400—800 cm™" region
from the NRVS experiment coupled with *’Fe;-H/D DFT
calculations clearly confirm our mode assignments (see
Supporting Information 4.3 and 4.4 for a detailed discussion).

NRVS measurements combined with DFT analysis (along
with previous IR and EPR studies) therefore unambiguously
validate that the H,,,like state is associated with an FesH
species that can be denoted as “Hy,q” in CrHydA1([2Fe]y-
ODT), characterized by a reduced [4Fe—4S]y cluster coupled to
the oxidized binuclear subsite, Fe(I[)Fe(II). The presence of the
reduced [4Fe—4S]y cluster is confirmed by the characteristic
EPR spectrum of CrHydA1([2*'Fe]y-ODT) (Figure S4). The
“Hyyq” state identified in the ODT variant is virtually identical to
the species reported by King et al.'”'" Moreover, our DFT
calculations (Supporting Information 4.6 and 4.7, Tables S2 and
S3) indicate that the electronic structure of the [2Fe];-ODT
subsite is identical to that of the native[2Fe](-ADT) variant. In
addition, a recent study”” indicated that the Hy,yq FTIR signature
is found in [FeFe]-hydrogenases from multiple organisms. Thus,
the hydride state that we have directly characterized in this work
appears to be universal in [FeFe]-hydrogenases.

The identification of the hydride-containing state now
provides a basis for analyzing and integrating various mechanistic
studies. Previous work””* on CrHydAl identified the doubly
reduced state of the H-cluster “H,.qH"” assumed to contain
both electrons needed to reduce a proton to a hydride. If the
ADT in Hyq is in the amine form, as the recent work of King et
al. suggests,11 HqH" is logically related to Hy,4 by proton
transfer from the ADT ammonium to the distal iron Fe,.
According to the DFT analysis by Finkelmann et al. on a model
of the [2Fel]y subsite, this step is strongly downhill*®
Protonation of the amine in Hyy4 should then trigger H,
production.

DFT calculations on the native enzyme and inorganic model
complexes suggest that H, can only be liberated from the H-
cluster in the mixed valence Fe(I)Fe(Il) state of the [2Fe]y
subsite.”*”° Therefore, one could speculate that protonation of
Hy,q to HyqH" triggers electron transfer from the reduced
[4Fe—4S]y" cluster to the [2Fe]y subsite producing the short-
lived [4Fe—4S]**-Fe(I)Fe(II)(NH,")[H™] state immediately
forming H,(H,), from which H, is finally dissociating. This
PCET mechanism is supported by our DFT calculations on the
native CrHydA1(ADT) H-cluster including the [4Fe—4S]y
cluster (see Supporting Information 4.6). In the native enzyme,
we cannot exclude the occurrence of a homovalent Fe(II)Fe(II)
ammonium hydride state Hi{;H". Recent FTIR studies indicate
that Hj,q can be found in [FeFe]-hydrogenase of multiple native
organisms not only under strongly reducing conditions but also
at low pH (<6) and H, exposure.”> Furthermore, an inorganic
mimic for the [2Fe]y subsite has been crystallized in the
Fe(II)Fe(II)(NH,")[H™] configuration matching the HfH*
species.

Taking into account the relevant states of the H-cluster that
were experimentally observed in all known [FeFe]-hydro-
genases, ie, Hy, H.q HH", Hg H', as well as the key
hydride species Hy, 4 (and possibly Hy,4H"), we can formulate a
new working model for the catalytic mechanism as displayed in
Figure 4. One of the key features of this mechanism is the role of
PCET,”” which avoids the accumulation of hydride intermedi-
ates in the native enzyme. Clearly, some open questions still
remain, such as the factors that affect the isomerization
equilibrium between H,.qH" and Hj,4. These could be answered
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Figure 4. Proposed catalytic cycle for [FeFe]-hydrogenase including the
putative hydride states.

by kinetic (time-resolved) experiments. The general mechanistic
insights gained here will be of great importance for the design of
synthetic hydrogen conversion catalysts.”*~*
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