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[NiFe] hydrogenase (Hase) catalyzes the oxidation of dihydrogen to two protons and two electrons and/
or its reverse reaction. For this simple reaction, the enzyme has developed a sophisticated but intricate
mechanism with heterolytic cleavage of dihydrogen (or a combination of a hydride and a proton), where
its Ni—Fe active site exhibits various redox states. Recently, thermodynamic parameters of the acid—base
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equilibrium for activation—inactivation, a new intermediate in the catalytic reaction, and new crystal struc-
tures of [NiFe] Hpases have been reported, providing significant insights into the activation—inactivation
and catalytic reaction mechanisms of [NiFe] H,ases. This Perspective provides an overview of the reaction
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Introduction

Dihydrogen (H,) is a potent candidate for a clean energy
storage medium. By the oxidation of H, in a H,-O, fuel cell,
H,O is produced exergonically, and the released energy is
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mechanisms of [NiFe] H,ases based on these new findings.

transformed to electricity.' The H,-cleavage reaction plays a
key role in H, metabolism in various bacteria. Hydrogenase
(Hase) is a metalloenzyme that catalyses the reversible oxi-
dation of H, into two protons and two electrons and/or the
reverse reaction.””® Thus, knowledge on the reaction mecha-
nism of H,ases is beneficial for the design of biocatalysts
focused on H, generation and biofuel cells.” ' H,ases are
classified according to the active site metal contents: [NiFe],
[FeFe], and [Fe] Hyases."'™** [NiFe] and [FeFe] H,ases contain
sulphur-bridged bimetallic centers that catalyse the reversible
oxidation of H,, via the production of a hydride (H™): H, =
H™ +H' = 2H" + 2e”, whereas [Fe] H,ase catalyzes the reduction

Yoshiki Higuchi is currently a
full professor in the Graduate
School of Life Science, University
of Hyogo. He obtained his Ph.D.
from Osaka University (1984).
After a postdoctoral position at
the Institute for Protein Research
in Osaka University, he was
appointed as an assistant pro-
fessor at the Himeji Institute of
Technology (1985). He moved to
Kyoto University in 1995 as an
associate  professor  of  the
Graduate School of Science. In
2002, he moved to the Himeji Institute of Technology (presently
University of Hyogo) to become a full professor in the Graduate
School of Science. He received the award of The Crystallographic
Society of Japan in 1999, 38th Iue Culture Award for Science and
Technology in 2014, and Hyogo Science Award in 2017.

Yoshiki Higuchi

This journal is © The Royal Society of Chemistry 2018


www.rsc.li/dalton
http://orcid.org/0000-0003-0844-1022
http://orcid.org/0000-0001-8284-5709
http://orcid.org/0000-0003-3227-8376
http://crossmark.crossref.org/dialog/?doi=10.1039/c7dt04910b&domain=pdf&date_stamp=2018-03-21
https://doi.org/10.1039/c7dt04910b
https://rsc.66557.net/en/journals/journal/DT
https://rsc.66557.net/en/journals/journal/DT?issueid=DT047013

Published on 21 2018. Downloaded by Fail Open on 23.07.2025 08:32:11.

Dalton Transactions

A

S

NijFe o
=&Y, =)

C Hresg e

\"‘ ;;[F?ssﬂm‘m
26 RFeSan
{ eyt Cys81 Cys549

Fig. 1 (A) Overall structure of DvMF [NiFe] Hase (in the oxidized state,
PDB: 1WUL). The Ni-Fe site and [FesSal,2"'*, [FesSin*’%, and
[FesSalg®*'* clusters are highlighted. The Ni—Fe site structures of DvMF
[NiFe] Hase in (B) the oxidized state (Ni-B state, PDB: 1WUJ) and (C) Hy-
activated state (PDB: 1WUL). One CO and two CN™ ligands are assigned
Fe ligands.?**! An additional oxygenic ligand is bridged between the Ni
and Fe ions in the oxidized state.?® Carbon, nitrogen, oxygen, sulphur,
nickel, and iron atoms are shown in gray, blue, red, yellow, green, and
pink spheres, respectively.

of methenyl-tetrahydromethanopterin  (methenyl-H,MPT")
with H,, forming methylene-H,;MPT and H".>"*"'> The catalytic
activity of [NiFe] H,ases usually vanishes in the presence of O,
(O,-sensitive, standard), although several [NiFe] H,ases exhibit
catalytic activity in the presence of O, (Oy-tolerant).®® The
crystal structure of a standard [NiFe] Hyase from Desulfovibrio
gigas (Dg) at 2.85 A resolution was reported in 1995, followed
by the reports on the structures of standard [NiFe] Hyases from
Desulfovibrio vulgaris Miyazaki F (DvMF)'® and other
speices'”?° with improved resolutions (1.8-2.5 A), which pro-
vided detailed structural information on the Ni-Fe active site.
DVMF [NiFe] H,ase is a periplasmic membrane-attached
enzyme comprising two subunits: large (62.5 kDa) and small
(28.8 kDa) (Fig. 1A)."®*'* The Ni-Fe site is located in the
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Table 1 CO and CN~ stretching IR frequencies*®°~*2 and g-values*~*3

of the Ni—Fe site of DvMF [NiFe] Hyase. The IR frequencies at 158 K and
g-values at 40 K are listed in parentheses, whereas the IR frequencies at
298 K and g-values at 163 K are listed without parentheses

IR frequencies (cm™) EPR
State veo (Fe)  ven (Fe) veo (Ni) g g [
Ni-A 1956 2085 2094 — 2.32 2.24  2.01
Ni-B 1955 2081 2090 — 2.33 216  2.01
Ni-SU 1958 2089 2100 — — e e
Ni-SI, 1923 2057 2071 —_ —_ —_ —_
Ni-SI, 1943 2074 2086 — — — —
Ni-C 1961 2074 2085 — 2.20 214  2.01
Ni-R1 1948 2061 2074 — — — —
Ni-R2 1932 2052 2066 —_ —_ —_ —_
Ni-L1 — — — — 2.26 2.11 2.05
Ni-L2  (1911)  (2048) (2062) — 230 212 2.05
Ni-L3  (1890)  (2034) (2047) — (232) — —
Ni-SX  (1922)  (2061) (2070) — — R —
Ni-SL  (1968)  (2076) (2090) — — B —
Ni-CO — — — — 2.13 2.08 2.02
Ni-SCO 1941 2071 2084 2056 e —

large subunit, and the Ni and Fe ions are bridged with two Cys
thiolates (Fig. 1B and C). Other two Cys residues are terminally
bound to the Ni ion, whereas one CO and two CN™ ligands are
coordinated to the Fe ion.>*>® An additional oxygenic bridging
ligand exists in the oxidized states of [NiFe] H,ases (Fig. 1B),
whereas not in the H,-activated states (Fig. 1C).>"*’ The Ni site
changes its oxidation state (ie. Ni**, Ni*", and Ni")
among various redox states of the enzyme, whereas the Fe site
retains a low spin, low oxidation state (S = 0, Fe*").° Three
Fe-S clusters (proximal [Fe,S,],>"", medial [Fe;S,]m""°, and
distal [Fe,S;]q>""") are arranged almost linearly in the
small subunit, and mediate the electron transfer between the
Ni-Fe site and its physiological redox partner, cytochrome c;.>”
Three pathways have been proposed for the proton transfer in
[NiFe] Hyase,>***> whereas four hydrophobic H, gas channels
have been proposed between the Ni-Fe site and protein
surface.'”°

Many intermediate states have been identified in the acti-
vation-inactivation and catalytic reactions of [NiFe] H,ases by
spectroscopic, X-ray crystallographic, and Ni-Fe site model
compound studies.> *'%?%3?738% These states are characterized
by electron paramagnetic resonance (EPR) spectroscopy as
EPR-active (paramagnetic) and EPR-silent Ni states (Table 1).>
All states are distinguished by the stretching vibrations of the
CO and CN™ ligands at the Fe site in the Fourier transform
infrared (FT-IR) spectra.’® The CO stretching (vco) and CN™
stretching (vcn) IR frequencies, together with the g-values, of
the characterized states of DvVMF [NiFe] H,ase are listed in
Table 1. The EPR-active paramagnetic states are referred to as
Ni-A, Ni-B, Ni-C (reduced), Ni-L (light-induced from Ni-C), and
Ni-CO (CO-bound Ni-L), whereas the EPR-silent states are
referred to as Ni-SU (unready), Ni-SI (Ni-SI; (ready) and Ni-SI,
(active)), Ni-R (fully reduced), Ni-SCO (CO-bound Ni-SI,), Ni-SX
(highly inactive), and Ni-SL (light-induced from Ni-SX)
(Scheme 1).>°

Dalton Trans., 2018, 47, 4408-4423 | 4409


https://doi.org/10.1039/c7dt04910b

Published on 21 2018. Downloaded by Fail Open on 23.07.2025 08:32:11.

Perspective

Inactive

Ni-A Ni-B

Ni%, Fe2t Ni2t, Fe2t

“e-,H' “e (hy) Active
. hv . : H,-HO | co ...
Ni-SL== Ni-SX | Ni-SU ---- Ni-SI; Ni-Sla Ni-SCO

Ni2*, Fe?* l Ni2*, Fe?* | Ni2*, Fe?* Ni2*, Fe?* J F } V Ni2*, Fe2* \: Ni2*, Fe?*
\ / \ >

Ni-CO==NiL  NiR

Ni, Fe?* Nit, Fe?* NP, Fet

\ nig A

N, Fe?*

Scheme 1 Reaction scheme of [NiFe] H,ase.

In this Perspective, we focus on the mechanisms at the Ni-
Fe sites of [NiFe] H,ases for activation-inactivation, catalytic
reaction, proton transfer, and O,-tolerance. Recent develop-
ments in crystallographic analyses, spectroscopy techniques,
kinetics, and theoretical studies on the enzyme are summar-
ized, together with re-analyses of earlier data, providing an
overall view of the [NiFe] H,ase reaction.

Activation—inactivation mechanism

Aerobically isolated DvMF [NiFe] H,ase, herein referred to as
“as-isolated”, is obtained mainly in a paramagnetic Ni-B (Ni**)
state with a minor paramagnetic Ni-A (Ni**) state and
additional EPR-silent inactive Ni** states (Scheme 1).3%*%*!
Concerning the enzyme activation-inactivation, the acid-base
equilibrium between the two EPR-silent Ni-SI, (Ni**) and Ni-SI,
(Ni*") states is recognized as the key reaction (Scheme 1).°

Oxidized paramagnetic Ni-A and Ni-B states

The Ni-A and Ni-B states of [NiFe] H,ase are oxidized states,
differing in the time necessary for activation in the presence of
H, or under electrochemically reducing conditions; the Ni-A
state requires a longer time for activation, whereas the Ni-B
state is readily activated within seconds.”**® To elucidate the
origin of the differences in the activation kinetics between the
Ni-A and Ni-B states, many spectroscopic and structural
investigations have been performed.

The g, and g, values of the Ni** EPR signals between the Ni-
A and Ni-B states are very similar, but the g, values are
different (Table 1).>*” The IR frequencies of the vco and two
conjugated vcyn bands of the Ni-A state (vco: 1956 em™, von:
2085 and 2094 cm ™" for DVMF [NiFe] H,ase) are slightly higher
(1-4 ecm™") than the corresponding frequencies of the Ni-B
state (vco: 1955 em™ ', ven: 2081 and 2090 cm™') (Table 1).*®
The X-ray crystallographic structures of the Ni-A and Ni-B
states exhibited additional electron densities at the bridging
position between the Ni and Fe ions (Fig. 1B).">?>***° An
oxygen species has been shown to exist at the Ni-Fe site for
both oxidized states by EPR experiments using "0, and
H,"70.°>*" The hyperfine splitting in the EPR Ni** g, signal of
the Ni-B state was resolved faintly, but much better by exchan-
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ging the H,O buffer to D,O buffer, indicating an exchangeable
proton in the vicinity of the Ni-Fe site.”> According to single
crystal electron nuclear double resonance (ENDOR) and hyper-
fine sublevel correlation (HYSCORE) spectroscopic studies
together with DFT mode calculations of DvMF [NiFe] H,ase,
the oxygenic ligand of the Ni-B state has been assigned to a
bridging hydroxo (u-OH) ligand.>*>* For the Ni-A state, the
nature of the oxygenic bridging ligand remains conten-
tious;'?>*?3>>3¢ however, it has been proposed that an OH~
ligand is bridged at the Ni-Fe site by crystallographic ana-
lysis.*® Single crystal ENDOR experiments of DvMF [NiFe]
H,ase utilizing H/D exchange and DFT simulations supported
the hypothesis that a bridging OH™ ligand exists for the Ni-A
state, similar to the Ni-B state.”” However, X-ray crystal struc-
tures and theoretical calculations of [NiFe] Hases suggest a
Cys-sulfoxide (S=O) or a Cys-sulfenic acid (SOH) ligand as a
plausible origin for the differences in the activation kinetics of
the Ni-A and Ni-B states.>>*®*%>” A conclusive structural expla-
nation for the differences in the activation kinetics between
the Ni-A and Ni-B states requires further experimentation.

EPR-silent Ni-SU and Ni-SI, states

One-electron reductions of the Ni-A and Ni-B states produce
EPR-silent unready Ni-SU (Ni**) and ready Ni-SI, states,
respectively (Scheme 1).*"*®3%5% The midpoint potential (E,)
values for the redox transition between the Ni-A and Ni-SU
states of DVMF [NiFe] Hpase are —278 mV at pH 8.2 and
—96 mV at pH 5.5.>""® Similar pH-dependent E,, values
between the Ni-A and Ni-SU states are reported for Dg and
Allochromatium vinosum (Av) [NiFe] H,ases.”®® The E,, values
change by about —60 mV per pH for the interconversion
between the Ni-A and Ni-SU states, in good agreement with a
one-proton redox process. The Ni-A state does not react directly
with H,, and thus the reduction of the Ni-A state to the
“unready” Ni-SU state is a prerequisite for the reaction.*>®°
The rate-limiting step for the activation from the Ni-SU state to
Ni-SI state (Ni-SI, and Ni-SI,) is a first order reaction.’®
However, the transition from the Ni-A state to Ni-SU state is
reversible at low temperatures (2 °C), whereas that from the
Ni-B state to Ni-SI, state is not.”® The frequencies of the vco
and two conjugated vcy IR bands of the Ni-SU state (vgo:
1958 em ™, von: 2089 and 2100 em™' for DVMF [NiFe] H,ase)
are slightly higher than the corresponding frequencies of the
Ni-A state (vco: 1956 em ™, ven: 2085 and 2094 cm™*), whereas
the frequencies of the Ni-SI, state (vgo: 1923 em™, ven: 2057
and 2071 cm™") are 19-32 cm ™" lower than the corresponding
frequencies of the Ni-B state (vco: 1955 ecm™', vey: 2081 and
2090 cm™) (Table 1).** The existence of various inactive
states, including the Ni-SU and Ni-SI, states, may be relevant to
the effective storage of [NiFe] Hases, although an exquisite
mechanism for the activation of the inactive states is necessary.

Activation-inactivation mechanism of the acid-base
equilibrium between the Ni-SI, and Ni-SI, states

The Ni-SI, state is activated to another EPR-silent state, Ni-SI,,
by protonation at the Ni-Fe site (Scheme 1).*"*%°° The E,,

This journal is © The Royal Society of Chemistry 2018
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values between the Ni-B and Ni-SI (Ni-SI, and Ni-SI,) states of
Dg, Av, and DvMF [NiFe] H,ases are —40 to —60 mV per
pH,>"*®*° indicating the involvement of one proton in the
Ni-B < Ni-SI, transition. The acid-base equilibrium between
the two Ni-SI states is a common feature among [NiFe] H,ases,
and the equilibrium has been identified as the key reaction for
the enzyme activation-inactivation.® The acid-base equili-
brium exhibits a pK, value of about 8 for various [NiFe]
H,ases.*"*®* Mainly two mechanisms have been proposed to
explain the equilibrium. In the first mechanism, the bridging
OH™ ligand exists in the Ni-SI, state, and the OH™ ligand
leaves the Ni-Fe site as a H,O molecule by protonation, produ-
cing the Ni-SI, state (Fig. 2, Mechanism 1).>*>*%®! In the
second mechanism, the Ni-SI, state accepts a proton at the
terminal Ni**-coordinating Cys side chain that acts as a proton
accepting base, where the bridging ligand in the Ni-SI, state
remains contentious (Fig. 2, Mechanism 2).%>7%*

We found that the Ni-SI, state of DVMF [NiFe] H,ase is
photo-activated to the Ni-SI, state by Ar' laser irradiation at
514.5 nm (Fig. 3A).*° Low-temperature (103-238 K) conditions
have been used to trap intermediates and non-equilibrium

Mechanism 1 Mechanism 2
OH™ H* H0 _g: -8 _X - X
e s S s S -, + S\ ~
T oFe a2 NEgFe | | NEgoFel —»  NZgoFer
—37\3-)< AN —Sv\s-)< AN -S_’\S- AN —S_’\S-)< AN
1 I 1
Ni-Sla Ni-Slr Ni-Sla

Fig. 2 The two proposed mechanisms for the acid—base equilibrium
between the Ni-Sl, and Ni-Sl, states. X may be OH™, H,O, or empty.5276%
Adapted with permission from ref. 65. Copyright 2017 Royal Society of
Chemistry.

To.00s Ni-sl, A 10,005 Ni-A and Ni-B B
1924 1957

2071
2056

a 238K
Ni-Sl, Ni-ALg
b 1943 b 1972 198K
‘ x3 ; 238K : 2
2077 i 2076 Ni-SL - Ni-A
; i 1 1968 1957

2089) AL 218K c )| o 158K

d /\,,_\ 123K

2100 2000 1900 2100 2000 1900
Wavenumber (cm™) Wavenumber (cm™)
Fig. 3 FT-IR spectra of (A) phenosafranine-oxidized and (B) as-isolated
DvMF [NiFe] Hpase at 178-238 and 103-198 K, respectively, under N,
atmospheres at pH 8.0. (a) FT-IR spectra before light irradiation and (b—
e) light-minus-before difference spectra between the spectra during
and before light irradiation are shown. The difference spectra of the
phenosafranine-oxidized enzyme are expanded by three. Adapted with
permission from ref. 40. Copyright 2016 Royal Society of Chemistry.
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states. Phenosafranine-oxidized DvMF [NiFe] H,ase was
obtained by partial oxidation of the H,-activated enzyme with
an anaerobic addition of 5 equivalents of phenosafranine. In
the difference (light-minus-before) FT-IR spectra of phenosafra-
nine-oxidized DvMF [NiFe] H,ase between the spectra during
and before light irradiation at 178-203 K at pH 8.0, we observed
positive IR bands assignable to the Ni-SI, state (vco: 1944 cm ™,
Ven: 2077 and 2089 em ') and negative bands assignable to the
Ni-SI, state (vco: 1924 em™, yon: 2056 and 2071 cm™) (Fig. 3A
and Table 1). The positive and negative bands are related to the
light-induced product and light-sensitive reactant, respectively,
and thus the difference spectra show that the Ni-SI, state is
photo-activated to the Ni-SI, state. Notably, the light-induced
conversion of the Ni-SI, state to Ni-SI, state decreased signifi-
cantly at pH 9.6, indicating that protonation is involved in the
conversion. After the Ni-SI,-to-Ni-SI, photo-activation, recon-
versions of the Ni-SI, state to Ni-SI, state at 183-203 K followed
first-order kinetics.®> Large activation energy values (61 = 2
kJ mol™" at pH 8.0 and 67 + 2 k] mol™" at pD 8.0) and a large
kinetic isotope effect (kyu/kp = about 150 at 203 K) were deter-
mined for the reconversion from the Arrhenius plot analysis
(Fig. 4). For a simple S-H bond cleavage, such as deprotona-
tion of the Ni**-coordinating Cys residue, the ky/kp, value at
203 K is about 10, which is estimated from the difference in
the zero-point energies of the S-H and S-D bonds (about
3.9 k] mol™), and thus, the large ky/kp value for the conver-
sion of the Ni-SI, state to Ni-SI, state is unexplainable with a
simple S-H bond cleavage.®® Additionally, the conversions at
173-203 K were about 10 times faster at pH 8.5 compared to
those at pH 8.0 (Fig. 4), where the increase was caused by the
increase in the activation entropy (AS*) value of about 3
times.® These results indicate that the conversion of the Ni-Sl,
state to Ni-SI, state is an intricate reaction, supporting
Mechanism 1, in which the conversion of the Ni-SI, state to
Ni-SI, state includes the insertion of the bridging OH™ ligand

K (o1 8.5)/ Kt (pH 8.0=~10
A

_5_
kH/kD =~150

In (k(s™)

_10_

-15-

0.0045 0.0050 0.0055
T-1 (K1)

Fig. 4 Arrhenius plots for the conversion of the Ni-Sl, state to Ni-Sl,
state of DvMF [NiFe] Hase at pH 8.0 (black), pH 8.5 (blue), and pD 8.0
(red). Adapted with permission from ref. 65. Copyright 2017 Royal
Society of Chemistry.
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by the incorporation of a H,O molecule into the Ni-Fe site and
subsequent deprotonation (Fig. 2). It has been clarified that
not only a simple proton transfer is involved in the transition
between the Ni-SI, and Ni-SI, states; however, further studies
are necessary to elucidate the mechanism, including the large
isotope effect for the conversions of the Ni-SI, state to Ni-SI;
state.

A newly identified EPR-silent highly inactive state

A light-sensitive EPR-silent state photo-converts to an EPR-
silent Ni-SL (Ni**) state in the as-isolated DvMF [NiFe] H,ase;
however, the light-sensitive state was previously misassigned to
the Ni-SI, state.’”®” In fact, the frequencies of the light-sensi-
tive state (vco: 1922 em™, ven: 2061 and 2070 em™" for the
DVMF [NiFe] Hyase) are 1-5 em™ " different from the corres-
ponding frequencies of the Ni-SI; state (vco: 1924 em™, von:
2056 and 2071 cm™") (Fig. 3B and Table 1).*° These frequency
differences indicate that the light-sensitive state is different
from the Ni-SI, state; this newly identified light-sensitive state
is named Ni-SX in Scheme 1.

The Ni-SX (Ni**) state did not convert to the Ni-SI, state
through the acid-base equilibrium, supporting the hypothesis
that the Ni-SX state is different from the Ni-SI, state and
demonstrating that it is not a ready state.’” A certain amount
of DvMF [NiFe] Hyase is still in the Ni-SX state after the treat-
ment of the as-isolated enzyme with dithionite, although it is
activated slowly by H, (time constant of about 50 min), reveal-
ing that the Ni-SX state is highly inactive. The Ni-SX state is
not produced by the air-oxidation of the H,-activated DvMF
[NiFe] H,ase or after the dithionite reduction of the air-oxi-
dized enzyme. These results indicate that although the as-iso-
lated enzyme contains the Ni-SX state, the Ni-SX state is not
formed in vitro during the generation or activation of the Ni-A
and Ni-B states. For [NiFe] Hyases from sulphur-metabolizing
bacterium Av and Desulfovibrio fructosorans (Df), an inactive
state (Ni-‘S,,’) similar to the Ni-SX state exists.*>*® The v and
ven frequencies of the Ni-‘Sy’ state for Df [NiFe] Hyase (vco:
1911, ven: 2059 and 2068 cm™') are 1-5 cm™! lower than the
corresponding frequencies of its Ni-SI, state (vco: 1913 cm™,
vent 2054 and 2069 cm™');**%® the frequency character of the
Ni-‘Sox’ state being similar to that of the Ni-SX state of DVMF
[NiFe] H,ase. The Ni-‘S,,’ state is proposed to possess a term-
inal Ni-coordinating Cys-persulfide ligand at the Ni-Fe site by
X-ray crystallographic analysis.*® The Ni-SX state of DVMF
[NiFe] Hyase may be similar to the Ni-‘S,,’ state of Df [NiFe]
H,ase, and the required reduction of the persulfide bond may
explain the extremely slow activation of the Ni-SX state. The
elucidation of the nature of this newly identified Ni-SX state
may help clarify the activation-inactivation mechanism of
[NiFe] Hyase.

Catalytic reaction mechanism

The Ni-SI,, Ni-C, and Ni-R states have been reported to be
involved in the catalytic cycle of [NiFe] Hyase,”®® while we and
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Scheme 2 Proposed catalytic cycle of [NiFe] H,ase.

other groups recently showed that the Ni-L state is also
involved in the catalytic cycle (Scheme 2).”°7® These states
convert among each other by the addition or release of elec-
trons, protons, and H,.> ®3%°8:69-74

Ni-SI, < Ni-R transition

The Ni-SI,, Ni-C, and Ni-R states are the main states that have
been observed in the catalytic cycle under physiologically rele-
vant conditions for standard [NiFe] H,ases. According to FT-IR
studies, the Ni-SI, state reacts with CO, resulting in the for-
mation of an EPR-silent Ni-SCO (Ni**) state (Scheme 1).*"*®
Although CO does not bind to the Ni-A/SU, Ni-B/SI,, Ni-C, and
Ni-R states, it binds to the Ni-SI, state, since in this state the
non-protein bridging ligand that blocks the access of CO to
the Ni-Fe site is absent.”’ At temperatures below 120 K, the
photo-dissociation of the extrinsic CO ligand from [NiFe]
H,ase in the Ni-SCO state results in the enzyme in the Ni-SI,
state.*>”> According to high-resolution (1.2 A) X-ray crystal
structures and resonance Raman spectra of the Ni-SCO state of
DvMF [NiFe] H,ase, the extrinsic CO ligand is bound to the Ni
atom in a slightly bent conformation.** Interestingly, the elec-
tron density peak of the extrinsic CO ligand disappeared with
no new peak at the Ni-Fe bridging position upon the illumina-
tion of the Ni-SCO state with strong white light at 100 K, indi-
cating that the OH -bridging ligand position (in the oxidized
enzyme) at the Ni-Fe site is unoccupied in the Ni-SI, state.
When the Ni-SI, state of [NiFe] H,ase reacts with H, in the
first step of the catalytic cycle of H, oxidation, H, is cleaved
heterolytically, resulting in the fully reduced Ni-R (Ni*") state
with a bridging hydride (H™) ligand at the Ni-Fe
site.?>*>%17%77 Direct evidence for the bridging H™ ligand in
the Ni-R state was provided first by the ultrahigh resolution
(0.89 A) X-ray structure of the anaerobically isolated DVMF
[NiFe] Hyase reported by Ogata et al.>* H™ at the Ni-Fe bridge
and a proton bound to the sulfur atom of the Ni-coordinating
Cys546 ligand (DvMF sequence) were observed in the X-ray
crystal structure, supporting the hypothesis that Cys546 is the
initial proton accepting base for the heterolytic cleavage of H,
(Fig. 5). A shortened Ni-H™ distance (1.58 A) relative to the
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Fig. 5 X-ray crystallographic structural evidence for a bridging H™ and
protonation of the Cys546 side chain in the Ni-R state of DvMF [NiFe]
H.ase. The 2F,—F. electron density maps of the Ni-R state at (A) 0.89 A
and (B) 1.06 A resolutions are shown in blue and green, respectively.
Adapted with permission from ref. 24. Copyright 2015 Nature Publishing
Group.

Fe-H~ distance (1.78 A) indicated a tighter binding of H™ to
the Ni atom compared to the Fe iron in the Ni-R state. The
existence of the bridging H™ ligand in the Ni-R state was sup-
ported by nuclear resonance vibrational spectroscopy, where
the frequency of the Ni-H -Fe ‘wagging’ vibrational mode at
675 cm™" was sensitive to the H/D isotope effect, and DFT cal-
culations indicated a low-spin Ni-H -Fe core in the Ni-R state
with the Ni-H™~ bond being stronger than the Fe-H~ bond.”®”®
However, these results are inconsistent with the Ni-R state syn-
thetic model compound structures, in which the H™ ligand is
either displaced toward or terminally bound to the Fe
atom.””#%"%* Additionally, DFT calculations on a [NiFe] model
complex suggest an Fe-centered reactivity rather than a Ni-cen-
tered reactivity for the proton reduction catalysis.®’

Evans et al. reported an alternative mechanism for the con-
version of the Ni-SI, state to Ni-R state of [NiFe] Hyase from
Escherichia coli (Ec).*® An Arg residue (Arg509 in the Ec
sequence) was suggested as a general proton accepting base
for the H, heterolytic cleavage (Fig. 6). Arg509 is highly con-
served in [NiFe] H,ases, and its strong basic guanidinium
group (pK, = about 13.8)*” sits only 4.5 A away from the Ni
atom. The R509K mutant (substitution of Arg509 to Lys) exhi-
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Fig. 6 (A) Comparison of the H, oxidation activities among wild-type
and various mutants of Ec [NiFe] Hyase. X-ray crystal structure of the
wild-type enzyme (PDF: 5A4M), exhibiting a guanidium group of R509
positioned above the Ni-Fe site. Carbon, nitrogen, oxygen, sulphur,
nickel, and iron atoms are shown in gray, blue, red, yellow, green, and
pink spheres, respectively. (B) Proposed mechanism for the heterolytic
cleavage of Hj, based on a frustrated Lewis pair via the guanidium side
chain of the conserved Arg residue. Adapted with permission from
ref. 86. Copyright Nature Publishing Group.
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bits >100-fold lower H, oxidation activity than that of the wild
type enzyme (Fig. 6A), despite the inner coordination sphere
structure of the Ni-Fe site being virtually unchanged. The
D574N and D118A mutants (substitution of Asp to Asn and
Ala, respectively), in which the position of the guanidine group
of Arg509 was retained, showed 80% and 26% activity, respect-
ively, compared to that of the wild-type enzyme, indicating that
the suspended guanidine group of the Arg residue near the
Ni-Fe site is essential for the H,-catalysis (Fig. 6B). This
mechanism is similar to that of [FeFe] H,ase, where the
pendant amine groups of the azadithiolate bridging ligand act
as initial proton acceptors for H, oxidation.®® However, this
Arg proton accepting mechanism is difficult to reconcile with
the putative thiol-based proton location proposed by others for
the Ni-R state,”***%°™% and further investigation is necessary
to eliminate the contradiction.

Ni-R < Ni-C transition

The paramagnetic Ni-C (Ni**) state is generated by one-electron
oxidation of the Ni-R state.>*®*® ENDOR spectroscopic
studies revealed an exceptionally strong 'H hyperfine inter-
action of an exchangeable hydrogen species in the Ni-C states
of Dg°® and Thiocapsa roseopersicina® [NiFe] H,ases, and
theoretical calculations predicted the bridging ligand of the
Ni-C state as H™.”%°*7'% Lubitz and co-workers more comple-
tely determined the hyperfine coupling tensor components of
the strongly coupled hydrogen species by ENDOR and
HYSCORE spectroscopy for the Ni-C states of DvMF'*" and
Ralstonia eutropha (Re)'®* [NiFe] H,ases using H/D exchange,
uniquely identifying the H™ ligand in the bridging position.
The bridging H™ location is in good agreement with those
obtained by DFT calculations on the Ni-C state models.'®"'>

The E,, values between the Ni-C and Ni-R states of DvMF
[NiFe] H,ase are pH-dependent (about —60 mV per pH), indi-
cating the dissociation of a proton for the transition from the
Ni-R state to Ni-C state.*" Five anionic ligands surrounding the
Ni site play a role in stabilizing the oxidized Ni** state, and
may result in the terminal Cys ligands (Cys546 and Cys81 in
the DVMF sequence) being deprotonated in the Ni-C state, in
contrast to the Ni-R state.*®®® By time-resolved IR spectroscopy
utilizing the photo-triggered chemical potential jump
approach, Greene et al. reported a stepwise electron transfer
(ET)-proton transfer (PT) kinetics for the conversion of the Ni-
C state to Ni-R state with time scales faster than the turnover
frequency in [NiFe] Hyase from Pyrococcus furiosus (Pf)
(Fig. 7).”> The pH-dependent ET-PT kinetics indicated that the
PT process is slowed at pH > 7, which is close to the pK,
(about 6.8, estimated from the pH-dependent FT-IR spectra of
the Ni-C state)'®® of Glu17 (in the Pf sequence; corresponding
to Glu34 in DVMF [NiFe] H,ase) near the Ni-Fe site."*
Although this Glu residue is in close vicinity to the terminal
Ni-coordinating Cys ligand (Cys546 in the DvMF sequence),
the ET process is unaffected by pH (pH 6.3-7.7), providing
additional evidence that the proton is supplied from the Glu
residue for this step.”>"%
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Fig. 7 Transient IR data of Pf [NiFe] H,ase. Color scheme: Ni-Sl,
(1948 cm™), red; Ni-C (1967 cm™), green; Ni-L (1920 cm™), orange; Ni-
R (1954 cm™), blue; global fits, black. Adapted with permission from ref.
72. Copyright 2015 American Chemical Society.

Ni-C « Ni-SI, transition

The final oxidation and deprotonation step in the catalytic
cycle of [NiFe] Hase, i.e., the transition from the Ni-C state to
Ni-SI, state (E,, = —247 mV at pH 5.4 for DvMF [NiFe] H,ase®"),
and the regulation of the cycle have been revealed
recently.®'%'% The catalytic Ni-C state is light sensitive and
photo-converts to a number of Ni-L states (Ni-L1, Ni-L2, and
Ni-L3), which can be observed at cryogenic temperatures.® The
Ni-L states possess a d” Ni* paramagnetic electron configur-
ation; these states were initially identified via EPR spec-
troscopy for [NiFe] Hase from Chromatium vinosum (Cv)'®’
and later for other [NiFe] Hjases.*>'"10%198°116 The Ni-L1
state is an unstable transient state, whereas the Ni-L2 state is
the most prominent Ni-L state at 60 K.*>'°*''° The intensity
of the EPR signals of the Ni-L1 state increases when the temp-
erature is decreased from 60 K to 30 K after 6 min of light
irradiation, whereas rapid conversion of the Ni-L1 state to the
Ni-L2 state is induced by increasing the temperature from 30 K
to 60 K after light irradiation."”®'°® The Ni-L1 and Ni-L2 states
convert to the Ni-L3 state by extensive light irradiation.' The
bridging H™ ligand dissociates from the Ni-Fe site and is oxi-
dized to a proton by the conversion of the Ni-C state to Ni-L
states, according to ENDOR and HYSCORE studies together
with theoretical calculations.'®"'*> According to DFT calcu-
lations, the Ni" and Fe?" ions form a Ni-Fe metal-metal bond in
the Ni-L state, as well as in the Ni-SI, state, where both states
possess a vacant bridging ligand position at the Ni-Fe site.""”
The formation of the Ni-Fe bond is relevant for the stabilization
of the states with a vacant bridging Ni-Fe site. Although the Ni-L
states have been mentioned by theoretical studies as additional
intermediates during the transition from the Ni-C state to Ni-SI,
state,®°>9%1119 the Ni-L states have been thought to be arti-
facts due to illumination at cryogenic temperatures required for
the formation of the NI-L states from the Ni-C state.

We provided the first experimental evidence supporting the
hypothesis that the Ni-L state is a catalytic intermediate.”
Low-temperature light irradiation to the Ni-C state resulted in
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Fig. 8 Light-induced interconversion between the Ni-C, Ni-L, and Ni-
Sl, states. (A) Reaction scheme showing that the conversion of the Ni-L
state to Ni-Sl, state occurs when the proximal [Fe4$4]pz+/+ cluster is oxi-
dized and can accept an electron. (B, C) FT-IR spectra of H,-activated
DvMF [NiFe] Hyase under (B) H, and (C) N, atmospheres at 138-198 K:
(a) FT-IR spectra before light irradiation; (b—e) light-minus-before difference
FT-IR spectra between the spectra during and before light irradiation.
Adapted with permission from ref. 70. Copyright 2014 Wiley-VCH.

a relatively large amount of the Ni-SI, state when the proximal
[FesS,], cluster was oxidized and could accept an electron from
the Ni-Fe site (Fig. 8A). Positive FT-IR bands assigned to the
Ni-L2 state (vgo: 1911 em™, ven: 2048 and 2062 cm™) and
negative bands assigned to the Ni-C state (vco: 1963 cm™, ven:
2077 and 2089 cm™') were observed in the light-minus-before
difference FT-IR spectra of H,-actiavted DvMF [NiFe| H,ase at
PH 8.0 at 138-198 K under an H, atmosphere (Fig. 8B and
Table 1). Interestingly, under an N, atmosphere, in addition to
the positive Ni-L2 state bands, a positive vco band (1943 em™)
assignable to the Ni-SI, state was observed in the light-minus-
before difference spectra, indicating that the Ni-C state also
converts to the Ni-SI, state by light-irradiation (Fig. 8C). The
amount of the Ni-C state converting to the Ni-L state decreased
at higher temperatures, whereas that converting to the Ni-SI,
state increased. These results provide strong evidence for the
Ni-L state being kinetically trapped at 138 K and is an inter-
mediate for the conversion of the Ni-C state to Ni-SI, state. The
difference in the light-minus-before difference FT-IR spectra
between under H, and N, atmospheres is attributed to the
difference in the redox state of the proximal [Fe,S,],>""
cluster. All [Fe,S,], clusters in the Ni-C state are reduced
([Fe,S4],") and spin-spin couple with the Ni*" center under an
H, atmosphere, according to EPR measurements. Under an N,
atmosphere, about 15% of the [Fe,S,], clusters in the Ni-C
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state are oxidized ([Fe,S,],>"); the amount of the oxidized
[FesS,]p>" clusters corresponds well to the percentage (about
14%) of the Ni-C state photo-converting to the Ni-SI, state esti-
mated by FT-IR measurements. These results indicate that the
redox state of the proximal [Fe,S,],>"" cluster may control the
transition of the Ni-L state to Ni-SI, state. The transition of the
Ni-L state to Ni-SI, state produces a proton and an electron,
and the produced electron may be transferred to the proximal
[FesS,], cluster. When the [Fe,S,], cluster is in the reduced
state ([Fe,S4],), it cannot receive an electron, and thus the
transition of the Ni-L state to Ni-SI, state is inhibited. These
results suggest a specific electron pathway through the [Fe,S,],
cluster during the conversion of the Ni-L state to Ni-SI, state,
and the pathway is gated by the oxidation state of the [Fe,S,],
cluster (Fig. 8A). Brazzolotto et al. reported the bimetallic
[NiFe] compound that represented the Ni-L and Ni-R states
and displayed a high H, oxidation activity (second-order rate
constant, 2.5 x 10* M~ s7; turnover frequency, 250 s™*), sup-
porting the hypothesis that the Ni-L state is an intermediate of
the catalytic cycle.'*°

The O,-tolerant [NiFe] Hase from Aquifex aeolicus (Aa)
exhibited mainly the Ni-L signals in the EPR spectrum by incu-
bation under an H, atmosphere for several hours under
normal room light, i.e., free from strong light."*! H™ is bound
weaker to the Ni-Fe site in the Ni-C state of Aa [NiFe] Hase
compared to H™ bound in standard [NiFe] H,ases."'* The
weaker binding of H™ to the Ni-Fe site for Aa [NiFe] Hyase is
consistent with the stronger light sensitivity of the Ni-C state,
greater lability of the H™ complex, and higher catalytic redox
potential of bio-H, oxidation for Aa [NiFe] Hyase compared to
those for standard [NiFe] H,ases. By using a protein film
electrochemical approach combined with IR spectroscopy,
Hidalgo et al. showed that the Ni-L state of O,-tolerant Ec
[NiFe] Hyase forms reversibly in response to the steady-state
H, oxidation, strongly supporting the hypothesis that the Ni-L
state is a catalytic intermediate (Fig. 9).”' Under an Ar atmo-
sphere, two Ni-R states were dominant, while two Ni-L states
(and the Ni-C state) were observable at —594 V, at which there
was no detectable catalytic turnover (Fig. 9B). The population
of the Ni-R states decreased as the potential was stepped up to
—199 V, while that of the Ni-L states (and the Ni-C and Ni-SI,
states) increased. These spectra represent the first room-temp-
erature observation of the Ni-L states in the dark without using
UV/vis light. The populations of the Ni-R, Ni-C, and Ni-L states
decreased as the potential was stepped up further to —0.074 V,
where the Ni-SI, state became the dominant state. At the most
positive applied potential (+0.356 V), only the Ni-B state was
detected. Under an H, atmosphere, no obvious difference was
observed in the IR spectrum from that under an Ar atmosphere
at —594 V (Fig. 9C). However, at more positive potentials,
where Ec [NiFe] Hyase engages in electrocatalysis, significant
differences in the distribution of the states were observed com-
pared to the spectra under an Ar atmosphere. At intermediate
potentials (—0.199 and —0.074 V), the higher and lower popu-
lations of the Ni-R and Ni-SI, states, respectively, were consist-
ent with the fast attack of H, to the Ni-SI, state. The obser-
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Fig. 9 (A) Current—time traces of Ec [NiFe] Hyase in Ar- and H,-satu-
rated solutions. (B, C) FT-IR spectra of Ec [NiFe] Hyase in the region at
each potential under (B) Ar and (C) H, atmospheres. Adapted with per-
mission from ref. 71. Copyright 2015 Wiley-VCH.

vation of the Ni-L and Ni-C states at the highest potential of
+0.356 V, outside the potential window where the states are
observed under non-turnover conditions, provides strong evi-
dence that both Ni-L and Ni-C states are generated in response
to the catalytic H, oxidation. The populations of the Ni-L and
Ni-C states remained in the same ratio at all potentials for
measurements, as observed under an Ar atmosphere, support-
ing a potential-independent equilibrium between these two
states. Additionally, under the conditions of catalytic H, oxi-
dation, the total population of the Ni-L and Ni-C states
remained constant. These results suggest that the formation
rate of the Ni-C state from Ni-R state is similar to the conver-
sion rate of the Ni-L state to Ni-SI, state, and that the electron
and proton transfer rates in both reactions exhibit similar
potential dependences. Murphy et al. demonstrated a pH-
dependent proton migration on the reversible conversion of
the Ni-C and Ni-L states for Ec [NiFe] H,ase, where the conver-
sion proceeds readily in the dark at ambient temperature, and
the Ni-C and Ni-L states share the same potential dependence
over pH 3.0-8.0.”% The proximal Fe-S cluster of Ec [NiFe] H,ase
exhibits unusually high redox potentials ([Fe,S;]p°"*"*",
+230 mV and +30 mV),"** which are more positive than the
redox potential of its Ni-L/Ni-SI, transition at all pH values.
The [Fe,S;]p cluster is thus predominant in the most reduced
state ([Fe,4S;]p°"), consistent with the inhibition of the electron
transfer from the Ni-Fe site to the [Fe,S;]p cluster during the
conversion of the Ni-L state to Ni-SI, state, and the resulting
readiness of the Ni-L state formation for Ec [NiFe] H,ase.
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The direct and reversible formation of the Ni-SI, state from
two Ni-L states on the subturnover frequency time scales has
been demonstrated by time-resolved IR spectroscopy at room
temperature (Fig. 7).”> After light irradiation (lag time < 1077 s),
significant Ni-C state bleaching was observed, similar to cryo-
genic photolysis studies,">”® where two Ni-L states were
observed. Interestingly, during the reconversion of the Ni-L state
to Ni-C state, some of the Ni-SI, states were observed on a 1077~
107" s time scale, demonstrating that the Ni-L state may convert
to the Ni-C or Ni-SI, state. The reduction dynamics observed on
later time scales (10°-107° s) indicated that the loss of the Ni-
SI, state was concomitant with the formation of the Ni-C state. A
global kinetic analysis of the data suggested a serial mechanism
for the reaction of the Ni-L state: a proton coupled electron
transfer (PCET) reaction for the transition of the Ni-SI, state to
Ni-L state and subsequent rapid relaxation to the Ni-C state.

A H,-binding Ni-SI, state, herein termed Ni-SI-H,, has been
proposed in the catalytic mechanism of H,-reduction/H"-oxi-
dation.”” Computational studies on [NiFe] H,ase models
support the hypothesis that the binding of H, to Ni is more
favorable than that to Fe.’“'?'>* However, the initial H,-
binding site in the Ni-SI-H, state has not been established,
and the complete determination of the catalytic reaction
mechanism at the Ni-Fe site of [NiFe] Hases would be a
promising subject for further studies.

Proton transfer between the Ni—Fe
site and protein environment

The proton transfer pathways in [NiFe] Hyases are presumably
well organized, since the H, oxidation at the Ni-Fe site is con-
siderably high (turnover frequency >10° s™').'°° The proton
acceptor during the conversion of the Ni-C state to Ni-L state is
proposed by theoretical'’” and Raman studies;''>''° the
proton is transferred from the Ni-Fe site to the Ni-coordinating
terminal Cys ligand (Cys546 in the DvMF sequence) that is
located close to the putative proton transfer pathway.>*>%73°
Higher temperature factors in the X-ray crystallographic struc-
tures of [NiFe] H,ases have been observed for the Ni-coordinat-
ing sulfur atom of the terminal Cys ligand (Cys546 for
DYMF?"?*2?* and Cys530 for Dg'') compared to those of other
Ni-coordinating and bridging sulfur atoms. The electron
density of the sulfur atom perpendicular to the Ni-S (Cys546)
bond in DvMF [NiFe] H,ase exhibited an ellipsoid shape, sup-
porting the hypothesis that the Ni-coordinating thiolate ligand
of Cys546 is a proton acceptor.>* We succeeded in simul-
taneously detecting two Ni-L states (Ni-L2 and Ni-L3) in DvMF
[NiFe] Hyase by FT-IR and EPR measrements.*> Both the Ni-L2
and Ni-L3 states were observed by light irradiation under basic
conditions (pH 9.6 at 274 K), but the Ni-L3 state was not
observed by light irradiation under mild basic conditions (pH
8.0 at 274 K). These results indicate that a residue, apparently
Ni-coordinating Cys546, is protonated and deprotonated in the
Ni-L2 and Ni-L3 states, respectively. The frequencies of the v¢o
and two vy bands of the Ni-L3 state (vco: 1890 ecm™, von:

4416 | Dalton Trans., 2018, 47, 4408-4423

View Article Online

Dalton Transactions

2034 and 2047 cm™ ') are 20 and 13-14 cm™" lower than the
corresponding frequencies of the Ni-L2 state (vco: 1910 em ™,
von: 2047 and 2061 cm™Y), respectively, at pH 9.6. The lower
vco and vey frequencies of the Ni-L3 state compared to those
of the Ni-L2 state are attributed to a stronger donor ability to
the Ni ion for a thiolate compared to a thiol, leading to an
increase in the electron density at the Ni™-Fe®" site with a
metal-metal bond,"”” and thus a stronger m-back donation
from the Fe ion to CO. Similar shifts to lower frequencies in
the vco bands (22-28 em™") are observed for a [NiFe] model
compound by the deprotonation of a terminal Ni-coordinating
thiol.'** The formation of two pH-dependent Ni-L states is also
reported for Pf [NiFe] Hyase, but the v¢co frequency difference
between the two Ni-L states was relatively small (5 cm™).'*
The small frequency difference is attributed to the isomeriza-
tion of a protonated terminal Cys ligand,*® where a nearby
ionizable amino acid residue, creating a hydrogen bond with
the Ni-coordinating Cys thiol and effectively preventing thio-
late formation, is proposed.

A conserved Glu residue (Glu34 in the DVMF sequence)
located close to the Cys546 ligand is likely to be important for
the proton transfer during the catalytic reaction according to
structural, theoretical, and mutagenesis studies.*%*!2%1%7
Greene et al. demonstrated that the Glu residue is a proton
donor/acceptor for the interconversion between the Ni-C and
Ni-SI, states in Pf[NiFe] H,ase using the E17Q mutant.'®* The
structural perturbations of the Ni-Fe site by the E17Q
mutation were small according to the FT-IR spectrum, which
displayed v¢o and vey frequencies of the intermediates (Ni-SI,,
Ni-SI,, Ni-C, and Ni-R states) similar to those in the wild-type
enzyme spectrum. Time-resolved IR spectroscopic studies indi-
cated that the E17Q mutation does not interfere with the brid-
ging H™ photolysis, generating the two Ni-L states (Fig. 10).

Cc &=y
£ 4 v
Gln& 1] H-
HT\f ’
vl Q N
He _ .7 \

No PCET

Normalized Aabsorbance

TN
’ Y
Glu L OH P
) /
+ 4 € \+7
-1.0 S 1 L H‘_f’

1960 1940 1920 1900
=4 PCET ¥
Wavenumber (cm™)

081 5-10 ps 1

Fig. 10 (A, B) Normalized transient IR spectra of E17Q (red circles) and
wild-type (blue circles) Pf [NiFe] H,ase at pH 7.5 after 532 nm excitation
and associated fit to the experimental data (black lines): (A) 100-500 ns
and (B) 5-10 ps. Fit components are represented as shaded Voigt
profiles for Ni-C (green), Ni-Sl, (red), and Ni-L (orange). (C) Proposed
Glu gated PCET mechanism. Carbon, nitrogen, oxygen, sulphur, and
iron atoms are shown in gray, blue, red, yellow, and pink spheres,
respectively. Adapted with permission from ref. 104. Copyright 2016
American Chemical Society.
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However, the E17Q mutation disrupted PCET from the Ni-L
states to Ni-SI, state, thereby preventing the formation of the
Ni-SI, state. Interestingly, all-atom MD simulations of Aa
[NiFe] H,ase revealed that the conformation of the side chain
of the proton-accepting Glu residue (Glu13 in the Aa sequence)
is flexible and adopts two orientations; 70% of the residues
have the carboxylate side chain oriented toward the proximal
Fe-S cluster, whereas 30% oriented toward the Ni-Fe site.'*’
The conformational flexibility of the Glu residue may contrib-
ute to the proton transfer to and from the Ni-Fe site. Similar
dual conformations of the Glu residue (Glu279) in the proton
transfer pathway have been reported for [FeFe] Hase from
Clostridium pasterianum."*®

As discussed above, some important amino acids have been
identified for the proton transfer between the Ni-Fe site and
protein environment. However, the proton transfer pathways
have yet to be fully understood, and are one of the major
unsolved subjects for [NiFe] H,ases.

Unique [NiFe] hydrogenases

The addition of an O,-tolerant property to [NiFe] H,ase, allowing
[NiFe] Hyases to maintain H, oxidation and/or H' reduction in
the presence of O,, may considerably increase the potential use
of the enzyme for an energy storage medium.®*"**'** Many
crystal structures of unique O,-tolerant [NiFe] Hyases have been
reported recently, providing new insights into the O,-tolerant
mechanisms of [NiFe] Hyases."*'™'%°

Membrane-bound O,-tolerant [NiFe] hydrogenase

The Ni-A state found in O,-sensitive [NiFe] H,ases is absent in
all O,-tolerant [NiFe] H,ases; the oxidized enzyme exists only
in the Ni-B state as defined by EPR and FT-IR spec-
troscopy.’*®"*” The crystal structures of O,-tolerant [NiFe]
Hyases, including membrane-bound [NiFe] H,ases from
Re,"""** Hydrogenovibrio marinus (Hm),"** and Ec,"**'** have
been solved recently. A unique proximal [Fe,S;], cluster is
found in these O,-tolerant [NiFe] H,ases, where six Cys resi-
dues (two extra Cys residues) are coordinated to the cluster
(Fig. 11), whereas a [Fe,S,], cubic cluster is located in standard
[NiFe] H,ases, where four Cys residues are coordinated to the
cluster. In the H,-activated state of Re [NiFe] H,ase, four of the
six Cys residues coordinate to the [Fe,S;], cluster as in the
cubic [Fe,S4], cluster, one of the two extra Cys is coordinated
as a terminal ligand to the [Fe,S;], cluster, and the sulphur
atom of the other extra Cys replaces one of the corner sul-
phides of [Fe,S,], (Fig. 11A). In the super-oxidized [Fe,S;]p""
state, the main chain amide nitrogen (Cys20 of Re [NiFe]
H,ase) is coordinated to Fe (termed Fe4) of the [Fe,S;], cluster
and stabilizes the super-oxidized state (Fig. 11B). Additionally,
an OH™ ligand at Fel in the [Fe,S;], cluster of Re [NiFe] H,ase
(Fig. 11B) and a carboxylate of Glu near Fe4 of the [Fe,S;],
clusters of Hm and Ec [NiFe] Hyases may also stabilize the
super-oxidized cluster. According to EPR and electrochemical
measurements, the [Fe,S;]p cluster can exist in three oxidation
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Fig. 11 (A, B) Structures of the proximal [Fe;Ss]-6Cys cluster in the H,-
activated (A, PDB: 3RGW) and super-oxidized (B, PDB: 4IUB) states of
O,-tolerant Re [NiFe] Hyase. Carbon, nitrogen, oxygen, sulphur, and iron
atoms are shown in gray, blue, red, yellow, and pink spheres, respect-
ively. (C) Proposed mechanism of O,-inactivation and rapid activation
for membrane-bound O,-tolerant [NiFe] H,ases.

states ([Fe,S;]p°"*"**, En = +230 mV and +30 mV for Ec [NiFe]
H,ase).'?* The unusual [Fe,S;]p"*"?" with [Fe;S4]m ’® may play
a crucial role in the reduction of O, to H,0,"*® preventing the
formation of the Ni-A state (Fig. 11C);'*>'?17131387141 the
[Fe,S3]p cluster may donate two electrons to the Ni-Fe site,
whereas the high potential medial [Fe;S,]m ™ cluster (+190 mV
for Ec [NiFe] Hyase)'** and the Ni ion (about 0 mV for Ni-SI,
(Ni**) and Ni-B (Ni*") for Ec [NiFe] H,ase)’”" may provide one
electron each, resulting in four electrons for O, reduction at
the Ni-Fe site.

However, O,-tolerant [NiFe] H,ases from Citrobacter sp.
S-77 7% and Pf,'*® together with the O,-tolerant V74C
mutant®"**” of the O,-sensitive Df [NiFe] H,ase, do not possess
the unique [Fe,S;], cluster, suggesting that other O,-tolerant
mechanisms may exist. For O,-tolerant [NiFe] H,ases posses-
sing a [Fe,S,], cluster, two mechanisms have been proposed.
In the first mechanism, the electrocatalytic and EPR properties
of Pf[NiFe] H,ase are different from those of O,-tolerant [NiFe]
H,ases possessing a [Fe,S;],, cluster, and thus, the electronic
differences at the Ni-Fe site may play a role in the O,-tolerance
and formation of noncanonical inactive states in Pf [NiFe]
H,ase.'"® The O,-tolerant V74C mutant of Df [NiFe] H,ase
exhibited similar electrochemical responses against H, and
0,, as well as in the presence of both H, and O,, to those of
Pf [NiFe] Hyase."*®'"” The Ni-Fe site of the V74C mutant of
Df [NiFe] Hpase possesses an unusual structure in the Ni-
coordination sphere. Instead of the coordination of four Cys
thiolates to the Ni ion, two Cys thiolates, a bridging species
(modeled as SH™), and a main chain carboxy amido N atom
are coordinated to the Ni ion.** The Ni-N(carboxamide) bond
is hypothesized to stabilize the transient Ni**~OOH~ state with
higher redox potential than that of the corresponding state of
the wild-type enzyme, facilitating fast electron transfer and full
0, reduction by the [Fe,S,], and [Fe;S,]n clusters.®”'*® The
second mechanism has been proposed for Re NAD'-reducing
[NiFe] H,ase, where the sulfoxygenation of a bridging sulfur
ligand plays a key role in the O, tolerance (vide infra).'*®
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NAD"-reducing [NiFe] hydrogenase

Soluble NAD'-reducing [NiFe] H,ase is another unique [NiFe]
H,ase. NAD'-reducing [NiFe] H,ase is a cytoplasmatic multi-
subunit complex, comprising a heterodimeric [NiFe] H,ase
moiety (HoxH and HoxY) and a multimeric NAD" diaphorase
module (HoxF and HoxU), which reduces NAD' to
NADH.>®"*%119 Re NAD'-reducing [NiFe] H,ase contains a
“standard” Ni-Fe site with one CO and two CN~ ligands co-
ordinated to Fe according to in situ FT-IR and EPR spectro-
scopic studies of Re H16 cells.'” Under in vivo conditions,
60% of the enzyme is found in the Ni-C state (g, = 2.20, g, =
2.14, g, = 2.01), which photo-converts to the Ni-L state (g, =
2.27, g, = 2.10, g, = 2.05) at 35 K. Multiple Ni-R states of Re
NAD'-reducing [NiFe] H,ase were observed in vivo by FT-IR
studies. Additionally, anaerobic as well as aerobic oxidation of
the cell results in the formation of an EPR-silent “Ni-B-like”
state. However, it is unclear whether the “Ni-B-like” state is the
Ni-B (Ni*") state with the spin-coupling of the Ni center to
other paramagnetic centers, or just a “Ni-B-like” (Ni*") state
different from the Ni-B state.

Re NAD'-reducing [NiFe] H,ase generates superoxide,
hydrogen peroxide, and water as catalytic by-products during
H, oxidation in the presence of 0,."”° Horch et al. explained
the IR spectroscopic properties of Re NAD'-reducing [NiFe]
H,ase with the Ni-Fe(CO)(CN), site undergoing Cys sulfoxy-
genation in the “Ni-B-like” state (Fig. 12)."*® This sulfoxygena-
tion is completely reversible, and thus may play a key role in
the O, tolerance of the enzyme. The proposed mechanism ful-
fills the central criteria for the O,-tolerant strategies in NAD'-
reducing [NiFe] Hyases, namely (per)oxidase activity and the
involvement of reversible oxidative modifications at the brid-
ging Cys ligands. Similar mechanisms have been proposed for
the O,-tolerances of flavoprotein NADH peroxidase'"'**> and
Ni model compounds."® Related to the reversible sulfoxygena-
tion mechanism, Lindenmaier et al. reported the first sulfoxy-
genated heterobimetallic [NiFe] complex as a structural model
for the sulfoxygenated active site of [NiFe] Hyases.">*

Shomura et al. reported the first X-ray crystal structures of
NAD'-reducing [NiFe] Hyase from Hydrogenophilus thermoluteo-
Ius (Ht) TH-1 in the oxidized and reduced states (Fig. 13)."'>

«H>
H* H*
0, s AU L HO  He
= Ni% g _FeZ -
Electron deficiency S/ \S / N Reactivation
[
OQH OH
-S ~ O\ N 2 NoHeH NAD 0 TSN 7 z
Nitt g _Fex — NisLS//F 2% Ni%_ g __FeZ
-s7 \S/ N\ Peroxidase —S” )0 N s;;gg:}gff -5 \S)/ N

T reaction ; T
Fig. 12 Proposed O,-tolerant mechanism for Re NAD*-reducing [NiFe]
H,ase though the reversible sulfoxygenation of the Ni—Fe site. Adapted
with permission from ref. 148. Copyright 2015 American Chemical
Society.
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Fig. 13 Structure of Ht NAD*-reducing [NiFe] Hjase. (A, B) Overall
structure and electron transfer pathway. (C) Ni—Fe site structures in the
air-oxidized (left) and H,-activated (right) states. (D) Structural determi-
nant for the coordination of Glu32 to Ni. The atoms in the air-oxidized
state are shown in the same colors as in A, and the H,-activated state is
shown in white. Adapted with permission from ref. 155. Copyright 2017
American Association for the Advancement of Science.

The five Fe-S cluster arrangement in the HoxY, HoxU, and
HoxF subunits is similar to that of complex I from Thermus
thermophilus HB8,">*'” but the subunit orientation is not,
which supports the hypothesis that the subunits of Ht NAD'-
reducing [NiFe] Hyase and those of complex 1 have evolved
independently and assembled as prebuilt modules into each
energy metabolism machinery (Fig. 13A and B). The oxidized
Ni-Fe site of Ht NAD'-reducing [NiFe] Hyase includes an un-
precedented six-coordinate Ni geometry, which possesses a
bidentate Ni-coordinating Glu ligand (Glu32 in the
Ht sequence and Glu34 in the DvMF sequence), a terminal Cys
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ligand (Cys80), and three bridging Cys ligands (Cys83, Cys462,
and Cys465) (Fig. 13C), and the coordination geometry would
prevent O, from approaching the Ni-Fe site. In the reduced
state, the normal Ni-Fe site structure was observed with the
carboxy group of Glu32 uncoordinated to Ni and instead, the
thiolate group of Cys462 coordinated as a terminal ligand to
Ni. The conformational change was presumably triggered by
the reduction/oxidation of the Y1-[Fe,S,] cluster near the Ni-Fe
site (Fig. 13D). When activated, Glu32 in the hydrogen-bond
network of Glu32-Ser464-Glu56 may be protonated and the
guanidinium side chain of Arg58 oriented between the Glu56
side chain and the Y1-[Fe,S,] cluster, owing to a decrease in
the charge of the Y1-[Fe,S,] cluster. However, when oxidized,
the Ni-Fe site may be stabilized by the coordination of Glu32,
and the carboxylate side chain of Glu56 forms a hydrogen
bond with the guanidinium side chain of Arg58.

The air-oxidized Ht NAD'-reducing [NiFe] H,ase showed
EPR signals (g, = 2.25 and 2.26, g, = 2.13, and g, = 2.04) attribu-
table to Ni**."*> These results are in contrast to previous EPR
results on other NAD"-reducing [NiFe] H,ases, in which no Ni-
EPR signal was observed under various oxidized con-
ditions.®'***® However, the g values did not match those
identified for the oxidized states of other [NiFe] Hases,”°
implying that the distinct configuration of the Ni-Fe site of the
air-oxidized Ht NAD -reducing [NiFe] H,ase is not an artifact
caused by the crystallization. The EPR spectrum of the H,-acti-
vated enzyme showed weak Ni-C state signals (g, = 2.21 and
gy = 2.14; the g, signal was overlapped with other signals), with
g values close to those of the Ni-C state of Re NAD"-reducing'"?
and standard [NiFe] H,ases,” supporting the idea that Ht
NAD"-reducing [NiFe] Hyase adopts a normal Ni-Fe site con-
figuration in the H,-activated enzyme. Similar spectroscopic
properties of the Ht NAD'-reducing [NiFe] H,ase have been
reported by Preissler et al'®® According to biochemical
studies, Ht NAD'-reducing [NiFe] H,ase exhibits the highest
H,-mediated NAD'-reduction activity at 80 °C (at pH 6.5), and
its catalytic activity is sustained at low O, concentrations.
Additional X-ray crystallographic studies of the Ht NAD"-redu-
cing [NiFe] Hyase in the presence of NAD' and other NAD'-
reducing [NiFe] H,ases may reveal the detailed O,-tolerant
mechanism.

Conclusions and outlook

While crystal structures and spectroscopic studies have pro-
vided significant insights into the [NiFe] H,ase reaction
mechanism, a number of important questions remain un-
answered. We have investigated the acid-base equilibrium
between the Ni-SI, and Ni-SI, states of [NiFe] H,ase to elucidate
the activation-inactivation mechanism.*>®> Large activation
energies and a large kinetic isotope (H/D) effect are obtained
for the reconversion of the Ni-SI, state to Ni-SI, state,
suggesting that the Ni-Fe site of the Ni-SI, state reacts with a
H,0 molecule and leaves a bridging OH™ ligand for the Ni-SI,
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state. The precise structural determination on the Ni-Fe site of
the Ni-SI, and Ni-SI, states requires further elucidation. The
conserved Glu residue (Glu34 in the DvMF sequence and
Glu17 in the Pf sequence) may affect the proton and/or H,0
transfer in the equilibrium.** Future mutagenesis studies on
the proton and H,O transfer pathways may clarify the acid-
base equilibrium mechanism.

Ogata et al. reported the ultrahigh resolution (0.89 A) X-ray
structure of the Ni-R state, where H™ at the Ni-Fe bridge and a
protonated Ni-coordinating Cys546 ligand (DvMF sequence)
were observed, supporting Cys546 as an initial proton acceptor
for the heterolytic cleavage of H,.>* The thiol-based H, clea-
vage mechanism has also been proposed through various
model complexes and computational studies.?*8>897
However, Armstrong and co-workers reported an alternative
mechanism for the conversion of the Ni-SI, state to Ni-R state:
an Arg residue (Arg509 in the Ec sequence) proposed as the
general proton accepting base for the H, cleavage.®® For the
conversion between the Ni-C and Ni-SI, states, we,"*”® Vincent
and co-workers,”" Armstrong and co-workers,”®> and Dyer and
co-workers’>'% demonstrated that the Ni-L state(s) is a cata-
Iytic cycle intermediate(s). Time-resolved spectroscopic studies
reported by Dyer and co-workers indicated that the Cys and
Glu residues (Cys379 and Glul7 in the Pf sequence, and
Cys546 and Glu34 in the DvMF sequence) are proton donors/
acceptors in the Ni-SI, < Ni-C interconversion.'®* By compar-
ing the PCET mechanism for the Ni-SI, < Ni-C transition (via
Cys and Glu residues) and the PT mechanism for the Ni-SI, <
Ni-R transition (via an Arg residue), both the Glu and Arg resi-
dues are strictly conserved and are necessary for the catalytic
activity of [NiFe] Hyases. However, there is no direct evidence
for the proton transfer to both the Glu and Arg residues
during the catalytic cycle reaction, and extended studies are
necessary for the Ni-SI, <> Ni-C and Ni-SI, < Ni-R transitions
to be reconciled into a complete and comprehensive mecha-
nism for H, activation and PT; in particular, isotope-label IR
spectroscopic studies and neutron diffraction experiments on
single crystals of the [NiFe] Hyases may be useful.

The proton transfer pathway is also important for the
effective functionalization of H, oxidation and production in
[NiFe] H,ases. The conserved Glu residue (Glu34 in the DVMF
sequence, Glul7 in the Pf sequence, and Glu32 in the Ht
sequence) affects the proton transfer in the activation-inacti-
vation and catalytic reactions. Glu34 in DvMF [NiFe] H,ase
forms a relatively strong hydrogen bond (2.58 A) with Thr18,
which forms another low-barrier hydrogen bond"*® with Glu16
(2.62 A), indicating the involvement of these residues in the
proton transfer pathway.>* Although knowledge on the proton
transfer pathway is increasing, the proton transfer pathway is
yet fully understood.

Shomura and co-workers reported the first oxidized and
reduced crystal structures of an NAD'-reducing [NiFe]
H,ase.'”® In the H,-activated state, the Ni-Fe site exhibits the
same ligand coordination structure as those of standard [NiFe]
H,ases. However, the air-oxidized Ni-Fe site possesses an
unusual 6-coordinate Ni geometry. The air-oxidized enzyme
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has an extra Ni-coordinating Glu ligand (Glu32 in the Ht
sequence and Glu34 in the DVMF sequence), preventing O,
accession to the Ni-Fe center and protecting the Ni-Fe site
against irreversible oxidation. However, various O,-torelant
[NiFe] hydrogenases with different Ni-Fe site and proximal
Fe-S cluster structures exist. The clarification of the O,-torelant
mechanisms will yield productive results for understanding
the reaction mechanisms of [NiFe] hydrogenases.

Further research in the mechanism elucidation of [NiFe]
H,ases by extended spectroscopic, X-ray and neutron crystallo-
graphic, electrochemical, and Ni-Fe site model compound
studies will provide useful information for a future clean
energy storage medium, especially for H, generation and
biofuel cells.
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